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DISSERTATION ABSTRACT
Forrest Alfred Lloyd Laskowski
Doctor of Philosophy
Department of Chemistry
September 2019
Title: Semiconductor | Catalyst Interfaces in Photoelectrochemical Devices: Charge
Transport Theory, Experimental Technique Development, and Nanoscale
Applications

Photoelectrochemical energy conversion is a promising method to harvest incident
sunlight and convert/store the energy in stable hydrogen gas bonds. The process is reliant
on coupling between a light-absorbing semiconductor and an electrocatalyst responsible
for enhancing the oxygen/hydrogen evolution reaction. However, photoelectrochemical
energy storage remains inefficient, in part because the semiconductor|catalyst interface is
not well understood. Attaining a clearer understanding of the interface is critically
important because it is responsible for separation and collection of photogenerated charge.

In the following dissertation the behavior of the semiconductor|catalyst interface is
experimentally and theoretically analyzed. Chapter 1 introduces the reader to two
experimental techniques which facilitate interfacial understanding: dual-working-electrode
photoelectrochemistry and potential sensing electrochemical atomic force microscopy.
These techniques enable direct observation of potential and current transport across the
semiconductor|catalyst interface during device operation. Chapter 2 applies these
techniques to examine two common electrochemical experimental methods. The results
suggest that analyzing the semiconductor|catalyst interface with the two methods is more

challenging than previously appreciated. Chapter 3 presents an analytical model describing

v



charge transport across the semiconductor|catalyst interface. In Chapter 4 the experimental
techniques from Chapter 1 are applied to analyze the semiconductor|catalyst behavior of
two model systems with interfacial heterogeneity. The anomalously good performance of
some devices is attributed to an increase in interfacial selectivity caused by the “pinch-off”
effect.

This work builds upon and improves understanding of the semiconductor|catalyst
interface in photoelectrochemical devices. The dissertation contains previously published

and un-published co-authored materials.
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CHAPTER I: INTRODUCTION

This chapter is divided into two sub-sections encompassing two completed bodies of work:
a review published in the Journal of the American Chemical Society and a perspective published
in Accounts of Chemical Research. These publications provide the reader an introduction to
catalyzed oxygen evolution on photoanodes and the various techniques discussed throughout this
thesis. Experiments reliant of dual-working-electrode (DWE) photoelectrochemistry are featured
extensively in later chapters and are well introduced by the subsequent two publications. The DWE
techniques are employed in Chapter 2 to better interpret data resulting from transient photocurrent
and hole scavenger experimental methods. In Chapter 4, the semiconductor|catalyst junction
behavior of n-Si photoanodes is initially elucidated using DWE experiments. The DWE concept is
then adapted onto an atomic force microscope to probe the junction behavior of nanoscale features.
The atomic force microscope adaption is referred to as potential-sensing electrochemical atomic-
force microscopy (PS-EC-AFM) and this is also covered throughout the subsequent two
publications.

Section A, Metal Oxide/(oxy) hydroxide Overlayers as Hole Collectors and Oxygen-
Evolution Catalysts on Water-Splitting Photoanodes, contains co-authored material previously
published as: Laskowski, F. A. L.i; Nellist, M. R.}; Qiu, J.; & Boettcher, S. W. Metal Oxide/(oxy)
hydroxide Overlayers as Hole Collectors and Oxygen-Evolution Catalysts on Water-Splitting
Photoanodes. Journal of the American Chemical Society, 141(4), 13941405 (2018). }joint
authorship

Section B, Semiconductor—Electrocatalyst Interfaces: Theory, Experiment, and
Applications in Photoelectrochemical Water Splitting, contains co-authored material previously
published as: Nellist, M. R.}; Laskowski, F. A. L.I; Lin, F.; Mills, T. J.; & Boettcher, S. W.
Semiconductor—Electrocatalyst Interfaces: Theory, Experiment, and Applications in
Photoelectrochemical Water Splitting. Accounts of Chemical Research, 49(4), 733-740 (2016).
fjoint authorship

Prof. Boettcher, M. Nellist, and I conceived of the review/perspective directions. I
coauthored all drafts of these publications and produced most figures. M. Nellist and I shared equal
writing burden and intellectual contribution in each case. Prof. Boettcher extensively edited each
draft of the manuscript with editorial assistance from J. Qiu. Author ordering between M. Nellist

and I on these two publications was determined by an impartial coin flip, courtesy of M. G. Kast.



Paper A

Metal Oxide/(oxy)hydroxide Overlayers as Hole Collectors and Oxygen-Evolution
Catalysts on Water-Splitting Photoanodes

Forrest A. L. Laskowski, Michael R. Nellist,T Jingjing Qiu, Shannon W. Boettcher*

" These authors contributed equally to the work.

1. Introduction

Solar-water-splitting provides a mechanism to convert and store solar energy in the form
of stable chemical bonds. Water-splitting systems often include semiconductor photoanodes, such
as n-Fe;Os3 and n-BiVOs, which use photogenerated holes to oxidize water. These photoanodes
often exhibit improved performance when coated with metal-oxide/(oxy)hydroxide overlayers that
are catalytic for the water oxidation reaction. The mechanism for this improvement, however,
remains a controversial topic. This is, in part, due to a lack of experimental techniques that are able
to directly track the flow of photogenerated holes in such multicomponent systems. In this
Perspective we illustrate how this issue can be addressed by using a second working electrode to
make direct current/voltage measurements on the catalytic overlayer during operation in a
photoelectrochemical cell. We discuss examples where the second working electrode is a thin
metallic film deposited on the catalyst layer, as well as where it is the tip of a conducting atomic-
force-microscopy probe. In applying these techniques to multiple semiconductors (Fe;O3, BiVOa,
Si) paired with various metal-(oxy)hydroxide overlayers (e.g. Ni(Fe)O:H, and CoO.H,), we found
in all cases investigated that the overlayers collect photogenerated holes from the semiconductor,
charging to potentials sufficient to drive water oxidation. The overlayers studied thus form charge-
separating heterojunctions with the semiconductor as well as serve as water-oxidation catalysts.

Semiconductors coated with electrocatalysts are key components of photoelectrochemical
water-splitting systems that generate hydrogen and oxygen gas from sunlight and water." Oxide
semiconductors, such as Fe,O3; and BiVQOs, have been studied extensively for driving the oxygen-
evolution half reaction because they are in principle inexpensive and chemically stable under
oxidizing conditions.>® To increase performance such photoanodes are typically coated by
electrocatalyst layers.*” However, the mechanisms of charge transfer and the fate of
photogenerated carriers in these combined systems are not well understood.'”!" The

semiconductors are generally polycrystalline with various facets and grain boundaries which affect
2



electronic transport.* ' The surfaces are often defective, populated by surface states with varying
densities and energies.'*"'* Water-oxidation catalysts are typically (photo)electrodeposited metal
(oxy)hydroxides such as nickel-iron oxyhydroxide (Ni(Fe)O.H,) or cobalt oxyhydroxide phosphate
(CoPi), and the resulting catalyst films are disordered, porous and often permeable to electrolyte.'®
20

The precise role of the catalytic layers remains a central question and is the focus of this
Perspective. The layers are generally referred to as “catalysts” because when applied to conductive
electrodes (in the dark) they evolve oxygen at low overpotentials.'®!® When applied to
semiconductor (sem) photoanode surfaces they typically enhance the photocurrent onset potential
and/or the total photocurrent for water oxidation."?! The origin of this enhancement, however, is
the subject of significant discussion. Many have assumed a simple model where the catalyst (cat)
collects holes from the semiconductor and then uses those holes to drive water oxidation at more
cathodic potential than is possible in the absence of the catalyst (Figure A.la).* ** Recent work
using impedance analysis by the Hamann and Gamelin groups have supported this, indicating that
CoPi on Fe,0; serves to collect photogenerated holes.”>** Others have argued that catalysts play
an indirect role in enhancing photoelectrode performance by, for example, chemically passivating
defects on the semiconductor surface responsible for electron-hole pair recombination.'*'>2*%% In
this view, the semiconductor’s ability to oxidize water improves because a larger steady-state
concentration of surface holes is available to drive water oxidation (Figure A.1b). A related
hypothesis suggests that the catalyst passivates semiconductor surface states responsible for Fermi-
level pinning.”* ** Once passivated, the semiconductor band bending increases for a given applied
potential and the near-surface concentration of conduction-band electrons is decreased, thus
decreasing the forward recombination electron current. Finally, the catalyst could create a solid-
state heterojunction with more-favorable band bending (Figure A.1c¢) than the semiconductor/liquid
junction.” ?"?° Examples of the possible behaviors for catalyst layers on semiconductor

photoanodes are given in Figure A.1.
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Figure A.1. Comparison of different roles of catalytic overlayers on semiconductor-coated
photoanodes. The photoanodes depicted in the left column show the illuminated band diagram
before catalyst deposition. The right column illustrates how the behavior changes once a catalyst is
deposited for each case. All depictions are shown with the same arbitrary applied potential such
that oxygen evolution occurs. Ef, is the quasi-Fermi level of the electrons, Ef, is the quasi-Fermi
level of the holes, Es is solution Fermi level (taken to be equal to qeo, oy~ Where &, o~ is the
thermodynamic potential for water oxidation), and E., is Fermi level of the catalyst overlayer. (a)
Slow OER kinetics on the semiconductor surface inhibits facile oxygen evolution. The catalyst
enhances oxygen evolution by collecting photo-generated holes from the semiconductor and using
them to oxidize water. (b) The presence of surface states results in significant recombination
current. The “catalyst” effectively passivates these states and enables greater water oxidation on
the semiconductor surface as the surface hole concentration is increased at steady state. (c) A large
electron concentration at the conduction-band edge promotes forward recombination electron
current. This diminishes the semiconductor’s ability to drive OER because holes are lost to
recombination. Deposition of a catalyst results in greater band-bending which decreases the
forward electronic dark current. The increased hole population allows the semiconductor to more
effectively oxidize water. Note: for the schemes in (b) and (c) water oxidation may occur directly

on the semiconductor surface (through the electrolyte-permeable catalyst overlayer).
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Several experimental techniques have been developed/applied to differentiate between the
various hypotheses describing how catalytic layers improve performance. Durrant and coworkers,
among others, have employed transient absorption spectroscopy (TAS) and photoinduced-
absorption (PIA) optical techniques to investigate the fate of photogenerated holes on CoPi-coated
hematite (Fe;Os) and bismuth vanadate (BiVO.).” ¥* The TAS technique is a pump-probe
technique in which “fingerprints” of the holes in the transient optical-absorption spectra, following
an excitation pulse, are identified and their decay monitored as a function of time. PIA is similar
but the optical signature of accumulated holes is monitored at quasi-steady state. These techniques
are powerful in that the authors show changes in the optical absorption spectra, with applied
potential, which correlate to changes in the measured OER current. However, various assumptions
are required when using the absorption signal to follow the fate of photogenerated holes. For
example, one must be able to assign a given optical signal to a hole trapped in the semiconductor
itself, on the semiconductor surface, or in the catalyst. One must also carefully calibrate for the
quantity of catalyst present and its optical extinction coefficient. Using these optical techniques
Durrant and coworkers concluded that although isolated CoPi is a water oxidation catalyst, it does
not drive water oxidation either on Fe,O3; or BiVO4 and instead primarily serves to passivate surface
states (Figure A.1b).> "%

Intensity-modulated photocurrent spectroscopy (IMPS), has also been used to examine the
role of CoPi and Ni(Fe)O.H, catalysts on Fe,O3; and BiVO4.>*** ** In the IMPS technique, the
semiconductor is illuminated with a periodically modulated light source at a constant applied
potential and the photocurrent response is measured as a function of the modulation frequency. The
resulting data can be analyzed by applying a first-order kinetic model which accounts for minority
carrier generation and collection (modeled via the Gértner hole current), the hole concentration in
surface states, recombination with conduction-band electrons at surface states, and charge transfer
to solution.*’ Apparent recombination and transfer rate constants can then be extracted from the
data. Interestingly, for both CoPi on BiVOs, and Ni(Fe)O.H, on Fe,Os, the “catalyst” was found to
significantly decrease the apparent recombination rate constant while not significantly affecting the
apparent rate constant for transfer to solution (i.e. catalysis).”>?**” It was thus concluded that these
catalysts serve to passivate surface states, not increase water oxidation kinetics. We note that this
interpretation relies on the validity of the model used to analyze the IMPS data. The original model
was developed for a simple system in the absence of a catalyst and contains only two kinetic

processes.*> " The catalyst-coated semiconductor system is more complex because forward and



reverse hole and electron transfer between semiconductor, surface state, catalyst, and solution
subsystems may all occur.

In this perspective we focus on “dual-working-electrode” methods developed in our
research group to directly probe the flow of charge carriers in catalyst-coated photoanodes.***” The
techniques all rely upon electrical contact to the catalyst layer to directly measure the catalyst’s
operating potential in-situ during photoelectrochemical experiments. The work builds on previous
efforts to measure quasi-Fermi levels using secondary electrodes in dye-sensitized®® and bulk-
semiconductor photoelectrochemical cells,” as well as work on semiconductor|conducting-
polymer® and semiconductor|nanoparticle interfaces.®’ In one example, this contact is a thin
electrolyte-permeable OER-inert metal film deposited on top of the catalyst layer (Figure A.2a).*-
30.5354 In another example, the second contact is the metallized tip of a conducting atomic-force-
microscope (AFM) probe (Figure A.2b).>" * These techniques are straightforward in that
simplifying assumptions are not required to draw conclusions from the obtained data. For example,
the accumulation of holes in the catalyst layer during photoelectrochemistry can be directly sensed
by the potential of the second working electrode. We find, contrary to the results of the TAS/PIA
and IMPS studies, that typical catalysts such as CoPi and Ni(Fe)O,H, collect holes and drive water
oxidation across the studied semiconductor systems. Others have used these techniques to examine
TiO»-protected cathodes,* properties of semiconductor-liquid junctions,*® and buried junctions in
water-splitting dye-sensitized photoelectrochemical cells.**
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Figure A.2. Comparison of dual-working-electrode photoelectrochemistry techniques. In both
cases, the first working electrode (WE1) is attached to the semiconductor backside via an ohmic
contact. (a) For the macroscopic technique, a porous Au thin film is deposited onto the surface of

the catalyst and electrically connected to the second working electrode (WE2). (b) For the

nanoscale approach, a conductive nanoelectrode AFM probe is used instead of the Au film.



2. Dual-working-electrode photoelectrochemistry — from macroscopic to nanoscopic
measurements

The basic concepts underlying the fundamental and practical aspects of dual-working-
electrode photoelectrochemistry (DWE PEC) have been previously reviewed.”™ > As in traditional
PEC measurements, the DWE PEC setup features a semiconductor whose potential can be
manipulated by a potentiostat through an ohmic back contact. We refer to this connection as the
primary working electrode (WE1) and it can be used to measure current response while sweeping
the semiconductor potential Vsem. As discussed above, photoanodes are often studied with catalyst
surface layers which reduce the potential required to drive water oxidation at a given current
density. For DWE PEC experiments, a second contact is applied to the catalyst layer by thermally
evaporating an Au film onto the catalyst surface to serve as the second working electrode (WE2).
Au is selected due to its low intrinsic OER activity, high conductivity, and electrolyte permeability
(at sufficiently thin deposition thicknesses). The second working electrode enables the
current/potential to be measured or controlled at the catalyst film independent of the semiconductor
and WEL.

The DWE technique has been applied to study a variety of well-defined sem|cat systems,
such as TiO,, Si and planar Fe,O; with uniform catalyst layers, and will be discussed below.
However, many of the most commonly studied photoelectrodes for water oxidation consist of three-
dimensionally structured semiconductors coupled to catalysts which may not uniformly cover the
photoelectrode surface.’? Application of a thin Au top contact is challenging on these types of
systems because the Au may short to the underlying semiconductor surface (creating a Schottky-
type junction). For especially rough surfaces the Au may not interconnect well when deposited at
thicknesses sufficiently thin for electrolyte permeability.>

To overcome these challenges, we translated the technique to the nanoscale using recently
developed nanoelectrode AFM probes.”' These nanoelectrode AFM probes are conductive, with a
thin insulating layer coating the entire probe except for the exposed tip (Figure A.3a). By scanning
the electrode surface, the probes can be used to image the morphology and catalyst coverage. For
photoanodes with incomplete catalyst coverage, this initial image allows the semiconductor surface
to be distinguished from locations with catalyst coating. Once a topological map is acquired, the
AFM can land the probe at a selected location and collect surface-potential data for the duration of
a (photo)electrochemical experiment. This setup is depicted in Figure A.2b. For operando AFM
experiments a custom electrochemical cell and AFM stage were built to enable back illumination

and the use of an Ag/AgCl reference electrode.



To demonstrate the ability of the probe to measure surface potential, we imaged an
electrode consisting of Au/Ti-coated glass in the electrochemical AFM cell. With the nanoelectrode
probe contacting the submerged Au surface (in a potassium phosphate buffer), the potential of the
Au was stepped using WE1 and measured using the probe (WE2). As expected, the measured
potential at WE2 traced the applied potential at WE1 (Figure A.3b). This result demonstrated that
the nanoscale AFM probe can accurately measure the surface potential of a biased electrode in
solution.
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Figure A.3. Using nanoelectrodes to measure surface potential. (a) Scanning electron
microscopy (SEM) image of nanoelectrode AFM probes used for nanoscale potential sensing. The
Si probes coated with a conductive material (e.g. Pt) that is fully insulated except at the exposed
tip. (b) Stepping the potential of an Au electrode anodically in 100 mV increments, while measuring
the potential of the Au electrode using a nanoelectrode probe resting on the Au surface. This data
shows the nanoscale electrode probe can be used to measure the surface potential of a biased

electrode in an electrochemical cell. Adapted from Ref 55.

The importance of the nanoscale DWE technique, which we refer to as potential-sensing

electrochemical atomic-force microscopy (PS-EC-AFM), is that the surface electrochemical



potential — i.e. the free energy of the reactive electrons — on a catalyst can be measured in situ
without evaporation of a macroscopic second-working-electrode contact. This allows for a large
diversity of samples to be studied. Additionally, because the technique is AFM-based it, in
principle, enables simultaneous topographic and potential mapping of the electrode surface. This
might help guide design of improved photoanodes by relating spatial heterogeneity of the

photoelectrode interface to desirable electrochemical properties.®

3. Using DWE to Understand the Role(s) of Catalytic Layers in Oxygen-Evolving
Photoanodes

The experimental approaches described above provide an opportunity to study the
fundamental role of overlayers in enhancing oxygen evolution on photoanodes. Here we provide
an overview of the range of behaviors we have observed via DWE measurements. These behaviors
are consistent with the model depicted in Figure A.4. In the model, the catalyst sits on the surface
of the semiconductor and remains inactive in its reduced resting state while in the dark. Upon
illumination, a hole-quasi-Fermi level is established in the semiconductor and holes accumulate at
the semiconductor surface. Transfer of the surface holes into the catalyst, which is often an
extended electronic system, is thermodynamically favorable and occurs efficiently compared to
direct transfer to solution which requires driving the oxygen-evolution reaction. Holes injected into
the catalyst layer increase the electrochemical potential of the catalyst until steady state is achieved.
Because the catalysts studied are typically permeable to electrolyte and redox active (e.g. they
contain Ni or Co cations that have multiple oxidation states accessible'”?™ ** %) holes can
accumulate throughout the “bulk™ of the catalyst layer. The system reaches steady state when the
net flux of holes into the catalyst is equal to the net flux out of the catalyst. This occurs when either
(1) the rate of holes recombining with conduction band electrons equals the rate of hole injection
into the catalyst or (2) the catalyst electrochemical potential becomes sufficient to directly drive
OER at the rate of injected holes minus the rate of recombination (Figure A.4c). The catalyst’s
ability to perform OER can be thought of in terms of Butler-Volmer or Tafel kinetics where the

catalytic current depends exponentially on potential,®’

as can be measured directly by supplying
potential via WE2 in the dark and measuring the resulting current at WE2 (demonstrated in the
subsequent section). This direct measurement allows us to unambiguously relate the rate of oxygen
evolution for a catalyst sitting on a semiconductor surface to the catalyst’s electrochemical
potential. As the applied semiconductor bias or light intensity increases (causing an increase in

photocurrent), the catalyst charges to a more-positive electrochemical potential to maintain current



continuity. Below we provide data across several catalyst/semiconductor systems that support this

model.
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Figure A.4. Conceptual model showing how a catalyst-coated photoanode might operate
under various conditions. (a) In the dark the Fermi levels equilibrate and the catalyst rests in an
inactive state. Here Esem, Eca, and ol represent the electrochemical potential of the semiconductor,
catalyst, and solution. Vimis the applied potential between the semiconductor back contact and the

thermodynamic reference point for reversible oxygen evolution (€g, /on-)- (b) Upon illumination,

a hole quasi-Fermi level (E},) is generated. Holes at the sem|cat interface transfer to the catalyst if
easily-oxidized catalyst species are present (e.g. driving the Ni*** or Co?*"*" redox couple in
(oxy)hydroxide catalysts). (c) At steady state two broad regimes can be identified depending on the
applied potential. At sufficiently low applied potentials the hole current from the valence band to
catalyst (Jypcat) 1S balanced by the recombination current from electrons in the conduction band to
catalyst (Jop cat)- In this regime the catalyst might become oxidized but does not reach a sufficient
potential to drive oxygen evolution (it cannot be sufficiently charged because [y cat = —Jcp cat at
steady state). At sufficiently larger (positive) applied potentials the recombination current
diminishes (as the electron concentration at the conduction band edge is decreased) and the catalyst
is charged to an oxidizing potential where it can match the net junction current. In this case Jyp, car +

Jeb,cat = Jeatsor at Steady state.
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3.1 Ni-Protected Si Photoanodes

The macroscopic DWE technique was applied to Si photoanodes to better understand
efficiency increases reported when applying sufficiently thin catalyst/protection layers. Because Si
is oxidized under OER conditions, the catalyst must play a protective role in addition to a catalytic
role.®*® We studied devices where 3, 5, and 20 nm of Ni were thermally evaporated onto the Si
surface. During operating conditions (illuminated and at anodic applied potentials) some of the Ni
converts to Ni(Fe)O.H, and serves as the catalyst. For these devices the junction is considered
“buried”, meaning the charge-separating junction is not exposed to electrolyte. This condition
precludes the OER from occurring on the semiconductor surface, therefore the photocurrent must
pass through the catalyst layer (note: any exposed Si is unable to perform OER as it is preferentially
oxidized). Aside from the increased understanding of Si photoanodes, the results are important
because they illustrate how DWE measurements behave on a system where photogenerated charge

clearly transfers to the catalyst layer.
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Figure A.5. Evolution of the photoelectrochemical response over many electrochemical cycles
for a Ni-coated n-Si photoanode. Bottom panel: Using WET1 the illuminated photoanode is cycled
through the potential range shown. After every 50 cycle, the experiment is paused while
voltammetry data is collected via WE2. Top panel: The data collected via WE2 every 50 cycles
shows the catalyst’s intrinsic activity. The results demonstrate the DWE’s ability to separate
catalytic effects from junction effects. Although the onset of photocurrent shifts cathodic with
continued cycling as shown in the bottom panel, this shift is not accounted for by changes in the
intrinsic catalytic activity shown in the top panel. After an initial 50-cycle activation period, the
catalyst activity remains largely constant while the photoelectrode performance continues to

improve with additional cycling. Adapted from Ref 54.
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The DWE technique was used to determine that thin Ni catalyst/protection layers enhance
Si photoanodes via changes to the rectifying junction compared to thick Ni layers. With sufficiently
thin layers, the solution permeates regions of the protection layer and passivates the underlying Si.
The increase in activity was attributed to the development of pinched-off Ni|Si point contacts.**
The DWE technique was useful in achieving this understanding because it allowed for separation
of catalytic-enhancement from junction-enhancement effects. As the photoanodes were
electrochemically cycled the onset of water oxidation improved (Figure A.5 — bottom panel). By
using WE2 the catalyst layer was independently cycled (Figure A.5 — top panel) and it was shown
that the catalytic activity remained constant (after an initial activation period) and therefore changes
in catalytic activity could not be causing the overall enhanced photoanode performance with
cycling. The electrochemical potential of the catalyst layer was measured as a function of potential
applied to the semiconductor back contact and revealed a ~440 mV photovoltage for the best
devices, after activation. This represents a 300 mV increase in the photovoltage compared to
devices with thicker (~20 nm) Ni protection layers. Further DWE tests indicated that even the best
devices retained their buried-junction behavior indicative of direct contact between remaining
metallic Ni nanoparticles and the Si surface. Through these measurements, the DWE technique
enabled us to identify that the enhanced photoelectrode efficiency originated specifically from
changes to the rectifying junction and that the junction remained buried despite these changes.

The presence of junction inhomogeneity presents an opportunity to more-rigorously
understand photoanodes by employing spatially resolved DWE measurements. These opportunities

are discussed alongside the nanoscale DWE technique in a later section.

3.2 Catalyst-Coated Fe;O3z Photoelectrodes

We have studied the behavior of several catalysts on hematite (a-Fe»O3); a system which
significantly differs from Si. Hematite is stable under oxidative conditions and thus the catalyst
need not chemically protect the semiconductor surface. In fact, the systems that exhibit the highest
efficiency use (photo)electrodeposited electrolyte-permeable catalysts such as CoPi and
Ni(Fe)O,H,."""-2! Water oxidation can in principle happen on either the semiconductor surface or
within the catalyst — the fate of photogenerated holes is not known a priori. Hematite also exhibits
significant surface-state density which may serve to trap photogenerated carriers and mediate the
water oxidation activity on the semiconductor surface. By employing DWE experiments we show
that electrolyte-permeable catalysts quantitatively collect photogenerated holes and directly drive

the OER when placed on hematite.
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To apply the DWE methods, we obtained smooth, pinhole-free hematite films that were

7071 and coated them

fabricated using atomic layer deposition (ALD) by Hamann and coworkers
with smooth films of Nig sFeo20,H, catalyst using photochemical metal-organic deposition.’*** The
surface uniformity allowed for deposition of a continuous, electrolyte-permeable Au film (to serve

as WE2) that only contacts the catalyst layer without shunting to the underlying hematite film.
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Figure A.6. Photogenerated hole transfer at the a-Fe,O;|NiosFeo2OxHy interface. With Ve
held at 0 V vs. &, 0p-, Jsem and Jea are measured as a function of Vey and the illumination condition
(light/dark). Under illumination Jiem measures ~0.4 mA cm™ and Je exhibits a ~0.4 mA cm™
decrease in current density relative to Je.: in the dark. To hold Ve, at a constant potential, WE2 must
inject electrons to neutralize any holes collected from the semiconductor. Since the difference
between Jeaglight and Jeadark 18 comparable to Jsem light, the result indicates that the photogenerated

holes responsible for the photocurrent are collected by the catalyst. Adapted from Ref 53.

Two key measurements were made to understand the fate of the photogenerated holes in
the hematite. In the first (Figure A.6), we independently measure the photocurrent at WE1 (Jsem)
and the catalyst current at WE2 (Jea) while holding the catalyst potential (Vear vs. €0, /05~) at a
series of fixed potentials. Upon illumination, the current measured at WEI1 increases while the
current measured at WE2 decreases by the same amount (Figure A.6). For the WE2 contact to hold

the catalyst at a fixed potential, it must compensate for any injected holes by injecting electrons
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into the catalyst (or, equivalently, removing the injected holes). The DWE PEC measurement can
thus be used to directly track the flow of photogenerated holes and demonstrates that the majority
of those holes transfer into the catalyst film over a wide range of conditions.

In a second experiment, we assessed whether the potential reached by the catalyst film on
hematite was sufficient to drive water oxidation. First, we deposited a catalyst film on conducting
indium-tin oxide (ITO), followed by a thin Au layer on top of the catalyst. The oxygen-evolution
current was then measured at a series of applied potentials to the ITO and plotted versus the
potential measured on the top Au contact (Figure A.7a). Next, a catalyst layer with identical
composition and thickness was deposited on a hematite film, followed by a thin Au layer on top of
the catalyst. Under illumination, the potential of the catalyst was measured (at the top Au contact)
as a function of the photocurrent measured at the semiconductor back contact. We found that the
catalyst layer is charged to similar potentials driving OER for a given current density independent
of whether the holes originate from ITO or are photogenerated in hematite (Figure A.7a). This
shows NigsFeo»O.H, is oxidized by the photogenerated holes to an operating potential sufficient to
drive water oxidation at rates commensurate with the measured photocurrent (on WE1). Thus, the
NiggFeo20,H, catalyst layer acts as both a hole collector and OER catalyst on hematite thin films.

The macroscopic DWE measurements are limited to systems with smooth electrocatalyst
layers that are stable to vacuum deposition of the secondary contact. This limits the range of
systems that can be explored, most notably precluding examination of the electrodeposited CoPi
catalyst on Fe>03.”> To address this issue, we used the potential-sensing electrochemical AFM (PS-
EC-AFM) technique. This enables surface/catalyst potential measurements on systems that were
not previously possible, including photo-electrodeposited catalyst on metal-oxide semiconductors.

We used the PS-EC-AFM to monitor, during (photo)electrochemical oxygen evolution, the
operating electrochemical potential of a CoPi catalyst layer when paired with an illuminated Fe,O;
semiconductor or a non-illuminated ITO conductive substrate (Figure A.7b). This allows us to
directly sense when holes accumulate in the catalyst and whether enough holes accumulate to drive
water oxidation. The experiment is straightforward to execute (although we note the specialized
tips are fragile, currently expensive, and require practice/care to use) and the data easy to directly
interpret. For this system we demonstrated that the CoPi accepts sufficient holes to undergo
oxidation and then reaches an electrochemical potential where it drives water oxidation at a rate
commensurate with the measured photocurrent. This was consistent to what we found for

Ni(Fe)O.H, coated Fe,Os using the macroscopic DWE technique.
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Figure A.7. In-situ measurements of catalyst potential for NipsFe).OH, and CoPi on
hematite and ITO. (a) The potential of the catalyst (Vca), as measured by a macroscopic second
electrode, related to the current passing through the Nip,Feo,OxHy-coated hematite photoanode
under illumination (orange curve). The result was compared to the analogous system of
Nig.sFeo20xHy-coated ITO electrode where current is driven solely by the potential applied to the
ITO (black points). (b) The potential of the catalyst (V4p), as measured by the nanoelectrode probe,
related to the current passing through the CoPi-coated hematite photoanode under illumination
(green points). The result was compared to the behavior of CoPi-coated ITO (black points).
Because ITO is a poor OER catalyst, we know, in the case of NiosFeo,OxHy, and CoPi on ITO, all
the OER current flows through the catalyst. We thus also know precisely what catalyst potential is
required to pass a given OER current. If the catalyst did not act as an OER catalyst on hematite,
then its potential would be lower at a given (photo)current when on hematite than when on ITO.

The fact that the potential of the catalysts, for a given current density, was the same, regardless of
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the type of substrate and source of holes, indicates Nip.Feo3sOxHy and CoPi drive the OER in both
cases. Adapted from Ref. 53 and 55.

3.3 Catalyst-coated BiVO4 Photoelectrodes

The most-efficient oxide-based photoanodes for oxygen evolution are comprised of
catalyst-coated BiVO, nanostructures.”’® Recent efforts have aimed to understand the degree to
which catalyst overlayers on BiVOy are responsible for driving water oxidation relative to water
oxidation occurring on the BiVOj, surface itself.” *® Some studies have applied photo-induced
absorption measurements in which changes in the optical absorbance of CoPi catalyst on BiVO4
are related to the extent of catalyst oxidation. The results show that the density of photoinduced
Co’" species is threefold lower on CoPi | BiVO4 devices than on a control CoPi | FTO sample, when
both are driving the same current. This suggests CoPi never reaches sufficiently anodic potentials
to drive water oxidation because holes on the BiVO; surface oxidize water directly. Related recent
work by van de Krol and others using intensity-modulated photocurrent spectroscopy came to a
similar conclusion for BiVO4|CoPi under low applied potentials (Vsem < 1 V vs. RHE).”* At higher
potentials, they hypothesize that water oxidation partially occurs via the CoPi as BiVOj4 kinetics
for water oxidation are too slow.

To complement these studies, we investigated CoPi | BiVO4 using the PS-EC-AFM. In
Figure A.8a, the measured catalyst potential is plotted as a function of the potential applied to the
semiconductor back ohmic contact (WE1) and overlaid on a conventional J-V curve for the same
device collected through WE1. A large step in the catalyst potential (Figure A.8a) is measured as
the catalyst transitions from nominally Co** to Co®" near the onset of water oxidation. This is a
result of the conversion of electrically-insulating Co(OH), to the conductive and OER-active
CoOOH within the CoPi. As the photocurrent increases at higher applied potentials to WEI, so
does the catalyst potential measured at WE2. This is direct evidence that the catalyst is charged by
holes from the semiconductor.

As with the Fe,O3 experiments, we assess whether the catalyst is sufficiently charged by
BiVO4 to drive water oxidation at the photocurrent density. To do this we again compare the surface
potentials of CoPi on BiVO, to CoPi on fluorine-doped tin oxide (FTO) conductive glass over a
range of current densities (in the former case the current originates from photoinjected holes,
whereas in the latter case holes are directly injected from the conducting glass in the dark). For all-
examined current densities, the surface potential of CoPi is nearly identical irrespective of the
substrate (Figure A.8b). This result shows that on BiVOs, the CoPi reaches an electrochemical

potential where CoPi-mediated water oxidation accounts for and equals the observed photocurrent.
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The holes that are consumed for water oxidation first transfer to the catalyst — they do not appear
to drive water oxidation on the BiVOjs surface. A useful next experiment would be to perform the

236 on the exact-same set of samples with which

optical photo-induced absorption measurements
the potential-sensing measurements are made so that the discrepancy between the two

measurements can be resolved.
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Figure A.8. Nanoelectrode potential measurements for CoPi on BiVO, and FTO. (a) The
measured Vi, reports on the catalyst potential as a function of the potential applied to the BiVO4
back contact (Vsem). The large step in the Vi, corresponds to the transfer of photogenerated holes
from BiVO4 to CoPi, causing it to oxidize to CoOOH which is electrically conductive and whose
potential can be sensed accurately. (b) The data relates the potential of CoPi (Vi) to the current
density measured at WE1. The results compare CoPi on BiVO4 to CoPi on FTO and show that the
CoP1i reaches the same electrochemical potential in both cases. This indicates CoPi is driving water

oxidation on BiVO4. Adapted from Ref 69.
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3.4 Relating Shunt Recombination in Catalyst-Coated Photoelectrodes to Catalyst Carrier
Collection

In much of our previous work we have focused on single-crystal or polycrystalline thin-
film model systems. However, the highest-performing photoelectrodes typically feature high-
surface-area and porous semiconductors.”*”* 7> We discovered a simple but critically important
mechanism of recombination that is unique to catalyst-coated semiconductors of this type. For these
systems, pinholes in the porous semiconductor can fill with catalyst during deposition and act as
shunt pathways to the back contact (Figure A.9a). Under illumination, photogenerated holes
transfer to the catalyst but then recombine with electrons at the catalyst/conductor interface.

(a)

02 +H.0

shunt pathway
substrate

Figure A.9. Shunt recombination in catalyst-coated porous semiconductors. (a) The presence
of pinholes throughout the semiconductor film could lead to the conductive substrate being
exposed. With sufficient catalyst deposited on the surface, a shunting pathway is generated which
results in high rates of recombination. (b) High-resolution TEM cross-section showing a pinhole in
an electrodeposited Fe;O; film which allows the NigoFe2OxHy catalyst to directly contact the
conductive FTO substrate. Adapted from Ref. 52.

To explore this shunting-recombination mechanism we examined hematite thin films as a

model system. One film was deposited by ALD and was free of pinholes, the other film was
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deposited by electrodeposition and small holes in the film were apparent by cross-sectional TEM
(Figure A.9b). The incomplete coverage of the semiconductor on the conducting-oxide film for the
electrodeposited hematite film could also be ascertained from the voltammetry behavior of the
electrode in the presence of a reversible redox couple like ferro/ferricyanide.

The shunting mechanism manifested itself in a number of different ways. (1) We found
that use of an electrically conductive catalyst, such as NigpsFeo2OH,, dramatically reduced the
photoanode performance of electrodeposited hematite but enhanced the performance of pinhole-
free ALD hematite. Electrically insulating Nig2FeosO.H,, however, did not show shunt
recombination on either sample. (2) Very thin coatings of photoelectrodeposited conductive
catalysts worked for both samples because the catalyst layers weren’t thick enough to significantly
contact both semiconductor and conductive oxide substrate. (3) Two sets of catalyst
oxidation/reduction peaks were observed in illuminated cyclic voltammograms when the catalyst
was shunting to the conducting electrode. The more-anodic set represents catalyst domains
near/touching the conductive substrate. The more-cathodic peak set represents catalyst domains
further from the conductive substrate that are in contact with the semiconductor and are shifted
cathodic by the photovoltage. At applied potentials between the two sets of peaks, photogenerated
holes from the Fe>O3 can oxidize the catalyst, but electrons from the conducting substrate work to
reduce it. Thus, only a portion of the catalyst, further from the conductor, is oxidized. (4) Current
flowing through the shunts was directly measured using the dual-working-electrode configuration.
Similar results were found for spincast BiVOj thin films, indicating that the shunting recombination
mechanism is general across materials and catalyst systems as well as deposition techniques.’®
These features described above can therefore be used to generally identify whether or not shunt
recombination is affecting the performance of any given photoanode system.

Eliminating the shunt pathways through the catalyst is critical to achieving high-
performance catalyst-coated photoanodes. There are several ways to do this. If one is building a
three-dimensional nanostructured/porous semiconductor one could completely coat the conducting
electrode support with a thin layer of the semiconductor prior to depositing the nanostructured
semiconductor. Selective photo-assisted electrodeposition of thin catalyst layers on the
semiconductor surface or using electrically insulating catalyst layers also prevent shunting. A final
option is to passivate the pinholes selectively with an insulator to block direct contact. This might
be possible with electrodeposition of an insulator.”’

Finally, we note that these observations of shunt recombination support the mechanistic

picture where the catalyst collects photogenerated holes from the semiconductor and drives the
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OER (Figure A.4). If holes did not transfer to the catalyst to drive OER, then one would not observe

the shunting behavior seen here.

4. Outlook

The results discussed here demonstrate that for a variety of semiconductor (BiVOs, Fe, O3,
Si) and catalyst (CoPi, Ni(Fe)O,H,) systems, the catalyst overlayer functions both as a hole
collector and the site for water oxidation. In all examined sem|cat systems, macroscopic or
nanoscopic DWE measurements revealed that the catalyst reaches an electrochemical potential
sufficient to drive OER at the same rate as the measured photocurrent. We note that these findings
are straightforward and unambiguous; the DWE technique features a direct electrical probe of the
catalyst surface and requires no modeling or assumptions to measure the catalyst electrochemical
potential.

Limitations. The techniques described here, however, cannot measure surface-state
density nor the possible effects of catalyst materials in passivating surface states, as has been
suggested by others.” > ?° The measurements can only identify the surface potential and extent of
photogenerated charge which reaches the catalyst. It is indeed likely that the catalyst plays multiples
roles in many cases. That is, catalyst application could enhance photoelectrochemical performance
by simultaneously passivating surface-recombination centers, by improving the sem|cat
heterojunction’s built-in electric field, and/or by improving the kinetics for the OER. The details,
however, of how (oxy)hydroxide catalyst layers might chemically passivate semiconductor
surfaces remain to be discovered. Nonetheless, these may all be important considerations for the
improved design of photoanodes.

The results discussed here may not universally apply to all sem|cat systems. Different
materials preparation routes may give rise to larger semiconductor surface-recombination velocities
and/or native catalytic activity as well as different magnitudes of equilibrium band banding due to
the presence of varying types of surface terminations and defects. Upon application of the catalytic
surface layer, enhanced photoelectrode performance could, in some cases, thus be more-attributable
to changes in junction behavior than to a decrease in catalytic overpotential. Nonetheless, we
generally suspect that in all cases the metal oxide/(oxy)hydroxide catalysts accept photogenerated
holes from the illuminated semiconductor — the kinetics of driving redox chemistry in a transition
metal oxide/(oxy)hydroxide catalyst layer should be significantly faster than driving oxygen redox
chemistry directly on the semiconductor surface. The hole quasi-Fermi level in the semiconductor
is thus expected to be in quasi-equilibrium with the catalyst Fermi level under steady-state

conditions. Researchers investigating sem|cat photoanodes who find evidence of water oxidation
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occurring directly on the semiconductor surface could use the macroscopic or nanoscopic DWE
techniques to directly verify these findings. Finally, although we examine redox-active Ni/Co/Fe-
based catalysts here, we note that the measurement techniques discussed will work equally well on
any catalytic material that is electronically conductive and therefore amenable to potential sensing.

Further technique development/implementation. Additional information might be
learned from combining several techniques on the same samples. For example, a challenge in the
TAS and PIA techniques is knowing precisely what population of holes the optical-absorption
spectrum represents. Does it represent all holes that are OER intermediates, only a subset of those
holes, or is it a different population of holes that is in quasi-equilibrium with the OER intermediate
population? By using DWE to monitor the catalyst electrochemical potential during TAS/PIA
experiments, one could directly correlate changes in the optical signal to charging/discharge of the
catalyst as well as the rate at which the catalyst is performing OER. This might allow one to
differentiate between holes trapped in the catalyst layer from those trapped in, for example, shallow
defect states.” >* The combination of DWE photoelectrochemistry and IMPS analysis may also be
useful. For example, the second working electrode can be used to affect the catalyst’s
electrochemical potential during IMPS experiments. Doing this might allow one to systematically
map how the catalyst electrochemical potential affects the apparent recombination and charge-
transfer rate constants.

Further development of the techniques reported here is also possible. For example, using
the PS-EC-AFM to spatially map catalyst potential across a surface may enhance understanding of
how semiconductor morphology affects the operational catalyst potential — the locations of the
highest catalyst potentials should correlate to locations of the largest photocurrent driven by the
semiconductor. Such a measurement would only work, however, if the catalyst did not form a
continuous conductive film that would all sit at the same potential. In another example, the
technique might better illustrate the function of the n-Si|Ni electrodes discussed above where the
development of barrier-height inhomogeneity led to increased PEC performance. It may be possible
to locally monitor this development in-situ. If key contributors to efficiency can be identified, one
might intentionally engineer an improved junction. Another possible use of PS-EC-AFM is in
examining how grain boundaries and crystalline facets influence the local photovoltage of a sem|cat
junction. In these types of experiments the semiconductor surface might be topographically and
electrically characterized (for example using (photo)conducting AFM)® in air using the
nanoelectrode AFM tip, before catalyst deposition. Without moving the cell, a catalyst deposition

solution could then be introduced to photodeposit a catalyst of interest. After flushing the deposition
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solution, the local catalyst deposits would be characterized for photovoltage, with the result mapped
back onto the bare semiconductor surface characterization.

There are practical challenges that must be overcome, however, to enable PS-EC-AFM
spatial mapping of catalyst surface potentials. The measurement time is set by how quickly the tip
electronically equilibrates with the catalyst. While this is fast (< 1 s) when the tip is in direct contact
with a highly conductive metallic surface (e.g. Au), it can be quite slow (i.e. ~ 30 s) when contacting
the much-less-conductive Ni/Co/Fe oxyhydroxide layers.”> The measurement time constant might
be improved with better-designed potential-measurement electronics (which we have not yet
attempted) or by increasing the interaction force between the tip and substrate (which risks the tip
integrity). A second challenge is that imaging the surface topography with the tip in contact (for
potential measurement) rapidly degrades the conductive point of the tip. Practically, we have found
that the simplest approach to gain spatially relevant surface-potential information is to first image
the sample in tapping mode, without collecting electrical data, and then land the tip on key areas of
interest for surface-potential measurements. The operando cell and sample stage must be
engineered such that drift is minimized and features remain in place for a sufficient time after taking
the initial topographic image.

For the macroscopic DWE devices, there may be opportunities to employ impedance-type
analyses which are not possible with traditional electrodes. In a typical three-electrode PEC
experiment, potential applied to the semiconductor back contact can result in electrostatic potential
drops across the semiconductor depletion region and the Helmholtz double layer. Interpretation of
impedance results then requires the use of more-complicated equivalent circuits, especially in the
presence of surface states and catalyst layers.”* ’® Introduction of the second working electrode
allows one to hold the catalyst, and possibly surface states, at a fixed potential and thereby measure
directly the capacitance of the sem|cat junction. These types of measurements may further elucidate
the role that surface states play in catalyzed photoanodes. For example, one could measure the flat-
band potential of the semiconductor as a function of the potential of the catalyst (controlled by
WE2). For an electrolyte-permeable catalyst this might provide information on the surface-state
density if these are in quasi-equilibrium with the catalyst electronic states.

Although we have discussed primarily potential-sensing measurements in this Perspective,
the dual-working-electrode techniques can also be used to measure the current-voltage behavior
across the sem|cat junction directly. We have previously demonstrated this on model n-TiO;|cat
systems with a macroscopic second working electrode.” The experiment is performed by holding
the catalyst at a fixed potential (where it is electrically conductive such that resistance through the

catalyst layer does not dominate the response) with WE2, while sweeping the potential of the
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semiconductor back contact and recording the current as a function of Vwei-Vwez. Similar
measurements could in principle be made on a single catalytic nanoparticle using the conducting
nanoelectrode AFM tip as WE2, although background currents may be significant and will likely
need to be corrected for.

Improving photoelectrodes. The ability to measure and understand the role of catalyst
layers is important in developing improved designs for photoelectrodes. Identifying the catalyst’s
primary influence(s) on photoanode performance informs researchers on what could be further
optimized and to what extent. The DWE analysis discussed here is straightforward, involving few
assumptions, and indicates that the electrocatalytic layers on the photoanodes tested here harvest
the photogenerated holes from the semiconductor and use them for oxygen evolution. Because the
catalyst serves as a hole collector, future research could focus on using interfacial layers to improve
the sem|cat junction by reducing forward electronic current while still allowing for sufficiently
facile hole collection, as is often done for solid-state solar cells’”™* (this can be thought of
increasing the interface carrier selectivity®). Mechanisms by which such an interfacial layer could
reduce the forward electron current at the sem|cat junction include increasing the electrostatic
barrier height (thereby reducing the density of surface majority electrons), passivating surface
states* (which reduces the number of accepter states for surface electrons to transfer into), or
adding a tunneling barrier (that decreases the transmission coefficient for electrons).® The results
also indicate that the electrical conductivity of the catalyst, its stability/transformation under
electrochemical conditions, and its kinetics for the OER are all important considerations when

designing photoanodes.
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1. Introduction

Light-absorbing semiconductor electrodes coated with electrocatalysts are key components
of photoelectrochemical energy conversion and storage systems. Efforts to optimize these systems
have been slowed by an inadequate understanding of the semiconductor-electrocatalyst (sem|cat)
interface. The sem|cat interface is important because it separates and collects photoexcited charge
carriers from the semiconductor. The photovoltage generated by the interface drives “uphill”
photochemical reactions, such as water splitting to form hydrogen fuel. Here we describe efforts to
understand the microscopic processes and materials parameters governing interfacial electron
transfer between light-absorbing semiconductors, electrocatalysts, and solution.

We highlight the properties of transition-metal oxyhydroxide electrocatalysts, such as
Ni(Fe)OOH, because they are the fastest oxygen-evolution catalysts known in alkaline media and
are (typically) permeable to electrolyte. We describe the physics that govern the charge-transfer
kinetics for different interface types, and show how numerical simulations can explain the response
of composite systems. Emphasis is placed on “limiting” behavior. Electrocatalysts that are
permeable to electrolyte form “adaptive” junctions where the interface energetics change during
operation as charge accumulates in the catalyst, but is screened locally by electrolyte ions.
Electrocatalysts that are dense, and thus impermeable to electrolyte, form buried junctions where
the interface physics are unchanged during operation.

Experiments to directly measure the interface behavior and test the theory/simulations are
challenging because conventional photoelectrochemical techniques do not measure the
electrocatalyst potential during operation. We developed dual-working-electrode (DWE)
photoelectrochemistry to address this limitation. A second electrode is attached to the catalyst layer
to sense or control current/voltage independent from that of the semiconductor back ohmic contact.
Consistent with simulations, electrolyte-permeable, redox-active catalysts such as Ni(Fe)OOH
form “adaptive” junctions where the effective barrier height for electron exchange depends on the
potential of the catalyst. This is in contrast to sem|cat interfaces with dense electrolyte-impermeable
catalysts, such as nanocrystalline IrOy, that behave like solid-state buried (Schottky-like) junctions.

These results elucidate a design principle for catalyzed photoelectrodes. The buried
heterojunctions formed by dense catalysts are often limited by Fermi-level pinning and low
photovoltages. Catalysts deposited by “soft” methods, such as electrodeposition, form adaptive
junctions that tend to provide larger photovoltages and efficiencies. We also preview efforts to
improve theory/simulations to account for the presence of surface states and discuss the prospect

of carrier-selective catalyst contacts.

24



High-efficiency photoelectrochemical water-splitting systems require integrating
electrocatalysts (cat) onto light-absorbing semiconductors (sem). Despite the central role that the
sem|cat interface plays in collecting one carrier over the other and generating photovoltage, the
energetics and charge transfer processes at catalyzed semiconductor interfaces are poorly
understood. A simple picture is that the semiconductor absorbs light and separates charge while the
catalyst increases the rate of the hydrogen- or oxygen-evolution reaction (HER or OER,
respectively). Experiments by different groups, however, show that after deposition of OER
catalysts onto n-type semiconductors, the photoelectrode characteristics (e.g. the photovoltage,
photocurrent, and fill-factor) change in a way often inconsistent with this view.'? Parallel
hypotheses have attributed this behavior to changes in surface recombination,* band bending,’
interface-charge trapping,® optical effects,’” or kinetics.*!! Several factors make unravelling these
different effects difficult. First, electrocatalysts are not well-defined electronic materials (e.g. a
metal or semiconductor), but are often porous, hydrated, and redox-active solids. How does one
describe such non-traditional electronic interfaces? Second, most of the semiconductor systems that
have been studied are polycrystalline and/or nanostructured, which makes interpreting elementary
processes difficult. Third, there is a lack of experimental tools to directly measure the interfacial
processes.

In this Account we discuss our use of simulation and new photoelectrochemical
experiments to clarify the microscopic details of electron transfer in catalyzed water-oxidizing
photoelectrodes. We connect the microscopic processes to the observable current-voltage

responses, and discuss possible design principles for high-performance systems.

Figure B.1. Band diagram  depiction of charge transport through
semiconductor/catalyst/solution interfaces. Steady-state currents and Fermi levels are depicted
for an illuminated electrocatalyst-modified n-type semiconductor in solution. The symbols are

defined in the text.
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Figure B.1 shows basic processes in a catalyzed photoelectrode. The semiconductor,
catalyst, and solution are all characterized by electrochemical potentials (Fermi levels) which
equilibrate in the dark (Ef,, Eca, and Esl, respectively). Under illumination the concentration of
minority holes increases and thus the hole quasi-Fermi level Er, drops down from the electron level
E:, to create a photovoltage Vpn at the sem|cat interface. During steady-state photodriven oxygen
evolution, Ecy is driven lower on the electron energy scale (more positive on the electrochemical
scale) than Eq (the thermodynamic oxygen potential), such that there is a net positive current from
catalyst to solution. The degree to which Ef, separates from Er, at the semiconductor surface is
governed by the relative forward and reverse rates of electron and hole transport at the sem|cat
interface in addition to the rates of bulk recombination (Ry) and generation (G). The hole current

density is given by J, = uppVE¢ ), where u; is the hole mobility and VEy ,, is the hole quasi-Fermi-

level gradient.

Traditional photoelectrochemical measurements use an ohmic contact to the back of the
semiconductor (i.e. the left side of the diagram in Figure B.1) to sweep the semiconductor potential
Esem (which is also the majority-carrier Fermi level Ef, in the bulk), and measure the resulting
current in both the light and dark. It is difficult from such measurements to determine how the
individual charge-transfer, catalysis, and recombination steps affect the J-V response. First, it is not
possible to determine which portion of the total applied potential (i.e. gVapp = Esem - Eso1) drops at
the sem|cat interface versus at the cat|sol interface because one cannot determine Ecy. Further, the
current measured is the sum of the net electron and hole currents and it is not possible to distinguish
whether the holes or electrons flow into the catalyst or directly into the solution.

A number of techniques have been used to augment traditional photoelectrochemical
measurement. Transient absorption spectroscopies'? provide insight into the various recombination
processes,”® though data interpretation is complicated by the pulsed-laser excitation —
photoelectrodes operate at steady state under low light intensity. Methods based on impedance are
powerful,"® but rely on fitting equivalent circuits, which are complicated for multicomponent
systems. Here we describe alternative methods that provide direct information about the interface,

as well as theory and simulation to corroborate the measurements.

2. Materials: Semiconductors and Electrocatalysts
Among device geometries proposed for a solar-water-splitting system, one compelling
option employs two semiconductors in series, with different bandgaps, to absorb different portions

of the solar spectrum.'® One semiconductor, operating as a photoanode, drives water oxidation to
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form O»(g), while the other, operating as a photocathode, drives water reduction to form Ha(g).
Electrocatalysts decorate both semiconductors to increase the kinetics of the fuel-forming reactions.
While the sem|cat interface is important in both, we focus here on the photoanode.

Semiconductors. Oxides, such as Fe;Os, BiVO4, and WOs3, have been studied extensively
as water-oxidizing photoanodes, in part because they can be simply made and, being already
oxidized, are reasonably stable under the appropriate-pH OER conditions.”” The oxides are
typically polycrystalline and the sem|cat interface thus likely non-uniform. Recently, there has been
a revived interest in using thin oxide films to stabilize n-Si and n-GaAs photoanodes which have
superior electronic properties (mobility, carrier lifetime) but corrode under anodic conditions.'®
Fabrication of high-quality pn junctions, that provide for large photovoltages, is straightforward on
Si/GaAs. For oxide photoelectrodes there are limited methods to fabricate solid-state pn junctions;
tuning the properties of the sem|cat interface is therefore particularly important.

Electrocatalysts. To understand the interface, it is critical to understand the
electrocatalyst’s electronic and electrochemical properties. In the simplest case the catalyst is a
dense solid with high electrical conductivity (e.g. a metal or degenerate semiconductor). The
sem|cat interface is thus expected to form a Schottky-type heterojunction. For example,
nanocrystalline IrO; films exhibit metallic conductivity while nanocrystalline Co3O4 films are p-
type semiconductors. '’

Many catalysts, however, are not dense crystalline solids.'® Under alkaline conditions the
fastest known water oxidation catalysts are Ni-Fe oxyhydroxides (Ni;..Fe,O,H. with x ~ 0.25).!*%
These oxyhydroxide catalysts appear thermodynamically stable; Ni-oxide-based -catalysts
reconfigure to the oxyhydroxide structure under OER conditions."” They are highly disordered but
locally consist of Ni(Fe)OOH nanosheets.?'*> Each Ni in the film is electrochemically active and
can be cycled between the 2" and 3°/4" oxidation states.* This requires both electrical and ionic
conductivity throughout the “solid” catalyst. We term this catalyst type “electrolyte-permeable”
(Figure B.2a). Electrolyte-permeable catalysts display interesting electronic properties.
Ni(Fe)(OH), in the resting state is an electronic insulator. Once oxidized to Ni(Fe)OOH it becomes
conductive. Other common catalysts also show “bulk” redox behavior and “volume activity”
consistent with electrolyte-permeability. These include Co(Fe)OOH (which also shows

2627 and electrodeposited

conductivity-switching),?*** “CoPi” and “NiBi” in near-neutral solutions,
hydrous oxides of IrO,H, and RuO,H,.”**’ Thermally prepared IrO, oxides don’t display volume

electrochemistry; they are dense and electrolyte-impermeable.
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Figure B.2. Comparison of electrolyte-permeable and non-permeable catalyst layers. (a)

Electrolyte-permeable catalysts screen electronic charge on the catalyst with mobile solution ions
(inset), resulting in no electrostatic potential drop across the catalyst. (b) Dense films are

impermeable to electrolyte; any charge on the catalyst is balanced by a classical double layer.

2. Classification of Interface Types

The physical structure of the catalyst (dense solid or electrolyte permeable) dramatically
affects the nature of the sem|cat interface and how it behaves in the dark and under illumination.
The qualitative basis for this hypothesis is simple. Dense catalysts, such as Pt, crystalline NiO, or
crystalline IrO,, must accommodate injected charge near the electrolyte/catalyst boundary to
achieve charge neutrality (Figure B.2b). This results in change in the electrostatic potential drop
across a classical Helmholtz layer (AVy). As catalytic activity decreases, AV cat across the cat|sol
interface required to drive the reaction at a given photocurrentcurrent density increases. We refer
to sem|cat interfaces with electrolyte-impermeable and electronically conductive catalysts as
“buried” junctions, consistent with photoelectrochemical terminology.>*!

If the catalyst is electrolyte-permeable and redox active, holes that accumulate in the
catalyst drive oxidative redox chemistry (one example is Ni(OH), + OH" — NiOOH + H,O + ¢).
Because the electronic charge is compensated by the coupled ion motion within the electrolyte-
permeated catalyst, no electrostatic potential drop is expected within the catalyst layer or across
the cat|sol interface (Figure B.2a). This also assumes good catalyst electronic conductivity, as we
demonstrated experimentally for NIOOH/CoOOH based systems.'® Instead the “work function” of
the catalyst changes in situ (Figure B.3b). This type of interface is practically important because,
as discussed above, the most-active Ni(Fe)OOH and Co(Fe)OOH OER catalysts in neutral-to-basic
media are electrolyte permeable. Such catalysts have been used in the best-performing oxide

photoanodes for water oxidation, e.g. hydrous IrOy catalyzed Fe,O3 and FeOOH/NiOOH catalyzed
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BiVO..'"** We have termed these sem|cat interfaces “adaptive”, following work on photoactive
mixed ionic/electronic conducting polymer interfaces.™

Whether a sem|cat interface is expected to be of the “buried” or adaptive type is determined
by whether or not electrolyte can physically permeate between the catalyst and semiconductor
layers and thus completely screen catalyst charge. A physically realizable adaptive junction
interface could thus also be one where crystalline OER catalysts with an electrolyte-permeable shell
are deposited on a semiconductor surface. Dispersed nanoparticle catalysts that form mixed buried
and electrolyte junctions and that are spatially inhomogeneous are another interface class that will

not be discussed here.'*
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Figure B.3. Band diagrams for sem|cat interfaces in dark and illuminated conditions. (a)
Dense and (b) electrolyte-permeable catalysts at (left) dark equilibrium and (right) under
illumination at a fixed current density. Ey,c is the vacuum energy level; other symbols are defined
in the text. The barrier height ¢y is the separation between the semiconductor conduction band edge
and the catalyst Fermi level. For the buried junction, ¢, remains constant between dark and light
conditions. For the adaptive junction, the effective barrier height, ¢y cfrincreases under illumination
at a fixed current density as a result of catalyst oxidation. The hole quasi-Fermi level is shown to

decay back to the bulk Fermi level at the back contact over a shortened distance for clarity.
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3. Semiconductor-Catalyst Interfacial Charge Transfer

Theory and simulation help in predicting the behavior of catalyzed photoelectrodes and
determining whether experimental data are consistent with proposed microscopic mechanisms.
Although the theory of sem|sol interfaces is well developed,** there has been limited work to
account for surface-attached electrocatalysts. Previously, equivalent electrical circuits were used
to model sem|cat|sol systems.*>*’ This approach implicitly assumes that the electrocatalytic process
at the cat|sol interface is independent of the photovoltage generation and charge separation process
at the sem|cat interface. This assumption is valid when the catalyst layer is dense and electrically
conductive (i.e. a buried junction, Figure B.3a), or when the catalyst is coated on a solid-state
photovoltaic cell.*® Equivalent-circuit models cannot model photoelectrodes with electrolyte-
permeable catalysts where, as the catalyst drives OER, the catalyst and the interface both change
(Figure B.3b).

We developed a model for sem]cat|sol systems that accounts for the kinetics of charge
transfer between the semiconductor, catalyst, and solution for both buried and adaptive junctions.”
We numerically simulate generation, recombination, drift, and diffusion in the semiconductor. We

derive the boundary conditions for the semiconductor/catalyst current (fjxy, ) based on the simulated
equilibrium (1, p), and non-equilibrium (ng , ps) surface electron and hole concentrations.

We tested the model with buried junctions where the results from simpler equivalent

circuits are expected to be valid. We use
]jxn,buried = kp(ps - 55) - kn(ns - ﬁs) (1

where kp and k,, are the forward rate constants for hole and electron transfer, respectively, between

the semiconductor and the dense catalyst. The first term, k, (ps - 55), represents forward and
backward hole currents, respectively, and the second term, forward and backward electron currents.
Here, [ixn buried does not depend on the catalyst potential because charge accumulates and causes
a potential drop at the cat|sol interface, without affecting the buried interface. This expression
simplifies to the ideal photodiode equation if a constant photogenerated hole flux J,;, = kp (ps -

ﬁs) is assumed (thereby ignoring backwards hole current) and the electrons are in quasi-

equilibrium such that k,(ng— 7g) = Jo(e9V/¥T —1). Notice that, for an n-type

semiconductor, the majority-carrier reverse current (electrons moving from catalyst to
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semiconductor) is the equilibrium exchange current, /o, = k,n5, which is set by the equilibrium
barrier height at the sem|cat interface.

For electrolyte-permeable catalysts (adaptive junctions) the situation is different, since the
redox state of the electrocatalyst film is variable. This effectively changes the “work-function” of

the catalyst during operation. The sem|cat interface current [jxnadapt Now depends on the

electrochemical potential of the catalyst layer V¢ as
]jxn,adapt = kp (ps - 5Squcat/kT) - kn(ns - ﬁse_qvcat/kT) @)

Note that the forward currents (k7 and k,ps) are the same as the buried junction case. This relies

on the assumption that changing the charge state of the electrocatalyst film does not substantially
alter the electronic states in the catalyst that are at energies near the semiconductor valence and
conduction band edges. It also ignores the role of surface states in mediating charge transfer, which
we discuss below.*’ The reverse currents, however, are influenced by the change in the catalyst
potential (Veat), through the addition of the e ~4Veat/kT term. This term accounts for the fact that the
Fermi level in the catalyst layer moves independent of the semiconductor band positions, thus
modeling the “effective” barrier height(s) for charge transfer into the semiconductor from the
catalyst.

The catalyst further reacts with the solution, which we model using a Butler-Volmer

expression that represents the typical experimental response,19
]cat = ]0 Cat(qucat/ZkT — e_chat/ZkT) 3)

where J, cat is the exchange current density for the OER reaction on the catalyst. Equations (1) -

(3) thus govern the carrier fluxes between the semiconductor, catalyst, and solution in the two cases
discussed. We also simulated molecular catalyst systems.*
The most significant simulation result is the observation that for the electrolyte-permeable

catalyst, the J-V curves are nearly insensitive to the catalyst activity ], ¢4t (When Ey is much more

positive than E), in contrast to the buried junction case (Figure B.4). This behavior is explained
by the steady-state band diagrams shown in Figure B.4b. For the electrolyte-permeable case, the
catalyst Fermi level moves down (more anodic) under operation to compensate for slow OER
kinetics. This leads to a larger “effective” barrier height ¢y o+ and thus a larger sem|cat photovoltage.
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In the case of the dense catalyst, increased activity requires the accumulation of charge at the cat|sol
interface “consuming” a portion of the photovoltage in the semiconductor. These simulation results
provide a platform from which to interpret experimental data discussed below. For mesoscopic or
highly nanostructured semiconductor photoelectrodes, the form of the expressions governing the
surface carrier concentrations would be different, but the fundamental differences between
electrolyte screening in dense and permeated catalysts systems is the same.
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Figure B.4. Simulated J-V behavior and energy diagrams for sem|cat junctions. (a)
Comparison of simulated illuminated J-V curves for a range of J,ca: (i.€. catalyst activities) for the
buried and adaptive models.** Catalyst-only dark curves are shown also. Qualitative band diagrams
under illumination for the (b) “adaptive” sem|cat interface at short circuit (Vsem = 0 vs. Vo) and (c)
the “buried” sem|cat interface at the applied potentials of 0.2 V (green, fast catalyst) to 0.5 V
(purple, slow catalyst) needed to maintain a the same current in each case. Eca, Etp, and Egq are
sketched as colored curves that correspond to those in (a) for the catalyst layers with different
exchange currents (i.e. slow versus fast), but the same resting state Fermi level (Ecat = Eso).

Quantitative simulations can be found in reference 40.

32



4. In Situ Electrical Measurements of sem|cat Interfaces
To address the experimental limitations of conventional photoelectrochemistry and to
collect data that can be directly compared to theory, we developed a “dual-working-electrode”

photoelectrochemical (DWE PEC) measurement platform (Figure B.5).*!

ohmic
contact

n-SC catalyst Au

Figure B.5. Depiction of Dual-working-electrode photoelectrochemistry. Semiconductor and

electrocatalyst potentials are independently measured/varied relative to the reversible oxygen

potential, eoyon- (wWhich is equivalent to Ey in the model). WE1 makes an ohmic contact to the
semiconductor and WE2 is attached to a thin, electrolyte-porous gold layer deposited onto the

catalyst.

We tested the platform by characterizing catalyst-coated single-crystal n-TiO,, which is
useful for fundamental studies. TiO is commercially available as single crystals with well-defined
surfaces, has reproducible photoelectrochemical response and is essentially insoluble at all pH.

We spin-cast or electrodeposit catalyst films on the TiO, surface and make ohmic contact
to the back. The catalyst is coated with a thin Au (~10 nm) layer using vacuum evaporation. We
ensure no shorting between Au and TiO; using electrical measurements. The Au forms a porous
conductive film on the catalyst surface that is electrolyte permeable and optically transmissive. We
confirm the layer is permeable by measuring the reversible electrochemistry and OER activity of
the catalyst layer using the top Au film as the working electrode.

The Au makes electrical contact to the catalyst film and thus can be used to measure or
control the catalyst potential in situ and monitor the current passed through the catalyst. The DWE
PEC experiment is implemented using a bipotentiostat, which allows simultaneous control of the
two working electrode (WE) potentials. We define WEI as the back contact to the TiO, and WE2
as the Au-catalyst surface contact. Despite direct solution contact, the Au is assumed to be in quasi-
equilibrium with the catalyst layer because the kinetics for oxygen evolution and reduction on Au

are slow.
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We focused our initial study on two catalyst materials — nanocrystalline IrO; and
Ni(Fe)O,H, films that were predicted to form buried and adaptive junctions, respectively.*' We first
monitored the flow of holes and electrons in the light and dark, respectively, by collecting the
carriers that flow into the catalyst with WE2. The data shows that the holes generated in TiO- flow
first into the catalyst, prior to driving OER. This result was important because for the related Co-
Pi/Fe;O3 system, it was suggested that the holes bypass the catalyst and directly react with the
electrolyte.*

We measured the sem|cat junction V. by varying E. and measuring Es.m at steady state
under illumination, The difference between Eci and Eeem is the sem|cat Vo, which cannot be
measured using conventional photoelectrochemistry. The data (Figure B.6) show that the junction
Vo 1s independent of Ecy for TiO,|IrO, and a linear function of Ey for TiO,|Ni(OH),, as predicted
from simulations for a buried and adaptive junction, respectively. Other DWE measurements were

also consistent with the adaptive and buried junction concepts.*!
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Figure B.6. Experimental sem|cat open-circuit photovoltages. (top) IrO,-coated and (bottom)
Ni(OH),/NiOOH-coated TiO,. For buried junctions, the sem|cat V. is independent of the catalyst

potential V.

5. Catalyst Activity and Electrolyte Permeability
The DWE technique is limited by the need for devices with an integrated second working

electrode. Fabricating such structures and ensuring that the Au layer does not short to the
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underlying semiconductor layer can be technically challenging. To test a wide range of
electrocatalysts on single-crystal TiO», and further test the predictions of theory, we also used
conventional current-voltage and impedance analysis.'’

We found that for electrolyte-permeable catalysts electrodeposited on TiO, (hydrous IrO,,
CoO,H,, FeO:H,, and NiO.H,) the photovoltage output and fill factor for the combined system was
independent of the catalyst identity (Figure B.7, top). When the catalysts were spun cast in a dense,
nanocrystalline form, the junction performance varied dramatically for the different catalysts and
was worse than with the electrolyte-permeable catalysts. Electrochemical impedance-spectroscopy
analysis of the electrodes showed that the electrolyte-permeable catalysts did not effect the
semiconductor band positions, while the dense catalyst layers caused large changes to the
impedance data. These observations are consistent with our simulations® that predict for
semiconductors with deep valence bands, like TiO,, the device performance should be independent
of the electrocatalyst activity if it is electrolyte permeable.

For photoelectrodes with smaller bandgaps, and thus less-positive valence-band positions,
the activity of the electrocatalyst is important. This is because Ec., even in the adaptive-junction
limit, cannot move more positive than the valence-band edge. Analyzing the interface properties as
a function of catalyst activity for small band gap semiconductors such as BiVO; or n-Si, will thus

be important for future work.
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Figure B.7. Experimental J-V curves for dense and electrolyte-permeable catalysts. (a) Dense
oxide catalysts (dashed) on TiO, show varied response due to different junction properties, while
permeable electrodeposited catalysts on TiO; (solid) show similar responses. (b) The response of

the same series of catalysts deposited on conductive electrodes.

6. The Role of Surface States
Surface states cause a variety of photoelectrode behavior including increasing surface

recombination,’ storing charge,* and pinning the Fermi-level.*** While the basic effects of surface
states on the steady-state and dynamical response of photoelectrodes have been derived, *** there
is no predictive model to describe the effect of surface states in the presence of a catalyst overlayer.
The concept of a “surface state” (ss) itself is poorly defined in the case of a boundary between two
phases where an interphase region may exist, as pointed out by Peter.*® The surface interphase may
trap electronic charge, but also may or may not allow for partial permeation of electrolyte (consider
the possibility of an a-Fe,Os crystal with a hydrated FeOOH surface layer). Existing models do not
account for the possible effects of electrolyte screening on ss charge. They also make various
simplifying assumptions (e.g. the Gértner approximation, neglecting backwards transfer from

surface states to semiconductor, or assuming surfaces states only communicate with either the

semiconductor or the solution).*

36



We developed a model describing the semiconductor physics (generation, recombination,
drift, diffusion) combined with the kinetics of carrier exchange between coupled surface-state,
catalyst, and solution subsystems. We account for cases where charge in the surface states is
screened by electrolyte and where it is not. While the simulations will be published elsewhere, we
highlight key insight in this Account.

The effects of surfaces states are most pronounced when the catalyst layer is electrolyte
permeable and the charge in the surface state cannot be screened by the electrolyte (e.g. because
the state is directly on the dense semiconductor, solution ions cannot permeate around it). We
assume that the surface states are in quasi-equilibrium with the catalyst (i.e. that they have the same
Fermi level) because the electron-exchange rates between the metal cations of the catalyst and
surface states are faster than those of water oxidation. As the filling of the surface state changes
there is thus a change in the Helmholtz potential (AVis) at the semiconductor surface.

Simulations show that adding catalyst to a semiconductor surface can change the surface-
state charge by reducing the potential needed to drive holes into solution. This can lead to an
apparent “passivation” of the states. The effect, however, is not chemical passivation. Figure B.8a
and 8c show how, for a poor catalyst, E., must move far positive of Es in order to drive the
catalytic reaction at the light-limited photocurrent rate. Because the surface state and catalyst are
in quasi-equilibrium, they “charge” together. The surface states thus charge more for a slow catalyst
than for a fast one. These results may help explain the photoelectrochemical response of Co
oxyhydroxide/phosphate (CoP1i) catalysts on n-Fe,Os, which is known to have a high surface-state

36.10.12.13:42.50 e suggest CoPi increases the rate of water oxidation, moving the steady-state

density.
surface potential more negative, reducing the surface-state charging (and hence AV ), and thus
shifting the photocurrent onset potential cathodic. Some evidence for such an effect of CoPi on n-
Fe,05 has been observed.*

In the limit of low surface-state density, the surface states do not hold enough charge to
significantly change AV and the interface behaves as an adaptive junction where catalyst activity

doesn’t substantially affect photoelectrode response (Figure B.8c¢ and d).
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Figure B.8. Effect of surface states on permeable catalysts. In the limit of a large surface-state
density (a and b), permeable catalysts behave like buried junctions and changes in catalyst activity
cause changes in Vs In the low-surface-state-density limit (¢ and d), changes in surface-state

filling don’t affect Vi and the system behaves like the adaptive junction.

7. Outlook: Designing Improved Interfaces

The PEC and simulation results discussed here demonstrate the role of electrolyte-
permeability and catalyst charging on interface properties and photoelectrode response. The
“adaptive-junction” concept explains why the best-performing oxide photoanodes use catalysts
deposited using “soft” conditions (e.g. electrodeposition) where the catalyst remains disordered and
electrolyte-permeated.®” These findings are expected to apply to photoelectrodes with smaller band-
gaps (e.g. Fe,Os, BiVOy, or Si) although the adaptive interface may not be able to entirely
compensate catalyst overpotential as on TiO;.

There are additional strategies/principles for the design of improved sem|cat|sol interfaces.
One approach is to create optimized buried junctions with conductive and chemically stable
surfaces onto which the highest-activity catalysts, such as Ni(Fe)OOH, can be deposited. This
approach works well for Si and GaAs, because processes are established to fabricate solid-state

junctions that generate photovoltages approaching the theoretical bulk-recombination limits.’' For
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many materials, such as oxides, methods to manufacture solid-state junctions are not well
developed.

Fundamentally, the rate of forward electron transfer (i.e. recombination current) must be
minimized to maximize photoanode performance (see Eqn. 2). One way to reduce electron transfer
is to move the band-edge positions to maximize band bending and minimize the surface
concentration of electrons n5.>* The second is to selectively reduce the rate constant for electron
transfer into the catalyst over that for holes, i.e. make the catalyst a carrier-selective contact.® By
tuning composition one might create a catalyst with few electronic states available at the
appropriate energy to accept electrons from the conduction band, and many states available to

accept holes (Figure B.9).
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Figure B.9. Effect of catalyst on interface carrier selectivity.
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CHAPTER II: UNDERSTANDING AND IMPROVING UPON
PHOTOELECTROCHEMICAL EXPERIMENTAL METHODS USING DUAL
WORKING ELECTRODE STRATEGIES

Having established the utility of the dual-working-electrode technique in the previous
chapter, here they are applied to better understand existing photoelectrochemical experimental
methods. This chapter is divided into two sub-sections encompassing a previously published body
of work and a yet-to-be published manuscript. The first is an investigation of a commonly employed
photocurrent transient method and is published in Sustainable Energy & Fuels. The work finds that
behavior of photocurrent transients, produced when the illumination incident on a photoanode is
switched on or off, is atypical if a redox active catalyst is present on a photoanode surface. This
finding is important because the effect on photocurrent transient behavior, which is often analyzed
to determine the lifetime of photogenerated carriers, is significant and would lead to incorrect
interpretations if not accounted for. The findings would not have been possible without the DWE
technique, which allowed the electrochemical potential of the catalyst to be monitored during
transient decays.

The second paper features an investigation of hole scavenger methods which we anticipate
submitting to ACS Energy Letters. The work questions a common assumption in hole scavenger
based experiments: that the hole scavenger (an easily oxidized compound added to the solution)
will quantitatively harvest any photogenerated holes arriving at the photoanode/solution interface.
Photocurrents measured in the presence of hole scavengers are often compared to those measured
without, under the assumption that the photoanode behaves similarly in each case. However, results
show that behavior of redox active catalysts on the photoanode surface can be affected by hole
scavenger presence. Whereas a Ni-based catalyst was oxidized to nominally NiOOH during water
oxidation, it remained in a reduced Ni(OH), state when a H>O, hole scavenger was present. This
difference changes the conductivity of the catalyst layer and can impede the arrival of holes at the
photoanode/solution interface. The findings suggest that care should be taken when assessing hole
scavenged photocurrents, often used to calculate water oxidation kinetics, in the presence of a redox
active catalyst. These findings were enabled by the DWE technique, which was used to monitor
the oxidation state of the catalyst and examine its intrinsic activity in the presence of a hole
scavenger.

Section A, Transient Photocurrents on Catalyst-Modified n-Si Photoelectrodes: Insight
from Dual-Working Electrode Photoelectrochemistry, contains co-authored material previously

published as: Laskowski, F. A. L; Qiu, J.; Nellist, M. R.; Oener, S. Z.; Gordon, A. M.; Boettcher,
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S. W. (2018). Transient Photocurrents on Catalyst-Modified n-Si Photoelectrodes: Insight from
Dual-Working Electrode Photoelectrochemistry. Sustainable Energy & Fuels, 2(9), 1995-2005
(2018).

Section B, Investigation of Hole Scavenger Experiments for Catalyzed Photoanodes,
contains co-authored material yet to be published as: Laskowski, F. A. L.; Nellist, M. R.; Qiu, J.;
Gordon, A. M.; Boettcher, S. W. Interpretation of Hole Scavenged Photoanode Behavior from Dual
Working Electrode Photoelectrochemistry, In Preparation. (style of ACS Energy Letters).

Prof. Boettcher and I conceived of these projects. I performed and directed experiments,
collected data with help from A. Gordon, and analyzed data with help from M. Nellist, J. Qiu, S.
Oener, and A. Gordon. I wrote the paper with help from Prof. Boettcher and editorial assistance

from all authors.

Paper C

Transient Photocurrents on Catalyst-Modified n-Si Photoelectrodes: Insight from Dual-

Working Electrode Photoelectrochemistry

Forrest A. L. Laskowski, Jingjing Qiu, Michael R. Nellist, Sebastian Z. Oener, Adrian M.
Gordon, Shannon W. Boettcher*

1. Introduction

Semiconductor photoelectrodes coated with electrocatalysts are an important component
of water-splitting cells that convert and store solar energy. Surface states on light-absorbing
semiconductors can function as recombination centers and lower the performance of water-splitting
systems. To characterize the presence and impact of surface states on catalyst-coated
semiconductors, transient photoelectrochemical behavior is often studied. These experiments
typically assume that the filling/emptying of surface states at the semiconductor interface causes
transients to occur whenever the incident illumination intensity is perturbed. Analyzing transients
may then reveal the density of surface states and their effect on carrier recombination. However,
the transient technique does not directly measure the origin of the transient behavior, and utility of
the experiment requires assuming the underlying process. Here, we use a dual-working-electrode
technique applied to Ni-protected n-Si photoanodes coated with Ni (oxy)hydroxide catalyst to
examine transient behavior of catalyst-coated photoelectrodes. We find that the most pronounced

transients are due to catalyst redox activity. By directly measuring the catalyst redox state, we
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confirm that transients are related to either catalyst oxidation to NiOOH or reduction to Ni(OH)..
We also find that the redox-active catalyst moderates how quickly the depletion region and
Helmbholtz electrostatic potentials relax after each illumination perturbation. The results indicate
that a redox-active catalyst can serve as a “parallel capacitor” which influences both the decay time
and shape of transients. This data shows that photocurrent transients on catalyzed photoanodes are
influenced by the catalyst’s redox-activity and are not solely based on surface state
loading/emptying.

Photoelectrochemical water splitting, achieved by integrating a photocathode and
photoanode, converts and stores solar energy in the form of hydrogen fuel.' Integrated systems
absorb sunlight and use the photo-generated carriers to drive the oxygen evolution (OER) and
hydrogen evolution (HER) reactions, simultaneously. However, various processes limit efficiency,
especially for the photoanode. The presence of surface states on semiconductors has been shown
to increase carrier recombination, thereby decreasing conversion efficiencies.”'® To enhance
performance, photoanodes are often functionalized with a catalyst which is thought to suppress

14-16 -

surface recombination,'*'® improve OER kinetics,'”'®

and/or improve the carrier-selectivity of the
interface (e.g. increased band bending).'”*® Some have attributed catalyst enhancement more
specifically to the passivation of surface states.”’*> To quantify the impacts of surface states,
transient photocurrent analysis has been often applied to understand catalyst-coated
photoanodes.’*

Transient photocurrent analysis interprets the dynamic response of a photoelectrode as the
incident light intensity is modulated.?*? In a typical experiment, current response is collected as
an incident light source is periodically switched on and off. Current spikes which rapidly decay to
a steady-state value, termed transients, oftentimes occur directly after each switch. Transients are
thought to be the sum of short-term non-faradaic processes and the steady-state faradaic current
(e.g. OER, HER).”’*** The exact nature of the non-faradaic processes is system dependent and, for
some systems, subject to on-going debate. However, the non-faradaic responses are typically
attributed to charge accumulation in the semiconductor depletion region, in the Helmholtz double-
layer, or at surface states.”'*#*3% For systems where the precise mechanism is deduced,
integration of the current-time transient trace is used to characterize the magnitude of charge
accumulation.””*® Fitting transient decays, and extracting time constants, has been used to
characterize the apparent lifetime of the photogenerated “carriers” (presumably at surface sites) and
decay times (from peak to steady-state) have been used to differentiate between plausible decay

mechanisms,>%38:47:49-51
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Application of transient photocurrent analysis to catalyzed photoanodes has produced
diverse results. For Fe,O3 photoanodes decorated with cobalt oxyhydroxide phosphate (Co-Pi)
catalyst, numerous studies have concluded that the presence of the catalyst increases both the
integrated charge in the transient and its amplitude relative to bare photoanodes.?**-*5 Others
have found that Co-Pi catalysts suppress the integrated charge in the transient when applied to
Fe;0;.>* One study found that Co-Pi application yields smaller but broader transients.”’
Application of Ni- and Ir-based catalysts has been reported to increase the integrated charge in the
transient while a report on a Fe-based catalyst found that transients were suppressed.’*>*->%60
Reports on a “carbon-dot” catalyst and a sub-monolayer Co oxyhydroxide catalyst both found no
impact on Fe,O; transients.®"** For BiVO, photoanodes, Co-Pi and Ru-based catalysts have been
shown to result in more pronounced transients with increased integration."** But others have found
that Co-Pi catalysts and In,Os coatings suppress transients on BiVO4.°%® Meanwhile, reports on
Ta3Ns photoanodes suggest that IrO; catalysts suppress transients while Ni- and Fe-based catalysts
significantly increase them.®”!

The extent of diverse results has led to a variety of fundamental explanations. In explaining
increased amplitude and charge integral of transients, some studies have found that the integrated
charge in the transient increases as a function of catalyst loading.”>****° They suggest that on-
transients represent catalyst oxidation and off-transients represent reduction. More general
hypotheses suggest that recombination pathways are introduced by catalyst deposition.>*’* This has
been attributed to the catalyst creating more surface states which increases recombination or by
simply increasing the surface capacitance.™® A related explanation suggests that catalysts can
function as hole storage layers which increases charge integration of transients by promoting
recombination with conduction-band electrons.**”" One group has suggested that slower transient
decay times represent longer lifetimes for photogenerated charges.”’ Explanations for transient
suppression generally suggest that the catalyst suppresses recombination. It has been concluded
that catalysts may reduce recombination within the depletion region, although the mechanism by
which this would occur is unclear.” Others report that transients represent surface-state
recombination and that catalysts act to “deload” the surface states before recombination can
occur.*®*%% Decreased transients have also been attributed to general suppression of recombination
at the semiconductor/liquid interface.” Still others have suggested that transients represent charge
build up at the semiconductor/liquid interface or in surface states; the catalyst acts to consume this
charge instead of allowing build-up.®*’* We note that many of these explanations could occur
simultaneously; for instance, application of a catalyst could increase surface capacitance while

simultaneously passivating surface states.
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To better understand photocurrent transients on catalyst-coated semiconductor
photoelectrodes we employ a well-defined Si-based model system.” Since Si self-passivates under
OER conditions when making solution contact, we use a Ni protection layer which doubles as the
catalyst. An advantage in examining this system is that the surface state density on Si is thought to
be significantly smaller than either Fe,O3 or BiVO4.2>7%®! Since the Si surface must be buried under
the protection layer, it is unlikely that Si|Ni interface states are affected during experiments where
additional catalyst is electrodeposited. Thus, we assume that defect-state related charging effects
are minor by comparison to other systems. The Si photoanodes protected by a conformal protection
layer, are also amenable to the dual-working-electrode (DWE) photoelectrochemical technique.®™
In this technique an electrolyte permeable Au contact, deposited on the catalyst surface, is used to
sense the catalyst activity. We employ the DWE technique to directly measure the electrochemical
potential of a Ni-based catalyst, during transient experiments. We find that transients are most
pronounced in the potential region where illumination changes lead to catalyst redox transitions (as
measured by the secondary electrode). The integrated charge of the transients in this potential
region is larger than that at other potentials. We also find that the transient shape is influenced by
the extent of catalyst loading. Since the rectifying junction is buried under a protection layer (and
thereby unaffected by additional catalyst loading), this finding suggests that the redox-active
catalyst acts as a capacitor which slows the photoanodes transition to steady-state after each
illumination change. Based on these results we discuss the impacts of redox-active catalysts on

interpretation of photocurrent transients.

2. Methods
2.1 Photoanode fabrication and electrochemical characterization

The fabrication of photoanodes closely followed the preparation described in our previous
work.” P-doped [100] n-Si wafers (resistivity 0.65-0.95 ohm-cm) were diced into 1 % 1 cm squares and
sonicated for 10 min in acetone (99.8%, Fisher Chemical), iso-propyl alcohol (99.9%, Fisher Chemical)
and nanopure water (18.2 MQ). Diced squares were then cleaned for 30 min in boiling Piranha (3:1 by
volume H>SOj4: H,0,, 100 °C, both procured from Fisher Chemical), rinsed twice and dried under filtered
Nz (0.01 micron — McMaster-Carr). The Ni protection layer and catalyst were deposited without
removing the native oxide via electron beam evaporation (Amod evaporation system) at ~0.1 A s™ from
a Fabmate crucible (Kurt Lesker) packed with Ni pellets (Kurt Lesker, 1/4” diameter & 1/2” length,
99.995%). In a typical deposition, 5 nm of Ni metal was deposited; this produces lower performing

photoanodes (decreased photovoltage) relative to our previous work but ensures photoanode longevity
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and protects against shorting during DWE deposition.” An ohmic back contact was achieved by
scratching through the native oxide on the backside of the n-Si, wetting with Ga-In eutectic (=99.99%,
Sigma Aldrich), and then affixing a Sn-Cu wire (30 AWG) within the eutectic. The Sn-Cu wire was
affixed via hot glue and threaded through a 3.5 mm-diameter glass tube which serves as the electrode
stem. The backside of the Si and the Sn-Cu wire were then sealed off, to prevent solution contact, with
epoxy (Loctite Hysol 1C).

Before additional fabrication steps, the electrodes were activated by cycling 50 times at 100 mV
s? in pH 9.5 1 M potassium borate buffer (K-borate). Cycles were performed under ~1 sun AM1.5G
illumination (Abet Technologies, model 10500) in a potential window with endpoints 200 mV cathodic
of the Ni reduction peak and 200 mV anodic of the Ni oxidation peak. This process converts a portion of
the Ni protection layer to an active Ni(Fe)(OH)»/Ni(Fe)OOH catalyst. To examine the impacts of catalyst
loading, additional Ni(Fe)OOH was electrochemically photodeposited by saturating the buffer with
NiCl; (calculated to 0.1 M NiCl,) and then continuing the illuminated cycling (15-30 additional cycles).
We note that unintentional trace Fe cations incorporate into the catalyst, but since this is not the focus of
the present work we will hereafter refer to the catalyst as Ni(OH)/NiOOH.**¢

The secondary working electrode was deposited in one of two ways, depending on the intended
experimental purpose. To sense the catalyst electrochemical potential, 10 nm of Au was thermally
deposited directly after the electrochemical NiOOH deposition. This ensures that the Au does not short
to the metallic protection layer and only senses the redox-active catalyst. To sense the protection layer
electrochemical potential, the 10 nm of Au were thermally deposited directly prior to electrochemical
NiOOH deposition. The difference between these two configurations is reflected in the data obtained
from the second working electrode (WE,). The data is either characteristic of conductivity transitions
when sensing the catalyst electrochemical potential (Ni (oxy)hydroxide is only conductive when
oxidized) or depicts conductive behavior irrespective of applied potential when sensing the metallic Ni
protection layer electrochemical potential.* In both cases, the Au was thermally deposited at ~2 A s™'
from an alumina-coated boat (Kurt Lesker). A schematic depiction of the two different DWE deposition
strategies can be found in Figure C.S1.

Electrodes were electrochemically characterized in 50 mL of aq. 1 M K-borate buffer (pH ~9.5)
using a BioLogic SP200 bipotentiostat. All experiments were performed with a Pt counter electrode and
either a Ag/AgCl or Hg/HgO reference electrode. Cyclic voltammograms were not corrected for
uncompensated series resistance. For transient experiments the photoanode was poised at various applied
potentials while the light was manually switched off/on each minute. Three off-transients and three on-

transients were collected at each applied potential. All experiments were performed with mild stirring.
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At least three electrodes were examined for each experiment described below; a single representative
electrode is selected for explanation of results. All the potentials are referenced to £, /oy~ according

to the following equation:

|4 (US-SOZ/OH_) = Vexperimental (US-Sreference) + Ereference (US- SHE) + 0.059 = pH —123V

3. Effects of catalyst loading on transient photocurrent response

To understand if redox-active catalysts influence photocurrent transients, we first
examined Ni-protected n-Si photoanodes with varied catalyst loadings. For these devices we
iterated between collecting illuminated cyclic voltammograms (CVs), collecting photocurrent
transient data, and photo-depositing additional redox active NiOOH. Photodeposition was
performed by saturating the solution with NiCl, and performing 15 CVs, under illumination, as
described in the experimental section. To quantify the extent of redox-active NiIOOH present, the

cathodic redox peak from each CV (corresponding to NiOOH reduction) was integrated (Figure
C.1).
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Figure C.1. Illuminated voltammetry collected after each transient experiment as a function
of photodeposited catalyst loading. All experiments were performed on the same electrode where
catalyst loading (low, moderate, high) was increased after each transient experiment (immediately
after the CVs shown here). The inset shows the results of the integration of the cathodic redox peak,
which is proportional to the number of redox-active Ni sites in the catalyst layer. The data shows

the extent of redox-active catalyst present during each transient experiment.
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Transients are first collected with the photoelectrode poised at an applied potential (Vsem)
within the reduction wave of the catalyst (~ -0.2 V vs. the thermodynamic potential for water

oxidation, €g, /o) and then at each 25 mV increment as the photoelectrode is stepped 600 mV

anodic of the starting potential (Figure C.2). The photoanode is held at each potential step for 7
min, during which time the light is switched off at the beginning of each odd numbered minute and
on at the beginning of each even numbered minute. Anodic and cathodic transients exist over the
entire applied potential range. However, integration of the current transients reveals a potential
region (>250 mV), for each experiment, where transient integrated charge is increased. As
additional catalyst is photodeposited the region of increased integrated charge shifts cathodic and
the integrated charge increases.

The region of increased integrated charge can be attributed to oxidation/reduction of the
Ni catalyst. This conclusion is supported by comparing the integrated charge for each photo-
deposition step (Figure C.S2). As more catalyst is photodeposited, the integrated charge in the
voltammetry (Figure C.1) and the transient (Figure C.2) increase together. The cathodic shift of the
region of increased integrated charge is attributed to an increase in the photovoltage as the
photoelectrode ages (Figure C.2 and Figure C.S3). The ageing phenomenon, explained in our
previous work, relates to the protection layer becoming increasingly electrolyte permeable.’”” This
explanation is consistent with the anodic shift in OER onset seen when comparing voltammograms
immediately before and after the first transient experiment (Figure C.S3). The data in this section
thus shows that (1) the catalyst layer affects the transient response, (2) the effect is most pronounced
in the region of increased integrated transient charge, and (3) that higher loading of catalyst yields

larger integrated charge in the transients.
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Figure C.2. Transient response as a function of catalyst loading. The bottom pane shows Viem

vs. €g, /01~ as a function of time. The middle pane depicts the transient photocurrent response

collected every 1 ms. The top pane depicts the integration of the transients which reveals a >250
mV range where integrated charge is most prominent. Comparison between the different extents of
catalyst loading: (a) low, (b) moderate, and (c) high, shows that increased loading produces larger

integrated charge in the transients.

4. Dual-working-electrode measurements of catalyst potential during photocurrent transients

To directly measure the catalyst behavior during transient experiments, the dual-working-
electrode (DWE) photoelectrochemistry technique was used. In these experiments, the first
working electrode (WE;) was attached to an ohmic contact on the backside of the n-Si
semiconductor and the second working electrode (WE:) was attached to a thin electrolyte-
permeable Au top-contact (see Figure C.S1 for additional details). The Au layer was evaporated
onto the photoanode after both activation and additional NiOOH had been photodeposited. Due to
the fragile nature of this secondary contact (it tends to be exfoliated by prolonged oxygen
evolution), WE; is stepped in 100 mV increments instead of 25 mV increments. Data is collected
every 100 ms to accentuate the region of increased integrated transient charge. Illumination

chopping periodicity and all other experimental parameters remain the same as in Section 3.1.
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During each experiment the current density at WE; (Jsem) and the voltage at WE» (V) are

simultaneously recorded (Figure C.3).
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Figure C.3. Measurement of catalyst potential during transient experiments. Three light-
on/light-off transient sets were recorded for each potential (Vsem) step. Three regions of activity are
denoted (discussed in the main text) on each panel. (a) Transient Js.m response (red) as a function
of time and hence WE; applied potential (Vsem). Transients are only apparent in region 2. (b) Vea
(WE») response (green) for the same transients. When the light is turned off, two regions of Vca
decay (panel b) are exhibited in region 2: a quick decay followed by a slower decay which fails to
reach a steady-state value before the light is turned back on. Insets in both panels show one set of
transients in region 2. The data shows that the catalyst potential Vca, for regions 2 and 3, varies in
tandem with the transient photocurrent response — i.e. during on-transients the catalyst is oxidized

and during off-transients the catalyst is reduced.

The chopped illumination data exhibits three regions of distinct transient behavior (Figure
C.3). In the first region, corresponding to the first six Vim voltage steps (-0.65 to -0.15 V
vs. €0, /0H"), transients are absent or very small. The catalyst potential, Ve, measured via WE;
and the semiconductor current density, Jsem, remain constant in this region (Figures C.3a and 3b);
i.e. Jsem and Ve are nonresponsive to both the applied Viem and to changes in the illumination

condition. Catalyst voltammograms (collected via WE, directly after transient experiments, see

Figure C.S4) show that the onset of catalyst oxidation occurs at ~ 0.3 V vs. €, /oy~ Because Vea
remains near -0.3 V vs. &g, oy~ throughout region 1 of the transient experiment, the catalyst

remains in its non-conductive Ni(OH); state.
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In region 2, on- and off-transients are observed for Vs.m potentials between -0.05 and 0.25
V vs. &g, /0u-- As the light is turned on both Jiem and Vea quickly increase before decaying to a

steady-state value (Figure C.3a). Integration of the largest Jiem on-transient (6.5 mC cm™) compares
favorably to integration of the redox wave in the catalyst voltammograms shown in Figure C.S4 (8
mC cm™). The on-transients thus represent catalyst oxidation in this region. When the light is
switched off both Jsem and Vea simultaneously decrease. Jsem exhibits a negative current transient
before decaying back to ~0 mA cm™.

For many of these electrodes, the magnitudes of the integrated Jsm off-transients are ~ 30
% smaller than the integrated on-transients. Additionally, for these electrodes, V. exhibits a quick
initial decay (through the first ~200 mV) followed by a much slower decay thereafter (Figure C.3b
- inset). These two findings are explained as follows. When the light turns off the hole population
collapses and hole quasi-Fermi level returns to the majority electron Fermi level. Electrons are then
transferred from the conduction band to the catalyst directly in contact with the semiconductor,
reducing NiOOH to Ni(OH),. Because Ni(OH); is an electronic insulator, reduction of the near-
surface NiOOH may electronically isolate regions of the catalyst further from the
semiconductor|catalyst interface. For these isolated catalyst areas, the catalyst cannot be re-reduced
from the semiconductor and thus the oxidized state must relax via a slower equilibrium with the
solution (i.e. to discharge and generate oxygen gas). Hence the light-off V. response is
characterized by a quick decay followed by a slow decay (Figure C.3b - inset). This picture is
supported by the fact that the slow Ve decay occurs after Jiem has reached its dark steady-state
value (~0 mA cm™).

In Region 3 (Vsem=0.35-0.95 V vs. £g, /on-), nO transients are observed. However, unlike

region 1, both Jsm and Ve, are responsive to the light condition. As the light is turned on, Jem and
Ve sSimultaneously increase and achieve a steady-state. When the light is turned off they each relax
to respective lower values and achieve a new steady-state. The fact that Ve, reaches steady-state in
the dark demonstrates that the catalyst remains oxidized and that WE: is in electronic contact with
the semiconductor. This is further evidenced by the lack of a second slower V. decay, and the lack
of the Jem on/off-transients. We also note that, in Region 3, V. remains positive of ~ 0.3 V vs

€0,/0H- (the oxidation onset potential measured for the catalyst alone, see Figure C.S4). This data

indicates that the surface majority carrier Fermi-level is no longer capable of reducing the catalyst
in the dark. Instead, the small leakage current from the semiconductor is sufficient to keep the

catalyst oxidized. During light-on, V.. increases but no redox transition occurs.
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The data presented above for regions 1, 2 and 3 indicate that a significant transient response
only occurs when the dark-to-light range of Veai (AVcar) overlaps the catalyst’s redox-active potential
range. The catalyst’s redox activity range can be measured directly using WE; for the same device
on which transients are measured. For the device in Figure C.3 catalyst reduction occurs at ~ 0.25

Vvs. &g, /01~ and oxidation occurs at ~ 0.3 V vs. &g, /o~ (Figure C.S4). For regions 1 and 3, the

measured V. remains below or above this redox activity range, respectively (Figure C.3b).
However, for region 2 where transients are most pronounced, Ve transitions through the redox
range immediately following each light switch. This directly shows that the most pronounced
transient behavior is associated with the oxidation and reduction of the catalyst. The appearance of
transients is an indication that A Ve, is partially or fully eclipsing the range of catalyst redox activity.

To help explain this finding, band diagrams for the processes occurring in region 2 are
depicted in Figure C.4. In the dark, the applied potential is such that the majority carrier Fermi level
(Etn) rests slightly cathodic of the catalyst’s redox-activity region. Once illuminated, the generated
minority-carrier profile results in a photovoltage which drives the oxidation of the catalyst. Charge
accumulation at the solution interface pushes the protection-layer Fermi level (Eni) through the
region of catalyst redox activity. The catalyst Fermi level (Ecy) remains in quasi-equilibrium with
the protection layer and this results in the catalyst oxidation. Removal of the light source leads to
re-reduction of the catalyst as the hole quasi-Fermi-level (Erp) equalizes with Er,. Thus, the
transient behavior depicted in region 2 occurs as a function of the applied potential and the
photovoltage. Significant transients occur whenever the applied Viem places Ern cathodic of the
redox activity region in the dark and the photovoltage is sufficiently large such that the

photogenerated holes can drive water oxidation in the light.
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Figure C.4. Schematic band diagrams of transition of system between dark and light states.
The green catalyst represents Ni(OH), while the red catalyst represents NiIOOH. The transition

behavior (panel b) depicts a gradient in redox states that may occur as the catalyst transitions from
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Ni(OH), to NiOOH. The semiconductor, metallic Ni protection layer, redox active catalyst and
solution are represented by sem, Ni, cat, and sol, respectively. Eni, Eca, and Eso represent the
electrochemical potential for the protection layer, catalyst, and solution, respectively. The quasi-
Fermi levels are depicted by Et, and Erp. A redox activity region (gray box) represents a catalyst
“redox density of states (DOS)” which are filled/emptied during redox transitions. The vacuum
level, represented by E\vac, is shown as modified by the electrostatic potential. V. and Vy represent
the depletion region electrostatic potential and Helmholtz electrostatic potential, respectively. Note
here that during transient experiments AV, must equal -AVx to maintain Eeem fixed versus Esol, as
is controlled by the potentiostat. For region 2, the dark majority carrier level is sufficiently cathodic
to reduce the catalyst (panel a). Once illuminated, holes arriving at the solution interface force an
increase in Vy which eventually moves Exi to the redox activity region (panel b). E. maintains
quasi-equilibrium with Ex; and this causes oxidation of the catalyst (panel c). The temporal
transition to the illuminated steady-state is slowed by the catalyst layer because holes that would
be contributing to increasing Vy are now partially being consumed for catalyst redox chemistry.
Since AVs.= -AVn, the band unbending is also slowed, and the transient photocurrent response is

characterized by larger currents over a longer duration.

5. Dual-working-electrode measurements of the protection-layer potential during
photocurrent transients

We next consider the shape of the transient responses and explain it in terms of a band
picture. We make measurements on electrodes where the thin electrolyte-permeable Au layer is
deposited after photoanode activation, but before additional NiIOOH catalyst is photodeposited onto
the surface. This results in contact between the Au WE; and the Ni metallic protection layer, as can
be seen by the fact that V. is now responsive to light on/off cycles at all potentials (Figure C.S5);
i.e. the measurement is not limited by the insulating nature of the reduced Ni(OH), form of the
catalyst. Measuring the surface potential does not require that the catalyst is in an electrically
conductive state. Instead of sensing the redox-active catalyst electrochemical potential, the contact
now equilibrates with the protection layer electrochemical potential. Since the protection layer
consists of dense metallic Ni, during transients its electrochemical potential can only be modified
by charge built-up at the metal|solution interface (the catalyst layer is permeable to electrolyte).
Thus, by observing the protection layer electrochemical potential we sense changes to the
Helmholtz electrostatic potential (shown in Figure C.4c).

Figure C.5 shows cathodic Jsem transients and the associated Vi response for a device with

the second working electrode attached directly to the metallic Ni protection layer. Transient
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integrated charge and the complete Jem and Vni dataset can be found in Figure C.S5. We select five
of the cathodic transients to examine in more detail. Figure C.5a depicts a cathodic transient from
region 1, i.e. at Viem cathodic of the catalyst redox activity. Transients shown in Figure C.5b, C.5c,
and C.5d are from region 2, in order of increasing anodic applied potentials. The transient shown
in Figure C.5e is from region 3, at Vm anodic of the catalyst redox potential region. When the
catalyst redox activity is not present (regions 1 and 3), the current transient completely decays to
steady-state within 1 s (Figure C.5a and C.5¢). The Vi response mirrors the decay time and the
decay shape. For the transients in Figure C.5b and 5c, the photocurrent decays over a much longer
timeframe (>5 s) and deviates from the visibly exponential shape of those in Figure C.5a and Se.
The exponential current decay to steady-state is interrupted by a region of more moderate decay
(diminished slope). V'ni decays over the same timeframe and visibly mirrors the shape of the current
decay. Finally, the transient in Figure C.5d lacks the complex shape of the previous two, but decays
over a longer timeframe than either transient in Figure C.5a or 5e. All three transients selected

from region 2 show significantly slower decay times and exhibit Vi responses which mirror the

Jsem decay shape.
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Figure C.5. Sensing the protection layer electrochemical potential. Results depict Jsem and Vi
from five representative transients as sensed via WE; and WE,, respectively. Panel (a) shows a
transient from region 1. Panels (b), (¢) and (d) show transients from region 2 in order of
increasingly anodic applied potential. Panel (e) shows a transient in region 3. This data shows that
when the off-transient causes Vi to traverse the onset of catalyst reduction (at ~ 0.20 vs &g, /04-)
the decay in the protection layer electrochemical potential is slowed (Figure C.S6). The decay shape

for Jsem becomes visibly more complex and this shape is mirrored by the Vi decay.
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The above results indicate that the redox-active Ni (oxy)hydroxide catalyst acts as a
“capacitor” which moderates how quickly the semiconductor depletion region and Helmholtz
electrostatic potentials relax when moving from light to dark. For the transients in Figure C.5b and

5¢, Vi collapses quickly in each case until it reaches ~ 0.2 V vs. €g, /0y~ This potential is

consistent with where the redox-active catalyst is converted from NiOOH to Ni(OH),, and so it
represents the edge of the catalyst’s “redox density of states (DoS)” (Figure C.S6a). Once the
Helmholtz potential has decayed to place Eni near the catalyst reduction onset, electrons injected
from the conduction band can reduce the catalyst, in addition to accumulating at the Ni|solution
interface. If charge is not injected into the catalyst, for example due to slow charge transfer kinetics
between Ni and catalyst, the fast exponential decay would continue without any region of slowed
transient decay.”**”* However, the data above shows that the decay is slowed, indicating that
charges are injected into the catalyst once /'y has sufficiently relaxed.

The potential range for the more moderate slope in region 2 of the transient decays is
associated with the catalyst’s redox DoS. In the Figure C.5b transient, the “diminished” Vn; decay
occurs through a ~40 mV range, while for the Figure C.5c transient the “diminished” decay occurs
through a ~38 mV range. This data suggests that the catalyst contains a redox DoS spanning 38-40
mV, which is consistent the redox peak widths for WE, voltammetry collected at 1 mV s™ (Figure
C.S6b). Once the Helmholtz electrostatic potential aligns En; with the edge of this 38-40 mV region,
the redox states begin to compete for consumption of injected electrons; any change in the
Helmbholtz electrostatic potential must correlate with the same potential change in the catalyst redox
DoS. Upon filling the catalyst DoS the catalyst “parallel capacitance” vanishes, and current/voltage
decay can once again continue exponentially. This final point is experimentally supported by the
resumed rapid Vi decay after the 38-40 mV have transpired (Figures C.5b and C.5¢).

For further evidence that the catalyst redox DoS moderates the transient
photocurrent/photovoltage decay we return to the loading dependence data from Section 3.1. In
Figure C.6a all three transient loadings are compared at a constant applied potential near the OER
onset. To account for shifts in the transient integration region due to different photovoltages
provided by the rectifying junction, in Figure C.6b the transients which exhibit maximum charge
integration at each loading are also compared. In both cases, increased loading produces not only
an increase in the integration of the anodic transient but also a broadened transient decay shape.
The cathodic transients exhibit more-exponential behavior but their decay to zero current is also

broadened as loading increases. The cathodic transients at moderate and high catalyst loading fail
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to reach zero current before the light is switched on again. By contrast, the low loading cathodic
transient returns to zero in both examples. These results demonstrate that larger absolute transient
currents are sustained for longer when more catalyst is coated onto the photoanode.

The catalyst loading results can be related to the band-bending model in Figure C.4. For
the anodic light-on transients, where photocurrent decay is governed by the rate of electrons
injected from the conduction band, increased catalyst loading causes the semiconductor bands to
unbend more slowly. For the cathodic transients, where decay is related to how quickly the bands
regain their dark equilibrium state, increased catalyst loading causes the bands to re-bend over a
longer duration. These findings are consistent with the above understanding, where interaction with
the catalyst redox states slows how quickly the Helmholtz electrostatic potential responds to
changes in the illumination. As the number of catalyst redox states increases the electrostatic

potential transition further slows and so the transient relaxation time increases.
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Figure C.6. Transients vs. catalyst loading on the same sample shown in Figure C.2. One set
of on/off transients selected from the overall data. (a) All three loadings compared at -50 mV vs.
€0,/0H-- (b) Comparison of the transient with largest charge integration at each catalyst loading
extent. The applied potential for each loading is shown in the inset. Increased loading in each case
results in broader transient features. Anodic transients exhibit non-exponential decay as loading

increases. The results show that increased catalyst loading causes broader transients oftentimes

with complex decay shapes.

6. Conclusions
Experiments on Ni-protected n-Si illustrate how photocurrent transients are affected by the
presence of a redox-active catalyst. The application of the catalyst produces three distinct regions

of transient activity. At sufficiently low and high applied potentials, only very quick transients

55



appear with relatively small charge integration. Between these two regions of activity exists a
region with large charge integration and relatively slow decay times. Here, we find that the
integrated charge is related to the quantity of redox-active catalyst on the semiconductor surface.
DWE experiments reveal that this behavior takes place when the applied potential is such that: (a)
the majority carrier Fermi level can reduce the catalyst in the dark and (b) the minority carrier Fermi
level can oxidize the catalyst once illuminated. Since the photovoltage is given by the difference
between the two quasi-Fermi levels, photoanodes with greater photovoltages are expected to exhibit
this behavior over a greater applied potential range.

The presence of a redox-active catalyst slows the electrostatic relaxation events during
transient experiments. This occurs whenever an illumination switch causes the surface
electrochemical potential at the protection layer to pass through the catalyst’s redox density of
states. With little or no catalyst, relaxation is characterized by carriers injected from the
semiconductor interacting to increase/decrease the Helmholtz electrostatic potential at the Ni
protection layer surface. In the presence of the Ni (oxy)hydroxide catalyst this relaxation process
is slowed because some of the carriers are now consumed for catalyst redox activity. A larger
catalyst redox density of states promotes this effect, by essentially acting as a larger parallel
capacitor, and gives rise to more complex and extended transient decay shapes. This explains, in
part, the more complex and/or extended decay shapes that arise after catalyst application in many
recent reports on a variety of oxide photoanodes,?~223357:63.66.70-138991 ye note that this behavior
is dependent on the catalyst being in quasi-equilibrium with the surface electrochemical potential.
For systems without quasi-equilibrium (slow transfer between semiconductor and catalyst), the
electrostatic profile may relax before redox activity takes place. One situation where such behavior
occurs is in the re-reduction of the oxidized Ni (oxy)hydroxide catalyst during the off-transient;
initial discharge can result in an electrically insulating near-semiconductor layer which prevents
complete reduction of the catalyst from the semiconductor. Similarly, in systems employing the
Co-Pi catalyst, lack of cathodic off-transients may be related to slow reduction kinetics,'®#3:6474%

The utility of transient photocurrent experiments relies on assigning transients to a specific
process. For example, using transient integration to quantify surface states requires attributing the
transient response to surface state filling/emptying. However, we show that redox-active catalysts
can influence transients, causing increased integrated charge in the transient, extended decay times,
and complex decay shapes. These findings have general implications for analyzing
photoelectrochemical transients — those on catalyzed systems may represent more processes than
the filling/emptying of surface states. If the catalyst’s redox DoS overlaps a surface-state DoS then

transients are expected to be influenced by both. For these transients, decay time characterization
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and transient integration describe the conflated relaxation processes and may not accurately depict
either isolated process. Additionally, for systems with larger photovoltages (e.g. BiVOs, Fe;03),
we anticipate that this conflated relaxation response occurs over a greater applied potential range.
Comparison of photocurrent transients as a function of catalyst mass loading can be employed to
indicate if and where the catalyst is influencing transients. When catalyst influence is present,
multi-exponential decay fits may be useful in isolating processes that occur before/after interaction
with the catalyst redox DoS. Several groups have reported that single exponential fits are
insufficient for fitting decay time constants for catalyzed systems and have relied on multi-
exponential fits.**>%>> However, for processes occurring at similar time scales, the DWE technique
is useful as it provides a direct measure of the catalyst charging. The DWE measurement could be
used to separate out the extent of transient behavior due to catalyst charging, relative to that due to

surface-state charging.

Paper D

Behavior of Catalyst-Modified n-Si Photoelectrodes in the Presence of a Sacrificial Hole

Scavenger: Insight from Dual-Working Electrode Photoelectrochemistry

Forrest A. L. Laskowski, Michael R. Nellist, Jingjing Qiu, Adrian M. Gordon, and Shannon W.
Boettcher

1. Introduction

Hole scavengers — easily oxidized soluble solution species — are routinely used to
quantitatively characterize photoelectrochemical devices. For solar water splitting devices, hole
scavengers can be used to capture photogenerated minority carriers that arrive at the
semiconductor|liquid junction which might otherwise recombine or be consumed in water
oxidation. Hole scavenger-based analysis assumes that hole scavenger presence results in efficient
collection of all photogenerated holes arriving at the semiconductor|liquid or catalyst|liquid
junction. By taking the ratio of the steady state photocurrents with and without hole scavenger
presence, at a given applied potential, an overall charge injection efficiency for water oxidation is
calculated. This charge injection efficiency represents the deviation from the “ideal” case where
the hole scavenger is present. Using a dual-working-electrode approach, we demonstrate that
presence of a hole scavenger does not always result in ideal charge injection especially when

common redox-active catalysts (e.g. Ni-, Co-, and Fe-based (oxy)hydroxides) are present on the
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photoanode surface. We show that hole scavenger presence can force the catalyst to remain in a
lower oxidation state than would be present for water oxidation, sans hole scavenger. If the reduced
catalyst state is electrically insulating, then charge collection will decrease and thereby artificially
inflate the hole-scavenger-based calculation of charge injection efficiency. The results demonstrate
a common misconception in the application of hole scavenger analysis and should facilitate more
target application of the technique.

Poor photoanode performance limits the viability of many solar-water-splitting systems.'
One challenge is slow oxygen-evolution reaction kinetics on the photoanode surface.'”
Photogenerated holes arriving at the semiconductor/solution surface cannot efficiently inject into
oxygen-evolution acceptor states. Slow injection results in a large surface hole concentration which
promotes electron-hole recombination and thereby lowers device efficiency. The addition of
catalytic layers onto the surface of the photoanode is one way to address sluggish charge injection.
However, the charge injection efficiency of many catalyzed photoanodes remains sub-optimal.®®
To characterize the charge injection efficiency of promising photoanodes, researchers have turned
to hole scavengers, easily oxidized hole species, which facilitate charge collection.'®!? Comparison
of a photoanode current-potential response with and without hole scavenger presence is used to
calculate a promising photoanode’s charge injection efficiency. Thus, the hole scavenger technique
is one way to measure the impact of oxygen evolution reaction kinetics on the photoanode. The
charge injection efficiency can be used to identify promising photoanodes (e.g. by showing that
many holes arrive the active surface) or to guide the improvement of existing photoanodes (e.g. by
quantifying the deficiency in surface catalytic rate).

The utility of the hole scavenger technique has led to widespread adoption since Dotan et
al. popularized the H,O, hole scavenger in 2011.'% ! Since then, the hole scavenger technique has
been most commonly used to quantify charge injection efficiency on photoanodes without catalyst
layers, especially when investigating Fe;Os photoanodes.'™ '*** The technique has also been
commonly applied to BiVO4,**™ CuWO04,**" and WO;**'?° photoanodes using either H,O, or
Na»SO; as the hole scavenger species. A few groups have also used hole scavengers to characterize

the charge injection efficiency of TiO, photoanodes'*'"'*

and a variety of more unique photoanode
systems.'®"'?! More recently, hole scavenger analysis has been increasingly applied to catalyzed
systems, most commonly to calculate the charge injection efficiency of BiVO4 and Fe;Os
photoanodes coated with Co-, Fe-, or Ni-based electrocatalysts.> 7 122147

Here we use a dual-working-electrode (DWE) technique to explore the interaction between
catalyzed photoanodes and hole scavengers.'*'*” The technique makes use of a second working

electrode deposited on top of the catalyst layer that is able to sense the catalyst’s electrochemical
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potential during device operation. The findings reveal that the photoresponse of the catalyst-coated
photoanode, with and without hole scavenger presence, originates from two physically different
systems. In electrolyte without hole scavenger, water oxidation generally occurs with the catalyst
in an oxidized form (e.g. Ni(Fe) oxyhydroxide). Whereas, in the presence of a hole scavenger,
oxidation of the hole scavenger occurs with the catalyst in a reduced form (e.g. Ni(Fe) hydroxide).
If the reduced form of the catalyst is electrically insulating (as is true for Ni- and Co-based
(oxy)hydroxide catalysts), retention of the reduced form can inhibit charge injection during hole
scavenger characterization. We explore these findings on a model n-Si photoanode and then briefly

discuss additional findings on a Fe,O; photoanode.

2. Experimental

Photoanode fabrication resembles that previously reported.'*’ Briefly, P-doped [100] n-Si
(resistivity 0.65-0.95 ohm-cm), diced into 1 x 1 cm squares, were used as substrates. For cleaning,
the Si squares were sequentially sonicated, for 10 min, in acetone (99.8%, Fisher Chemical), iso-
propyl alcohol (99.9%, Fisher Chemical), and nanopure water (18.2 MQ). The squares were then
submerged in boiling Piranha (3:1 by volume H2SO4: H205, 100 °C, Fisher Chemical) for 30 min,
rinsed twice with nanopure water, and dried under N. Since n-Si lacks stability when contacting
the electrolyte solution, a 5-nm-thick Ni protection layer was deposited via E-beam evaporation at
~0.1 A s7'.°1 152 In-Ga eutectic (>99.99%, Sigma Aldrich) was applied to the backside of the Si to form
an ohmic contact. A Sn-Cu wire, serving as the back-contact, was placed within the eutectic. The other
end of the Sn-Cu wire was threaded through a 3.5 mm-diameter glass tube which serves as an electrode
stem. The Si backside, eutectic, Sn-Cu wire, and glass tube were sealed with epoxy (Loctite Hysol 1C)
to preclude solution contact.

Before deposition of the second contact, the electrodes were cycled 50 times in 1 M aq.
potassium borate buffered to pH ~9.5, under illumination, through a potential range with endpoints
defined 200 mV cathodic of NiOOH reduction and 200 mV anodic of Ni(OH), oxidation, using a
BioLogic SP200 bipotentiostat. This activation procedure generates a layer of redox active
Ni(OH)»/NiOOH on the Ni protection layer surface. We note that Fe incorporates into the catalyst during
the activation step as the electrolytes were not rigorously Fe-free.'**'>> After activation, the surface was
rinsed with nanopure water and dried under flowing N». The second working electrode contact, Au, was
thermally deposited at~2 A s~ to a thickness of X nm on top of the catalyst layer and onto the surrounding
epoxy in which the electrode was embedded. A Sn-Cu wire was affixed to this layer via silver paint.

Electrodes were electrochemically characterized in aq. 1 M potassium borate buffer (pH ~9.5) while
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using a Pt counter electrode and an Ag/AgCl reference electrode. For hole-scavenged experiments, H,O»
was introduced into the electrolyte such that 0.5 M H,O, concentration was achieved. An Abet
Technologies solar simulator was used to generate ~1 sun of AM1.5G illumination. Experiments were
performed with mild stirring and in triplicate. A representative sample is used to explain each set of

results.

3. Results & Discussion

To understand how hole scavengers affect catalyzed photoanodes, we use a dual-working-
electrode (DWE) technique to independently monitor/control the catalyst potential. The n-Si
photoanodes were coated with a 5-nm-thick Ni protection layer which was partially converted into
a redox-active Ni(Fe)OOH/Ni(Fe)(OH), catalyst by electrochemical cycling. After cycling, a thin
Au layer, serving as the secondary working electrode (WE,), was thermally evaporated onto the
catalyst surface. Since the Au layer only contacts the catalyst, it can either be used to monitor the
catalyst electrochemical potential during electrochemical experiments or it can be used to directly
control the catalyst potential.'* Direct control of the catalyst potential through WE2 allows for one
to measure the catalyst’s intrinsic oxygen evolution reaction (OER) activity. Comparing the
intrinsic catalyst J-E response collected by controlling the potential of WE2 to the illuminated
photoanode curve, collected by controlling the potential of the primary electrode (WE1), reveals a
difference in OER onset (Figure D.1). This onset difference is caused by the Fermi-level splitting
during illumination and can be thought of as the photovoltage. Repeating the same DWE
experiments in the presence of the H,O» hole scavenger allows us to independently monitor the
changes in catalysis and photovoltage.

The Ni-based catalyst exhibits OER onset (measured versus WE2) when the potential
applied to the catalyst (Vear) = ~ 0.4 V vs. the thermodynamic potential for water oxidation

(€0,/0n"), in the absence of the hole scavenger (Figure D.1 — caty, o curve). The same experiment,
in the presence of H>O, reveals the onset of H,O» oxidation at ~ -0.3 V vs. &g, /on- (Figure D.1 -
caty, o, curve). The difference in onset is expected as &g, /p,0, lies 550 mV cathodic of &g, /on-
and the rate constant for H,O, oxidation is 10-100 larger than for H,O oxidation.'® ' Data collected
through the semiconductor contact (WE1), under illumination but in the absence of the hole
scavenger, exhibits OER onset when the potential applied to the semiconductor (Vsem) = ~ 0.3 V
vs. &, 0u- (Figure D.1 — semy, o curve). Thus, for water oxidation, the photoanode exhibits a
photovoltage of only ~ 100 mV (i.e. this is the difference in OER onset potentials measured at WE1
and WE2). This low photovoltage is due to the thick Ni layer used in this particular experiment.
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Once H,0: is introduced, the onset of H,O» oxidation on the illuminated photoanode occurs
at ~ 0 V vs. &, /0n- (Figure D.1 — semy, o, curve). This result is surprising, because the
illuminated photoanode performs H>O, oxidation at potentials less cathodic than the Ni-based
catalyst in isolation — it is harder to perform H,O, oxidation on the catalyst-coated photoanode than
the catalyst alone. The photovoltage of the n-Si/Ni system for H,O, oxidation is apparently a
negative number (~ -300 mV), which is not physically meaningful. Because the hole scavenger is
serving to enhance charge injection into solution, it is surprising that the photovoltage would

change when moving from H»O to H,O» oxidation.
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Figure D.1. Comparison of electrochemical behavior for a n-Si | Ni photoanode with and
without a 0.5 M H,O:; hole scavenger. All experiments were performed on the same electrode
without altering its position relative to the 1 sun solar simulator source. The curves labeled with
the H>O subscript indicate experiments without hole scavenger, whereas the H,O, subscript
indicates 0.5 M H,O; hole scavenger was added to the electrolyte. Curves labeled “sem” indicate
that cyclic voltammetry data was collected with the potentiostat controlling potential at the
semiconductor back-contact. Curves labeled “cat” indicate that the data was collected by
controlling the potential to the secondary Au contact. The two dashed curves represent the sem
behavior in the dark and show that leakage current is minimal both cases. The difference in OER
onset for the semy,o and caty,o is the photoanode’s photovoltage. Unexpectedly, the
photovoltage is not retained once H>O: is introduced, instead caty,o, shows a more cathodic

current onset for H,O» oxidation than semy, o, .

To deduce why the apparent photovoltage changes, we monitor the catalyst

electrochemical potential through WE2 while controlling the semiconductor back-contact potential
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through WE1 (Figure D.2). From the redox wave in Figure D.1 for caty,q, catalyst oxidation
occurs at ~ 0.3 V vs. &g /on- (i-e. where the anodic wave is observed). For H>O oxidation through
the semiconductor back-contact, the catalyst surface potential passes this oxidation threshold when
Viem=~0.2V vs. &g, /ou-- This value is consistent with the appearance of the oxidative redox peak
and with the 100 mV photovoltage previously discussed. Thus at Viem =~ 0.2 V vs. &g, /on- the
catalyst converts to its oxidized NiOOH form. However, for H>O, oxidation through the
semiconductor back-contact, the measured catalyst surface potential never passes this oxidation
threshold. When the light-limiting photocurrent is reached for H>O- oxidation, the surface potential
saturates at ~ 0.2 V vs. &y, /01~, 100 mV short of the oxidation threshold. This finding indicates
that the catalyst remains in its reduced, electrically insulating Ni(OH), form during H,O- oxidation.

Because the hole scavenger readily accepts surface holes, it prevents the catalyst from charging to

the electrochemical potential required for catalyst oxidation.
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Figure D.2. Comparison of electrochemical behavior for a n-Si | Ni photoanode with and
without a 0.5 M H,O:; hole scavenger while sensing the catalyst’s electrochemical potential.
The data was collected on the same electrode as in Figure D.1. The curves labeled with the H,O
subscript indicate experiments without hole scavenger, whereas the H,O, subscript indicates the
presence of hole scavenger. Curves labeled “sem”™ indicate that cyclic voltammetry data was
collected with the potentiostat controlling the semiconductor back-contact potential (WE1). Curves
labeled Viursace, represent the potential being sensed by the WE; gold contact during the experiment.
“Catalyst oxidation threshold” is the Vca value from Figure D.1 where the caty, o oxidative redox
peak occurs. The results show that the catalyst is oxidized when the photoanode is used for water

oxidation but remains reduced during H,O, oxidation.
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The finding that the catalyst remains reduced during H>O, oxidation is corroborated by
three additional results. First, in Figure D.1 both H,O oxidation curves exhibit distinct redox peaks
associated with the redox chemical conversions of the Ni-based catalyst. For the H,O, oxidation
curves the redox peaks are absent, suggesting that the catalyst never changes oxidation state in the
presence of the hole scavenger. Second, NiOOH is known to be less optically transmissive than
Ni(OH),."* '*7 This fact is reflected in the light-limited photocurrent when controlling the
semiconductor back-contact potential. For H,O oxidation the light-limited photocurrent reaches
~16 mA cm?, whereas it reaches ~18 mA c¢cm™ for H,O, oxidation (Figure D.2). The difference in
the light-limited photocurrent indicates that more light is absorbed in the case of H,O» oxidation,
which is consistent with retention of the more optically transmissive Ni(OH), species. Finally, the
caty,o, curve in Figure D.1 demonstrates that the catalyst only needs to reach ~ 0.2 V vs. &g, /o1~
to match the light-limited photocurrent of 18 mA ¢cm™ for H,O, oxidation and thus satisify current
continuity across the semiconductor/catalyst interface. Because catalyst oxidation does not occur
until ~ 0.3 V vs. &g, /01~ ), the catalyst need not be oxidized during H>O, oxidation.

The apparent photovoltage change for the catalyst-coated n-Si discussed above when
moving from H>O to H,O» oxidation is attributed to retention of the reduced, insulating catalyst
during H,O, oxidation. Since Ni(OH), is much more electrically resistive than NiOOH, we
hypothesize that the retained Ni(OH), acts as a charge injection barrier. Photogenerated holes
arriving at the Ni(OH); either experience an iR loss when passing to the solution interface or must
tunnel through the Ni(OH); prior to H,O, oxidation. To support this hypothesis, we repeated the
DWE experiments while using a 5-nm-thick Ir metal catalyst deposited by thermal vacuum
evaporation. The Ir OER catalyst is selected because it’s oxidized surface (IrO,) remains
electrically conductive over a wide potential range. As expected, the ~250 mV photovoltage
exhibited during H>O oxidation on the Ir-catalyzed system is largely retained during H,O, oxidation
(Figure D.3). The intrinsic H>O; oxidation activity (caty,o,) measured via the Au WE2 on the n-
Si|Ir|Au sample (Figure D.3) is comparable to that measured for the n-Si|Ni|Au same (Figure D.1).
Thus, the photovoltage is retained not because of a change in H,O, oxidation kinetics when

introducing the Ir catalyst. The photovoltage is retained because the Ir-catalyzed semy, o, curve
has shifted cathodic of the caty,q, curve. This result shows that without Ni(OH), present the

apparent photovoltage is the same for both H,O and H»O, oxidation. Because the H,O, catalyst
activities are similar, we conclude that the Ir-catalyst eliminated the charge injection barrier which

existed for the Ni-catalyst.
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Figure D.3. Comparison of electrochemical behavior for a n-Si | Ir photoanode with and
without a 0.5 M H,O:; hole scavenger. All experiments were performed on the same electrode
without altering its position relative to the 1 sun solar simulator source. The curves labeled with
the H,O subscript indicate experiments without hole scavenger present, whereas the H,O» subscript
indicates hole scavenger was present. Curves labeled “sem” indicate that cyclic voltammetry data
was collected by applying the potential to the semiconductor back-contact. Curves labeled “cat”
indicate that the data was collected by applying the potential to the secondary Au contact. The two
dashed curves represent the sem behavior in the dark and show that leakage current is minimal. The
difference in OER onset for the semy, o and caty, o is the photoanode’s photovoltage. The results
show that the photovoltage is retained once H>O; is introduced. In this case, the H,O, acts to
enhance charge injection in to solution at more cathodic potentials without holding the catalyst in

a reduced, insulating state.

4. Conclusions

The findings in this work indicate that redox-active catalysts may behave as a charge
injection barrier during hole scavenger experiments. This behavior is expected to occur for catalysts
where the reduced form is an electronic insulator — a characteristic shared by many common Fe-,
Co-, and Ni- based oxy(hydroxide) catalysts.'*®'%> For systems where this behavior occurs,
calculation of the charge injection efficiency will be inflated because the denominator (hole
scavenged activity), assumed to represent quantitative charge injection, may not actually represent
quantitative charge injection. Instead, the denominator is the photoanodes behavior in the presence
of a charge injection barrier which would not exist under non-scavenger operating conditions. We

anticipate that highly engineered systems, with multi-layer catalysts, bay also be affected by the
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charge injection barrier described here.'** 4> 152 This is because the outer levels of the catalyst are
at risk of being electronically segregated from the semiconductor’s surface during hole scavenger
experiments. For these systems, calculation of charge injection efficiency may become a
comparison of the highly engineered structure in H>O to a much less engineered structure in hole
scavenger.

An important generality consideration for the results presented is the lack of a
semiconductor | solution interface on the n-Si model system. Because many common photoanode
semiconductors (BiVOs, Fe;O3;, CuWOs) are tolerant of solution contact, solution-permeable
catalysts are often electrodeposited.'® For these systems, it may be that the reduced catalyst simply
acts as a spectator while hole scavenger oxidation occurs at the semiconductor | solution interface.
Although we do not conclusively answer this question, we did briefly examine Fe,Os catalyzed by
Co-Pi (results in Figure D.S2). The H,O; oxidation results showed that bare Fe,O3 outperforms Co-
Pi catalyzed Fe,Os at sufficiently cathodic potentials but performs worse at more anodic potentials.
If the catalyst were only acting as spectator, we might expect both curves to be identical. A possible
explanation for the behavior seen here is that the deposition of the catalyst passivated some surface
states, leading to increased activity at sufficiently anodic potentials. However, the reduced catalyst
may also act to block a portion of the surface catalytic area (relative to bare Fe;O3), resulting in
lower activity at sufficiently cathodic potentials.

Due to the inability to control for surface state passivation we cannot definitively say how
ion permeable catalysts impact hole scavenger results. However, investigators should remain
cognizant when interpreting hole scavenger results on catalyzed photoanodes. The results herein
show that the presence of a hole scavenger can cause the catalyst to retain a state which differs
from its state during comparable H,O oxidation experiments. The difference in catalyst state may
impact the catalyst’s ability to accept photogenerated holes, result in a charge injection barrier and
cause a decrease in the photoanode’s catalytic active area. For these systems, the charge injection
efficiency calculated from the hole scavenger technique will be artificially inflated — with results

suggesting that the photoanode is performing closer to perfect charge injection than it is.
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CHAPTER III: ANALYTICAL AND NUMERICAL APPROACHES FOR MODELING
CHARGE TRANSPORT IN PHOTOELECTROCHEMICAL DEVICES

In the previous chapter the dual-working-electrode technique was used to monitor a
catalyst’s electrochemical state during photoanode operation. The work investigated two common
photoelectrochemical experimental methods and identified how those methods are affected by
redox active catalysts. The results suggest that analyzing photocurrent transients (to determine
minority carrier lifetimes) and hole-scavenged photocurrents (to determine charge injection
efficiency) is not straightforward when redox active catalysts are present. Since many of the best
performing photoanodes feature redox active catalysts (e.g. oxides of Ni, Co, and Fe), it is often
challenging to understand the role electrocatalysts play in enhancing the oxygen evolution reaction.
This is unfortunate because the catalyst’s role is heavily contested in the photoanode literature base.
Many publications suggest that it collects charge from the semiconductor and then provides a more
kinetically facile oxygen evolution route. Others have suggested that its primary role is to passivate
defects on the semiconductor surface which would otherwise enhance recombination. Still others
have said that it serves to improve band bending within the semiconductor depletion region which
improves charge separation. A better understanding of the electrocatalysts role is desirable and
would lead to more targeted design principles for improving photoanodes.

The electrocatalysts role in enhancing oxygen evolution has been previously analyzed by
the Boettcher lab through numerically modeling current continuity. However, numerical
approaches are not ideal because they require significant computational resources (based on
iteratively solving coupled differential equations) and may be challenging for researchers without
computer science training to implement. This chapter focuses on deriving analytical expressions to
describe how electrocatalysts fundamentally enhance photoelectrochemical water oxidation.
Particular attention is payed to how the electrocatalyst behaves with and without the presence of
semiconductor surface states. Solving the expressions requires limited computational resources and
should be significantly more accessible than the previous numerical approach. We anticipate
submitting this yet-to-be published manuscript to Physical Review Letters.

Section A, Theory and Simulation for the Effects of Surface States on Charge Transport in
Photoelectrochemical Devices, contains co-authored material yet to be published as: Laskowski, F,
A, L.; Nellist, M. R.; Dette, C.; Boettcher, S. W. Unified Theory and Simulation for Surface State

Influence on Photoelectrodes, In Preparation. (style of Physical Review Letters)
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Paper E

Theory and Simulation for the Effects of Surface States on Charge Transport in

Photoelectrochemical Devices

Forrest A. L. Laskowski, Michael R. Nellist, Christian Dette, Thomas J. Mills and Shannon W.
Boettcher

1 Introduction

Understanding how electrocatalysts modify the oxygen evolution reaction (OER) on
semiconducting photoelectrodes is broadly important in improving photoelectrochemical (PEC)
based energy storage solutions. Recent studies have identified similar trends on several
semiconductor materials (i.e. Fe;Os, TiO,, BiVO4, and WO3) when coated with oxide based
electrocatalysts of Co, Ni, Fe, Ga, and AL'"" Addition of this thin oxide overlayer tends to
cathodically shift the potential of photocurrent onset and/or increases the maximum photocurrent,
leading to greater collection efficiencies. To achieve highly efficient devices, it is important to
understand the origin of this behavior and the factors that can lead to its optimization.

Numerous mechanisms have been proposed to explain the oxide’s role, each supported by
data from a range of analysis methods. It is generally agreed that carrier recombination is the main
loss pathway and that the overlayers function to suppress surface recombination, but there are
several ways in which this might occur. Transient absorption spectroscopy (TAS) has demonstrated
that water oxidation requires the existence of long-lived photogenerated holes in bare Fe,Os, TiO,,
and WOs.">" At sufficiently positive biases carrier recombination is reduced because the space
charge region is depleted of electrons; consequently, increased photo-generated hole lifetimes
promote water oxidation. Experiments involving Co and Ga oxide overlayers, where OER onset is
cathodically shifted, suggest that these oxides enhance hole lifetimes.'* '®?° Such a phenomenon
could be explained by the semiconductor-oxide interface forming an n-p heterojunction, by the
oxide depleting electron density from the semiconductor space charge region, or by the oxide
increasing the band bending in the semiconductor; these explanations are not all entirely distinct

from one another, but they all imply that the oxide plays a non-catalytic role in facilitating the OER.
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It only enhances the oxidation rate indirectly, by modifying the nature of the semiconductor-
electrolyte interface.

Other evidence, particularly on Co oxide layers, points towards a catalytic role.>'*!'"-2! It
has been suggested that Co oxide layers function to increase the kinetics of the OER, by removing
the bottleneck of charge transfer to solution. In this view, the overlayer does not modify the
energetics of the interface, but functions like a traditional catalyst by speeding up the interfacial
charge transfer. By moving positive charge out of the semiconductor this mechanism also has the
ultimate effect of decreasing surface recombination. Another view suggests that oxide overlayers
chemically passivate semiconductor surface states, thus suppressing surface recombination directly
rather than through modifying either the nature of the space charge region or the surface hole
concentration.*”

To better understand these mechanisms, we build upon our previous numerical models.
Here, we show how semiconductor charge transport can be analytically approximated - removing
the need for numerical differential equation solvers. We derive expressions accounting for the
presence of surface states which are used to calculate the surface state filling and the potential drop
caused by surface charge. We obtain a simple analytical approximation that is easily solved to yield
the relevant system energetics and the steady-state /() response. The proposed mechanisms are

evaluated in the context of this model to explain the enhancement conferred by the oxide overlayers.

2. Model
2.1 Terminology: catalyst sites and surface states

From a modeling perspective, surface states and catalyst sites are very similar; both can
react with electrons and holes in the semiconductor, functioning as recombination centers, and both
can transfer charge to the solution, acting as OER sites.>* However, in this work we investigate
only catalytic overlayers, so we will use the term “catalyst” to refer to these overlayers, bearing in
mind that surface states can also act catalytically. Hence, the main distinguishing feature of surface
states and catalyst sites is that surface states are an intrinsic part of the semiconductor material,
whereas catalysts form a separate phase attached to the surface, and are often thin, porous
overlayers.> 3

We will assume in this work that the catalysts are ion-permeable. Because of this ion
permeability, ions from the solution can intercalate into the catalyst and screen the electric field
there.”>* Thus, the Helmholtz layer and its potential drop occur at the semiconductor surface rather

than the catalyst-solution interface. Additionally, we assume that catalyst sites can be screened by
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solution ions, but surface states cannot. Surface states often occur in high enough concentration
that charging them can affect the Helmholtz potential, thus also altering the potential drop across
the semiconductor depletion region and in turn the surface electron and hole concentrations.*%°
Further, we exclude transfer directly from semiconductor to solution as this is unlikely to
be a significant current source.’ For simplicity we will assume that the surface states are all at a
single energy (E%), as is done in the traditional Shockley-Read-Hall surface recombination
model.?”** We will also treat a one-electron redox reaction instead of the actual four-electron OER
to avoid the complications of multi-step reactions. We neglect changes in the flat-band potential by
the addition of an overlayer. This is consistent with the use of very thin overlayers where Mott-

Schottky analysis has shown that the flat-band potential is not appreciably modified by the

addition.”

2.2 Notation, variables, and parameters

Notations and formalisms for our model are exhaustively described in supporting
information E.S1. Electron and hole densities in the semiconductor are labeled n and p,
respectively, with the subscript s indicating the value at the semiconductor surface. We generally
use overbars (e.g. 1) to indicate equilibrium quantities, but in the case of current densities overbars
indicate exchange currents (i.e. the unidirectional equilibrium currents rather than the total
equilibrium current, which is zero). Current densities are labeled J, ., where current flows from
subsystem y to z. The subscripts sem, vb, cb, ss, cat, and sol are used as respective abbreviations
for the semiconductor, valence band, conduction band, surface states, catalyst, and the solution.
Energies and potentials are treated as unitless quantities, reduced by the thermal energy (kT) and
the thermal voltage (kT /q), respectively. The semiconductor interface is at x = 0 and the edge of

the depletion region is at x = —w, where w is the depletion region width.

2.3 Treatment of semiconductor hole transport

It is commonly assumed®* that the surface electrons are at quasi-equilibrium with the bulk
(En = 0), and that the hole current (J,,) is equal to the Gértner current (J¢).*' The Girtner current is
an analytical expression which neglects the behavior of the holes in the depletion region, assuming
perfect hole conductivity with no limitation. It has been recognized that the Gértner model is
insufficient when the reaction kinetics are slow due to buildup of minority carriers in the depletion

region.**>*
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Our previous work numerically solved the semiconductor transport and continuity

equations to obtain the surface hole and electron densities ps and ng.”> We found that setting Ip =

J¢ s not always a good approximation, particularly for ion-permeable catalysts. This is because, as
the catalyst becomes oxidized, there are fewer available neutral sites to oxidize. To sustain the
current more holes are required to further oxidize the catalyst, and so a larger p, is needed. The
semiconductor may not be able to provide enough holes for the current to reach /., in which case
the forward current is limited by transport of holes to the interface. This effect is more pronounced
in systems with ion-permeable catalysts, because the catalyst can become highly oxidized at much
lower biases than in systems with impermeable catalysts.*

To account for the hole transport limitation, we require a generalization of the Gértner
model that treats the depletion region. There are two main effects of the buildup of minority carriers
in the depletion region: a large diffusional back-current due to the high concentration gradient, and
increased recombination in the depletion region. The latter effect has been treated before™ 3336 but
the analysis is rather involved; here we use a simple approximation of the hole concentration profile
to treat depletion region recombination. We discuss the approximation error in supporting

information E.S6.

2.3.1 The Generalized Gértner Model

This derivation closely follows the original one by Girtner.’! We make two
generalizations: (1) the hole concentration at the edge of the depletion region can be non-zero
(thereby relaxing Gértner’s fast surface kinetics assumption), and (2) recombination occurs in the
depletion region. The full derivation is shown in supporting information E.S5 to illustrate how the
generalizations fit naturally into the original treatment.

The hole distribution in the bulk is explicitly computed in supporting information E.S5. In
the depletion region, the transport equations can be solved (also see E.S5) to write the hole

concentration profile p(x) in terms of the hole concentration at the edge of the depletion region p,,,,

p(x) = p,e? (1)

where ¢ is the electrostatic potential. The error in this approximation is on the order A/§; thus, this
holds when the Debye length is much smaller than the diffusion length. In supporting information
E.S6 we show that, even when this assumption is relaxed, the current takes the same form as the

original Gértner current in that it is linear in J; and p,,,.
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The hole continuity equation is

1dj,
EE—G(X)—R(X) (2)

where q is the elementary charge, J, is the hole current, G(x) is generation, and R(x) is

recombination. Integrating across the depletion region gives,

]p = Jouik T ]d),dep - ]R,dep 3)

Where ], = J(0) is the total hole current passing through the surface, /5, = J(—w) is the hole
cur-rent from the bulk to the depletion region, J gep is the current generated by illumination in the
depletion region, and J 4epis the depletion recombination current. Assuming quasiequilibrum for

holes (ps = p,,€"s¢) and solving the differential equations with the boundary conditions p(—o0) =

p and p(—w) = p,, yields the expression

Jo=Jc —]_ReVSC_VSCpTz 4)

where V. is the total electrostatic drop across the semiconductor depletion region. J is the depletion

back-current and recombination current at equilibrium:

- D _
Jr=4q (Fp + kaﬁ> pge Ve (3)
where D, is the hole diffusion coefficient, § is the hole diffusion length, and kg, is the second-order
recombination constant. (Note that due to the appearance of w, this quantity is not exactly constant,

but can be treated as such for practical purposes.)

The result is the original Gértner equation modified by two terms that arise from the relaxed

assumptions. The first term, quﬁSe‘VSC /8, describes the diffusive current of holes back into the

bulk and the second term, gkp Wﬁﬁse_VSC, describes direct depletion recombination. Since the end

outcome of both terms is a recombination event, we refer to them collectively as “depletion
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recombination”. This generalization of the Gértner current enables analytical description of the

semiconductor transport, generation, and recombination processes.

2.4 Interfacial electron transfer: surface states, catalyst, and solution
For simplicity, we use a single-energy surface state model (as in the Shockley-Read-Hall
model) and broad density of states (DOS) catalyst and solution models. Interfacial electron transfers

are all modeled with second-order reaction kinetics.

2.4.1 Electron transfer model
For transfer between subsystems 1 and 2, we write d;(€) for an electron donor species and
a;(e) for an electron acceptor species in subsystem i and electron energy €. At each value of €, the

basic reaction is
a;(€) +dy(€) © ay(e) +dy(e) (6)

with the reaction proceeding to the right representing positive current from subsystem 1 to 2. The
current, proportional to the total reaction rate, is computed by integrating the rate densities over the
electron energy €.

The donor and acceptor distributions can be written as the product of an electronic DOS
function g;(€) and an occupancy probability (Fermi-Dirac) function f;(€), where f;(€) = 1/(1 +

e€7Fi);
di(e) = gi(e)fi(6)  ai(e) = gi()[1 = fi(e)] (7
The current integral is then

Ji2=q f k12(©) 91921 (6) — fo(e)] de ®)

The DOS function used for the semiconductor and catalyst are constants; for the surface
states, an impulse function [gss(€) = Ngs6(e — E)]; and for the solution, the large-A limit of the

Marcus-Gerischer DOS®’
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dsor(€) = ce~(€~Fso)/2 ag(€) = ce~(Eso1=€)/2 9)

We define s and s* for the neutral and oxidized surface state concentrations, respectively.

We define cgg and ¢y for the neutral and oxidized occupation of catalyst sites at energy E.

2.4.2 Interfacial currents

The reaction of semiconductor holes and electrons with surface states is described by,

_ pes st

]vb,ss = ]vb,ss % - 5—,_+ (10)
_ s mngst

]cb,ss = ]cb,ss E - T_ls§+ (11)

Reaction of surface states with catalyst and solution must consider that the surface states
are at an electrostatic potential +Vy with respect to the catalyst and solution (see supporting
information E.S2); this shift puts the surface state energy at ES = E& + Vy. The current then

depends on the surface state concentration and the catalyst occupancy at energy ES;:

+ +
_ STcgs  SCag
— _Ss 12

Jsscat = Jss,cat <§+ Ces §C—;> (12)

Current flow from surface states to the solution is

+
_ s S

]ss,sol = ]ss,sol <_§+ eAVu/2 Ee AVH/Z) (13)

where AVy represents deviation from equilibrium for the Helmholtz potential.
The expressions we used previously” to model the current between semiconductor and
ion-permeable catalyst are modified to account for the electrostatic potential drop between the

semiconductor surface and the catalyst:

- p AV —
]vb,cat = ]vb,cat (st — e AVn Emt) (14)

S
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_ n

— AVy+E S

]cb,cat = ]cb,cat (e HTRcat — T_l_> (15)
s

The catalyst-solution current is modeled by

Ecat _Ecat)

]cat,sol = ]_cat,sol (e 2 —e 2 (16)

which does not depend on Vy because the catalyst and solution always remain at the same
electrostatic potential. These interfacial current expressions are all derived by evaluating the current
integral Eq. (9); see supporting information E.S4 for explicit derivations and exchange current

definitions.
2.5 Solution to the model equations

There are four variables in the model: pg, Egg, E.4¢, and V. To obtain a solution, four

equations are required - the electroneutrality condition

Qsc + 4qss = qu (17)

and the subsystem current continuity conditions

]vb,ss + ]cb,ss = ]ss,cat + ]ss,sol (1 8)
]ub,cat + ]cb,cat = ]ss,cat + ]cat,sol (19)
]p = ]vb,ss + ]vb,cat (20)

where J,, is defined in Eq. (4). Solving this system presents numerical challenges in that variables
may vary by many orders of magnitude. The method we adopted is to numerically approximate the
equilibrium Helmholtz potential and open-circuit voltage, begin the numerical solution at this
applied bias with all potentials set to zero, then scan the applied bias in small increments away from

there, using the previous solution as an initial guess for the next step. More details and a
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Mathematica implementation of this algorithm are included in the supporting information sections

E.S8 and E.S14.

3 Results and Discussion
3.1 Non-ideal photodiodes

The addition of depletion recombination decreases the maximum current obtainable from
the semiconductor under otherwise ideal conditions (i.e. fast OER kinetics at the surface states
and/or catalyst). Before discussing the roles of surface states and catalyst, we analyze the deviation
of the semiconductor response from its ideal behavior.

The ideal photodiode equation is a simple model that describes the J (V) behavior obtained

from an ideal system (fast hole transfer from the semiconductor and fast OER kinetics),

Jia =J¢ _]_cb,sole_V (21)

which results from assuming a constant forward hole current J; (ignoring depletion recombination),
quasiequilibrium of electrons in the semiconductor, and quasiequilibrium of the surface states and
catalyst with the solution, where fcb'sol = fcb’ss + j_cb_cat is the effective exchange current. It

provides a simple means of estimating V.,

O~ _in (28 ) (22)

cb,sol

However, in the presence of depletion layer recombination, the hole current must be
modified according to the generalized Gértner model, Eq. (4). This gives the “non-ideal”

photodiode equation,

]G - -V
—id — —— — e
]n id 1 UR/]vb,sol)e_V ]cb,sol

(23)

which is shown in Figure E.1 for various values of Jz /J,,p so;- This is the highest current obtainable

from the semiconductor in the presence of depletion recombination. Including this effect leads to a

shift of V. = VO 4 v where
oc

oc >
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Figure E.1. Response for a “non-ideal” photodiode. The limiting current obtainable from a fast

catalyst, for different values of J /J,p so; (marked).

Note that the decrease in current is not due to changes in band bending; it is due only to

increased recombination in the depletion region.

3.2 Basic transfer models
We begin by investigating the transfer mechanisms of two simplified systems: sem|cat|sol
(no surface states) and sem|ss|sol (no catalyst). We show that these correspond to the adaptive and

metallic models we previously defined in our simulation work.?

3.2.1 Adaptive catalysts — no surface states

First, we examine the model without surface states. The catalyst potential shifts to
accommodate slower catalysts (smaller J.q; 50;), until depletion recombination sets in and decreases
the hole current, as can be seen in Figure E.2. With high values of J.q¢ 501, Ecqe Temains close to
Ego1- AS Jat,s01 decreases, the catalyst potential shifts to increase the reaction rate and compensate
for the slower kinetics. However, at sufficiently low J.q¢ 50, values, the attainable current is limited
by the rate of hole transfer out of the semiconductor (i.e. where E,,; approaches E, ). When the

surface hole density becomes sufficiently large, depletion recombination leads to a much slower
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Ecqt increase for any positive AV, this in turn limits E4; and therefore limits the total current at

a given Vypp.
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Figure E.2. Adaptive catalyst model. (top) J(V) curves for varying values of J ¢ ¢0;- (bottom)

Ey, s and E 4, corresponding to the curves above.

The key potentials can be quantified. When V,,,, is high enough to obtain | = J;, E¢qt

levels off to a constant value,

A z21n<i]G ) (24)

cat,sol

However, the bias at which this potential is reached is limited by depletion recombination. When

depletion recombination occurs, the maximum E_,; at bias I/ is
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Eqqtlmax] = V +In (]_—G> (25)
R

When depletion recombination occurs, the current will not reach J; until the bias reaches

_ J6°
Vapp UG] =In|=—— (26)

T 72
R] cat,sol

At high values of [ 4501, the surface hole concentration is determined by whatever is

necessary to pass current /., from the valence band to the catalyst,

E,[min] = In (]_ Jo > (27)

vb,cat

However, when the catalyst is slow, a greater hole concentration is necessary to reach J;. In this

case Ey, ; tends to E¢q¢[J¢]; in fact, from interpolation between the minimum value and Eq; we can

write

2
Eplszln[_]c +Q_]"' )] (28)
]vb,cat cat,sol

A crucial aspect of adaptive catalysts, that allows them to respond so effectively to a low
Jeat,sots 18 that E g can swing very quickly from negative to positive values near V. Indeed, E.4;

(Vapp > Voc), sans depletion recombination is

7T e_Vapp
G ] cb,cat ) (29)

Ecat[Vapp] = 2In (j 7
] cat,sol

This function swings very rapidly from negative values to E.4:[/;] as Vgpp passes through

V¢, as reflected in Figure E.2. The results are analogous to the simulation work in our previous
publication”, but here we note that the depletion recombination is analytically treated. This allows
us to explicitly assign the performance limitation, due to depletion recombination, to the region of

decreased slope in Figure. E.2 (bottom).
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3.2.2 Unscreened metallic surface states — no catalyst

In many systems with surface states, particularly those with lower redox potentials (E2, <
Eso1), the states will always be partially filled. When this excess charge cannot be screened by ions
(as with surface species embedded in the semiconductor rather than surface-attached species), they
will produce a substantial Helmholtz potential. Consequently, band bending in the semiconductor
is reduced, leading to more electron and less hole current.

The presence of the surface states causes the system to act in many ways analogously to
dense metallic Schottky junctions. For these, a large density of states resides at an electrochemical
potential which is essentially controlled by the electrostatic potential V. This is the same physical
situation as found for impermeable catalysts, which also contain a large quantity of unscreened
charge states and hence can only be affected by a change in the electrostatic potential drop between
the catalyst and the solution.

The equilibrium Helmholtz potential V; is always greater than EY, the amount depending
on Ng. This potential is essentially lost to the system, in that the equilibrium barrier height is
reduced by V. This leads to a shift in V. and the (V) response, as seen in Figure E.3 (top). Hence,
these systems behave in the same way as those with a dense metallic catalyst whose Fermi level

differs from the solution potential by the amount V.
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Figure E.3. Metallic surface state behavior. (top) J(V) curves for varying values of Jgg 501-

(middle) E,; and Esg corresponding to the curves above. (bottom) Vy the corresponding to the
same.

The decreased band bending in systems with metallic behavior leads to an earlier onset of
electron current as Jg; 5o decreases, because of the greater electrostatic potential required to drive

the reaction. Before the current reaches J;, we have
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Jc
Vi  Vapy + 10 (25— ) = Vi + Ve (30)
cb,ss
In this regime,
0 Nss % 0
Eos ~ B =V + 1 (52— 1) 2 V + Ve — Uy + I[ES(V + V)] 31)

This small deviation from V + V. — V is visible in Figure E.3 (middle), and represents
the minor deviation from our previous impermeable catalyst model. It is a result of the interaction
between charge neutrality and catalyst kinetics.

In other respects, it behaves like the metallic model, except that the transfer coefficient in

this case is 1 instead of 1/2 due to the localized DOS. The potential at ] = J; is

T —-AVy ES
e 1+ e”ss
Ee = ES +1n (155,501 ) ( )_ 1) (32)
G
and the bias required to reach this current is
= Jsssoenss (ST
V="Vy+In [ S;GZC = o (33)

In supporting information E.S7 we derive a model for the surface state mediated
recombination current (J35). Recombination increases as Jg; 50, decreases, because the smaller V.
promotes electron current (supporting information E.S11). Note that there is substantial
recombination current even when the total current is near zero; in this regime, the electron current

is balanced by the hole current, so all of it results in surface recombination.

3.3 Full transfer models

We now study the interaction between the surface states and catalyst overlayer by
examining the system where Jg; 5; = 107 mA e¢m ™2, from the unscreened surface state (metallic)
model above (Figure E.3), and adding a catalyst overlayer to it. We discuss two behavior regimes
to demonstrate the interaction effects: a regime in which the catalyst operates primarily in series

with the surface states and one in which it operates in parallel.
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3.3.1 Series behavior — surface-state mediated transfer

First, we investigate a “series” catalyst, one where charge transfer between the surface
states and catalyst is facile. Here we assume that [ cq¢ is large, so that the surface states and
catalyst are at quasiequilibrium. This is reflected in the equality of Fermi levels, Eqs = E4;, as
evident in Figure E.4 (middle). Because quasiequilibrium exists we term this surface state-mediated
transfer.*®

The results are shown in Figure E.4. With a slow catalyst (sky blue curve), the result is
essentially the same as that obtained in the metallic model (Figure E.3). As [ 4 so; 18 increased, the
total current tends toward the limiting curve of high J.4¢ s0; in the adaptive model.

Since the catalyst is at quasiequilibrium with the surface states, and functions in series with
them, the catalyst effectively increases the rate of transfer from surface states to solution, i.e.

increases the effective value of Jgs 015

Ecat
]_ss,sol[eff] = eAVH]GS+ (1 + ‘ > (34)

eEss

In the metallic model, slow Jgs 50; values resulted in surface state mediated recombination. Here,
the quicker catalysts “harvest” some of the holes and prevent recombination by transfer into the
solution. For slower catalysts, the surface states act as a “hole sink” (Figure E.4 — bottom), serving
as recombination centers for conduction band electrons and catalyst holes.

The driving force for catalysis is dependent on the ratio of ]_55_501 to ]_cat,sol (supporting
information E.S13). With the lowest value of J.q¢ 501, the current is all produced by the surface
states. In the next (green) curve, the catalyst is carrying nearly 1/4™ of the total current, the rest
provided by the surface states. As J 4t so; increases further, however, practically all the current is
carried by the catalyst, and the curves tend toward the ideal photodiode curve, with the barrier

height reduced by I/, as discussed in Sec 3.2.2.
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Figure E.4. Full model — series behavior where [, ¢, is fixed at 10?2 mA-cm?. (top)
J(V) curves for varying values of J4¢ 50;- (middle) Ep s, Ecqr and Egg corresponding to the curves

above. (bottom) Surface state mediated current between the cb and catalyst. Derived in supporting
information E.S7.

The maximum attainable V, . for this system is still limited by the equilibrium Helmholtz
potential V. Because the catalyst is effectively only increasing the rate of transfer from surface

states to solution, there is no mechanism by which it can alter ;. So while the catalyst can increase
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the effective exchange current between surface states and solution, thereby increasing the total

current, it cannot increase the attainable photovoltage or V..

3.3.2 Parallel effect — compensating for Vy

We now discuss “parallel” effects of the catalyst, where ss-cat transfer is negligible, but
semiconductor-catalyst transfer is comparable to the rate of semiconductor-surface state transfer.

The total current J is shown in Figure E.5 (top). With a small value of J 4 501, the system
behaves like the parent curve in the metallic model. However, even with a low value of /4t 501, @
small current is passed through the catalyst (supporting information E.S12). Comparing the
Jeat.sor = 1072 curve in the parallel model against the series model reveals higher performance in
the parallel model (Figures E.4 and E.5 — top). This occurs because, without quasiequilibrium
between the surface states and catalyst (Figure E.5 — middle), the surface states no longer act as a
hole sink. Instead, in the slower two curves catalysis is predominantly driven through the surface
states (supporting information E.S12). Whereas in the quicker curves, the catalyst harvests most
holes and then never equilibrates with the surface state Fermi level. For this latter behavior, the
system acts as in the adaptive catalyst model (Sec 3.2.1), where E.4; remains below Ej, s for
sufficiently quick kinetics (Figure E.5 — middle).

When catalyst kinetics are slow, the accumulation of holes in the surface states leads to
surface state mediated recombination (Figure E.5 — bottom). These curves approach the limit given
by the parent curve in the metallic model (supporting information E.S11). The surface states result
in a unique effect in that the catalyst Fermi level behaves as if it were dependent on the Helmholtz
potential. As the surface states fill, the Helmholtz potential shifts both E, ¢ and Egg to higher
potentials. Since the surface states cannot deload the catalyst, sufficiently slow catalysts will remain

in quasiequilibrium with E,, ; and will also experience this potential shift.
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above. (bottom) Surface state mediated recombination. Derived in supporting information E.S7.

When catalyst kinetics are quick, the system circumvents the Vy; limitation from the
metallic model. Despite the existence of a non-negligible Helmholtz potential (supporting
information E.S12), since the catalyst need not equilibrate with the surface states, it circumvents

the Vy limitation by transitioning to a potential where current continuity is achieved. As in the
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adaptive model, this transition is limited by depletion recombination when E), ; is sufficiently large
(supporting information E.S12) Thus, unlike the series regime, parallel catalyst behavior can

improve the attainable photovoltage or V., but this affect is limited by depletion recombination.

4 Conclusion

We have developed a simple analytical model for predicting the impacts of surface states
on photoanodes. This work is an improvement, over our previous modeling efforts, on three
accounts: (1) The analytical solution is solved in a trivial amount of time (seconds) compared to
the days oftentimes required for differential equation based numerical methods.* (2) The modeling
approach is sufficiently simplistic such that investigators can adapt it without already possessing
extensive computer programing knowledge. (3) The results corroborate our previously defined
“adaptive” and “metallic” models while also accounting for the additional complexity of surface
states.

We have defined two regimes for surface state behavior. For surface states behaving in
series with the catalyst, the surface states will tend to act as a “hole sink”. As the catalyst is oxidized,
its quasiequilibrium condition with the surface states requires that it simultaneously charge the
surface states. This surface state filling increases surface state mediated recombination, increases
the Helmholtz potential, and limits both E, ¢ and E,.. Presence of surface states result in an
increased Vy,;, requirement to reach J;, as compared to a photoanode with no surface states and an
equivalent Jq¢ so1-

For surface states behaving in parallel with the catalyst, J(V) performance compares more
favorably to the equivalent system without surface states. Although a Helmholtz electrostatic
increase is also realized in this system, the catalyst Fermi level is not directly limited by surface
state recombination. Growth in the catalyst Fermi level is predominantly inhibited by depletion
recombination, as in the adaptive model. For this reason, at Joq¢ 501 = 1072 mA cm™, the parallel
system exhibits near ideal-diode J(V) behavior, whereas the series model exhibits a significant
cathodic shift. In effect, surface states which act in parallel can be compensated for by a sufficiently
fast adaptive catalyst. The fast catalyst enables the system to ignore the performance reducing
effects that would otherwise be caused by the increased Helmholtz potential.

In real devices, these two behavior regimes operate in tandem - the degree depending on
the Jgs cqr €xchange current. For a photoanode with sufficient surface states, a catalytically poor
catalyst coating may outperform a catalytically superior coating, simply by limiting Jss cq¢. In terms
of the proposed mechanisms (introduction), a catalyst with poor OER kinetics tends to confer no

86



benefit to the system. However, we note that this would change if the equilibrium band bending
was influenced by the addition of the overlayer and/or if addition chemically passivated surface
states. Without these effects, the addition of the oxide overlayer improves the current only when
catalyst kinetics are sufficiently large. This improves the current (in the series model) by increasing
transfer from the surface states to the solution, and improves the V,. (in the parallel model) by

effectively bypassing the Helmholtz potential.
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CHAPTER 1V: IDENTIFYING NANOSCALE PHENOMENA AT
PHOTOELECTROCHEMICAL INTERFACES: THE PINCH-OFF EFFECT

In the previous chapter analytical expressions were developed which ultimately describe
charge transport through semiconductor/catalyst/solution interfaces. Charge transport can also be
examined experimentally with the previously described dual-working-electrode (DWE) technique.
A key strength of the DWE technique is that the semiconductor/catalyst interfacial behavior can be
monitored during photoanode operation. That is, the bias across the interface and the current
passing through it are directly observable. These observations are valuable because the
semiconductor/catalyst interface is thought to play a significant role in charge separation. In this
chapter, the DWE technique is applied to understand the semiconductor/catalyst interface of two
model systems which exhibit unexpected oxygen evolution performance. In the first model system,
photoanodes comprised of a 3-nm-thick Ni film evaporated onto n-Si exhibit significantly better
photocurrent onsets (~300 mV) than photoanodes with a 20 nm Ni film. In the second model
system, photoanodes formed from a 5-s electrodeposition of Ni nanoislands onto n-Si exhibit
significantly better photocurrent onsets (~300 mV) than photoanodes with a 60-s electrodeposition.
The difference in onset is surprising because, in each case, the photoanodes with more
electrocatalyst on the surface exhibit significantly diminished photocurrent onset potentials.

The results of these two studies indicate that the “pinch-off” effect explains the unexpected
photocurrent onset behavior. The pinch-off effect is a phenomena in which semiconductor/catalyst
junctions with poor charge selectivity (i.e. low barrier heights) become more selective through
interaction with adjacent high barrier regions. In the first body of work, published in Energy and
Environmental Science, the thinnest Ni films age during photoelectrochemical cycling to produce
a heterogenous interface. Some regions of this interface retain the original n-Si/Ni character (low
barrier) while other areas evolve to n-Si/SiOx/NiOOH interfaces (larger barrier). Charge primarily
travels through the n-Si/Ni interfaces but the selectivity is enhanced via pinch-off caused by the n-
Si/Si0x/NiOOH interfaces. In the second body of work, currently in review at Nature Materials,
the pinch-off effect is more rigorously analyzed by using potential-sensing electrochemical atomic
force microscopy (PS-EC-AFM) to directly examine the selectivity of single nanojunctions formed
between n-Si and variably-sized Ni islands. During photoelectrochemical cycling a portion of the
Ni island is converted to Ni(OH),/NiOOH and this forms a high barrier n-Si/SiOx/NiOOH interface
surrounding the n-Si/Ni interface. By PS-EC-AFM the photovoltages produced by individual nano-
interfaces are shown to increase as the island radii decreases, a result consistent with analytical

descriptions of the pinch-off effect. Discovering that the pinch-off effect is responsible for the
88



unexpected oxygen evolution performance in these two cases suggests that the effect could be used
to design improved photoanodes.

Section A, Junction Behavior of n-Si Photoanodes Protected by Thin Ni Elucidated from
Dual Working Electrode Photoelectrochemistry, contains co-authored material published as:
Laskowski, F. A. L.; Nellist, M. R.; Venkatkarthick, R.; & Boettcher, S. W. Junction Behavior of
n-Si Photoanodes Protected by Thin Ni Elucidated from Dual Working Electrode
Photoelectrochemistry. Energy & Environmental Science, 10(2), 570579 (2017).

Section B, Nanoscale Semiconductor/Catalyst Interfaces in Photoelectrochemistry,
contains co-authored material currently under review as: Laskowski F. A. L.; Oener, S. Z.; Nellist
M. R.; Gordon, A. M.; Bain, D. C.; Fehrs, J. L.; Boettcher S.W. Nanoscale Semiconductor/Catalyst
Interfaces in Photoelectrochemistry, Under Review at Nature Materials.

Prof. Boettcher and I conceived of the projects. I performed and directed experiments. I
collected data with help from S. Oener, D. Bain, M. Nellist, and A. Gordon. I analyzed data with
help from the aforementioned, as well as R. Venkatkarthick and J. Fehrs. I wrote the papers with

help from Prof. Boettcher and editorial assistance from all authors.

Paper F

Junction Behavior of n-Si Photoanodes Protected by Thin Ni Elucidated from Dual
Working Electrode Photoelectrochemistry

Forrest A. L. Laskowski, Michael R. Nellist, Radhakrishnan Venkatkarthick, and Shannon W.

Boettcher*

Broader Context

Si is a desirable photoanode material for use in photoelectrochemical water-splitting
devices. However, Si self-passivates during the oxygen evolution half reaction and requires a
protection layer to maintain high photoanodic efficiency. Thin evaporated metallic Ni layers have
been reported to protect Si while also enhancing the kinetics for oxygen evolution. Maximizing
performance of these and related protected/catalyzed semiconductors requires a fundamental
understanding of the semiconductor | catalyst | solution interface. We use dual-working-electrode
(DWE) photoelectrochemistry measurements to directly measure the interface’s electronic
properties in situ during operation. By controlling the Ni thickness (3, 5, and 20 nm), we confirm

that favorable shifts in photocurrent onset are correlated with thinner protection layers.
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Photoelectrochemical DWE measurements are used to test various prevailing hypotheses for the
origin of this behavior. We find evidence that increased photovoltage is due to the development of
a spatially inhomogeneous buried junction wherein high barrier regions arise via adventitious SiO»
growth. Thinner protection layers more readily promote this behavior by facilitating solution
permeation to the n-Si | Ni interface. Repeated electrochemical cycling of thicker catalyst layers
can achieve similar behavior and improve the photocurrent onset by as much as 300 mV. The results
are discussed in the context of the general design principles for metal-insulator-semiconductor
protected photoanodes.

Tandem photoelectrochemical water splitting devices rely on integration of a photoanode
and a photocathode for solar energy conversion to a storable chemical fuel such as H, gas. These
photoelectrodes must be simultaneously efficient and stable over the required device lifetime to
meet cost targets. To date, efficiency losses at the photoanode have been considered the limiting
factor in fabricating an efficient tandem cell. Si is a near-ideal solar material, which could be
employed in an efficient photoanode to overcome these limitations. However, Si self-passivates
under oxygen evolution conditions, forming an electronically insulating oxide. Recent work has
demonstrated that ultrathin Ni metal layers can protect n-Si photoanodes and simultaneously
enhance catalytic activity for the oxygen-evolution half-reaction. Sufficiently thin Ni protection
layers have been shown to yield enhanced photocurrent onsets, and thus performance, by providing
an anomalously large photovoltage relative to thicker layers. Using new dual-electrode
photoelectrochemical techniques, we provide a fundamental picture of the operational mechanisms
of these devices while highlighting the underlying design principles and tradeoffs. This mechanistic
insight is important in future device design for protected and catalyzed semiconductor

photoelectrodes.

1. Introduction

Solar water splitting to produce H» allows for the direct capture and storage of solar energy.
Identification of materials that are both stable and efficient remains a key challenge, particularly
for the oxygen evolution half reaction (OER). Stable photoanode materials, such as Fe;O3 or TiO»,
suffer from low photovoltages, photocurrents, or both, that severely limit water-splitting
efficiency.' Use of traditional high-quality semiconductors, such as Si or GaAs, is limited by
inherent material instabilities in aq. electrolyte or under OER conditions.>” To address stability
limitations, protective films which segregate unstable semiconductors from solution have been
developed.>®'* Ideally, protective films facilitate charge transport without impeding photoanode

efficiency; in practice, films can introduce optical losses and electrical series resistance. The
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addition of new layers can further affect interfacial recombination processes (e.g. at defects) and
interfacial band alignment, and these affects could be spatially heterogeneous. To improve
protected photoanodes the fundamental understanding of light-absorbing semiconductors in series
with OER catalysts must be expanded to account for the various effects of the protection layer.

Photoanode protection strategies can generally be grouped into four categories: thin

13,14 49,1725

“tunnel” insulators'"'*'®  thick “leaky” insulators ™%, thin conductive oxides , or thin
metals'>?*?%2% Efficiency losses introduced by the protection layer affect all these categories, but
to varying degrees. For thin tunnel oxides, parasitic optical losses are small compared to losses
from tunneling resistance as the protective film thickness increases. As thicker protection layers
afford better stability, tunnel oxide protection research has focused on minimizing charge extraction
barriers and series resistance through the oxide layer.'"**’ For thick “leaky” oxides, series-
resistance voltage losses are reduced, but the presence of conductive defect states appears to
influence the junction voltage for n-Si heterojunctions.''***! Continued research on “leaky” oxides
has focused on tuning the junction properties to control the illuminated open circuit potential (Voc).”!
Work on thin conductive oxides and thin metal protection layers has largely focused on passivation
of interface states responsible for Fermi level pinning in heterojunctions and recombination losses
in buried homojunctions.®****** Various barrier height (¢) tuning strategies have been explored
for heterojunctions in order to limit dark-current recombination losses.'*!®?""*> The optical
reflectivity and absorption properties of the protection layers have been non-trivial sources of light
loss and improving optical transmittance is an area of continued research.”>**

To better understand the fundamental interface-energetics and charge-transfer-kinetics
aspects of protection layers we investigate the metallic nickel (Ni) coated n-Si photoanodes first
studied by Kenney er al?® The Ni appears to simultaneously serve as a protection layer,
electrocatalyst for oxygen evolution (when oxidized), and some type of charge-separating
heterojunction to the n-Si. These photoanodes exhibit dynamic photoelectrochemical (PEC)
response and a high photovoltage at sufficiently thin Ni coatings (< 5 nm) relative to thicker
coatings. The origin of the photovoltage increase for thin films remains unclear but various
explanations have been suggested, including: a solution-equilibrated ¢ increase due to incomplete
screening from the Ni metal®®**%*’, the development of an “adaptive” junction® (discussed in more
detail below), and decreased optical losses for thin films®. Research on a similar architecture,
wherein metallic Co was electrodeposited as a protection layer, suggests that sufficiently thin layers

may enable an SiO, mediated surface-state passivation effect and the development of high barrier

regions. '
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We seek to identify the primary cause(s) of the apparent changes in interface energetics
and/or charge-transfer kinetics. A major consideration in doing so is evaluation of the junction
behavior for the n-Si | Ni architecture. Establishing whether the photoanode behaves in the so-
called “adaptive” regime or buried regime is one key to designing improved devices.***’ So-called
adaptive junctions are those where the changes in electrochemical potential of the catalyst under
operational conditions (i.e. due to photo-oxidation) lead to changes in the semiconductor | catalyst
interface energetics (e.g. increases in the effective interface ¢y).*’ In buried junctions the energetics
are fixed by a solid-state interface and invariant under operational conditions (e.g. a solid state pn
junction or Schottky diode, coated with catalytic material). Junction characterization, however, is
difficult with conventional PEC techniques which conflate information about the catalyst,

semiconductor, and protection layer into the combined photoelectrode current-voltage response.

metallic back contact (WE,) porous Au (WE,)
hv
‘|'¢" ______ [ AN
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Figure F.1. Schematic depicting a n-type photoanode protected with a catalyst material and
a second working electrode for DWE measurements. Fermi levels are labeled for the bulk
semiconductor (Esm), the hole quasi Fermi level (Etp), the electron quasi Fermi level (Exy), the
catalyst Fermi level (Ec:), and the solution potential (Es1). The primary working electrode (WE)
controls/senses the semiconductor potential while the secondary working electrode (WE,)
controls/senses the catalyst potential. WE; is deposited as a thin, 10 nm gold layer which results in
an electrolyte-porous but electronically interconnected surface. The effective electronic barrier

height (¢p) between semiconductor and catalyst is labeled for clarity.

Dual-working-electrode (DWE) PEC techniques enable separation of catalyst,
semiconductor, and interface effects from the overall photoelectrode response.* Measurements are
made using a second working electrode (WE>) that independently probes the catalyst potential (or
the current flowing through the catalyst) in situ, during PEC operation, while the semiconductor

potential/current is simultaneously monitored/controlled through the first working electrode (WE;).
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The technique was used previously on model TiO, single-crystal electrodes which provided a well-
defined and stable semiconductor | catalyst junction.*®** The DWE experiments demonstrated that
electrocatalysts deposited on TiO, can yield either buried or adaptive junction behavior, depending
on catalyst preparation. Electrolyte-permeable catalyst layers, arising from electrodeposition of Ni
oxyhydroxide or hydrated iridium oxide, produced adaptive junctions with high photovoltages,
consistent in magnitude with the TiO; flat band position and bandgap.***' Electrolyte impermeable
layers composed, for example, of annealed nanocrystalline IrO», produce buried junctions that had
small and static barrier heights, resulting in low photovoltages. The presence of such distinct
junction behaviors based on catalyst permeability indicates that control of the semiconductor |
catalyst interface is a critical design principle for enhancing photoanode performance.®*°

Here we use DWE photoelectrochemistry to systematically probe interface energetics and
efficiency loss mechanisms in Ni protected n-Si photoanodes. We establish that resistive and
optical losses are not instrumental in producing the anomalously high photovoltage of sufficiently
thin Ni protection layers relative to thicker ones. While potential cycling under illumination
consistently improves photoanode response, concomitant with oxidation of the Ni layer to form
Ni(Fe)OOH, DWE experiments reveal that even the conditioned devices do not behave as adaptive
junctions. The data suggest that these devices are, in fact, spatially inhomogenous buried junctions.
These results are generally useful in understanding n-Si protection strategies and are applicable for

enhancing photoanodes reliant on transition metal and/or thin conductive-oxide protection.

2. Methods
2.1 Photoanode Fabrication and Electrochemical Characterization

P-doped [100] n-Si wafers (resistivity ~0.1 ohm-cm) were cleaned by sonication in iso-
propyl alcohol (IPA) for 10 min, dried under N, and diced into 1 x 1 cm squares. Ni films were
deposited onto the squares, without etching the native oxide, by thermal evaporation at ~ 0.1 A s™
from an Al;Os-coated W boat (Kurt Lesker) using Ni powder (Alfa Aesar ~120 mesh). Ohmic
contact was achieved via wetting the back surface with Ga-In eutectic, placing a Sn-Cu wire within
the eutectic, and fixing both in place with epoxy (Loctite Hysol 1C). The Sn-Cu wire was then
threaded through a 3.5-mm-diameter glass tube and the n-Si chip was affixed to one end with epoxy.
A standard activation protocol was used, unless otherwise noted, to achieve reproducible
electrochemical behavior. Electrodes were electrochemically cycled 50 times at 100 mV s™'. For
each cycle the anodic sweep was terminated 200 mV past the Ni(OH), oxidation peak and the
cathodic sweep was terminated 200 mV negative of the NiIOOH reduction peak. This range was

found to be ideal across all experimental configurations; notably, cycling procedures with more
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anodic sweeps appeared to promote bubble-mediated mechanical exfoliation of the Au WE; contact
for DWE devices.

For long-term cycling experiments an additional layer of Ni was electrodeposited to
increase stability of the Au WE; contact. This was accomplished by photodeposition under 1 sun
illumination in a 0.1 M NiCl,/ 1.0 M potassium-borate (K-borate) solution. During illumination,
an anodic current (0.1 mA cm™) was passed through each electrode for 2 min and the electrodes
were then cycled 50 times as described as the standard activation above. Electrodes were removed
from the NiCl, solution before characterization.

Application of the WE; contact is challenging. Au layers must be sufficiently thin as to
allow solution to reach the electrode; a relatively smooth deposition surface is therefore required
to retain lateral electrical contact across the Au film. Additionally, ultrathin Ni layers used in this
study increase the likelihood of direct shorting from the Au WE; layer to the Si. Prior to Au
deposition Ni coated wafers were plasma cleaned for 10 min and thermally annealed for 5 min at
150 °C on a hot plate. Electrodes were then electrochemically cycled as described above and rinsed
with 18.2 MQ-cm water. The Au WE, was then deposited on a subset of the samples (~ 2 A s™).
The optimal Au thickness for WE; was found to be ~ 10 nm. Samples were tested for shorting (i.e.
direct Au contact to n-Si) with dry two-electrode current-voltage measurements (see supporting
information (SI) Section F.S1 for additional details). Despite recent reports of Au mediated
catalytic enhancement, we note no significant enhancement to the OER kinetics upon deposition
of the Au contact.*? This discrepancy is likely due to the thicker Ni(OH), layers generated in our
study, where ~19 monolayer equivalents are calculated via redox integration for the devices
protected by 3 nm of Ni. However, parasitic optical absorption by the Au causes the limiting
photocurrent densities to decrease. Comparison of limiting photocurrent densities before and after
Au application reveals a transmittance through the thin Au of 54% + 1%.

Electrochemical characterization was conducted using a BioLogic SP200 bipotentiostat.
Electrodes were characterized in a three-neck flask containing 50 mL of aq. 1 M potassium borate
(K-borate) buffered to pH ~9.5. For photo-electrochemical characterization, a solar simulator (Abet
Technologies, model 10500) was calibrated to deliver ~1 sun AM1.5G illumination at the electrode
surface. A Pt counter electrode and an Ag/AgCl reference electrode were used to collect cyclic
voltammetry data without iR compensation. Prior to characterization the cells were sparged with
O, flow for 10 min; mild stirring was used during characterization.

For Fe-free studies a previously described procedure was used to produce Fe-free K-borate
electrolyte.* In short, 2 g of 0.99% Ni(NO;); was dissolved in 4 mL of 18.2 Q-ohm H,O and then

precipitated with 20 mL of semiconductor grade KOH. The solution was agitated for 10 min,
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centrifuged at 7000 rpm for 5 min, and the supernatant was decanted. Two more wash cycles were
employed to remove nitrates; in each 20 mL of 18.2 Q-ohm H,O and 2 mL of KOH were added to
the precipitate, it was redispersed, agitated for 10 min, centrifuged at 7000 rpm, and decanted. K-
borate buffer was added to the Ni(OH), powder, agitated for 10 min, and the solution was left to
sit for 24 h. The solution was then centrifuged at 7000 rpm for 5 min and the supernatant was
collected for use as electrolyte. To prevent possible Fe leaching associated with glass
electrochemical cells, a custom HDPE cell was employed with a quartz window. Electrodes
fabricated for Fe-free experiments used hot glue in place of epoxy (due to Fe leeching from the
latter).* Fe incorporation experiments were accomplished by addition of 10 uL of 0.1 M Fe(NO3),
(to 50 mL of Fe-free K-borate present in the electrochemical cell) followed by gentle stirring for
~10s.

Measurement of precise photocurrent onset potential shifts is experimentally challenging
due to the proximity of the NIOOH anodic redox peak. To overcome this, photocurrent onset shifts
were calculated at a current density where the onset slope was clearly distinguishable from the

anodic redox peak. The specific current density used is explicitly stated for each measurement.

2.2 Material Characterization

Elemental and oxidation state composition analysis was accomplished via X-ray
photoelectron spectroscopy (XPS) using an ESCALAB 250 ThermoScientific with an Al Ka
monochromated source (150 W, 20 eV pass energy, 500 pm spot size). Depth profiles were
performed with an Ar sputter (2 keV, 3 pA, 5 s step”, 4 mm?® spot). Peaks were fit using
ThermoScientific Avantage 4.75 software and cross referenced to the NIST database. Scanning
electron microscopy (SEM) analysis was accomplished with a Zeiss Ultra SEM (5 keV, 30 um
aperture). Atomic force microscopy (AFM) data was collected with a Bruker Dimension Icon using
tapping mode and a Tespa v2 probe (scan rate 1 Hz, 512 lines). Nanoscope v1.5 software was

employed for 1* order flattening of all AFM data.

3. Results and Discussion
3.1 Photoelectrode and Junction Behavior as a Function of Ni Thickness

To understand the n-Si | Ni interface and photoelectrode response, we first measured the
photoelectrode properties as a function of the Ni film thickness (Figure F.2). As the film thickness
increases from 3 to 20 nm, the light-limited photocurrent density decreases and the photocurrent

onset shifts anodic (i.e. the photovoltage generated by the n-Si | Ni interface decreases). The
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decrease in photocurrent is easily explained by increased parasitic optical absorption as the Ni layer

increases in thickness (illumination is incident on the system from the catalyst side of the device).
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Figure F.2. Comparison of WE1 and WE?2 for devices with varied Ni thickness. (a) [lluminated
cyclic voltammetry comparison of 3, 5, and 20 nm thermally deposited Ni films on n-Si. An optical
filter, comprised of 17 nm of Ni deposited on a transparent quartz slide, is placed between the 3 nm
coated photoanode and the light source. (b) Illuminated photocurrent onsets of n-Si with 10 nm Au
deposited prior to the 3 nm and 20 nm thick Ni layers. Both experiments were performed under 100

mW cm? of AM1.5G solar simulation in pH 9.5 K-borate buffer.

The shift in onset potential, however, cannot be explained by the decreased optical
transmission through the Ni protection layer for thicker films. The photoelectrodes with 20 nm Ni
show a ~340 mV anodic shift in the onset potential relative to those with 3 nm Ni (when measured
at 2.5 mA cm™ photocurrent density). The ideal diode equation, however, predicts only a ~60 mV
decrease in junction photovoltage for each order-of-magnitude decrease in photocurrent. When the
light intensity is reduced on the photoelectrode with 3 nm Ni by use of an inline optical filter
(consisting of 17 nm of deposited Ni metal film on quartz), only a small ~60 mV shift in onset
potential is observed (when measured at 2.5 mA cm™ photocurrent density) for a ~6-fold decrease

in photocurrent. These experiments demonstrate that the fundamental junction properties of the n-
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Si | Ni interface — and thus ability to generate photovoltage — depend sensitively on the thickness
of the Ni layer.

The voltammetry in Figure F.2 features the characteristic wave associated with, nominally,
nickel hydroxide/oxyhydroxide redox, Ni(OH), + OH" — NiOOH + H,O + ¢". The position of the
wave in Figure F.2a depends on the thickness of the Ni layer protecting the n-Si electrode,
consistent with the above conclusion that photovoltage generated by the n-Si | Ni interface is
dependent on the Ni thickness. For the 3 nm, 5 nm and 20 nm thick Ni films, the integrated intensity
corresponds to ~ 71, 21, and 5 % of the total Ni atoms in the film, respectively. This measurement
therefore illustrates that for the thin films, the majority of the initial metallic Ni film is oxidized to
NiOOH during operation; while for the 5 and 20 nm films significant areas of metallic Ni remain,
and likely producing a buried n-Si | Ni junction (see below). This finding is consistent with X-ray
photoelectron spectroscopy (XPS) elemental depth profile showing persistent metallic Ni trapped
below an outer oxidized Ni layer after 5 h of continuous PEC operation.”®

To confirm that OER onset shift is largely dictated by junction properties, control samples
were fabricated where a 10 nm Au interlayer was deposited between the Ni and n-Si (Figure F.2b).
In doing so, the interface is controlled by the n-Si | Au Schottky junction and energetic losses
associated with the bulk catalyst layer are distinguishable from Ni-thickness-dependent junction
effects. The n-Si | Au with 20 nm Ni exhibits an anodic onset shift of ~50 mV at 2.5 mA c¢cm™
relative to the n-Si | Au sample with 3-nm Ni. This shift is attributed to parasitic optical absorption
in the thicker Ni that lowers the minority carrier injection level and thus photovoltage (in agreement
with the optical filter experiment shown in Figure F.2a). Both electrodes have similar shaped
photocurrent onset profiles, indicating no significant difference in the electrical resistance of the
catalyst layer, in contrast to thin oxide protected photoanodes where charge extraction barriers and
series resistance can be significant.'""**’ These control samples corroborate the previous analysis,
indicating that the ~340 mV onset shift between n-Si photoanodes protected with 3 nm and 20 nm

Ni coating is due to changes in the details of the photovoltage-generating n-Si | Ni interface.

3.2 Effect of electrochemical “activation”

The observations that the 3 nm Ni layers generate higher photovoltage and also exhibit
~70% redox-active Ni species (oxidized to NiOOH under operating conditions) suggest that
oxidation of the protection layer is linked to increased performance. To test this hypothesis, we
studied the junction properties as a function of electrochemical activation (Figure F.3). Samples

were fabricated with 5 nm Ni and 10 nm of (electrolyte-permeable) Au as a top contact to serve as
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WE,. NiOOH was then photodeposited on top of the Au to improve long-term stability during

cycling and DWE experiments by slowing the apparent delamination of the Au top contact.
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Figure F.3. Illuminated cycling of n-Si protected with S nm Ni in pH 9.8 K-borate buffer. To
fully capture catalyst activation, the electrodes were not pre-activated in this experiment. (a)
Cycling of WE; results in a ~300 mV OER onset shift. (b) [lluminated catalyst WE; response on
the same electrode exhibits little change after the initial 50 cycles. The integrated charge in the Ni
redox waves measured at both WE; and WE; are similar for the first 200 cycles (after which the
sample begins to degrade). For example, at cycle 50 both cathodic waves measured at WE; and
WE; both yield 17 mC of charge. This suggests both WE; and WE, are interrogating the entire
catalyst film.

The illuminated photoanode performance improves notably over the first 250 CV cycles
(Figure F.3a), with the photocurrent onset potential shifting by ~300 mV and the light-limited
photocurrent increasing by a factor of 1.5. The change in photocurrent density is attributed to
partial dissolution of the photo-deposited NiOOH/Ni(OH),, which parasitically absorbs light. The
change in photocurrent onset could be due to two factors, (1) increased catalytic activity as the Ni
is electrochemically conditioned to form Ni(Fe)OOH, and/or (2) increased junction photovoltage
induced by the same oxidation of Ni.*****4¢ Using the DWE approach we can differentiate between
these two possibilities. Figure F.3b shows the voltammetric response of WE,, which is directly
connected to the catalyst layer. After the first 50 cycles the electrocatalytic current onset measured
directly through WE; reaches a nominal steady state, while the photocurrent onset measured
through WE, continues to shift cathodically. Of the ~300 mV shift measured via WE; at 10 mA
cm?, only ~110 mV can be explained by the increased catalytic activity measured through WE,.
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This finding reveals that most of the activity enhancement when cycling arises from an increase in
junction photovoltage. The increased junction photovoltage is further corroborated by the cathodic
shift in the oxidation peaks through WE; (Figure F.3a) and the absence of a comparable shift
through WE; (Figure F.3b).

To confirm this result, control devices were again fabricated by depositing a 10 nm Au
interlayer between the n-Si and Ni (see SI Section S2). For the control samples, the catalyst activity
measured through WE; once again saturates after 50 cycles and little shift in the Ni redox wave
potential is observed. When illuminated J-E curves are measured through the semiconductor (WE),
no significant shifts in the photocurrent onset or Ni redox wave potential are found. These
observations are consistent with the expected behavior of the buried n-Si | Au junction in series
with the Ni-based catalyst layer and further indicate that the cathodic shifts in photocurrent onset
are produced specifically by changes to the n-Si | Ni junction.

After long-term cycling, the performance of all the Ni-protected photoanodes declines (see
SI Sections S2 and S3). For n-Si with 5-nm Ni this begins at ~350 cycles. On samples with only 2
nm of Ni the deactivation occurs over the first 20 cycles. During the deactivation process the Ni
redox peaks split successively further apart with cycling and decrease in intensity, while the slope
of the photocurrent onset decreases. These observations are consistent with oxidation of the
underlying n-Si to form a SiO; layer that blocks current flow by presenting a large series resistance.
n-Si protected only with Ni (oxy)hydroxide catalysts deposited by cathodic electrodeposition or
photo-assisted anodic electrodeposition, which are known to be completely electrolyte permeable,
also degraded quickly, within 10 CV cycles (see SI Section S3). Furthermore, related work on PEC
ageing of n-Si photoanodes protected with Ni has revealed pinhole formation in thin ~2 nm
protection layers and pitting behavior in thicker ~10 nm protection layers.’ In both instances, after
sufficient PEC ageing, the growth of interfacial SiO, was apparent by XPS elemental depth
profiling and more-prevalent in areas with pinholes/pitting.

The results discussed above suggest that photovoltage increases are connected to increased
Ni porosity and/or thin adventitious SiO, growth. Thicker Ni films on n-Si do not fully activate,
and therefore the photoelectrodes with such films appear to be limited by the small n-Si | Ni
Schottky barrier.*”** Ni films that are too thin (e.g. 2 nm), or catalysts consisting only of electrolyte
permeable Ni (oxy)hydroxide, generate relatively large photovoltages but cannot protect the
electrode from oxidation. Intermediate thickness Ni films (3-5 nm) provide a degree of protection,

while simultaneously providing for large photovoltages.
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3.3 Elucidation of junction behavior through dual working electrode photoelectrochemistry

Understanding the junction behavior (e.g. adaptive, buried, or mixed) for the n-Si with
optimal Ni thickness of 3-5 nm may provide general insight into interface design for
catalyzed/protected photoanode devices. To distinguish between these junction behaviors, and to
identify the source of photocurrent onset enhancement, we employ DWE PEC techniques (first
demonstrated on TiO, model systems®). To test for the presence of adaptive behavior in the n-Si
with 3 nm of Ni, the catalyst potential E: (sensed with WE») is measured as a function of the
semiconductor potential Fgm controlled by WE, (Figure F.4). The measured response shows three
distinct regions, discussed in detail below.

At low potentials (i.e. cathodic of -0.25 V vs. Eq, ,oy-) the apparent Eca is not affected by
changes in Eem. [llumination also has no effect on the measured catalyst potential and Eca slowly
drifts cathodic with time. This behavior is consistent with the surface of the Ni catalyst being
converted to Ni(OH),/NiOOH during activation. When WE; is poised between -0.7 and -0.25 V vs.
Eo,/ou-» the catalyst layer remains in the reduced Ni(OH), form because the photovoltage
generated by the junction is not sufficient to drive the oxidation to (nominally) NiOOH. Ni(OH)
is highly electrically resistive and thus WE; is electrically isolated from the semiconductor surface
and remains unable to measure a meaningful catalyst potential.

At Eem =~-0.2 V vs. Eg, /on-, Ecat rapidly increases to ~0.25 V vs. Eg, jon-, a potential
that is sufficient to oxidize the catalyst to electrically conductive NiOOH.**4¢ A ~440 mV
interface photovoltage is directly measured between the electrically conductive Ni/NiOOH and the
n-Si. When Egemis between -0.2 and +0.2 vs. Eg, jon~, Eea changes linearly with Eem with a slope
of ~1. This suggests a type of buried-junction behavior which will be discussed in detail below.

For Esem > 0.25 vs. Eg, jon~» Eea saturates at ~0.55 vs. Eq, o~ This is consistent with
the constant photocurrent measured in this potential regime. Because current through the
semiconductor and catalyst systems must be conserved, a constant photocurrent through WE; leads

to a constant catalytic current and thus constant Ec, as measured with WE,.
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Figure F.4. Catalyst electrochemical potential sensing via WE2. Illuminated (100 mW cm™)
chronoamperometry experiments for n-Si protected with 3 nm Ni (red) and intentionally buried
with 10 nm Au + 3 nm Ni (black). Samples were activated in pH 9.8 K-borate buffer. Data was

recorded after a 3 min equilibration at each constant potential.

The samples are compared to intentionally buried controls where 10 nm Au is deposited

between the n-Si and Ni layers (Figure F.4 — dark grey curve). From -0.5 to +0.3 V vs. Eg, 01>

Ec 1s a linear function of FE.m indicating that any potential changes applied to WE; drop
predominantly at the catalyst | solution interface — as expected for a buried junction device.** At
more-positive Esm, Eca again saturates, as the photocurrent becomes constant and the applied
potential drops across the buried junction instead of the catalyst | solution interface. The limiting
Ecy for the control samples is lower than for the n-Si | Ni samples because the additional light-
blocking Au layer results in lower saturated photocurrent. The fact that no “non-conductive”
catalyst region is observed suggests pinholes that provide electrical conductivity between the two
Au layers for this control sample. The fact that the both intentionally buried control sample and the
n-Si with 3 nm of Ni exhibit the same linear Eca vS. Esem response over the region where the catalyst
is conductive suggest the n-Si | Ni junction is behaving as a buried system.” By contrast,
simulations show that an adaptive junction would typically produce a switching behavior (slope of
Ecat vs. Esem >>1) over a narrow WE,; potential range before saturating, as is observed for the
TiO2/NiOOH junction.*®*%%

To further understand the nature of the buried junction we measured the dark J-E response
of the junction directly (Figure F.5). Eca is held fixed versus the reference through WE,, while Esem

is swept linearly through WE,. For Ect = 0.0 and 0.1 V vs. Eg, on-, the catalyst is reduced and
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electrically insulating, yielding the J-E curves that are highly resistive in both scan directions. For

Eeax = 0.3, 0.4, and 0.5 V vs. Eg, /o1~ the catalyst is oxidized and electrically conductive. The

current voltage curves are highly rectifying, but their magnitude and shape in both forward and
reverse bias are nearly identical for these Eca. This behavior demonstrates that the interface ¢y (i.e.
energetics) is unaffected by changes in catalyst potential and further suggests that the junction is
buried, in contrast to that observed for adaptive junctions such as TiO,/NiOOH.**

The intentionally buried control samples with Au in between the Ni and n-Si were also
tested (see SI Figure F.S3). As expected, these samples exhibited buried junction behavior where
the J-E curves remained independent of E.y for all applied potentials when normalized to the
junction voltage. The same buried-junction behavior was observed when electrolyte-impermeable

IrO, was deposited on the Ti0,.*

3 1 2 1 2 1 " 1 L 1
{n-Si |5 nm Ni| 10 nm Au 100mvs'h
24 =° R
o @ 2
11 Y osvi|
1 lov
0 04 00 04 08 12
= -1 - E Vs_'rEoerH i
= . [
5 24 collapsed saturation |

SN

-4 4 non-conductive

{ region E,=05V

E, =0V

100 mV s'[
-6 T v T ¥ T T T ¥ T
-1.0 -0.5 0.0 0.5 1.0
Junction Voltage (E__-E

sem- cat)

Figure F.5. Dark J-V characteristics for the 5 nm n-Si photoanodes. The inset shows the same

data but with Esm referenced to the solution potential as the x-axis.

3.4 In-situ Tuning of Catalyst Activity to Assess Interface Properties

Fe cation impurities in electrolyte media have been shown to dramatically increase the
OER activity of Ni-based catalysts.*® This effect provides a method for changing the catalyst
activity in situ, for the same electrode, without significantly affecting other junction properties. For
a buried-junction photoelectrode, reduction of the catalyst overpotential corresponds directly to
cathodic shifts in the catalyzed photoelectrode three-electrode J-E behavior, while for an adaptive
junction this is not typically the case.*®*’ Here, DWE electrodes with 3 nm of Ni deposited were

cycled (as per the activation protocol) in Fe-free electrolyte until the WE, catalyst activity saturated
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(typically after ~50 cycles). Voltammograms were collected through WE; under illumination
beginning one cycle before Fe was introduced. Voltammograms were also collected through WE,
before and after Fe incorporation. Fe incorporation cathodically shifts the photocurrent onset
potential by ~120 mV when measured through WE; at 10 mA/cm? (Figure F.6). Similarly, when
measured through WE; the onset dark catalytic onset shifted by ~100 mV at 10 mA/cm? (see SI
Section S5 for additional information). These results indicate that the photocurrent onset of the
activated n-Si | Ni system is enhanced almost entirely through increased activity of the catalyst and
not via a change in junction dynamics. Direct measurements of the junction photovoltage before
and after Fe incorporation confirm that the photovoltage is unaffected by Fe incorporation. These
results are expected for a photoanode in which the critical junction is buried and ion-impermeable,
with the Fe thus only modulating the catalyst activity. We note that different behavior was found

for similar experiments on adaptive TiO, | Ni(Fe)OOH junctions.®®
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Figure F.6. Illuminated PEC response due to Fe incorporation as measured through the
semiconductor electrode and the catalyst electrode (100 mW cm). Data through the
semiconductor electrode was collected continuously; Fe was introduced at the beginning of cycle
1 (where cycle 1 is the first cycle after the activation protocol). Data through the catalyst electrode

was collected before and after the semiconductor CVs.

3.5 Physical picture of junction behavior

The data and analysis presented above can be used to develop a physical picture for the Ni-
coated n-Si system. For thick Ni layers, the behavior is consistent with the presence of a buried
junction (generating a small photovoltage) in series with surface oxidized Ni (nominally

Ni(Fe)OOH) serving as the OER catalyst. For very thin films (~2 nm Ni) or for films composed of
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directly (photo)electrodeposited NiOOH, the n-Si rapidly passivates and no stable photoelectrode
response is observed. For intermediate layer thicknesses (3-5 nm of Ni) both comparatively large
photovoltages and relatively stable responses are exhibited. All the DWE PEC analyses indicate
that samples with 3-5 nm Ni form buried junctions with the underlying n-Si, despite the catalyst
layer being largely comprised of redox active and thus electrolyte-permeable Ni(Fe)OOH after
activation. XPS depth profile analysis of these samples, after activation, show the presence of
residual metallic Ni as well as nickel silicides (see SI Section S6). Simultaneous examination of
the Si regional spectra, indicates that the metallic Ni is in close proximity with the n-Si (SI Figure
F.S9).

These data are consistent with a picture where (1) protective metallic Ni regions are
retained despite electrochemical cycling, providing low resistance pathways for photo-generated
hole collection, and (2) the remainder of the surface is passivated n-Si | SiO; | Ni(Fe)OOH resulting
in an interface ¢y, increase relative to the pre-cycled samples. Such an interface might be considered
a spatially “inhomogeneous” buried junction. Evidence for junction inhomogeneity is observed for
many of the photoelectrodes with 3-5 nm Ni (see SI Section S7 for additional information). For
example, in Figure F.6, light-limited photocurrent does not saturate at a constant value as Esem 1S
raised to more-anodic potentials. The sloped photocurrent in reverse bias is not accounted for by
the dark voltammetry (which show negligible dark current) and generally becomes more
pronounced with continued cycling. This effect can be explained if the majority of the n-Si surface
is comprised of a sufficiently thick SiO, layer that prevents hole transfer to the catalyst. All the
photocurrent must thus travel to regions of retained Ni metal where it can be collected (likely across
a much thinner native oxide layer). Collecting photocurrent to these small regions and driving it
across a resistive contact likely leads to additional voltage losses and produces potential-dependent
“saturated” photocurrents.

In the above physical picture, increased photovoltage may be explained by the “pinch-off”
effect. With sufficient spatial heterogeneity, carrier depletion required to reach charge neutrality in
the high-barrier regions can spill into the low-barrier regions and increase the local built in potential
(Vvi). Although current still travels through the low-barrier regions of retained Ni metal islands, the
added band bending effectively increases the ¢y of this current pathway. The low-barrier region is
then said to exhibit a pinched-off “saddle point” because the resulting ¢y, vs. distance profile of the
region is a non-constant “saddle” buoyed between two high-barrier regions. The effective barrier
height (@) of the spatially heterogeneous contact is greater than the ¢, generated by homogenous
contact of the low-barrier materials.’*>* Suppression of dark conduction current, due to the increase

in @vefr, results in a photocurrent onset shift to more cathodic potentials. This physical picture,
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where the cathodic shift in the photocurrent onset is mediated by an inhomogenous buried junction,
is also in agreement with recent Co | n-Si work where inhomogeneous barriers were proposed to

arise given sufficiently thin electrodeposited metallic Co.'?
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Figure F.7. Schematic of ultrathin Ni protection on n-Si. Adventitious SiO: passivates the edges
of Ni regions producing higher photovoltages via the pinch-off effect.

The development of high-barrier-height regions is likely a byproduct of Ni oxidation and
Si0, formation during OER conditions. The pre-activated junction is expected to be pinned by the
metallic Ni work function and/or by any interface defect states introduced during thermal
evaporation of Ni.*® As the photoanode is cycled, the majority of the Ni oxidizes and adventitious
SiO, forms where semiconductor-solution contact occurs. Adventitious SiO, can then suppress
pinning by spatially separating the Ni from the n-Si, causing the n-Si Fermi level to equilibrate with
defect states in the SiO,. Adventitious SiO, may also passivate shallow defect states responsible
for pinning the n-Si Fermi level. Discerning between these possibilities is difficult. However, both
are similar in that they produce a higher ¢, by decreasing relatively shallow Fermi level pinning.
Interface defect pinning has recently been reported in a number of NiO,-based TCO protection
strategies on n-Si photoanodes. Passivation of these defects with a thin ALOs interlayer”, and

9,21,35

separately with a thin SiO./CoOx bilayer , was demonstrated to significantly enhance the

respective photovoltages. Similarly, recent work relying on TiO; and Ir metal protection has shown
that defect-heavy SiO; layers may limit attainable photovoltages.?-*

The process of adventitious SiO, growth has been examined by Han et al. in their study on
PEC ageing of Ni protected n-Si photoanodes.® Over 6.5 days of continuous PEC activity using n-
Si coated with ~5 nm of Ni, they document progressive increases in surface roughness (consistent
with transformation to Ni(OH),/NiOOH), the formation of large holes in the Ni film, and a 0.4 nm

increase in interfacial SiO; thickness. In parallel analysis with ~2 nm Ni protection layers and 24 h
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of continuous PEC testing, they document the formation of solution-permeable pinholes (ultimately
leading to complete passivation) and a 1.2 nm increase in interfacial SiO, thickness. In our
assessment, the decreased lifetime and the increased adventitious SiO, growth exhibited by their
~2 nm Ni protected devices is attributable to the ease with which solution can reach the n-Si | Ni
junction. For thinner protection layers, solution not only permeates over a quicker timeframe but
also through more areas of the film. For our results, this ease of solution permeability explains why
thinner depositions exhibit higher photovoltages after shorter durations of PEC testing.
Adventitious SiO, growth more readily occurs through thinner protection layers and rapidly
produces high-barrier pinched-off Ni regions (schematic in Figure F.7). This interpretation is
supported by AFM and SEM analysis (SI Figures F.S14 and F.S15, respectively) on the electrode
before and after PEC cycling that show increased morphological heterogeneity and surface
roughness. It is also supported by XPS depth profiling, which confirms the presence of persistent
metallic Ni near the n-Si | Ni interface after cycling (SI Figures F.S9, F.S10, and F.S12).

Our analysis is thus different than that of other contemporary junction behavior hypotheses,
where photocurrent onset improvements are thought to arise as a result of semiconductor
equilibration with the solution Fermi level.**%*" In this view, a high V4 occurs when the solution
is only partially screened by a sufficiently thin/porous Ni protection layer. Since the semiconductor
passivates upon solution contact, photocurrent must still travel through Ni before reaching the
solution, even in regions of partial screening. Pinholes in the Ni that could give rise to partial
screening, by allowing solution-semiconductor contact, likely passivate with SiO,. To identify the
extent of n-Si electronic equilibration with the solution Fermi level, open circuit photovoltages
were measured with two different redox electrolytes: 100:1 and 1:100 ferri:ferro cyanide (10 mM).
Despite spanning a solution potential range of ~240 mV the measured open circuit photovoltages
were statistically identical (436 = 21 mV and 445 = 9 mV for the 1:100 and 100:1 solutions,
respectively). Since solution potential does not significantly affect the open circuit photovoltage,
we conclude that partial solution screening does not occur. If partial screening were occurring, we
would also expect to observe some adaptive character as the Ni(OH),/NiOOH phase equilibrates
with the semiconductor. Lack of adaptive behavior corroborates the open circuit photovoltage data
and suggests that increased ¢y is not caused by incomplete Ni screening.

Our electrochemical analysis also contrasts with suggestions that improved photocurrent
onset is caused by the development of adaptive behavior given sufficiently thin protection layers.®
Instead, our results indicate that the device behaves as a buried junction for all Ni protection-layer
thicknesses tested. Results compare well to work on Co-protected n-Si by Hill et al. wherein

photocurrent onset enhancements where attributed to SiO, mediated surface state passivation and
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the development of spatially inhomogeneous high-barrier regions.'” They speculate that high-
barrier regions arise when n-Si electronically equilibrates with redox active CoOOH located on the
edges of nanometer scale Co islands. Using the DWE approach, we demonstrate that the analogous
equilibration with NiIOOH does not take place for Ni-protected n-Si. Results in Figures F.4, F.5,
and F.6 all depict buried-junction behavior, indicating that ¢, is independent of the
Ni(OH),/NiOOH Fermi level.

Conclusions

We used a number of DWE PEC techniques to analyze the junction behavior of n-Si
protected by thin Ni coatings. This work therefore provides for the first time a direct measurement
of the catalyst | semiconductor junction behavior in-situ for a small bandgap photoelectrode,
building substantially on our previous initial report of using DWE PEC to study catalyzed TiO;
model systems. We found that, contrary to previous hypotheses, the improved photocurrent onset
potential at sufficiently thin Ni coatings is not due to the presence of adaptive junction behavior or
incomplete screening effects. Across all Ni thicknesses studied, the photoanodes solely exhibited
buried-junction behavior. Devices with sufficiently thin Ni layers, i.e. those with improved
photocurrent onset, displayed characteristics consistent with a spatially heterogeneous junction. We
suggest that the formation of high-barrier regions is due to in situ adventitious SiO, growth, which
decreases shallow Fermi-level pinning, and that low barrier regions are due to remaining metallic
Ni contacting the Si. This hypothesis is supported by PEC data as well XPS depth profiling that
shows both oxidized and reduced Ni species in the film (SI Figure F.S9). Although direct
measurement of the pinch-off effect is experimentally difficult, future directions could employ
Auger depth profile spectroscopy and/or in-situ current-sensing electrochemical atomic force
microscopy (EC-AFM) to spatially resolve and correlate pinched-off-region chemical features and
electronic properties, respectively.>*

The inability to observe adaptive junction behavior on Ni-protected n-Si photoanodes is
likely broadly applicable to catalyzed Si photoanodes where the catalyst layer is in direct contact
with the Si. If the catalyst layer is electrolyte permeable, and thus allows the formation of an
adaptive junction where catalyst charging modulates the effective interface barrier height, then the
Si surface oxidizes to prevent current flow and the device quickly loses functionality. If the catalyst
layer retains metallic or dense-oxide components in contact with Si, then it forms a buried junction
whose interface properties are unlikely to be optimal for generating a high photovoltage in Si.

In light of these findings, it appears that Si photoanode design should focus on engineering

buried junctions for high photovoltage output while engineering low resistance electrical contact
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to the catalyst layer. A number of recent examples that follow this approach have been reported in

SILI4192129 Other viable approaches might make use of engineered micro or

the literature.
nanopatterning of the charge-collecting contacts (that are electrically in contact with the catalyst
layer), while leaving the rest of the surface passivated behind a thick chemically inert oxide that
passivates the Si surface to recombination and to corrosion, similar in design to the so-called point-

contact photovoltaic cell.**’
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Nanoscale Semiconductor/Catalyst Interfaces in Photoelectrochemistry
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Bain, Jessica L. Fehrs, Shannon W. Boettcher*

1. Introduction

Semiconductor structures (e.g. films, wires, particles) used in photoelectrochemical
devices are often decorated with nanoparticles that catalyze fuel-forming reactions, such as water
oxidation, hydrogen evolution, or carbon-dioxide reduction. For high performance, the catalyst
nanoparticles must form charge-carrier-selective contacts with the underlying light-absorbing
semiconductor, facilitating either hole or electron transfer while inhibiting collection of the
opposite carrier. Despite the key role that such selective contacts play in photoelectrochemical
energy conversion and storage, the underlying nanoscale interfaces are poorly understood because
it is challenging to directly measure their properties, especially under operating conditions. Using
an n-Si/Ni photoanode model system and potential-sensing atomic-force microscopy, we measure
interfacial electron-transfer processes and map the photovoltage generated during
photoelectrochemical oxygen evolution at nanoscopic semiconductor/catalyst interfaces. We
discover interfaces where the hole-selectivity of low-Schottky-barrier n-Si/Ni contacts is enhanced
via a nanoscale size-dependent pinch-off effect produced when surrounding high-barrier regions
develop during device operation. These results thus demonstrate both the ability to make nanoscale
operando measurements of contact properties under practical photoelectrochemical conditions and
illustrate a design principle to control the flow of electrons and holes across catalyst/semiconductor
junctions broadly relevant to different photoelectrochemical devices.

Nanoscale interfaces play a central role in devices for photoelectrochemical energy

conversion and storage. Catalyst nanoparticles are often sparsely deposited onto photoactive
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semiconductors such that they selectively collect either electrons or holes, drive fuel-forming
reactions at low overpotentials, and minimally block incoming light'. The properties of the
resulting semiconductor/catalyst nanojunctions are likely heterogeneous and vary substantially
based on surface treatment, deposition method, particle size, or with electrochemical
conditioning®®. Additionally, heterogeneous nanoscale interfaces may be formed during device
operation from initially homogeneous interfaces. For example, Ni catalyst films on n-Si
photoanodes are thought to transform into isolated nanojunctions during photoelectrochemical
operation®’. Heterogeneous nanoscale catalyst/semiconductor interfaces are difficult to
characterize electrically, especially with the required nanoscale resolution under relevant
photoelectrochemical conditions. While the properties of uniform planar semiconductor/metal
interfaces (Schottky contacts) have been studied in detail and provide a valuable reference®, large
changes in interfacial electrical behavior occur as the contact dimensions approach or become
smaller than the semiconductor depletion width (~10 — 1000 nm)’.

Techniques have been developed for mapping heterogenous interfacial properties in
photovoltaic and (photo)electrochemical systems. Nanoscale open-circuit-voltage mapping of
solid-state photovoltaics is possible via Kelvin-probe force microscopy (KPFM)'’. The application
of KPFM, or related electrochemical-force microscopies'!, to (photo)electrochemical systems are
challenged by the presence of practical electrolyte concentrations'?. Photoconductive atomic-force
microscopy (AFM) has been used to illustrate heterogeneous electrical-transport properties in
semiconductor photoelectrodes'?, but the measurements are performed ex-situ and the details of
how nanoscale electrocatalysts interface with the semiconductor remain unexplored. Scanning-

electrochemical microscopy (SECM)'*4!

and scanning-electrochemical-cell microscopy
(SECCM)'® can map catalytic reaction rates by monitoring product formation but do not directly
provide information on the electrical properties of underlying semiconductor/catalyst interfaces.
Scanning electrochemical potential microscopy can be used to measure potential gradients through
electrical double layers or map constant-potential surfaces. However, it is challenging to map non-
constant surface potentials on most experimental systems because the measurement conflates
potential with topography'”'®. Recently, we developed a potential-sensing electrochemical AFM
(PS-EC-AFM) technique to measure the surface potential of continuous metal-oxyhydroxide
catalyst films on metal-oxide photoelectrodes, showing how the oxyhydroxides behaved as both
hole-collecting layers and catalysts for water oxidation®'.

Here we use PS-EC-AFM to spatially resolve the interfacial electronic properties of
nanoscale semiconductor/catalyst interfaces. As a model system, we study nominally hemispherical

Ni nanocontacts electrodeposited onto n-Si, following work by Loget et al.*°. The n-Si/Ni interface
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has been studied extensively as a “stabilized” photoanode for water oxidation under neutral-to-

basic conditions®’?!"}

. Generally n-Si photoelectrodes with thinner Ni films or smaller Ni
nanoparticles perform better (following electrochemical conditioning) than those with higher Ni
loading**. Here we find that electrodeposition of Ni nanoparticles on n-Si leads to low-Schottky-
barrier (~0.61 V) contacts which under dry conditions yield photovoltages of only ~ 300 mV,
independent of the Ni nanoparticle size. After photoelectrochemical potential cycling, the surfaces
of the Ni nanocontacts convert into nickel (oxy)hydroxide (i.e. Ni(OH), or NiOOH). Further ex-
situ electrical measurements of the semiconductor/catalyst junction are not possible because the
catalyst resting state, Ni(OH),, is electrically insulating. During photoelectrochemical oxygen
evolution, the Ni(OH), is oxidized to electrically conducting NiOOH. Operando photovoltages
measured on individual nanoscale n-Si/Ni/NiOOH junctions by PS-EC-AFM dramatically increase
with cycling and show a strong dependence on nanocontact size. We explain the size dependence
quantitatively by the pinch-off effect®?**, where the oxidized (high-work-function) NiOOH
induces a large depletion region surrounding the n-Si/Ni interface during operation that increases
the effective n-Si/Ni interface barrier and enhances hole selectivity’>***. This finding not only
represents the first direct nanoscale measurement of the pinch-off effect in a photoelectrochemical
system?’, but also illustrates a potentially useful contact behavior where minority carrier
selectivity” is enhanced, during operation, by oxidation of an electrochemically-active
surrounding region. Such pinch-off or surface-gating effects are relevant to any semiconductor-

based solar-energy-conversion devices involving nanoscale elements®.

2. Photoelectrochemistry of n-Si decorated with Ni nanoislands

The photoelectrochemical behavior of semiconductor photoanodes typically depends on
the amount of catalyst deposited. We study n-Si photoanodes (with dopant density of 5 - 8 - 10"
cm™) onto which Ni-metal islands have been deposited from 0.01 M NiCl, in aq. 0.1 M H;BO;s at
-1.5 V vs. Ag/AgCl for 5, 15, or 60 s. The photoelectrochemical response of these photoanodes,
after 50 cyclic voltammograms (CVs) in aq. 1 M KOH under ~1 sun illumination, is shown in
Figure G.la. This photoelectrochemical activation converts the outer portion of the Ni to
Ni(OH)»/NiOOH. Fe impurities that catalyze the OER are incorporated from the electrolyte and are
assumed to be present in all catalysts studied®’. The formation of the Ni (oxy)hydroxide is apparent
from the increasing size of the Ni redox wave at potentials negative of the photocurrent onset
(Figure G.la) and from cross-sectional transmission-electron microscopy (Fig. G.l1b,
Supplementary Section G.1). Samples prepared with a 5-s deposition produced photoanodes with

the most-negative photocurrent-onset potentials (i.e. the highest photoanode performance) and
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spatially-distributed Ni nanoislands with radii ranging from 35-150 nm (Fig. G.1b and 1¢). The 15-
s and 60-s depositions produce successively larger Ni islands (Fig. G.1c). The thicker Ni leads to

more-positive photocurrent-onset potentials as well as lower photocurrents due to parasitic light

absorption.
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Figure G.1. Characteristics of photoanodes fabricated by electrodepositing Ni nanoislands
onto n-Si. (a) Photoelectrochemical data for n-Si/Ni collected at 50 mV s in 1 M KOH under 100
mW cm™? AMI1.5G illumination (one sun) after 50 CVs to activate the photoelectrode. The
photocurrent onset, defined at 1 mA cm?, is improved by ~ 350 mV for the 5-s Ni deposition
relative to the 60-s one. The inset depicts characteristic chronoamperometry data for a 5, 15, and
60-s deposition. (b) AFM data collected immediately after 5, 15 and 60-s depositions with height
line scans shown above each image. The results are characteristic of each specific surface, although
regions of larger/smaller islands can sometimes be found. For the 5-s deposition, the Ni-island radii
ranged from 35 to 150 nm. (¢) High-resolution transmission electron microscopy (TEM) images
and the associated energy-dispersive x-ray (EDX) analysis line scan data show that activation of
the n-Si/Ni photoelectrode converts the Ni surface to Ni(OH),/NiOOH. (d) EDX composition maps
shown before (top) and after (bottom) photo-anodic activation of n-Si with 5 s of Ni deposition.

The maps illustrate the conversion of Ni to Ni(OH),/NiOOH. Additional elemental maps for non-
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activated and activated islands are in Supplementary Section G.1. (€) Scanning electron microscope

(SEM) image (at 45°) characteristic of a 5-s Ni deposition.

The Schottky barrier heights at individual n-Si/Ni nanocontacts were measured ex situ (i.e.
in air) via conductive AFM prior to photoelectrochemical activation. A representative area was
topographically imaged, single Ni nanocontacts were brought into contact with the conductive

AFM tip (0.5 V piezo-deflection voltage), and dark J-V curves were collected (Figure G.2a, inset).
The barrier heights were calculated from the exchange-current density, J, = A*T? (e‘qd)b/ kT)

where A" is the effective Richardson constant, T is the temperature, g is the elementary charge, and
k is the Boltzmann constant, by extrapolating the linear forward-bias region of the dark In |J]-V
curves to the y-intercept (ideality factors are in Supplementary Section G.2). The fits show that the
barrier height is independent of Ni-island size (Figure G.2a) with a value (0.61 = 0.01 V) near that
of bulk n-Si/Ni contacts (~0.58 V).

The illuminated V. of each nanocontact was measured under ~5-sun-equivalent flux using
a 690-nm laser contained in the AFM unit (Supplementary Section G.3). The Vo values of 310 +
10 mV show little dependence on island size and agree with the calculated V. 0of 284 mV fora 0.61
V n-Si/Ni Schottky barrier under the experimental illumination (Figure G.2b). These barrier-height
and V. results indicate that size-dependent interface behavior is not present for the as-deposited
nanocontacts and thus cannot alone explain the photocurrent-onset potential differences with Ni
deposition time (Figure G.1a).

We next studied the nanocontacts under photoelectrochemical conditions. Conductive
AFM cantilevers in which the entire tip was isolated from the solution by a dielectric layer except
for the apex’? were used (inset of Figure G.2c). The custom AFM photoelectrochemistry cell and
measurement details are presented in Supplementary Section G.3. Under illumination the
semiconductor back ohmic contact was biased at a potential such that the catalyst particles were
held in the electrically conductive NiOOH state while few bubbles were produced (i.e. near the
photocurrent onset potential; vigorous bubble generation interferes with the AFM measurement).
The surface was then topographically imaged and the photovoltage, i.e. the difference between the
measured AFM tip potential and the potential applied to the semiconductor ohmic contact (Vyn =
Vip - Vsem), was measured individually on each island. Photovoltages were collected both before
and after activation with 50 photoanodic CV cycles (Figures G.2¢ and G.2d, this activation was
used because, even for the smallest islands, most of the original metallic Ni remains and the

nanoislands retain a well-defined hemispherical shape). Notably, the photovoltages are not only
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substantially larger (in some cases > 500 mV) than those measured under dry ex-situ conditions but
they also depend on contact area (taken to be the two-dimensional geometric area in the AFM
topography image) and increase with activation time. These results indicate a size-dependent
mechanism for enhancing the Ni-nanocontact hole selectivity that is operative only in the presence

of the OER-active NiOOH surface layer.
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Figure G.2. Characterization of n-Si/Ni photoelectrodes obtained from the 5-s deposition. (a)
n-Si/Ni barrier heights collected ex-situ from electrodes without activation show no dependence on
Ni nanocontact radius. The inset shows In|J|-V curves for the four colored points. (b) Vi
measurements extracted ex situ, under ~5-sun-effective illumination (690 nm), from electrodes
without activation also show no significant dependence on Ni nanocontact radius. (¢) Operando
photovoltages collected using PS-EC-AFM prior to significant electrochemical activation, by

landing the AFM tip on individual nanocontacts. The inset shows an SEM image of the PS-EC-
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AFM Pt nanoelectrode tip. (d) Operando photovoltages collected at a different location after

cycling the electrode under illumination from -0.35 to 0.35 V vs. &g, 05~ 50 times.

3. Analytical Model of Size-Dependent Photovoltages — The Pinch-off Effect
The experimentally observed size-dependent photovoltage can be explained by the “pinch-

off” effect’, which occurs when an interface has spatially heterogeneous electrostatic barrier
heights with low-barrier patches (here (Iﬁg i) surrounded by a higher-barrier background ¢g (Figure

G.3a). Pinch-off occurs when the depletion region induced by the adjacent higher-barrier region
overlaps with the patch’s depletion region (i.e. with decreasing contact size the contact’s selectivity
is increasingly dominated by the work function of its surrounding). For the system studied here,
the electron conductivity decreases resulting in an increased photovoltage due to reduced
recombination at the more-hole-selective contact. This model has been invoked to explain low-
temperature deviations from ideal Schottky junction transport models® and used to control contact
selectivity in nanowire-type devices by utilizing high/low-work-function layers acting as a surface
gate.”’ In electrochemistry, the pinch-off effect has been used to explain the macroscopic behavior
of intentionally patterned semiconductor photoelectrodes**’; the effect, however, has never been
studied by examining individual pinched-off nanocontacts.

We fit the experimental size-dependent photovoltage data to an analytical pinch-off model
with a circular patch geometry (see Figure G.3a for model schematic and Supplementary Section
G.4 for additional discussion).’*** The expression for the current through the nanocontact is given

by a modified ideal-diode equation

ady, . qVapp
Ipatch =A*T2Ca e kT TP e nkT — 1 (1)

where C, represents the effective contact area and Cy a decrease in the barrier height relative to the

background barrier ¢g The exact forms of these perturbations are dependent on the dopant density

(Np), band bending (V4), nanocontact radii (7), and A, the difference between ¢E ! and ¢g:

o _ 4mkT (3ar? 1/3< & )2/3 .
°T9q \ 4 qNp Vo
o4 (3aBr?VpNp " .
b kT 4eg

114



The photovoltage data was assessed by assuming a patch barrier height of 11;1 1= 061V

(the average n-Si/Ni contact barrier height) and then fitting the background barrier (¢g) to the
analytical model using to reproduce the contact-size dependence (Supplementary Section G.4). The
fits indicate ¢g = (.82 V for the n-Si/Ni sample prior to intentional activation and ¢g =091V
after photoelectrochemical activation (Figure G.3b). The chemical nature of this high-barrier region
and the feasibility of the extracted ¢g values are discussed in the subsequent section.

Pinch-off increases minority-carrier selectivity by reducing the flow of majority carriers

S . . . A
that lead to recombination in the contact. Significant pinch-off behavior is expected when — >
bb

% , where W is the depletion-region thickness**. For ¢g 0f 0.82 V and 0.91 V with E - 061V,

significant pinch-off is predicted for contacts with radii below ~ 110 and 140 nm, respectively. The
Ni particles studied here have radii between 30 and 150 nm. To illustrate the effect of pinch-off on
carrier selectivity we plot the calculated conduction-band-potential (Ecg) profile as a function of
both the distance from the center of a 60-nm-radius Ni nanocontact and the depth into the
semiconductor (Figure G.3c). The junction is shown poised at open circuit under 1 sun illumination
(corresponding to photoelectrochemical conditions where the back contact of the semiconductor is
held at a potential near the photocurrent onset). A pinched-off “saddle point” in the conduction-
band energy with a maximum value near 0.8 V and a confined cross section relative to the 120-nm
Ni-particle diameter (Figure G.3b) is apparent. This increased barrier (relative to the macroscopic
barrier of 0.61 V) results in a lower electron conductivity and hence improved hole-selectivity and
reduced recombination. The pinch-off effect thus leads to photovoltages that are not only dependent
on the contact’s work function, but also its size, its geometry, and the work function of the
surrounding medium.

The pinch-off model can explain the observed current-potential data for the n-Si/Ni
oxygen-evolving photoanodes (Figure G.1a). The experimental data is modeled by solving current
continuity for the modified diode expression in series with a circuit element representing the
catalyst driving the OER. The OER potential drop is obtained from a Butler-Volmer expression
based on the measured OER activity of Ni electrodeposited on Pt (see Supplementary Section G.4).
The model is consistent with the experimental data for electrodes with 5-s depositions when the
diode expression represents uniform Ni catalyst nanocontacts that have radii of 60 nm and 15%
surface coverage (we observed 10-20% experimentally). The result suggests that, at least near the

photocurrent onset, the current is primarily passed through surface islands smaller than the average

115



(80 £ 25 nm radii) that have larger effective barrier heights. This model illustrates that the
photocurrent-onset-potential shift observed for the small particles is completely accounted for by
enhanced hole selectivity due to the pinch-off effect. The 60-s deposition produces Ni particles too
large to leverage pinch off and thus the photoelectrode response in that case is consistent with the

bulk n-Si/Ni Schottky junction driving charge separation (Figure G.3d).
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Figure G.3. Simulations showing how the pinch-off model explains performance
enhancements with catalyst nanocontacts. (a) Tung’s model® for the circular patch geometry is
used where a small barrier ¢}' = 0.61 V representing the n-Si/Ni contact is surrounded by a region
with larger barrier height ¢9. (b) With ¢! = 0.61 V the pinch-off model indicates a surrounding
barrier of 0.82 V and 0.91 V for the non-activated and activated interfaces, respectively. The
surrounding barrier height (¢9) is the only fitting parameter. (¢) The conduction-band energy (Ecs)
is plotted at Vo under 1 sun illumination for a 60-nm-radius island with ¢g = 0.91. The inset shows
a cross-section of the barrier through the center of the island (radial distance = 0 nm) and at the
edge of the island (radial distance = 60 nm). A pinched-off saddle point occurs with an effective
barrier near 0.8 V — a value significantly larger than the average 0.61 V barrier height measured ex

situ. (d) The macroscopic voltammetry is consistent with that predicted by the pinch-off model.
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The photoelectrochemical data for n-Si with 5 s of Ni deposition is consistent with ¢2 = 0.91 V,

assuming uniform islands with 60-nm radii covering 15% of the surface.

4. Chemical Identity of the High-Barrier Region

Although the model shows that the photovoltage trend with nanocontact size can be
explained by pinch-off, this requires the presence of a high-barrier region surrounding the n-Si/Ni
contact. Since the experimentally measured dry barrier heights and illuminated V5. values are
independent of the Ni nanocontact size (Figure G.2a and G.2b) such a region is not present prior to
photoelectrochemical activation. The activation process results in oxidation of any exposed Si to
SiOy and converts a portion of the Ni to Ni(OH),/NiOOH. To evaluate the barrier height in surface
regions only covered by the SiO, layer (and not NiOOH or Ni) we performed Mott-Schottky
impedance analysis in a ferro/ferri-cyanide electrolyte (aq. 1 M KCl, 0.05 M K3Fe(CN)s, and 0.35
M K4Fe(CN)e) on bare n-Si photoanodes. The ferro/ferricyanide solution potential sets the barrier
height at the n-Si/electrolyte interface to ~0.7 V (larger than the n-Si/Ni barrier height of ~0.6 V).
Anodic cycling of the n-Si leads to the growth of a SiO, passivation layer. Subsequent Mott-
Schottky analysis shows that the SiO, layer lowers the barrier height to ~ 0.5 V (Supplementary
Section G.5). This data indicates that SiO, cannot be responsible for setting the proposed large
background barrier height around the Ni islands.

Another possible mechanism is that oxidized catalyst with a large work function induces
the large background barrier. To evaluate the barrier height of the Ni(OH),/NiOOH on n-Si, we
fabricated dual-working-electrode devices by (i) depositing a 2-nm-thick uniform Ni-metal layer
on the n-Si via electron-beam evaporation, (ii) photodepositing additional Ni (oxy)hydroxide from

saturated NiCl, solution in 1 M K-borate buffer (pH 9.5) by applying 0.625 V vs. g, /o~ under

one-sun illumination for 30 s, (iii) photoelectrochemically cycling the electrode in 1 M K-borate
buffer until no photocurrent was evident (which oxidized remaining Ni metal and the n-Si surface),
and (iv) depositing a 10-nm-thick porous Au contact layer on the catalyst surface (Figure G.4a and
Supplementary Section G.6). The Au contact on these metal-oxide-semiconductor-type devices
was biased, in an electrochemical cell, to hold the catalyst layer in either its reduced, Ni(OH),, or
oxidized, NiOOH, form while impedance spectroscopy was performed at a series of DC biases
between the Au and back semiconductor contact (Figure G.4b). Mott-Schottky*® analysis of the
extracted bias-dependent depletion capacitances yield the dopant densities consistent with the
manufacturer specifications (5 - 8 - 10'* cm™) and show that the interfacial barrier depends on the

redox state of the catalyst (Figure G.4b inset). When the Au top contact is poised to hold the catalyst
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in the Ni(OH), state, the barrier height is 0.65 V. When the catalyst is oxidized (i.e. in the OER-
active state) the barrier is 1.04 V, similar to the large background barrier heights indicated by the
fit to the analytical pinch-off model (Figure G.3b). Figures G.4c, 4B.4d, and 4B.4e depict the band-
bending and barrier-height differences between Ni, Ni(OH),, and NiOOH contacts to n-Si,
respectively. This result is conceptually similar to so-called “adaptive junctions” where the barrier
height of a contact to an n-type semiconductor is enhanced during operation as the electrolyte-
permeable contact is converted to a higher oxidation state by accumulated holes.**** The result is
also consistent with n-Si/Al,O3/Pt/Ni photoanodes where the barrier height was increased by 0.23
V upon oxidation of the Ni catalyst, although the thin Pt layer was noted to partially screen the

effect.’®
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Figure G.4. Dual-working-electrode (DWE) device measurements show that high-barrier
contacts are formed from the oxidized NiOOH during operation. (a) The schematic illustrates
how DWE devices are fabricated. Connections to the backside of the n-Si and to the Au layer are
used to perform impedance experiments while the Ni(OH)»/NiOOH layer is potentiostatically held
in either it’s reduced (Vear = 0.125 V vs. €, /on-) or oxidized (Vear = 0.425 V vs. €, ,on-) state. (b)
The voltammograms show the Ni(OH),/NiOOH redox behavior as it is cycled through the Au
secondary working electrode at 20 mV s in 1 M K-borate buffer at pH 9.5. Mott-Schottky analysis

on the impedance data collected between the Au and semiconductor back contact (inset) shows that
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oxidation Ni(OH), to NiOOH causes the barrier height to increase from 0.66 V to 1.04 V. Band-
bending diagrams, as deduced from Mott-Schottky analysis, are shown for (¢) metallic Ni, (d)
Ni(OH),, and (e) NiOOH contacts to the n-Si. The barrier heights increase as the Ni is successively
oxidized to higher oxidation states. The symbols Ef, Eyi, Enicony,» Enioon and Es, represent the
electrochemical potential for the semiconductor, Ni, Ni(OH),, NiOOH and solution (E,, =
q€o, 0n-), respectively. The magnitude of gV, is depicted in (d) and (e) and corresponds to the data

points in panel (b). See Supplementary Section G.6 for further discussion.

The above results are consistent with the n-Si/Ni photoanodes exhibiting an emergent
pinch-off phenomenon. After photoanodic generation of NiOOH, high-barrier regions on the n-Si
are produced because the work function of NiOOH (> 5.3 eV)*’ is larger than that of metallic Ni
(5.0 V). The large barrier is also consistent with the Ni(OH),/NiOOH redox potential (~1.35 V vs.
RHE) being > 1 V more positive than the flat-band potential of n-Si (~ 0.25 V vs. RHE)*. The
improved photocurrent onset potentials for activated devices with smaller Ni particles (5-s
deposition) are therefore due to low-barrier n-Si/Ni interfaces “pinched-off” by high-barrier n-
Si/Si0/NiOOH interfaces (Figure G.5). The pinched off n-Si/Ni junctions form hole-selective
contacts and suppress majority-carrier electron transfer to the catalyst, compared to non-pinched-
off analogues, while maintaining direct low-resistance electrical connection between the Ni and n-
Si. Photoanodes decorated with large islands (e.g. radii > 140 nm) or those that have not been
activated to form the NiOOH layer (Supplementary Figure G.S7) show poor performance due to
the lack of this pinch-off phenomena improving the Ni nanocontact hole selectivity. Continued
activation (beyond 50 cycles) further improves the photocurrent onset until the underlying n-Si is
oxidized when the Ni is completely converted to electrolyte-permeable NiOOH, blocking all
current flow (Supplementary Section G.7). This improvement is attributed to increased Ni
oxidation which enhances pinch-off by decreasing the n-Si/Ni contact area. The extent of NiOOH
necessary to produce pinch-off is discussed in Supplementary Section G.8 and supported by

COMSOL finite-element simulations of the nanoscale junction.
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Figure G.5. n-Si/Ni nanocontacts produce a pinched-off junction after activation. (a)
Schematic illustrating the depletion regions produced by the surface contacts before and after
activation. Although the initial depletion region is small, the conversion of surface Ni to NiOOH
produces a larger depletion region which causes the n-Si/Ni contact to become pinched-off and
increase in hole selectivity. The necessary extent of conversion required to produce pinch-off is
discussed in Supplementary Section G.8. Simulation shows that the NiOOH likely extends on the
surface beyond the clearly evident shell. (b) The pinch-off hypothesis is corroborated by examining
devices with cumulative 60-s electrodepositions where the pinched-off junction is intentionally
retained. By halting the electrodeposition after 5 and 10 s to perform activation cycles that generate

an interfacial SiO,, the photocurrent onset remains near that of the devices with 5 s of Ni

electrodeposition.

To further test the pinch-off hypothesis we deposited Ni for 5 s, oxidized the Si and Ni
surface via 50 photoelectrochemical potential cycles, then electroplated Ni for an additional 55 s
(Figure G.5b). These devices showed a photocurrent-onset potential ~250 mV more positive than

n-Si/Ni fabricated with a continuous 60-s Ni electrodeposition (Supplementary Section G.9). The
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light-limited photocurrent and integrated redox peaks for the samples, however, are similar
indicating a comparable Ni surface area. These results are explained by the fact that the potential
cycling step oxidizes the underlying Si surface in regions where Ni has not been deposited and
subsequent Ni deposition serves only to grow the existing Ni nanoparticles without increasing n-

Si/Ni contact area. The pinched-off junction is thus maintained.

5. Pinch-off in Photoelectrode Devices

Our direct measurements of pinch-off explain previous observations for a variety of
catalyst-coated semiconductor photoelectrodes. Kenny et. al. found that 2-nm-thick Ni layers on n-
Si show a photocurrent onset 200 mV more negative than 5-nm-thick layers.?' This difference
cannot be explained by resistive losses through the thicker catalyst layer or parasitic light loss.” The
data is readily explained, however, by electrochemical activation of the 2-nm Ni film which
produces nanoscale low-barrier semiconductor/metal contacts pinched-off by high-barrier
semiconductor/oxide/metal-oxyhydroxide contacts’. Similar observations have been noted for
devices where catalyst nanocontacts were intentionally deposited. Loget et al. noted a ~200 mV
improvement in photocurrent-onset potential after 40 photoelectrochemical conditioning cycles
when comparing n-Si coated with Ni nanoislands (59 + 17 nm diameter) to n-Si coated with a
uniform Ni film.?® Xu et al. found a similar improvement in photocurrent onset, without activation,
when NiOOH was photodeposited after initial Ni-metal island formation.** Annealing the Ni metal
nanoparticles to oxidize their surface has also been shown to improve photocurrent onset without
requiring electrochemical cycling.** For n-Si/Co photoanodes the barrier height was found to be a
function of Co coverage with low coverage (i.e. coalesced islands of 21 + 8 nm in diameter)
yielding photoanodes with a 360-mV improvement in photocurrent onset relative to uniform Co
films (pinch-off was also hypothesized and rationalized in this work, but not analyzed via direct
measurement).”® For p-GaAs photocathodes, the better HER performance was achieved by using
small Pt nanoparticles 10 nm in diameter, relative to 90-nm particles.*' p-Si nanowires decorated
with NiCoSe, nanoparticles show a 110 mV improvement in the flat-band potential relative to a
planar NiCoSe,/p-Si.** For particulate semiconductors, size-dependent photocatalytic activity has
been observed for particulate n-TiO, decorated with Au nanoparticles, with the smallest
nanoparticles being the most active.* The above results are likely due to pinch-off where the high-
barrier region is attributed either to contact with oxidized catalyst or with the electrolyte.

The insight illustrated here may be useful in designing improved devices by engineering

nanocontact selectivity. Although high-performance selective contacts to Si can be achieved by
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forming doped-semiconductor homo/heterojunctions,** for some applications carrier-selective
junctions formed by depositing electrochemically stable contacts may be useful.*’ This approach is
difficult, however, because of the lack of materials that form carrier-selective heterojunctions while
remaining stable and electrically conductive under electrochemical conditions. An alternative
strategy might focus on depositing stable/conductive nanocontacts before engineering the
surrounding surface to induce selectivity via pinch-off (see Supplementary Section G.9). For
emerging photoelectrode materials, particularly oxides' such as BiVO, or photoactive particulate

semiconductors like TiO, and SrTiO;***

, designing carrier-selective contacts is even more
difficult. This challenge might be addressed by using sufficiently small catalytic contacts and
engineering the surrounding surface (which does not need to provide catalytic sites nor collect
charge) to induce a large interface electrostatic barrier. The redox activity of such a selectivity-

inducing material might be leveraged to improve selectivity during operation.

6. Conclusions

Understanding and controlling the selective flow of electron and holes is critical in the
design of efficient photoelectrochemical devices. We provide the first example of spatially resolved
potential measurements on electronically isolated nanoscale features in operating
photoelectrochemical systems. This capability enables the interfacial behavior of nanoscale
contacts to semiconductor photoelectrodes to be directly interrogated. By translating the approach
to polycrystalline thin-film'® or nanostructured*® photoelectrodes coated with nanoparticle catalyst
particles, heterogeneity in the underlying semiconductor properties could be probed through their
effect on the photovoltage measured at individual nanoparticle semiconductor/catalyst contacts.
The technique should further enable studies of catalyst-contact properties in particulate
photoelectrochemical systems where both anode and cathode catalyst are dispersed on the same
semiconductor particle’’**. We further provide the first measurement of pinch-off achieved by
characterizing individual nanocontacts in photoelectrochemical devices. For photoelectrochemical
devices, the pinch-off effect has only been experimentally studied previously via macroscopic
current-voltage measurements utilizing intentionally nanofabricated monodisperse contacts and a
reversible redox couple.”” The pinch-off phenomena studied here provide evidence that the effect
can be utilized, possibly in a wide range of semiconductor and catalyst systems, to create
photoelectrochemical devices with high efficiency.

The ability to measure local surface potentials with PS-EC-AFM could be useful in other
areas. The technique and data interpretation are straightforward, with measurements only reliant on

electrochemical-potential equilibration between the AFM tip and the feature of interest. Nanoscale-
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resolved surface-potential sensing is perhaps useful in measuring heterogeneity of processes in
fuel-cell/electrolyzer catalyst-ionomer structures®® and intercalation/deintercalation phenomena in
battery electrodes®'*. The technique might aid biological research, where potential measurements
in physiologically relevant electrolyte is challenging'***, by allowing direct measures of bacterial®
and membrane surface potentials™. The technique could also be adapted to apply potential to
nanoscale features instead of sensing potential. It may be possible to locally study charge-transfer
processes and extract basic parameters related to conductivity, catalytic rates, and double-layer

capacitance on isolated nanoscale features in operating (photo)electrochemical systems.
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CHAPTER V: CONCLUSIONS

The impacts of these works on the photoelectrochemical energy conversion field largely
remain to be seen. However, at the time of writing, the dual-working-electrode (DWE) technique
has been adopted by at least four other groups. Potential-sensing electrochemical atomic force
microscopy (PS-EC-AFM) has yet to be adopted but represents a significant improvement over
DWE analysis because it can measure nanoscale semiconductor|catalyst interfaces. Many current
efforts in photoelectrochemical water splitting (e.g. those employing nanowire semiconductors and
overall water splitting particulates) could foreseeably benefit from nanoscale potential sensing.
Currently the main limitation of the PS-EC-AFM technique is slow data collection, where a
topographical image must be captured prior to sensing the potential at a single location. Future
iterations of the approach might look to sense surface potentials in tandem with the initial topology
mapping.

The analytical descriptions of charge transport across the semiconductor|catalyst interface
presented herein are far simpler than traditional numerical modeling approaches. The analytical
equations should make prediction and modeling of semiconductor|catalyst interfacial behavior
much easier for researchers. The equations also provide significant insight on how semiconductor
surface states (often invoked to qualitatively explain unexpected behavior) affect charge transport
through the semiconductor|catalyst interface.

Finally, an understanding of how the “pinch-off” effect can influence photoelectrochemical
devices was largely absent from the literature base prior to this work. The “pinch-off” effect likely
underpins numerous results in the literature base, as discussed in Chapter 4, and this knowledge
should aid investigators in better interpreting results. Intentional application of the “pinch-off”
effect to enhance carrier selectivity may be useful for designing more efficient photoelectrodes. For
oxide semiconductors (e.g. BiVO4 & Fe>Os), where charge separating homojunctions are difficult

to fabricate, “pinch-off” engineering to create selective heterojunctions is a promising alternative.
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APPENDICES

APPENDIX A. SUPPORTING INFORMATION FOR PAPER C

Transient Photocurrents on Catalyst-Modified n-Si Photoelectrodes: Insight from Dual-

Working Electrode Photoelectrochemistry

activation
catalyst

application of Au NiOOH -
electrodeposition
porous Au

NiOOH
electrodeposition

dual-working-electrode for sensing dual-working-electrode for sensing
protection layer electrochemical potential catalyst electrochemical potential

Figure C.S1. Two dual-working-electrode (DWE) deposition strategies. Both strategies begin

by activating the metallic Ni protection layer via electrochemically cycling 50 times through

potentials that span the redox wave under ~ 1 sun illumination. For a DWE that senses the

protection layer electrochemical potential (depicted by the left fork), the thin porous Au contact is

125



deposited immediately after activation. The NiOOH layer is sufficiently thin such that areas of
contact form between the metallic Ni and the Au film. Additional NiOOH is then electrodeposited
(photo-assisted) on top of the Au contact. For a DWE that senses the catalyst electrochemical
potential (depicted by the right fork), the additional NiIOOH catalyst is deposited prior to the porous

Au layer. This prevents the Au film from contacting the protection layer.
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Figure C.S2. Transient integration comparison between the different extents of catalyst
loading. All data is collected on the same electrode with NiOOH loading sequentially increased
via photo-assisted electrodepositions. Increasing the amount of redox active catalyst results in

transients with larger charge integrals.
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Figure C.S3. Comparison of electrode activity before and after the first transient experiment.
Cyclic voltammograms are collected on the same electrode as in Figure C.1 of the main text. The
transient experiment results in a cathodic shift of oxygen evolution onset and an increase in the
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redox peak integrations. The data indicates that the transient experiment ages the electrode and
converts some of the protection layer to redox active NIOOH/Ni(OH),. The cathodic onset shift is
attributed to an increase in the photovoltage. Increased photovoltage also explains the cathodic shift

in the region of large integrated transient charge for Figure C.1 and Figure C.S2.

40 WE?2 CV post transient experiments

100 mv s’

K-borate pH 9.5

Current Density (mA cm)

Veat V8- &g on (V)
Figure C.S4. Cyclic voltammogram through the WE; contact after transient experiments
showing position of the oxidation and reduction waves for the catalyst. The data is from the
same electrode as in Figure C.3 of the main text; i.e. WE> is in direct contact with the outer catalyst
layer. Note that redox integration is small here, most likely due to mechanical exfoliation of the Au
contact during the experiment. Onset of catalyst oxidation occurs at ~ 0.3 vs. &y, /oy~ While

reduction occurs at ~ 0.25 vs. €g, /oH--
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Figure C.S5. Full transient behavior for the electrode used to sense the protection layer
electrochemical potential (from Figure C.5). (a) The photocurrent transients as a function of
time. The regions of transient activity are denoted as in Figure C.3 of the main text. These are
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assigned by examining the redox integration in Figure C.S7. (b) Vi response during transient

experiments. The voltage sensed by WE, always responds to changes in the applied potential or

light condition. This indicates that the porous Au layer is in contact with the protection layer and

is not influenced by the catalyst’s conductivity transitions.
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Figure C.S6. Cyclic voltammogram through the WE: contact after transient experiments.

The data is from the same electrode as in Figure C.5 of the main text; i.e. WE: is in direct contact

with the Ni protection layer. (a) Data collected at 100 mV s shows that onset of oxidation occurs

at ~ 0.3 vs. &, /o5~ While reduction occurs at ~ 0.2 vs. &g, /on-- (b) Data collected at 1 mV s!

approximates steady-state behavior and shows that redox states exist over a 40-50 mV range. This

range is comparable with the region of diminished decay in Figures C.5b and C.5c.
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Figure C.S7. Integration of the photocurrent transients from Figure C.5 of the main text.
Behavior is very similar to the transients from Figure C.2, where a region of increased integrated
transient charge occurs. The region with increased integration is defined as “region 2”. The

bottom pane shows Vsem vs. &g, /on~ as a function of time.
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APPENDIX B. SUPPORTING INFORMATION FOR PAPER D

Behavior of Catalyst-Modified n-Si Photoelectrodes in the Presence of a Sacrificial Hole

Scavenger: Insight from Dual-Working Electrode Photoelectrochemistry

124 n-Si|5nmir| 10 nm Au
Light Caty g, Caty o

-
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100 mv s’
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Figure D.S1. Comparison of electrochemical behavior for a n-Si | Ir photoanode with and
without a 0.5 M H,O:; hole scavenger. All experiments were performed on the same electrode
without altering its position relative to the 1 sun solar simulator source. The curves labeled with
the H,O subscript indicate experiments without hole scavenger presence, whereas the H,O,
subscript indicates hole scavenger presence. Curves labeled “Sem” indicate that cyclic voltammetry
data was collected by applying the potential to the semiconductor back-contact. Curves labeled
“Cat” indicate that the data was collected by applying the potential to the secondary Au contact.
The two dashed curves represent the Sem behavior in the dark and show that leakage current is
minimal. The difference in OER onset for the SemH20 and CatH20O is the photoanodes
photovoltage. The results show that the photovoltage is retained once H,O; is introduced. In this
case, the H>O; acts to enhance charge injection without holding the catalyst in a reduced, insulating

state.
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Figure D.S2. Comparison of H,O; and H,O oxidation responses before and after Co-Pi
deposition on a Fe;O; photoanode. All linear sweep voltammograms are collected on the same
electrode, in 1 M potassium phosphate buffer (pH 9.5), without repositioning between experiments.
Co-Pi deposition was achieved by draining the electrolyte, introducing a CoCl, solution into the 3-
neck electrochemical cell and performing a photo-assisted (1 sun) deposition. During the 10 min
photo-assisted deposition the potentiostat maintained chronopotentiometry at 10 pA cm?. The
solution was then drained, rinsed, and refilled with the potassium phosphate buffer. The results
show differences in the hole scavenged behavior before and after Co-Pi electrodeposition. At
sufficiently cathodic potentials (Vsem < -0.5 vs. vs. €g, /0-), the bare photoanode exhibits higher
current densities. Whereas at more anodic potentials Co-Pi decorate photoanode exhibits higher
current densities. These results suggest that the catalyst is not merely an inactive spectator. It may
be that the increased activity at anodic potentials is due to catalyst-mediated passivation of surface
states which would otherwise act as recombination centers. The decreased activity at cathodic
potentials could then be explained in catalytic active area; the reduced Co-Pi catalyst blocks some

of the surface area that was available prior to catalyst deposition.
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APPENDIX C. SUPPORTING INFORMATION FOR PAPER E

Theory and Simulation for the Effects of Surface States on Charge Transport in

Photoelectrochemical Devices

Section E.S1 Notation and Modeling Conventions
Section E.S1.1 Notation

The semiconductor surface is at x = 0, and the semiconductor extends in the negative x
direction, so that positive currents represent net current into the solution. The total semiconductor
width is assumed to be large relative to the depletion width so that the bulk semiconductor
corresponds to x ~ —oo. Electron and hole densities in the semiconductor are labeled n and p,
respectively, with a subscript s indicating the value at the surface (x = 0). Current density is labeled
J and has two subscripts corresponding to transfer between two subsystems, except where
indicated. The subsystems are labeled vb (valence band), cb (conduction band), sc (semiconductor),
ss (surface states), cat (catalyst), and sol (solution). The electrostatic potential is labeled ¢ and the
total electrostatic potential drop across the entire system is V. The total electrostatic potential is
portioned into two sub-components, that in the semiconductor depletion region (Vi) and the
Helmbholtz potential (V). Electrochemical potentials (quasi-Fermi levels) of the subsystems are
labeled £ with a subscript indicating the subsystem, except for Ec, Ev which represent the
conduction and valence band edge energies, and £,, £, which represent the electron and hole quasi-
Fermi levels. The energy level (standard potential) of the surface states is ES. Overbars (e.g. 1)
generally indicate equilibrium quantities; in the case of current densities, overbars indicate
exchange currents (i.e. the unidirectional equilibrium currents rather than the total equilibrium
current, which is zero). In the case of ES; the overbar denotes the standard surface state potential in
the absence of the Helmholtz potential. The equilibrium electron 77 and hole p concentrations
without subscripts indicate the bulk concentrations. Standard symbols are used for physical
constants: k, 7T, ¢, ¢, indicate the Boltzmann constant, absolute temperature, magnitude of
elementary charge, and vacuum permittivity, respectively. Material parameters are the hole
diffusion coefficient (D,), effective density of states constants for the conduction and valence bands
(Nc and Nvy), semiconductor absorption coefficient (a), and the semiconductor diffusion length (9).

A few quantities are computed from these parameters: the semiconductor Debye length A =

\ €€,kT /q? N4, where Ny is the donor density semiconductor (Ng = 71 for an n-type semiconductor);
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and the semiconductor hole diffusion length 8 = ,/D,kg/n where kr is the second-order

recombination rate constant.

= A
q¢
kT
+ ~
- A
£
kT
+
arbitrary semiconductor surface states permeable catalyst solution
€ - > X
- x=0

Figure E.S1. Model schematic depictinga a semiconductor/surface states/catalyst/solution

interface. Terms and parameters are described in detail in the paragraph above.

All quantities are written in physical units except for energies and potentials, which are
treated as unitless quantities that have been reduced by the thermal energy kT (for energies) or the
thermal voltage k7T/q (for potentials). Because of this variable reduction, there are many equations
in this work that appear to treat potentials and energies as though they have the same units - the

reader should keep in mind that in physical units there exists a proportionality factor of q.

Section E.S1.2 Model Conventions

All energies are referenced to the solution potential Esol = 0, and the sign convention is
chosen to produce a hole energy scale, so that more positive potentials are more oxidizing. The
electrostatic potential is referenced to the bulk semiconductor, ¢p(—0) = 0, so that the electrostatic
potential in the solution is ¢soi = —V. Note that energies and electric potentials are referenced to
opposite ends of the system (x = oo for energies, x = —oo for potentials); this assignment facilitates
modeling. Relating energies in combined solid state-electrochemical systems can be challenging
because of the different energy scales used; for a thorough exposition on understanding energy

diagrams, we refer the reader to the work of Bisquert,! which uses similar notation to ours.
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For the isolated semiconductor (i.e. with flat bands), E, = E, = Es, E¢c = E¢, and Ey, =

Ey. The carrier concentrations are given by

fl = NoeFcEsc p = NyeFsc=Ev (S1.1)

After equilibration with the rest of the system, the band positions shift according to:

Ec(x) = Ec + (¢(x) = ¢s01) Ey(x) = Ey + (¢(x) = dso1) (S1.2)

where ¢ (x) - ¢s0; s the electrostatic potential offset from solution to semiconductor at position x,
defined as a positive quantity. The bulk carrier concentrations remain at their pre-equilibrium

values. Quasi-Fermi levels and carrier concentrations are then related by:
n(x) = ne FnX)+e) p(x) = pefrM-¢x) (S1.3)

The Helmholtz potential is defined as the difference in potential between the semiconductor
surface and the solution, Vy = ¢ — ¢4, Where ¢ is the potential at the semiconductor surface (x
= (). The potential drop in the semiconductor depletion region is defined as the difference in
potential between the bulk semiconductor and the semiconductor surface, V;, = ¢p(—0) — ¢ =
—¢s. The total electrostatic potential drop at equilibrium is V = —E(,, which is equivalent to V =
Vi + Vec. The applied bias is defined as a deviation from the equilibrium value, V,,,,, = V — V/; this
can also be expressed as a difference in electrochemical potentials, Vy,, = Egc — Eso;. The surface

electron and hole concentrations are therefore given by:
ng = ne EnsVsc ps = pefrstVse (S1.4)
Or alternatively, expressed in terms of the Helmholtz potential drop, by:

ng = ﬁe_En,s_(V_VH) ps = ﬁeEp,s"'(V_VH) (SIS)
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E.S1.3 Complete List of Model/Paper Terms

X distance coordinate
X = —00 bulk semiconductor position
x=0 semiconductor surface position

electrostatic potential

electrostatic potential at the semiconductor surface

electrostatic potential in the solution

Vy Helmholtz potential drop

Vee potential drop in semiconductor depletion region

|4 total potential drop (V = Vo + Vy = —¢hs01)

Vapp externally applied bias (V. = Esem — Eso1)

Vy Helmbholtz potential drop at equilibrium

Vee potential drop in semiconductor depletion region at equilibrium

1% total potential drop at equilibrium

AVy Helmholtz potential deviation from equilibrium (AVy = Vi — Vy)

AV, semiconductor depletion region potential deviation from equilibrium

np charge carrier concentrations

N, Ps charge carrier concentration at the semiconductor surface

Pw hole concentration at depletion width edge

pT (x) hole concentration deviation from quasi-equilibrium

n,p charge carrier concentrations at equilibrium

N, P charge carrier equilibrium concentration at semiconductor surface

c,ct reduced and oxidized catalyst states

¢, ct reduced and oxidized catalyst states at equilibrium

Css» Cas catalyst states occupancy at the surface state formal potential

Css» Cas equilibrium catalyst states occupancy at the surface state formal
potential

s, st reduced and oxidized surface state concentrations at equilibrium

5, 5% reduced and oxidized surface state concentrations at equilibrium
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Eq. semiconductor bulk Fermi level

ES c semiconductor bulk Fermi level - isolated semiconductor
E,, En quasi-Fermi levels

Eps: Engs quasi-Fermi levels at the semiconductor surface

E'p, E, equilibrium quasi-Fermi levels

E'p, o En,S equilibrium quasi-Fermi levels at the semiconductor surface
Ey,Ec valence and conduction band energies

E,, E. valence and conduction band energies — isolated semiconductor
Eg surface state Fermi level

E s equilibrium surface state Fermi level

ES, surface state standard potential - also isoenergetic transfer level
E?, surface state standard potential - neglecting Vy

Ecat catalyst Fermi level

E.qt equilibrium catalyst Fermi level

Eso solution Fermi level (set to 0 by model definition)

Jvbss valence band to surface state current density

Jeb,ss conduction band to surface state current density

Jvb,cat valence band to catalyst current density

Jebcat conduction band to catalyst current density

Jsscat surface state to catalyst current density

Jss.so1 surface state to solution current density

Jeat sol catalyst to solution current density

]vb,ss > ]cb,ss: ]vb,cata

]cb,cata ]ss,cata ]ss,sola

equilibrium exchange currents for each current density

J cat,sol
kb ss k.p ss, | 2" order rate constant for each transfer process
kvb,cata kcb,cata
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kss,cata kss,sola

kcat,sol

Je Girtner current

], R depletion recombination current

Jp total hole current (transfer from vb to ss plus from vb to cat)
35 surface state recombination current
5}5)' cat surface state mediated current density from valence band to catalyst
5; sol surface state mediated current density from valence band to solution
ch.cat surface state mediated current density from conduction band to catalyst
gg‘ <ol surface state mediated current density from conduction band to solution

Ny, N effective DOS for the valence and conduction bands

Ny, DOS for the surface states at E&

Np semiconductor dopant density

Cy Helmholtz capacitance

qsc excess charge in semiconductor depletion region

qss excess charge in surface states

qy excess charge in Helmholtz layer

kg Boltzmann constant

T absolute temperature

q elementary charge

£ vacuum permittivity

& vacuum permittivity constant

D, hole diffusion coefficient

hole diffusion length

A Debye length

kg second order recombination rate constant

w depletion width

a absorption coefficient

incident photon flux
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Dk incident photon flux absorbed in bulk of semiconductor

Pep incident photon flux absorbed in semiconductor depletion region

G(x) generation at position x

R(x) recombination at position x

a; acceptor state in subsystem I

d; donor state in subsystem I

gi(e) DOS as a function of energy € — subsystem i

fi(e) Fermi-Dirac occupancy probability as a function of energy € —
subsystem [

Table E.S1 Definition for all terms found in the charge transport modeling.

Section E.S2 Charge Neutrality Treatment and Electrostatics
The electrostatic potential drops across the semiconductor depletion region V;, = —¢, and
the Helmholtz layer drop Vy = ¢g — ¢, are determined by the electroneutrality, i.e. by equality

of charge on either side of the semiconductor-solution interface:

Qsc + qss = qu (52.1)

where g is the excess charge in the depletion region of the semiconductor, g is that in the
semiconductor surface states, and gy is that in the Helmholtz layer. The sum of the potential drops

should equal the total potential drop across the entire system,

Ve +Vy =V (S2.2)

With a small amount of surface charge g, ions in the Helmholtz layer compensate the
charge in the depletion region ¢..; because the electrolyte concentration is generally much higher
than the dopant density, the Helmholtz potential drop is typically quite small in the absence of
surface charge. When sufficient charge accumulates in the surface states (g3 > qgc), more ions
will be needed to balance the charge, and the Helmholtz potential drop is increased. Since the
catalyst charge is distributed throughout the ion-permeable catalyst layer, ions from the solution
can balance the catalyst charge outside of the Helmholtz layer, so we can assume that the catalyst

charge does not influence the interfacial charge neutrality condition [Eq. S2.1].

138



An important consequence of the Helmholtz potential is that it shifts the energy of the
surface states E< relative to the solution. Denoting by ES the value of ES in the absence of a
Helmholtz potential, we have ES, = E& + V.

Using the depletion layer approximation,” the charge in the semiconductor depletion

region, assuming V. > 0, is

4sc = qNpw (52.3)

To write g, in terms of V. we first define the dopant density Ny,

ekgT
D= PEYE (S2.4)
and the depletion width w as
2eV,
we= |£Ese (S2.5)
qNp

Substitution of N, into the expression for w yields

w= AJ2V, /% (S2.6)

which we substitute into the abrupt depletion approximation to yield and expression for g,

’ q
Qsc = qNDA\/ 2V ﬁ ~ qNpAy 2V, (52.7)
B

The excess charge in the surface states is determined by the surface state electrochemical potential

E and the surface state DOS function, g

ss = q f gss(E)f(e — Es) de (52.8)
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Since the surface states are treated mono-energetically — only existing at E&, the DOS function,

Jss(€), s represented using a delta-Dirac expression

Jss(€) = Ngs6(e — ES) (52.9)

Occupancy (excess holes in the surface states) is expressed via the following Fermi-Dirac

expression

fle=Es) = T (S2.10)
Substitution of S2.9 and S2.10 into S2.8 yields the g4 expression
1
dss = qNss (S2.11)

1+ eE.gs_Ess

The Helmholtz region is essentially a capacitor in which one electrode is the semiconductor
surface and the other is the layer of ions in the Helmholtz plane, with a neutral region between

them. The excess charge in the Helmholtz layers is expressed in terms of the Helmholtz capacitance

(Cx)
duy = CHVH (8212)

Substitution of S2.7, S2.11, and S2.12 into S2.1 yields the complete charge neutrality equation

qNpA2Vie + qNsg . ~ CyVy (S2.13)

Equation (S2.13) determines the division of the total electrostatic potential V into Vi and Vy in
terms of the parameters and the surface state potential Eg. At equilibrium Eg = 0, and the
equilibrium potential drops V;. and V}; are constants determined by the parameters. Figure E.S2
shows Vy as a function of Ny for E& = —0.25 to 0.5 V. To examine the limits of behavior we must

rewrite E& in terms of Vy
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CINDA‘/ ZVSC + QNssm =~ CHVH (8214)

If Vy is assumed to be negligible in the absence of surface states, consistent with a high electrolyte
concentration relative the semiconductor dopant density, then the following simplification can be

made in the presence of surface states

1

qNss

At the limit where Ny, — 0, the ES, term dominates in the Fermi-Dirac expression and

equation S2.15 can be solved to reveal that V/; depends linearly on N:

qNss
Cy

Vy ~ (S2.16)

When N, is large, Vy; surpasses ES - the surface state energy has been shifted all the way past the

solution potential - and its dependence on Ngg becomes much weaker,

_ N _
7, zln(fl SS)—E;’S (S2.17)

This limit is shown in dotted lines for ES = -0.5 V. In this case, there are enough surface states
that, if they remained filled, would produce a very large potential; the system acts to move the
surface state energy EZ; sufficiently positive to minimize the potential by emptying states. Under
applied bias, this principal continues to work and acts to keep the Helmholtz potential roughly
constant; this is known as the Fermi level pinning regime. Since this effect occurs when V; reaches

E2,, we will be in the pinning regime approximately when:

CuEgs
q

Ngs > — (S2.18)
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Note that the above analysis requires that EZ < 0 and that the contribution from the depletion layer

can be neglected.
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Figure E.S2. Equation S2.13 solved for equilibrium Helmholtz potential at various values of
E2. The small and large N, limits, corresponding to equations S2.16 and S2.17, are shown in black

and red, respectively.
Section E.S3 Occupancy Expressions
To build an electron transfer model we first define the concentration of oxidized and neutral

species in each subsystem. We write d; (€) for an electron donor species and a; (€) for an electron

acceptor species in subsystem i and energy €. At each value of €, the basic reaction is

ai(€) + d;(€) © az(e) +dy(e) (S3.1)
The donor and acceptor distributions can be written as the product of an electronic density of states
(DOS) function g;(e) and an occupancy probability (Fermi-Dirac) function f;(€), where

fi(e — E;) = 1/(1 + e€~Ei), such that

di(e) = gi(e)fi(e — Ey) a;(e) = gi(e)fi(E; —€) (53.2)
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The DOS function used for the semiconductor and catalyst are constants. For the surface states, a
delta dirac function is employed to produce a mono-energetic model [gs5(€) = Ngs6(€ — ES)].

For the solution, we use the large reorganization energy (Ag) limit of the Marcus-Gerischer DOS?

dsol(e) = Csole(Ll:S()l_e)/2 asol(e) = Csole(E_Eml)/2 (83-3)

Here, ¢, 1s

g
Csol = /4

(S3.4)

where [D] and [A] are total concentrations of donor and acceptor species in solution.

We write s and s* for the neutral and oxidized surface state concentrations, respectively

s = Nssf(Ess - Egs) st = Nssf(Egs — Eg) (83.5)

and ¢, and cg; for the fraction of neutral and oxidized catalyst sites at energy ES;,

Css = f(Ecat — Egs) C;:s‘ = f(E.s?s — Ecat) (53.6)

Note here that the catalyst occupation expressions are evaluated at ES, because the catalyst is
assumed to be isoenergetic with the surface states. For modeling purposes, it is convenient to write
these expressions in terms of the Helmholtz potential. Doing so produces the following expressions
1 + 1

=N, — (83.7)

S = —
SS 1 +eESstVH~Ess

=0
SS 1 +eEss—Eds—VH

and

_ 1
1+eEcat—Es—Vy

1

S§ 1+eE%+VH—Ecat

(S3.8)

CS S

Equilibrium values occur where Eg; = 0, E g = 0, and V; = V. Solving for the equilibrium

concentrations gives rise to the following expressions
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1 +_ 1

S=Ngg——— 3 —_—
55 1+e~ESs~VH 55 14eESstVH (53.9)
and
— 1 _ 1
— + —
C = C = - .
SS 1+e E&-VH SS 1+eESstVH (S3 10)

The equations in S3.7 — $3.10 are used in developing current density equations based on 2™ order

kinetic expressions (Section E.S4).
Section E.S4 Modeling Current Densities — 2nd Order Kinetic Expressions
Section E.S4.1 General Scheme
The model for interfacial electron transfer is based on simple second-order reaction
kinetics. Recall that for transfer between subsystems 1 and 2, the reaction at each value of € is
a1 (€) + dz(€) © ay(e) + dy(€) (54.1)
with the reaction proceeding to the right representing positive current from subsystem 1 to 2. The

current, proportional to the total reaction rate, is computed by integrating the rate densities over the

energy range €, such that

Ji2 =4 f ko ()1 () (€) — a()d (€)] de (54.2)

Substitution of the occupancy expressions gives the current integral

1z =4 | k12(© 9191 () - (O] de (543)

Note that for the purposes of modeling we formulate each expression in terms of a deviation from

the equilibrium state. This is accomplished by strategically defining the exchange currents.
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Section E.S4.2 J ¢ cq;
For the current from surface states to the catalyst s cq¢, transfer only occurs at € = Eg

and so the integral evaluates to

]ss,cat = kss,cat(5+css - SC;.-S') (S4.4)

. . . — — JE— 0.7
To formulate a meaningful exchange current we use the relationship ¢y,/C = §/57 = efsstVH 1o

write

+ +
= [(S'C N
— o+t LES+V SS SS
]ss,cat - kss,cats Csse ™57 H ( ¥ = __+> (S4.5)
§STCss  SCgg

This expresses Jgs cqr in terms of a deviation from equilibrium and simplifies to

+ +
_7 S Css  SCss S4.6
]ss,cat —]ss,cat =+ = =+ ( . )
S7Css  SCss
where
T = s+t pE&+V
]ss,cat - kss,cats Csse™ssmoH (54.7)

is the exchange current - a constant.

Section E.S4.3 [, car and Jcp car

In our previous work on adaptive junctions, current between the semiconductor and catalyst
was modeled as a function of the deviation from the equilibrium carrier concentration and a
perturbation to the barrier height

]jxn = kp(ps - ﬁsqumt/kT) - kn(ns - ﬁse_qvcat/kT) (S4-8)

In this work, we simplify the expression into the two constituent currents:
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7 p -
]vb,cat = ]vb,cat (ﬁ_s - eEcat AVH) (S4.9)

N

Jeb,cat = Jeb,cat (eAVH_EC‘” - ;__:) (S4.10)
where
]_vb,cat = kyb,carPs (S4.11)
and
]_cb,cat = kep,carTis (54.12)

Note here that Helmholtz terms are introduced to account for the realignment of E.,; relative to the
band edges, when sufficient surface state filling has occurred. The E.,; term is technically a

deviation from its equilibrium value, but the equilibrium value is set to zero in this model.

Section E.S4.4 J ¢ 501

For the current from surface states to the solution Js ¢4, the initial integral is

]ss,sol =q j kss,sol NgsCs016(€

(S4.13)
~ B [[fuale — Ex)le/? — [fue(Frs — ©)]e™2] e
Once integrated this becomes
Jss,sot = Kss,sol Csol[5+eE£S/2 - Se_EgS/Z] (S4.14)

The substitution E, = E& + V; + AV is made to facilitate the development of a meaningful

exchange current, and the expression is then rewritten
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]ss,sol = kss,sol Csol [5+(eESS/Z)(eVH/z)(eAVH/Z)

_ S(e—535/2)(6—VH/Z)(e—AVH/Z)]

By factoring out e “55/2 ¢~VH/2 and §, we further simplify to

+ (L EoN( LTV AVy/2 —AVy/2
g v sT(e®s)(e"H)(e”"H s(e ""H
]SS sol ACSS sol CSOlse gS/Ze /2 |: ( )( )( ) ( = )]
’ ’ S

S

. . . S EO 47 .
Using the relationship = eEsstVH we can write

+
S S
— s+ | ,Avy/2 T —-AVy/2
Jss,s01 = kss,sol Cso1VSS [§+ etvu/ §e H/ ]

Thus, we arrive at

+

)i = 5_oavu/z _ 5 —avy/2
ss,sol — Jss,sol 5+ 5

where

T = TR
]ss,sol - kss,sol CsolVSS

Section E.S4.5 J .4t 501

For the current from catalyst to the solution /.4 50, the initial integral is

]cat,sol = kcat,sol j Ncatcsol [f(E - Ecat)ee/2 - f(Ecat - E)e_e/z] de
After integration this evaluates to

]cat,sol = kcat,solNcatcsol[If(E - Ecat) =1 (Ecat - 6)]
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where the functions I and I;, are defined:

o ee/z
e e~€/2
Iy(Ecqr — €) = f_oo 1 + eBear—€ (S4.23)

To simplify these integral functions, the substitution € = € + E_;; can be employed (note that this

is a valid substitution because the full energy range is still integrated despite the substitution)

© e(E+Ecat)/2

If(E —E.qt) = f W = mePeat/? (S4.24)
© e_(f"'Ecat)/Z

I (Ecat — 6) = f ﬁ = 7'l.'€_EC‘”/2 (8425)

The finalized expression then becomes

- Ecat _Ecat
Jeat,sot = Jeat,sol (e 2 —e 2 ) (S4.26)
where
]_cat,sol = kcat,solNcatcsolT[ (S4,27)

Section E.S4.6 ], sc and ] ¢
The reaction of semiconductor holes and electrons with surface states is modeled using the

quasi-second order expressions:

_ pes st
]vb,ss = ]vb,ss ﬁ__S_‘ - §_+ (S4.28)
s
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_ s ngs”t
Jeb,ss = Jeb,ss 5 5t (S4.29)

Note here that the 1* order terms are consistent with the assumption that the concentrations of
valence band electrons and conduction band holes are not meaningfully altered under realistic

operating conditions.

Section E.SS Girtner Generalization — Full Derivation

In deriving the generalized Gértner model we explicitly write each step to show the
similarity to Gértner’s original formulation.* The generalizations we make allow for (1) a non-zero
value of the hole concentration at the edge of the depletion region (corresponding to relaxing
Girtner’s original assumption of fast surface kinetics), and (2) recombination in the depletion
region, which requires approximating the hole concentration profile in this region. Extensive
analyses of the minority carrier profiles and depletion region recombination have been conducted
by Albery et. al.;>® for comparison purposes the error in our treatment is explored the in subsequent
section (E.S6). Our method and results are closely related to those of El Guibaly et. al.” but we use

simple second-order recombination rather than trap-mediated recombination.

G
@,
dep D
Doy : -—
P ] ) Ps ‘
: Bulk oo Depletion -
Jo buk = 9Nouk Pouic Jo.dep = APuep
JP
= R ———
_ Jobuk = (P pu)fd
p T, =B =
i I
|
| |

Figure E.S3. Hole concentration profile and the currents generated by the generalized

Girtner model.

Figure E.S3 shows quantities relevant to the derivation of the generalized Gértner model.
The incoming photon flux @ is split into a portion that is absorbed in the depletion region, ®gep, and

in the bulk, @ik, so that @ = Oy, + Dpuik. The semiconductor interface is at x = 0 and the inside of
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the depletion region is at x = —w, where w is the depletion region width. The generated carriers per

unit time is

G(x) = Pae™

Recombination is assumed to follow a simple second-order law

R(x) = kgznp

The electrons are assumed to be at quasiequilibrium throughout the semiconductor, so that

n(x) = ne?

(S5.1)

(S5.2)

(S5.3)

The hole distribution in the bulk will be computed explicitly below. In the depletion region,

the transport equations can be solved to relate the hole concentration profile p(x) to the

concentration at the edge of the depletion region py,
p(x) = pye™® +pT(x)

where

X
p'l'(x) = e_(rb(x) f 9(x’)e¢(x’) dx’

-w

0
0(x) = —F, + f G(x") — R(x") dx'

(x +w)?
Pp(x) = Sy
w= A2V

150

(S5.4)

(S5.5)

(S5.6)

(S5.7)

(S5.8)



Note that p' represents the deviation from quasiequilibrium. We assume that p' = 0 which is
equivalent to assuming that the holes are at quasiequilibrium throughout the depletion region. Thus,

the following simplification is made

p(x) ~ pye™?® (S5.9)

The error in using this approximation is on the order of 1/§; this approximation therefore holds
when the Debye length is much smaller than the diffusion length. In the subsequent section (E.S6)
it is shown that, even when this assumption is relaxed, the current takes the same form in that it is
linear in J; and p,,.

The time dependent continuity equation for holes is

dp  1dJ,
e —aa+6(x)—R(x) (85.10)

Evaluation at steady state (dp/dt = 0) produces

1dj,
aa— G(x) —R(x) (85.11)

After integrating across the depletion region, this can be represented via the form
]p = Jpulk +]<1>,dep _]R,dep (S85.12)

where J, =J(0) is the total hole current passing through the surface, Jyux = J(—w) is the hole current

from the bulk to the depletion region, J 4ep is current from holes generated in the depletion region,

0 _ 0
Jo,dep = qPaep = CIf_WG dx =qP(1—e™ ™) = CIf_W Pae™ dx = qP(1 —

e—ax)

(S5.13)

and Jg gep is current due to recombination in the depletion region
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0 0
]R’dep = qf Rdx = qf kgpnip,, dx = qkgwnp,, (S5.14)
-wW -w

Jouk 1s obtained by assuming that there is no field in the bulk and that the electron concentration
remains unperturbed from its equilibrium value 7. Therefore, in the bulk the hole continuity

equation is

d’p ®ae™ p-p

- = - S5.15
dxz Dp 62 ( )
2
By substituting % = P" and ®ae™ = g(x) we simplify to
" — DP
Dyp —(P—P)§+g(x) =0 (S5.16)

Solving the second order differential equation, with the boundary conditions p(—o0) =

p and p(—w) = p,,, yields:

—e**q§?® — D,p + Dya®5%p

P D, (-1 + ad)(1 + ad)
(S5.17)
N whx —e™W*a§?® — D,p + Dya®5%p
¢ D,(—1 + ad)(1 + ad) Pw
The derivative of p with respect to position yields,
—eXtq252%
P =D, (—1+ad)(1 + ad)
wtx (S5.18)

+eT <_ —e Wq§%® — D,p + D,a?8%p >
Pw

o D,(—=1+ ad)(1 + ad)

—DpP+Dpa?82p

Substitution of p= (m

) enables simplification to
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—eX%q?2§%9
" Dp(—1+ ad)(1 + ad)
wix (S5.19)
e s e Weas?ep -
5 \Dy(—1+ad)(dA+ad) P TP

!

p

+

which is further simplified to

w+x
, —eX2q2852¢ + e WATE qfD WT”(ﬁ_pw)

_ $5.20
P D, ((1+ad)d +as)  ° 5 (5320

Since no field exists in the bulk semiconductor, only diffusion is treated. The diffusive

current can be calculated by solving —qD,,p’(x) at the edge of the depletion layer:

qa5d)e_wa n qu(ﬁ B pw)

11 a0) 5 (S5.21)

_qup,(_W) =

Solving with boundary conditions p(—) = p and p(—w) = p,, gives the solution for J,,;x =

q(dp/dx)(w),

Jbuik = Jo,putk T Ip,puik (S85.22)

The current due to generation in the bulk is

Jo puik = QMbuik Pouik (55.23)

where

ad
1+ad

Py = Pe™ Npuik = (S5.24)

Here #vun is the fraction of charges generated in the bulk that reach the edge of the depletion region

before recombining. The diffusion current term is
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p—p
Jppuik = 9Dy 5 =

(S5.25)

which is the current due to diffusion across one diffusion length just inside the bulk region, as

depicted in Figure E.S3. The concentration profile shown here is a schematic one; in reality, the

hole concentration varies throughout the bulk and in general has a nonlinear profile that is

dependent on the magnitude of generation and recombination, but the diffusional current is

mathematically equivalent to the simple conceptual illustration in the figure. Note that the original

Girtner model assumes p,, = 0.

We substitute these results into Eq. S5.12, and make the following simplifications to relate

our results to the Gértner model:
Jo = Jouwik + Jo,dep — Jr,dep
Substitution of Eq. S5.13, S5.14 and S5.22, into S5.12 produces

+q®(1 —e ) +qD, £ ;pw — qkgnip,,w

= qdbe-V
Jp = ade 1+ ad

The expression is simplified by factoring out &,

+ (- e‘“"")) +qD, P _SPW — qkgnip,w

— —aw
Jp=a® (e 1+ad

further simplified via a common denominator,

75 — Pw _
5 qkrNipyw

B abe™ ™  (1+ ad)e ™V
Jp=a 1+ ad 1+ ad

+ 1) +qD,

and rearranged to demonstrated cancellation of the first two terms,

—-aw —-aw —-aw

_ b ade ade e +1)+ap D — Pw .
=9\ T " 1ras 1+as r 5~ CRTPWW
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W)+qD L

Finally, we substitute the original Gértner current expression J; = q® (1 ~ T 5

e” ™ p—p _
]pz—q¢<1—1+a6>+qu 5 W—quwan

(S5.30)
D
=Jc—q (7” + kaﬁ> Pw

This result is the original Gértner current /; minus an extra term proportional to p,, that
describes additional recombination losses due to the hole transport limitation. The first term,
qDypy /8, is the amount of current fed back into the bulk, where the holes recombine, and the
second term, gkrwnp,,, is the amount of current lost due to recombination in the depletion region.

In the original Gértner model the diffusion current gD,p/8 is typically not the major
contribution to the total current because of the relatively small value of p; however, if the kinetics
are slow and there is a large buildup of holes in the depletion region, there may be enough of a back
current that p,,, exceeds p, leading to a net negative diffusion current. If p,, becomes large enough,
the diffusion current may eventually eclipse the generation current; when this occurs, we say that
the current becomes limited by the hole transport. Depending on the relative values of D, /& and
kpwn, a large p,, may also limit the hole current via recombination in the depletion region.

To couple this to the boundary conditions, we need to be able to relate p,, to ps. Using the
quasiequilibrium assumption for the hole concentration profile Eq. S5.9, we have p; = p,,e"sc, and

we may write S5.30 in terms of py

D \ P
5y =Jo _q(§+kan)ech (85.31)

VSC

A recombination current at equilibrium can then be defined by factoring out £

Ds

_ -D =
Jy = Jo + qe¥ e 22 (=52 = qlgiw ) e~ (85.32)
S

We arrive ae the final analytical solution — the generalized Gértner model:
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.
Jp = Jo —Jre¥se Ve = (S5.33)

Ps

where

_ D _
]R = q (?p + kRWT_l) ﬁse_VSC (8534)

is the depletion recombination current. Note that due to the appearance of w, this quantity is not
exactly constant, but can be treated as such for practical purposes. We generally refer to this term
as “depletion recombination” but note that it accounts for two more specific sub-processes: (1)
holes passing from the depletion region back into the bulk and (2) holes recombining within the
depletion region itself.

By using this approximation and the common assumption®® that surface electrons are at

quasi-equilibrium with the bulk
ng = neVsc (S5.35)

the numerical simulation can be dispensed with and the semiconductor transport, generation, and

recombination processes can be described analytically.

Section E.S6 Girtner Generalization — Error Discussion

Here we illustrate that the error in our generalization of the Gértner model is proportional
to A/6 and is therefore valid when the Debye length is much smaller than the diffusion length. We
also show that when this assumption is relaxed, the current takes a form similar to the generalization
in that it is linear inJ; and p,,. Berz has also given an analysis of the validity of the
quasiequilibrium assumption'® using a different method. It is important to note that this assumption
changes the form of the depletion region recombination current relative to other classical
treatments.

We start with the hole continuity equation,

dp_o_ dFE,(x)
dt dx

+ G(x) — R(x) (S6.1)
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and integrate once,

0
E,(x) = E, —f G(x) —R(x)dy
Here F, = F,(0), and

d¢ dp
B0 =—wp—-p—Dp

Solving this last equation with the boundary condition p(—w) = p,, yields,

p(x) = e ?(py — pT(x))
where

X

pt() =D, j F,(y)e?® dy
w

Note that the electrostatic potential is defined

(x + w)?
p(x) = o
and the depletion width defined as
w= A2V

A generation integral is defined,

0 0
I;(x) = j G(y)dy = ] PePdy =@(1 —e™)
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and a recombination integral, given n(x) = ne?, is defined,

0
In(x) = f RG)dy

0
= er'zf pw — ptdx (S6.9)
X
0
kgl (—pwx - j pt dx>
X

This integral requires additional work as it depends on pT. The first term of E,(x) gives rise to the

resistance integral

fo 90) dy = F,A\[7/2 f<W+x) (S6.10)
e y = /2 er .
P) D JZA
The full generation integral is then expressed
X
| et 150ay
-w
@2 /2{ f(W+x) (S6.11)
= /2 qer .
V22
al w+x al
o o () e (- )
"B "\ 7

and the full recombination integral is expressed

X
f D) [, (y)dy

-W
" 2 [/1 <1 _%> i3 (W + x)]
= —ko71 —e 2 - f— erf|— S6.12

X 0
— kgt f e?®) f pt(2)dzdy
—w y
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)

terms are effectively equal to 1, and the product ad = 0, since the Debye length can be assumed

Now we calculate pg with the following approximations: V is sufficiently large so that the erf (OC—/1

much shorter than the absorption length. To calculate the final integral, we let pT be constant

throughout the depletion regions, such that pt = p;r . This is justifiable because the exact functions
above become effectively constant a few Debye lengths away from the edge of the region. This

leads to

/1"”/ [F, - q§(1—e—“W)]+A(WV”/ A)(W ) (S6.13)

Since

Py — pi = pgeVse (S6.14)

we simplify to

A,/n/ [F, - &(1 - e=] +/1(Wx/”/ ’1) Vs (S6.15)

Ps

To write p,, in terms of p; we use the following relationship
pw = pse”Vs + p] (S6.16)

to arrive at

/'1,/71/

Pw [F, — (1 — em®)]

TR,

(S6.17)

We now take the main result of the generalized Gértner model,
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D
Jp=Jc—q (7” + kaﬁ) Pw (S6.18)

and substitute for p,, to obtain,

I»

Jo - %(1 ) [1 L Awyn/2-12) "7242_’1)] pee~se + qm/2 5 (14 %) o1 € (56.19)

1+ n/Z%(l +%)

We compare this to the solution which assumes hole quasiequilibrium,

D \ P
Jp = Jo — a2+ kpw) 22 (S6.20)

There are three new terms that occur when the hole profile is allowed to deviate from

quasiequilibrium. The first is a term (Xy) in the denominator

A w
Xp = ,/1'[/25(1 +E) (S6.21)

This term represents a decrease in hole density due to the resistance of charge transport through the

depletion region. The second (Yy) is a new term in the numerator

R

Mwyrm/2 =2
Y, = %pse_vsc (8622)

This term represents the decrease in hole density due to recombination. The third term (Yy;) is also

in the numerator,

2
Vo = ay/m/25(1+ %) D1 — e~w) (S6.23)

and represents the increase in hole density due to generation.
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These new terms are proportional to A/8. This means that ignoring these terms and
assuming hole quasiequilibrium is equivalent to assuming that the recombination length is much
larger than the Debye length, § > A. It is important to note that even when this assumption is
relaxed, the form of J,, remains the same in that it is linear in J; and p,e ~Vsc, Thus, from a modeling
standpoint, including these effects would be equivalent to altering the values of J; and the

coefficient of pge~Vsc.

Section E.S7 Surface State Mediated Transfer Model

Our surface state model is closely related to the Shockley-Read-Hall (SRH) recombination
model as we have used a single energy level DOS for the surface states. However, because we
allow for transfer between the surface states, catalyst, and solution, the steady-state occupancy of
the surface states is different from that predicted by the SRH model. Some of the positive charge
injected into the surface states does not participate in recombination but instead proceeds further to
oxidize the catalyst and/or solution; this effect has been discussed before by van Maekelbergh'!
and is called surface state-mediated transfer. The results of this section are not required for solution
of the model equations, but illuminate the relationship between our model and the SRH model and
quantify the effect of surface state-mediated transfer.

The occupancy of the surface states is determined by applying current equality through

them;
Jubss T Jeb,ss = Jss,cat T Jss,so1 (87.1)
where
Job,ss = Jub,ss <%§- - ;—:) (S7.2)
_ s ngsT
Jeb,ss = Jeb,ss (E‘ - ﬁs§+> (87.3)

stc sc,
> — SS) (S7.4)

S*Ces  5Coy

]ss,cat = ]ss,cat <
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_ st s
]ss,sol = ]ss,sol §_+ (eAVH/Z) - E(e_AVH/Z) (§87.5)

Solving for s and calculating the currents permits one to write them in the form
Jobss = J7° + Jobcat + Job,sol (S7.6)
Jevss = =J7° +Jebcat T Jcb,sol (87.7)
Here, J3° represents the surface state recombination current, and the others represent surface state-

mediated transfers, i.e. the current passed through the surface states from the semiconductor into

the catalyst and solution. These currents are

- psn
]155 = uss]vb,ss]cb,ss <¥ - 1) (S87.8)
Pss
L psc ¢t
si),cat = uss]ub,ss]ss,cat <ic—, - C_'_+> (S7.9)
— — 1% _
52,50[ = uss]vb,ss]ss,sol (steAVH/Z —-e AVH/Z) (S7.10)
s
ss I3 3 c Ny c*
]cb,cat = uss]cb,ss]ss,cat E- - ﬁ_55_+ (§7.11)
— — n
gg,sol = uss]cb,ss]ss,sol (eAVH/Z - ﬁ_se_AVHﬂ) (S7.12)
s

where

S ng §
n

1[5 P - - Sc
Uss = e []vb,ss (s‘_+ + PTZ) +]cb,ss (_s§_+ + 1) +]ss,cat (§_+E— +

. ) . (S7.13)
2+ e+ o)
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Eq. S7.8 is analogous to the main result of the SRH model, but is modified by the factor
uss, which decreases when charge is transferred through the surface states instead of recombining.
This factor essentially partitions the current into the surface states between recombination and
further transfer out of the states. It is important to note that the presence of the catalyst can decrease
the recombination current relative to a system without catalyst by moving charge out of the surface
states and into the catalyst or solution. This acts to lower the surface state energy (Fss) hence
reducing the states and leaving fewer holes in the surface states to recombine with electrons from
the conduction band. The transfer currents (Egs. S7.9 — S7.12) take the form of second-order rate
expressions for direct transfer between semiconductor, catalyst, and solution, with more
complicated “exchange currents” that depend on the applied bias through the factor uss.

We note also that the same analysis can be applied to the catalyst, which can function both
as a recombination center and as an intermediary by which charge can be passed from the
semiconductor to the solution, in the same way that surface states can. However, because of the
non-monoenergetic DOS of the catalyst, the analysis is more involved, but the basic mechanisms

and conclusions are the same.
Section E.S8 Analytical Solution to Model Equations — Solving for ps

Four equations are required to solve the model; electro neutrality holds that the charge in

the Helmholtz layer must be balanced by charge in the semiconductor and surface states:

Qsc +qss = qu (S8.1)

Current from the semiconductor to the surface states must equal current from the surface states to

the solution:

]vb,ss + ]Cb,SS = ]ss,cat + ]ss,sol (88-2)

Current into the catalyst, from the semiconductor and surface states, must equal current from the

catalyst to the solution:

]vb,cat + ]cb,cat + ]ss,cat = ]cat,sol (88-3)
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The hole current (Jp) is equivalent to the current from the valance band to the surface states and

from the valance band to the catalyst:

]p = Jub,ss + Jvb,cat

(S8.4)

Egs. S8.5, S8.6 and S8.7 can be applied to this final equation to solve the surface hole concentration:

= 7oy D
Jp=1Js — JpeVsc Ve =
Ps

J ] Pes s
vb,ss vb,ss 1555 S—+

T ps E qt—AV
]vb,cat = ]vb,cat (T — ereat H
Ds

Substituting into Eq. S8.4 yields:

+

— 5 v D — PsS S _ D B
Je _]ReVSC Vscpfz = Jub,ss <i§_s—_+> + Jvb,cat (pTz— ebeat AVH)

We redistribute to isolate like terms

+

Ps PsS Ps

Je + ]_vb,ss -t ]_vb,cateEcat_AVH = Eevsc_vsc =+ ]_vb,ss —+ ]_vb,cat —-
s* D DsS 7

S S N

and factor out %
S

s+

- - EoAve _ Ps(— 7 _ - s -
]G +]vb,ss g+ +]vb,cate cat=AVH = = (]ReVSC Vsc +]vb,ssg— +]vb,cat)
s

Isolating ? gives the analytical solution to the surface hole concentration (ps)
S
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(S8.6)

(S8.7)

(S8.8)

(S8.9)

(S8.10)



+
i S i Ecat—AV
Ps Je + ]vb,ss St + ]vb,cate cat H

- — [ — S —
Ps (]Revsc Vse + ]vb,ss 3 + ]vb,cat)

(S8.11)

Section E.S9 Ideal and Non-ideal Photodiode Derivation
The Géartner model assumes that there is perfect hole conductivity and therefor neglects the
behavior of holes in the depletion region. Ideal behavior is constructed by assuming that hole

current is equivalent to the Gértner current, and overall current is that minus the electron current
— 3 -V
]ideal - ]G _]cb,sole (89-1)
To solve for the V. we set Jigeqr =0

Ve ~ —In Je ) (S9.2)

ch,sol

The generalized Gértner model can be applied to account for depletion layer recombination. Doing

so complicates the expression for hole current

D
Jp = Jo —Jre"e V“prz (S9.3)

For the non-ideal current expression, we modify the Gértner model by introducing a first order rate

constant into the reverse current:

— v.—v.. P - -
Jnon-idear = Jo — kl]ReVSC Vscpfs_lcb,sole v (S9.4)

N

This allows us to write the following simplification,

Ja

]non—ideal - T VeV
eVsc™Vsc
1 I]R_

—T e Vsc—Vsc
]cb,sol (S9.5)

]vb,sol

where
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I
1 —
Ds/Ds

]_vb,sol = _];evsc_vsc (S9.6)

The non-ideal photodiode equation is solved for the V. by setting J,on—idear = 0,

Voc = —1In

Z_Zl+m(=

_ / (S9.7)
]cb,sol]vb,sol 4 2 vb,sol

JoJh 1 1 Jr )
Section E.S10 Model Results — Only Catalyst (no surface states)

The model can be compared to our previously employed differential equations based
simulation if surface states are neglected.'”> As expected, the catalyst potential shifts quickly at V.
to accommodate slower catalysts. Once catalysis becomes sufficiently slow (small Joq¢ 501)
depletion recombination limits device performance by limiting the maximum E,¢ (and

consequently V,,.) achievable at any given V,,,,. This can be seen in the shallower E¢q; vs. Vgppp

transition slope for the slowest two catalysts in Figure E.S4(d).
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Figure E.S4. Simulation results for the system without surface states. Exchange currents for

2

this simulation are, J,pcqr = 107%, Jopcar = 1071 mA cm™2. The simulation is solved for

Jeatsor = [1076,107%,1072,10°, 102, 10%].

These results are similar to the differential equation based model in that they predict slow
catalysts can be compensated by increases in E.,;. While the limit of this behavior is determined
by recombination in the depletion region, for both models, this model provides an analytical

solution to the limitation.

Section E.S11 Model Results — Only Surface States (no catalyst)

A system with only surface states acts similar to the buried “metallic” junctions defined in
our previous work.'” Since the monoenergetic surface state level cannot shift relative to the
semiconductor bands (no internal charge screening), this system relies on a Helmholtz potential to
drive oxidation. This is the same physical situation as found for impermeable catalysts, which also
contain a large quantity of unscreened charge states and hence can only be affected by a change in

the electrostatic potential drop between the catalyst and the solution.
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(a) total current (b) depletion recombination (c) ss-mediated recombination
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Figure E.SS5. Simulation results for the system without surface states. Exchange currents for

this simulation are [, 5s = 107, J o s = 1072 mA cm™2. The simulation is solved for J 501 =

[1076, 1074, 1072, 10°, 102, 10%].

For slow oxidation kinetics (small Jg5¢;) charge builds up in the surface states (Figure

E.S5f) and produces a sizeable Helmholtz drop (Figure E.S5e). Surface state charging also

increases surface state mediated recombination (Figure E.S5¢), which accounts for the cathodic

shift in the J-V behavior relative to curves for quicker oxidation kinetics (Figure E.S5a).
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Section E.S12 Model Results — Parallel behavior

For models containing both surface states and catalyst states there are two primary behavior
regimes. If electronic communication between the surface states and catalyst states is poor (Jss cqr
is small) we say that the system behaves in parallel. Whereas, good communication gives rise to
series behavior. We examine the parallel behavior in this SI section and the series behavior in the

subsequent section. We note that series behavior is more likely to for real systems.

(a) total current (b) depletion recombination (c) ss-mediated recombination
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Figure E.S6. Simulation results for model exhibiting parallel behavior (/s .o = 0). Exchange
currents for this simulation are [y s = 1078, Jopss = 10710, [y car = 1074, Jop cqe = 10710,
Jsssor = 1072, and Jegcqr =0 mAcm™2,

107%,107%, 1072, 10°, 102].

The simulation is solved for Jogpsor = [1078,

This model shows two regions of behavior. In the first, for large J 4501 values, J-V
characteristics collapse to the same limit given by the pure catalyst model in S10 (Figure E.S6a).
This occurs because transfer from the valance band to the catalyst dominates which allows the
system to act as if the surface states do not exist. Surface state occupancy remains low for these
curves (Figure E.S6f). Once catalysis becomes sufficiently slow the second behavior region sets in.
In this region, a larger surface hole concentration is needed to further oxidize the catalyst (Figure

E.S7a). However, the increase in pg promotes surface state filling (Figure E.S6f), resulting in an
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increased Helmholtz drop (Figure E.S6e) and the promotion of direct oxidation from the surface
states (Figure E.S7d). The result is that ], ¢, becomes the dominant driver of current while /.4t 501
becomes negligible. The cathodic shift in the J-V behavior when moving from the 1* to the 2™
region is accounted for by surface state mediated recombination (Figure E.S6¢c) As the surface
states fill they become recombination centers while simultaneously driving the OER. This
recombination is also why the E.q; vs. V,p,,, slope diminishes for the slower j_cat_sol values (Figure

E.S7¢). The recombination precludes the surface hole quasi Fermi level from charging the catalyst

to a potential necessary for OER.
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Figure E.S7. Additional simulation results for model exhibiting parallel behavior (/s cqr =

0). Colors correspond to those in Figure E.S6.
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Section E.S13 Model Results — Series behavior
Here we describe the behavior of a model containing both surface states and catalyst states
where these elements behave in series with each other. That is, where Jg; ¢4, is sufficiently large to

allow electronic communication between the surface states and catalyst.

(a) total current (b) depletion recombination (c) ss-mediated recombination
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Figure E.S8. Simulation results for model exhibiting parallel behavior. Exchange currents for
this simulation al‘e]_vb,ss = 10_6,]_cb,ss = 10_10,]_vb,cat = 10_4:]_cb,cat =10"" ,]_ss,sol =1072,
and]_sslcat = 10° mA cm™2. The simulation is solved forj_catysol =[10"%,107°,107%, 1072, 10°,

102].

Like the parallel model, results here exhibit two distinct regions of behavior. In the first,
for large Joqr 501 Values, J-V characteristics collapse to the same limit given by the pure catalyst
model in S10 (Figure. E.S8a). Unlike the parallel model, the transition to the second region (where
the J-V curves have shifted cathodically) occurs much earlier here (at higher values of Jcatsol)-
The earlier transition is due to back transfer of holes from the catalyst to the surface states (Figure
E.S9¢). This transfer occurs because the catalyst and surface states are now at quasi-equilibrium
with each other (Figures E.S9b & E.S9c) and so the surface states act as a hole “sink” even when
they cannot drive the OER themselves. The “sink” behavior means that the 2™ region exhibits an

increase in the surface state occupancy and in the Helmholtz drop (Figures E.S8e & E.S8f). The
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latter effect increases the ability for surface states to directly drive the OER (Figure E.S9d).

Interestingly, the cathodic J-V shift when moving from the 1% to 2™ region is not explained by

either depletion recombination or surface state mediated recombination (Figures E.S8b & E.S8c).

Examining the conduction band to catalyst surface state mediated transfer (J;j, .4¢) reveals the cause

of this shift. Ultimately, recombination still occurs in the surface states, but the recombination is

not direct — electrons from the conduction band recombine with holes back-transferring from the

catalyst (Figure E.S9f1).
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Figure E.S9. Additional simulation results for model exhibiting parallel behavior. Colors

correspond to those in Figure E.S8.
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Section E.S14 Full Model — Mathematica

To facilitate comprehension, the Mathematica files are broken into four core components,
(1) “Model Initialization and Logic”, (2) “Solving the Model”, (3) “Current Expression and
Datasets”, and (4) “Plotting Functions”. The first and second components include all the model
logic and the computational solve for the system of four equations. The final two components are
purely cosmetic, in that they are used to generate datasets and then plot them. Note that teal code
is Mathematica’s comment notation, these sections are incorporated to help the reader understand

the subsequent code blocks.

(* Variables Defined:
s is s (surface state concentration) ,
sp is s* (oxidized surface state concentration),
sq is 5,
spq is §°,
c is c (catalyst states),
cq is ©,
cp is ¢,
cpq is ¢,
ess is Ess (surface state energy) ,
esso is E%s (formal energy sans helmholtz drop) ,
vh is W,
vhe is Wy,
ec is Ect,
p is ps/Ps,
V is Vap,
jg is Js (Gartner Current),
jd is Jr (Depletion recombination exchange current),
jps is Jw,sss
jns is Ja,ss,
jpc is Jw,cats
Jss is Jss,s1,
jsc is Jss,cats
jnc is Jw,cat»
jecs is Jeat,sols
ass is alpha (reaction coordinate) ,
vo is v,
cs is Gs,
nss is Nss (surface state DOS) ,
nd is Np (semiconductor dopant density) ,
ch is Gy (helmholtz capacitance)

]

*)

(*Substitutions list for s, s*, 5, 3", ¢, ¢, T, T'*)
subs= {s- 1/ (1+E~(-esso-vh+ess)), sp»1/(1+E~(-ess+esso+Vh)),sq->1/ (1+E~(-esso-Vvho)), spq-»1/ (1+E*(+vhO+ esso)),
c->1/(1+E~(-esso-vh+ec)), cp->1/ (1+E~(-ec+esso+vh)), cq-»1/ (1+E~(-esso-vh@)), cpg-» 1/ (1+E”(esso+Vvho))};

(*Solving Jw,ss + w,cat = Jg for p x)
Jjps (ps/ sq-sp/spq) + jpc (p- E~(ec- vh+ vho)) = jg- JAE~(-v+ vh-vho) p/. subs // Simplify;
subs = Join[subs, Solve[%, p] // Flatten] ; («Adds p to substition listx)

(*

The three primary equations
#l Ivb,ss + Jeb,ss = Jss,sol + IJss,cat
#2 Ivb,cat + IJcb,cat + Jss,cat = Jeat,sol
#3 s + Gss = G4

*)

eqn=

{Jps (ps/sq-sp/spq) +jns (s/ sq- E~(-v+ vh- vho) sp/ spq) ==
Jjss (sp/ spqE” (ass (vh- vho)) - s/ sQE~ (- (1- ass) (vh-vho))) + Jsc ((spc) / (spqcq) - (Scp) / (sqcpq)) ,

jpc (p- E~(ec- vh+vh)) + jnc (E~ (-ec+ vh- vhe) - E~(-v+ vh-Vvh)) + jsc ((spc) / (spqcq) - (Scp) / (sqcpq)) = jcs (E~(ec/2) - E~(-ec/ 2)),
nd« Sqrt[Abs[ (v+ vo- vh)]] + csnsssp = chvh} /. subs // Simplify;

(*Solving for Vecx)

egn/.subs /. {ec- @, ess- @, vh- vho, jd- jd} // Simplify;
voc=Vv/.Solve[%[[1]]1, VI[[2]] /.C[1] »©;

Figure E.S10. Model code section 1. Model initialization and key equations.
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(+Constant Subsitutions: Ju,ss, Jeb,ss> Jvb,cats Jeb,cats JIss,sols Jss,cats Je» Jars Na» Nss, E%s, V, ass, Gy Co)
const = {jps-» 1+"-6, jns> 1x"-10, jpc- 1+"-4, jnc- 1x"-10, jss - 1x"-2, jsc- Bx 105, jg- 10, jd» 1x*-17, nd-> 1+"0, nss - 1+"5,
esso- 4, vo- 32, ass~ 1/ 2, ch- 200, cs-» 1«~-1} // N;

(xDetermine Vy and add to Constant Substitionss)
AppendTo[ const, FindRoot[eqn[[3]] /. subs /. {ess> @, v- ©, vh- vho} /. const, {vhO, ©}]1[[1]]];

(%
Block solves the analytical expressions at various values of Jcat,sol

pmin and pmax are the boundary exponent values and dp is the transition between them, such that:

Jeatsol = {10F7N, 1gpminech qgpminexp  jgpmex-dp, jgmmex)

Outputs into the list: “"data"
*)
pmin = -10;
pmax = 4;
dp=2;
einc=0.9;
np= (pmax- pmin) / dp;
out={};
eqc = egn /. const;
legend = Range[pmin, pmax, dp] ;
var = jcs;
For[ip = pmin, ip < pmax, ip += dp,

Block[ {jcs = 10~ip} ,

varv = voc / . const;

vmax = 20;

vmin = -30;

nv = 200;

dv= (vmax- vmin) / nv;

data = {{varv, FindRoot[eqc /. v~ varv, {ess, @}, {ec, 0}, {vh, vhO /. const}] // Quiet, var}};

varv += dv;

For[, varv < vmax, varv += dv,

AppendTo[data,

{varv, FindRoot[eqc /. Vv~ varv, {ess, - einc+ ess /. Last[data] [[2]]}, {ec, -einc+ec /. Last[data] [[2]]},
{vh, @einc+ vh /. Last[data] [[2] ]}, MaxIterations -» 300] // Quiet, var}];

15

varv = voc - dv /. const;

AppendTo[data, {varv, FindRoot[eqc /. v~ varv, {ess, ess /. data[[1, 2]]}, {ec, ec /. data[[1, 2]1}, {vh, vh/. data[[1, 2]]1}] // Quiet, var}];

varv -= dv;
For[, varv> vmin, varv -= dv,
AppendTo[data,
{varv, FindRoot[eqc /. V- varv, {ess, einc+ ess /. Last[data] [[2]]}, {ec, @einc+ec/. Last[data] [[2]]}, {vh, -@einc+ vh/. Last[data] [[2]]}] //
Quiet, var}];

15
data = SortBy[data, First] ;

15
AppendTo[out, data] ;
1

Figure E.S11. Model code section 2. Current continuity equations and logic used to solve the

model.
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(+Explicit expressions for Jit, Jss,sol> Jaat,sols Jss,cats Jeb,cats dvb,cats Jeb,sss Ibysss S's Epss Jos Jars and Jgx)
Jjexp = jss (sp/ spqE~(ass (vh- vhe)) - s/ sqE~ (- (1- ass) (vh-vho))) + jcs (E~(ec/ 2) - E~(-ec/ 2)) /. subs// Simplify;
Jjssexp = jss (sp/ spqE”~ (ass (vh- vho)) - s/ sqE”~ (- (1- ass) (vh-vh@))) /. subs // Simplify;
Jjcatexp = jcs (E~(ec/ 2) - E~(-ec/ 2)) /. subs // Simplify;
Jscexp= jsc ((spc) / (spqcq) - (scp) / (sqcpq)) /. subs // Simplify;
Jjncexp = jnc (E~(-ec+ vh- vhe) - E~(-v+ vh-Vvhe)) /. subs // Simplify;
Jjpcexp = jpc (p- E~(ec- vh+ vho)) /. subs // Simplify;
Jjnsexp = jns (s/ sq- E~(-v+ vh- vh@) sp/spq) /. subs// Simplify;
Jjpsexp=Jjps (ps/ sq- sp/spq) /. subs// Simplify;
spexp = sp /. subs // Simplify;
epexp = Log[p] + vh- vh@ /. subs // Simplify;
Jjgexp = jg- JAE~(-v+ vh-vho) p/. subs // Simplify;
Jjdeprexp = JAE~(-v+ vh- vh@) p /. subs // Simplify;
jrexp =
jpsjns (p E~(-v+Vvh-vho) - 1) (1/spq)
(jps (sq/ spq+ p) + jns (E~(-v+ vh-vho) sq/spq+ 1) +Jsc ((sq/spq) (c/cq) + (cp/cpq)) + jss (E~((vh-vhe) /2) (sq/spq) + E~(-(vh-Vvhe) /2))) "
(-1) /. subs // Simplify;
jrvbcatexp =
jps jsc (p ¢/ cq- cp/ cpa) (1/ spq)
(Jps (sq/ spq+ p) + jns (E~(-v+vh-vho) sq/spq+ 1) +jsc ((sq/spq) (c/cq) + (cp/cpq)) + jss (E~((vh-vhe) 72) (sq/spq) + E~(-(vh-Vvhe) 72))) "
(-1) /. subs // Simplify;
jrvbsolexp =
Jpsjss (p E~((vh-vho) /2) - E~(- (Vvh-Vvhe) /2)) (1/ spq)
(Jps (sq/ spq+p) + jns (E~(-v+Vvh-vho) sq/spq+ 1) +Jsc ((sq/spq) (c/cq) + (cp/cpq)) + jss (E~((vh-vho) /2) (sq/spq) + E~(-(vh-Vvhe) 7/2))) "
(-1) /. subs // Simplify;
jrcbeatexp =
jnsjsc (c/ cq- (cp/ cpq) E~(-v+ vh-vh)) (1/ spq)
(jps (sq/ spq+p) + jns (E~(-v+ vh-vho) sq/spq+ 1) +jsc ((sq/spq) (c/cq) + (cp/cpq)) + jss (E~((vh-vhe) /2) (sq/spq) + E~(-(vh-Vvhe) /2))) "
(-1) /. subs // Simplify;
jrcbsolexp =
jns jss ( E~((vh-vhe) /7 2) - E~(-v+ vh- vhe) E~(- (Vvh-vho) / 2)) (1/ spq)
(Jps (sq/ spq+p) + jns (E~(-v+vh-vho) sq/spq+ 1) +jsc ((sq/spq) (c/cq) + (cp/cpq)) + jss (E~((vh-vh) 72) (sq/spq) + E~(-(vh-Vvhe) 72))) "
(-1) /. subs // Simplify;

(xExpressions evaluated with the data list and stored in new listsx)

jdata= {#[[1]] /40, jexp/.subs /. const/.var-> #[[3]] /. #[[2]]} &/e # &/e out;

Jjssdata= {#[[1]] /40, jssexp/.subs /. const/.var-> #[[3]] /.#[[2]]} &/e# &/eout;

jcatdata= {#[[1]] /4@, jcatexp/.subs /. const/.var-> #[[3]] /.#[[2]]} &/e # &/e out;

jscdata= {#[[1]] /40, jscexp/.subs /. const/.var-> #[[3]] /. #[[2]]} &/e # &/e out;

jncdata = {(#[[1]] /40, jncexp /. subs /. const/.var-> #[[3]] /. #[[2]] /. V> #[[1]]} &/e # &/eout;

Jjpcdata = {(#[[1]] /40, jpcexp /. subs /. const/.var-> #[[3]] /.#[[2]] /.V->#[[1]]} &/e # &/e out;
jnsdata= {#[[1]] /40, jnsexp /. subs /. const/.var-> #[[3]] /.#[[2]] /.Vv->#[[1]]} &/e # &/e out;
Jjpsdata= {#[[1]] /40, jpsexp /. subs /. const /. var-> #[[3]] /. #[[2]] /. V> #[[1]]} &/e@ # &/e out;

jgdata = {#[[1]] /40, jgexp/.subs /. const/.var-> #[[3]] /.#[[2]] /.V->#[[1]]} &/e # & /e out;

jdrdata= {#[[1]] /40, jdeprexp /. subs /. const/.var-> #[[3]] /. #[[2]] /.Vv~>#[[1]]} &/e # &/e out;
jrdata = {#[[1]] /40, jrexp/.subs/.const/.var-> #[[3]] /.#[[2]]/.V->#[[1]]} &/e# &/e out;
jrvbcatdata = {#[[1]] /40, jrvbcatexp /. subs /. const/.var-> #[[3]] /.#[[2]] /.Vv->#[[1]]} &/e # &/e out;
jrvbsoldata = (#[[1]] /40, jrvbsolexp /. subs /. const/.var-> #[[3]] /. #[[2]] /.V->#[[1]]} &/e # &/e out;
jrcbeatdata = {#[[1]] /40, jrcbcatexp /. subs /. const/.var-> #[[3]] /. #[[2]] /.V->#[[1]]} &/e # &/e out;
jrcbsoldata = {#[[1]] /40, jrcbsolexp /. subs /. const/.var-> #[[3]] /. #[[2]] /.Vv->#[[1]]} &/e # &/e out;

essdata= {#[[1]] /40, (ess) /40/.#[[2]]} &/e # & /e out;

ecdata= {#[[1]] /40, (ec) /40/.#[[2]]} &/e # & /e out;

vhdata= {#[[1]] /40, vh/40/. #[[2]]} &/e # & /e out;

vscdata = {#[[1]] /40, (v+Vvo-vh) /40 /.subs /. const/.var- #[[3]] /.#[[2]] /.Vv>#[[1]]} &/e# &/eout;
epdata= {#[[1]] /40, (epexp) /40 /.subs/.const/.var- #[[3]] /.#[[2]] /.Vv->#[[1]]} &/e # &/eout;
spdata= {#[[1]] /40, spexp/.subs /. const/.var-> #[[3]] /.#[[2]] /.Vv->#[[1]]1} &/e # & /e out;

Figure E.S12. Model code section 3. Current output expressions and data frames.
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(A1l plotting functions«)
imsize = {500, 400} ;

jrplot = ListPlot[jrdata, PlotRange- (-5, 12}, Joined- True, PlotLabel - "Jss,recombination": ImageSize » imsize, Frame- True,
Framelabel » {{"J(mA/ar’) ", None}, {"V", None}}, LabelStyle - Directive[13]];

Jjplot = ListPlot[jdata, PlotRange - {-5, 12}, Joined » True, PlotLabel - "Jiot", ImageSize » imsize, Frame- True,
FrameLabel - {{"J(mA/ a) ", None}, {"V", None}}, LabelStyle - Directive[13],
PlotLegends - Placed| LineLegend| legend, LabelStyle » {GrayLevel[@.3], Bold, 18}, LegendLabel » "Jcat,so1 = 16", LegendLayout » { "Row", 4},

LegendFunction » Framed] , {0.8, ©.35}]] ;

jssplot = ListPlot[jssdata, PlotRange - {-5, 12}, Joined » True, PlotLabel -» "Jss,sol": ImageSize » imsize, Frame- True,
FrameLabel - {{"J (mA/am?) ™, None}, {“V", None}}, LabelStyle- Directive[13]];

Jjeatplot = ListPlot[ jcatdata, PlotRange - (-5, 12}, Joined » True, PlotLabel - "Jcat,sol"J ImageSize » imsize, Frame- True,
FrameLabel - {{"J (mA/am?) ™, None}, {"V", None}}, LabelStyle- Directive[13]];

Jjscplot = ListPlot|jscdata, PlotRange - {-12, 12}, Joined - True, PlotLabel - "Jsg’cat" , ImageSize » imsize, Frame- True,
FrameLabel - {{"J(mA/cr?) ", None}, {"V", None}}, LabelStyle - Directive[13]];

Jjncplot = ListPlot[jncdata, PlotRange » {-12, 12}, Joined » True, PlotLabel - "Jcb,cat": ImageSize - imsize, Frame- True,
FrameLabel - {{"J (mA/am?) ™, None}, {“V", None}}, LabelStyle- Directive[13]];

Jjpcplot = ListPlot[jpcdata, PlotRange » {-12, 12}, Joined » True, PlotLabel -» "va,cat", ImageSize » imsize, Frame- True,
FrameLabel - {{"J (mA/am?) ™, None}, {"V", None}}, LabelStyle- Directive[13]];

Jjnsplot = ListPlot[jnsdata, PlotRange - {-12, 12}, Joined - True, PlotLabel - "Jcb,ss": ImageSize -» imsize, Frame- True,
FrameLabel - {{"J(mA/cr?) ", None}, {"V", None}}, LabelStyle - Directive[13]];

Jjpsplot = ListPlat[jpsdata, PlotRange - {-5, 12} , Joined » True, PlotLabel » "va,ss", ImageSize - imsize, Frame- True,
FrameLabel - {{"J (mA/cam?) ™, None}, {"V", None}}, LabelStyle - Directive[13]];

jdrplot = ListPlot[ jdrdata, PlotRange» {-5, 12}, Joined » True, PlotLabel -» "Jyr", ImageSize » imsize, Frame - True,
FrameLabel - {{"J (mA/am?) ™, None}, {"V", None}}, LabelStyle- Directive[13]];

Jjeplot = ListPlot|jgdata, PlotRange - {-5, 12}, Joined - True, PlotLabel - "Js", ImageSize - imsize, Frame- True,
FrameLabel » {{"J (maA/am?) ™', None}, {"V", None}}, LabelStyle- Directive[13]];

jrvbcatplot - ListPlot| jrvbcatdata, PlotRange - {-10, 12}, Joined True, Plotlabel » " (J°°) \p cat", ImageSize - imsize,
Frame - True, Framelabel - {{"J(mA/ ar) ", None}, {"V", None}}, LabelStyle- Directive[13]];

jrvbsolplot = ListPlot| jrvbsoldata, PlotRange - {-10, 12}, Joined True, Plotlabel » " (J°°) \p 501", ImageSize» imsize,
Frame - True, Framelabel - {{"J(mA/ ar) ", None}, {"V", None}}, LabelStyle- Directive[13]];

jrebeatplot = ListPlot| jrcbeatdata, PlotRange - {-10, 12, Joined True, Plotlabel » " (J°°) ¢y cat”, ImageSize - imsize,
Frame - True, Framelabel - {{"J(mA/ ar) ", None}, {"V", None}}, LabelStyle- Directive[13]];

jrebsolplot = ListPlot| jrcbsoldata, PlotRange - {-10, 12}, Joined True, Plotlabel » " (J°%) \p 501", ImageSize imsize,
Frame - True, Framelabel - {{"J(mA/ ar) ", None}, {"V", None}}, LabelStyle- Directive[13]];

essplot = ListPlot[essdata, PlotRange - All, Joined - True, PlotLabel - "E<s", ImageSize - imsize, Frame- True,
FrameLabel > {{"E (V) ", None}, {"V", None}}, LabelStyle - Directive[13]];

ecplot = ListPlot[ecdata, PlotRange - All, Joined - True, PlotLabel » "E ,+", ImageSize - imsize, Frame- True,
FrameLabel » {{"E (V)", None}, {"V", None}}, LabelStyle- Directive[13] ];

vhplot = ListPlot|vhdata, PlotRange » All, Joined » True, PlotLabel » “\ly", ImageSize - imsize, Frame- True, FrameLabel- {{"V", None}, {"V", None}},
LabelStyle - Directive[13]] ;

vscplot = ListPlot[vscdata, PlotRange - All, Joined » True, PlotLabel -» "Vsc", ImageSize - imsize, Frame- True,
FrameLabel - {{"V", None} , {"V", None}}, LabelStyle- Directive[13]];

epplot = ListPlot[epdata, PlotRange - All, Joined - True, PlotLabel » "Epjs", ImageSize » imsize, Frame- True,
FrameLabel » {{"E (V)", None}, {"V", None}}, LabelStyle- Directive[13] ];

spplot = L:istPlot[spdata, PlotRange - All, Joined - True, PlotLabel » "S" ", ImageSize» imsize, Frame-> True,
FrameLabel - { { "Occupancy", None}, {"V", None}}, LabelStyle- Directive[13] ] H

GraphicsGrid[ ( {jplot, jrplot, jdrplot}}, PlotLabel "Relevant Currents”, Frame- True, FrameStyle- Thick]

Print["\n"]

G‘aphicsGrid[{(epplat, essplot, ecplot}, {vscplot, vhplot, spplot}}, PlotLabel » "Ener‘gies and Poten‘tiaIS", Frame - True,
FrameStyle - Thick]

Print["\n"]

GraphicsGrid| { { jpcplot, jncplot, jscplot, {, jcatplot,}), Plotlabel- "Jyp cat + Jcb,cat + Jss,cat = Jcat,sol”» Frame- True,
FrameStyle - Thick]

Print["\n"]

GraphicsGrid[ { { jpsplot, jnsplot}, {jssplot, jscplot}}, PlotLabel» "va,ss + Jcb,ss = Jss,sol + Jss,cat", Frame - True, FrameStyle - Thick]
Print["\n"]

GraphicsGrid([ { { jpsplot, jpcplot}, {jgplot,}}, PlotLabel-» "va, ss t va,cat = JG,generalized") Frame - True, FrameStyle- Thick]
Print["\n"]

GraphicsGrid[ { {jrvbcatplot, jrvbsolplot}, {jrcbeatplot, jrcbsolplot)), Plotlabel » "Surface State Transfer Currents-,
Frame » True, FrameStyle - Thick]

Figure E.S13. Model code section 4. Plotting functions.
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APPENDIX D. SUPPORTING INFORMATION FOR PAPER F

Junction Behavior of n-Si Photoanodes Protected by Thin Ni Elucidated from Dual
Working Electrode Photoelectrochemistry

Section F.S1

The electrical conductivity through the photoelectrochemical (PEC) activated Ni film is
largely dependent on the state of the near-solution Ni species. If the surface Ni is in the Ni(OH)
phase it will behave as an insulator and impede charge transfer. When the catalyst is oxidized to
NiOOH, it exhibits much higher conductivity.' The electrical junction behavior of the composite
dual working electrode (DWE) is dependent on what state the Ni is in prior to performing the Au
thermal deposition to form the WE, contact.

A significant concern in depositing 10 nm of Au on 3 and 5 nm Ni films is the development
of direct n-Si | Au shorting. To evaluate this concern, we produced DWE photoanodes wherein the
redox active Ni is isolated as Ni(OH), prior to Au evaporation. Devices created in this manner can
be evaluated for shorting by examining the dark ex-situ J-V characteristics before and after Ni(OH),
solution oxidation (Figure F.S1). Without n-Si | Au shorting, the J-V characteristics exhibit poor
conductivity which becomes rectifying only once the Ni(OH), is electrochemically oxidized to
NiOOH. Devices were re-reduced after performing in-situ DWE experiments; these J-V
characteristics exhibit good agreement with the initial film which indicates WE; stability and
sustained lack of shorting. Such “short-free” devices are suitable for further interface analysis.

We note that devices where the Ni is electrochemically oxidized to NiOOH, directly prior
to Au depositions, tend to exhibit electrical conductivity despite electrochemical re-reduction (to
Ni(OH),). We speculate that this is caused by small regions of previously redox-active NiOOH
being isolated from solution by the thin gold layer. In effect, these regions of Ni are never able to
fully re-reduce and thus remain conductive despite the majority of the film being converted to
Ni(OH),. Electrodes produced in this manner are useful in that the junction photovoltage can be

sensed at all relevant potentials through WE, (discussed more below).
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Figure F.S1. Shorting test for photoelectrodes. Dark, ex-situ JV characteristics for a DWE
photoanode with Ni(OH), isolation. Catalyst films were isolated as Ni(OH), by supplying a
reducing potential for 10 min (200 mV cathodic of the reduction peak potential) and to NIOOH by
supplying an oxidizing potential for 10 min (200 mV anodic of the oxidation peak potential).

Section F.S2

To examine electrode activity as a function of (long-term) cycling we photo-deposited
additional Ni before evaporation of the Au WE,. This improved the cycling longevity of the DWE
electrode. Such photodeposition of sacrificial Ni is also useful in that it consistently prevents n-Si
| Au shorting (which is often observed for the thinner layers). We examine the 5 nm devices because
they exhibit an intermediate photovoltage enhancement relative to the 3 and 20 nm devices. During
a typical experiment, WE; was cycled 49 times through the oxidation and reduction peak without
significantly entering the OER region. On the 50™ cycle a more extended CV was swept to include
the OER region and then WE; was cycled once to examine the catalyst activity independent of the
semiconductor. After 250 cycles it becomes apparent that WE, losses significant contact with the
catalyst. This conclusion is consistent with the diminishing redox peaks, likely indicating the
dissolution or detachment of sacrificial catalyst.

Figure F.S2 expands on the data in Figure F.3 of the text, and demonstrates the continued
effects of this process on both working electrodes. Results show that OER onset significantly
improves over 250 cycles when measured from WE; but only improves over the first 50 cycles
when measured from WE,. Additionally, the improvement onset potential measured through WE,
(i.e. catalyst) is ~100 mV while that measured through WE; (i.e. semiconductor ohmic contact) is

~400 mV.
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Figure F.S2. Comparison of WE1 and WE2 with extended ageing. (a) [lluminated cycling
experiments through WE; on n-Si | 5 nm Ni | 10 nm Au DWE photoanodes. (b) [lluminated cycling
experiments through WE; on n-Si | 5 nm Ni | 10 nm Au DWE photoanodes. Same device as Figure
F.S2a. Both experiments were performed under 100 mW c¢cm™ of AM1.5G solar simulation in a pH

9.8 K-borate buffer.

Because sacrificial catalyst loss is apparent during cycling experiments we controlled for
this effect by intentionally “pinning” the junction. To accomplish this a 10 nm Au interlayer was
deposited between the n-Si and 5 nm Ni layer. CV experiments were conducted in an identical
manner to those in Figure F.S2. Sacrificial Ni loss was also noticed in this instance but no change
in the illuminated OER onset was seen when measured through WE,. Additionally, the redox peak
locations remained largely unaffected by continued cycling, when measured through both WE, and
WE,. Whereas in the n-Si | 5 nm Ni junction the redox peaks moved mostly in step with the OER

onset increases, when measured through WE;. This data is consistent with the expected behavior
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of the buried n-Si | Au junction and shows that the cathodic shifts in photocurrent onset are

produced specifically by changes to the n-Si | Ni junction.
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Figure F.S3. Dual-working-electrode technique applied to Au control. (a) Illuminated cycling
experiments through WE; on n-Si | 10 nm Au | 5 nm Ni | 10 nm Au DWE photoanodes. (b)
[lluminated cycling experiments through WE; on n-Si | 10 nm Au | 5 nm Ni | 10 nm Au DWE
photoanodes. Same device as Figure F.S3a. Both experiments were performed under 100 mW cm’

2 of AM1.5G solar simulation in a pH 9.8 K-borate buffer.

Section F.S3
Thermal evaporation of ~2 nm Ni on n-Si results in photoanodes which decay back to bare
n-Si response within ~20 CVs (Figure F.S4). Limited lifetime is attributed to passivation via holes

in the thermally evaporated film and oxidation of the underlying Si surface.
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Figure F.S4. Illuminated degradation of an n-Si photoanode protected with 2 nm metallic Ni.

The data was collected under 100 mW cm™ of solar simulation in a pH 9.8 K-borate buffer.

Similarly, cathodic electrochemical deposition of Ni(OH),, accomplished by maintaining
a current density of -0.1 mA c¢cm™ for 10 min in a 0.1 M, pH 7 NiSOs solution, fail to protect
photoanodes at all due to the electrolyte permeability of the catalyst layer (Figure F.S5). Deposition
was sufficiently thick as to be visible by eye.
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Figure F.SS. Illuminated degradation of an n-Si photoanode protected with
electrochemically deposited Ni. The voltammetry presented shows initial limited photoelectrode
performance which degrades rapidly within ~10 cycles. Electrolyte permeable electrodeposited
Ni (oxy)hydroxide cannot protect the Si surface. The data was collected under 100 mW cm™ of

solar simulation in a pH 9.8 K-borate buffer.

181



Section F.S4

Dark linear sweep voltammagrams (LSVs) on control devices (i.e. with direct Au|Si
Schottky contact) exhibited the expected behavior for a buried Schottky junction. When normalized
to the junction voltage (Esem — FEca) the reverse saturation current remained invariant despite
stepping the potential at WE, through a 500 mV range. In the forward bias regime (negative voltage
in Figure F.S6), when normalized to the junction voltage, curves also collapsed upon each other at
all WE; potentials. The devices display rectifying behavior, consistent with well-established

Schottky diode theory.*
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Figure F.S6. Dark in-situ LSV characteristics for an intentionally buried n-Si | Au junction.
Results are normalized to the junction voltage to examine reverse saturation current — a function of

barrier height. The data was collected in a pH 9.5 K-borate buffer.

For DWE junction experiments the chemical state of the Ni during deposition of the
secondary Au working electrode is an important consideration. The porous Au can either be
deposited on surface Ni isolated as NiOOH or as Ni(OH).. Isolation in the Ni(OH), state is useful
in that it allows for identification of direct shorting from the Au to the n-Si (discussed above).
However, Ni(OH), is insulating and will produce a switching behavior in the DWE measurements
when oxidized to conductive NiOOH. Isolation in the NiOOH phase eliminates the switching
behavior, but n-Si | Au shorting cannot be identified. Both situations are discussed in SI section S1.

To understand better the interface character, we reproduced the DWE experiments with the
Ni isolated in the NiIOOH phase. Results are then compared to control devices wherein the junction
is intentionally pinned; that is, where 10 nm of Au is thermally evaporated before Ni evaporation

(Figure F.S6). The control devices behave as expected for a buried junction; rectifying behavior is
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exhibited and each curve is nearly identical when normalized to the junction voltage. For DWE
photoanodes where the Ni is isolated as NIOOH prior to gold evaporation, the LSVs depict buried
junction behavior with a substantially reduced conductivity switch effect between Ni(OH), and
NiOOH (Figure F.S7). In both the devices with 3 nm and 5 nm of Ni, the forward bias region is
effected by the in-situ transition from Ni(OH), to NiOOH. In each case increases in conductivity
appear to modestly enhance the current response. Interestingly this effect is more pronounced on
the 3 nm Ni protected photoanodes perhaps as a result of fewer NiIOOH regions protected by Au.
However, examination of the reverse bias region in each case reveals an invariant current response,
which is an indication of an invariant barrier height as the potential of the catalyst layer is changed.
The data further supports our hypothesis that protected Si photoanodes in the size regimes explored

exhibit buried-junction behavior.
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Figure F.S7. Dark in-situ LSV characteristics for n-Si photoanodes protected with 3 and 5
nm of Ni. (a) Dark in-situ LSV characteristics for a DWE n-Si | 3 nm Ni | Au junction. In these
devices the Au layer was deposited after isolating the Ni in the conductive NiOOH form. (b) Dark
in-situ LSV characteristics for a DWE n-Si | 5 nm Ni | Au junction. For both data sets Ecy is varied
via WE; in steps of 100 mV through the entire Ni redox region, while current voltage curves across
the interface are collected for each E.. by sweeping Esem (WE1). The data was collected in a pH 9.5
K-borate buffer.

Section F.S5
To better distinguish the Ni redox peak from the OER region, slower LSVs at 10 mV s
were collected before and after Fe incorporation. The offset between the two is ~ 99 mV at 2.5

mA/cm?, consistent with the ~100 mV shift measured through WE; at 100 mV s
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Figure F.S8. Illuminated 10 mV s LSVs collected through WE; before and after Fe
incorporation. Results are similar to 100 mV s LSVs but better resolve the redox peak and OER

onset. The data was collected under 100 mW cm™ of solar simulation in a pH 9.8 K-borate buffer.

Section F.S6

XPS was used to identify the elemental composition and oxidation states of n-Si protected
with 3 nm of Ni before and after electrochemical cycling. The raw data was shifted such that the
adventitious carbon 1s peak was centered at a binding energy of 284.8 eV. A depth profile, via Ar
ion sputtering (2 keV, 3 nA), was conducted in 5 s increments to determine compositional changes
as a function of depth. For the post-cycled electrodes (Figure F.S9) XPS data shows that the surface
is primarily composed of nominally Ni hydroxide/oxyhydroxide (Figure F.S9a). However, the
depth profile indicates that residual metallic Ni persists under this layer and becomes the dominant
Ni species after 20 s of Ar ion sputtering. Interestingly, this layer later gives way to an XPS
spectrum consistent with NiSi, demonstrating direct contact between Si and Ni, even in the
electrochemically cycled device. The Si regional spectra (Figure F.S9b) illustrates that the SiO»

layer has been milled through after ~75s of cumulative Ar ion sputtering.
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Figure F.S9. XPS spectra of n-Si protected with 3 nm of Ni after electrochemical cycling. (a)
The Ni region of the XPS profile exhibits a transition from Ni(OH), to Ni to NiSi. (b) The Si region
of the XPS profile exhibits increased SiO, character for the first 35 s before it completely
diminishes after 75 s. This is consistent with a depth profile which has passed through a Si oxide
layer consisting of the native oxide and any oxidized regions formed during electrochemical

cycling.

Peaks were identified using the ThermoScientific Avantage 4.75 software, comparisons to
Mullins et al. monochromated Ka spectra, and comparisons to the NIST XPS Database 20, version
4.1 binding energies.>° Select spectra are taken from Figure F.S9a above and labeled in more detail

below (Figure F.S10).
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Figure F.S10. Select sputter times selected from Figure F.S9a to identify key peak positions.

Peak locations and general shapes were compared to monochromated Ka spectra from Mullins et

al. and the NIST XPS database.

As-deposited samples not subject to electrochemical cycling exhibit a metallic Ni peak

before depth profiling (Figure F.S11).
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Figure F.S11. XPS spectra at select sputter times for control samples of n-Si protected with 3
nm of Ni without electrochemical cycling. (a) the regional Ni spectra and (b) the regional Si

spectra.

Reduction of Ni(OH), to metallic Ni by Ar ion sputtering has been documented in other
systems.” A control sample, fabricated by electrodepositing Ni(OH), onto an Au/Ti-coated glass
slide, was used to examine the extent of Ni(OH), reduction from this process (Figure F.S12).

During the first three sputter steps (identical conditions as above) the Ni regional spectrum changes

188



significantly as a shoulder grows into the Ni 2p 3/2 peak — consistent with the presence of metallic
Ni. However, for subsequent sputter steps the spectrum remains largely unchanged — consistent
with establishment of a steady state ratio of metallic Ni to Ni(OH), as the Ar ion milling removes
material. In the Ni-protected n-Si samples, analyzed after electrochemical cycling, a transition to
purely metallic Ni is observed - this indicates the presence of metallic Ni before sputtering. The

metallic Ni observed in the cylced photoelectrodes is thus not an artifact from Ar ion sputtering.
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Figure F.S12. XPS spectra of Ni(OH); electrodeposited (-2 mA for 60 s in a 0.1 Ni(NO3):
solution) onto Au, after electrochemical cycling. The Ni region of XPS profile shows the
conversion of some Ni(OH), to metallic Ni and the establishment of a steady state ratio between

the two species.
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Section F.S7
Non-saturated photocurrent and cleaning procedure dependence.

The majority (95%+) of electrodes fabricated with the simple IPA cleaning procedure
exhibit non-constant photocurrent in the saturated regime. As discussed in the main text, this
behavior can be attributed to the pinch-off effect, arising from a spatially heterogenous junction.
Interestingly, altering the cleaning procedure by adding a 1 min HF buffered oxide etch (BOE)
followed by a 10 min Radio Corporation of America (RCA) SC-2 clean, produces constant
photocurrent in the saturated regime. However, this change in photocurrent behavior is
accompanied by a significantly diminished photocurrent onset and reduced redox peak integration
(Figure F.S13). It appears that the altered cleaning procedure leads to a more-conformal coating
which then reduces the electrolyte’s ability to permeate to the semiconductor | catalyst junction.
Lack of permeation is apparent from the reduced redox integration. In turn, spatial barrier height
heterogeneity decreases (as indicated by the saturated photocurrent profile at sufficiently anodic
potential) and better photocurrent onset potentials are precluded because the pinch-off effect is no
longer a dominant process.

This view is supported by AFM analysis which depicts smoother films, post-Ni deposition,
when the altered cleaning procedure is used. Additionally, the photocurrent onset of the 3 nm
devices deposited with the altered cleaning procedure compares favorably with the devices
protected by 20 nm of Ni in Figure F.2 of the main text. The data further supports our hypothesis
that sufficient spatial barrier height heterogeneity allows the interface to generate larger
photovoltages.

A further consideration in employing the altered cleaning procedure is the possible
alleviation of shallow defect states responsible for Fermi level pinning (as discussed in the main
paper). Growth of a more conformal and dense SiO, layer, via the RCA SC-2 clean, may
accomplish this goal and result in a larger photovoltage. However, if this effect is present it is
ultimately obscured by the apparent photovoltage loss associated with precluding development of

spatially heterogenous barrier heights.
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Figure F.S13. Comparison of illuminated CVs for n-Si protected with 3 nm Ni after
activation protocol. The more rigorous cleaning procedure (black curve) results in a decreased
onset potential and diminished redox integration. The data was collected under 100 mW cm™? of

solar simulation in a pH 9.8 K-borate buffer.

Section F.S8

Material characterization with AFM reveals a relatively smooth surface for electrodes
imaged directly after 3 nm Ni evaporation (Figure F.S14a). We identify the surface speckles as
adventitious particulate contamination incorporated during the fabrication process. This view is
supported by the lack of these defects in films where additional cleaning procedures were used (1
min 20:1 HF BOE and 10 min RCA SC2) and by the quick disintegration of these features during
SEM imaging. After the standard PEC activation protocol, films roughen and develop island
features > 100 nm in diameter and particulate contamination generally persists (Figure F.S14b).

This is consistent with oxidation of the majority of the film to Ni (oxy)hydroxide.
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Figure F.S14. AFM images of n-Si protected with 3 nm of Ni. (a) before electrochemical cycling

and (b) after electrochemical cycling.

Imaging the films after the activation protocol with SEM also reveals the island features
(Figure F.S15). We hypothesize that incomplete Ni protection, caused by the oxidation to Ni
(oxy)hydroxides, leads to rapid passivation (SiO, growth) in most areas of the film, consistent with

the XPS spectra shown earlier.

Figure F.S15. SEM image of n-Si protected with 3 nm of Ni after electrochemical cycling.
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APPENDIX E. SUPPORTING INFORMATION FOR PAPER G

Nanoscale catalyst/semiconductor interfaces in photoelectrochemistry

band and Fermi level

Term Description Value and/or Units
" 7 Depth into semiconductor orthogonal to | nm
2 semiconductor surface plane
-_§ Radial distance from center of patch, | nm
§ R taken along or parallel to the
@) semiconductor surface plane
? Barrier height for region surrounding | V
b patch
r Radius of the nanoscale contact patch nm
A Patch area nm’
Lohoto Photocurrent mA
Johoto Photocurrent density mA cm™
Esem Semiconductor energy referenced to Eg, | €V
Ecat Catalyst energy referenced to Eg; eV
Applied potential across the n-Si/Ni | V
diode:
6 Vi
,.'i'é e quxn = Esem — Ecat
>
E Voltage drop between the bulk |V
'% semiconductor and solution:
& | Veem
E qVsem = Esem — Esol
Voltage drop between the catalyst and the | V
solution:
Vcat
qVeat = Ecat — Esol
Voltage drop between the AFM tip and | V
V. the solution
up thip = Etip — Eso1
ff Filling factor - fraction of surface covered | unitless
by islands
% . LNp Dopant Density 5.25-10" cm™
§ g v Potential difference between conduction | 0.217 V
n
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12-8.854-10"* F cm™!

3Ar2\ /3
r=(%%)

€s Static permittivity of Si
A* Richardson constant 120,000 mA cm™? K2
k Boltzmann constant 1.381-10" cm? kg s K!
q Elementary charge 1.602-10" C
T Temperature 298.15 K
¢bN i Barrier height for n-Si/Ni contact 0.61V
c ~ Thermodynamic potential for oxygen | defined as 0 V
02/0H evolution, used as the reference potential
E Solution energy, taken as the reference € _
sol energy 4<o,/0H
7% Catalyst exchange-current density 3.5:107 A cm™
a Charge transfer coefficient 0.5
v Band bending in semiconductor depletion | V
b region
Built-in potential for the semiconductor | V
Voi depletion region in the dark at
equilibrium
" A Difference in barrier between patch and | V
é surrounding region (¢g — (;b{,‘”)
> c Area adjustment term used in Tung | unitless
2 a model
2 C Barrier height modification term used in | V
S R Tung model
% Conduction band energy referenced to the | eV
§ E majority carrier Fermi level in the bulk of
M cE the semiconductor (unless otherwise
% noted)
% Epetal Metal Fermi energy eV
2 ateh Patch current mA
Lot Catalyst current mA
|/ Open circuit potential mV
Patch model region parameter’ V1B.cm??
14

off model.

Section 1. Model System Fabrication & Characterization
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Table G.S1 List of all variables, dependent expressions, coordinates and constants for pinch-

Fabrication of n-Si photoanodes with Ni nanocontacts was adapted from the
electrodeposition-based reports of Loget et al.”> Phosphorous-doped n-Si [100] (0.65 - 0.95 ohm-cm)
wafers (University Wafer) were diced into 1 cm x 1 cm squares and sequentially sonicated for 10

min each in acetone, isopropyl alcohol, and water (18.2 MQ-cm). The n-Si squares were placed in




boiling piranha (~100 °C — 3:1 by volume conc. aq. H2SO4: 30% aq. HO, — both from Fisher
Chemical) for 30 min and then vigorously rinsed with water (18.2 MQ cm) before being dried under
N». An ohmic contact was established to the backside of each n-Si square by applying two drops of
Ga-In eutectic (299.99%, Sigma Aldrich), scratching within the Ga-In with a diamond scribe to
ensure contact, and then affixing one end of a Sn-Cu wire (~25 cm length — 30 AWG — McMaster
Carr) within the eutectic using hot glue (SureBonder Mini). The Sn-Cu wire was fed through a
glass tube (7 mm diameter) and constructed into an electrode suitable for side-illumination with the
n-Si backside and adjacent Sn-Cu wire insulated by hot glue. The Ni electrodeposition solution (aq.
0.01 M NiCl, + 0.1 M H3;BO3) was produced fresh for each batch of electrodes by dissolving
NiCl,-6H>0 (99.9%, Sigma Aldrich) and H;BOs (=299.5%, Sigma Aldrich) in water (18.2 MQ-cm)
and sonicating until dissolution was complete (typically 10 min). Immediately prior to deposition,
electrodes were submerged in a buffered hydrofluoric acid etching solution (20:1 buffered oxide
etch, J. T. Baker) for 2 min and then rinsed with water (18.2 MQ cm). For deposition of the Ni
islands, the electrode, a Pt wire coil serving as a counter electrode, and a commercial Ag/AgCl

reference electrode (BASi MF-2052) were placed in the NiCly-based deposition solution and -1.5
V vs. Eagagcl Was applied for 5, 15, or 60 s using a BioLogic SP200 potentiostat (Figure G.S1).

q*- 0 - Vsem =-1.5V vs. gAg,'AgCI i
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Figure G.S1. Typical chronoamperometry data for electrodepositions used to produce
photoanodes with n-Si/Ni nanocontacts. In a 0.01 M NiCl, + 0.1 M H3;BOj3 aq. solution -1.5 V
vS. Eagagct Was applied for 5, 15, or 60 s. Only electrodes which exhibited the deposition character
shown here (initial spike in current which relaxes to a steady-state value) were selected for further

study.
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The photoanodes’ photoelectrochemical behavior was tested in both 1 M KOH and a 1 M
potassium borate buffer (K-borate) adjusted to pH 9.5. Characterization was conducted in 1 M
KOH to illustrate the photoelectrochemical activity in an environment where oxygen evolution
catalysis is facile. However, 1 M K-borate buffer was selected for operando studies with the PS-
EC-AFM to decrease any etching of the Si surface that might occur between initial topographical
characterization and photovoltage measurement as well as to preserve the longevity of the EC-
AFM tips. For photoelectrode characterization, the electrodes were activated via 50 voltammogram
cycles in either electrolyte solution under 100 mW cm™ of solar simulation (Abet Technologies
model 10500) using the Ag/AgCl reference and Pt counter electrodes. The activation potential
range varied based on Ni-deposition time but was always conducted at 50 mV s™ with one endpoint
cathodic of the catalyst’s reduction peak, nominally NiOOH + ¢+ H,O — Ni(OH), + OH", and the
other endpoint positioned in the light-limited photocurrent range. Photocurrent-onset potentials (vs.

€0,/0u~) and the magnitude of the light-limiting photocurrent were comparable for electrodes

with the same electrodeposition time, irrespective of the electrolyte solution. Photocurrent onset
slopes were steeper when electrodes were measured in the 1 M KOH solution, consistent with the
higher OER activity and electrolyte conductivity relative to measurements in the buffered solution.

The n-Si/Ni nanocontacts were physically characterized before and after activation with
scanning electron microscopy (SEM) and cross-sectional transmission electron microscopy (TEM,
Figure G.S2). SEM images (FEI Helios 600 DualBeam) of photoanodes with 5 s of Ni
electrodeposition reveal a distribution of hemispherical islands ranging from 40 to 140 nm in
diameter. It was noted that smaller islands with less separation could typically be found near the
edge of the photoelectrode surface. Cross-sectional TEM (FEI Titan 80-200 TEM/STEM with
ChemiSTEM) collected before (Figure G.S2b) and after (Figure G.S2c¢) activation in 1 M KOH
revealed that the Si surface etches 10-15 nm during activation. High annular angular dark field
(HAADF) images (Figure G.S2d) revealed some diminished density of material at the edges of the
Ni islands near the n-Si/Ni interface. Energy dispersive x-ray analysis (EDX) data collected via
ChemiSTEM (Figure G.S3) reveals increased oxygen concentration around the Ni island edge after

activation which is consistent with the conversion of Ni to Ni(OH)»/NiOOH.
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Figure G.S2. SEM, cross-sectional TEM, and high-angle annular dark field (HAADF) TEM
images for Ni nanoislands electrodeposited for 5 s on n-Si. (a) SEM image collected on a FEI
Helios 600 DualBeam at 5 kV at a 45° angle. The selected location illustrates a typical spread and
size distribution for Ni particles, although larger and smaller particles can be found across the
surface. (b) Cross-sectional TEM collected on a FEI TITAN 80-200 before activation. (¢) Cross-
sectional TEM collected after a 50-cycle activation in 1 M KOH. Si etching is apparent. (d) HAADF

image corresponding to the same island in panel c.

197



pre activation post activation
200 kV 20nm. 200 kV 40 nm_
(c) counts (d) counts
mr 33.0 =r 31.0
Si counts - pre activation Si counts - post activation
- 26.4 248
-19.8 - 18.6
1352 F12.4
6.6 r 6.2
LLQ : Ll g
e counts f counts
(e) 54.0 0 65
Ni counts - pre activation Ni counts - post activation
43.2 52
‘ i
32.4 - 39
216 L 26
10.8 L 13
0 L1 0
counts counts
h
(@) 8.0 ) 8.0
O counts - pre activation O counts - post activation l
6.4 6.4
4.8 : L 48
3.2 . + 3.2
1.6 r1.6
0 — 0

Figure G.S3. EDX composition maps collected using ChemiSTEM mode on a FEI TITAN 80-
200 TEM/STEM for islands before and after activation in 1 M KOH. The composite image for
Ni, Si, and O counts prior to activation (a) and after activation (b) are displayed in the top panel.
The isolated Si (c), Ni (e), and O (g) counts collected before activation are displayed in the left
column. The isolated Si (d), Ni (f), and O (h) counts collected after activation are displayed in the
right column. The EDX results demonstrate that a portion of the Ni island is oxidized during

electrochemical activation, consistent with the observed increase in the Ni redox wave.
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Section 2. Ideality Factor
Dry current-voltage data was collected for nanocontacts formed by 5 s of Ni
electrodeposition using conducting AFM. Ideality factors (n) were calculated from the dry current-

voltage behavior by fitting the slope (m) of the In(J) vs. V plot with the expression

m=—- (SL.1)

Ideality factors generally increased as the contact size became smaller (Figure G.S4), although this

was not accompanied by an increase in the barrier height (Figure G.2a).
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Figure G.S4. Ideality factors extracted from the dark J-V curves measured through single
nanoislands via AFM. The same In(J) vs. V' data was used to calculate barrier heights in Figure

G.2a of the main text.

Section 3. Operando Potential-Sensing Electrochemical Atomic-Force Microscopy

Operando potential sensing was achieved using commercial PeakForce SECM probes on
a custom-modified Bruker Dimensional Icon AFM. Photoelectrodes were dissected, immediately
following Ni electrodeposition, by using a razor blade to remove hot glue insulation. A custom cell
was designed where the dissected n-Si square chip was affixed to a Kel-F baseplate featuring a hole
to accommodate the ohmic back contact. Epoxy (Hysol Loctite 9460) was used to affix the
photoanode and insulate the ohmic contact from electrolyte. A groove was machined around the
photoanode mounting area which accommodated a Pt-coil counter electrode and a standard

Ag/AgCl reference electrode (Pine Research). During experiments the cell was filled with 1 M K-
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borate (pH 9.5) such that the photoanode was covered by at least 1 mm of solution. A Bio-Logic
SP300 potentiostat was used with the working electrode connection attached to the photoanode’s
ohmic contact and the counter-electrode potential-sensing lead attached to the backside of the
PeakForce SECM probe (through a strain-release module) to monitor the tip potential. The built-in
AFM laser (power: 1 mW, illumination area: ~ 8-10™* cm?, wavelength: 690 nm) which tracks with
the AFM tip was used as a local illumination source. The surface was then imaged in PeakForce
Tapping mode to identify suitable areas for photovoltage measurements (ideally where most Ni
nanoparticles could be well-resolved from adjacent particles). After identifying a suitable area, bias
was applied to the photoanode to oxidize the Ni(OH); shell while simultaneously producing no
bubbles. This was accomplished either by setting a chronoamperometry condition (typically Viem =
0.7 V vs. Ag/AgCl) or chronopotentiometry condition (typically /=1 pA). Once a stable bias was
maintained, islands were landed upon using the Bruker software’s point-and-shoot function and the
surface potential was recorded. An example raw data set and corresponding topography image is
shown (Figure G.S5), corresponding to the data in Figure G.2d of the main paper.

We also note Pt is known to dissolve under large positive biases. We have not noticed tip
failure due to Pt dissolution through our studies here at the relatively mild positive potentials sensed
at the catalyst surface. Repeated topographical imaging with the Pt tips does, however, result in

loss of the electrically conductive Pt coating and failure of the tip as a potential probe.
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Figure G.S5. Raw operando photovoltage data corresponding to Figure G.2d in main
manuscript. (a) The AFM topography image was collected with the SECM AFM tip prior to using
point-and-shoot mode. Two islands were removed from the surface when the tip contacted them
during subsequent scans (as indicated in the labels). (b) A chronopotentiometry condition (/ = 1
uA) was applied and resulted in a near-steady applied potential (Viem ~ 0.11 V vs. &, ,on-). The

islands were landed on sequentially (from 1 to 21) and the resulting tip potential (V}i,) was recorded.
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Light Source for Photovoltage Measurements. The Bruker AFM’s built-in laser was used as a
constant illumination source for the in situ photovoltage experiments. The laser is a monochromatic
690 nm source with a power of I mW and an illumination area of approximately 8 -10* cm” The
illumination intensity is compared to the AM 1.5 G flux absorbable by Si (leading to a theoretical
limiting photocurrent density of 43.8 mA cm™) to give a ~15-sun-equivalent flux. During operation
the AFM cantilever partially obscures the incident beam. A Si photodiode (Thorlabs UDT UV-005)
was used to determine that ~65% of the incident light is obscured during measurement, leading to
a ~5-sun-effective-illumination flux. Due to cantilever shadowing, we note that any measured Ni
island is not under direct illumination. However, the bulk diffusion length of carriers in these Si
wafers is several hundred microns. Further, the AFM’s built-in laser is housed within the same
apparatus where the cantilever is mounted and thus the incident illumination profile remains
constant relative to the tip position. Thus, all measured nanocontacts experience a near-identical
photogenerated minority carrier flux to the interface. The incident illumination could be better
controlled in future iterations of the operando AFM cell by using fiber optics to illuminate at a
shallow angle relative to the semiconductor surface. Back illumination is also possible, but this will
limit the minority carrier generation near the surface and will likely be non-viable for materials

with direct band gaps.

(@)

200 pm

Figure G.S6. Built-in laser alignment for the Bruker AFM. (a) Laser illumination shown ex situ,
next to a SCM-PIT v2 commercial conducting AFM tip. This tip was used for the ex situ J-V
characterization of islands. (b) Laser illumination shown during operando measurements with the
Peakforce SECM probe partially obstructing the incident beam. Characterization with a standard
Si photodiode (Thorlabs UDT UV-005) reveals that ~65% of the incident beam is obstructed. Thus
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a ~5-sun-equivalent illumination flux is incident on the surface in the ~ 8-10* ¢cm? illumination

arca.

Nanoisland Dimension Corrections. The radii of the nanoislands throughout this work are
calculated from the topographical AFM data assuming a circular n-Si/Ni contact area. The radii are
then corrected to account for AFM tip broadening and the activation process which decreases the
Ni volume via conversion to Ni(OH)>/NiOOH. To correct for the AFM tip broadening a series of
AFM topographical images were compared to the same regions as measured by SEM. Examination
of 50 islands revealed that the AFM measurement artificially increased the radii by 4 nm (£ 3 nm)
relative to the SEM measurement (Figure G.S7). To compensate for the activation process the
cathodic redox peak on the 50™ cycle was integrated and compared to the charge passed during
deposition. This comparison, assuming that all the deposition current reduced Ni*" salts to Ni metal
on the electrode surface, reveals that 5.7% (£ 1%) of the Ni has converted to Ni(OH),/NiOOH by

the 50" activation cycle. This is equivalent to a 2% decrease in the radii of the Ni islands.

Figure G.S7. Comparison of AFM island dimensions to those measured by SEM. Each top
panel AFM topographical image corresponds to the same area as measured by a FEI Helios 600

DualBeam SEM at 5 kV in the bottom panel. Island areas were analyzed using the threshold
202



imaging mode of Image]. Radii were calculated assuming the n-Si/Ni contact area is circular,
revealing that AFM-tip-induced broadening artificially increases the radii by 4 nm (+ 1). AFM-

extracted radii were corrected to account for this broadening throughout the paper.

Section 4. Analytical Model for Pinch-off

The Tung analytical pinch-off model'* is used to interpret the operando photovoltage
results. We employ the patch-geometry solution wherein a circular patch with a low barrier height
(q,')ll;li) is surrounded by a larger barrier region ((]58). Current-voltage behavior is modeled via the

modified ideal-diode expression

—q¢g qVijxn
Ipaten = A*T2Coe kT 50 <1 — e kT > (SL.1)

where the effective-area modification (Ca.) and barrier-height modification (Cy) are

¢ o AmkT (34r° 1/3< € )2/3 (S1.2)
® 9q 4 qNpVop
1/3
q (3qAr*VypNp
o= S13
b kT< 4e, (513)

and the ideality factor is taken to be the average experimental value (n = 1.42). For V,c modeling
the expression is multiplied by the patch area and modified to include a photocurrent density term

(Jphoto). With Jpaeh = 0 the expression is then solved for Vixn = V.

qVjxn

—a¢p
Jpatech = 0 = AA'T?Cq (e kT +Cb> (1 — e nkT > + Jphoto (S1.4)

For modeling the aggregate photoelectrochemical data, the photocurrent term is taken to be the
limiting current from the photoelectrochemical results for any given modeled photoanode. This is
typically ~25 mA cm? for a photoanode with 5 s of Ni electrodeposition. For modeling the
operando data, a photocurrent of 125 mA c¢cm™ is used which accounts for the 5-fold increase in

locally generated minority carriers under the 690 nm laser.
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For modeling of photoelectrochemical results the modified ideal-diode expression is placed
in series with a Butler-Volmer expression which represents the catalytic behavior. The exchange
current density (/&) for the Butler-Volmer expression was determined by fitting the
electrochemical OER response of a Pt electrode where Ni had been electrodeposited for 5 s (Figure
G.S8 - identical deposition parameters as for n-Si electrodeposition). The potential applied to the
semiconductor back contact (versus the solution potential) is partitioned between potential drops
across the semiconductor/catalyst interface as well as the catalyst/solution interface such that

current continuity is upheld, satisfying the relationship

_Q¢g q(Vjxn) aq
T yrec, (e—kT *Cb) (1—e T )+Jphoto = ] (k) (S1.5)

For depictions of the conduction-band potential-energy surface, the “point-dipole”

approximation was employed,' simplified here as:

Z\? 2y3Z
ECB(R'Z: ijn) =q Vb (1 _W) +h+ ijn - 27 (ZZ + R2)3/2

(S1.6)

where R and Z are the radial and depth coordinates, respectively. We note that this approximation
accurately reflects the potential profile except near the center of the patch at the n-Si/Ni interface.*
This discrepancy is an outcome of the denominator in the final term approaching zero and is

suppressed in the model by setting a minimum value for the expression.
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Figure G.S8. The photoelectrochemical behavior of Ni islands electrodeposited onto a Pt
substrate and Butler-Volmer fit. Electrodeposition was accomplished using the same deposition
parameters as for a 5-s electrodeposition of Ni on n-Si (-1.5 V vs. €44/agc1 in aq. 0.01 M NiCl, + 0.1
M H;3BO:s). The catalyst was then activated via a 50 cyclic voltammogram cycles in 1 M KOH at

50 mV s”. Once activated, a Butler-Volmer relationship was fit to the current onset region using

72..=0.00035 mA cm™.

Section 5. Mott-Schottky Analysis for Bare n-Si

During photoelectrochemical activation the surface of the exposed n-Si passivates via
formation of an SiOy layer. To evaluate whether this layer affects the pinched-off nanocontacts, the
barrier height was extracted periodically during passivation of bare n-Si photoelectrodes.
Photoelectrode construction followed the procedure previously described for the nanocontacts
except without nanocontact deposition. The analysis was accomplished by alternating between

cyclic voltammetry (0 — 0.7 V vs. €g,op-) in 1 M K-borate buffer (pH 9.5) under 1 sun
illumination and impedance analysis in agq. 1 M KCI + 0.05 M K3Fe(CN)s + 0.35 M KyFe(CN)g.

The ferro/ferricyanide redox electrolyte was selected to establish a well-defined solution
electrochemical potential against which to measure the flat-band potential (and barrier height) of
the n-Si. The Nyquist form of the impedance data was fit with the Randall’s circuit to extract the
parallel capacitance associated with the semiconductor depletion region as a function of reverse
bias and Mott-Schottky analysis was used to extract the flat-band potential and barrier height. The
results show that the barrier height drops below the n-Si/Ni Schottky barrier height (extracted from
dry conducting-AFM J-V measurements) after the fourth anodic CV cycle (Figure G.S9a and S9b).

Because the solution electrochemical potential remains constant, the changes in barrier height are
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due to shifts in the band-edge position as the SiO, layer forms (Figures G.S9¢ and G.S9d). These
results demonstrate that the SiO, layer, in the absence of the Ni-metal nanocontacts, tends to pin
the barrier height to ~0.5 V. As the n-Si/SiO, barrier is less than the n-Si/Ni barrier, surface
passivation to form SiO, cannot be responsible for setting the background large barrier height that
surrounds the n-Si/Ni nanocontacts and therefore is not responsible for the experimentally observed

pinch-off behavior.
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Figure G.S9. Mott-Schottky analysis results for bare Si as a function of activation cycles (50
mV s? in 1 M K-borate buffer from 0 - 0.7 V vs. &, ,05-). (a) Barrier heights decrease below
those calculated for the n-Si/Ni nanocontacts (~0.61 V) within four cycles. (b) Dopant densities
are extracted to verify that the measured capacitances are from the semiconductor depletion region.
The dopant densities are consistent with those reported by the manufacturer (range shown in grey).
(c) The equilibrated band diagram is shown, as estimated based on the Mott-Schottky analysis,
depicting the n-Si electrode in the ferro/ferri-cyanide solution. (d) The equilibrated band diagram
after the 50 CV cycles shows a decrease in band bending, a decrease in the barrier height, and shifts

in the band-edge positions. E, Esio,, Esio,, and Es, are the electrochemical potential for the
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semiconductor, native oxide, grown SiOy layer, and solution, respectively. Ey, is set by the Nernst
potential of the poised solution. Growth of the SiOx layer introduces surface states responsible for

pinning/moving the semiconductor Fermi level relative to the solution level.

Section 6. Dual-Working-Electrode Approach for Measuring n-Si/SiO./NiOOH Barrier
Height

To understand how oxidized, nominally NiOOH, catalyst would affect the barrier height
with n-Si, a dual-working-electrode-type device was constructed. Photoelectrode fabrication
followed the procedure previously described for the nanocontacts except epoxy (Hysol Loctite
9460) was used to insulate the backside of the electrode, as hot glue would melt during subsequent
thermal evaporation of the metal layers. After construction of the photoelectrode, 2 nm of Ni metal
was evaporated (0.02 nm s') onto the n-Si surface via electron-beam deposition (Ni-metal pellets,
99.995%, packed in a Fabmate crucible, both from Kurt Lesker) using an Amod evaporation
system. Excess Ni was then photodeposited onto the electrode surface by applying 0.625 V vs.
€o,/0u~ for 30 s in 1 M K-borate buffer (pH 9.5) saturated with NiCl, (sufficient NiCl,-6H>O

was added to yield a 1 M solution but some did not dissolve) under 1 sun illumination. The
electrodes were then cycled, at 50 mV s™', in 1 M K-borate buffer (pH 9.5) under 1 sun illumination
until the Ni layer fully converted into redox-active Ni(OH),/NiOOH. Full conversion is marked by
the passivation of the n-Si surface to SiO, which results in a flat photoelectrochemical response (no
current flows). A porous Au layer was then evaporated onto the Ni(OH)»/NiOOH surface to serve
as a second working electrode (WE2) and directly control the oxidation state of the catalyst.
Impedance experiments were conducted in 1 M K-borate buffer (pH 9.5) while using WE2 to hold
the Ni(OH)./NiOOH either in its oxidized or reduced state. The Nyquist data (Figure G.S10 e & f)
was fit to the Randall circuit and Mott-Schottky analysis was performed to extract the barrier height

and dopant density (Figure G.S11).
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Figure G.S10. Example impedance behavior of a dual-working-electrode device with the

catalyst held in either an oxidized or reduced state. For impedance measurements, the catalyst

1s held in either its oxidized or reduced state while the semiconductor is biased from 0 to 0.6 V vs.

Vet in steps of 20 mV. (a) After photodeposition of excess NiOOH the device was cycled in 1 M

K-borate buffer under 1 sun illumination. For the initial 125 cycles the photocurrent onset

improves. (b) Upon continued cycling the photocurrent onset and limiting photocurrent both decay

until no potential-dependence is apparent. This indicates that the Ni metal has fully converted to
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electrolyte-permeable Ni (oxy)hydroxide and can no longer protect the Si from passivation. (c)
Bode impedance results while the catalyst is held in its reduced state and the (d) analogous data
when held in its oxidized state. (¢) Nyquist impedance while the catalyst is held in its reduced state
and (f) its oxidized state. The Nyquist form was fit with a Randall circuit and the parallel

capacitance was extracted.
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Figure G.S11. Mott-Schottky data representation and fits for the dual-working-electrode
devices. (a) The fit when the catalyst is reduced exhibits a low barrier height of ~0.67 V relative to
the larger ~1.04 V barrier height (b) for the oxidized catalyst analogue. Dopant densities, extracted

the slope fit, are similar in each case and within the manufacturer-reported range.
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Figure G.S12. Photovoltage measurements from the dual-working-electrode (DWE) devices.
The voltammogram shows the Ni(OH),/NiOOH redox behavior as it is cycled through the Au
secondary working electrode at 20 mV s in 1 M K-borate buffer at pH 9.5. Photovoltages are
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collected by applying a constant potential to the Au secondary working electrode (i.e. top contact
to the catalyst), under 1 sun illumination, and sensing the potential at the primary working electrode
(ohmic back contact to semiconductor). Once a stable potential is achieved the photovoltage is
calculated as the difference between the primary and secondary working electrodes: V,,; — Viern. The
results illustrate a correlation between extent of catalyst oxidation and improved photovoltage. This
is consistent the hypothesized physical picture in which the barrier height increases as the catalyst
is oxidized. However, we note that these results are qualitative, as illumination of the
semiconductor is poorly defined. This dual-working-electrode architecture places a relatively thick
Ni(OH)»/NiOOH layer and a 10 nm thick Au layer between the 1 sun illumination source and the
n-Si surface, effectively blocking the majority of the incident light.

Section 7. The Effect of Activation on Photocurrent Onset

A 50-cycle activation procedure was used in this work for all electrodes irrespective of Ni
deposition time. This extent of activation was selected because it does not induce nanocontact
passivation (as would be noted by a decrease in the limiting current) and because with the 50-cycle
the nanocontact radius is only partially reduced compared to the as-deposited radius which
facilitates quantitative evaluation of the pinch-off effect. Improvements in photocurrent onset can
be realized by additional cycling (Figure G.S13a). This is likely caused by enhanced pinch-off as
the Ni islands are increasing converted into Ni(OH),/NiOOH and the n-Si/Ni cross-sectional area
decreases. However, after ~400 cycles the photocurrent onset and limiting current decay (Figure
G.S13b). This is likely caused by complete conversion of the Ni nanocontacts to Ni(OH)./NiOOH

and the related passivation of the underlying n-Si.
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Figure G.S13. The effect of continued activation on n-Si photoanodes with 5 s Ni
electrodeposition. (a) Initially the photocurrent onset improves. This is likely caused by enhanced
pinch-off as the n-Si/Ni cross-sectional area decreases. (b) After 400 cycles the limiting current
and photocurrent onset begin to decay. This is consistent with passivation of the n-Si as the Ni
becomes electrolyte permeable and SiOy forms underneath the Ni(OH),/NiOOH. (¢) A qualitative
depiction of the activation process at cycles 1, 400, and 800 is shown. Initially, at cycle 1, the
islands are comprised of only metallic Ni. The activation cycles increasingly convert the outer shell
of the metallic Ni to Ni(OH),/NiOOH. This increases the magnitude of the pinch-off effect and is
the hypothesized cause of the significant negative shift in photocurrent onset seen from cycles 1-
400. At cycle 400 the light-limited current begins to decrease, indicating that some of the smaller
islands have fully converted to Ni(OH)./NiOOH and a passivating SiOx layer has isolated them
from the semiconductor (preventing them from collecting holes). By cycle 800, the
Ni(OH)2/NiOOH reduction/oxidation peaks are largely absent which indicates that most of the
catalyst is no longer in contact with the underlying semiconductor. The remaining photocurrent is
likely driven by a few large Ni features and a few remaining nanocontacts with significant resistive

losses across the SiOy layer.

Possible effects of optical shading induced by changes in Ni to NIOOH can be inferred by
examining the light-limited photocurrent for the extended cycling experiment in Figure G.S13.

Although conversion of Ni to Ni(OH)»/NiOOH increases between cycles 50 and 400, the light-
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limited photocurrent remains largely invariant. For an ideal diode, the relationship between the
light-limited photocurrent and photovoltage is such that a one order of magnitude change in the
light-limited photocurrent results in a ~60 mV change in the photovoltage. Thus, for the minor
variability observed experimentally, we expect a negligible impact on the photovoltage. We also
note that the hole diffusion length in n-Si is quite long (>100 pm). Any local suppression of hole

generation due to shading will be averaged out by diffusion from adjacent non-shaded regions.

Section 8. Spatial Extent of High-Barrier Region Required to Produce Pinch-off

The analytical model for pinch-off assumes an extended high-barrier region surrounding
the pinched-off nanocontact. The model does not account for a spatially limited high-barrier region
which may more-accurately reflect the model system where the Ni nanocontact converts to NIOOH
at the surface. To evaluate whether this discrepancy causes meaningful differences in the barrier
height fits we numerically simulate pinch-off using COMSOL Multiphysics v4.4. An n-Si
semiconductor (dopant density 5.25 - 10"° cm™) cylinder with a 1-pum radius and a 1-um height is
modeled with a circular 60-nm-radius Schottky contact (¢p, = 0.61 V) in the center of the top face
of the cylinder. A second contact is placed, surrounding the Schottky contact, extending either 25
nm or 940 nm and with a barrier height of either 0.92 V or 1.03 V (Figure G.S14). The 25-nm
extension represents an initially 85-nm-radius island where 25 nm has converted into NiOOH,
whereas the 940 nm extension (to the edge of the model) represents the extended contact that the
analytical model assumes. The barrier heights were selected to represent the analytically

determined fit (0.92 V) and the DWE Mott-Schottky extracted barrier height (1.03 V).
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Figure G.S14. COMSOL Multiphysics numerical model for pinched-off contacts. A cross-
section of the model is depicted running from the center of an n-Si/Ni contact (¢, = 0.61V) to the
edge of the n-Si (radial symmetry is present around R = 0 um). The conduction band energy (Ecg)
is shown as referenced to the metal Fermi level (Emeiat) at Vixa = -0.24 V (the V4. for a bulk n-Si/Ni
contact). The data depict the (a) 25-nm edge contact with ¢ = 0.92 V, (b) 940-nm edge contact with
¢ =0.92V, (¢) 25-nm edge contact with ¢ = 1.03 V, and (d) 940-nm edge contact with ¢ = 1.03 V.
The depictions indicate that more-extensive pinch-off is present for the extended high-barrier

contacts.

The numerical simulation data indicate that a larger pinched-off saddle point (~100 mV
increase) is present for the extended barrier region (940 nm) relative to the limited region (25 nm).
We extract dark J-V curves from the numerical model for each case (Figure G.S15a). To facilitate
comparison with the experimental data in Figure G.3b of the main text, the V. is determined (Figure
G.S15a - inset) by adding the 5-sun-equivalent photocurrent (125 mA ¢cm™) and accounting for the
fill factor of the Ni metal nanocontacts on the surface (ff'= 0.1). The 500-mV V. for the 940-nm

edge contact with ¢ = 1.03 V is similar to the experimental data collected in Figure G.3b of the
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main manuscript. The Vo data for the limited (25 nm) high-barrier contact is smaller than those
experimentally measured. From a numerical modeling perspective, the discrepancy is partially
accounted for by noting we do not explicitly treat the ideality factor in the model described above.
The experimentally measured ideality factors (n = ~1.42) are not input into the model and ideality
factors extracted from the model J-V curves are ideal (n = 1). Since an increased ideality factor
suppresses the dark current, neglecting non-ideality artificially lowers the V.. From the perspective
of the model system, we note that the high barrier region may extend well beyond the initial
nanocontact island. Photoanodes activated in 1 M K-borate buffer exhibit redeposition of the Ni-
based catalyst on the n-Si surface (Figure G.S15b). This effect is consistent with previous in situ
morphology studies NiOOH-based catalysts.® If the redeposited catalyst electrically contacts the
nanoislands then it may be oxidized and serve as a high barrier contact. We note that the
redeposition is not observable via ex-situ SEM imaging on the electrodes activated in 1 M KOH.
The discrepancy is attributed to n-Si dissolution more readily occurring in 1 M KOH (as seen by
cross-sectional TEM) which causes poor surface adhesion for any redepositing Ni catalyst (which
is likely ion permeable). Although the redeposited catalyst is likely present during illuminated
operation, where the SiO, surface is stabilized by the quasi-hole Fermi level’, it is easily removed
when illumination is ceased during any subsequent rinsing. We therefore expect that, in reality, the
interface behaves somewhere intermediate between the ideal homogeneous background barrier and

the high-barrier shell models described in Figure G.S14.
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Figure G.S15. COMSOL Multiphysics numerical J-} data for pinched-off contacts and

SEM/AFM images depicting catalyst redeposition after activation in 1 M K-borate. (a) J-V
curves extracted from the model in Figure G.S14. The inset illustrates the four different model
cases with variable high-barrier spatial extents and heights. A V. is calculated for each case by
adding the 5-sun-equivalent light-limiting current (125 mA cm?) and accounting for the
experimental Ni island fill factor from Figure G.3b in the main text (ff'=0.1). The case with a 940-
nm edge contact and ¢j = 1.03 V is most similar to the experimental data, however we note that the
model neglects ideality factors which would increase all Vo values. (b) A photoanode where Ni
was deposited via the 5-s electrodeposition strategy is shown after a 50-cycle activation in 1 M K-
borate buffer under 1 sun illumination. The SEM image reveals that some Ni has dissolved and
redeposited around the Ni islands. This redeposition should increase the extent of the high-barrier
region if it remains in electrical contact with the Ni island. (¢) An AFM image collected ex situ
showing the lack of redeposition prior to photoanodic activation. (d) An AFM image collected in
situ near the same area shown in (c¢), after 50 photoanodic activation cycles. The catalyst shell has

become rougher and Ni(OH),/NiOOH redisposition is apparent surrounding the Ni islands.
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Section 9. Sequential Deposition Interspersed with Activation

To further illustrate the importance of the pinched-off nanocontacts, we show that
photoanodes with 60 s of Ni electrodeposition can exhibit decent photocurrent onset potentials if
the pinched-off junction is intentionally fabricated. This is demonstrated by pausing the
electrodeposition after the 5 and 10 s marks to perform a full photoelectrochemical activation. The
final cycle of each activation is shown in Figure G.S16. The electrodes fabricated in this manner
exhibit decreased limiting current, consistent with the parasitic light loss due to increased Ni layer
thickness, but the photocurrent onset potential remains near the 5-s electrodeposited samples. In
fact, the electrode in Figure G.S16 with a sequential 5 + 5 + 50 s electrodeposition exhibits a lower
limiting current than the 60-s continuous deposition but a photocurrent onset potential ~250 mV
more negative. This behavior most likely occurs because the n-Si/Ni nanocontact formed after the
first 5 s of electrodeposition is retained/protected during the activation procedure as SiO, grows.
The continued electrodeposition is then prevented from disrupting the nanocontacts because SiOx

prevents charge transfer everywhere except at the direct n-Si/Ni junctions.
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Figure G.S16. Comparison between photoanodes with continuous 60 s Ni electrodeposition
and those with sequential electrodeposition where an activation procedure is performed at 5
and 10 s. The sequentially deposited photoanode exhibits a photocurrent potential onset ~250 mV

more negative than the photoanode fabricated by a continued 60 s deposition.

Section 10. Design of Devices Utilizing Selective Contacts
The understanding of how the pinch-off effect influences photoanode behavior may be
useful in designing devices that are simultaneously efficient and durable. Intentional fabrication of

pinched-off interfaces may be used to produce photoelectrodes with selective contacts from
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material that might not otherwise produce selective contacts. An example is illustrated in Figure
G.S17, wherein conductive contacts of sufficiently small dimension become selective contacts
when surrounded by a suitable material capable of inducing pinch-off. The material could be
deposited in a chemical form such that it induces pinch-off due to the formation of a large depletion
region in the semiconductor, but the results of this work also illustrate an alternative path wherein
a redox-active layer is converted during operation to a sufficiently large (or small) work function
through the collection of minority carriers. For photoelectrochemical applications, either the

conductive contacts or the surrounding contact could serve the catalytic role.
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Figure G.S17. A possible strategy for creating selective contacts using pinch-off. In the first
step conductive nanocontacts are deposited onto a semiconductor. This contact will be used to
collect photogenerated minority carriers. In the second step a surrounding material is deposited to
induce band bending in the semiconductor. This material could directly induce pinch-off or be
electrochemically converted during operation to serve that function (as is the case for the NIOOH
material investigated here). In a third, optional step, a protection layer is deposited which prevents

solution penetration.

Section 11. Python Code Compilation
Modeling of pinch-off was coded in Jupyter Notebooks using Python 3. The source code
has been exported from python and isolated in the 18 images presented below. The code is

annotated with comments throughout.
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Import and Global P s

In [i]: from numba import jit
m matplotlib import *

From matplotlib import pyplet as plt
from matplotlib import animation

import matplotlib.cm as cm

Fron mpl_toolkits.mplot3d import AxesiD
From numpy import *

-
3

import time
import numpy as np

import pandas as pd

import scipy.optimize

From scipy.optimize import curve_fit

Fron IPython.display isport *

rom moviepy.video.io.bindings import mplfig_to_npimage
import moviepy.editor as mpy

# plt.style.use( ‘classic’)
# plLt.style.use( "seaborn-dark-palette )

smatplotlib nbagg

#Pretty Plots
reparams['font.size'] = 12
rcparams| ' axes. linewidth'] = 2
rcParams[ ' xtick.major.width'] = 2
reParams(‘ytick.major.width'] = 2
reParams( ‘xtick. labelsize’] = 12
rcparams( 'ytick. labelsize'] = 12
rcParams[ 'axes. labelsize’] = 16
rcParams(* legend. fontsize'] = 12
reparams[ ' figure.autolayout’] = True

Initialize Variables

In [2]: q = 1.6821%10%*(-19) "
k = 1.3886%10°+(-19) #cm2 kg -1 K-1
"

T = 208.15
eps = float(12)

epsd = 8,85419714%%(-14)

mu = float(168)
9.18938410*+(-31)

#Farads/cm
#om2 V-1 s-1
#hg

effMass =
plank = 6.63*18%*(-38) #em2 kg s-1

Ne = 2%((2°np.pLeeffMass*k*T/plank**2)}**(3/2) #em-3
L 5.25%10%*15 #em-3
vn = ((k/189+*2)T) /g*np. 1og(Nc/Nd) w

#average measured i

debye = ((eps*eps@*k*T)/(g**2*(Nd)))**(1/2)
az
#extent of surf

ideality - 1.
#i11Factor - 8.15

coverage for 5s Ni deposit

Figure G.S18 Python 3 code for modeling pinch-off: #1. Import statements and initializing

variables.

Input parameters for model testing: radius of patches (r), applied potential {Vj.,), surrounding barrier height (¢)) and island barrier height (¢'*)

def input_Params{surroundingBarrier, islandBarrier, radius, appliedPotential):
global phib_8, phib_Ni, r, Vixn, vbb, delta, W
phib_@ - surroundingBarrier #surrounding
phib_ni = islandBarrier #barrier height for
r = radius*1a+ #radius of patches (cm)
Wixn = appliedPotential #applied potential (V)

vbb = phib_@ - Vn + Vixn #band bending in Volts

delta - phib_e - phib_Ni #difference arrier height
W = (2%eps*epsB*Vbb/ (g*Nd))**(1/2) #depletion width in cm

In [3]:

egion barrier height (V)
st (v}

input_Params(1, .61, 85, 8)

Meshing in Z (depth) and R (radial distance)

def generate_Mesh():

In [4]:
global Z, r, v

R=

generate_Mesh()

Z = np.arange(18%"-7, W-18°%-7, 18%%-7)
np.arange(-r, r, 18%%-7)
V = np.zeros((len(2)), float)

mesh into sewiconductor (spanming from 1 nm to 1888 nm)
mesh from middie of island (=8) to edge =(R)
#list for calculoted voltages

Figure G.S19 Python 3 code for modeling pinch-off: #2. Input variables and mesh.
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Section 1 - 1D Pinch-Off Model
Single dimensional analytical solution for a circular patch with low barrier height (1) surrounded by a larger barrier region (¢7)

V(O‘Z)_VM*(17§)E+%+¥§m—A(lfﬁ)

where A s the difference between the bulk (phif ) and istand barrier heights (phif'), R is the island radus, and Z is the distance Into the semiconductor. Salution for the electrostatic potential through the center of the island.
input_Parans(1, .61, 85, 6)

generate_Mesh{)
[B:len(V):1] = Vbb*(1-Z[0:1en(Z):1]/W)*+2+Vn+vixn-delta*(1-2[:1en(z) :1]/ (Z[0:1en(z) :1]**2+r**2) 4 (1/2))

[

In [6]: plt.
plt
plt.
plt.

Single dimensional plot - CB voltage vs. Z

figure(1)
plot(z*18%+7, V)
xlabel("z (nm)")
ylabel("$€_(CB}$ vs. $E_{F,bulk}$ (ev)")

plt.text(22a, 8.6, "maximum point = ¥.3f V" % np.max(V))
plt.text(220, 0.55, "island radius = %.2f nn" % (r*164+7))
plt. show()
0.6 maximum point = 0.642 V
island radius = 85.00 nm
>
2 os
=
]
2
o
. 04
"]
>
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0.2
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Figure G.S20 Python 3 code for modeling pinch-off: #3. Single dimension pinch-off model.

Single dimensional plot - variable !bg 07-13V)

1n [7]: Fig = plt.figure(2)
2x2 - fig.add_subplot(111)
For phib_8 in np.arange(8.7, 1.4, 8.1):

input_Parans(phib_a, .61, 85, 8)
generate_Mesh()

V[B:1en(v):1] = Wbb*(1-Z[0:1en(Z) :1]/W)**2+vasvxn-delta*(1-Z[0: len(z):1]/(Z[0:1en(Z): 1]+*2+r+42)5(1/2))

ax2.plot(Z*18%*7, V, label-phib @, Linewidth-1.5)
.legend(loc-"upper right')

= plt. legend()

.set_title("$\phi_bres (V)")

.xlabel("Z (nm)")

ylabel('$E_{CB)$ vs. $E_{F,bulk}$ (ev)')

ax2. tick_params(labelsize=14)
plt.text(18, ©.22, "radius = %.2f om" % (r * 18°%7))
plt. show()
0.8
3 (V)
— 0.7
0.7 gt
= — 09
2 06 — 10
X — 11
a —_ 12
& 0.5 s
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Figure G.S21 Python 3 code for modeling pinch-off: #4. Single dimension pinch-off model with

variable barrier heights.
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Single dimensional plot - variable radius (25 - 175 nm)

In [8]: fig = plt.flgure(3)
ax3 = fig.add_subplot(111)

for radius in np.arange(25, 175, 25):

input_Params(1, ©.61, radius, @)
generate_Mesh()

V[@:len(V):1] = Vbb*(1-Z[@:len(Z):1]/W)**2+Vn+Vixn-delta*(1-Z[0: Len(Z):1]/(Z[B:len(Z): 1]**24r42)**(1/2))
ax3.plot(Z*18%47, V, label-(r/18**-7))

plt.legend(Loc="'upper right’, title=“radius (nm)")
plt.text(s, 8.2, "$\phi_b*e§ = X.2f V" % (phib_8))
plt.xlabel("Z (nm)")

plt.ylabel('$E_{C8}$ vs. $E_{F,bulk}$ (ev)')

plt. show()
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Figure G.S22 Python 3 code for modeling pinch-off: #5. Single dimensional pinch-off model

with variable radii.

Section 2 - Current-Voltage Characteristics for a Nanocontact

Modifications to the ideal diode expression account for an effective area and an effective barrier height when pinch-off occurs:

sl

) o)

9V

T = AT

where

A= g/kT

q= (ﬂAv‘zf’d)U!

=€,/ (aV)

A* = dagh?m® [

In [9]: def IV Params():

global Astar, gemma, eta, beta
Astar - 120008
gamma = (({3*delta*r**2)/a)**(1/3)

eta = eps*epsd/(q*Nd)
beta = q/((k/188%*2)*T)

# Richardson Constant md cm-2 K-2
(2/3)

TV_Parans ()

In [16]: def generate_Tvlists(start, end):
global Vixn_list, Vbb_list, I, Ischottky, Aeff, Aactual, barrierModifier
Vixn_list = np.arange(start, end, 8.01)
Vbb_list = phib_@ - vn + vixn_list
1 = np.zeros(len(Vixn_list))
AeFf = (4%np.pigamma/(3*beta))* (eta/Vbb_list)*=(2/3)
Aactual = (np.pi*r+2)*(vbb_list/vbb_list)
barriertodifier ~ ({beta*gamma*Vbb_list+*+(1/3))/(eta**(1/3)))

generate_IVLists(-2.3, 1)

Figure G.S23 Python 3 code for modeling pinch-off: #6. Modifications to the ideal diode

equation to account for pinch-off.
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Current-voltage behavior for particle with r = 85 nm and ¢g =10V

In [11]: input_Params(1, @.61, 85, @)
generate_Mesh()
IV_Params()
generate_TVLists(-8.3,1)

I « Astar*T**2%((4*np.pi*gamma®eta**(2/3))/(9*beta®Vbb_list**(2/3)))* \
np.exp(-beta*phib_@+((beta*gamma*vbb_list**(1/3))/(eta**(1/3))))* \
(np.exp(beta*vixn_list)-1)/(np.pi*r++2)

Tschottkyl = Astar*T**2*(np.exp(-beta*phib_b))*(np.exp(beta*Vixn_list)-1)
Ischottky2 = Astar*T**2*(np. exp(-beta*phib_Ni))*(np.exp(beta*Wixn_list)-1)

Fig = plt.figure(a)
axé = Fig.add_subplot(111)

axd.plot(Vjxn_list, I, label-"snalytical solution $\phi_b*8§ = %.2f V" ¥ phib_g)
axa.plot{vixn_list, Ischottkyl, label-"Schottky diode $\phi_b§ = ¥.2¢ v* % phib_a)
axd.plot(Vixn_list, Ischottky2, label="Schottky dicde $\phi_b$ = %.2f v* % phib Ni)
plt.legend(loc="upper left')

plt.xlabel ("$V_(jxn}$ (V)")

plt.ylabel("current (1)"}

plt.text(8.5, 5, “radius = %.2f na" % (r * 18%47))

axd.set_ylin([8,10%2])

plt. show()
100 T T
—— analytical solution ¢ = 1.00 V
Schottky diode ¢p = 1.00 V
801 — schottky diode ¢, = 0.61V |
= e
=
c
g
=
3 40
o
20
radius = 85.00 nm
0 —
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Vixn (V)

Figure G.S24 Python 3 code for modeling pinch-off: #7. Example current-voltage behavior.

1In [12]: Fig - plt.figure(s)
ax5 - fig.add_subplot(111)

for radius in np.arange(25, 175, 25):
input_Parans(1, ©.61, radius, @)
generate_Mesh()
1v_Params()
generate_IvLists(-9.3,1)

T = AStar*T*£2*((a*np.pltganmateta*t*(2/3))/(s*beta*vbb_11st++(2/3)))* \
np.exp(-beta*phib_8+((beta*gamma*Vbb_list**(1/3))/(eta®"*(1/3))))" \
(np.exp(beta*Vixn_List)-1)/(np.pi*r+=z)

axs.plot(vixn_list, I, label-"%.1f nm" % (r/10%+-7), linewidth1.5)

Tschottkyl = Astar*T**2*(np.exp(-beta*phib_8))* (np.exp(beta=vixn_list)-1)
Ischottky? - Astar*T+*2*(np.exp(-beta*phib_Ni))*(np.exp(beta*Vixn_List)-1)

ax5.plot(vixn_11st, Ischottkyl, linestyle="dashed’, label="$\phi_bs
plot(vjxn_list, Ischottky?, linestyle='dashed', label="$\phi_b$ =

V" % phib_e)
.2F V" % phib Wi}

axs

ax5. set_ylin([0,10°%2])
leg - plt.legend(loc-"upper left')
plt.xlabel("$v_{fxn}$ (V)*)

plt.ylabel("current (I)")

plt.text(.7, 5, "$\phi_b"8§ = %.2f V" % phib_g)
plt.text(e.7, 15, "$\phi_b~{Ni}$ = %.2¢ V" ¥ phib_ni)

plt. show()
100
—— 25.0nm
50.0 nm
go{ — 75.0nm
—— 100.0 nm
— 125.0nm
= so{ — 150.0nm
= ¢p=1.00V
@ - =061V
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4 # =061V
; =100V
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Figure G.S25 Python 3 code for modeling pinch-off: #8. Example current-voltage behavior with

variable radii.
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Current-voltage characteristics with variable ¢2

In [13]: fig = plt.figure(s)
ax6 - Fig.add_subplot(111)

for barriers in np.arange(8.7, 1.3, 8.1):

input_Parans(barriers, .61, 85, 8)

generate_Mesh()

Iv_Params()

generate_TVLists(-8.3,1)

T = Astar*T*=2*((4*np.pi*gamma*eta*=(2/3))/(5*beta*Vbb_list**(2/3)))* \

np. exp(-betaphib_6+( (beta*ganma*vbb_list**(1/3))/(eta** (1/3)1))* \

(np. exp(beta*vixn_list)-1)/(np.pi*r++2)

axg.plot(Vixn_list, I, label="$\phi b6 = %.2f V" % (phib_8))
Tschottkyl = AStar*T+*2*(np.exp(-beta*1.1))*(np. exp(beta*vixn_list)-1)
Ischottky? = Astar®T**2*(np.exp(-beta*phib_Ni))*(np.exp(beta™vixn_list)-1)
ax6.plot (Vjxn_list, Ischottkyl, linestyle-"dashed’, label="$\phi_bs = %.2f V" % 1.1)
ax6.plot (Vjxn_list, Ischottky2, linestyle-'dashed’, label-"$\phi_b$ = ¥%.2f V" & phib_Ni)

axb.set_ylim([8,18°*2])
plt. legend(loc="upper left')

plt.text(-2.35, 5, "$\phi_b*{Ni)$ = X.2f V" % phib i)
plt.text(-2.35, 12, "radius = X.2f na" X (r+16+47))
plt.xlabel("$v_{fxn}$ (V)")

plt.ylabel("current (I)"}

plt.show()
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Figure G.S26 Python 3 code for modeling pinch-off: #9. Example current-voltage behavior with

variable barrier heights.

Section 3 - V,, vs. r and d:g (3D Representation)

iting current under 1 sun illumination. Average ideality incorporated (n = 1.42).

Note: experimental devices exhibit ~ 25 mA em™? li

In [14]: photocurrent = 25 #(mA cm-2) consistent with Limiting current from devices

radius = np.arange(18, 168, 16)
barriers = np.arange(8.7, 1.55, .85)

voc = np.zeros((len{radius), len(barriers)))
Voc_schottky_high = np.zeros{{len(radius), len(barriers)))
Voc_schottky_low = np.zeros((len(radius), len(barriers)))

for i dn range(e, len(radius)):
for § in range (0, len(barriers)):
input_Params (barriers[j], .61,
generate_Mesh()
Iv_Params()
generate_TVLists(-8.3,1)

radius[1], @)

Woc[d, §] = scipy.optimize.brentq(lambda x: Astar*T=+2% \
({4*np.pi*gama*eta**(2/3))/(9*beta* (phib_6 - Vn + x)**(2/3))}* \
np.exp(-beta*phib_Be((beta*ganma*(phib_@ - vn + x)**(1/3))/{eta**(1/3))))* \
(np.exp(beta®x/ideality)-1)/{np.pi*r=*2)-photocurrent, -8.3, 1.5}

voc_schottky_high[1,]] = scipy.optimize.brentq(lambda x: AstartT+*2+ \
np. exp(-beta®phib_8))*(np. exp(beta*x/ideality)-1)-photocurrent, -8.3, 1.5)

Voe_schottky_low(d,j] = scipy.optinize.brentq(lasbda x: AstarsT=*2* \
np.exp(-beta*phib_Ni))*(np.exp(beta’x/ideality)-1}-photocurrent, -2.3, 1.5)

Figure G.S27 Python 3 code for modeling pinch-off: #10. Initialization of 3D V. surface.
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Lower surface the V;, fora

contact with ¢, = 0.61 V. Upper surface represents the V. for schottky contacts where ¢, = gbg
In [15]: %matplotlib nbagg
Fig = plt.figure(7)

ax7 - fig.gea(projection="3d")
X, ¥ = np.meshgrid(barriers, radius)

ax7.set_z1lim(8, 1.3)

2x7.set_xlabel(r'$\phi_{b}"e$ (V)', fomtsize-12)
ax7.set_ylabel(r'$radiuss (nm)’, fontsize-12)
ax7.set_zlabel(r'$V_{oc}$ (V)', fontsize=12)
ax7.plot_surface(X, ¥, Vo, cmap-cm.jet)
ax7.plot_surface(X, ¥, Voc_schottky_high, cmap-cm.caolwarm)

ax7.plot_surface(X, ¥, Voc_schottky_low, cmap=cm.coolwarm)

2x7.view_init(30, 60)

Figure G.S28 Python 3 code for modeling pinch-off: #11. 3D surface plot illustrating the Vo as
a function of radii and barrier heights.

Vi data displayed with projection lines

In [16]: #matplotlib nbagg

fig = plt.figure(s)
axB - fig.gca(projection="3d")
X, ¥ = np.meshgrid(barriers, radius)

2x8.set_zlin(9, 1.3)

axB. set_xlabel (r'$\phi_{b}"e§ (v)', fontsize-12)
axB.set_ylabel(r'$radius$ (nm)', fontsize=12)
ax8.set_zlabel(r'$V_{oc}$ (V)', fontsize=12)

cset - axg.contour(X, ¥, Voc, zdir='z’, offset-o, cmap-cn.coolwarm)
cset = ax8.contour(X, ¥, Voc, zdir
cset = axB.contour(X, ¥, Voc, zdir='y’,

offset=B.65, cnap=cm.coolwarm)
offset=168, cmap=cm.coolwarm_r)

axB.plot_surface(X, ¥, Voc, cmap=cm.coolwarm)
axB.view_init(38, £8)

Figure G.S29 Python 3 code for modeling pinch-off: #12. 3D surface plot illustrating the V. as

a function of radii and barrier heights. Select curves projected onto Xy, xz, and yz planes.
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Section 4 - V,, vs. r and d:g (2D Representation)

1In [17]: Fig = plt.Figure(9)
2x9 - fig.add_subplot(111)
ax9.set_ylin(3, 1.8)

For i in range(1,len(barriers})-8,1):
axa.plot(radius, Voc[:,1], label=("%.2f V" % barriers[1]))

axg.plot(radius, Voc_schottky low[:,e], dashes=[2, 2, 2, 2])

plt.text(22, B.95, "macroscopic schottky diode with $\phi_b§ = %.2f V" % phib Ni)
plt.legend(loc="upper right’, title="$\phi_b@3", ncol-2)

plt.xlabel("radius (nm)")

plt.ylabel("$v_{oc}$")

plt. show()
1.0
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Figure G.S30 Python 3 code for modeling pinch-off: #13. 2D projection of the V. as a function

of radii and barrier heights.

The in are collected under 1 via the AFM laser. Calibration with a reference photodiode reveals a current density ~15x greater than that of the 1 sun
solar the is coll d vmh the AFM proberarhally obsnurlng the incident light. Under this dif the current b{ the reference
phntndmde is 1.'3rd aﬂha! i d during the the in operando data we use a local photocurrent just 5x larger than the |m|t|ng current in
the 1 sun illumination case (= 25 m.A cm™?) Note that if the photocurrent is further the fits p for this by the surrounding barrier height (¢b)

In [18]: #in operando photovoltages before activation (V vs. radii)
experimental_seti_x = np.array([5¢.49, 99.39, 116.6, 93.6, 128.465, 73.63, 84.35, \
64.55, 86.22, 53.5, 72.9, 181, 114.11, 68.465, 86.88])

#adjustment to account for AFM broadening (4 nm +/- 3)
experimental_setl_x - experimental_setl x-4

experimental_setl_y = np.array([8.4357, 8.3714, 8.3398, 8.3058, B.3844, 0.4188, .4383, \
.41274, 8.3777, B.4438, 0.44928, 0.3746, 0.3479, 0.40186, 0.334%4])

#in operando photovoltages after activation (V vs. rodit)
experimental set2 x = np.array([58.92, 41.81, 84.67, 184.96, 188.07, 68.18, 86.28, 61.42, \
86.53, 85.96, 194.99, 79.65, 95.37, 188.16, 67.69, 93.68, 80.68, 67.42, 183.38, 70.48])

#adjust te account for AFM broadening (4 nm +/-3) and consumption of Wi core (5.7% redox active = 2X rodii decrease)
experimental_set2 x = 8.98*(experimental_set2 x - 4)

experimental_setz_y = np.array([6.43445, 0.51339, .48819, ©.4299, 0.43825, ©.51087, \
©.48351, ©.58417, 8.46226, 0.489, 0.43119, B.48844, 8.46476, B.44181, 8.51315, \
8.42767, ©.46987, @,49273, 8.42085, 8.47895])

#keminder: for fig 2b the surface coveroge was about 16% - adjust for Voc caleulation

Fig = plt.figure(18)
ax10 - fig.add_subplot(111)

axi0.set_xlim{e, 140)

ax18.set_ylim(6.3, 8.6)

ax18. scatter(experimental_setl _x, experimental setl y, label="nan-activated"}
2x10. scatter(experinental_seta_x, experimental_set?_y, label = "activated”)
plt.legend(loc-'upper right’, title-"experimental data")

plt.xlabel("radius (nm)"}

plt.ylabel("$v_{ac}$ (V)")

plt. show(}
0.60
experimental data
e non-activated
0.55 e activated
0.50 o *
s * . .
0.45
g *® ¢ ., o
> o X
. b -
0.40 . N
. - . -
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.
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Figure G.S31 Python 3 code for modeling pinch-off: #14. The experimental photovoltages

plotted vs. radius.
224



Least squares fit for datasets - solving for ¢

1In [19]: photocurrent = 125
input_Parans(108, ©.61, 106, @)
generate_Mesh{)

Iv_Parans()
FillFactor=a,15
ideality = 1.415

#consistent Lim
#phib_o ond R a

rent of Sx the 1 sun illumination
tant here

def helperFunc(radius, barrier):
lelta = barrier - phib_Ni
gamma = (3*(delta®(radlus)**2)/2)**(1/3)
return scipy.optimize.brentq(lambda y: FillFactor*AstarsT*<2* \
((a*np.pi*gamnateta*=(2/3))/ (s*heta*(barrier - vn + y)*+(2/3)))% \
np.exp(-beta*barriers((beta*gamma®(barrier - Vn + y)**(1/3))/(eta"*(1/3))})* \
1.5)

e model's Voc solution given a rodius and barrier

(np.exp(beta*y/ideality)-1)/ (np.pi*radlus**2)-photocurrent, -8.3,

def leastSquares(start, end, step, dataX, datav):
leastSquaresMinimum = 180
bMinimum = 160

#evalute the Least squares for all surrounding barriers
arbitrarily large number

#arbitrarily large nunber

from start to stap

for b in np.linspace(start, end, step):
residualSum =
for 1 in range(8, len(datax)):
residualsum = residualsum + (helperfunc(datax[i]*1@**-7, b) - data¥[i])**2
i residualSum<leastSquaresHinimum

leastSquaresMinimum = residualSum
buinimum = b

#if this Fit is better thon the last then sove it

return  bMinimum, (1-leastSquaresMinimum)

fitBarrier, fitR = leastSquares(8.7, 1.2, 4081, experinentsl setl x, experimental setly)

print('Non-activated fit: '
display(Math(r"\phi_{b}*{e}" + " = %.3f \: v" % fitdarrier + "\: and \:" + r"R"2=%.

F" % FItR))
FitBarrier, fitR = leastSquares(s.7, 1.2, 4621, experimental_set2 x, experimental set2_y)
print("\n")

print("Activated fit: *

)
display(Math(r"\phi_{b}*{8)" + " = %.3F \: V" % fitBarrier + "\; and \:"

+ rURA2SX,3F7 % FitR))
Non-activated fit:

¢f = 0.825 V and R* = 0.002

Activated fit:

@ = 0.805 V and R? = 0.995

Figure G.S32 Python 3 code for modeling pinch-off: #15. Custom least squares regression for
fitting the experimental data with the pinch-off model.
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Tn [28]: photocurrent = 125
ideality = 1.42

with local illumination of 5x the 1 sun illuwination

radius = np.arange(1e, 168, 18)
barriers = np.array([0.82, 8.91])

Voc = np.zeros((len{radius), len(barriers)))
Voc_schottky_high = np.zeros((len(radius), len(barriers)))
Voc_schottky_low = np. zeros((len(radius), len(barriers)))

for i in range(, len(radius)):
for j in range (9, len(barriers)):
input_Parans(barriers(]], 8.61, radius[i], @)
generate Mesh()
v_params()
generate_IVLists(-0.3,1)

Voc[i, j] = scipy.optimize.brentq(lambda x: fillFactor®Astar®T*=2% \
((4%np.pi*gamma*eta** (2/3))/(*beta* (phib_8 - Vn + x)**(2/3)))*
np.exp(-beta*phib_B+((beta*ganma* (phib_@ - Vn + x)-'u,am(a:a“umm \
(np.exp(beta*x/ideality)-1)/ (np.pd*r++2)-photacurrent, -a.

Voc_schottky_high[1,] = scipy.optimize.brentq(lambda x: fillFactor*Astar*T+<2* \
(np.exp(-betaphib_8))*(np.exp(beta*x/ideality)-1)-photocurrent, -6.3, 1.5)

Voc_schottky_low[d,] = scipy.optimize.brentq(lambda x: fillFactor®Astar®T?72% \
(np.exp(-beta*phib_Ni))*(np.exp(betax/ideality)-1)-photacurrent, -8.3, 1.5)

Fig = plt.figure(12)

axi2 - fig.add_subplot(1i1)
ax12.set_xlim(35, 135)
ax12.set_ylim(8.15, 8.7)

ax12.plot(radius, Voc[:,0], label=("$\phi_bres = %.3F v Fit”
axaz.plot(radius, Voc[:,1], label-("$\phi_bres = ¥.3f v fit"
ax12.plot(radius, Voc_schottky low[:,8], dashes=(2, 2, 2, 2]}
2x12. scatter(experimental_setl_x, experimental_setl y, label="non-activated data")
2x12. scatter(experinental_set2_x, experimental _set2_y, label - "activated data")

% barriers[a]))
% barriers[1]))

plt.legend(loc-upper right’, title=“data & fits", ncol-2)
plt.xlabel("radius (nm)"}
plt.ylabel("$V_{oc}s (V)")
plt.text(4z, .22,

"reference schottky diode ($\phi_b$ = %.2f V)" ¥ phib_Ni)
plt.show()
0.7
data & fits
— ¢ =0.820 Vit e non-activated data
0.6

?3 =0.910 V fit e activated data

reference schattky diode (¢p = 0.61 V)
0.2
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Figure G.S33 Python 3 code for modeling pinch-off: #16. Fits visualized with experimental
photovoltages.
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Section 6 - Fitting Macrosopic Photoelectrochemical Data Sets

Photoanode comprised of uniform radius nano-contacts (represented by pinched-off nanocontact model) in series with a catalyst (represented by a Butler-Volmer expression)

Catalyst Currant Denslty:
o = 19, (Eaﬂ(V..) - 5—(1-.,15(@)
Pinched-Off Diode Current Density:
=
- o B
Tpo ot = (f—fz)A'T‘( T Y e P o (= et 1) 4,
™ 98V
where
B = a/kT
7= (3Ar3/4)8
= e/ (aly)

A = dmgk®m? [hY
J . i the catalyst exchange curent and « is the charge transfer cosfficient (0.5)
1 is the fill factor or percent of surface coated by islands, T is the uniform island radius, n is the ideality factor, and J), is the photocurrent

In [22]: #Cotalyst Parometers - Jcot monually tuned to fit experimental cotalyst curve

Jcat = 3.5%10%+-a #mA cm-2
beta = q/((k/188+2)*T)

alpha = 8.5

#Phatocurrents tuned to represent limiting currents of experimental data
photocurrentl = 26 A cw-2

photocurrent2 = 14 #ma cm-2

#fill factor (portion of surface covered by Wi particles)
fillFactor=8.15

input_Parans(8.51, 8.61, 66, @)
generate_Mesh()
Tv_Parans()

Vixn_list = np.arange(-0.5, 9.7, 2.81)

catalystCurrent = Jcat*(np.exp(alpha*beta* (v
semiconductorCurrent = fillFactorAstar™T**2
((4*np.pi=gamma*eta**(2/3))/(3*beta®(phib_B - Vn - Vixn_list)**(2/3)))* \
np. exp(-beta“phib_6+((beta*ganma* (phib_@ - Vn - Vixn_List)**(1/3))/(eta**(1/3))))* \
(-np.exp(-beta*vixn_list/ideality)+1)/(np.pi*r*+2)+photocurrenti

xn_list))-np.exp(alpha*-beta* (vixn_list)))
"y

fig = plt.figure(13)

axi3 = fig.add_subplot(1i1)

ax13.plot(vixn_list, catalystCurrent, label-"Cat")

ax13.plot(¥ixn_list, semiconductorCurrent, label="Sem")

ax13. set_ylim([-108,108])

axl3.set_title(")-V behavior of catalyst and pinched-off diode")
plt.legend(["catalyst (Butler-volmer)", "pinched-off diode"], loc="lower left')
plt.xlabel("$v_{sem}$ or $V_{cat}$ (V)
plt.ylabel("current density $(mag $cm~{-2})$")

plt.show()
o J-V behavior of catalyst and pinched-off diode
7‘? 75
% 50
<
E 25
>
= ]
@
3
8 -25
]
-50
g
3 -75{ — catalyst (Butler-Volmer)
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-100
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Vsem OF Veat (V)

Figure G.S34 Python 3 code for modeling pinch-off: #17. Modified ideal diode equation placed

in series with an experimentally fit Butler-Volmer expression to calculate photoelectrochemical J-

V behavior.
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Device activity is solved with the conditions Viem = Voar + Vien and Jigtar = Juiods + Jeat

In [23]: vsem_list = np.zeros(len(Vixn_list))
vsen_list_Schottky = Ap. zErus(lEn(\‘jxn 1ist))
Itotal = np.zeros{len(¥jxn_list)
Ttotal_Schottky = np. z!ros(lun(vjxn 1ist))
#import experimental datasets
experimental_setd_x = np.array([8.455, 8.4659, B.4759, 8.4859, 0.4950, 8.5050, 8,515, B.5259])
experimental_setd_y = np.array([2.98, 3.43, 4.8, 4.63, 5.32, 6.633, 6.77, 7.52])

experimental_sets x - pd.read csv("s 5 dataset.csv", Nrows-1096).values
experimental_set5_y = pd.read_csv("s s dataset.csv”, nrows=188).values[:

experimental_set6_x - pd.read_csv("60 s dataset.csv”, nrows-1009).values[:,0]
experimental_set6_y - pd.read_csv("60 5 dataset.csv”, nrows-1089).values[
065) . values[
008) . values[:,1]

experimental_set7 x = pd.read_csv("S s catalyst dataset.esv”, nrow:

experimental_set7_y - pd.read_csv("S s catalyst dataset.csv”, nroms

#5olve for current continuity
for 1 in range(e, len(vixn_list)
sem_list[i) = scipy.optimize.brentq{lambda x:
((4*np pi*gamma*eta®=(2/3))/(9*beta* (phib_@ - - x)**(2/3)))*
np.exp(-beta*phib_6+((beta*ganma* (phib_8 - Vn - )“(11’3))[(eta"(UB))})‘
(-np.exp(-beta“x/ideality)+1)/(np.pi*r+*2)+photocurrenti-
{Jcat*(np.exp(alpha*beta*((Vixn_Llist[i]-x)}))), -8.5, @. 3)

fillFa[tDr‘Astar‘T"Z‘ \

Vsem_list_Schottky[i] = scipy.optimize.brentq(lambda x2: Astar*T=*2* \
(np. exp(-beta*phib_Ni))*(-np.exp(-beta*xz/ideality)+1)+photocurrent2- \
(Jcat®(np.exp(alpha*beta*((Vixn_Llist[i]-x2))}})), -B.5, 8.3)

#ote: Reverse catalyst current truncated
Itotal = fillFactor*AstarsT+2* \
((4*np.pi*gamma*eta**(2/3))/(9*beta”(phib_B - Vn - Wsem_list)**(2/3)))*
np. exp(-beta“phib_o+((beta*ganma®(phib_& - Vn - Vsem_List)**(1/3))/(eta**(1/3))))* \
(-np.exp(-beta*Vsen_list/ideality)+1)/(np.pi*r**2)+photocurrentl

Ttotal_Schottky = Astar*T=*2%(np.exp(-beta*phib_Ni))*(-np.exp(-beta*Vvsen_list_Schottky/ideality)+1)+photocurrent2
Tcatalyst = Jcat®(np.exp(alpha®beta*(Vjxn_list)))

Fig - plt.figure(i4)
ax14 = fig.add_subplot(111)
ax14_ scatter(experinental_set7_x, experimental_set7_y, color='lightgray’, s=3, label
2x14. scatter(experinental_sets_x, experimental_set5_y, color='lightblue’, s-3, label
ax14. scatter(experinental_seto_x, experimental_sets_y, color='wheat', s=3, label="c")
ax14.plot(vixn_list, Itotal, label-"pinched-0ff diode®, color='royalblue'}
ax14.plot(Vixn_list, Itotal Schottky, label="Schottky diode”, calor="darkerange’)
2x14.plot(Vixn_list, Icatalyst, label-"catalyst”, calor='black’)
ax14.set_ylin([-15,30])

plt.text(-8.48, 26, "$\phi_bA{Ni}$ = * + str(phib i) + * v*)
PLt text(-6.48, 22, "$iphi_b™8% = " + str(phib B) + " V")
plt.text(-0.48, 18, r.wm - "4 str(re18%47) + )
plt.text(-0.48, 14, "$)_{cat}"6$ = %.5f $ma$ $cm{-2}4" % lcat)
p1t. legend([ "madel m” “uniforn diode $\phi_b - 8.61 § v, \

“catalyst fit", "catalyst data”, "5 s deposition”, "68 s deposition” ], ncol=2, loc='lower left')
plt.xlabel("$V_{jxn}$ (V)")
plt.ylabel("current density ($mA$ $cme{-2}$)")

plt. show()
30
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Figure G.S35 Python 3 code for modeling pinch-off: #18. Photoelectrochemical fits

superimposed on the experimental J-V curves for the 5-s Ni deposition, 60-s Ni deposition, Ni

deposited on Pt.
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Section 7 - Visualing Pinch-off
3D representation of pinch-off (Vjzn = Vi = -0.468 V and r = 60 nm )

2 27z
Eenlrya)fa = Ve (1= )"+ Vot Vi = (s )

In [25]: input_Params(e.91, 8.61, 66, -B.458)
photecurrent = 25
generate_Mesh()
IV_Params()

Voc = scipy.optimize.brentq(lambda x: fillFactor®AstarsT=+2% \
((4*np.pi*gamma*eta**(2/3))/(9*beta®(phib_B - Vn + x)}**(2/3)))* \
np.exp(-beta®phib_+((beta®gamma®(phib @ - Vn + x)**(1/3))/(eta**(1/3))))* \
(-np.exp(beta*x/1deality)+1)/(np.pler**2)+photacurrent, -2.3, 1.5)

print("A Voc of X.3f mv" ¥ voc + " for a X.2f nm radii” ¥ (r*16+47))

A Voc of @.458 mV for 2 60.08 nm radii
In [26]: input_Params(.91, 8.61, 68, -8.458)
generate_mesh()
IV_Params()

phib_effective = phib_8-(ganma® (vbb/eta)**(1/3))

ctor (spanning from 18 nm to 1600 nm)

Z - np.arange(1164%-7, W-10%4-74(56°10%¢-7), 10%*-7) #cm mesh into semicom
" ) to edge =(r)

R = np.arange(-z'r, ¢, 1@%+-7) cm mesh from middle of island
V3D = np.zeros((len(R), len(Z)), Float)

for 1 in range(e, len(R)):
for j in range(8, len(Z)):
V3D[4, ] = Wbb*(1-np.minimum(Z[1],W)/H)**2eVnVixn- \
(2*gamma**3*np.mindmum(Z[1],W}/(27* (R[1]**2+np.minimum(Z[],W) +2)*(3/2)}) -Vixn-Vn-Vbb+phib_g

#the model breaks down mear the center of the patch, this constraint suppresses that output
V3D[V3D< (8. 2-Vixn) ] -phib_Ni

Figure G.S36 Python 3 code for modeling pinch-off: #19. Code to plot the conduction band
energy vs. R and Z.

In [27]: Fig - plt.figure(15)
ax1s - fig.gca(projection='3d"}
X, ¥ = np.meshgrid(2/18**-7, R/18%*-7)

axis.set_xlabel('Z (nm)', fontsize-12)
ax15.set_ylabel('R (nn)', fontsize-12)
ax15.set_zlabel('$€_{CB}4 (eV)', fontsizes12)

2x15.plot_surface(X, ¥, V3D, cmap-cm.coolwarm)

fig = plt.figure(16)

2x16 = Fig.add_subplot (111

2x16.plot(2*16°+7, VD[int(len(R)/2),:], label-"Middle")

ax16. set_ylin([e,2])

plt.text(s, 1.3, "maximum point = %.af ¥* % np.max(V3D[int(len(R}/2),:]1))
plt.text(s, 1.5, "$\phi_bs effective = %.4f V" % phib_effective)
plt.legend(["cross section through R=8"], loc='upper right')
plt.xlabel("Z (nm)")

plt.ylabel('$E_{cB}$ (ev)')

plt. show()
< (nm) 200 -100
m,
) 250 300
2.00
—— cross section through R=0
175

1.50 ¢ effective = 0.7954 V

maximum paint = 0.8020 V

Ecg (eV)
5
8

0.75 I\__—

150 200 250 300
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229




Figure G.S37 Python 3 code for modeling pinch-off: #20. Ecg vs. Z & R.

3D representation with variable 'i/}m

In [29]: input_Params(@.91, 8.61, 68, @)
generate_mesh()

vixn_list = np.arange(-8.5, 8.881, B.881) J#ronge of g
Ubb = phib_@ - Vn + Vjxn_list[-1] #hand
W = (2*epseps@*Vbb/(q*Nd))*=(1/2) #depLetion

ed voltages
n Volts for max case
h in cm

Z - np.arange(18¥18%+-7, W, 16%*-7) m mesh into semiconductor (spa
R = np.arange(-2*r, 2°r, 18%%-
V3D = np.zeros((len(vixn_list), len(R), len(z)), float)

edge =(r)

me:
duction band potential

for v in range(e, len(vixn_list)):
Vixn = Vixn_listv]
Vbb = phib_8 - ¥n + Vixn
W = (2%eps*epse*vbb/(g*Nd)}**(1/2)

for i in range(8, len(R)):
for 7 in range(a, len(Z)):
#note: minimm statement used here to stop the calculation once the depletion edge is reached
#required because the depletetion width changes as o function of ¥ixn but o static mesh is being used
van[v, 1, §] = Vbb*(1-np.minimun(Z([§],H)/W)* *24¥nsVixn- \
(2*gamma*®3*np. minimun(Z[3],W)/ (27 (R[1]**2+np. minimum(Z[§],W)**2)*(3/2))}-\
Vixn-Vn-Vbb+phib_@

#the model breaks down near the cent
if (V3D[v, 1, j]<(.2-vixm)):
v3D[w, i, 1)=8.2-Vixn

of the patch, this constraint suppresses that output

g from 16 nn to 1869 nn)

Figure G.S38 Python 3 code for modeling pinch-off: #21. Code to plot Ecp at various

potentials.
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In [30]: Zmatplotlib inline
4matplotlib nbagg
applied = 42 #corresponds to Vjxn = -8.458 V which is the Voc condition

fig - plt.figure(17)
ax17 - fig.gca(projection-'3d')
X, ¥ = np.meshgrid(2/18**-7, R/18°*-7)

2x17.set_zlin(0.2, 1)
axi7.set_xlabel(r'$z_{depth}s (nm)', fontsize=12)
ax17.set_ylabel(‘radius (nm)*, fontsize=12)
2x17. set_zlabel("$E_{C3}$ (ev)", fontsize=12)

ax17.plot_surface(X, ¥, vao[len(vjxn_list}-1,:,:], cmap=cm.coolwarm)
ax17.plot_surface(X, ¥, VaD[applied,:,:], tmap=cm.coolwarm)

fig - plt.figure(1s)
ax18 = fig.add_subplot(111)

plt. legend(loc-"upper right')

ax18. plot(Z*16**7, vab[len(Vixn_list)-1, int(len{R)/2), label="$V_{fxn}§ = %.3F° % Vixn_list[len(vixn_list)-1])
2x18.plot(2¢104#7, V3D[applied, int(len(R)/2),:], label-"$¥_{jxn}$ = %.3" % vixn_list[applied])
axi8.set_ylim([@,2])

ax18.set_title("profile through island center (R=8)")

plt.text(s, 1, "maximum = %.4F V" % np.amax(V3D[applied, int(len(R}/2),:]}, coler="darkorange")
plt.xlabel("Z (nm)")

plt.ylabel('$E_(CB}$ (eV)')

leg - plt.legend()

plt. show()
, 1.0
0.9
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Figure G.S39 Python 3 code for modeling pinch-off: #22. Ecp plotted at

potentials.
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