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DISSERTATION ABSTRACT 

 

Adam S. Batchellor 

 

Doctor of Philosophy 

 

Department of Chemistry and Biochemistry 

 

September 2016 

 

Title: Structure-Activity Relationships in Ni-Fe (Oxy)hydroxide Oxygen Evolution 

Electrocatalysts 

 

The oxygen evolution reaction (OER) is kinetically slow and hence a significant 

efficiency loss in electricity-driven water electrolysis.  Understanding the relationships 

between architecture, composition, and activity in high-performing catalyst systems are 

critical for the development of better catalysts.   

This dissertation discusses areas both fundamental and applied that seek to better 

understand how to accurately measure catalyst activity as well as ways to design higher 

performing catalysts.  Chapter I introduces the work that has been done in the field to 

date.  Chapter II compares various methods of determining the electrochemically active 

surface area of a film.  It further discusses how pulsed and continuous electrodepostition 

techniques effect film morphology and behavior, and shows that using a simple 

electrodeposition can create high loading films with architectures that outperform those 

deposited onto inert substrates.  The reversibility of the films, a measure of the films 

transport efficiency, is introduced and shown to correlate strongly with performance.  

Chapter III uses high energy x-ray scattering to probe the nanocrystalline domains of the 

largely amorphous NiFe oxyhydroxide catalysts, and shows that significant similarities in 

the local structure are not responsible for the change in performance for the films 
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synthesized under different conditions.  Bond lengths for oxidized and reduced catalysts 

are determined, and show no significant phase segregation occurs.  Chapter IV seeks to 

optimize the deposition conditions introduced in Chapter II and to provide a physical 

representation of how tuning each of the parameters affects film morphology.  The 

deposition current density is shown to be the most important factor affecting film 

performance at a given loading.  Chapter V highlights the different design considerations 

for films being used in a photoelectrochemical cell, and how in situ techniques can 

provide information that may otherwise be unobtainable.   Chapter VI serves as a 

summary and provides future directions. 

This dissertation contains previously published coauthored material. 
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CHAPTER I 

 

INTRODUCTION 

 

Challenges to Efficient Water Splitting 

 

 The generation of hydrogen gas through water splitting has the potential to solve 

two significant renewable energy challenges.  The first is mitigating the intermittency 

problem which arises from the variable nature of solar and wind based energy sources.
1–3

  

The second is the minimization or elimination of carbon-based fuel sources as a H2 

feedstock.
4,5

  

 The base component of any water splitting system is an electrolyzer.  The 

electrolyzer facilitates the oxygen and hydrogen evolution half reactions, OER and HER, 

respectively.  

 

                               4 OH
-
  2H2O + O2 + 4e- (OER in base)                                    (1) 

                                    4 H2O + 4e-  2 H2 + 4OH
-
 (HER in base)                                 (2) 

 

Currently, the OER is a significant source of inefficiency in the overall water splitting 

process,
6,7

 and has thus received significant attention.  To minimize the overpotential 

required to drive the OER, catalysts which can bring the activation energy of the four 

electron process on par with that of the HER are sought. 

 There are two main categories of water splitting devices being investigated today.  

The first, previously mentioned, is the stand-alone electrolyzer that takes as an input 

electricity from either renewable or conventional energy sources.
8,9

  The second is a 
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photoelectrochemical cell (PEC) which combines, in a single device, a photovoltaic 

system with an electrolyzer.
10,11

  The important difference between the two systems is 

that they operate at different extremes of catalyst thickness.  The electrolyzer requires 

high catalyst loading in order to minimize the overpotential applied, while the PEC uses a 

low catalyst loading due to both the potential for parasitic light absorption from 

catalysts,
12,13

 as well as the need for current matching between the anodic and cathodic 

electrocatalysts.
14

 

 The overpotential η for the both the OER and HER comes is three forms 

                                                    ηtot = ηact + ηmt + ηct                                                       (3) 

where ηtot is the total overpotential, ηact is the overpotential associated with chemical 

activation, and ηmt and ηct are the overpotentials required to drive mass and charge 

transport through the film, respectively.  In PECs, the low catalyst loadings minimize the 

transport contributions to overpotential, and the ideal catalyst properties balance chemical 

activation and transparency.
12,13

  However, for high loading films, such as those used in 

electrolyzers, mass and charge transport could play an increasing role as the amount of 

catalyst deposited is increased. 

 To drive down the cost of water splitting catalysts,
15

 earth-abundant transition-

metal-based catalysts that can oxidize water as effectively as platinum group metals 

(PGM) are being pursued.
16,17

  The use of first row transition metals has the drawback of 

film instability in acidic conditions.  In alkaline conditions, Fe-doped Ni (oxy)hydroxide 

catalysts have shown superior performance to their PGM counterparts,
18,19

 and will be the 

focus of the entirety of this work.   
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 To overcome the low activity of monometallic transition metal systems, binary, 

ternary and quaternary metallic systems have been investigated.
20,21

  Co and Ni-based 

systems doped with Fe have shown significant improvements, which has fueled 

speculation that Fe is the active site in these materials.
22,23

  The low activity of Fe-based 

systems could be due to its low conductivity at low overpotentials.
24

  However, the 

widely speculated participation of lattice oxygen in the redox reaction,
25,26

 cautions the 

assignment of any one species as the active site, and points toward abandoning a metal-

centric focus which ignores the solid state nature of the energy distributions within the 

transition metal oxide materials. 

 

Synthesis and Structure of Ni-based OER Catalysts 

 

 NiOxHy materials can be synthesized through a wide variety of techniques.  

Hydroxides are typically made through cathodic electrodeposition,
27,28

 while oxides are 

generated when heat treatments are required such as with sol-gel,
29

 solvo- and 

hydrothermal processes
30–32

.  Recently, Ni-based catalysts with non-oxygen anions have 

been created to include selenides,
33

 phosphides
34

 and sulfides,
35

 but the so-called 

borates
36

 do not actually contain those anions within the lattice. 

 The most thermodynamically stable phases of the elements are highlighted in 

Pourbaix diagrams,
37

 which display the predominant species at a given pH and electrical 

potential.  For Ni-based catalysts within the stability limits of water, hydroxide phases 

dominate at high pH.  As the films are oxidized, an nominally oxyhydroxide phase is 

formed.  This process is represented by the Bode diagram
38

 shown in Figure 1.1 
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Figure 1.1.  Schematic representation of the four commonly accepted phases of Ni-based 

catalysts in basic conditions.  On the left, the transformation of the Ni hydroxide unit cell 

to a Ni sheet is shown, with hydrogens omitted for clarity.  Transformations between 

phases are due to thermodynamic driving forces that depend on synthesis and 

electrochemical conditioning.  The phases differ in degree of protonation, sheet spacing, 

sheet ordering, and extent of hydration. 

 

 The alpha hydroxide phase is characterized by disordered stacking of hydroxide 

sheets with interlayer water and ions present.  Oxidation of the alpha phase produces a 

gamma phase that maintains the interlayer species.  Several works studying these 

transitions have been published, those only recently in Fe-free electrolytes has it been 

shown that overcharging, aging, and extended cycling likely lead to the formation of the 

more thermodynamically favored, dehydrated, beta phases.
39–43

  Other important 

structural considerations are the presence of multiple phases and non-stoichiometry in the 

films.
44

  Depending on the synthetic technique and degree of transition metal doping, the 

appearance of phase segregated or crystalline domains have been demonstrated.
23,45,46

   

 Despite being highlighted nearly 30 years ago,
47

 it is only recently that the field of 

OER catalysis has recognized the importance of Fe introduction, whether intentional or 

as an impurity in commercially procured electrolyte, in catalyzing the OER.
24,40,48

 A 

broad range of Ni:Fe stoichiometries have been reported to be the most active.
40,45,48–50

   

Beyond enhancing the catalytic activity, significant structural changes have also been 
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reported following Fe doping to include changes in both lengths
23,51

 and expanded sheet 

spacing.
40,52

   

 While the facile electrodeposition process is beneficial for generating the more 

thermodynamically stable phase (i.e., hydroxides in alkaline solutions), it suffers from the 

preferential deposition of certain metals in amounts that differ from their solution 

concentration.
53

  Other solution based methods enable a more reliable film stoichiometry, 

but suffer from the generation of non-alkaline-stable oxide phases during high 

temperature processing, which gradually convert to (oxy)hydroxides.
19

 

   

Characterization of Disordered Films 

 

 Ni-based OER catalysts are often amorphous materials,
50,54,55

 which has hindered 

their study via traditional crystallographic techniques.  Acquiring detailed structural 

information from laboratory scale (low energy) x-ray diffraction relies on the presence of 

periodic planes of atoms.  The greater the extent of crystallinity in a material, the sharper 

(and more numerous) the peaks become, and the more morphological details that can be 

extracted.   However, the low energy and intensity of laboratory x-ray sources limit the 

effectiveness of this technique for highly disordered systems.
56

 

 High energy synchrotron sources allow for the collection of diffuse (non-Bragg) 

scattering information from amorphous samples that would normally be discarded as 

background in laboratory scale XRD instruments.
57

  The Fourier transform of this total 

scattering data can provide real space atom-atom correlations that are not achievable 

using traditional crystallography.  The drawback of looking at the real space data from 



 

6 

 

high energy sources is that turbostratic disorder between layers of atoms results in the 

loss of information due to randomness in the atom pair correlations.
58

 

 An alternative to scattering techniques, x-ray absorption spectroscopy has the 

advantage of provide element specific information, due to the unique absorption 

signatures of the different transition metals.  Several of the high performing systems have 

been investigated, providing insight into metal oxygen and metal-metal bond 

distances.
59,60

  The limitation to these techniques is that only the first two or three 

coordination spheres can be probed, so details of nanoscale dimensions are not 

accessible.  Particle sizes can be estimated by decay in the pair distribution function,
61,62

 

or through the use of the Scherrer equation in XRD
31,63

.  However, limited q resolution 

and experimental setup can introduce ambiguity into the length of scattering coherence.
64

  

The use of electron microscopy techniques can help fill in the gaps in the previous 

scattering techniques by providing images of the material.
65,66

   

 

Summary and Bridge 

 

 Despite its ubiquity in battery materials, and long history in OER, the structure-

activity relationships of Ni hydroxides are not well understood.  Early (and unfortunately 

contemporary) work on both structure and activity must be evaluated cautiously, due to 

the unintended incorporation of Fe into the Ni films, which often goes unquantified.  A 

wide range of architectures and synthetic techniques have been reported.  A key 

knowledge gap is how these different syntheses and architectures impact performance.   

 Chapter II addresses this knowledge gap by connecting the structure and activity 

of films created via two different techniques: continuous and pulsed electrodepositions.  
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A physical interpretation of the loading dependent activity is provided, including a 

comparison of commonly reported ways of calculating the electrochemically active 

surface area.  An improvement in the transport properties of the film is shown to enhance 

the catalytic activity of the NiFeOxHy films, even at loadings approaching 100 μg cm
-2

.  

 This chapter contains no previously published or coauthored material.  Portions of 

Chapter II were published as Batchellor, A. S.; Boettcher, S. W. Pulse-Electrodeposited 

Ni–Fe (Oxy)hydroxide Oxygen Evolution Electrocatalysts with High Geometric and 

Intrinsic Activities at Large Mass Loadings. ACS Catal. 2015, 5 (11), 6680–6689.  A.S.B. 

conducted all of the experiments and wrote the manuscript.  S.W.B. was the principal 

investigator and provided editorial assistance.  Portions of Chapter III were published 

Batchellor, A.S.; Kwon, G.; Tiede, D. M.; Boettcher, S. W. Domain Structures of Ni and 

NiFe (Oxy)Hydroxide Oxygen-Evolution Catalysts from X-ray Pair Distribution 

Function Analysis. J. Phys. Chem. C. 2016, Submitted.  A.S.B. processed and analyzed 

all of the raw data and wrote the manuscript.   S.W.B. was the principal investigator and 

provided editorial assistance. D.M.T. and G.K collected the raw data and provided 

training on PDF analysis techniques.   Chapter IV contains no previously published or co-

authored material.  Portions of Chapter V were published as Batchellor, A.S.; 

Trotochaud, L.; Boettcher, S. W. In Situ Characterization of the Optical Properties of 

Electrocatalysts, In Advanced and In Situ Analytical Methods for Solar Fuel Materials 

2015, Volume 371 of the series Topics in Current Chemistry, pp 253-324.  A.S.B. wrote 

the manuscript. L.T., having performed much of the cited experimental work, provided 

insights and clarifications.  S.W.B. was the principal investigator and provided editorial 

assistance.  Chapter VI contains no previously published or coauthored material. 
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CHAPTER II 

 

 

PULSE-ELECTRODEPOSITED NI-FE (OXY)HYDROXIDE OXYGEN EVOLUTION 

ELECTROCATALYSTS WITH HIGH GEOMETRIC AND INTRINSIC ACTIVITIES 

AT LARGE MASS LOADINGS 

 

Portions of this chapter were previously published as Batchellor, A. S.; Boettcher, 

S. W. Pulse-Electrodeposited Ni–Fe (Oxy)hydroxide Oxygen Evolution Electrocatalysts 

with High Geometric and Intrinsic Activities at Large Mass Loadings. ACS Catal. 2015, 

5 (11), 6680–6689.  A.S.B. conducted all of the experiments and wrote the manuscript.  

S.W.B. was the principal investigator and provided editorial assistance. 

 

 

Introduction 

 

 

The overpotential associated with the oxygen evolution reaction (OER) limits the 

efficiency of hydrogen production by water electrolysis.
1–3

  Despite significant effort 

devoted to catalyst discovery,
4–6

 improvements in activity have not emerged for several 

decades and OER catalysts are substantially worse at oxidizing water than, for example, 

Pt is at reducing it.
4,5,7,8

  Practically, OER catalysts need to operate at current densities of 

~0.5 and 2 A cm
-2

, in either alkaline or proton-exchange membrane electrolyzers, 

respectively.
9
  Barring the discovery of new catalysts with several-order-of-magnitude 

improvement in activity, high mass loading is the only means of achieving these current 

densities at moderate overpotentials (i.e. near 300 mV). 
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One relevant catalyst performance metric (in addition to cost and stability) is the 

overpotential required to achieve a certain geometric current density. The total 

overpotential ηtot required to drive the reaction at a given current density can be described 

by  

                                       ηtot = Eapp – E
o
 = ηact + iRfilm + iRmt + iRu                                                    (1) 

where Eapp is the potential applied by the potentiostat, E
o
 is the thermodynamic 

equilibrium potential of the OER, i is the current, ηact is the kinetic overpotential 

associated with overcoming the activation energy barrier of the reaction, iRfilm is the 

voltage drop associated with the resistance felt by electrons traveling through the film, 

iRmt is the voltage drop required to drive mass transport of ions in, and O2 out, of the 

catalyst layer, and iRu is the uncompensated series resistance of the solution and wires.  

The values of iRfilm and iRmt can vary with position in a three-dimensional catalyst 

material. Because iRu depends on cell engineering, and is largely independent of the 

catalyst film, we ignore it in our discussion of catalyst structure-activity relationships. 

There are three routes to minimize ηtot.  The first is by lowering of ηact, which is 

specific to the chemistry of the active site.  This could be achieved by discovering higher-

activity sites, e.g., through experimental or computational screening.  Second, increasing 

mass loading can lower ηtot if the added mass increases the number of electrochemically 

accessible active sites (such that the new mass provides parallel reaction paths through 

increases in the electrolyte-catalyst interface area) and is done in a way that minimizes 

increases in iRfilm or iRmt. The performance of catalyst films prepared with high mass 

loadings to reach current densities relevant to industrial electrolyzers has been reported 

for both Ni-based
10

 and Ni(Fe)-based systems.
11

 Finally, the losses associated with 
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electron and mass transport, iRfilm or iRmt, could themselves be reduced by micro- and 

nanoscale engineering of the film architecture. The minimization of iRfilm could adversely 

affect iRmt as the former would benefit from a dense film (lower electrical resistivity), 

while the latter from an open, porous structure (faster mass transport).  The system is 

further complicated by the reality that the electrical and mass-transfer resistance at each 

active site is a function of its position in the film. The interconnected porous structure 

also complicates modeling of catalyst utilization due to bubble nucleation and mass 

transport effects.
12

 

Several routes to designing architectures with good electrical connectivity and 

high surface area have been explored.  Lu et al. and Perez-Alonso et al. showed high 

OER current densities by depositing Ni(Fe)OOH into a porous Ni foam.
13,14

  Ma et al. 

stacked alternating layers of Ni(Fe)OOH and conductive reduced graphene oxide.
15

  

Gong et al. reported higher electrocatalytic activity by using carbon nanotubes as 

scaffolds for Ni(Fe)OOH.
16

  Marini et al. used selective dissolution of Al to form a 

porous “Raney” Ni OER catalyst.
17

 Gao et. al. synthesized -Ni(OH)2 hollow 

nanospheres which had relatively high OER activity after activation.
18

 Hunter et al. 

optimized a pulsed laser ablation technique, generating Ni(Fe)Ox nanoparticles that were 

solution cast onto highly ordered pyrolytic graphite.
19

 

For many transition metal-based OER catalysts in neutral to basic conditions the 

“porosity” (or electrochemically active surface area) extends to the molecular scale. 

Doyle and coworkers, for example, discuss OER catalysis in hydrated phases on the 

surface of metal and oxide electrodes.
20

 Trotochaud et al. showed that nanocrystalline 

NiOx thin films convert to Ni(OH)2/NiOOH (while absorbing Fe impurities from the 
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electrolyte) where each Ni appears redox active and thus in direct contact with the 

electrolyte.
21

 Klingan et al. studied amorphous CoOx-based catalysts and demonstrated 

activity throughout the bulk of the disordered, electrolyte-permeable material, which was 

termed “volume” catalysis.
22

  May et al. examined the interplay of activity and a 

changing surface structure on various oxide perovskites as they evolved from crystalline 

states under OER conditions, and concluded that for the perovskites investigated, the 

chemical composition that underwent the greatest surface amorphization (and hydration) 

resulted in the greatest OER activities.
23

  In the Ni(Fe)OOH materials studied here, the 

different structures present under OER and non-OER conditions are typically represented 

in the well-known Bode scheme.
24

  From previous work,
7
 the as-deposited material likely 

adopts a disordered α-Ni(OH)2 / γ-NiOOH structure with a somewhat expanded inter-

sheet spacing due to the presence of Fe
3+

 substituting on Ni
2+

 sites and the intercalation of 

charge-compensation ions and water.
25,26

  

In order to optimize performance, it is also important to assess the intrinsic 

catalyst activity as a function of morphology and loading, for example normalized to the 

number of active sites. A simple way to estimate “intrinsic” activity is by normalizing the 

rate of product production to the total number of electrochemically accessible metal ions 

to obtain an effective “total-metal” turnover frequency (TOFtm): 

                       TOFtm  =  mol O2 generated ∙  (mol total metal)−1  ∙  s−1         (2) 

TOFtm is a useful metric for comparing the activities of different catalyst compositions 

because it does not rely on identification of a specific active site and can be applied to 

any system.
27

 Recent work, however, suggests that Fe is the active site in 

Ni(Fe)OOH,
25,28

 and we have previously calculated an apparent TOF based only on Fe 
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content to support our conclusion that Fe is likely the active site in Co(Fe)OOH also.
29

 In 

this work we therefore also report the apparent intrinsic activity normalized only to the 

number of Fe cations (TOFFe
app

): 

                            TOFFe
app

 =  mol O2 generated ∙  (mol total Fe)−1  ∙  s−1         (3) 

TOFFe
app

 is a useful metric for determining whether or not changes in activity can be 

connected to changes in Fe concentration or to other phenomena. We note, however, that  

in the case of Ni(Fe)OOH, the NiOOH is a critical component to the catalyst, serving to 

both electrically wire the Fe sites to the conductive electrode and to chemically stabilize 

them to dissolution.
30

 There are also strong electronic interactions between the cations, 

and the minimum structural unit required for the catalytic active site remains unclear.   

Under ideal conditions where electronic and mass transfer resistances are 

negligible (e.g. for very thin films supported on a conductive electrode),
21,29

 a reasonable 

estimate of the intrinsic TOFtm can be measured. For high-surface-area thick films, 

however, TOFtm data extracted using Eqn. 2 could include the effects of Rfilm or Rmt. 

Understanding the interplay in how the measured TOFtm is modulated by film thickness 

is therefore expected to provide insight into the role of activation, mass transport, and 

electrical film resistance on the overall measured performance. 

  The importance of thickness-dependent effects has been highlighted in several 

recent reports. In the thin-film limit, Yeo and Bell showed that substrate choice 

modulates the activity of the first few monolayers of both CoOx and Ni(Fe)Ox films.
31,32

 

For thicker films under near-neutral conditions, Bediako et al. found that the 

electrochemical reaction rate was controlled by both the diffusion of protons in the film 
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and the rate of the catalytic reaction.
33

 Similar effects associated with buffer-mediated 

proton diffusion were observed by Klingan et al.
22

   

 Herein we seek to connect fundamental “intrinsic” activities to practical 

performance as a function of film loading. Using the Ni(Fe)OOH system, which is the 

fastest known OER catalyst in base,
7,27,34

 we quantify loading and electrochemical 

activity using impedance measurements of capacitance, quartz-crystal-microbalance 

(QCM) measurements of mass, and integration of the Ni redox features. We compare the 

results from these measurements and discuss methods for estimating intrinsic activity as a 

function of loading. We report a pulsed-electrodeposition technique that (1) eliminates 

the decrease in the effective activity of each metal site with increased mass loading 

resulting from a continuous deposition, (2) creates a more-homogenous Fe distribution in 

the film, (3) improves the connectivity of the films as demonstrated through improved 

film electrochemical reversibility, and (4) produces films whose performance is 

comparable to films with advanced architectures, for example passing a current density of 

120 mA cm
-2

 at 300 mV overpotential in 1 M KOH at room temperature with a loading 

of 730 nmol metal cm
-2

.    

 

Experimental 

 

Electrode Fabrication.  

 Conductive Au-coated electrode substrates were prepared by first cleaning glass 

slides in a 3:1 hydrogen peroxide to sulfuric acid (piranha) solution followed by plasma 

etching.  Next, 10 nm of Ti and 100 nm of Au were deposited by electron beam 
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evaporation.   Both fluorine-doped tin oxide (FTO) and Au/Ti coated glass slides were 

cut into ~ 0.75-1.0 cm
2
 squares.  Cu wire was attached to the slides via Ag paint.  The 

entire perimeter of the FTO slides was covered in Ag paint to reduce series resistance.  

Exposed wire and Ag paint were sealed with epoxy (Hysol 1C).  Au QCM slides were 

purchased from Stanford Research Systems.    

 

Film Deposition.   

 Prior to film deposition, the Au and FTO electrodes were cycled twice in 1 M 

KOH from 0.0 to 0.65 V vs. Hg/HgO. The deposition cell used a two electrode 

configuration with carbon cloth serving as the counter electrode.  The films were 

cathodically deposited from a 0.1 M solution prepared by mixing Ni(NO3)2 • 6 H2O (Alfa 

Aesar) and FeCl2 • 4 H2O (Sigma Aldrich) in a 95:5 (mol:mol) ratio with ultrapure 18.2 

MΩ cm water as the solvent.   The deposition solution was sparged with N2 for 20 min 

prior to film deposition.  All films were deposited at a cathodic current density of -10 mA 

cm
-2

.  Continuously deposited films were subjected to reducing potentials for times 

ranging from 3 to 20 s.  Pulse-deposited films were subjected to sequential 2 s cathodic 

current pulses at -10 mA cm
-2

.  Following each pulse, the solution was stirred for 10 s to 

ensure homogeneity of the deposition solution prior to the next pulse.  Between 2 and 20 

cycles were used to achieve a range of loadings similar to those obtained using the 

continuous deposition.  All films were briefly dipped into ultrapure water prior to being 

submerged in the electrochemical cell to remove residual metal ions.  
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Electrochemical Measurements.   

 The electrochemical cell was set up in a three electrode configuration with a Pt 

counter electrode and a 1 M KOH Hg/HgO reference electrode.  The polypropylene cell 

contained a 1.0 M solution of semiconductor-grade KOH (Sigma Aldrich) prepared with 

18.2 MΩ cm water.   The electrochemical cell was sparged continuously with O2 and 

magnetically stirred to dislodge bubbles on the electrode surface.  Measurements were 

taken on a Biologic SP-200 potentiostat. Electrochemical data were corrected for the 

uncompensated series resistance Ru, which was determined through fitting of AC 

impedance data to a modified Randles circuit.  The range of Ru was 4-6 Ω.  The 

overpotential was determined by η = Eapp – E
o
 – iRu. 

 

Film Loading and TOF Calculations.   

 All film loadings reported were obtained through the integration of the 

(nominally) Ni
2+/3+

 anodic redox peak of the fully reduced film.  To avoid any 

irregularities associated with the freshly deposited film, two CV cycles were used to 

equilibrate the film with the solution in the electrochemical cell prior to taking any 

electrochemical measurements.  The presence of oxidized Ni ions after the completion of 

a reducing sweep was readily apparent from a dark color on the electrode surface, 

compared to the light green/transparent fully reduced film.
35

 To return films to their fully 

reduced initial state, the partially oxidized films were held at reducing potentials (up to -

1.0 V vs Hg/HgO) until all the dark color associated with the oxidized films disappeared 

(< 20 min for the thickest films).  No large cathodic reduction waves were observed 

which suggests that Ni ions were not reduced to metallic Ni during this process. 
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Ni loadings were calculated by integrating the Ni
2+/3+

 oxidation wave, assuming 

one electron per Ni oxidized. Total loadings for pulse-deposited films were obtained by 

dividing by 0.85 to reflect the roughly 15% Fe incorporated into each film that does not 

contribute to the integrated redox wave. This Fe content was determined by x-ray 

photoelectron spectroscopy (XPS) analysis, as described below. Total loadings for 

continuously deposited films were obtained in the same way, except the Fe concentration 

was calculated by assuming a gradient in Fe with the amount of Fe in the outer surface 

sampled by XPS varying linearly from 12% to ~4% between the highest and lowest 

loading films, respectively. The approximation of one electron per Ni was confirmed 

QCM mass measurements for a range of film thicknesses (see below). These loadings are 

reported in units of nmol cm
-2 

as well as in monolayer equivalents (MLE), which are 

mathematically equivalent to a surface roughness factor assuming the layered MOOH 

structure. Given the molecular weight of Ni(Fe)OOH of ~92 g/mol, the largest loadings 

of ~1000 nmol cm
-2

 correspond to ~100 μg cm
-2

. All TOF data were acquired through 

chronoamperometry with an iRu correction applied and the number of metal sites taken 

from the loading as described above.  

 

Double Layer Capacitance.   

 

Capacitance values obtained from voltammetry were acquired over the range of -

0.1 to 0.0 V and 0.0 to 0.1 V vs. Hg/HgO on FTO and Au electrodes, respectively.  The 

more-anodic potential range on the Au electrode was used to eliminate a small 

background current likely due to the oxygen reduction reaction on Au. Charging currents 
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were measured at scan rates of 100, 200, 400 and 800 mV s
-1

.  Capacitance was 

determined from the slopes obtained by plotting current vs. scan rate. 

AC impedance measurements were taken over the frequency range of 0.1 Hz to 

100 kHz.  Impedance measurements on charged films were taken at 0.52 V vs. Hg/HgO 

and on uncharged films at either -0.05 V or 0.05 V vs. Hg/HgO for FTO and Au 

electrodes, respectively.  Capacitance values were then obtained through fitting (EC Lab) 

of the impedance spectrum  using an equivalent circuit containing a resistor (Ru) 

connected in series to a resistor (charge transfer resistance RCT) and a capacitor (double 

layer capacitance CDL) that were connected in parallel. 

 

Film Characterization.  

  

 Scanning electron microscopy (SEM) images were collected on a Zeiss Ultra 55 

SEM at 5 kV.  XPS studies were carried out on an ESCALAB 250 (ThermoScientific) 

using a Mg Kα nonmonochromated flood source (200 W, 75 eV pass energy). The 

samples were charge-neutralized using an in-lens electron source combined with a low-

energy Ar
+
 flood source. Spectra were analyzed, including satellite subtraction for the 

nonmonochromated x-ray source, using ThermoScientific Avantage 4.75 software.   

 

Results and Discussion 

 

Performance of Electrochemically Deposited Catalyst Films.  

 We first contrast two different methods, continuous and pulsed electrodeposition 

from the same precursor solution, to prepare catalyst films with high loading on planar 
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supports.  Figure 2.1 shows that the performance of the pulse-electrodeposited films are 

superior to those of continuously electrodeposited films at all overpotentials.  

 The performance of the pulse-electrodeposited films on planar electrodes is also 

similar to previously reported advanced electrode architectures described in the 

introduction where Ni(Fe)OOH is often supported on conductive OER-inert scaffolds, 

such as carbon nanotubes or macroporous metallic Ni foam.
13,15,16,19

 The high activity of 

the pulse-electrodeposited films on planar supports suggests that further optimization of 

deposition conditions on Ni foam electrodes, for example, would lead to substantial 

improvements in performance.  In the remaining portions of this manuscript we highlight 

differences in film morphology, Fe content, and electrochemical behavior arising from 

the two deposition techniques, and discuss the potential contributions of each to the 

behavior observed in Figure 2.1. This analysis provides insight into the design of high-

activity OER catalyst architectures. 
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Figure 2.1. Geometric current density for pulse and continuously deposited films as a 

function of overpotential (iRu corrected).  Both films are electrodeposited from the same 

deposition solution of 0.05 M FeCl2 with 0.095 M Ni(NO3)2. As will be detailed below, 

the pulse-deposited films have an average Fe content of ~15% that is higher than the 

continuous-deposited films (12% < Fe < ~7%) as well improved microstructure leading 

to enhanced activity.  

 

Determining loading and effective TOF.    

 While practical metrics (e.g. A/cm
2
) are valuable for the identification of catalysts 

and supported catalysts that can achieve practically relevant current densities, they are 
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limited in their ability to aid in the design of optimized catalyst films. The main reason 

for this is that they do not take into account the amount of material contributing to OER, 

and therefore do not describe intrinsic activity on a per-metal-ion basis. 

The number of electrochemically active metal ion sites, and thus the intrinsic 

activity, has been estimated in several ways. McCrory et al. calculated surface roughness 

using the double layer capacitance (CDL) of the films, as others have done.
5,31,36

 Corrigan 

integrated redox waves using cyclic voltammetry on Ni(OH)2/NiOOH.
34

 Klingan and 

Yeo used the charge passed during anodic electrodeposition to determine the number of 

metal ions deposited.
22,32

 Gravimetric methods have also been used, assuming all metals 

are electrochemically active.
21,37

 Here we explore the first two methods (double layer 

capacitance and redox wave integration) as a function of both loading and potential to 

determine under which experimental conditions each method may be accurately 

employed.   

 

Capacitance measurements of electrochemically active surface area. 

  

 Figure 2.2a shows the CDL for Ni(Fe) (oxy)hydroxide films deposited on Au and 

FTO electrodes as determined through cyclic voltammetry (CV) and AC impedance 

following the benchmarking guidelines set forth by McCory et al. The measured CDL, and 

hence apparent electrochemically active surface area (ECSA), are independent of loading 

in the uncharged state (~0.0 V vs Hg/HgO), and equivalent to the bare electrodes. The 

data also show that the CDL for the films are electrode dependent, with the CDL for Au 

substrates being a factor of four higher than on FTO.  This is consistent with capacitance 

measurements on bare Au
38

 and FTO,
39

 and  indicates that the capacitance of the 
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electrode substrate, not that of the deposited Ni(Fe)(OH)2, is being measured.  The cause 

of this behavior is the low conductivity (~10
-6

 S cm
-1

) of the Ni(Fe)(OH)2 films in the 

potential region examined (0 to 0.1 V and 0 to –0.1 V vs Hg/HgO on Au and FTO 

electrodes, respectively),
7
 and the electrolyte permeability of the catalyst that allows the 

ions in the electrolyte to polarize directly against the underlying conductive substrate. 

Ni(OH)2 only becomes conductive after oxidation to NiOOH.  
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Figure 2.2.  Capacitance of continuously 

deposited Ni(Fe) (oxy)hydroxide films as a 

function of loading for a) uncharged films 

deposited on Au (dark and light blue) and 

FTO (dark and light red) electrodes as 

determined via cyclic voltammetry (CV, 

squares) and AC impedance spectroscopy 

(ZAC, stars) with the data points at zero 

loading corresponding to the CDL values of 

bare Au (aqua) and FTO (pink) electrodes 

and for b) charged films deposited on Au 

(blue) and FTO (red) electrodes as 

determined via impedance spectroscopy. 

The inset displays the equivalent circuit used 

to fit the impedance data. c) Voltammetry, 

and the corresponding double layer 

capacitance values determined via 

impedance spectroscopy as a function of 

potential for the five Au films of varying 

loading shown in a and b. 
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To address this, we measured the film capacitances in the charged state at 0.52 V 

vs. Hg/HgO where the Ni(Fe)OOH is electrically conducting using AC impedance 

spectroscopy (the voltammetry measurement of CDL is not possible due to interference 

from redox and OER current in this range).  Figure 2.2b shows these CDL are up to three 

orders of magnitude larger than those of the uncharged films, and increase linearly with 

loading.  These data show that CDL measurements are only a reliable indicator of ECSA 

when the electrocatalyst film has high electronic conductivity and that the benchmarking 

method reported for determining ECSA fails for hydrated electrolyte-permeable 

electrocatalysts if they are not conductive.
5,36

   

We find from the slope of the fit lines in Figure 2.2b that the intrinsic areal 

capacitance of a single Ni(Fe)OOH nanosheet is 81 μF cm
-2

 on both FTO and Au. This 

intrinsic capacitance calculated in this way includes contributions from both sides of the 

Ni(Fe)OOH nanosheet structure. Using a value of 81 μF cm
-2

 to calculate loadings would 

result in a 1:1 correlation between the effective number of Ni monolayers determined by 

impedance spectroscopy and measurements on the same film using integration (under 

conditions described in detail in the next section) of the Ni redox wave assuming each Ni 

of the Ni(Fe)OOH structure is electrochemically active. This value of areal capacitance is 

within ranges reported in literature for metals in alkaline solutions,
40,41

 but is higher than 

the 40 μF cm
-2

 used by McCrory et al.
5,36

 and other reported values for Ni metal under 

alkaline conditions.
42,43

   

The potential dependence of CDL (Figure 2.2c) shows a dramatic increase at the 

Ni(Fe)(OH)2 oxidation potential and is correlated with the turn-on in electrical 

conductivity.
7
 The highest capacitance values are found near the Ni oxidation peak, and 
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may contain a contribution from psuedocapacitance.
40

 The observation that the electrode 

capacitance does not track the oxidation wave observed in the voltammetry (and exhibits 

similar values during the reverse discharging process) indicates, however, that the 

capacitance is not solely due to Ni
2+/3+

 redox pseudocapacitance but is also associated 

with a more-classical non-faradaic charging of the conductive Ni(Fe)OOH nanosheets (in 

a similar way to that observed, e.g., for porous graphene electrodes).  The reduced CDL at 

higher potentials in the OER region (Figure 2.2c) may indicate the presence of oxygen 

bubbles which could reduce the surface area in contact with the electrolyte.  We note also 

that the equivalent circuit used here was chosen for simplicity. More-complicated circuits 

treating the porous film as a resistor/capacitor network may be more appropriate if 

applied properly.
40,44,45

   

Our conclusion from the capacitance studies is therefore that, for Ni(Fe)OOH 

systems that are electrolyte permeable and have potential-dependent conductivity, 

capacitance measurements can only be used to estimate ECSA or catalyst loading under 

potential regimes where the films are conductive. We note that related challenges in 

ECSA estimations by capacitance measurements have been discussed in the context of 

Ni(Fe)Ox nanoparticle electrodes previously.
46
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Figure 2.3.  Voltammetry data for a continuously deposited Ni(Fe)OOH film with a 

thickness of ~450 MLE.  The plot shows 1.5 cycles starting from a completely reduced 

film and then sweeping anodically.  Any subsequent cycles would produce peaks that 

closely resemble those of the steady-state peaks. 

 

Redox wave integration and charge reversibility.  

 

The number of electrochemically active Ni sites can be estimated by integration 

of the Ni oxidation peak near 0.5 V vs. Hg/HgO.
34

 Figure 2.3 shows the representative 

voltammetry of a Ni(Fe)OOH film with a loading of ~450 MLE. The integrated charge in 

the first anodic wave is larger than that in the second and all subsequent cycles. This 

change in peak size complicates analysis of the number of electrochemically active Ni 

species in the electrode film based on the integrated Ni redox wave. Following a cathodic 

deposition (driving nitrate reduction to locally raise the pH and precipitate hydroxide), all 

of the Ni in the film is expected to be in the 2
+
 oxidation state according to the Ni 

Pourbaix diagram.
47

  As the electrode is swept anodic the Ni is oxidized, with the onset 

determined by the identity and concentration of metal dopants, as well as the mass 
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loading.
7,21,34

 As the Ni is oxidized to the nominally 3
+
 or 4

+
 oxidation state, it becomes 

electronically conductive and the entire film is able to participate in the OER at 

sufficiently positive potentials.  When the cell potential is swept cathodically, however, 

the film becomes insulating as the Ni returns to the 2
+
 state, and a portion of the film is 

trapped irreversibly (on the timescale of the voltammetry scan) in the oxidized state by 

the insulating Ni(OH)2 layer as depicted in Figure 2.4.
7
  When the potential is swept 

anodically on subsequent scans, only the Ni ions that have been reduced (plus possibly a 

small number of ions reduced via self-discharge) can be re-oxidized. This behavior has 

been discussed by Corrigan et al. and Barnard et al.
34,48,49

  Since the number of Ni ions 

able to be oxidized is now determined by the number reduced in the preceding cathodic 

sweep, and not by the number total number of Ni ions in the film, all subsequent anodic 

peaks display the same steady-state behavior.  Thus any estimations of loading based on 

the steady-state integrated peak area would underestimate the number of Ni atoms in the 

film when the reversibility is less than unity.  
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Figure 2.4.  Schematic representation of how changes in film conductivity could affect 

the magnitude of the steady-state Ni
2+/3+

 redox waves.  During the oxidation sweep, the 

film becomes conductive as an oxyhydroxide and the entire film is oxidized.  During the 

return reductive sweep, the film becomes electrical insulating as a hydroxide. Because the 

regions of the film nearest to the electrode surface are reduced first, this leaves regions of 

the films trapped in the oxidized state for the thicker films. 

 

Concurrent QCM measurements were used to confirm that the changing redox 

wave integration cannot be explained by mass loss in the film and that the (lower limit) 

average number of electrons transferred per Ni in the first oxidation wave is ~ 1 

(accounting for the Fe content of the film, but ignoring additional mass associated with 

the absorbed water or ions).
50

    In other work the presence of quadravalent nickel, and an 

average of 1.67 electrons being transferred has been indicated,
48

 consistent with our 

lower-limit QCM measurement.  The results displayed in Figure 2.5 indicate that the 

number of metals determined from the first anodic peak match well with the number of 

metals as determined by QCM,  as long as sufficiently slow scan rates ≤ 10 mV s
-1

 are 

used. This result demonstrates that the Ni atoms are uniformly electrochemically 

accessible within the catalyst film. Because the Fe content in the film is no higher than 
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~15%, less than the solubility limit in NiOOH estimated at >20% by Friebel et al,
25

 the 

electrochemical accessibility of the Ni cations implies similar electrochemical 

accessibility of the Fe cations throughout the film for all thicknesses studied here. This 

conclusion is also consistent with the capacitance data as a function of loading in Figure 

2.2b. Because of the excellent correlation between the number of Ni determined by 

integration of the first Ni oxidation wave (assuming ~1 e- per Ni) and from the mass 

measurement, in all subsequent analyses we determine the Ni loading from the integrated 

charge in the first anodic redox wave.  

 

 
 

Figure 2.5.  Comparison of loadings as determined by QCM and redox peak integration 

for both pulse (green) and continuously (blue) deposited films assuming a 1 e
-
 per Ni 

oxidation and the appropriate amount of Fe (see experimental).  The loading on both axes 

is given in monolayer equivalents (i.e. MLE) – one MLE is the number of metal ions 

needed to form a single MOOH monolayer on the electrode. 

 

We found that the electrochemical reversibility of the Ni oxidation wave was 

strongly affected by the film thickness. We define the electrochemical reversibility as: 
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                                                        χrev = 
𝐶1

𝐴1
                                  (4) 

A1 is the charge passed in the oxidation wave measured during the first anodic sweep of 

the film, and C1 is the charge passed in the reduction wave upon the first return cathodic 

sweep.  Reversibility expressed in this way is equivalent to the more-frequently reported 

coulombic efficiency or charge ratio. As discussed earlier, following the first oxidation 

wave, steady-state cycling is reached, and the all subsequent cathodic and anodic peak 

integrations yield very similar charge.  Corrigan also reported reversibility for different 

metals co-deposited with Ni(OH)2.
34

  Fully reversible films have χrev = 1.  χrev < 1 

indicates  that a portion of the film is trapped in the oxidized state, which can be directly 

visually observed in thicker films due to the dark coloration of NiOOH relative to 

Ni(OH)2.
51
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Figure 2.6. a) Loading-dependent reversibility (stars, dashed lines) and activity (squares, 

solid lines) of pulse (green) and continuously (blue) deposited films. χrev is defined in 

Eqn. 4. The data shown was collected on Au electrodes at 10 mV s
-1

. The activities were 

calculated from chronoamperometry data (iRu corrected) at 300 mV overpotential and 

normalized with a) total metal loadings determined using integration of the anodic wave 

in the first cycle, and b) total Fe loadings derived from Fe concentrations obtained 

through XPS. The lines are drawn to illustrate trends.  
 

Figure 2.6a shows χrev for Ni(Fe)OOH films as a function of loading (dashed 

lines).  For continuously deposited films with small loading χrev is ~ 1, while as the 

thickness increases χrev decreases. The observation of χrev << 1 at high loading provides 

insight into loss mechanisms operating within the electrode film. For example, if the 

ionic resistivity in the film Rion were much larger than the film’s electrical resistivity Rfilm, 

the electrochemical reduction of the film from electrically conducting Ni(Fe)OOH to 

insulating Ni(Fe)(OH)2 would start from the film/solution interface and proceed inward 

until the last Ni or Fe ions near the electrode/film interface were reduced, resulting in χrev 
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= 1. In the opposite case, with Rfilm > Rion, the film would be reduced from the 

electrode/film interface outward.  In this scenario, with the buildup of an insulating layer 

near the electrode surface preventing the reduction of Ni ions near the film/solution 

interface, χrev would be < 1, consistent with what is reported here.  This suggests that the 

electrical connectivity of the film is a greater contributor to ηtotal than mass transport of 

ions into and out of the film in 1 M KOH for the continuously deposited films. 

 For the pulse-deposited films, χrev increases with loading, opposite to the behavior 

observed for the continuously deposited films. As discussed below, this may be due to 

better electrical interconnection of the denser-packed films resulting from pulsed 

deposition. 

We further note that in the thin-film limit when χrev approaches unity any of the 

Ni redox waves can be used to measure the number of electrochemically active Ni 

species in the films. In the thick-film limit were χrev < 1, it is essential to estimate loading 

from the first anodic sweep after fully reducing the film, which we accomplish by 

holding at -1.0 V vs. Hg/HgO for ~ 20 min. For the films studied here, with nominally 

10-15% Fe in NiOOH, the Ni redox peak is only minimally obscured by the onset of 

OER current (Figure 2.3). For higher Fe content films
34

 the Ni oxidation wave can be 

significantly obscured by the onset of OER, making peak integration difficult. For thin 

films the loading can still be assessed through integration of the cathodic wave. 

Alternatively, QCM measurements can be used in these cases. 
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Intrinsic Activity of Catalyst Films.  

 

Understanding how film performance varies with loading on a per-metal basis is 

important because two key applications of OER catalysts, photoelectrochemical cells 

(PECs) and electrolyzers, operate at the extremes of catalyst loading.  For PECs, the 

catalyst parasitically absorbs light, which forces loading to a minimum.
51

  For 

electrolyzers, high current densities require the use of large loading to minimize 

overpotential.
52

   

 Figure 2.6 shows the loading-dependent TOFtm and TOFFe
app

 data from pulsed and 

continuously deposited films, along with the charge reversibility from the same films 

discussed above. The pulse-deposited films increase in both TOF metrics with loading 

while the continuously deposited films TOF values decrease. The TOF data, interestingly, 

showed the same trend observed in the reversibility as a function of thickness.  

While in principle both TOFtm and TOFFe
app

 should be an intrinsic property of a 

catalyst, the observation that the measured values depend on loading indicates 

heterogeneity in the microenvironments of the catalyst active sites in the film that depend 

on the deposition method. The decrease in TOF with thickness for the continuously 

deposited films might be explained by increased electrical resistance through the thicker 

films lowering the available overpotential to drive the OER reaction for Ni(Fe)OOH 

active sites further from the electrode surface. The increase in TOF for the pulse-

deposited films, however, suggests an increase in the intrinsic activity with thickness, 

which could be caused by changes in the nanostructure/morphology as the pulsed 

deposition proceeds. The local composition also depends on the deposition time and 

hence film thickness, as we discuss below.  
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Physical Characterization of Pulse and Continuously Deposited Ni(Fe)(OH)2. 

 

 To examine the structure of the films, both top-down and cross-sectional 

scanning electron microscopy (SEM) images were collected (Figure 2.7). The images 

show significant differences in the micro and nanoscale morphology of the films, with 

nanoscale platelets characteristic of electrodeposited hydroxides with a brucite-like 

structure apparent in both. 

 

 

Figure 2.7. SEM Images of thick a) continuously and b) pulse-deposited films.  Both top-

down (i-ii) and cross-sectional (iii-iv) images are shown.  The films were deposited at 

conditions that resulted in effective thicknesses of ~600 MLE (continuous) and ~520 

MLE (pulsed).  
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 Figures 2.7a,i and 7a,ii show top-down views of the continuously deposited film 

that indicate a broccoli-like morphology where small bundles of Ni(Fe)OOH are 

deposited on top of one another.  The inefficient packing that results can be seen in the 

cross-sectional images (Figures 2.7a,iii and 2.7a,iv) that show the presence of large 

vertical and horizontal voids.   

The pulse-deposited films are composed of larger nodules (Figure 2.7b,ii) that 

also appear denser in the magnified top-down image (Figure 2.7b,i). The cross-sectional 

images in Figure 2.7b,iii-iv show that these features are highly interconnected with much 

fewer voids than the continuously deposited films.  

The opposite trends in both TOF metrics and reversibility with loading shown in 

Figure 2.6 might be explained by the morphology differences. For continuous deposition, 

the low catalyst packing density and large void volume can be explained by the 

deposition mechanism whereby nitrate reduction driven at the conductive electrode 

surface leads to a local increase in pH and precipitation of metal hydroxide. With time 

that pH gradient diffuses further into the bulk electrolyte causing continued precipitation 

of hydroxides on the outer surface of the film. The solution near the electrode surface is 

depleted of Ni and Fe nitrate and thus voids are formed in the growing film. This might 

lead to poor electrical connectivity from the outermost portions of the film to the 

conductive electrode, resulting in increased film electrical resistance and lower TOF and 

charge reversibility. 

The pulse-deposited films are different due to both the vertical and horizontal 

connectivity provided by the more-densely packed structure. This is likely because fresh 

metal nitrate solution infiltrates the previously deposited material during the stirring steps 
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between deposition current pulses. The denser films remain electrolyte-porous with all 

metal cations electrolyte accessible, but might provide better electrical connectivity that 

leads to the higher reversibility and higher TOF for thick films. 

It is interesting to note that our recent in-situ measurements of the average 

electrical conductivity of Ni(Fe)OOH under OER conditions
7
 indicate that while passing 

50 mA cm
-2

, less than a 0.5 mV drop over the thickest films studied here is expected 

based on Tafel slopes of between 33 and 41 mV dec
-1 

for Ni(Fe)OOH. This is not 

sufficient to cause a factor of five decrease in TOFtm as observed for the continuously 

deposited films with large loading. However, this does not rule out the possibility of 

higher local resistivity, particularly in the outer portions of the films. To account for the 

entire decrease in performance exhibited between the films with the highest and lowest 

loadings would require a ~25-fold decrease in the average conductivity of the film from 

that measured earlier. 

Another possible contributor to the different loading-dependent behavior is a 

variable Fe content within the film.  If Fe preferentially deposits compared to Ni, then the 

innermost layers of the film may have more Fe sites than the outermost layers. This 

would be the result of local depletion of the Fe
2+

 in the deposition solution in the absence 

of stirring. Since Fe incorporation is essential for the high activity of Ni-based 

films,
7,25,28,53–55

 this could have a significant impact on the loading-dependent behavior.   

The Fe content of thin (~50 MLE) and thick (~500 MLE) films deposited using 

both continuous and pulsed deposition was thus investigated using XPS.   For pulse-

deposited films, the Fe content is ~15% for both the low and high loading films.  The 

continuously deposited films, however, show 12% and 4% Fe in low and high loading 
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films, respectively.  As the penetration depth of XPS is only a few nanometers,
56

 and the 

highest loading films approach a micron in thickness, the average Fe content in the 

continuously deposited high-loading film lies somewhere in-between the 12 and 4%.  

This data therefore shows that a way to counteract compositional inhomogeneity when 

depositing Ni(Fe)OOH from mixed-metal solutions is to use short electrochemical pulses 

allowing sufficient time (aided by stirring) in between depositions to replenish the local 

ion concentrations.   

Recent work showing the variation in current density with Fe content in Ni-based 

films
54

 allows us to approximate the effect on TOFtm from the drop in Fe content 

independent of other variables.  By assuming an average Fe content of 7% in the thickest 

continuously deposited films, the decrease in current density predicted would account for 

only around half of the observed decrease in TOFtm. Previous work from our group also 

shows a similar decrease in TOFtm with increased loading for Fe-free Ni films
7
, again 

suggesting that the local Fe concentration doesn’t fully explain the observed trends. 

TOFFe
app

 also decreases with loading for the continuously deposited films and increases 

for the pulse-deposited films (Figure 2.6b). 

Another possible effect is the enhancement of activity by synergistic film-

substrate effects as discussed by Bell and coworkers.
31

 However, given that the effective 

length of this interaction was limited to the first 40 MLEs in Ni-based films,
31

 that the 

effect is reduced substantially for Fe-doped films,
7
 and that we find similar thickness 

dependence on both FTO and Au substrates here for the continuously deposited films 

(with no decrease in TOF with loading for pulse-deposited films), we do not believe 

substrate effects to be important in affecting the observed TOF data here.  



 

37 

 

Conclusion and Bridge 

 

 We showed that Ni(Fe)OOH films deposited using a simple electrochemical 

pulsed-deposition technique enabled high practical performance comparable to 

Ni(Fe)OOH films deposited onto more complicated OER inert supports.  To understand 

the intrinsic activity of the catalysts on a per-metal basis, several methods for determining 

electrochemically active surface areas were evaluated. Measurements based on the film 

capacitance, as well as those based on integration of the Ni redox wave, are complicated 

substantially by the fact that the catalyst is electrically insulating in the reduced state but 

conductive while oxidized and driving the OER. We found that capacitance 

measurements must be made when the catalyst is oxidized and conductive, while those 

based on redox-wave integration must be made after the film has been fully discharged 

through extended cathodic polarization to ensure that no fraction of the film is trapped in 

the oxidized state. Using these methods to measure loading, we discovered that the TOF 

(both on a total-metal or Fe-only basis) for pulse-deposited films increased with 

increasing loading, whereas continuously deposited films displayed the opposite 

behavior. The increase in TOF with loading for pulse-deposited films confirms previous 

work showing that substrate-activity-enhancement for high-loading Ni(Fe)OOH films is 

minimal.
7
 By analyzing the morphology and composition of the two types of films, the 

different loading-dependent trends in activity were explained by differences in (1) Fe 

incorporation (with the pulsed deposition yielding more-uniform Fe incorporation) and 

(2) morphology, with pulsed deposition providing denser films that are better electrically 

interconnected. We also discovered that the charge reversibility, a measure of the OER 
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catalyst’s ability to efficiently transfer ions and electrons through the film, showed 

loading-dependent behavior that correlated well with the TOF for the OER. Reversibility 

could therefore be a valuable metric for assessing different catalyst structures for efficient 

use of high mass loading. The findings here will thus help enable the further design of 

advanced electrodes with very high loading of Ni(Fe)OOH while maintaining high 

intrinsic activity.    

 Having investigated the deposition dependent behavior of Ni(Fe)-based catalyst 

films, we have seen the bulk morphology of the films is vastly different, and likely a 

source of the different loading dependent activities.  However, we are left with 

unanswered questions as to whether the local structure is similar under the two different 

deposition techniques employed.  Chapter III will look make use of high-energy x-ray 

scattering to obtain information about the local environments in these films as a function 

of deposition technique, Fe content, and the number of electrochemical pulses. 
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CHAPTER III 

 

DOMAIN STRUCTURES OF NI AND NIFE (OXY)HYDROXIDE OXYGEN-

EVOLUTION CATALYSTS FROM X-RAY PAIR DISTRIBUTION FUNCTION 

ANALYSIS 

 

Portions of this chapter were previously submitted as Batchellor, A.S.; Kwon, G.; 

Tiede, D. M.; Boettcher, S. W. Domain Structures of Ni and NiFe (Oxy)Hydroxide 

Oxygen-Evolution Catalysts from X-ray Pair Distribution Function Analysis. J. Phys. 

Chem. C. 2016, Submitted.  A.S.B. processed and analyzed all of the raw data and wrote 

the manuscript.   S.W.B. was the principal investigator and provided editorial assistance. 

D.M.T. and G.K collected the raw data and provided training on PDF analysis 

techniques. 

 

Introduction 

 

Electrochemistry provides a mechanism to store energy generated by intermittent 

renewable sources such as solar or wind.
1–3

  Water splitting to form hydrogen fuel, via 

either a photoelectrochemical device or an electrolyzer, is attractive because it allows for 

a carbon-free renewable energy storage cycle.  One challenge in water splitting is 

minimizing the overpotential associated with the oxygen-evolution reaction (OER).
4–6

  

Inexpensive, earth-abundant transition-metal-based catalysts are being explored which 
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outperform their precious-metal counterparts in alkaline media,
7
  suggesting routes to 

large-scale advanced alkaline electrolysis technologies.
8–12

  

A large number of Ni-based OER catalysts have been reported including oxides,
7
 

(oxy)hydroxides,
13

 phosphides,
14

 selenides,
15

 and sulfides.
16

 Their synthesis is 

accomplished through electrodeposition,
17–20

 sol-gel,
21

 solvo- and hydrothermal,
22–26

 or 

photochemical techniques.
27

 Regardless of the starting material or reaction conditions 

employed, similar thermodynamically stable phases, i.e. (oxy)hydroxides in alkaline 

media,
28

 are likely to form, at least at the surface.  Many oxides, for example, typically 

reach this (oxy)hydroxide through the formation of a disordered hydrous layer which 

gradually grows into the material from the film/electrolyte interface.
29–31

  

Fe impurities are also ubiquitous in alkaline electrolyte, except in cases where 

extreme care is taken to remove them.
13

 Fe cations incorporate within the Ni and Co 

(oxy)hydroxide phases to dramatically enhance activity.
17,32

 Such (oxy)hydroxides can 

also be synthesized directly, and the resulting (oxy)hydroxides appear to be porous and 

electrolyte-permeated with interconnected locally ordered domains (e.g. nanosheet 

fragments) interspersed with electrolyte.  Using in situ conductivity measurements we 

showed that while Ni and Co oxyhydroxides are electrically conductive at low OER 

overpotentials, pure FeOOH is not.
17

 We therefore proposed a working model where the 

NiOOH serves as an electrically conductive and  electrolyte-porous host for Fe enabling 

synergistic Ni-Fe interactions for  the (nominally) Fe active sites,
33

 in accord with related 

work on these systems.
34–37

  A detailed understanding of the intermediate and extended 

structural units in Ni(Fe)OOH and related mixed-metal (oxy)hydroxides is, however, 



 

41 

 

missing.  Such understanding is important for developing the synthetic design rules to 

improved catalysts.
38,39

 

 The experimentally measured overpotential for the OER is affected by the 

intrinsic active-site kinetics, as well as mass and electron transport to the active catalyst 

sites.   Minimization of the kinetic overpotential relies on tuning the active site 

chemistry/energetics and increasing their density.  Local structural modifications (i.e., 

changes in the nearest-neighbor atom distances) due to substitution of metals in Ni-based 

systems were observed through EXAFS,
34,40

  and significant effort has been devoted to 

optimizing the chemical composition of OER catalysts, with mono- through quaternary 

metal oxide/(oxy)hydroxide systems having been investigated.
17,41,42

  Domain-size effects 

are also likely important in determining active-site density, as computational studies have 

predicted open edge sites to be active sites for Ni(Fe)OOH and related nanosheets.
34,43

  

Mass and electron transport to the active sites is determined by the catalyst’s 

intermediate structure and morphology/architecture.  Differences in mesoscale features, 

for example, are evident from scanning electron microscopy.
44,45

 The study of 

intermediate length scales with traditional x-ray diffraction techniques has been difficult, 

with measurements showing only a small number of broad peaks. The phases that form 

are thus often referred to as amorphous.
24,46,47

  

With synchrotron x-ray sources, total-scattering experiments coupled with pair 

distribution function (PDF) analysis allow the study of disordered OER catalysts
48

 and 

provide architectural details that are not available from traditional crystallographic 

analysis.  For example, Co (oxy)hydroxide OER catalysts have been recently studied 

using PDF analysis, with resolved structures demonstrating anion-dependent size and 



 

42 

 

stacking behavior,
49

 leading to loading-dependent performance,
50

 with the presence of 

distorted edge sites proposed as a source of high activity.
51

   Neilson studied nominally 

“amorphous” FeOx OER catalysts synthesized from photodecomposition of 

organometallic precursors and used PDF analysis to show the structure contains both 

amorphous and defective-spinel-lattice features.
52

  Ir and Mn oxide water oxidation 

catalyst have also been studied.
53,54

 

 Here we report the first PDF analysis on Ni(1-z)FezOxHy electrocatalysts, the 

highest performing OER films in basic media, as a function of electrochemical deposition 

method, cycling and Fe content.  The PDF patterns presented (1) are well fit by simple 

modifications to a (brucite) Ni(OH)2 unit cell, (2) show a degree of intersheet correlation 

that depends on the presence of Fe cations, (3) demonstrate the ability to cycle between 

as-deposited, oxidized and reduced states with no apparent loss in domain size or 

structure, and (4) show a dependence of domain size on the number of electrochemical 

pulses applied during deposition.  These results thus support a view of a catalyst structure 

that consists of two-dimensional Ni(Fe)OOH nanosheet fragments, which are electrically 

interconnected in a porous electrolyte-permeated catalyst network.  The work also 

suggests, due to the relative similarity of the PDF patterns obtained under different 

conditions, that the differences in activity observed for different electrodeposition 

protocols
55

 are due primarily to how the catalyst sheets are interconnected and not due to 

dramatic differences in domain structure. 
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Experimental 

 

Electrode Fabrication.  

 Conductive Au-coated electrode substrates were prepared by first cleaning glass 

slides in a 3:1 hydrogen peroxide to conc. sulfuric acid (piranha) solution followed by 

plasma etching.  Next, 10 nm of Ti and 100 nm of Au were deposited by electron-beam 

evaporation.  The Au/Ti coated glass slides were then cut into ∼8 cm
2
 rectangles. Cu 

wire was attached to the slides via Ag paint.  Exposed wire and Ag paint were sealed with 

epoxy.  

 

Film Deposition.   

 The films were cathodically deposited from a 0.1 M solution (total metals basis) 

prepared by mixing Ni(NO3)2·6H2O (Alfa Aesar) and FeCl2·4H2O (Sigma-Aldrich) in a 

100:0, 95:5, 90:10 or 85:15 (mol Ni : mol Fe) ratio in 18.2 M Ω cm water.  Continuous 

depositions from the 5, 10, and 15% Fe solutions resulted in 8, 16, and 23% Fe in the 

films.  Pulsed-deposited films from 5% Fe solution resulted in 15% Fe in the films.  The 

deposition solution was sparged with N2 for 20 min prior to film deposition.  All films 

were deposited at a cathodic current density of -25 mA cm
−2

. Continuously deposited 

films were subjected to reducing potentials for 10 s. Pulse-deposited films were subjected 

to sequential 2 s cathodic current pulses at -25 mA cm
−2

. Following each pulse, the 

solution was stirred for 10 s to ensure homogeneity of the deposition solution prior to the 

next pulse. All pulse-deposited films were synthesized using five cycles unless otherwise 
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noted. All films were briefly dipped into ultrapure water to remove residual metal ions 

prior to electrochemical testing. 

 

Film Conditioning.   

 Ni(1-z)FezOxHy films were examined under three different states: as deposited, 

oxidized, and reduced.  As deposited films were quickly dipped in ultrapure water 

following deposition, and no electrochemical conditioning was performed.  Oxidized 

films were subjected to a 1 mV/s linear sweep from 0.35 to 0.65 V vs. Hg/HgO, and then 

held at 0.65 V for 30 s to ensure complete oxidation.  Reduced films were oxidized 

according to the procedure described above, and were then subjected to a 20 mV/s linear 

sweep from 0.65 V to -0.5 V vs. Hg/HgO, and then held at -0.5 V until the reduction 

current stabilized at a constant value, and the transparent color of the pure Ni
2+

 film was 

observed over the entire sample (the oxidized films are dark brown/black in color).  Both 

the oxidized and reduced films were dipped in ultrapure water following conditioning and 

then dried with a N2 stream. The Ni and NiFe-based oxidized films maintained their dark 

color throughout the PDF measurement, indicating a predominantly 3
+
/4

+
 Ni oxidation 

state, compared to the light-green reduced Ni and NiFe-based films. 

 

Ex-Situ X-Ray Sample Preparation.   

 The dried films were scrapped off the electrode using a razor blade, and then 

transferred to quartz capillary tubes with diameters of 1.0 or 0.7 mm (Charles Supper).  1 

M KOH was added to the dried film (to match the alkaline OER environment) and the 
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contents of the tube were centrifuged until the material was tightly packed and the KOH 

had been dispersed throughout the catalyst powder. 

 

High Energy X-ray Scattering Measurements and Pair Distribution Function  Analysis.    

 High energy X-ray (58 keV, λ= 0.2128 Å) scattering measurements were 

performed at beamline 11-ID-B of the Advanced Photon Source (APS).  Scattering 

patterns were measured as a function of the scattered wave vector q, where q = 4π 

sin(θ)/λ, and 2θ is the scattered angle.  The sample scattering patterns were corrected for 

solvent, container, and instrument background scattering, and then for multiple scattering, 

X-ray polarization, sample absorption, and Compton scattering using the programs 

PDFgetX2
56

 and PDFgetX3,
57

 with qmin and qmax set to 0.8 Å
-1

 and 21 Å
-1

 respectively.  

 

Model PDF Calculations.  Models for the Ni(1-z)FezOxHy films were created by modifying 

a brucite Ni(OH)2 structure (ICSD entry 109391).  Crystal Maker software was used to 

convert the Ni(OH)2 extended structure to a molecular unit of defined size, which was 

saved in protein data bank (.pdb) format.  Scattering patterns for the model structures 

were created using SolX.
58,59

  A residual function, or goodness of fit, Rw, was calculated 

using 

                                                 𝑅w =  √
𝛴(𝐺(𝑟)𝑚𝑜𝑑𝑒𝑙−𝐺(𝑟)exp)

2

𝛴(𝐺(𝑟)exp)2  ,       (1) 

to quantify the degree to which the simulated model PDF patterns fit the experimental 

data, where G(r)model and G(r)exp are the generated and experimental PDF patterns, 

respectively.  
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Results and Discussion 

 

Modeling of Ni(1-z)FezOxHy Structures.   

 Elucidating the intermediate structure of OER catalysts is important for 

understanding the effects of mass and electronic transport, as well as defect and edge 

sites, in catalyst performance.  The different Ni (oxy)hydroxide structures are well 

represented by the so-called Bode diagram,
60

 with variations in intersheet spacing, Ni-O 

bond length, and the presence of turbostratic disorder differentiating the four phases. 

Since Ni and Fe have similar atomic numbers and atomic scattering factors all models 

were constructed with Ni as the only cation, and the scattering from protons was ignored. 

To capture the range of structural features observed we started with β-Ni(OH)2 (ICSD 

109391) and then adjusted the unit cell’s (Figure 1b) a-parameter to fit the Ni-Ni bond 

distance (second peak in the PDF pattern), the z-fractional coordinate of the O atoms 

inside the unit cell to fit the Ni-O bond length (first peak in the PDF pattern), and the c-

parameter to account for the intersheet spacing and degree of structural coherence 

between the sheets.   

The molecular sheet structures used to simulate PDF patterns were constructed by 

altering the Ni(OH)2 unit cell such that the <00l> planes of Ni atoms were O-terminated 

in the intersheet direction.  The dimensions of the model fragments are defined as X × Y 

× Z, where X, Y and Z are the number of intrasheet (X, Y), and intersheet (Z) repeats of 

the brucite Ni(OH)2 unit cell.  We assume for simplicity that the molecular fragments 

have X = Y.  
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Figure 3.1 shows PDF patterns of NiOxHy and Ni85Fe15OxHy films and of their 

corresponding best-fit models.  The NiOxHy system (Fig 1a, top) is best modeled by a 

layered structure with the domain dimensions of 12×12×2 unit cells.  The Ni85Fe15OxHy 

structure (Fig 3.1a, bottom) is best modeled by a single-sheet structure with the domain 

dimensions of 9×9×1 unit cells.   We caution the reader that the model PDF patterns 

shown in this chapter do not include an instrumental dampening correction (see 

Instrumental Dampening section) which may lead to an underestimation of domain size.  

We refer the reader to our manuscript for updated model refinement. 

Since PDF measures atom-to-atom correlations, randomness introduced through 

translation or rotations of adjacent sheets would explain their lack of contribution to G(r) 

and thus the observation that only a single layer is needed to fit the PDF data in the case 

of Ni85Fe15OxHy.  XRD can be a complimentary technique for determining intersheet 

distances.
32

  This is because the Bragg reflections of <00l> planes, requiring only a 

constant intersheet spacing, are not affected by translation or rotation of adjacent sheets.
61
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Figure 3.1.  a) Experimental and model PDF patterns of (top) NiOxHy and (bottom) 

Ni85Fe15OxHy pulse-deposited films.  Films shown were deposited and cycled once 

leaving them in a fully reduced state.  The patterns (model and experimental) beyond 10 

Å have been scaled to give the high r peaks a similar intensity as the low r peaks.  In b), 

the residual function (i.e. goodness of fit) is plotted versus the number of unit cells 

contained in the model along the (100) and (010) directions.  The models and unit cell are 

shown as insets.  The NiOxHy film matches well with a bilayer hydroxide domain. The 

Ni85Fe15OxHy film is best represented by a smaller single-sheet domain.  For limitations 

of the model patterns and domain sizes please see the Instrumental Dampening section.  

 

 

While the models in Figure 1b best match the entirety of the PDF data, there are 

certain r ranges that are better fit with other domain sizes.  Generally, the small r range (< 

10 Å) is better fit by models with smaller dimensions, and high r by models with larger 
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dimensions.  This is likely due to film heterogeneity, as discussed in the Film 

Heterogeneity Section.  

 

Electrochemical Cycling.   

 Cyclic voltammetry is an essential tool for studying electrocatalysts.  It can be 

used to follow the transformation from one morphology to another through the growth or 

shifting of redox features.  Integration of those redox features can also provide a 

quantitative estimate of the electrochemically active surface area.
19

  

One question is the degree to which electrochemical cycling from the resting 

(reduced hydroxide) to active (oxidized oxyhydroxide) state changes the intermediate 

structure of the (oxy)hydroxides and the degree to which this is important for the catalytic 

mechanism. To understand the effect of cycling on intermediate structure, we have 

performed ex situ scattering experiments and PDF analysis on as-deposited, oxidized, and 

reduced samples for (a) pulse-deposited NiOxHy and (b) continuously deposited 

Ni77Fe23OxHy films (Figure 3.2).  These particular films were chosen for the following 

reasons. The pulse-deposited NiOxHy is expected to be more homogeneous, denser, and 

better electrochemically interconnected than films deposited by continuous 

electrodeposition, as we have previously shown.
55

  The continuously deposited 

Ni77Fe23OxHy films, in contrast, have been found to contain a non-homogenous Fe 

distribution and a more-open morphology that may be more amenable to structural 

rearrangement during cycling.  

The results in Figure 3.2 show significant, reversible, redox-state-dependent 

changes in bond length for both the (a) pulse-deposited NiOxHy and (b) continuously 



 

50 

 

deposited Ni77Fe23OxHy films. For example, the first shell Ni(Fe)-O shortens from 2.1 Å 

to 1.9 Å upon oxidation, and accompanied by a corresponding decrease in the di-µ-oxo 

linked Ni(Fe) - Ni(Fe) distance from 3.1 Å to 2.9 Å. In addition, reversible redox-state 

dependent changes are seen in the intermediate length scale, including the apparent shifts 

of PDF peaks at 5.4 Å and 8.2 Å in the reduced films to 4.9 Å and 7.6 Å, respectively, in 

the oxidized films. These peaks correspond to predominantly Ni-Ni intrasheet distances 

and suggest redox-state dependent contraction and expansion of the individual sheets.   

In both cases, however, redox-dependent structure changes are reversible, and the 

films show the absence of large, persistent changes in scattering patterns induced by 

electrochemical cycling, suggesting structural stability. This data is important, because it 

shows for both structures that the resting (i.e. reduced hydroxide) structure is conserved 

during electrochemical measurement at OER potentials and thus serves as a useful proxy 

for the local domain (sheet) size of the active catalyst phase. Further study on the stability 

of Ni(1-z)FezOxHy films held at oxidizing potentials / higher current densities for longer 

periods is currently underway, and may shed light on how film structure changes 

influence the time-dependent OER performance of the films,
62,63

 which is of importance 

for applications. 



 

51 

 

 

 

Figure 3.2.  PDF patterns of a) NiOxHy, Ni77Fe23OxHy, and b) Ni84Fe16OxHy films in three 

different states of conditioning: as deposited (blue), oxidized (red), and reduced (cyan).  

“Residuals” of as-deposited minus re-reduced experimental patterns are shown to 

illustrate small structural changes upon cycling and are centered at G(r) = -0.5. The 

optical absorption changes indicate that the as-deposited and reduced films contain Ni in 

the 2
+
 oxidation state versus (nominally) 3

+
/4

+
 in the oxidized films.  The NiOxHy and 

Ni77Fe23OxHy systems in a) match well with a bilayer hydroxide and a single-sheet 

structure, respectively, both before and after cycling.  In b, the as-deposited Ni84Fe16OxHy 

film has a PDF pattern better fit by a bilayer structure, but the re-reduced film is better 

modeled as a single sheet. 
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We also note that some of the systems studied here did show differences in the PDFs 

collected from the as-deposited and re-reduced states. For example, the as-deposited 

(continuous method) Ni84Fe16OxHy is best modeled with a bilayer domain, but the 

intersheet interactions are not present in the re-reduced sample, which is best-modeled by 

a single-layer sheet domain.  However, no changes in the domain size of the individual 

sheet are found.  Generally, we observe that the pure NiOxHy systems retain bilayer 

structures.  Addition of large Fe fractions decreases the extent of ordered layering 

observable, consistent with our previous observation that the addition of Fe
3+

 to Ni(OH)2 

increases the interlayer spacing due to charge-compensating anion intercalation which 

might weaken the non-covalent interactions between the sheets that lead to the 

characteristic features in the PDF associated with inter-sheet scattering. 

 

Bond Lengths.   

 In addition to the intermediate-range structure, PDF analysis provides structural 

information on the first two coordination spheres which correspond to the metal-oxygen 

(M-O) and metal-oxygen-metal (M-O-M) bond lengths.  Figure 3.3 shows the M-O and 

M-O-M bond lengths for the catalysts in their nominally a) Ni
2+

, and b) Ni
3+/4+

 redox 

states, along with the FWHM of the PDF peaks associated with the M-O-M length.  The 

addition of Fe into Ni(OH)2 decreases the average M-O bond length, consistent with the 

substitution of Fe
3+

 onto Ni
2+

 sites in the structure. This behavior is consistent with the 

smaller effective radius of the Fe
3+ 

ion compared to Ni
2+

 in the solid state,
64

 and that Fe 

substitutes for Ni in the (oxy)hydroxide sheet. We also note that the segregation of Fe-

rich phases has been reported for films with >11% Fe,
34,65,66

 although no such phase was 
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evident from our PDF analysis.  This does not preclude its presence, as it may be too 

minor of a component to contribute substantially to the PDF patterns. 

 Figure 3.3b shows that the measured M-O and M-O-M bond lengths in the 

oxidized Ni(Fe)OOH phase largely increase with Fe content. We caution, however, that 

this may be an artefact of measuring the samples ex situ where the amount of self-

discharge (i.e. the oxidized catalyst reacting with hydroxide electrolyte to return to the 

reduced state) is unknown. However, the FWHM of all the peaks are similar, and no 

significant shoulders in the PDF patterns were observed. These observations suggest that 

a large amount of self-discharge, which would result in mixed Ni
2+

 and Ni
3+/4+

 regions, 

did not occur.  In situ x-ray absorption or total scattering experiments are needed to 

clarify this. 

 The bond lengths found here correspond well with values previously obtained 

through x-ray absorption fine structure (XAFS) measurements.
34,38

 Friebel et al. 

determined that the Ni-O and Ni-O-Ni distances were 2.06 and 3.10 Å, respectively, 

when the catalyst was in the reduced state.
34

  Fe-O bonds (2.01 Å) in FeOOH were 

determined to be shorter than Ni-O in NiOOH, which explain our observed decrease in 

M-O bond length with increasing Fe content in Ni(Fe)OOH.  Friebel et al. also found an 

increase in Fe-O bond length with increasing Fe content for oxidized films, though the 

effect was not as pronounced as in the data reported here for continuously deposited 

films. Bediako et al. found multiple Ni-O and Ni-O-Ni distances in their as-deposited 

films.
38

  Ni-O bond lengths were modeled at 1.9 and 2.10 Å, and Ni-Ni bond lengths of 

2.83 and 3.05 Å best fit their data.  A mixed valence of Ni
2+

 and Ni
3+/4+

 would explain 

this data as the longer bond lengths match well with the values measured here for the film 
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in its fully reduced state, and the shorter with the bond lengths measured for our oxidized 

films.    

 

Figure 3.3.  M-O (bottom half) and M-O-M (top half) bond lengths for the films in 

nominally a) Ni
2+

 and b) Ni
3+/4+

 states, studied as a function of Fe content for continuous 

and pulse-deposited films. The squares/circles are for as-deposited and re-reduced films, 

respectively, while the triangles are for oxidized films.  Each point represents only one 

sample, and therefore no error statistics are available. 

 

  

Effects of Pulsed Deposition on Morphology.   

 Our previous work showed a significant improvement in oxygen evolution 

performance through the use of a pulsed electrodeposition, especially for films at high 

mass loadings (e.g. ~ 0.1 mg cm
-2

).
55

 The enhanced activity was explained by the 
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observation that the pulse-deposited films were denser (as seen by SEM imaging) and 

better electrically interconnected (as evident from increased electrochemical charge 

reversibility).
55

 

 

Figure 3.4.  Effect of the number of deposition pulses on the intermediate structure of 

NiOxHy films. A) PDF patterns for catalysts deposited using 5, 10, 15, and 25 repeats of 2 

s cathodic current pulses.  B) Fit values as a function of domain dimension for each of the 

films shown in a).  The patterns for films from 5 and 10 pulses are best fit by bi-layered 

structures while those with 15 and 25 pulses are best fit by single sheet structures.  While 

the films synthesized with 15 and 25 pulses are best-fit by the same simulated structure, 

variations in their residual function show that they are not identical, and require a more-

complex model for differentiation.  For limitations of the model patterns and domain 

sizes please see the Instrumental Dampening section. 
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To better understand the pulsed electrodeposition process, we measured PDFs for 

NiOxHy as a function of the number of deposition pulses (Figure 3.4). A decrease in 

coherence length with increasing number of deposition pulses is evident from the faster 

decay in pair correlation intensity with r for larger pulse numbers.  For example, the 

NiOxHy film prepared with five pulses is best described by a 12×12×2 bilayer model, 

while the film prepared with 25 pulses is best modeled with a 6×6×1 single layer.  The 

presence of smaller domains may contribute, in part, to the higher intrinsic activity of 

pulse-deposited films,
55

 as Fe edge sites have been predicted to have high OER activity in 

Ni(Fe)OxHy films.
34

  This reduction in coherence length appears to be unique to the high 

number of pulses, as neither Fe content nor film conditioning had such an effect. 

The reduction in coherence length can be understood through the physiochemical 

processes occurring during deposition.  Cathodic electrodeposition from aq. nitrate salts 

proceeds through a reduction of nitrates. One possible reaction is:
13

 

                          NO3
-
 + 7H2O + 8e

-
  NH4

+
 + 10OH

-
                                         (2) 

The local pH increase results in the precipitation of nominally Ni(Fe)(OH)2 (other 

electrolyte ions are also likely included with the interlayer structure). The use of short 

electrochemical pulses with intervening periods of mechanical stirring: 1) allows the 

local pH to decrease when a potential is not being applied, possibly causing etching and 

partial dissolution of the deposited film, and 2) allows time for fresh electrolyte move 

into the pores of previously deposited layers, which then deposit into increasingly smaller 

spaces with each consecutive pulse and reducing the average coherence length of the 

(oxy)hydroxide sheets.  Because the nitrate reduction reaction proceeds on the conductive 
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electrode surface (and not on the deposited catalyst, which is an insulator under cathodic 

potentials)
33

 the pulsed deposition infills and creates a denser film structure. 

 

Film Heterogeneity.     

 In order to identify other possible sources of heterogeneity in the intermediate 

structures, we created more-complicated structural models that incorporate mixed 

populations of nanosheet sizes and different numbers of layers.  We also investigated the 

effect of both Ni and O vacancies as was done by Abidat et al.
67

 We then analyzed how 

each of these affects the residual error between experiment and the model data (Figure 

3.5). For simplicity we applied the more-complicated model structure only to the 

Ni(OH)2 film deposited with five pulses (i.e. this data was previously shown in Figure 

3.4a). 
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Figure 3.5.  Heterogeneity in the NiOxHy film with 5 pulses shown in Fig 3.4.  

Parameters varied include a) number of coherent layers in domain and b) domain 

dimension. Offset experimental and model PDF patterns (left) are shown with ternary 

diagrams (upper right) highlighting the optimal model for a linear combination of the 

three components.  Overlaid PDF patterns of the experimental (grey) and optimized 

model blend (purple) are shown in the bottom right of both panels.  For limitations of the 

model patterns and domain sizes please see the Instrumental Dampening section. 

 

We first studied the degree to which heterogeneity in layering affected the 

residual error Rw.  As shown in Figure 3.4b, the best fit for a homogeneous model (for the 

sample with five pulses) was given by the 12×12×2 model which had Rw = 0.42.  In 
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Figure 3.5a the PDF patterns for mono-, bi- and tri-layered 12×12 models are shown.  By 

using linear combination of these models we are able to decrease Rw by > 10%. The 

improved fitting is primarily due to better fitting the peaks in the low r region between 

1.8 and 10 Å, and suggest that the samples showing a “bilayer structure” indeed include 

significant single and trilayer domains.  

We also noticed that a single domain-size model does not accurately simulate the 

PDF intensity profile over all r, indicating that there must be different sized domains 

contributing to the PDF intensity. To analyze such size heterogeneity we constructed a 

model with three different components (Figure 3.5b); an 8×8 model that best fit 

experimental PDF data below 10 Å, an 11×11 model that best fit the experimental data 

from 20-30 Å, and a 13×13 model that best fit the experimental data from 30-50 Å. The 

best-fit combination favors the 13×13 model, consistent with the large range of r that is 

best fit by that domain size.  The narrow Rw range produced by varying domain size, in 

contrast to varying layers, is due to the similarity of model PDF patterns in the low r 

region. 

 

Instrumental Dampening. 

 All of the model PDF patterns displayed in this chapter show decay that comes 

primarily from their relative sizes and does not include the instrumental dampening that 

contributes to the decay of the experimental PDF patterns.  To address this, PDFGui was 

used to obtain a dampening value of 0.045 for the CeO2 standard under our experimental 

conditions.  Figure 3.6 shows this dampening function overlayed with the PDF pattern of 

the CeO2 standard. 
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Figure 3.6. PDF pattern of the CeO2 standard and the instrumental dampening function 

that will be used to correct the model PDF patterns shown in this chapter.   

 

 

 The model PDF patterns, in the absence of this dampening function, have greater 

intensity in the high r region than they would if collected under our experimental 

conditions.  It is therefore possible that the values of domain size reported to best 

describe the experimental data are smaller than the true value.  This instrumental 

dampening will disproportionately affect the larger models that display high intensities at 

high r where the effects of the Gaussian function are more pronounced.  We point the 

readers of this dissertation to our published work to find the more accurate structural 

models. 

 It is important to point out that all claims of relative size in this chapter are still 

valid.  The experimental pair distribution patterns already contain contributions from the 

instrumental dampening and so the intensities at high r values can be considered real and 

do not require further corrections.   
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Conclusion and Bridge 

 

 We report the first PDF analysis on Ni(1-z)FezOxHy OER catalysts.  The nanosheet 

oxyhydroxide domains that make up the films and are well-modeled by a brucite-like 

Ni(OH)2 unit cell.  The bond lengths of the reduced films agree with literature values for 

both Fe-free and Ni(1-z)FezOxHy materials.  The films show minimal loss in intrasheet 

coherence following electrochemical cycling, indicating structural stability.  While no 

significant difference between the domain size of pulsed and continuously deposited 

films were observed for films made with < 10 pulses, nor for increasing Fe content, 

increasing the number of pulses reduces the size of the coherent scattering domain and 

thus forms denser catalyst layers with more nanosheet edge sites.  The findings here 

represent a foundation upon which future structural studies can be compared, highlighting 

differences in the intermediate structure of Ni(Fe)OOH-based catalysts due to variations 

in synthesis, Fe content, and electrochemical treatment. 

 In Chapter III we learned that the local environments (unit cell) of the pulse and 

continuously deposited films are nominally the same, and thus not the source of the 

significant difference in the loading-dependent activity shown in Chapter II.  This points 

to the source of the variable activities extending beyond the local, and perhaps even 

intermediate, domain lengths within the larger film architecture.  We are thus able to turn 

our attention towards optimizing the bulk properties of the film, which is the focus of 

Chapter IV.   
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CHAPTER IV 

 

 

OPTIMIZATION OF PULSED ELECTRODEPOSITIONS FOR HIGH PERFORMING 

NIFEOXHY FILMS 

 

This section contains no previously published or coauthored work 

 

 

Introduction 

 

 

 Water splitting has a greater than 200 year history, with as many as 400 industrial 

electrolyzers in operation in 1900.
1
  Unfortunately, the inefficiency towards the OER has 

hindered its contemporary growth.
2,3

  Efforts towards understanding and lowering the 

overpotential associated with the chemical activation ηact of OER have been ongoing for 

several decades.
4
  In acid, Ru and Ir oxides have been the standard upon which all 

catalysts have been compared.
5
  In base, Fe-doped Ni and Co oxyhydroxide films have 

shown to outperform these catalysts,
6
 and the former has become the standard upon 

which all OER catalysts are compared, even though a broad range of Ni:Fe ratios have 

been reported to be the most active.
7–9

  Binary challengers to NiFe-based catalysts seem 

unlikely at this point, but the use of high throughput screening has yielded exciting new 

ternary and quaternary combinations of transition metals worthy of further exploration.
10–

12
 

 Finding an ideal chemical composition is an important stepping stone on the way 

to an efficient water splitting device, as the orders of magnitude difference in activity for 

different systems demonstrates.
13

  However, it is only one contribution to the overall 
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overpotential of the system.
14,15

  Alkaline electrolyzers, seeking to achieve current 

densities on the order of 500 mA cm
-2

 or greater,
16

 necessitate the deposition of high 

loading films in order to minimize the energy inputs of the system.
17

  Barring order of 

magnitude improvements in chemical activation, loadings on the order of tens of mg cm
-2

 

will be required.
18

  Based on reported interlayer distances for NiFe films,
19

 this is 

equivalent thicknesses approaching hundreds of microns an to over 100,000 layers. 

 There are several methods that can be employed to reduce mass transport within 

such thick films.  Largely these fall into two categories.  The first is through the use of 

OER inert substrates with a high surface area upon which the catalyst can be deposited.  

The second is the creation of channels within the catalyst material through the use of 

sacrificial templates.   

Common materials used as inert supports are Ni mesh and foam, which both 

provide a higher surface to volume ratio compared to traditional planar electrodes.
20–22

  

This allows for the reduction of both mass and charge transport as the percentage of 

catalyst in contact with the high conductivity electrode increases and the decrease in 

relative volume limits the mass diffusion length.  Carbon based substrates have also been 

employed to include nanotubes
23

 and graphene sheets
24

.  The nanotubes provide both 

high surface area and improved electronic wiring of the catalyst throughout the bulk of 

the film.  The planar nature of the graphene may not increase the surface area of the 

catalyst, but if films are assembled through an alternating catalyst:graphene stacking 

sequence, better bulk conductivity may be achieved.
24

  The drawback to the use of inert 

substrates is that it adds to the volume and cost of the combined catalyst-substrate 

electrode material without providing a directly contributing to the OER.    
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The unique thermodynamic stabilities of different materials under different 

conditions can be exploited through the use of a sacrificial template which dissolves 

away leaving the desired catalyst morphology behind.  In Ni films, this has traditionally 

been accomplished through the deposition of “Raney” Ni hydroxide which contains Al or 

Zn.
25,26

 Introduction of the bimetallic film into an alkaline solution results in Al or Zn 

dissolution, leaving a porous Ni framework behind.  A similar templating can be 

achieved through the use of polystyrene beads, which can then be removed by a toluene 

treatment, leaving well defined, micron size pores,
27

 or high surface area spheres.
28

 

An under investigated area is understanding how different deposition conditions 

control film morphologies and performance
29

, and whether inert supports or sacrificial 

templates are even required.  The conditions under which OER catalyst films are 

deposited are vast.  The Jaramillo group attempted to synthesize a wide variety of OER 

catalysts using previously published conditions.
30

  These conditions spanned 50 fold 

differences in deposition current density and more than two orders of magnitude 

differences in deposition time.  While this likely ensured that each of the films could be 

synthesized successfully, it serves to highlight a common experimental and conceptual 

oversight: that regardless of the deposition conditions, films of equivalent stoichiometry, 

in the same electrolyte, given sufficient time, are the same.  This confuses the 

thermodynamic argument of a material tending towards its most stable phase, with non-

thermodynamically controlled features of a film like porosity, dopant distribution, and 

surface roughness. 

Here we report the optimization of a pulsed deposition technique that has 

previously been shown to improve the transport properties of a film without the use of 
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either inert substrates or sacrificial templates.
31

  We find that of the variables 

investigated, the deposition current density has the largest effect on film performance.  

Turnover frequencies are improved by more than a factor of 2 over the unoptimized 

systems, and current densities exceeding those of industrial alkaline electrolyzers are 

reached at overpotentials below 400 mV. 

 

Experimental 

 

Electrode Fabrication.  

 Conductive Au-coated electrode substrates were prepared by first cleaning glass 

slides in a 3:1 hydrogen peroxide to sulfuric acid (piranha) solution followed by plasma 

etching.  Next, 10 nm of Ti and 100 nm of Au were deposited by electron beam 

evaporation.   glass slides were cut into ~ 0.15-0.25 cm
2
 squares.  Cu wire was attached 

to the slides via Ag paint.  Exposed wire and Ag paint were sealed with epoxy (Hysol 

1C).  Au QCM slides were purchased from Stanford Research Systems. 

 

Film Deposition.   

 Prior to film deposition, the Au and FTO electrodes were cycled twice in 1 M 

KOH from 0.0 to 0.65 V vs. Hg/HgO. The deposition cell used a two electrode 

configuration with carbon cloth serving as the counter electrode.  The films were 

cathodically deposited from a 0.1 M solution prepared by mixing Ni(NO3)2 • 6 H2O (Alfa 

Aesar) and FeCl2 • 4 H2O (Sigma Aldrich) in a 90:10 (mol:mol) ratio with ultrapure 18.2 

MΩ cm water as the solvent.   The deposition solution was sparged with N2 for 20 min 
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prior to film deposition.  For the design of experiments (DOE) investigation, the cathodic 

current density, pulse duration and stir time were varied between -1 and  -200 mA cm
-2

, 

0.1 and 2s, and 1 and 30s, respectively.  Following the DOE, the cathodic current density 

was varied between -25 and -200 mA cm
-2

,  with the pulse duration and stir time kept 

constant at 0.2 s, and 30s, respectively.  All films were briefly dipped into ultrapure water 

prior to being submerged in the electrochemical cell to remove residual metal ions. 

 

Electrochemical Measurements.   

 The electrochemical cell was set up in a three electrode configuration with a Pt 

counter electrode and a 1 M KOH Hg/HgO reference electrode.  The polypropylene cell 

contained a 1.0 M solution of semiconductor-grade KOH (Sigma Aldrich) prepared with 

18.2 MΩ cm water.   The electrochemical cell was sparged continuously with O2 and 

magnetically stirred to dislodge bubbles that might accumulate on the electrode surface.  

Measurements were taken on a Biologic SP-200 potentiostat. Electrochemical data were 

corrected for the uncompensated series resistance Ru, which was determined through 

fitting of AC impedance data to a modified Randles circuit.  The range of Ru was 1-6 Ω.  

The overpotential was determined by η = Eapp – E
o
 – iRu.  

 

Film Loading and TOF Calculations.   

 All film loadings reported were obtained through the integration of the 

(nominally) Ni
2+/3+

 anodic redox peak of the fully reduced film.  To avoid any 

irregularities associated with the freshly deposited film, two CV cycles were used to 

equilibrate the film with the solution in the electrochemical cell prior to taking any 
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electrochemical measurements.  To return films to their fully reduced initial state, the 

partially oxidized films were held at reducing potentials (up to -1.0 V vs Hg/HgO) until 

all the dark color associated with the oxidized films disappeared (< 20 min for the 

thickest films).  No large cathodic reduction waves were observed which indicates that Ni 

ions were not reduced to metallic Ni. 

Loadings were calculated using the ECSA as determined through the double layer 

capacitance as described in section 2.5. This is due to a non-trivial fraction of the Ni 

redox wave overlapping with OER.  All TOF data were acquired through 

chronoamperometry with an iRu correction applied and the number of metal sites taken 

from the ECSA.   

 

Double Layer Capacitance.   

AC impedance measurements were taken over the frequency range of 0.1 Hz to 

100 kHz.  Impedance measurements on charged films were taken at 0.6 V vs. Hg/HgO 

and on uncharged films at either -0.05 V or 0.05 V vs. Hg/HgO for FTO and Au 

electrodes, respectively.  Capacitance values were then obtained through fitting (EC Lab) 

using a modified Randles circuit containing a resistor (Ru) connected in series to a resistor 

(charge transfer resistance RCT) and a capacitor (double layer capacitance CDL) that were 

connected in parallel.   

 

Results and Discussion 

 

 

 In Figure 4.1, the reversibility of the films deposited under different current 

densities is determined.  In all cases an initial increase in reversibility is found, which 
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then reaches a maximum, followed by a decline.  This Figure highlights two important 

points: 1) that the reversibility cannot be improved indefinitely, and 2) that the film 

performance is governed by (at least) two competing processes.   
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Figure 4.1.  Reversibility as a function of loading for four different deposition current 

densities.  Each 0.2 s deposition pulse was followed by 30 s of stirring.  The amount of 

material participating in the reaction was determined through both the ECSA (open 

squares) as measured through impedance spectroscopy as well as through QCM mass 

measurements (closed squares).  The grey region, spanning nearly 500 MLEs, seems to 

represent a range of loading where the reversibility is maximized for the different 

systems. 

 

 

 There is a well-known phenomenon in OER catalysis known as the Sabatier 

principle,
32

 or perhaps more descriptively, the volcano plot.  This is often plotted to 

display a performance metric as a function of some descriptor such as oxygen binding 

strength.
5,33–35

  The idea being that there is some goldilocks region in a trade-off between 

two competing processes, which cannot be tuned independently.  Like oxygen binding, 

transport processes should fall victim to the same goldilocks problem.  Electron 
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movement should benefit from a dense, highly interconnected film.  Conversely, the 

movement of charge compensating ions, reactants and products is more easily 

accomplished in an open, porous network.  It may also be worth noting that the high 

current densities reach their maximum reversibility sooner, and that the reversibility tends 

to decrease with increasing current density. 

 Previously, it has been shown that reversibility and activity are correlated.
31

  

Figure 4.2 shows the TOF of the films from Figure 4.1.   
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Figure 4.2.  TOF at 300 mV overpotential as a function of loading for four different 

deposition current densities.  Each 0.2 s deposition pulse was followed by 30 s of stirring.  

The amount of material participating in the reaction was determined through the ECSA as 

measured through impedance spectroscopy.  The grey region, spanning nearly 500 MLEs, 

seems to represent a range of loading where the TOF is maximized for the different 

systems.  The data from our previous work
31

 (light blue) is included for comparison. 

 

 

Figure 4.2 confirms that for films deposited under all four current densities, the loadings 

at which the highest reversibilities were found coincide with the highest TOF values.  

Surprisingly, however, the higher relative reversibilities of the lower deposition current 
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densities did not result in the highest TOF.  Instead, the high deposition current densities 

were shown to outperform the lower deposition current densities at equal loadings.    

 In the absence of ηmt and ηct, film loading could be increased indefinitely, with 

each active site having an equal TOF, due to the equal thermodynamic driving force 

needed, and felt, at all locations in the film.  In this scenario, the current densities 

achievable would be limited by only the volumetric constraints of the device.   

 As the loadings of films are increased, the overpotential associated with mass 

transport ηmt may increase substantially.  The ηmt arises from two phenomena 1) the 

deviation from bulk concentrations of the reactants and products, and 2) the blocking of 

active sites by generated O2 bubbles.  As the concentration gradients begin to form, an 

increase in the thermodynamic driving force is necessary to continue to drive the reaction 

away from equilibrium, as described by the Nernst equation.  Mechanical agitation in the 

form of stirring can help mitigate these two challenges by using convection to increase 

the flux of reactants in and products out, as well as in aiding the mechanical dislodgement 

of bubbles bound to the electrode surface.  An inability to remove products, or 

reintroduce reactants throughout the film, could result in the transformation of the 

material from one demonstrating bulk activity to one of surface activity. 

 Charge transport is more complicated.  It is hypothesized that pulsed depositions 

help to create a more interconnected film, which would improve the electron transport 

through the catalyst as the loadings are increased.  What is not known is whether this 

actually minimizes the resistive loses due to a decrease in the number of “grain 

boundaries” between the platelet-like nanocrystalline regions of the film, or actually 
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reduces the total resistance of the film by essentially wiring the catalyst in parallel instead 

of in series.  

 So far, the performance of the films has been shown to reach a maximum at a 

loading where mass and charge transport are well balanced.  If mass transport is limiting, 

the value of this ideal loading should decrease at higher overpotentials, when the 

demands on mass transport and are increased.  If charge transport is limiting, the opposite 

should be true.   

 Figure 4.3 shows that it is mass transport that limits film performance, with 

maximum activity reached at the lowest levels of loading. 

10 100 1000

1

10

*j in mA cm
-2

 = 450 mV

T
O

F
 (

s
-1
)

Loading (MLE)

100*

200*

50*

25*

 

Figure 4.3.  TOF at 450 mV overpotential as a function of loading for four different 

deposition current densities.  Each 0.2 s deposition pulse was followed by 30 s of stirring.  

The amount of material participating in the reaction was determined through the ECSA as 

measured through impedance spectroscopy.   

 

 

The behavior of these films at 450 mV overpotential is completely different than their 

behavior at 300 mV.  At all loadings, there is an increase in TOF over those at 300 mv 
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overpotential as expected for the greater driving force.  However, with Tafel slopes of 

between 30 and 40 mV dec
-1

, we would expect to see at least a four order of magnitude 

increase in TOF.  For the thinnest films displayed in Fig 4.3, a greater than two order of 

magnitude increase is observed, however, for the thickest films, not even a factor of two 

improvement is reached. 

 The nearly linear decrease in TOF with loading could indicate that the films are 

transitioning from bulk or volume activity to one in which only a limited number of near-

surface active sites are participating.  This is better analyzed by plotting the current as a 

function of loading. 
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Figure 4.4.  Current as a function of loading for the films in Figs. 4.2 and 4.3.  Each 0.2 s 

deposition pulse was followed by 30 s of stirring.  The loading was determined from the 

ECSA as measured by impedance spectroscopy.   
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 What can be understood from viewing the information in this way is that for the 3 

higher deposition current densities, a maximum achievable current seems to be reached, 

where the addition of more potential active sites does not result in a meaningful increase 

in O2 production.  This means that only a fraction of the film is participating in the 

reaction, though the exact percentage is difficult to estimate. 

 A hypothesis, and accompanying physical description, that explains the data from 

this chapter and that of Chapter II is as follows.  First, the higher the deposition current 

density, the more dense the layers deposited.  This leads to better charge transport 

through the film, at the expense of mass transport.  These films are thus limited mainly by 

mass transport, with any improvements in charge transport gained from additional pulses 

(increasing film connectivity) generally outweighed by further losses in mass transport.  

The more porous nature of the films deposited under low current density conditions 

behave differently.  They are able to realize the gains in charge transport from additional 

pulses without the significant losses from mass transport, meaning they maintain 

sufficient porosity.   

 One interesting area for further exploration is to expand the pulse duration of 

some of these high deposition current densities.  The data from our earlier work 

superimposed on Figure 4.2 shows that films deposited at lower current densities (-10 

mA cm
-2

) with longer pulse durations (2 s) show continued improvements in TOF with 

loading well beyond where those of the shorter duration, higher deposition current 

densities began to diminish.  This can be explained by thinking about how film growth 

changes with time. 
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Initially, films may deposited in a fairly organized (high packing density) way.  

As the deposition continues, and the film grows, new material is precipitated randomly 

on the surface.  The longer the deposition is allowed to continue, the greater the 

inefficiency with which the material is loaded, leading to a more porous film.  For films 

deposited under low current densities that are limited by charge transport, this 

inefficiency is unwanted, as it exacerbates the problem, as shown by a decrease in TOF 

with loading for continuously deposited films.  For films deposited under higher current 

densities however, that are limited by mass transport, intentionally expanding the 

duration of the deposition pulses, and in turn increasing the porosity, may actually extend 

the maximum performance of the film to higher loadings. 

 

Conclusions and Bridge 

 

 In conclusion, we have shown that film performance is governed by a goldilocks 

principle, where mass and charge transport determine the ideal loading.  At low 

overpotentials, high current density depositions provide better performance when 

normalized to the amount of material deposited.  At high overpotentials, the opposite is 

true, as the high deposition current density films experience a loss in bulk activity due to 

mass transport limitations, though the total (unnormalized) current passed at equal 

loadings is still greater. 

 Having demonstrated ways to optimize the performance of films at high loadings, 

such as would be suitable for industrial electrolyzers, we turn now to the opposite end of 

the catalyst loading spectrum.  In Chapter V, we discuss how the unique requirement of 
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optical transparency in photoelectrochemical cells imposes new demands, with device 

performance now a function of both the optical and catalytic properties of a film. 
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CHAPTER V 

 

IN SITU CHARACTERIZATION OF THE OPTICAL PROPERTIES OF 

ELECTROCATALYSTS  

 

Portions of this chapter were previously published as Batchellor, A.; Trotochaud, 

L.; Boettcher, S. W. In Situ Characterization of the Optical Properties of Electrocatalysts, 

In Advanced and In Situ Analytical Methods for Solar Fuel Materials 2015, Volume 371 

of the series Topics in Current Chemistry, pp 253-324.  A.S.B. wrote the manuscript. 

L.T., having performed much of the cited experimental work, provided insights and 

clarifications.  S.W.B. was the principal investigator and provided editorial assistance. 

 

 

Introduction 

 

The development of efficient photoelectrochemical (PEC) water-splitting cells 

necessitates the use of electrocatalysts at the anode and cathode surfaces to help reduce 

the overpotentials associated with the oxygen and hydrogen evolution half-reactions.   To 

avoid using spatially separate light absorbing (photovoltaic) and water splitting 

(electrolyzer) devices to drive the evolution of O2 and H2, catalysts can be deposited 

directly onto the light absorbing semiconductor electrodes (or buried photovoltaic 

junction).   One major challenge that arises from physically coupling the catalysts and 

photoelectrodes in this way is that catalysts parasitically absorb light when operated 
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under the electrochemical conditions required for water splitting.
1
 This parasitic 

absorption by the catalyst reduces the number of photons that are able to reach the 

electrode surface, and thereby limits the number of electron-hole pairs that can be created 

and used to drive the redox reactions. 

  Often, the efficiency of the individual components (e.g. catalysts, semiconductor 

electrodes) that would complete a water-splitting cell is investigated.
2,3

 Recently, an 

increase in both modelling and experimental work is being done to see how these 

components fair in composite systems.
4–21

  While high-throughput screening has been 

used to predict which catalysts may contain ideal optical properties (low absorption),
22

 

little work has directly investigated the photocatalytic properties of the current state-of-

the-art catalysts.  In situ ultraviolet/visible (UV-Vis) spectroscopy is a valuable method 

for quantitatively evaluating the optical properties of catalysts under working conditions.  

The light absorbing effects can then be incorporated into “opto-electrochemical” models 

of composite water-splitting cells. 

 

Electrochromism in Catalyst Materials  

 

 Electrochromism is the process through which a material changes color in 

conjunction with a redox reaction.   As many catalysts are (semi)transparent upon 

deposition, and become darker upon oxidation, a general description of their 

electrochromic behavior is as follows: 

        R           O     +     ne
-
                   (1) 

                                              bleached     colored 
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This behavior can be valuable for applications including “smart” windows capable of 

improving the energy efficiency of buildings.
23,24

  However, the same behavior can 

negatively affect the performance of composite catalyst/semiconductor water-splitting 

photoelectrodes where the incident photons must first pass through the (colored) catalyst 

prior to being productively absorbed in the semiconductor.  

Seike and Nagai used in situ spectroscopy to investigate the electrochromic 

properties of 3d transition metal oxides (TMOs) (e.g. NiOx, CoOx, TiOx, MnOx, CrOx).
25

   

These materials are important in the context of solar fuels because many of the same 3d 

TMOs have drawn attention as water oxidation catalysts due to their relatively large 

abundance and low cost compared to precious metal catalysts.  In the colored, high-

optical-absorption state, electrochromic TMOs such as NiOx would parasitically absorb 

photons en route to the semiconductor surface, thus diminishing PEC performance.  Seike 

and Nagai found that NiOx has a high coloration efficiency compared to the other 3d 

TMOs studied.  Practically, this means that very little charge needs to be injected (via 

oxidation of the film) to cause a large change in the optical density of NiOx. The source 

of this coloration process is not well understood, despite considerable efforts to 

understand the electronic properties of the material.  Possible sources have been 

postulated to include crystal defects
26

, the presence of high valency Ni (to include Ni
4+

)
27

, 

[metal oxygen charge transfer
28

, and phase changes arising due to ion insertion
29

.  

   NiOx, which converts to Ni(OH)2 following electrochemical conditioning in 

basic media
30

, is one of the most promising OER catalysts when small concentrations 

(~10%) of Fe are added.
31

  Under conditions relevant to the OER in base, the reaction is  

             Ni(OH)2   +   OH
-
      →      NiOOH     +    H2O    +     e

-    
(2) 

           transparent (light green)            dark colored 
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To maintain charge neutrality, the transfer of electrons between the catalyst and the 

electrode must be accompanied by the transfer of ions into or out of the film. Under OER 

conditions, every Ni site exposed to electrolyte, whether at the surface of the Ni(OH)2 or 

as part of a disordered (i.e. only locally ordered), ion-permeable (oxy)hydroxide phase, 

will be oxidized and thus contribute to optical absorption. 

 

In Situ UV-Vis Absorption and Reflection Spectroscopy 

 

 From the above discussion of electrochromism, it is apparent that the optical 

properties of OER catalysts must be measured in situ to understand and account for their 

effects on photoabsorption in the underlying semiconductor elements in a 

photoelectrochemical cell. A spectrophotometer can measure the amount of light that 

passes through the catalyst, which is the optical transmittance.   Example in situ 

experimental setups employed by Trotochaud et al. and Corrigan and Knight are shown 

in Figure 5.1.
1,27
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Figure 5.1.  In situ electrochemical cells employed by a) Trotochaud et al.
1
 and b) 

Corrigan and Knight
27

 to collect optical spectroscopy data on catalysts films. In A), thin-

film electrocatalysts were deposited by spin-coating onto the ITO substrate prior to 

electrode fabrication. 

 

 

 In these cells, the electrochemical potential of the catalyst can be controlled and 

poised at/near the potential of OER onset while the optical spectra are recorded.  The 

catalysts are typically supported on a transparent conducting oxide electrode.  In Figure 

5.1a the counter electrode (CE) was held above the path of the incident light and in 

Figure 5.1b the CE had a section removed to permit the incident light to pass through.  

We note that in this setup there can be a significant (diffuse) scattered component to 

transmission and reflection spectra (especially for thicker films), therefore these 

measurements are ideally made in an integrating sphere. In the work by Trotochaud et al., 

a second cell was designed for use with an integrating sphere to collect reflectance 

spectra and very thin films were used for the in situ transmission measurements where 

diffuse scattering was negligible.  

The transmittance of a NiOOH/Ni(OH)2 catalyst over a range of potentials is 

shown in Figure 5.2.  The transmittance was nearly independent of potential from 0 to 
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0.45 V vs. Hg/HgO, where the catalyst remains in its bleached state and Ni is formally in 

the 2+ oxidation state.  Then, as the Ni in the film was oxidized to 3
+
/4

+
 over the potential 

range from 0.45 to 0.55 V vs. Hg/HgO, the catalyst became colored, and the 

transmittance decreased significantly.  Once colored (i.e. at potentials higher than the Ni 

oxidation wave), the transmittance showed little variation as the potential was further 

increased. 

 

 
 

Figure 5.2.  a) Cyclic voltammetry (CV) and b) transmission spectra of NiOx film 

measured at potentials ranging from 0 to 0.6 V vs Hg/HgO in 0.05 V increments.  Each 

line in b) was taken at a potential corresponding to the dots on the CV, with the top 

transmission line corresponding to the lowest potential.  Adapted from.
1
 

 

 

All incident photons on a surface must be absorbed, reflected or transmitted: 

                                                  1 = A + R + T            (3) 

where A, R, and T are the wavelength-dependent absorption, reflection and transmission 

processes, respectively.   The fraction of light passing through a material I with respect to 

the incident (non-reflected) light Io follows Beer’s law as given by: 

                                                       I = Io e
-αt

             (4) 
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where α is the absorption coefficient, which is an intrinsic property of the solid, and t is 

the thickness.   The transmittance of a material is related to α by: 

                                                 T = (I/Io) = e
-αt

           (5)  

If α is known for a given material, the optimal thickness t of catalyst film for use 

with a photoelectrode can be determined such that T is maximized over the wavelength 

region of interest for the photoelectrode while maintaining a low overpotential for the 

reaction of interest. However, directly determining α for a catalyst in situ can be 

challenging.  This is because for any particular measurement, the measured value of T is 

that for the entire electrochemical/optical cell, not simply the transmittance of the catalyst 

layer Tc.  The optical effects of the cell walls (typically glass or quartz) as well as the 

underlying transparent conductive oxide (TCO) substrate need to be properly accounted 

for such that the intrinsic wavelength-dependent absorption by the catalyst film ac(λ) can 

be extracted.  This is important if the optical data collected from catalyst films on TCO 

electrodes is to be used to predict optical effects of the catalyst on different 

semiconductor photoelectrodes.  To accomplish this, an optical model is needed that 

accounts for the reflection (r) and absorption (a) probabilities at each of the various 

interfaces the light encounters during the experimental measurement.  These events are 

depicted in Figure 5.3.  Approximations to such a model (for instance, ignoring various 

higher order reflection terms) to make its solution analytically tractable are discussed in 

Trotochaud et al.
1
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Figure 5.3. Cross-sectional view showing the light path through an in situ liquid cell. The 

symbols a and r signify absorption and reflection probabilities, respectively, with the 

subscripts indicating the location of the optical event as described below. The spatial 

location of the arrows and symbols along the vertical scale of the diagrams is not 

significant. Adapted from.
1
 

 

From ac(λ), the transmission probability at a given wavelength once the photon has 

reached the catalyst, Tc(λ), can then be found by:  

                                               Tc(λ) = 1 – ac(λ).           (6) 

and the absorption coefficient of the catalyst α(λ) can be calculated from: 

                                              α (λ) = -ln Tc(λ) / t            (7) 

where t is the thickness of the film.  Figure 5.4 shows the extracted absorption 

coefficients of the ~2 nm thick transition-metal oxide water oxidation catalysts studied by 

Trotochaud et al., as well as the calculated transmission probabilities for a mixed Ni/Fe 

oxyhydroxide film as a function of film thickness.  The transmission losses are significant 

even for films only a few nanometers thick. 
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Figure 5.4.  a) Effective absorption coefficient α(λ) calculated for the active catalyst 

films. b) Transmission probabilities Tc(λ) calculated for Ni0.9Fe0.1Ox films of varying 

thickness.  Adapted from.
1
 

 

For catalysts, this thickness dependence of the transmission probability poses an 

interesting problem, as two competing effects are pitted against one another; increasing 

the catalyst loading lowers the overpotential required to pass a given oxygen-evolution 

current, reducing voltage losses from kinetics.  However, a thicker catalyst layer will also 

parasitically absorb more light, thus decreasing the total photocurrent generated by the 

photoanode.  Furthermore, the high coloration efficiency of Ni discussed previously 

manifests itself here, as the values of α(λ) measured in situ are seen to be greater for the 

Ni-based catalysts than those of the other metal oxides studied. 

 

Identification and optimization of catalyst films for solar water splitting 

photoanodes 

 

The ultimate measure of an electrocatalyst’s utility for photoelectrochemical 

water splitting is how it performs in a prototype device.  Defining reasonable figures-of-

merit allow one to determine which catalysts offer the best combination of high turnover 
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frequency (mol product / mol active site / s) at low overpotential and low parasitic optical 

absorption, without the need to individually test each particular catalyst in a complete 

solar water splitting device as a function of catalyst loading.  Trotochaud et al. and 

Gregoire et al. described figures of merit based on experimentally measured data.
1,22

    

The approach described by Trotochaud et al. is summarized here, and later 

compared to that of Gregoire et al.  The amount of light at a given wavelength λ reaching 

the semiconductor surface is a function of the incoming light flux, F(λ), multiplied by the 

corresponding catalyst transmission probability, Tc(λ, t).  The optical efficiency, φopt, is 

defined as  

                                       φopt (t) =  ∫ F(λ) · Tc(λ, t)  /  ∫ F(λ)                                   (8) 

over the range of the electromagnetic spectrum available to the photoelectrode as 

determined by its band gap (for example, a n-Fe2O3 photoanode with a band gap of 2.2 

eV will only absorb photons with λ ≤ (1240/2.2) ≈ 560 nm). The optical efficiency is a 

function of the catalyst film thickness (i.e. catalyst loading) due to the dependence of Tc 

on t, as shown in Figure 5.5. 

 
 

Figure 5.5. Optical efficiency φopt(t) of active catalyst films as a function of thickness t, 

assuming an optical band gap 1.8 eV for the absorbing semiconductor and AM 1.5 solar 

flux. Adapted from.
1
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For thin films < 1 nm, the φopt(t) of all catalysts approaches unity, as there is too 

little material to absorb a significant fraction of incoming photons.  For films > 50-100 

nm in thickness, φopt(t) trends towards zero – even relatively transparent films will absorb 

the majority of photons as their thickness becomes sufficiently large.   It is interesting to 

note that due to the high absorption coefficient of Ni-based catalyst films, their 

corresponding φopt(t) values are much lower than those of the Ni-free films. 

Combining the optical properties with the independently measured catalytic 

properties (we assume the activity, i.e. catalytic current density at a given overpotential, 

scales linearly with film thickness)
30

 allows us to define the optocatalytic efficiency of 

the films, ΦO-C. 

                                              ΦO-C = Pmax / Po,max                                 (9) 

Po,max is the maximum power achievable in the electrode with a hypothetical “perfect” 

catalyst that has no parasitic optical absorption and infinitely fast kinetics for O2 

evolution, and Pmax is the power achievable with the addition of the real catalyst 

(including optical and kinetic voltage losses).  Trotochaud et al. calculated power curves 

and then determined ΦO-C values for some of the most promising catalysts as seen in 

Figure 5.6.  
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Figure 5.6. a) Photoelectrode current voltage curves for Ni0.9Fe0.1Ox and b) Optocatalytic 

efficiency ΦO-C as a function of thickness t for different catalysts, assuming an optical 

band gap 1.8 eV for the absorbing semiconductor and AM 1.5 solar flux.  Adapted from.
1
 

  

All catalyst films studied reached their maximum ΦO-C at less than 10 nm.  The 

highest performing system is predicted to be the Ni/Fe catalyst with a ΦO-C value of 0.64.  

This ΦO-C is achieved with a film thickness of less than 0.5 nm.  In fact, all Ni-based 

catalysts had their max ΦO-C values at less than 1 nm thickness, with a steep drop-off in 

efficiency with increasing thickness.  This is due to their high absorption coefficient as 

mentioned previously.  IrOx, on the other hand, is predicted to reach its maximum ΦO-C at 

8.8 nm, due to its lower absorption coefficient.  In the case of IrOx, the advantage of 

more-transparent catalysts in the trade-off between lower overpotential and higher 

parasitic absorption is exemplified; an incremental increase in the thickness of IrOx up to 

10 nm decreases the voltage loss more substantially than it increases the parasitic light 

absorption.   

In work by Gregoire et al., a related optocatalytic FOM is proposed.
22

  In order to 

determine the optocatalytic efficiencies of over 5000 catalysts via high-throughput 

experimentation, only a snapshot of the catalysts’ properties at 0.45 V overpotential were 

input into the model.  Also the thickness-dependence was not investigated (which would 
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have been challenging in such a high-throughput screening approach) and thus no ideal 

parameters were determined for any one particular catalyst.  The optical properties were 

also not screened in situ and therefore any electrochromic behavior was not accounted 

for.  Despite the different goals and approaches, the two works come to some similar 

conclusions, namely that a Ni/Fe-based film would be a good catalyst for a composite 

PEC device.    

 

Tailoring of Catalyst Optical Properties 

 

 When the relevant properties of a catalyst (e.g. ac) have been ascertained, it may 

be possible to tune the optical properties of the catalyst by adjusting composition while 

not affecting the catalyst behavior.  In effort to develop “optically passive” counter 

electrodes for electrochromic applications, Azens et al. have shown that by varying the 

Ce concentration in Ti and W films, they were able to create a transparent film without 

the typically observed electrochromic response.
32

  In a related study, Monk et al. show 

that by mixing various TMOs in amorphous multi-cation oxides the wavelength of the 

maximum in the electrochromic absorption band can be tailored.
33

   Extending these 

approaches to water oxidation catalysts, it could be possible to adjust the optical 

properties of a film without a significant change in catalytic performance.  Given the 

large range of compositions including Ni, Fe, Ce, Ti, Co etc. now found to have relatively 

high catalytic activity
3,22,34,35

 there are likely mixed oxide compositions that could be 

found which also have low optical absorption. 
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For example, Gregoire et al. found two regions of interest in the quaternary 

system studied.
22

  The first is the high catalytic performance of the predominately Ni/Fe 

system, while the other is the high optocatalytic performance with a film composition of 

Fe0.23Co0.13Ni0.07Ti0.57Ox.  This particular system is interesting because of the (relatively) 

poor catalytic performance of films containing significant concentrations of Ti.  

However, the extremely high transmission properties of films containing large 

concentrations of Ti are capable of overcoming its catalytic limitations with respect to the 

combined figure of merit.  It is reasonable to assume that a system with a large Ti content 

would likely never have been explored by researchers searching solely for a highly 

catalytically active catalyst.  This identification opens up a new system to be explored 

and optimized and exemplifies the value of high throughput investigations. 

 

New Horizons for In Situ Optical Spectroscopy for Solar Fuels Material 

Characterization  

 

Beyond determining the optical properties of catalyst films in the context of solar 

fuels, there are other directions that can be taken to exploit the benefits of in situ optical 

spectroscopy.  Due to the electronic properties of certain elements, analytical techniques 

are sometimes incapable of acquiring the same data on all materials of interest.  Brückner 

used in situ parallel UV-Vis/EPR/on-line gas chromatography to investigate the oxidation 

state of a chromium oxide catalyst during the dehydrogenation of propane.
36

  Cr
6+

 is not 

detectable by EPR, but EPR is able to distinguish between Cr
3+

 and Cr
5+

.  Cr
6+ 

is 

identifiable via UV-Vis spectroscopy through its charge-transfer transitions.  By 
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measuring the UV-Vis spectra as the temperature was varied, the absorption band was 

shown to disappear as relevant reaction temperatures were reached, ruling out Cr
6+ 

as a 

possible active site.  In a separate work, Brückner used in situ parallel UV-

Vis/EPR/Raman spectroscopy to elucidate the oxidation state of V in a V/TiO2 film
37

, 

showing that several species of V
4+

 are actively engaged in the dehydrogenation of 

propane.   

In composite PEC cells, the catalyst films are not the only material that will 

interfere with the incoming flux of light.  Due to the production of H2 and O2 at the 

electrode surfaces, the presence of bubbles will also need to be accounted for.  The 

decrease in efficiency caused by the formation of bubbles will come from both ohmic 

losses
38

 as well as optical losses due to enhanced scattering
39–43

.  As the bubbles are only 

formed under reaction conditions, the use of in situ optical techniques will be paramount 

to the quantification of these losses. 

 

Summary 

 

In conclusion, if catalysts are to be utilized in a composite water splitting cell, 

both their catalytic and optical properties need to be optimized.  In situ optical methods 

such as UV-Vis spectroscopy provide the basis for combined optocatalytic figures of 

merit and guide the design of improved materials through tailoring of the catalyst 

absorption bands and electrochromic properties as well as potentially providing insight 

into catalyst mechanisms. 
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CHAPTER VI 

 

 

SUMMARY AND OUTLOOK 

 

 

 

Summary 

 

 The research discussed in this dissertation addresses important knowledge gaps in the 

field of OER catalysts.  In Chapter II, we discussed best practices for measuring and 

reporting intrinsic activities, highlighting experimental conditions where the film activity 

on a per-metal-cation basis can be accurately measured and where capacitance 

measurements of electrochemically active surface area fail. We found that the 

electrochemical reversibility of the (nominally) Ni
2+/3+

 redox couple correlates with the 

apparent intrinsic activity as a function of loading. We reported a pulsed-

electrodeposition method that dramatically improves the catalyst reversibility and 

performance at high loading compared to continuous electrodeposition, which we 

attribute to improved connectivity in the micro/nanostructure and better composition 

control.  

 In Chapter III, we reported the effects of electrodeposition technique (pulsed 

versus continuous), electrochemical cycling, and Fe content on the structure of the Ni(1-

z)FezOxHy catalyst film as determined using PDF analysis. The PDF patterns for the films 

are best simulated by model structures consisting of brucite-like β-Ni(OH)2 fragments 1 

to 3 layers in thickness.  Only the oxidation state of the film was found to significantly 

affect the intra-layer scattering behavior (i.e. metal-oxygen bond distance).  The inter-

layer interactions, however, were shown to be affected by Fe content and deposition 
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conditions.   We found that films can be cycled between as-deposited, oxidized, and 

reduced states, with minimal loss of intrasheet coherence, indicating a degree of 

structural stability.  

 In Chapter IV, a design of experiments analysis demonstrated that the deposition 

current density played a larger role than both the duration of the deposition and the 

duration of stirring between electrochemical pulses.  Higher deposition current densities 

than were traditionally used by this lab were explored, and a greater than two-fold 

improvement in activity at high loading was obtained compared to previous work in the 

group.  The identification of an ideal loading range, explained through the competition 

between mass and charge transport, is an important step towards understanding the 

scalability of these films towards industrial conditions. 

 In Chapter V, a broad treatment of the current work in the photoelectrochemical 

properties of thin film OER catalysts was provided.  The unique requirement of optically 

transparent catalysts in a combined photovoltaic-electrolyzer cell requires the use of 

combined optical and catalytic figures of merit.  This requirement of optical transparency 

necessitates the use of thin films for many non-transparent, but catalytically active, 

materials, and mitigates the effects of charge and mass transport that dominated the high 

loading films of Chapter II.  As the optical properties of many catalysts change with 

potential, in situ techniques are essential for their measurement.  Furthermore, in situ 

optical measurements are shown to be useful in probing the oxidation state of the active 

catalyst material, which could lead to better understanding of the underlying OER 

mechanism. 

Outlook 
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Benchmarking 

 The most obvious need for the field of OER catalysis moving forward is the adoption 

of a series of benchmarking parameters.  While there is general agreement on certain 

catalysts being high performing (i.e., NiFeOxHy), there are as of now no objective 

parameters by which to make that judgement.  A first step requires that all activity 

metrics reported must be normalized to the amount of material participating in the 

reaction.  This is due to the presence, perhaps even prominence, of volume-active 

catalysts.  There is notably an amount of ambiguity in whether this should constitute the 

entirety of the material deposited or simply the electrochemically active surface area.  

While the latter may be more fundamentally valuable, as it provides a better estimate of 

the intrinsic activity of the active species, the former provides a more level playing field, 

as the use of inert supports is common, and all materials will be subject to the cost and 

volume constraints of devices. 

 The identification of a true intrinsic activity is complicated by several factors 

highlighted in Figure 6.1. 
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Figure 6.1.  Cartoon highlighting factors that complicate the measurement of a true 

intrinsic TOF and their relative effective range. 

 

Near the electrode surface, substrate effects may alter the performance of the film if the 

film is attached through some form of chemical bonding instead of merely a physical 

adsorption.  Transport limitations serve to mask the true activity of the film by the 

creation of potential and concentration gradients across the film.  Architectural 

differences arise depending on the deposition method and electrochemical conditioning 

protocol.  Compositional heterogeneity may arise due to the preferential deposition of 

one species from a mixed solution, or from phase segregation due to low solid phase 

solubility of a dopant.  Elimination of any, let alone all, of these effects is non-trivial, and 

great care should be taken to understand, and report, to what degree these affect the 

measured average activity. 
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 An invaluable benchmark upon which groups could generate activity comparisons 

would be through the use of a standard film, prepared from the same materials, and tested 

under identical conditions, generating data to support field-specific figures of merit.  This 

would allow for intergroup transparency, and claims of high activity would thus have to 

beat a universally accepted threshold.  The standard set of experiments and tools 

employed should aid in quantification, both pre- and post-electrochemistry, of material 

stoichiometry and morphology, which are essential for truly understanding the role of the 

various components of the film.  This is especially relevant for materials claiming to 

stabilize metallic species that should be soluble at the operating pH.  There is also a need 

for reporting any decline in activity with time, and if possible, the source of the transient 

behavior.   

 

The Need for In Situ Characterization  

 Because OER happens at anodic potentials, and generally proceeds following the 

oxidation of one of the transition metals in the film, acquisition of resting-state 

information is inherently limiting.  A true picture of the optical and structural properties 

of the active material can only be obtained when the oxidized structure is present, which 

due to self-discharge, may not be obtainable in the absence of an applied potential.  The 

design of cells that can facilitate both electrochemistry and data collection is challenging 

due to the presence of the electrolyte solution.  Under ambient conditions, this requires 

deposition of the catalyst on extremely thin, transparent electrodes.  Under (near) vacuum 

conditions, the additional requirement of a fully-enclosed flow cell further complicates 

matters.  While some in situ cell setups exist for general use at various beamlines, the 
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publishing of “blue prints” for field specific cells is rather limited, especially in contrast 

to analytical software which is readily distributed.  This severely hurts the data 

acquisition capabilities of new and underfunded groups, and hinders progress in the field. 

 

Beyond Pourbaix 

 Another area of need is to further explore the limitations of material stability as 

reported in Pourbaix diagrams.  While these predictors are likely reliable for the 

predominant component of an OER material, they do not intend to describe the 

thermodynamics (certainly not the kinetics) of the phase transitions of minor components 

supported in a stable film, and thus extrapolating the phase of a minor component from 

its own monometallic diagram should be done with caution, if at all.  This could open up 

a range of dopant materials previously ignored due to their presumed solubility in 

alkaline or acidic solutions. 

 

Deposition Mechanisms and Film Architectures 

 While there still exists the possibility for discovering materials with activity higher 

that of NiFe oxyhydroxides, the opportunity to construct an ideal film architecture 

through optimization of deposition conditions has received far less attention.  To achieve 

this, the underlying mechanisms by which films are deposited must be understood.  The 

transient activity and structure of films is often reported, but the potential for transient 

behavior during deposition may be equally important, as highlighted in Chapter II, 

especially in slow, low temperature syntheses where local environments deviate from the 

bulk and kinetic products are more likely. 
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 While many groups have attempted to deposit high performing catalysts on inert 

architectures to improve either the surface area or conductivity, this ignores the rich 

variability in film morphologies that can be achieved.  No true roadmap yet exits for 

synthesizing a “model” transition metal film.  Though fundamental insights can be gained 

through the use of sacrificial templates or other advanced synthesis methods, a basic 

understanding of the deposition specific morphologies of both rigorously pure and 

codeposited metals is needed. 

 

Becoming True Material Scientists and Engineers 

 Finally, it is imperative that we expand the breadth of our knowledge in order to keep 

abreast of the insights obtained in adjacent fields (i.e., batteries and capacitors).  The 

pioneering work of Dennis Corrigan highlighting the importance of Fe in catalyzing 

water oxidation, a reaction he hoped to suppress in batteries, is a prime example.  Further 

insights, overlooked, are likely out there if we are willing to hold ourselves up as true 

material scientists, and not simply practitioners of electrocatalysis. 
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