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DISSERTATION ABSTRACT 

Liam P. Twight 

Doctor of Philosophy in Chemistry 

Title: Understanding the Interplay Between Iron Adsorption, Surface Reconstruction, and 

Electrocatalytic Oxygen Evolution by Transition Metal (Hydr)oxide Electrocatalysts  
 Renewable electricity-driven alkaline water electrolysis is poised to be a key 

technology for reducing the CO2 emissions from combustion of fossil fuels in industrial 

sectors like aviation and fertilizer manufacturing. One of the largest costs of operating 

water electrolyzers is that of the electricity needed to drive the liberation of hydrogen and 

oxygen gases. Therefore, improving electrolyzer efficiency – lowering the electrical power 

needed per kilogram of H2 generated – is essential to their widespread deployment. The 

anodic oxygen evolution reaction (OER) is a process with intrinsically slow kinetics that 

makes large contributions to electrolyzer inefficiency. The kinetics of OER can be hastened 

with the proper choice of catalyst the best of which are based on Ni and Co oxides or 

hydroxides with a minority component of incorporated Fe. Decades of research involving 

Ni/Co/Fe OER catalysts have been done, but there is still debate about the nature of the 

active sites in these materials. The complexity of these systems is to blame; the formation 

and maintenance of high OER activity sites depends on highly dynamic processes 

involving surface iron site dissolution-redeposition and catalyst structural change both of 

which are likely functions of the electrolyte pH, iron concentration in electrolyte, applied 

electrical bias, and catalyst chemical composition. 

 This dissertation advances understanding of the nature of extremely high activity 

Fe active sites which form in-situ on nickel and cobalt hydroxide and lanthanum nickel 

oxide, three technologically promising catalysts. In Chapter I, I describe from a broad 

perspective the areas where high efficiency alkaline electrolyzers could serve to eliminate 

CO2 emissions and the role that OER catalysts will play in accomplishing this goal. In 

Chapter II, I report the results of fundamental investigations which reveal that Fe active 

sites are not of one, but two kinds: one that forms by surface adsorption of electrolyte Fe 

and another that substitutes for host metal atoms. In Chapter II, I describe the results of a 

deeper mechanistic investigation into the thermodynamic parameters that govern the 
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activity of these surface Fe sites. Chapter III extends the methods used to understand Fe-

sites on nickel hydroxides to an understudied perovskite oxide, lanthanum nickelate 

(LaNiO3). Together, these studies deepen our understanding of why Fe is a ubiquitous 

activator of OER catalysts and broaden the family of catalysts for which Fe activation is 

integral. As a result, new design principles for high performance alkaline electrolyzer 

anodes become evident. Catalysts should have a high density of sites for cooperative 

surface Fe site adsorption such that the activation energy and pre-exponential factors are 

optimized. Surface restructuring should be purposefully induced for those that need it for 

high OER activity to maximize active site formation. Where restructuring is required for 

high activity, surface chemical descriptors should be developed and utilized instead of bulk 

ones which may not directly connect to the relevant physical picture of catalysis. This 

dissertation contains previously published and un-published co-authored materials. 
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I. THE ROLE OF OXYGEN EVOLUTION IN GREEN 
ELECTROLYSIS TECHNOLOGIES 

 
 It is broadly and unequivocally recognized among the scientific community that the 

rising emission of CO2 from fossil fuel combustion1 has increased average global land and 

sea temperatures2 via the greenhouse effect, a mechanism rooted in over a century of 

physics and chemistry research3-16. The 6th Assessment Review of the Intergovernmental 

Panel on Climate change (IPCC), authored by 743 international climate experts of its 

member nations, reports that this warming was ~1.1 °C compared to the period 1850-1900 

based on decades of collecting climatic observations and modeling. Far from benign, this 

global warming has, to a high degree of confidence, decreased food and water security, 

increased chance of extreme weather events, accelerated sea level rise and ocean 

acidification, and damaged substantially (in some cases irreversibly) terrestrial, aquatic, 

marine, and cryospheric habitats. The magnitude of these processes and the risk of low-

probability, irreversible, catastrophic turning points increases with every future increment 

of warming. Only “deep, rapid, and sustained” and in many cases “immediate” reduction 

of greenhouse gas emissions is required to keep global temperature rise below international 

targets of 1.5°C and 2°C thereby mitigating the worst climatic effects. The IPCC estimates 

that humanity has a carbon budget of about 1000 gigatons of CO2 remaining for 2024 

onward before warming of 2°C is reached (67% probability). For scale, this is equivalent 

to the amount emitted between the 30 year period between 1990 and 201917. 

 To eliminate CO2 emissions, a rapid transition must be made toward a net-zero CO2 

energy portfolio based on renewable sources. Currently, only 14% of global energy is 

supplied by renewables (solar, wind, biofuels, or hydropower), the large majority of which 

is from hydropower18. Thus a large gap exists between clean energy goals and clean energy 

deployment. There are many possible paths to overcome that gap19-21, any of which will be 

determined by current and future regulatory and technoeconomic conditions. In 2021, The 

International Energy Agency (IEA) published Net Zero by 2050, the first global timeline 

of targets by which the world might achieve a net-zero CO2 emission (NZE) reality. In the 

IEA model, annual global emissions fall in concert with increased integration of 

renewables from 37GtCO2 in 2023 to 21 GtCO2 by 2030 and then 0 GtCO2 by 2050. The 



15 
 

total energy consumption in 2050 consists of only 20% fossil fuels, these having been 

largely replaced with renewables and nuclear. The key mechanisms by which the NZE is 

attained are swift deployment of renewable energy technology, broad end-use 

electrification, increased energy efficiency, use of hydrogen and hydrogen based fuels, 

behavioral change by citizens, and policy instruments like CO2 pricing and termination of 

fossil fuel subsidies all of which would need to occur globally through international 

cooperation20. Tesla has also weighed in on the matter, publishing an influential 2023 

analysis of what a transition to a sustainable economy might look like. In its Master Plan: 

Part 3, the Tesla team prescribed 6 actions that should be taken, among these were 

repowering the existing grid with renewables, switching to higher efficiency electric 

vehicles and heat pumps, and sustainable synthesis of aviation and shipping fuel. Taken 

together and assuming accurate forecasting of material costs and future electricity demand, 

this transition could occur with 30 TW installed renewable power capacity (~10x the 2023 

total capacity)22, 10% of 2022 World GDP, $10 trillion dollars manufacturing investment 

(~36% of 2024 U.S. GDP and $4 trillion less than the fossil fuel only scenario )23, and 

0.21% land area required21. Unlike that of the IEA, the Tesla decarbonization path does not 

break down this target into a series of intermediate targets. Proposed pathways for U.S-

specific decarbonization echo the content of these global plans24. 

While direct electrification of CO2 emitting end uses is a prominent strategy for 

decarbonization, this is not a feasible strategy for every area of the economy. Parts of the 

industrial and transportation sectors20 will require a fuel source with energy density akin to 

that of fossil fuels. These are typically classified as “hard-to-abate” industries and include 

– with the percentage of global CO2 emissions given in parentheses – long-haul shipping25 

(2%)26, aviation27, 28 (3%)29, steel refining (7%)30, ammonia-based fertilizer (1.3%)31, 

cement (7%)32, and glass33 production (~0.2%)34. Taken together, the emissions from these 

industries constitute ~20% of the global total, a significant portion.  

Most decarbonization plans recommend hydrogen as a chemical fuel suitable for 

abating emissions from these industries because hydrogen can be produced without CO2 as 

a byproduct via direct electrolysis of water using renewable electricity20, 35. This “green” 

hydrogen can directly substitute unabated hydrogen in traditional applications in industry 
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and refining such as the Haber-Bosch process in which H2 is used to reduce N2 to 

ammonia36 and direct iron reduction37. In addition to direct substitution of fossil fuel-

derived hydrogen, green hydrogen can do so indirectly. For example, it has been used to 

reduce CO2 via the Fischer-Tropsch process to make CO, a molecule which can be 

electrochemically transformed to higher molecular weight organic products suitable for use 

as jet fuel27. Hydrogen could also serve to smooth the problematically intermittent supply 

profile of renewable electricity by diverting excess solar and wind electricity to an 

electrolyzer plant. The stored hydrogen from electrolysis could then be tapped when 

renewable electricity is relatively scarce by feeding it to a fuel cell plant, generating needed 

electricity with high efficiency38. Despite the proposed benefits of using green hydrogen 

for energy storage and distribution, they have not been realized at scale and are expected 

to have a minor impact in relation to applications in traditional industry and refining35. 

Meeting the demands of traditional industry with green hydrogen is a formidable 

challenge. In 2022, 95 Mt of hydrogen were consumed globally the overwhelming majority 

of which was used for heavy industry (53 Mt) and refining (41 Mt). Less than 0.1% of this 

hydrogen was produced by water electrolysis. Replacing 2022 levels of dedicated hydrogen 

production with green hydrogen is estimated to require 730-940 GW of installed 

electrolyzer plant capacity. Given only 700 MW of installed electrolysis capacity in 2022, 

a 1,040 – 1340-fold increase is needed to meet global hydrogen demand. The IEA estimates 

that capacity of 175 GW could be accomplished by 2030 based on announced projects and 

430 GW if early stage, unannounced projects are taken into account35. There are several 

obstacles to rapid deployment of electrolyzer capacity at hundreds of GW scale. Two 

notable ones are uncertainty about regulation and certification, and dearth of hydrogen 

distribution infrastructure, but chief among these is a high levelized cost of hydrogen 

(LCOH), the price per kg of hydrogen taking into account lifetime costs of a plant. LCOH 

is $3.4 -12.0/kg H2 when produced by water electrolysis versus only $1-3 kg H2 from 

methods using unabated fossil fuels.35, 39 LCOH is influence by multiple factors, but cost 

of electricity is the main driver for hydrogen produced using electrolyzers40 with additional 

variability attributed to choice of technology: proton exchange membrane (PEM), alkaline 

exchange membrane (AEM), or liquid alkaline (LA) electrolysis41. Decreasing the 

contribution of electricity cost to LCOH can be approached from two directions: decrease 
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the cost of electricity for renewables and/or increase the efficiency of electrolyzer 

electricity use. Accomplishing the former will require thoughtful efforts by policy makers 

to stimulate the build-out of transmission and generation infrastructure. The latter 

challenge motivates this dissertation as it can be addressed from a basic science and 

engineering standpoint. 

This thesis details fundamental electrochemical and material science investigations 

that may help lower the LCOH for liquid alkaline electrolyzers by improving electrolyzer 

efficiency. As of 2022 alkaline electrolyzers made up 60% of installed electrolysis 

capacity35, and are therefore likely to significantly contribute to hydrogen production in the 

future. A simple model of a typical liquid alkaline electrolyzer is depicted in Figure 1. 

 

Figure 1. Generalized liquid alkaline electrolysis cell.  
An applied voltage oxidizes hydroxide to oxygen gas at the anode and hydrogen evolution from water 
reduction at the cathode in a cell flooded with alkaline electrolyte, usually KOH.  

 

It consists of two electrodes, cathode and anode, in an alkaline electrolyte separated by a 

diaphragm to prevent electrode shorting and mitigate gas crossover. The electrochemical 
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half-reactions are the cathodic hydrogen evolution reaction (HER) and anodic oxygen 

evolution reaction (OER) given in the figure. Note the sum of these half-reactions sum to 

the total water splitting reaction. The half-reactions are driven by an applied voltage 

leading to a net current in the external circuit that is related to the stoichiometry of the 

chemical reaction. Using the Gibb’s free energies of formation for reactants and products 

for the water splitting reaction one finds that the total thermodynamic voltage required to 

drive these half-reactions is 1.23 V.42 In practice, the total voltage needed to drive an 

appreciable current density is higher because of additional contributions to the 

thermodynamic minimum from kinetic, ohmic, and mass transport phenomena.  

Kinetics contribute a significant overpotential to water electrolysis in an 

electrolyzer. The anodic oxygen evolution reaction (OER) is a 4-electron reaction while 

that of the cathodic hydrogen evolution reaction (HER) is a 2-electron reaction. The greater 

number of electrochemical steps in OER leads to kinetic sluggishness relative to HER, 

limiting the overall rate of reaction and contributing hundreds of millivolts of overpotential 

to the thermodynamic minimum for water electrolysis. Decades of electrochemical 

research43, 44 have been performed to improve OER kinetics with appropriate 

electrocatalysts that reduce the energetic barriers of rate-limiting intermediate steps 

associated with the reaction. Even so, losses in efficiency from slow OER kinetics are 

sizeable across electrolysis applications. This has been particularly well-illustrated by 

measurements using integrated reference electrodes which quantify the (often large) 

contribution of OER to the total cell potentials of alkaline exchange membrane45, proton 

exchange membrane46, and CO2 reduction electrolyzers47. 

A wide variety of materials have been tested as alkaline OER electrocatalysts 

including precious metal oxides, transition metal alloys, perovskite oxides, spinels and 

hydroxides, metal chalcogenides and metal pnictides.48 Using thin-film model systems 

where every deposited metal site participates in charge transfer, it has been found that 

materials with the highest alkaline OER activity are based on nickel and cobalt hydroxides 

and their derivatives.
49 Developing a comprehensive, molecular-level understanding of 

why these materials are the best alkaline OER catalysts is ongoing and a source of debate 

in the literature. One influential idea is based on the Sabatier principle – that the rate of 
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OER is fastest on those materials which bind reactants just strongly enough to allow the 

reaction to proceed, but not so strongly that the products cannot desorb and poison the 

catalytic site50. Since the binding of reaction intermediates occurs by bonding between 

intermediate and surface atom orbitals, it follows that the rate of OER should have a 

“volcano”-shaped dependency on periodic trends in electronic structure descriptors that 

characterize chemical bonding i.e. the reaction rate would be expected to maximize at 

descriptor values in the intermediate range51. For example, Trasatti obtained a volcano 

shape plot of OER overpotential versus enthalpy of lower to higher oxide transition (e.g. 

Ru2O3  RuO2), a proxy for the heat of adsorption of oxygenated intermediates of the 

lower oxide during OER.52 Shao-Horn and coworkers reported a volcano shaped 

relationship between OER potential at 50 µA cm-2
oxide

 (area normalized to the oxide surface 

area obtained form gas sorption measurements) and the occupancy of the antibonding eg 

orbital of the B-site transition metal site in a series of perovskite oxides53. A more detailed 

exposition of descriptors in OER catalysis can be found in Chapter IV. 

  These studies share a key feature: extraction of an electronic descriptor from DFT 

calculations, literature data, or measurement using the pristine, as-synthesized material 

structure as a model. The volcano plot is then formed using this descriptor as the 

independent variable. This approach requires the tacit assumption that the pristine catalyst 

structure accurately represents the surface structure. There is strong evidence that this is a 

poor assumption. At least two key phenomena complicate the conventional conclusions 

about OER activity trends obtained using bulk electronic descriptors: 

1) Iron impurity incorporation. Catalysts with activity in the highest percentiles 

almost always have incorporated iron either from impurities in the electrolyte 

or intentional inclusion during synthesis54 

2) Surface reconstruction. Across OER literature and material classes, in-situ 

reconstruction of as-prepared materials leads to formation of new surface 

structures the OER mechanism and activity of which is responsible for the 

observed reaction rate55 

It is not trivial to understand how each of these processes affects the electrochemical 

characteristics of a given catalyst. Iron, for example, is a common impurity in 
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commercially available KOH56. If steps are not taken to remove this impurity57, the iron 

can adsorb to the catalyst under study and increase the OER activity58, unbeknownst to the 

well-meaning experimentalist. Adventitious nickel impurities also present problems to 

unambiguous assignment of catalytic activity57, 59. When reconstruction occurs it can lead 

to very thin layers, as small as a few unit cells thick, or involve species that are 

heterogeneously distributed, which appear and disappear reversibly60-65. Identification of 

this kind of surface species may require exotic operando experimental methods not 

routinely available to most electrochemists. Adsorption of impurities or unidentified 

reconstruction during a study in which electronic descriptors are the focus could lead to 

unwitting rationalization of OER activity with catalyst features that are not relevant to the 

actual mechanism of catalysis. Conversely, if direct connection between OER activity and 

bulk electronic descriptors is obscured by impurities and reconstruction then in-depth study 

of the catalytic activity of sites formed by those very impurities and reconstruction is 

necessary to develop a physical model of catalysis by the highest activity materials. 

This dissertation addresses the connection between high OER activity of nickel and 

cobalt oxides, surface reconstruction, and impurity Fe species. In chapter II, introduction 

of Fe into an electrochemical cell during polarization of the electrode at OER potentials is 

used to prepare surface Fe sites which are distinct from bulk Fe sites prepared by co-

electrodeposition. This permitted measurement for the first time of the turnover frequency 

of surface and bulk Fe sites. It is shown that surface Fe sites are undercoordinated and have 

a more elongated nearest-neighbor environment than their bulk counterparts. They also 

exhibit cooperativity - the intrinsic activity per Fe site increased with Fe site loading. 

Density-functional theory calculations suggest this cooperativity functions via 

delocalization of oxidative charge among multiple Fe centers. This work was published in 

Nature Communications by myself as co-first author with Yinqing Ou and Bipasa Samanta. 

Contributing authors to the published version of this work are: Lu Liu, Santu Biswas, 

Jessica L. Fehrs, Nicole A. Sagui, Javier Villalobos, Joaquín Morales-Santelices, Denis 

Antipin, and. Marcel Risch. Corresponding authors were Maytal Caspary Toroker and 

Shannon W. Boettcher. 
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The ability to control Fe-site conformation enabled surface-Fe-specific temperature-

dependent kinetic studies. The results were analyzed using Butler-Volmer, Arrhenius, and 

absolute rate theory to provide mechanistic insight. Contrary to expectations based on the 

Butler-Volmer theory approach to analysis of these data, the Tafel slope is constant at 

temperatures from -5 to 70°C indicating an unexpected temperature-dependence of the 

transfer coefficient. Further, a compensation between the enthalpy and entropy of 

activation at various overpotentials was revealed. It is proposed this behavior is consistent 

with concepts relevant to inner sphere rather than outer sphere electron transfer such as the 

change of intermediate coverage and solvent structure with potential. This work was 

completed by myself and is unpublished as of the writing of this dissertation. 

Chapter IV provides new evidence that Fe-site driven OER is not restricted to 

oxyhydroxides and is likely a universal feature of catalysis by perovskite oxide nickelates, 

contrary to most literature on the subject. Observations were made of surface 

reconstruction-mediated Fe site formation on perovskite oxide LaNiO3 and Ruddlesden-

Popper oxide La2NiO4 by combining electrochemical and materials characterization 

methods. The amount of surface reconstruction is compared between these two seemingly 

disparate compounds and normalization of their OER activity to the quantity of 

reconstructed nickel suggests that the intrinsic activity of the reconstructed phase is similar 

if not identical, suggesting a convergence toward a thermodynamic minimum energy 

structure. An experimentally accessible surface chemical descriptor is proposed as an 

alternative to bulk electronic descriptors of OER activity. These results were published in 

Journal of Catalysis by myself as sole first author along with contributions from Ally 

Tonsberg, Samji Samira, Kunal Velinkar, Kora Dumpert, Yingqing Ou, Le Wang, and 

Eranda Nikolla. Shannon Boettcher served as corresponding author on the published 

version of this work 
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II. COOPERATIVE FE SITES ON TRANSITION METAL 
(OXY)HYDROXIDES FOR HIGH OXYGEN EVOLUTION 

ACTIVITY 
 

Yingqing Ou1,2ǂ, Liam P. Twight1ǂ, Bipasa Samanta3ǂ, Lu Liu2,5, Santu Biswas,3 Jessica 
L. Fehrs1, Nicole A. Sagui1, Javier Villalobos6, Joaquín Morales-Santelices6, Denis 
Antipin6, Marcel Risch6, Maytal Caspary Toroker3,4*, and Shannon W. Boettcher1* 

ǂ These authors contributed equally to the manuscript 

This chapter contains co-authored work published in Nature Communications in 2023. Reproduced 

with permission from [Nat. Comm. 2023, 14, 7688]66 The study was conceived and designed by 

Y.O., S.W.B, J.L.F, and L.P.T. S.W.B. directed the research project. Y.O. collected most of the 

electrochemical and ICP-MS experimental data. L.P.T. performed the materials characterization of 

the catalysts using electron microscopy and X-ray absorption spectroscopy and additional 

electrochemical stability and activity tests.; B.S. and S.B. completed the computational studies, 

directed by M.C.T.; Y.O., L.P.T., B.S., M.C.T. and S.W.B. analyzed the data and wrote the 

manuscript. L.P.T., N.S., J.V., J.M.S., D.A., and M.R. designed the in-situ XAS study, collected, 

and analyzed the XAS data. 

 
Introduction 

The electrolysis of water (2H2O → 2H2 + O2) to produce hydrogen fuel is critical 

for renewable-energy infrastructure67, 68. Even in optimized electrolyzers, the efficiency is 

reduced by the slow kinetics of the oxygen evolution reaction (OER, 4OH- → 2H2O + 4e- 

+ O2 in alkaline media)69, 70. Among the many OER catalysts studied over decades, Fe is 
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broadly pivotal in promoting the catalytic activity in alkaline media71-73. In particular, Ni 

and Co (oxy)hydroxides require Fe to achieve high activity, regardless of whether it is 

introduced intentionally or incidentally74, 75. Sustaining the high activity of these Fe-

containing (oxy)hydroxides requires soluble Fe species in the electrolyte due to the 

dynamic Fe exchange at the catalyst/electrolyte interface76-79. High-activity perovskite 

oxides also involve active Fe sites80. La1-xSrxCoO3 perovskites form CoOxHy layers in 

alkaline electrolyte with enhanced activity in the presence of trace-level Fe electrolyte 

species81. Ba0.5Sr0.5Co0.8Fe0.2O3 undergoes surface reconstruction and transforms to OER-

active Co/Fe oxyhydroxides82. In fact, Fe-containing (oxy)hydroxides are ubiquitous for 

OER-active materials including transition-metal oxides, sulfides, selenides, and 

phosphides83-85.  

Typically Ni-Fe and Co-Fe hydroxides adopt structures analogous to α-phase 

Ni(OH)2 and Co(OH)2, which consist of layers of [M(OH)6] octahedra with rotational 

disorder and water/ions intercalated into the interlayer space86-89. The Fe3+ is thought to 

substitute for the M2+ sites with the extra charge balanced by intercalated anions90. Prior to 

OER, Fe-doped α-M(OH)2 is oxidized to (nominally) γ-MOOH, accompanied by a 

contraction of the M-O bond length and interlayer distance, consistent with stronger M-O 

bonds upon formal cation oxidation91. Fe substitution induces a positive shift of the 

apparent M2+/M3+ redox potential, indicative of electronic interactions between Fe and host 

Ni or Co cations. The oxidation state of Fe during OER at the active site remains a point 

of discussion. Both Fe3+ and Fe4+ were found under OER conditions for co-deposited Ni-

Fe or Co-Fe (oxy)hydroxides, while in non-aqueous electrolyte Fe6+ was identified and 

invoked as the active intermediate92-95. Operando Mössbauer spectra show the oxidation 

of Fe3+ in Ni-Fe (oxy)hydroxide to Fe4+ during OER and that these Fe4+ species largely 

persist after the potential was decreased into a non-OER region96. Such Fe4+ species were 

hypothesized to arise from fully coordinated internal sites within the NiOOH that were too 

kinetically slow to catalyze OER. In contrast, the detected Fe4+ population in a CoFeOx 

film from a separate Mössbauer study correlated with OER activity, suggesting a central 

role of Fe4+ in catalysis97. One hypothesis to explain this discrepancy would be the presence 

of different populations of Fe cations, for example in the interior regions of the 

(oxy)hydroxide sheets versus under-coordinated surface or edge Fe species. 
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We previously found evidence for different Fe local environments within the host 

(oxy)hydroxides affecting OER activity77, 98. When cycled, both NiOxHy and CoOxHy 

adsorb Fe3+
 (intentionally added to the electrolyte) onto sites that were hypothesized to be 

easily accessible, i.e. at edges, corners, or defects in the two-dimensional (oxy)hydroxide 

structure. The Fe incorporated during the first voltammetry cycle dramatically enhanced 

the OER activity but had negligible influence on the host NiOxHy redox-peak position or 

size, indicating weak electronic interaction between these “surface” Fe and the majority of 

the Ni cations. Repeated voltammetric cycling increased the amount of Fe incorporated, up 

to a Fe:Ni ratio of ~ 0.25, and the Ni redox wave shifted positive indicating strong coupling 

between the additionally added Fe and the Ni cations. Yet this additional Fe caused only a 

small increase in OER activity. These data led to the hypothesis that at least two general 

types of Fe sites exist in the (oxy)hydroxides, i) OER-active surface sites from electrolyte 

Fe adsorption and ii) interior sites where Fe sits fully coordinated with bridging O(H) to 

neighboring M sites. Supporting this idea, NiFeOxHy with proposed surface-attached 

FeOOH nanoclusters has been reported to be more OER-active than benchmark Ni-Fe 

catalysts99, 100. The above findings illustrate that structural information or activity 

measurements for Fe-based sites collected from co-deposited (oxy)hydroxides are the 

weighted average of the multiple Fe environments which have very different properties. 

The precise intrinsic activity on the most-active “surface” Fe, and the associated key OER 

mechanism, remains unknown. 

Here we show how to confine the absorption of Fe to nominally surface sites where 

they have exceptionally high per-Fe activity yielding the catalysts Fe:NiOxHy and 

Fe:CoOxHy. We study how the intrinsic structural features and dynamics of NiOxHy and 

CoOxHy affect the incorporation. Fe added into the electrolyte during chronoamperometry 

under OER conditions (positive of the Ni2/3+ redox wave) yields electrolyte-adsorbed Fe 

species primarily on the surface (presumably at edge/defect sites) of Ni and Co 

(oxy)hydroxides. In contrast, potential cycling pure NiOxHy in the presence of Fe3+(aq.) or 

Co2+(aq.), yields more-homogeneous Ni(Fe)OxHy or Ni(Co)OxHy phases, respectively. 

Similarly, we find that it is more difficult to incorporate Fe3+ into the interior sites of 

CoOxHy compared to NiOxHy, consistent with the larger Co2+-O(H) bond strength 

compared to Ni2+-O(H)101 and higher sheet-morphology stability of CoOxHy
102

. With this 
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platform to control the location of the Fe-based active sites, we measure the intrinsic OER 

activity of surface Fe sites on Fe:NiOxHy and Fe:CoOxHy and compare these to activities 

with Fe at interior sites in NiOxHy. The turn-over frequency for OER, normalized to the 

number of Fe sites (TOFFe), increased linearly with the amount of absorbed surface added 

until a saturation limit, suggesting possible cooperativity of active sites, in sharp contrast 

to previous studies where the location of the Fe sites was uncontrolled79. We find an 

intrinsic TOFFe of ~40 s-1 at 350 mV for Fe:NiOxHy which is at least five times higher than 

for benchmark co-deposited phases73. This finding illustrates a cooperative effect between 

multiple Fe sites on the surface of NiOxHy and CoOxHy. Density-functional-theory  

(DFT) calculations suggest that this effect is derived from the ability of neighboring Fe 

atoms in a Fe-O-Fe cluster to share and stabilize positive charge during the oxidation of 

key intermediates, compared to a single FeOx supported on NiOxHy. These findings are 

important to understand and control structure in the design of higher-performance OER 

catalysts from earth-abundant metals for use in advanced electrolyzers69, 103 and 

photoelectrochemical systems. 

Methods 
 

Solution Preparation. Stock solutions of 0.1 M Ni(NO3)2·6H2O (Sigma Aldrich, 99.999% 

trace metal basis) and 0.1 M Co(NO3)2·6H2O (BeanTown Chemical, ≥ 99.999% trace metal 

basis) were separately prepared in 18.2 MΩ·cm water for the electrodeposition of NiOxHy 

and CoOxHy films. For the co-deposition of Ni(Fe)OxHy and Co(Fe)OxHy, FeCl2·4H2O 

(ACROS Organics, 99+%) was freshly dissolved in N2-purged 18.2 MΩ·cm water to 0.1 

M. Then 0.1 M Ni(NO3)2·6H2O or Co(NO3)2·6H2O was purged with N2 for ~20 min prior 

to the addition of 0.1 M aq. FeCl2·4H2O. Stock solutions of semiconductor grade 1.0 M 

KOH (Sigma Aldrich, 99.99% trace metal basis) and further-purified “Fe-free” 1.0 M KOH 

were used for electrochemical measurements. The electrolyte purification was conducted 

as reported previously74. Briefly, about 2 g of Ni(NO3) ·6H2O was dissolved in ~4 mL of 

18.2 MΩ·cm water in a 50 mL centrifuge tube and high purity Ni(OH)2 precipitated by 

rapid addition of ~20 mL of 1 M semiconductor grade KOH. The green Ni(OH)2 precipitate 

was washed by 2 rounds of addition of a 20 mL of water/ 2 mL of 1 M KOH solution. After 

the final wash, the supernatant was removed by centrifugation and the tube was filled with 
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semiconductor grade 1 M KOH. The tube was shaken vigorously to redisperse the  

precipitate and allowed to sit overnight during which time the Ni(OH)2 absorbs Fe 

impurities. All electrolyte used was pH 13.88 ± 0.06. The Fe-free KOH was recovered by 

centrifuging and then filtered using a 0.1 μm polyethylene sulfone (PES) syringe filter to 

remove residual Ni(OH)2 particulates. Stock solutions of 0.1 mM Fe(NO3)3·9H2O (Sigma 

Aldrich, ≥ 99.999% trace metal basis), 0.1 mM Ni(NO3)2·6H2O (Sigma Aldrich, 99.999% 

trace metal basis), and 0.1 mM Co(NO3)2·6H2O (BeanTown Chemical, ≥ 99.999% trace-

metal basis) were separately prepared for foreign-ion “spiking” experiments. To prevent 

the precipitation of Fe3+, the pH of the 0.1 mM aq. Fe(NO3)3·9H2O solution was adjusted 

to ~2 with HNO3.  

Film preparation. All electrodepositions were performed with a two-electrode 

configuration using pre-cleaned carbon cloth as the counter electrode. Prior to deposition, 

a bare substrate was cycled five times in Fe-free 1.0 M KOH to verify its cleanliness and 

induce hydrophilicity. Ni(Fe)OxHy was cathodically electrodeposited at -0.1 mA·cm-2 for 

120 s. Co(Fe)OxHy was electrodeposited at -2 mA·cm-2 for 8 s. The total metal-ion 

concentration in the electrodeposition bath was 0.1 M. For co-electrodeposited films, the 

Fe/Ni and Fe/Co ratios were adjusted by the Fe content in the deposition solution. Pt/Ti 

(50/10 nm) on glass slides, or Pt/Ti-coated quartz crystal microbalance (QCM) crystals (5 

MHz, Stanford Research Systems QCM 200), were used as the substrates for 

electrodeposition. The deposited composition and molar amount were determined by 

elemental analysis (see below). The mass loading of Ni in the NiOxHy film was ~ 2.7 μg·cm-

2. The mass of Co in the film of CoOxHy was ~5.0 μg·cm-2. The film mass loading and 

change during electrochemistry were determined by the frequency change of the QCM 

electrode using the Sauebrey equation (Δf = -Cf · Δm, where Δf is the measured frequency 

change of quartz crystal, Cf is the sensitivity factor with a value of 56.6 Hz cm2∙μg-1, and 

Δm is the mass change per unit area, μg∙cm-2).   

Electrochemical Characterization. Electrochemical measurements were made with a potentiostat 

(Bio-Logic SP300 or SP200) using a typical three-electrode setup. Different Hg/HgO reference 

electrodes (CH Instruments) were used for Fe-free and Fe-containing measurements. The standard 

electrode potential of the 1 M KOH Hg/HgO reference (E0 
Hg/HgO) was calibrated to be 0.094-0.099 V 

vs. NHE104. All recorded potentials were converted to the reversible hydrogen electrode (RHE) 
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scale by ERHE = EHg/HgO + E0 
Hg/HgO + 0.059∙pH, where EHg/HgO is the recorded electrode 

potential vs. Hg/HgO. A Pt coil was used as the counter electrode and pre-cleaned by aqua 

regia and 18.2 MΩ·cm water. Because alkaline media etches glass leaching Fe into the 

electrolyte, all measurements were made using inexpensive plastic (polymethylpentene) 

cells. The glass section of the substrate was covered by epoxy (Loctite, EA 9460) and hot 

glue (a commonly available hot-melt polymer adhesive). The overpotential (η) was 

calculated by the equation: η = ERHE  - 1.23 V - iRu, where Ru is uncompensated series 

resistance. Ru was determined by equating Ru to the minimum impedance between 10 kHz 

and 1 MHz, where the phase angle was closest to zero104. The double-layer capacitance 

(CDL) of the metal-oxyhydroxide films was determined by fitting the results of potentio-

electrochemical impedance spectroscopy (PEIS) measurements in a potential region where 

the electrocatalyst films are conductive105 over the frequency range of 0.1 Hz to 1 MHz.   

Experimental details for the XAS measurements are provided in the Supplementary 

Information. 

Metal-ion-spiking. In CA tests, catalyst films were first polarized in purified Fe-free 

semiconductor-grade 1.0 M KOH electrolyte for 3-5 min. Then 715 μL of 0.1 mM metal 

ion aq. solution was added dropwise into the 40 mL of KOH electrolyte to reach a 

concentration of added metal of 0.1 ppm (wt. Fe / wt. H2O). The low concentration of 0.1 

ppm was chosen to mitigate effects of insoluble Fe(OH)3 colloids or particles that form at 

higher Fe concentrations and obfuscate effects of the absorbed Fe species. We estimate 

from solubility constants106 that the solubility of Fe3+ is about 35 ppb in 1 M KOH and 

have historically used 0.1 ppm spiking amounts with no observation of precipitation. In 

voltammetry studies, the catalyst films were first measured in purified Fe-free or 

semiconductor grade 1.0 M KOH electrolyte for 2-4 cycles to get a stable electrochemical 

response. Then 715 μL of 0.1 mM metal-ion solution was added dropwise into the 40 mL 

KOH electrolyte. Magnetic stirring was used throughout the measurement to promote 

transport of the added metal ions and prevent bubble accumulation. After measurements, 

the electrode was removed and rinsed in 18.2 MΩ·cm water.  

Loading analysis and turnover frequency (TOF) calculation. Film mass loading of each 

element were determined by ICP-MS (iCAP-RQ Qnova Series, Thermo Fisher Scientific). 
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Calibration curves were prepared from third-party-certified reference solutions of the 

analyte of interest. Electrodes were immersed in 2 mL of 10 v/v% HNO3 for at least 24 h 

to dissolve the catalyst films. The HNO3 solution was then diluted with 2 mL 18.2 MΩ·cm 

water for ICP-MS analysis. To verify the full dissolution of catalysts into HNO3 solution, 

the substrates were rinsed by 18.2 MΩ·cm water and cycled in Fe-free KOH. The lack of 

Ni or Co redox peaks and similar OER activity to bare Pt/Ti substrate indicated the full 

dissolution of catalyst films104. To compare the intrinsic activity of Fe sites in different 

matrices, the TOFFe based on the total mass of Fe in the film was calculated at a constant 

overpotential104: 

TOF𝐹𝐹𝐹𝐹  =
current / 4F

(mol of Fe sites)
          (1)  

 

where F is faraday’s constant. The number of Fe sites was determined by ICP-MS. The 

OER current was recorded from real-time iRu compensated chronoamperometry tests. 

DFT calculations. Vienna ab initio Simulation Package (VASP)107-109 was used to perform 

the spin-polarized density functional theory (DFT) calculations with the DFT+U formalism 

of Duradev et. al107, 108, 110. For the effective modelling of DFT+U, U-J terms of 5.5 and 4 

for Ni111-114 and Fe115, 116 were used, respectively. All calculations were performed using 

the Perdew−Burke−Ernzerhof (PBE)117 exchange-correlation functional of the generalized 

gradient approximation (GGA). The projected augmented wave (PAW) potentials109, 118 

include the contribution of core electrons of each atom. An energy cut-off of 600 eV with 

k-point mesh of 1×1×1 was used for the entire calculation in accordance with the values 

reported in previous work (65,66). The structures were minimized with energy and force 

convergence criteria of 10-4 eV and -0.03 eV∙Å−1, respectively.  Gaussian smearing119 was 

used with symmetry imposition for all calculations. The geometries were relaxed with a 

conjugate gradient algorithm.120 

The overpotential (𝜂𝜂 ) of each reaction pathway is defined as the minimum potential 

required to make all reaction steps exothermic. Based on the calculations of the Gibbs free 

energy of each reaction step, the theoretical overpotential was calculated as follows121: 
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𝜂𝜂 = max (∆𝐺𝐺1,∆𝐺𝐺2,∆𝐺𝐺3,∆𝐺𝐺4,∆𝐺𝐺5) − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂          (2) 

 

where ∆𝐺𝐺𝑖𝑖 is reaction energies of each step and  𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 is the equilibrium potential of water 

oxidation and its reported value is 1.23 eV. The potential energies obtained from the 

density functional theory calculations are converted to Gibbs free energies as detailed in 

the Supplementary Information. The overpotential changes were analyzed in terms of 

changes in the atomic oxidation states of Fe and Ni of each of the reaction intermediate. 

The oxidation state of Ni and Fe was inferred from the atomic magnetization observed in 

the output file. For Ni +2, +3 and +4 oxidation states are related to two, one and no singly 

occupied orbitals, respectively. For Fe +2, +3, +4 and +5 oxidation states are related to 

four, five, four and three singly occupied orbitals, respectively. The reduction in 

magnetization values observed results in increase of formal oxidation state. The Gibbs free 

energy reported here includes the zero-point energy correction.  

 

Results and Discussion 
 

Mechanisms of foreign-cation incorporation into NiOxHy and CoOxHy. We define two 

classes of sites where foreign ions can incorporate that contribute differently to the OER 

activity and electrochemical response. First, there are interior “bulk” sites where the cation 

is substituting either Ni or Co cations. These modify the electronic energies of the redox-

active host metal atoms (Ni or Co) and thus influence the peak position of the Ni or Co 

redox waves during voltammetry8, 122, 123. Second, surface sites where the cations are 

adsorbed onto, rather than substituted into, the host NiOxHy and CoOxHy porous structures 

(Figure 20) where the coordination by water and terminal hydroxyls makes them likely 

OER active sites77, 98. These seem to have little effect on redo- wave position, but generate 

most of the catalytic enhancement. To study these different sites, hydrated, electrolyte-

permeable NiOxHy and CoOxHy films were cathodically electrodeposited on Pt/Ti/glass 

substrates. Pt was used because it is OER inactive and has limited electronic interaction 

with any in-situ formed FeOxHy when Fe species are present in the electrolyte124. The 

porosity and thinness of the films ensured that almost all metal cations in the film are 
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electrochemically active as confirmed by electrochemical microbalance studies73, 104. SEM 

images of a representative NiOxHy film (Figure 32) illustrate the porosity and roughness of 

the film and cross sections (Figure 33) suggest a thickness between 5-20 nm. 

We use the redox response of Ni and Co cations to gain insight into the 

incorporation of foreign metal species from the electrolyte. Directly tracking the different 

Fe sites using electrochemistry is not possible as they do not provide a useful redox 

signature125; Fe3+ oxidation occurs at potentials within the OER regime and Fe3+ reduction 

occurs at potentials where the NiOxHy and CoOxHy host are electrically insulating. We 

expect that when foreign cations adsorb on the host they should provide a distinct wave 

separate from that of the host (if they are redox active), while when incorporated 

substitutionally in interior sites they will exert an electronic affect manifesting as a shift of 

the host redox-wave potential. 

 

Figure 2. Foreign cations interaction with oxyhydroxides via redox signatures. 

Cyclic voltammetry of Co-spiked NiOxHy (a,b) and of Ni-spiked CoOxHy (c,d) showing the evolution of 

redox features of the host metal hydroxide and phase formed by spiked ions. Inset numbers in (b) and (d) 

correspond to the cycle number, while the bottom cartoon illustrates schematically the process intentionally 

without atomic detail that is yet unknown. The data above was not iRu-compensated. 
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When 0.1 ppm Co2+ is added into the electrolyte during constant-potential 

polarization of NiOxHy we observed a new redox feature centered at 1.13 V vs. RHE 

(Figure 2a), ~50 mV positive of the same wave for as-deposited CoOxHy on Pt, which is 

thus assigned to Co(OH)2/CoOOH. During the CA, the OER current increased by a factor 

of five after Co2+ was added (Figure 24a), consisting with CoOxHy, which is more OER 

active122, absorbing on the NiOxHy.  

With subsequent voltammetry cycles (Figure 2b), the CoOxHy wave shifts to higher 

potential, and the host NiOxHy wave broadened (Figure 24). After 10 cycles the 

Ni(OH)2/NiOOH redox peaks also shifted negative by 11 mV (Figure 27a). By 25 cycles, 

the characteristic CoOxHy redox peaks have moved positive in potential and coalesced 

(Figure 2b) with that of NiOxHy. The loss of the independent CoOxHy redox peaks and the 

negative shift of the NiOxHy is consistent with the Co cations which were initially adsorbed 

in a phase separate from the host NiOxHy to disperse into the NiOxHy. The negative shift of 

the Ni redox wave with Co2+ incorporation is similar to that observed for co-deposited 

Ni(Co)OxHy films and indicates strong electronic coupling between dopant Co and host Ni 

sites126, 127. By analogy, similar processes are proposed when NiOxHy is cycled in the 

presence of solution Fe cations that have no apparent redox signature. 

In contrast to NiOxHy, cycling CoOxHy in Ni2+-spiked KOH yields a wave centered 

at ~1.32 V vs. RHE (Figure 2c), typical for the Ni(OH)2/NiOOH couple. The OER current 

during CA for CoOxHy is unaffected by spiking Ni2+ into the electrolyte (Figure 26a), 

consistent with NiOxHy being less OER-active than CoOxHy
122. The new Ni(OH)2/NiOOH 

wave that appears persists after cycling with only a slight negative shift of the peak 

potential (Figure 2d), while the Co(OH)2/CoOOH wave position is unaffected (Figure 27b). 

The lack of electronic interaction between foreign Ni cations on the CoOxHy host redox is 

consistent with Ni cations that persistently reside on the surface of CoOxHy as a separate 

NiOxHy phase despite cycling. The inability of CoOxHy to easily incorporate foreign 

cations, relative to NiOxHy, is consistent with its greater structural stability128 and its 

stronger Co-O(H) bonds relative to Ni-O(H)129, 130. Because the procedures used in these 

Co- and Ni-spiking experiments are identical to those used for Fe spiking in activity 

measurements below, we propose that Fe3+(aq.) adsorbs in a phase distinct from CoOxHy 
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and remains as such after cycling, but that Fe3+ incorporates into the internal sites when the 

host NiOxHy is electrochemically cycled. Evidence for separate phase formation by 

adsorbed electrolyte ions using this method has not before been previously demonstrated 

and is critical to understanding the origin of exceptional TOFFe described below. 

The different locations of the foreign cations, in or on, NiOxHy and CoOxHy films 

appear driven by structural changes during voltammetry. Using an electrochemical quartz 

crystal microbalance (EQCM), the mass change of NiOxHy and CoOxHy films upon cycling 

was monitored during voltammetry (Figure 21). During the positive oxidative scan of 

NiOxHy, the film mass increases at the potential where Ni(OH)2 oxidation is measured and 

continues into the OER region. The mass increase in the forward scan is ~ 0.33 μg ·cm-2, 

accounting for ~4.5% of total film mass (4.2 ± 0.2 g per mole e- passed). Mass loss is 

observed in the backward scan, particularly with the reduction of Ni species (~0.33 V vs. 

Hg/HgO). At the end of the cycle, the film mass returns to its initial value. For CoOxHy, a 

slight and irreversible mass gain (~0.2% of total film mass) is observed after the second 

voltammetry cycle, but no detectable mass change accompanies the oxidation of Co(OH)2.  

The mass gain with oxidation of Ni2+ is thought to originate from K+ and OH- 

intercalation along with release of H2O in the interlayer space of NiOxHy
131-133. Oxidation 

also causes contraction of the Ni-O bond and interlayer spacing, which introduces 

mechanical stress91, 133. Restructuring of Ni(OH)2 single-layer nanosheets into small 

nanoparticles was found by electrochemical atomic force microscopy (EC-AFM) 

suggesting that Ni(OH)2 undergoes a dissolution-redeposition process during cycling128, 

134. When Fe or other cations exist in the electrolyte, these cations can exchange for Ni 

leading to atomic-level mixing with the host Ni. In contrast, the voltammetry of CoOxHy 

does not involve obvious molecule/ion exchange based on EQCM and EC-AFM 

measurements and shows structural stability compared to NiOxHy
128, apparently making it 

difficult to incorporate foreign cations from the electrolyte into the structure interior.  

Confining Fe cations on the surface of NiOxHy and CoOxHy. Using the insights 

from the Ni- and Co-spiking experiments, we add Fe3+ during chronoamperometry to 

prepare Fe:NiOxHy and Fe:CoOxHy OER catalyst where Fe is surface-adsorbed. First, we 

applied ~1.55 V vs. RHE to NiOxHy (nominally NiOOH at this potential) in Fe-free 1.0 M 
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KOH for 3-5 min and recorded the (low) baseline OER activity. Then Fe3+ was added to a 

reach a concentration of 0.1 ppm (this low amount of Fe was selected to prevent bulk 

electrodeposition of nominally FeOOH we observed previously by electrochemical AFM 

at > 1 ppm51). A dramatic increase in OER current was immediately observed reaching a 

maximum after ~15 min, suggesting the fast adsorption of Fe species on NiOOH, likely 

limited by mass transport of Fe species to the electrode. The incorporation of foreign 

cations at fixed potentials in the OER regime, and positive of the nominal Ni2+/3+ redox 

wave, is important to limit the amount of host restructuring and associated intermixing that 

is driven by the redox transitions128, 134.  

After ~15 min the OER current reaches a stable maximum ~90× that of Fe-free 

NiOOH (without iR compensation) and ICP-MS analysis of the catalyst film shows ~5 at. 

% Fe (relative to Ni). The same measurements were performed with CoOxHy and the OER 

activity in Fe-free KOH was higher than NiOxHy, consistent with our previous reports122. 

Adding 0.1 ppm Fe3+ in the electrolyte resulted in a ~7-fold increase in OER current (Figure 

3c), a much smaller enhancement than for Fe:NiOxHy. The observed activity difference 

between Fe:NiOxHy and Fe:CoOxHy likely derives from different intrinsic activities of 

surface Fe on the two chemically different hosts (see below).  
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Figure 3. Surface-confined Fe sites via chronoamperometric (CA) metal-ion-spiking.  
CA measurements of (a) NiOOH  and (c) CoOOH at 1.55 V vs. RHE. After starting the measurement in 
purified Fe-free 1.0 M KOH electrolyte, aqueous Fe(NO3)3 was added to a concentration of 0.1 ppm. The 
first voltammetry cycle (red, 10 mV/s) after Fe-spiking CA measurements shows the dramatic effect of Fe 
incorporation on the OER activities of NiOxHy (b) and CoOxHy (d), but a minimal effect on the redox wave 
compared to the light green lines that show the initial voltammetry (cycle two) recorded in purified Fe-free 
1.0 M KOH. The grey curves illustrate the large effect on the redox wave position for NiOxHy but not for 
CoOxHy after cycling, but that the OER activity doesn’t further change much. The data is not iRu 
compensated. The cartoons illustrate schematically the process intentionally without atomic detail that is yet 
unknown. 

 

The first voltammetry cycle of Fe:NiOxHy after chronoamperometric (CA) Fe 

incorporation shows nearly identical redox response as Fe-free NiOxHy (Figure 3b), despite 

having dramatically enhanced OER activity. This implies that the Fe incorporated during 

CA is not yet electronically interacting with the majority of the host Ni metals. The 

Fe:NiOxHy was then cycled 20 times in the Fe-spiked KOH (Figure 3b, blue). The Ni wave 

shifts positively by 34 mV and the integrated peak area shrinks as the Fe incorporates into 

the oxyhydroxide structure to form Ni(Fe)OxHy (that also contains surface-absorbed Fe) 

with no change in OER activity. The positive shift of the NiOxHy wave is known to occur 
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upon mixing with Fe by co-deposition74. This data implies an intrinsic activity difference 

for surface and internal Fe-based sites. Similarly, the first CV cycle of Fe:CoOxHy after 

CA-spiking test shows almost the same redox peak position and area compared to CoOxHy, 

despite the enhanced OER activity (Figure 3d). Subsequent voltammetry on Fe:CoOxHy 

only slightly decreases the OER overpotential, with the redox waves almost unchanged. 

Bare Pt and Au substrates also absorb Fe increasing OER activity124, but the Fe-spiked 

electrolyte barely affected the activity of control Pt electrodes under CA conditions here 

(Figure 23). Thus the enhanced activity observed for NiOxHy or CoOxHy loaded on Pt is 

derived from Ni(Fe)OxHy or Co(Fe)OxHy, with the Fe-based active sites proposed to be all 

absorbed on the “surface” of the host oxyhydroxide. 

 
Figure 4. Intrinsic OER activity measured by turnover frequency (TOFFe) at η = 300 mV.  
The TOFFe is calculated based on the mass of all Fe sites determined by ICP-MS of each dissolved film. (a) 
Correlation between TOFFe and Fe/Ni atomic ratio for surface-confined Fe generated by CA, as well as mixed 
systems from cycling or co-deposition. (b) Correlation between TOFFe and Fe/Co atomic ratio. (c) Correlation 
between the TOFFe of surface-Fe sites on NiOOH (red) and CoOOH (grey) and the adsorbed Fe mass loading 
normalized by the electrochemical surface area of host oxyhydroxide. (d) Tafel slopes of Fe:NiOxHy (red) 
and Fe:CoOxHy (grey) as a function of Fe concentration (10, 40, 70, 100, and 200 ppb) in 1.0 M KOH 
electrolyte. Tafel analysis was performed using constant current steps from 0.18 to 3.2 mA∙cm-2, with each 
step held for 3 min. The steps were then repeated in reverse order. Before Tafel analysis, constant potential 
OER in Fe-spiked electrolyte was performed until the maximum OER current was reached. All current values 
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used for TOFFe concentrations were iRu-compensated where Ru was in the range 15.1 ± 0.5 Ohms. Error bars 
represent one standard deviation from the average of triplicate measurements 

Intrinsic activity of Fe sites on metal (oxy)hydroxides. The OER turnover 

frequency (TOF) is defined as the total number of O2 molecules generated per active site, 

per unit time104. One important fundamental challenge is the identification and 

quantification of the true active sites to enable catalyst design. TOF for OER for these 

systems can be calculated in several ways104. The simplest is to use the total number of 

cations in the film (regardless of their location and chemistry, including Ni, Fe, Co, etc.) 

to calculate TOFtm which thus provides the average activity at all metal sites, simplifying 

the reality of many sites with a range of activities.  

We calculate a TOF based on the total number of Fe cations (TOFFe), including 

both the interior and surface sites discussed here, as Fe is essential at the active site135-137. 

Our results show that Fe incorporates at surface sites at constant OER potentials and mixes 

into the interior only after cycling. The number of surface-adsorbed Fe sites can be 

controlled by stopping the CA experiment at different times while Fe is accumulating on 

the NiOxHy or CoOxHy, thus providing the first known route to create and study specific 

types of Fe sites in these important materials. 

Figure 4a shows the TOFFe values at η = 300 mV (iRu corrected) for Fe:NiOOH and 

Ni(Fe)OOH. For Fe:NiOOH, TOFFe  increases nearly linearly with the amount of Fe 

absorbed. Initially the sample is ~0.7 at.% Fe on NiOxHy and the TOFFe  is 2.0 ± 0.3 s-1. 

The TOFFe increases until maximum Fe adsorption and OER current at 5.1 at.% Fe on 

NiOxHy and the incredibly high TOFFe of 10.4 ± 1.4 s-1 at η = 300 mV. This data shows that 

each Fe-based-site becomes more OER active as surface-absorbed Fe sites accumulate. 

After reaching a maximum OER current at constant potential in Fe-spiked KOH, 

the resulting Fe:NiOxHy was cycled (Figure 28) resulting in the absorption of additional 

Fe, including at internal sites, and thus a large decrease in TOFFe as Fe increases to ~ 20 

at. % (Figure 4a). These data are consistent with the hypothesis that the absorbed Fe at 

surface sites drives OER, while internal Fe sites are comparatively inactive. We also 

prepared mixed Ni(Fe)OxHy via co-electrodeposition, for which Fe is homogeneously 

substituted for Ni. TOFFe values for these co-deposited samples decrease with Fe content 
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and are substantially smaller than those obtained from Fe spiking, consistent with an 

activity difference between surface and internal Fe sites. TOFFe at η = 350 mV shows 

similar trends (Figure 38). The highest TOFFe of ca. 40 ± 2 s-1 at η = 350 mV is obtained at 

the maximum surface adsorption. Previous studies show that the co-deposited optimal 

Ni0.75Fe0.25OxHy has a TOFFe of ca. 9 s-1 at η = 350 mV122. On a TOFFe basis, the Fe:NiOxHy 

reported here has the highest activity among all alkaline OER catalysts138.  

The surface Fe sites also become more OER active with increasing number on the 

surface of CoOxHy (Figure 4b). At maximum adsorption, ~2.4% Fe is adsorbed on CoOxHy 

and the highest TOFFe at η = 300 mV is 0.71 ± 0.08 s-1. This value is smaller than the TOFFe 

in Fe:NiOxHy with similar absorbed surface Fe amount (~5 s-1 at η = 300 mV with ~2.5% 

Fe) showing a large intrinsic activity difference between Fe sites on CoOxHy versus 

NiOxHy. The TOFFe of co-electrodeposited Co(Fe)OxHy is, like the Ni system, also smaller 

than that of the surface Fe sites on CoOxHy and decreases with Fe content (due to a larger 

fraction of less-active internal Fe sites). Because NiOxHy and CoOxHy films have different 

mass loading and electrochemically active surface area (ECSA), the TOFFe values are 

shown as a function mass of adsorbed Fe (from ICPMS) normalized to geometric surface 

area and ECSA (Figure 38 c-d). 

In contrast to our results, Chung and Markovic et al. observed a linear relationship 

between OER activity and the amount of absorbed Fe on several transition-metal 

(oxy)hydroxides including NiOxHy, CoOxHy, Ni(Cu)OxHy, and Ni(Mn)OxHy by 

incorporation of Fe from electrolyte. This data was used to argue that each Fe site has 

similar activity and thus the improvement of OER catalysis mainly relies on increasing the 

number of Fe sites by increasing the absorption energy of the Fe on the host79. The 

difference between our work and this study is that the nature of the Fe sites was not 

previously controlled. The higher Fe at. % of > 18% from their experiments indicate that 

Fe was not restricted to edge and defect sites and thus the number of active surface sites, 

versus fully coordinated interior ones, was unknown and uncontrolled and so the intrinsic 

activity of the two could not be separated nor cooperative effects between Fe sites 

discovered.  
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The above TOFFe calculations demonstrate that the intrinsic OER activity of Fe sites 

is dependent on the local configuration: i) surface Fe sites have much higher OER activity 

than bulk sites, ii) the intrinsic activity of surface Fe sites is affected by the interface with 

the host material, as exemplified by the difference in TOFFe  on NiOxHy and CoOxHy at a 

fixed Fe loading, and iii) the surface Fe sites show increasing  activity on a per-site basis 

with the extent of surface Fe accumulation.  

The emergence of surface-absorbed-Fe-site cooperativity can be explained simply. 

As more Fe is adsorbed, for example, the likelihood of two or more Fe sites being located 

adjacent to each other increases. This may create overall a catalytic site with favorable 

electronics for adsorbate formation and evolution (i.e. to be neither too strong nor too weak 

via the Sabatier Principle). There is precedent in the literature for clusters of different sizes 

to display different catalytic activity. For example, smaller clusters of CoOx were found to 

be more active for OER per Co site139 and size-dependent catalysis by metal clusters is a 

well-known phenomenon which, in general, arises from optimal electronic structure, and 

hence absorption energies, at a particular size.140, 141 This, however, is but one possible 

explanation for the data, and other mechanisms invoking interfacial Ni-FeOx cooperation142 

could also be at play, especially considering that the intrinsic activity of Fe:NiOxHy is 

greater than that of Fe:CoOxHy at a comparable Fe loading. Related catalyst/support-type 

interactions of this kind are known for FeOxHy thin films on Au substrates whose activity 

is much higher than when they are deposited on Pt125.  

Electrokinetic analysis of cooperative Fe sites. The Tafel slopes of Fe:NiOxHy 

and Fe:CoOxHy decrease with increased Fe concentration in the electrolyte (Figure 4d), 

which suggests Fe-absorption process that modulates OER mechanism and not just number 

of active sites76, 79. At low Fe concentration of 10 ppb, surface-Fe Fe:NiOxHy and 

Fe:CoOxHy have Tafel slopes of ~59 and ~62 mV dec-1 respectively, suggesting a similar 

OER mechanism when small amounts of Fe are adsorbed, perhaps as isolated sites. Tafel 

slopes of ~33 and 32 mV dec-1 are obtained with 100 and 200 ppb Fe3+ in the electrolyte 

(after the CA experiment until the maximum OER current results), like co-deposited 

Ni0.75Fe0.25OxHy. This result suggests that a similar mechanism is operative, likely due to 

the presence of cooperative surface Fe as the competent catalyst species in both. In 
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comparison, (surface-Fe) Fe:CoOxHy has Tafel slopes of ~44 and 42 mV dec-1 with 100 

and 200 ppb Fe3+ in the electrolyte, slightly higher than those for co-electrodeposited Co1-

xFexOxHy (x = 0.33~0.79 and Tafel slopes of 26~39 mV dec-1) films73. In both Fe-free and 

100-ppb-Fe electrolyte, Tafel slopes of Fe:NiOOH increase as a function of cycling (Figure 

49) with the increase faster for the Fe-free electrolyte, consistent with both the desorption 

of surface Fe into the electrolyte for the Fe-free case, and scrambling of the surface Fe with 

internal sites in the Fe-spiked electrolyte upon potential cycling. Further detailed 

electrokinetic analysis on a broader set of materials derived from these methods would be 

useful to understand how the proposed Fe-based local structures control apparent reaction 

pathways143.  

 

Figure 5. Fe versus Ni loading and TEM of Fe sites. 
 Plot (left panel) of the change in Fe loading by incorporation during CA and with CA plus 10 subsequent 
CV cycles versus the total Ni mass loading and film capacitance. All elemental data was obtained with ICP-
MS measurement of the dissolved films. The inset depicts how the mol or at % changed for each Fe 
incorporation technique from the lowest to highest Ni loading. While Fe incorporates at roughly constant mol 
% when the Ni and Fe species are allowed to mix by CV, the mol % of Fe incorporated by CA decreases 
substantially as the Ni loading is increased. The right panel TEM-EDX images of NiOxHy electrodeposited 
directly onto a gold TEM grid after Fe was adsorbed during chronoamperometry at 1.55 V vs RHE. While 
we observe localized Fe signal, it is not possible with this technique to distinguish between the surface 
absorbed and internal/bulk sites nor to quantify accurately the size of the Fe clusters. 

Structural characterization. TEM with EDX mapping reveals the proposed Fe-

oxo clusters must be small (Figure 5 and 34), likely of molecular dimensions, and 

consistent with electrochemical and ICP-MS data. Still, EDX is limited when low 

concentrations are being measured. We thus also quantified the amount of Fe incorporated 

in NiOxHy during CA in 0.1 ppm Fe as a function of NiOxHy mass loading (Figure 4) using 

ICP-MS to understand how Fe is incorporated. Both the integrated charge in the Ni redox 



40 
 

wave and the double-layer capacitance (CDL, measured in the oxidized state) of the films 

increased linearly with mass, showing the films are electrolyte-permeable and fully 

electron-accessible. The amount of Fe, ~10 at. %, incorporated by 10 voltammetry cycles 

was constant with mass loading up to the maximum loading studied of ~100 nmol∙cm-2 Ni, 

consistent with cycling incorporating Fe throughout the NiOxHy. In contrast, the amount of 

incorporated Fe from constant-potential CA decreases from ~ 8 at. %  to 3 at. % as the Ni 

loading is increased from 20 to 100 nmol∙cm-2. This is consistent with FeOx primarily 

absorbing on edge or defect sites. As NiOxHy loading is increased, both new nanosheets 

form and existing nanosheets grow, thus decreasing the amount of edge-site-area per mass. 

Pair-distribution-analysis (PDF) also shows the size of coherent-scattering Ni(Fe)OxHy 

domains increases with mass loading144. From the previous PDF data, we estimate that if 

all the edges of each coherently scattering domain, containing roughly 100-200 Ni cations, 

were decorated with single row of absorbed FeOx, this would correspond roughly 20 at. % 

Fe. The 3-8 at. % observed here indicates that absorption of Fe is not uniform along all 

edges and that all the edges are not covered.  

We next investigated the local structure of Fe adsorbed during CA on NiOxHy using 

operando XAS. The Fe3+ spiking experiments and EDX analysis suggest Fe species 

adsorbed during CA are at surface sites as low-nuclearity clusters of FeOxHy, which grow 

with time under positive polarization in the Fe-spiked solution. If so, we expect the Fe-O 

bond lengths of these species to more-resemble Fe oxyhydroxide and that subsequent 

cyclic voltammetry would lead to a contraction of the Fe-O bond due to incorporation into 

the NiOOH host (which has a shorter M-O bond length). This reasoning is based on the 

XAS measurements on co-deposited NiFeOxHy by Bell and coworkers91 where the Fe-O 

bond length measured under OER conditions had values that increased with the amount of 

Fe in the NiFeOxHy with the pure FeOxHy having the longest bonds. XAS measurements at 

the Fe K-edge were performed during polarization at 0.68 V vs Hg/HgO immediately after 

spiking with CA and again after cycling (Figure 44). The current increased immediately 

after Fe spiking and again after cycling (Figure 43) though these could not be normalized 

to the amount of Fe incorporated in this experiment. The similarity of the shape and 

position of the XANES edges of our sample and Fe2O3 corroborates that Fe is 

predominantly in a 3+ oxidation state (Figure 45); minor differences in shape may arise 
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from difference in crystal structure. From the EXAFS data fitting (Figure 46 and Table 1), 

we find that before cycling the Fe-O bond length was 1.953 ± 0.004 Å and after cycling it 

contracted to 1.939 ± 0.011 Å; consistent with the hypothesis of Fe moving from Fe-rich 

surface absorbed structures to internal sites. The determined coordination numbers (CN) 

of the first and second shell of near 5 for later stages of Fe adsorption are consistent with 

an Fe-oxo cluster of a molecular dimensions larger than a dimer adsorbed on the surface 

(CN 3) but smaller than an extended crystal (CN 6), for which also further Fe-M shells 

should have been resolved. The error bounds on the EXAFS data, however, precludes a 

definitive conclusion from this XAS data alone, and further study with XAS and 

complementary operando techniques is needed to elucidate in detail the nature of the 

cooperative Fe sites formed by adsorption under OER conditions. 

 

 
Figure 6. Computational models and OER mechanisms for Fe sites on NiOOH. 
 (a,b) Schematic of adsorbed active sites on the NiOOH (01�5) surface: (a) the isolated “Fe-O” case and (b) 
dimer “Fe-O-Fe” case, along with the mechanisms chosen for investigation. Values along the reaction 
pathways are the theoretical overpotential in units of eV for each step. (c) Summary of the total theoretical 
overpotentials for each depicted pathway including the effect on the overpotential of a single Ni substitution 
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at an Fe in the isolated Fe-O monomer or Fe-O-Fe dimer. Models are shown at larger scale in Supplementary 
Figure 52. 

 

 

Understanding OER Mechanisms via DFT calculations. To test how Fe 

cooperative interactions affect the OER mechanism and overpotential we built two model 

systems: i) Fe cations separated and each coordinated by four hydroxides, one water, and 

one oxo bonded to the surface Ni denoted as “isolated Fe-O” species (Fig. 6a, top, note 

there are no Fe-O-Fe linkages), and ii) two adsorbed Fe cations directly bonded by a bridge 

oxygen ligand as a “Fe-O-Fe dimer” (Fig. 6b, top). These two models simulate cooperation 

of neighboring surface-absorbed Fe-O species as a model active site, which may also be 

found on larger clusters. The structure of the adsorbed clusters at different view angles are 

shown in Figure 51. To build the surface, the bulk NiOOH structure was cleaved at the 01�5 

plane due to its known activity145-149. The 01�5-oriented unit cell is then multiplied in 2×1×1 

direction to have Fe concentration of 9%, similar to the experimental values for maximum 

TOFFe. The bottom part of Figure 6 shows elementary reactions steps and energy changes 

(eV) in the various mechanisms considered for the Fe-O and Fe-O-Fe modified surfaces. 

The theoretical overpotential (𝜂𝜂th) is defined as the voltage needed for all the reactions 

steps to have negative Gibbs free energies and are summarized in Figure 6c and 

Supplementary Table 3.  

Water oxidation at the axially coordinated water (axial pathway) is the common 

mechanism for both Fe-O-Fe dimers and isolated Fe-O species. Based on the calculated 

ΔG for each step in the axial mechanism (Table 7), the Fe-O-Fe dimer has a 𝜂𝜂th of 0.50 V, 

while for isolated Fe-O it is 0.96 V. Critically, both the Fe cations in the Fe-O-Fe dimer 

change their oxidation state from 3 to 4 during the step with the largest ΔG (Table 6), while 

for the isolated Fe-O only the Fe cation at the active site changes its oxidation state. To test 

whether the lower overpotential requires specifically two adjacent absorbed Fe cations, one 

of the Fe was replaced with Ni. In the Fe-O-Ni dimer, Fe changes its formal oxidation state 

from 4 to 5 while the Ni oxidation state is unchanged, yielding 𝜂𝜂th = 0.89 V. For the 

isolated Fe-O species, Ni substitution at one of the Fe atoms reduces 𝜂𝜂th only from 0.96 V 

to 0.80 V. To check whether the lowered overpotential upon Fe dimerization is facet 
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specific, the (001) surface of NiOOH (0Figure 50) was also modeled150. Like the (01�5) 

surface, the Fe-O-Fe dimer on the (001) surface has roughly half the 𝜂𝜂th compared to the 

isolated Fe-O. The oxidation-state changes are similar as well with both Fe3+ cations in the 

Fe-O-Fe dimer oxidized to Fe4+ during the potential-determining step. In general, the 

investigation of the axial pathway for both types of surfaces showed that isolated 

monomers tend to have higher OER overpotentials than dimers (when all surface-attached 

group atoms are Fe), in agreement with experimental TOFFe trends. Beyond dimers, larger 

surface Fe-oxo clusters, as compatible with EXAFS analysis, may further stabilize the 

potential-determining intermediate by spreading oxidative charge over multiple Fe sites. 

We note that the actual experimental system likely includes various more-complex surface 

geometries with more absorbed Fe cations than the simple dimer considered in the 

calculation. 

For the Fe-O-Fe dimer on the 01�5 surface other possible mechanisms were also 

investigated (Figure 6b). The axial and equatorial pathways proceed through the same 

intermediates except that they take place at two different positions; both have similar 𝜂𝜂th 

of 0.50 and 0.47 V and in both cases the Fe oxidation state changes from 3 to 4. The 

equatorial pathway on the isolated Fe-O was also assessed and found impractical due to 

the instability of the water-coordinated structure. The insertion pathway shares the same 

first step that has the largest free-energy change with the axial pathway and thus both 

mechanisms have similar 𝜂𝜂th. The key feature of the bridge mechanism that sets it apart 

from the others is that the bridge oxo group attached to two Fe and one Ni. When the 

bridging oxo group is deprotonated, all of these surrounding metal atoms are oxidized; the 

two Fe and one Ni increase their oxidation state from +3 to +4 (Table 7). Consequently, 

the bridge mechanism exhibits the lowest overpotential of all mechanisms studied for the 

Fe-O-Fe dimers with  𝜂𝜂th of 0.33 eV.  

Conclusion 
 

We studied the incorporation and OER-activation by foreign electrolyte ions into 

electrodeposited NiOxHy and CoOxHy films and discovered that under controlled oxidative 

conditions the incorporation can be limited to surface sites. In the case of Fe on NiOxHy, 
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we used this approach to demonstrate both record intrinsic OER activity (at optimal 

surface-Fe loading), and a fundamental picture emphasizing cooperative effects between 

multiple Fe sites that share oxidative charge. The computational calculations show that 

new low overpotential pathways for OER are possible through synergistic interaction of Fe 

multiple Fe species and host metal atoms whereby oxidative charge can be favorably 

delocalized and stabilized. The substitution of one Fe by Ni in a model dimer increases the 

overpotential from 0.33 to 0.55 eV, likely because only one of the three atoms changes its 

oxidation state, implying that Fe-O-Fe motifs play a key role in charge delocalization. A 

similar investigation, but for a cobalt host could explain the discrepancy between TOFFe of 

Fe:NiOxHy and Fe:CoOxHy at fixed Fe loading, namely, Co may not be as effective at 

sharing oxidative charge with surface Fe-O-Fe. This insight was accomplished through 

careful electrochemical and analytical techniques—in large part the tools of material 

characterization (SEM/TEM/XAS) fail to provide these insights because of the disordered 

nature of the NiOxHy support and low Fe loadings associated with the record-TOFFe surface 

FeOx species. 

This work thus provides insight into the exceptional OER activity of Fe-based 

mixed-metal oxyhydroxide catalysts from which design principles emerge that are 

important for advanced alkaline water electrolyzers (operating in hot concentrated basic 

electrolyte), alkaline membrane electrolyzers (that use a solid-ionomer electrolyte and pure 

water or dilute soluble electrolyte salts), and for broad classes of photoelectrochemical 

systems. Maximal OER activity is not only a function of the Fe content in NiOxHy and 

CoOxHy
79, but also exactly where that Fe is located and how it interacts. Because the Fe 

sites are dynamic, depositing from electrolyte but also simultaneously dissolving76-79, 

advanced electrolyzers should engineer the electrolyte “impurity” levels and/or the local 

dissolution/re-deposition environment such that the highest-activity cooperative Fe sites 

can be continually maintained during operation. These sites should be optimally supported 

on NiOxHy-based oxyhydroxides surfaces that provide electrical interconnection and 

nanostructure, but for operational stability and during, e.g., potential changes with on/off 

cycles, structurally more-robust CoOxHy (or other oxides) can be alloyed151 with the host 

NiOxHy and supported on stable porous-transport layers.  
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In the next chapter, the method of CA Fe-spiking to selectively make surface Fe 

sites is leveraged for temperature-dependent kinetic measurements yielding parameters 

which describe the activation barriers for the rate-determining step in the OER mechanism 

on this high activity sites. 
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Introduction 
 

Nickel-iron hydroxides (NizFe1-zOxHy) are the highest intrinsically active alkaline 

OER catalysts identified by three-electrode measurements49, 152. Comparison between the 

OER activity of NiOxHy in electrolyte rigorously purified of iron and in electrolyte with 

intentionally added Fe (100 ppb) have shown that iron incorporation into the oxyhydroxide 

host is essential and without which the record-low reductions in the OER kinetic 

overpotential of OER are not observed58. Yet, understanding the mechanistic details which 

enable this high activity is far from trivial because Fe sites are dynamic - they actively 

dissolve and redeposit during OER79, the nickel hydroxide host exhibits potential-

dependent structures133, 153 that change the local chemical environment of adsorbed Fe 
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sites66, and NizFe1-zOxHy appears to form ubiquitously in-situ on the surface of crystalline 

solids like NiO152, LaNiO3 and La2NiO4,154 BaNiO3,155 and metal chalcogenides156 where 

the surviving pre-catalyst could affect the Fe active sites by electronic125 or epitaxy 

effects157.  

Temperature-dependent measurements can be used to characterize the evolution of 

kinetic barriers with site structure. An Arrhenius plot of the rate versus inverse temperature 

allows extraction of the activation energy of the reaction from the slope and of the pre-

exponential factor from the intercept which should be characteristic for a given site type158. 

Absolute rate theory can then be applied to decompose these parameters into one which 

contain the enthalpy and entropy of activation describing equilibrium between reactants 

and the activated complex. Further, if the temperature-dependent data is collected at 

different voltages, one gains insight into how this activation equilibrium changes with the 

potential energy surface of the reaction, a surface which is a function interfacial 

environment dictated by the electrochemical driving force. Thus they could serve as 

quantitative handles for differentiating the effects of Fe site configuration and host 

structure on reaction rates.  

However, temperature-dependent data sets are scarce in the electrocatalysis 

literature159 and there are none related to surface Fe sites. Swierk et al. measured the 

activation energy for OER of co-electrodeposited Ni1-zFezOxHy films (z = 0 - 100) in 1 M 

KOH purified of iron imputies. They found a U-shaped dependence on the percent Fe in 

the film with the lowest activation energy of ~25 kJ mol-1 observed for an Fe percentage 

of ~20-25%.160 Chen et al. measured the temperature-dependent I-V curves for water 

dissociation by TiO2 in a bipolar membrane electrolyzer and found the activation energy 

was constant at different overpotentials, but the pre-exponential factor linearly increased 

with overpotential. This led to proposal of a new model for water dissociation in which an 

areal proton conductance described the pre-exponential factor change with driving force.161 

Temperature-controlled kinetics also allow one to access OER reaction rates for Fe sites at 

the elevated temperatures relevant to their application in industrial liquid alkaline 

electrolyzers162. 
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Here are reported the Tafel slopes, exchange current densities, activation energies, 

and Arrhenius pre-factors as a function of temperature for surface-adsorbed iron sites on 

nickel oxyhydroxide. These surface iron sites are expected to be of the same “cooperative” 

kind our group prepared and distinguished from bulk iron sites in the nickel oxyhydroxide 

lattice in prior work66. First, the change in surface Fe site density as a function of 

temperature is measured, revealing a decrease in the average loading from ~2.7 % at 

temperatures between -5 to 21 °C to ~1.5 % at 70 °C. Coupling these iron loadings to the 

measured OER current at different temperatures allowed the extraction of the activation 

energy and Arrhenius pre-factor, both of which decreased over the range studied. 

Additionally, we found, contrary to expectations from conventional Butler-Volmer 

formalism163, that the Tafel slope is insensitive to temperature (~40 mV dec-1), requiring a 

temperature-dependent value of the transfer coefficient. Possible origins for this behavior 

are considered in view of the physical parameters which differentiate outer and inner sphere 

electron transfer reactions as well as similar experimental observations by Conway164-166 

for the hydrogen evolution reaction on metal electrodes. 

 

Methods and Materials.  
 

Preparation of NiOxHy catalyst films 

A Pt gauze working electrode (BASi; EF-1355) was used for all measurements unless 

otherwise specified. The Pt was immersed in fresh aqua regia for 15-20 seconds and 

rinsed with DI water prior to deposition of the film. Deposition was performed by 

cathodic chronopotentiometry in high purity aqueous 0.1 M nickel (II) nitrate at -30 uA 

(~ -40 uA cm2) for 6 minutes providing films which showed between 2-5 mC total charge 

upon integration of the Ni redox peak after deposition. 

Electrochemical measurements 

All measurements were performed in semiconductor grade KOH after purification of Fe 

by suspension of precipitated Ni(OH)2 in the KOH and removal of Ni residuals from this 

Fe removal step using 0.1 µm pore-size PES syringe filtration as detailed in our previous 

work57. Temperature dependent measurements were performed inside a custom-made 
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plastic cell fashioned from a 15 mL centrifuge tube. The end of the tube was cut off and 

plastic film was secured to the bottom by first stretching the film over the hole at the cut 

end of the tube and pushing 3 O-rings over the film and around the outside of the tube. The 

O-rings hold the film taught over the cut end of the tube leading to a good seal against 

electrolyte leakage and thermal bath fluid intrusion. Further the use of the plastic film 

provided a thin membrane at the bottom of this custom cell to permit rapid heat exchange 

with the electrolyte such that the cell equilibrated <5 min after the recirculating chiller 

equilibrated. Next we added ~5 mL of 50/50 ethylene glycol/water into a three-neck 

borosilicate glass electrochemical jacket cell (PROGLASS, 25 mL). The custom cell was 

filled with 3 mL of purified electrolyte and placed into the jacket cell. The 5 mL of 

EG/water mixture provided the necessary thermal transfer from the interior walls of the 

jacket cell to the exterior of the inserted plastic cell. A Hg/HgO reference (CH Instruments; 

part # CHI152) filled with purified 1 M KOH was bundled together with the working 

electrode and a Pt coil counter electrode cleaned in fresh aqua regia for 15-20 seconds. This 

electrode assembly was inserted into the plastic cell holding 3 mL of electrolyte for 

subsequent voltammetry. Temperature-control was enabled via a recirculating bath chiller 

(Julabo DD-200F) connected to the jacket cell. 

We verified that the Hg/HgO potential was invariant with temperature by measuring its 

open-circuit potential versus an integrated RHE (Gaskatel HydroFlex; SKU: 81010) while 

varying the temperature according to the experimental procedure. The potential was found 

to vary by less than 3 mV. Although the Nernst equation suggests that the Hg|HgO potential 

should be temperature dependent, we think the observed invariance arises because the 

actual HgO solid and filling solution is housed in Teflon which is highly thermally 

insulating. Thus the interior of the reference electrode does not change temperature to a 

degree noticeable over the timescale of the experiments. 

Inductively-coupled plasma mass spectrometry (ICP-MS) measurements 

ICP-MS measurements were performed using an iCAP-RQ (Thermofisher Scientific) 

operated in kinetic energy discrimination mode. All standards were prepared from ICP-MS 

grade stock solutions. Internal standardization was ensured for each sample utilizing Sc 

and Y sample spiking. Fe:NiOxHy films were digested in TraceMetal grade nitric acid (68 
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-70 m/m%; Fisher Scientific) for 10 minutes with 1 minute of sonication. Complete film 

dissolution was confirmed by collecting an additional cyclic voltammogram in 1 M KOH 

and noting the absence of the characteristic Ni2/3+ wave. Levels of Fe in typical sample 

measurements were at least 10x higher than adventitious Fe from the environment as 

determined by replicate method blank preparation (Figure 54). This is a critical step 

because the amount of surface Fe sites formed is very small and Fe is a relatively abundant 

contaminant in the laboratory. 

Results and Discussion.  
 

 To correlate kinetic parameters with surface Fe site loading, we first had to optimize 

the choice of substrate used for NiOxHy deposition to ensure a high enough Fe loading that 

our typical Fe-spiking procedure yielded concentrations of Fe in ICP-MS samples 10x 

higher than replicate method blanks.  This is not trivial as Fe is a relatively abundant 

contaminant and we wished to keep our films as thin as possible to prevent artefacts related 

to large electron transport distances. Figure 54 shows the results of optimizing for Pt 

substrate geometry and film thickness. To enhance the surface Fe loading, a substrate with 

higher geometric surface area than planar substrates, a Pt gauze, was found to meet the 

necessary detection criteria when depositions yielded > 1.5 mC total anodic charge in the 

post-deposition CVs.  

 Optimization of the Pt wire substrate afforded an opportunity to test a hypothesis 

related to surface Fe site formation. When Fe is introduced into the electrolyte during fixed-

potential chronoamperometry, the current density gradually increases to a plateau. Despite 

the fact that introduction of Fe into the electrolyte takes only ~10 seconds, this growth and 

plateau in the current density occurs over the course of tens of minutes66. This could be 

because the adsorbed Fe is not merely on the “topmost” sites most easily accessible to ions 

in electrolyte. Rather Fe might diffuse through the hydrated, turbostratically-disordered, 

gas evolving α-Ni(OH)2 sheet structure167 and adsorb at relatively buried sites, a process 

that would likely not be instantaneous especially during active oxygen bubble evolution. 

To test the idea that Fe adsorbs at “internal” adsorption sites we examined the CA Fe spike 

activation behavior of films of varying thickness by deposition on a Pt wire of ~0.026 cm2 
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as determined by the length and gauge of the wire. If the model of Fe site formation above 

is accurate, one would expect a slower time to the activation plateau for thick films. Figure 

7 shows the effect of varying the film loading on the working electrode over about 2 orders 

of magnitude and appears consistent with our hypothesis that some “surface” sites form 

within the hydrated internal sheets of the deposited film. 

 

Figure 7. Time to surface Fe-induced activation as a function of NiOxHy film thickness. 

 

With an optimized Pt substrate and deposition time in hand we proceeded to the 

collection of temperature-dependent OER rates beginning with the question of whether the 

molar percent of surface Fe sites relative to the amount of total Ni in the films changed 

with temperature. Surface Fe sites appear to participate in an OER-induced dissolution-

redeposition cycle66, 79. We hypothesize that this dissolution occurs by formation of soluble 

FeO4
2-

, a process that is thermodynamically favorable at high pH and very low 

concentration of dissolved FeO4
2- in solution168. Redeposition may occur by turnover of 

the site and precipitation from the alkaline electrolyte. The solubility of Fe3+ also increases 

with temperature169, thus it is possible that an increase in temperature could drive the 

dissolution-redeposition equilibria towards dissolution. Quantifying such an effect of 
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temperature on surface Fe site formation would be important for Fe site management in 

electrolyzers which operate at these elevated temperatures.170 We prepared NiOxHy films 

by cathodic electrodeposition at -0.03 mA such that the integrated redox waves of the films 

were between 2-5 mC total charge. This was found to be an optimized balance between 

film thickness and total surface Fe loading as described above. Working electrodes were 

placed into a custom plastic cell housed in glass flow cell capable of temperature control 

via a recirculating chiller. The plastic insert was necessary to prevent leaching of iron that 

occurs when alkaline electrolyte etches glass. The film was then polarized at 300 mV 

overpotential and 100 ppb Fe3+ was introduced via dropwise addition. The current rose as 

expected from the formation of high activity surface Fe sites as observed in our previous 

study.66 After the current reached a new steady-state, the electrolyte temperature was 

changed to the desired temperature via the recirculating chiller and allowed to equilibrate. 

The new steady-state current was recorded and the film was removed and digested for ICP-

MS analysis. 

Figure 8a shows the change in surface Fe sites as a function of electrolyte 

temperature as the fraction of adsorbed Fe relative to the total amount of Ni in the deposited 

film measured with ICP-MS. There is a small decrease in the amount of Fe sites formed 

from 2.7 ± 0.5 % at temperatures between -5 – 21 °C to 1.5 ± 0.5 % at 68.1 °C. Despite 

this small decrease in total number of surface Fe sites the total current increases for near-

identical electrodes because the intrinsic activity per site increases. The fraction of Fe sites 

at room temperature is lower than observed in our previous work of about 5%.66 We expect 

this is because the films here are thicker and thus there is larger contribution to the 

calculated Fe fraction from bulk Ni that does not support adsorption sites hinting that Fe 

adsorption sites may not scale linearly with Ni loading. Figure 8b shows the turnover 

frequency (mol O2 per mol Fe per second) at -5.2, 1.5, 21, 39.6, 49.8 and 69.1 °C. An 

exponential relationship is observed consistent with classical temperature-activated 

catalysis. At ~70 °C the intrinsic activity of surface Fe sites are about an order of magnitude 

higher at 300 mV overpotential (35.7 ± 4.5 s-1) than at room temperature (4.6 ± 1.3 s-1). 

We note that the room temperature TOFFe measured in this study for ~2.7 mol% Fe samples 

compares favorably with data from our prior study of cooperative surface Fe sites66 where 

NiOxHy films with 2.9 ± 0.4 Fe mol% were found to have a TOFFe
 of 5.8 ± 0.8 s-1.  
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 The temperature-dependent data were then used to extract the activation energy and 

Arrhenius pre-factor by noticing that the turnover frequency is a site-normalized current 

density, which permits plotting its natural logarithm versus T-1 according to linearization 

of the phenomenological Arrhenius equation159 (1) 

𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎

𝑅𝑅𝑅𝑅� (1) 

Figure 8c shows the linear relationship between ln(TOFFe) and T-1 and the fit results 

yielding an activation energy of ~39 kJ mol-1 and pre-exponential factor of 5 x 107 s-1. The 

activation energy measured here is comparable to the only other literature report of 

Arrhenius parameters for a nickel-iron hydroxide OER catalyst of which we are aware. 

Swierk et al. reported activation energies between 25 and 40 kJ mol-1 for Ni1-zFezOxHy films 

for z between 10 and 40 by plotting the log of the exchange current versus T-1. The films 

in that study likely had bulk and surface iron sites while our study is particular to the surface 

Fe and it was not clear to what overpotential those data corresponded. A higher total 

amount of Fe active sites or overpotential may be responsible for the lower activation 

energy in Swierk. No pre-exponential factor was reported160 and thus we cannot make a 

comparison with our value. Pre-exponential factors and activation energies have also been 

measured in the context of water dissociation. Chen et al. measured these parameters for 

nanoparticle TiO2-P25 water-dissociation catalysts and found an activation energy of 25-

30 kJ mol-1 independent of potential and pre-exponential factors on the order of 107-108.161 

Direct comparison of magnitudes with that work is very limited because water-dissociation 

is a process mediated by nanoparticle oxides in an electric field established by depletion of 

ions at the interface between two ion exchange membranes, not one that occurs at a 

polarized electrode surface.  

In liquid alkaline electrolysis, Fe loading must be optimized; enough electrolyte 

Fe3+ must be present to sustain the dynamic Fe site equilibrium79 for fast OER kinetics, 

but not so much that excess Fe can plate on and poison the cathode.171 Applying this 

qualitative design target quantitatively can be done using the TOFFe values in Figure 8b. 

We used the TOFFe of 35.7 s-1 at 70°C to calculate theoretical surface Fe site loading 

needed to pass various current densities on a 10 cm2 electrode. We assume an electrolyte 

concentration of 1 M KOH and an electrode roughness factor of 1000, an underestimate 
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considering that nickel nanowire meshes have an internal surface area on the order of 105 

cm2 cm-3.172 Assuming monolayer coverage of β-Ni(OH)2, and a 300 mV kinetic 

  

Figure 8. Surface Fe loading and Arrhenius data at 300 mV overpotential  
(a) Surface Fe loading versus temperature as determined by temperature-controlled chronoamperometry 
followed by ICP-MS analysis of the films. Data was collected in duplicate or triplicate. (b) Turnover 
frequency per surface Fe site as a function of electrolyte temperature. (c) Arrhenius plot with linear fit 
shown allowing extraction of activation energy and pre-factor at 300 mV. (d) Calculated iron loading 
needed for various target current densities for a theoretical electrolyzer anode coated with 1 MLE of nickel 
hydroxide. 

 

overpotential we find the target loading of iron in Figure 8d. The calculations suggest that 

a very small amount of iron, ~1-4 µg cm-2 geometric area is required to sustain high current 

densities even up to 1 A cm-2. Of course, these calculations should be tested against 

measurements in future work, but they demonstrate that electrolyzer anode design may 

require management of a very low loading of iron sites.  

To measure the OER current from surface Fe sites at different temperatures, 

working electrodes were introduced into the modified jacketed 3-neck electrochemical cell 

with temperature control via a recirculating chiller.  
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Figure 9. Temperature-dependent Tafel plots for Fe:NiOxHy. 
The slopes of these lines yields the reciprocal Tafel slope and the y-intercept, the natural logarithm of the 
exchange current.  

Surface Fe sites were freshly prepared at room temperature (21 °C) by spiking Fe into the 

electrolyte at 100 ppb while the working electrode was polarized at 300 mV overpotential. 

The NiOxHy catalyst OER current was allowed to rise and plateau. We will refer to surface 

Fe-site decorated NiOxHy as Fe:NiOxHy in the remainder of the discussion. To collect the 

Tafel data, the potential was then stepped below 300 mV overpotential to ~250 mV and 

then up to ~350 mV while never depolarizing the electrode below OER potentials until all 

the Tafel data were collected. This ensured that surface Fe-sites were not mixed into the 

Ni3+ positions where they are much less active66, 173. This procedure was repeated after 

setting the next desired temperature and waiting for subsequent equilibration until Tafel 

data at all temperatures was collected. 

Figures 55 shows the raw chronamperometric data acquired with the above method. 

Figure 56 shows the current-potential curves formed by extraction of the average current 

at each potential step in the raw data. They show the expected exponential (Tafel) 

relationship between current and potential between current and temperature where higher 

temperatures promoted a higher absolute rate of reaction for the same electrode. Figure 9 
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shows the Tafel plots which permitted calculation of the Tafel slope and exchange current 

densities upon fitting (Figure 57). The parameters are plotted as a function of temperature 

in Figures 10a and 10b. The Tafel slope was roughly constant at ~ 40 mV dec-1 with respect 

to temperature implying a temperature-dependence of the transfer coefficient, 𝛼𝛼 . 

Calculated values of 𝛼𝛼 are given in Fig 10c and show they are > 1 and increase with 

temperature from ~1.3 to 1.7. 

 

 

The transfer coefficient is a phenomenological parameter. It characterizes the 

exponential rise in the current as overpotential is increased. Ascribing deeper, accurate 

meaning to this purely empirical parameter requires precise knowledge about the potential 

energy surfaces on which reactant, activated complexes, and products exist at a given value 

of the overpotential. Near an electrified interface, this potential energy surface is not just a 

function of molecular vibrations, rotations, and electronics of the relevant species, but also 

of the electrochemical double-layer structure. As a result, it is not a simple task to 

understand what the transfer coefficient represents. Interpretation should be made 

cautiously.  

There are two interesting features to note in our data: the value of 𝛼𝛼  > 1 and 

increases with temperature. For an outer-sphere reaction, 𝛼𝛼 > 1 could be interpreted in 

relation to n’ number of electrons passed prior to the rate-determining step (RDS) and of 
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Figure 10. Tafel parameters versus temperature for Fe:NiOxHy. 
(a) Measured Tafel slopes at various temperatures (blue) compared to Tafel slopes obtained with conventionally 
taken values of the transfer coefficient 𝛂𝛂 = 0.5 (navy). (b) Exchange current per Fe site at various temperatures. 
(c) Value of the transfer coefficient calculated using  𝛂𝛂 = 2.3RT/bF where b is the value of the Tafel slope at the 
temperature of choice in Figure 9. 
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an 𝛼𝛼 for the RDS between 0 and 1.42, 174 This approach is not generally valid for a multi-

step inner-sphere mechanism where the rate-determining step may involve potential-

dependent processes not accounted for in an outer-sphere model such as adsorption, ion-

transfer, or chemical bond formation/rupture175. Therefore there is no reason a priori to 

think that the transfer coefficient should be between 0 - 1. We illustrate this point below 

with a simple accounting of surface coverage in the rate expression inspired by a similar 

approach in absolute reaction rate theory176. For an electrochemical reaction involving the 

1 e- oxidation of a surface-adsorbed species, O*, to its product, R*, of the form: 

𝑂𝑂∗ →  𝑅𝑅∗ +  𝑒𝑒− (1) 

The rate is expected to display an exponential relationship not unlike that proposed for 

other OER catalysts175: 

𝑖𝑖 = 𝐹𝐹𝐹𝐹𝑖𝑖0(𝜃𝜃𝑂𝑂∗𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼) (2) 

where θ is the fractional coverage - the amount of adsorbed O* relative to that in a single 

monolayer (e.g. 50% surface coverage corresponds to θ = 0.5). In Tafel analysis of an 

outer-sphere reaction the ratio of surface reactant to that in bulk solution appears in place 

of θ and is assumed to be 1 under conditions of good mass transport. This is not necessarily 

valid for reactants which are bound to the electrode surface. Coverage of surface species is 

instead determined by its adsorption isotherm. We choose the simplest - a Langmuir 

isotherm - which neglects the effect of interactions between adsorbed species. The 

conclusions which may be drawn using the Langmuir model hold for cases where more 

complicated isotherms are applicable. We find then that: 

𝜃𝜃𝑂𝑂∗ =  𝑎𝑎𝑖𝑖𝑏𝑏𝑒𝑒
−∆𝐺̅𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑅𝑅  (3) 

Here 𝑎𝑎𝑖𝑖𝑏𝑏  is the activity of the adsorbed species in bulk solution and ∆𝐺̅𝐺𝑎𝑎𝑎𝑎𝑎𝑎  is the 

electrochemical free energy of adsorption which by definition is a function of the electrode 

potential.42, 163 If we suppose ∆𝐺̅𝐺𝑎𝑎𝑎𝑎𝑎𝑎  depends on the potential by a factor ± 𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓 where 

𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎 might be called an “adsorption” coefficient,  substitution into the current-potential 

relationship and linearization yields an apparent transfer coefficient, 𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎: 

𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎 =  𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎 +  𝛼𝛼 (4) 
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In a case where reaction (1) is rate-limiting then we find the apparent transfer coefficient 

has two contributions: one from the effect of the potential on the free energy of adsorption, 

𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎, and another on the free energy of activation, 𝛼𝛼. If both lie between 0 and 1 then an 

apparent transfer coefficient between 1 and 2 is reasonable without any misapplication of 

expressions used for outer-sphere reactions. This is but one scenario assuming a particular 

rate-determining step and we do not claim such a mechanism is necessarily operative. 

Rather, this is a simple demonstration of how consideration of factors expected to be 

important in an inner-sphere reaction can qualitatively account for measured Tafel 

parameters.  

Other relations having a similar form to (2) have been suggested. Moss et al. used 

spectroelectrochemistry to measure a Frumkin-like potential dependence of the coverage 

of the OER intermediates responsible for catalytic turnover. Positing two Brønsted-Evans-

Polanyi (BEP) scaling relationships, one between the activation energy and the binding 

energy of intermediates and the second between this binding energy and the potential-

dependent coverage, the authors write an expression with an exponential and pre-

exponential factor which contains a dependence on the applied potential. This model fit 

their measured Tafel slopes well. It is not clear what terms could be compared to our 

transfer coefficient so we will not do so, but the work illustrated that consideration of 

potential-dependent coverage of species displaying Frumkin behavior can lead to models 

with coefficients whose values can vary depending on the choice of model.177. 

In addition to a transfer-coefficient > 1 we find its value is temperature-dependent, 

a consequence of the near-constant Tafel slope in Figure 10a. The transfer-coefficient 

increased with temperature in an approximately linear fashion with a slope of (4.6 ± 0.3) x 

10-3 units per Kelvin with an intercept near zero. To our knowledge this is the first 

measurement of this kind for OER on surface Fe-sites. The earliest systematic 

measurements and explanation of similar data was undertaken by Conway178. In a seminal 

paper164 temperature-dependent transfer coefficients were observed in a study of the 

hydrogen evolution reaction on Ni, Pb, Pt, Cd, and Hg metals in methanolic/ethanolic 

hydrochloric acid solutions and bromine evolution at graphite. Conway suggested this 

temperature-dependence could be consistent with several explanations. The first involved 
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specific ion adsorption expanding on Parsons’ 179 approach showing a relationship between 

the activity coefficient of the activated complex in absolute reaction-rate theory180 and the 

properties of specifically adsorbed ions. A temperature-dependence of the transfer 

coefficient could be derived from this model. In the absence of specific adsorption effects, 

the potential dependence of the standard electrochemical entropy of activation (∆𝑆𝑆0̅
‡) was 

proposed as an explanation and theoretically supported (Supplementary Calculation 2). He 

suggested that the value of the transfer coefficient is one instance of a general rule 

expressed in two parts: a component related to the standard electrochemical enthalpy of 

activation (∆𝐻𝐻�0
‡), 𝛼𝛼𝐻𝐻, and one related to ∆𝑆𝑆0̅

‡, 𝛼𝛼𝑆𝑆: 

    

 

𝛼𝛼 =  𝛼𝛼𝐻𝐻 +  𝛼𝛼𝑆𝑆𝑇𝑇 (5) 

   

This concept was applied in subsequent work in which 𝛼𝛼𝑆𝑆 values similar to ours 

were observed for the HER on Hg of ~6 x10-4 K-1 in 0.1 M HCL  and of ~ 1 x10-3 K-1 in 1 

M CF3SO3H and 1M HCL (in methanol).165 A physical interpretation of 𝛼𝛼𝑆𝑆 was offered 

and based in the likely scenario that the structure of near-surface solvent layers are strongly 

influenced by the electrode potential. This interfacial solvent environment was expected to 

affect on activated complex formation. Indeed, this connection between solvent orientation 

and entropy of activation in electrochemical reactions has been more recently explored in 

the context of water-dissociation with the interfacial stored charge as a corollary181, 182. 

Borrowing from Conway’s approach, we might conclude that OER on surface Fe-sites is 

more strongly influenced by changes to the electrochemical entropy of activation than the 

few other examples available in the literature. This could originate in a relatively larger 

volume or more weakly bound condition of the activated complex involving these sites. 

This is speculative, and further research using carefully chosen catalytic systems for 

comparison with the aid of computational modelling would be needed to test this 

hypothesis rigorously. An obvious extension of this work would be measurement and 

comparison of 𝛼𝛼𝑆𝑆  for bulk Fe sites which we found have a different local chemical 

environment from surface sites with in-situ XAS in Chapter II. 
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The connection developed between ∆𝑆𝑆0̅
‡ and 𝛼𝛼 could be argued to be somewhat 

problematic as proposed164 because ∆𝑆𝑆0̅
‡ corresponds to a defined set of reference 

conditions - standard conditions - hence k0 is a constant in the Butler-Volmer formulation 

of i0.42 It is unclear then what is meant by the proposition that a quantity defined only at 

standard conditions is potential dependent. This may be a symptom of the poor ability of 

the Butler-Volmer theory to explain inner sphere reactions. One alternative route to 

recovering the empirical temperature dependence of 𝛼𝛼 might be relaxation of the 

assumption of Butler-Volmer theory that the pre-exponential factor, A, in the expression 

for k0 is potential independent. Then one could in principle write an expression for A as a 

function of η where some coefficient 𝛼𝛼′ modulates the functional relationship. Insights into 

the nature of physical processes described by A - collisional frequencies between reactants 

and the sterics of those collisions, to name two possibilities - would be required to develop 

appropriate formulations. 

 

Figure 11. Activation energy and pre-exponential factor as a function of overpotential 
Activation energy (left) and Arrhenius pre-factor (right) as a function of overpotential for surface Fe sites 
extracted from plots of current density versus 1/T (K-1) (Figure 59 shows how use of TOFFe affects the 
anlaysis). Error bars correspond to 1 standard error of the fit to each Arrhenius plot. 

We used the temperature-dependent Tafel data in Figure 9 to extract Arrhenius plots for 

various fixed values of the overpotential in the manner of Chen et al.161  Fits to the data 

(Figure 58) yielded the activation energies and Arrhenius pre-exponential factor as a 

function of driving force as shown in Figure 11. The activation energy and pre-exponential 
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factor decreased in the range η = 255 - 350 mV. We note that because the curvature of the 

Tafel plots start to become evident for data collected above 320 mV overpotential, the 

activation energies in that potential regime may be underestimated. If so, a more modest 

reduction of the activation energy from applied potential than that shown would be 

observed.  

 Recalling the Eyring equation180, the activation energy is proportional to the 

enthalpy of activation (∆𝐻𝐻‡) and the pre-exponential factor to the entropy of activation 

(∆𝑆𝑆‡). For OER on Fe:NiOxHy, ∆𝐻𝐻‡ and ∆𝑆𝑆‡ both decrease with electrochemical driving 

force, η. The decrease of the activation energy with increased potential has been previously 

explained in terms of a BEP relationship between Ea and ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 (the enthalpic difference 

between reactant and product states) for a study of IrOx in acid. The activation energy was 

thought to decrease because of increasing oxidation of the catalyst via Ir and O redox driven 

by increasing potential. Extent of oxidation was quantified in terms of the surface hole 

coverage which was used to write an Eyring-like equation for the rate that reproduced the 

observed current-potential data. Thus the authors concluded that Ea decreases with 

potential because surface hole coverage decreases ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟. The entropy of activation was 

not directly probed though the authors note that the linear relationship between Ea and 

∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 was largely unchanged by the presence of two solvent layers in their accompanying 

computational modelling.175 Nickel hydroxide can also store oxidative equivalents by 

redox of the Ni sites (and probably of Fe at higher potentials) as can be seen in the 

voltammetry and time-resolved XAS183 so a similar mechanism could be operative here.  

 The OER involves electron and proton transfer. In an inner sphere reaction, 

transference of a proton to reacting species will be strongly affected by solvent structure 

near the electrode. In water, proton transfer is driven by collective fluctuation and rupture 

in the hydrogen-bonding network184, 185 around a Zundel-type (a proton flanked by two 

waters) solvated proton complex186. Carpenter performed infrared transient absorption 

anisotropy decay experiments to measure the timescale of relaxation of bending modes in 

the Zundel excess proton complex. Larger timescales for the anisotropy decay 

corresponded to slower kinetics of proton transfer. It was observed that the timescale of 

relaxation was sensitive to the identity and concentration of anions in solution as well as 
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its viscosity. Relaxation followed an Arrhenius relation permitting the extraction of 

activation energies and pre-exponential factors. Higher concentrations of HCl for example 

led to a relatively slower rate of relaxation despite a lower activation energy. The pre-

exponential factor however also decreased with increasing concentration of anions. Again, 

utilizing the Eyring equation as a framework for understanding these trends, Carpenter 

proposed that high anion concentration solutions have a lower entropy of activation for 

proton transfer because the anions reduce the number of possible configurations for 

collective H-bond network fluctuations that result in proton transfer and increase the 

solution rigidity (interpreted as resistance to dynamical fluctuation) by increasing the 

viscosity187.  

Here, we investigated a reaction in basic conditions, but there is evidence that the 

same concepts evident in the field of aqueous proton transfer can be leveraged, especially 

the effect of solution “rigidity” on the entropy of activation. Koper and coworkers have 

argued that the barrier to solvent reorganization during charge transfer is a descriptor for 

the pH-dependence of HER rate on Ni-decorated Pt electrodes. Far from the point of zero 

charge (pzc; where excess charge on the metal surface is zero) the solvent is highly-ordered 

and thus is difficult to reorganize to accommodate charge transfer, resulting in a kinetic 

penalty. This effect was identified as enthalpic, however, and was differentiated from 

computational work predicting reaction rate pH-dependencies originating from surface 

configurational entropy barriers for proton transfer. Entropic effects of solvent structure on 

HER kinetics were considered in a related study where phase sensitive second-harmonic 

generation optical spectroscopy measurements on Pt and Ni-decorated Pt permitted 

experimental determination of the pzc for both catalytic systems. Ni-decoration lowered 

the pzc cathodically by 360 mV which provided a more “relaxed” solvent environment and 

faster HER kinetics. This relaxation effect was not explicitly connected to either enthalpy 

or entropy barriers.188 Assuming in this study that we are polarizing in a direction away 

from the pzc of NiOOH we can reasonably borrow from the aqueous proton transfer 

literature and the above cited studies; the decrease in entropic contribution to the activation 

energy observed here could be related to restrictions on ion transfer through a tightly-

organized solvent that is a function of potential189. 
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 In heterogeneous catalysis, many systems display what has been coined 

“compensation” of the activation energy by changes in the natural logarithm of the 

frequency factor. For such systems an apparent linear relationship, between these quantities 

can be shown: 

ln(𝐴𝐴) = 𝑚𝑚𝐸𝐸𝑎𝑎 + 𝑏𝑏 (6) 

The proportionality constant, m, characterizes the magnitude of the compensation. Very 

often, it is a positive value - the frequency factor increases as the energy of activation 

increases.190, 191 We observe compensation of the Arrhenius parameters in this work evident 

in Figure 12. Physical explanations of this effect vary. Bligaard investigated compensation 

computationally using the dissociation of a diatomic gas on free sites of a catalyst as a 

model rate-limiting step in a kinetic scheme. Positing a linear relationship between 

activation energy and binding energy of the adsorbate gas and substitution into their rate 

equation showed that the ln(A) and Ea varied in the same region of catalyst binding energies 

as did the availability of free sites (1 - coverage).191 Teschner also suggested that 

compensation exists for HCl oxidation over RuO2 because the Ea and ln(A) both share a 

dependence on the coverage of oxygen as determined with temporal analysis measurements 

of the amount of Cl2 produced after pulses of oxygen of different durations. They suggest 

that the critical  high activation energy step of re-oxidation of a Cl-crowded catalyst surface 

is compensated by increased surface configurational entropy, a parameter that scales with 

the number of free sites. A compensation slope of 0.22 mol kJ-1
 was measured for HCl 

oxidation192.  
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Figure 12. Plot of Arrhenius activation energy and ln(A) 
Compensation effect plot showing the variation of the Arrhenius plot y-intercepts versus the 
activation energies in Figure 11. A linear fit to the data yields the slope given as an inset (R2 = 
0.914). 

 

Rodellar reported compensation effects in the kinetic analysis of water dissociation by 

metal oxide catalysts and catalyst-free bipolar membranes. Slopes of 0.11 and 0.25 mol 

kJ-1 were reported for metal oxide catalyzed and uncatalyzed water dissociation, 

respectively. Citing Teschner, the increase of Ea with ln(A) was suggested to arise from 

changes in the surface configurational entropy and was thought to vary in tandem with 

the difference between a metal oxide’s point-of-zero charge and the local pH established 

in the catalyst-membrane junction.181 A similar study by the same group was performed 

for HER, ammonia oxidation, and oxygen reduction on polycrystalline Pt in 0.1 M KOH, 

but in this case Ea and ln(A) increased at higher overpotentials contrary to the 

compensation observed in our study of OER.182 We hypothesize that at higher 

overpotentials the surface of Fe:NiOxHy  is highly crowded with reactive intermediates. 

This crowding works to lower the activation energy because of inter-site interaction and 

destabilization in the manner described by Moss for CoOOH.177While the lower Ea acts to 
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increase the rate, higher occupation of surface sites decreases the entropy of the relative 

steps because there is little surface configurational entropy to be gained in such a 

scenario. This hypothesis is almost certainly too simple - for example it neglects changes 

to entropy which may arise from interfacial solvent182. Likely one would need in-situ 

characterization of coverage and interfacial solvent structures for a series of OER 

catalysts which display different levels of compensation. This might be possible with 

carefully deconvoluted capacitance measurements181 coupled with sum frequency 

generation vibrational spectroscopy193. 

Conclusion 
 

 In this study, temperature-dependent OER rates and surface Fe-site quantity were 

measured for Fe:NiOxHy. A moderate decrease in the percentage of surface Fe sites relative 

to the Ni in the host film was observed when the cell was heated to > 50 °C. The intrinsic 

activity (TOFFe) increased with temperature as expected up to ~36 s-1
 at the highest 

temperature of 70 °C. Tafel plots at varying temperatures were prepared and the slopes 

were insensitive to temperature necessitating a temperature-dependence of the transfer 

coefficient. This may be related to temperature-dependent entropic or coverage effects 

pending further research. Finally, Arrhenius parameters were measured for surface Fe sites 

for the first time on nickel oxyhydroxide. An apparent compensation of the activation 

energy by the pre-exponential factor with increasing overpotential was observed. 

Attributing molecular details to the value and temperature-sensitivity of the transfer 

coefficient and the compensation between Arrhenius parameters should be the subject of 

follow-up studies. Given that potential and temperature-dependence of adsorbate coverage 

appears to be, if not determinative, consequential for understanding the inner sphere OER 

reaction, studies that can directly measure such coverage and relate it to the potential 

energy surface of rate-determining steps with advanced theory could be particularly 

impactful. 

 In Chapter IV I will show that our understanding of Fe sites can be applied to other 

technologically relevant oxides and that the conclusions of Chapters II and III have a wider 

scope than research on oxyhydroxides. 
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Introduction 
 Perovskite oxides have been studied as oxygen evolution reaction (OER) 

electrocatalysts for decades due to their apparent high activity and use of relatively 

abundant transition metals 194. Early efforts to rationalize the activity of these catalysts 

made use of activity correlations with bulk thermodynamic concepts such as lower-to-

higher enthalpy of oxidation and d-electron count on the B-site metal cation 195. More 

recently, descriptors such as the extent of transition-metal-oxygen hybridization 

(covalency) 196, O-2p band position band position relative to the Fermi energy 197,  and eg 

electron count of the transition metal cation 53 have been used to connect the activity of 

perovskite oxides to their electronic structures.  

Bulk electronic structure descriptors can be useful for developing a physical and 

possibly predictive model for perovskite OER activity, as has been presented for the 

hydrogen-evolution reaction (HER) on metal surfaces 198-200. However, the predictive 

power of these descriptors can be limited by dynamic processes that occur on the surface 

of perovskite oxides, causing large deviations of surface chemistry and composition from 

that of the bulk structure used to perform electronic-structure calculations 201. In such a 

case, electronic descriptors might fail to accurately capture the relevant mechanistic 
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parameters of the active surface.  The most-dramatic and well-characterized examples of 

dynamic surface phenomena among perovskite oxides involve cobalt-based materials with 

partial substitution of alkaline-soluble species, like Sr2+, at the A-site. Ba0.5Sr0.5Co0.8Fe0.2O3 

(BSCF), was proposed to be active based on its optimal eg electron count of around unity 
53, but was later found to be unstable during OER 202. Large proportions of the surface and 

eventually parts of the bulk “amorphized” via Sr-leaching and oxygen-vacancy formation 

forming an OER active Co(Fe)OxHy surface phase202, similar to that made by other methods 

such as electrodeposition 203. In a related study, a surface Co/Fe spinel oxide minority 

species on the underlying BSCF perovskite was determined to be responsible for dynamic, 

reversible conversion to an oxyhydroxide204. Sr-segregation and leaching, oxygen-vacancy 

formation, and subsequent surface reconstruction has also been clearly shown for the La1-

xSrx CoO3 (LSCO) family of perovskites 205-207. The implication of these studies is that 

rationalization of activity based on bulk electronics of the pristine BSCF and LSCO alone 

would fail to capture the real properties of the OER-active surface phase which has 

different oxidation states, composition, protonation state, and local structure. The active 

surface phase was, and likely is in many others, a completely different material. The 

intrinsic activity of the parent perovskite oxide with the pristine surface termination 

remains an open question. We hypothesize that, in fact, the presence of disordered 

conformationally dynamic surface phases with low activation barriers to rearrangement 

during the water-oxidation process is key to driving water oxidation at any reasonable 

overpotential. 
The formation of nominally amorphous Co hydroxides has been observed on 

certain perovskites after OER and are active catalysts 61, especially in the presence of Fe 

impurities 208.  Whether formation of amorphous Ni hydroxides occur widely on nickelate 

perovskites is less clear. Inducing large structural changes by Sr-doping, as has been done 

with cobaltates, is not as accessible for nickelates because of the formation of impurities at 

low doping levels 209, 210. Most of the insights so far have been from studies using epitaxial 

LaNiO3 model systems211. Redox waves and thin ~2 unit cell-thick amorphous layers were 

observed by Bauemer et. al. and attributed to a NiOxHy-like species based on accompanying 

spectroelectrochemical data 62.  This work was recently extended, showing that redox-wave 

formation is also facet dependent with the highest stability and activity arising from the 
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[111] facet. X-ray absorption fine structure analysis (XAFS) showed a new peak assigned 

to edge-sharing NiO6 octahedra after 16 h chronoamperometry (2.5 V vs RHE), as had 

been observed for Sr-doped LaCoO3 212.  

Localized amorphization on LaNiO3 epitaxial films has been observed with TEM 

in a different study 213, but the role of these regions in OER was not discussed. Substitution 

of Sr2+ and Nd3+ at the A-site of such films improved the OER activity 214, 215, which was 

attributed to improvements in Ni-O hybridization from an upward shift in the O-2p band 

energy relative to the Fermi level and to optimal occupation of the B-site eg antibonding 

orbital, respectively. Notably, the films with the best OER activity in these two studies also 

appear to have the largest redox-active Ni wave present in the cyclic voltammograms. 

Adiga and coworkers showed that Sr-leaching, Ni redox-wave formation, and surface 

amorphization occurs during cycling of La0.5Sr0.5Ni1-xFexO3-δ; evidence strongly suggestive 

of surface reconstruction216. Similar redox waves were observed without Sr-doping in 

LaNi1-xFexO3 (x = 0 – 0.5) with the largest being observed for x = 0.375 217. Bak et al. report 

a favorable “perturbation” (not amorphization) of oxygen octahedra in the near-surface 

layer of epitaxial perovskite nickelates after pre-reduction and pre-oxidation of the surface 

followed by exchange of Fe in the electrolyte. A related family of materials with high OER 

activity are the Ruddlesden-Popper oxides with formula (AO)(ABO3±δ)n. Forslund and 

coworkers examined the family of compounds La0.5Sr1.5Ni1-xFexO4±δ (x = 0-1) for trends in 

OER activity. They found that redox waves were present for all samples and the size, shape, 

and peak position differed as a function of Fe-content. Catalyst activity increased with Fe 

content up to x = 0.3  (interestingly near the solubility limit of Fe in NiOxHy) 91, then 

decreased as  x increased to 1. This was attributed to Fe inducing a “cross-gap 

hybridization” that allowed optimal charge transfer through Fe-O-Ni bridges. Although 

surface amorphization was ruled out by pH-dependent measurements, no post-mortem 

TEM or other microscopy was reported 80. 

If perovskite nickelates are reconstructing at the surface to the thermodynamically 

stable nickel (oxy)hydroxide, understanding the interaction of the surface with Fe 

impurities is imperative, yet is rarely explicitly probed. This is especially important to 

understand because NiOxHy is much more strongly activated by Fe than is CoOxHy 49.  Here 
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we identify and analyze the emergence of redox-wave during/after OER catalysis on 

particulate and epitaxial LaNiO3 samples and surface Ni-rich La2NiO4 nanorods which do 

not have any A-site or B-site doping. The size of the redox waves scale with the length of 

time of electrochemical treatment and their peak positions resemble that observed for 

NiOxHy. Upon introduction of Fe3+ into the Fe-free alkaline electrolyte, dramatic 

enhancement of the OER activity occurs along with an anodic peak shift of the redox waves 

for each sample. Normalization of the catalysts’ OER currents to the integrated area of 

their redox waves suggests their activity in Fe-containing electrolyte is equivalent across 

the materials and in fact governed by the surface redox-active Ni(Fe)OxHy or similar 

phases. Characterization with electrochemical impedance spectroscopy (EIS), atomic force 

microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) suggest surface 

reconstruction occurs on these materials, although direct imaging by transmission electron 

microscopy was unsuccessful; likely because the reconstructed layers are very thin and/or 

heterogeneously distributed. These insights are consistent with the formation of a 

Ni(Fe)OxHy-like surface phase. We argue that in any electrolyte not rigorously cleaned of 

Fe impurities, the intrinsic ability for a perovskite to generate surface redox-active Ni (as-

determined from the integrated area of redox waves) should be considered as the primary 

descriptor for its OER activity. 

Results and Discussion  
 

Redox-active Ni is apparent from cycling and grows with cycle number. To 

investigate the structural stability of LaNiO3 (LNO) and La2NiO4 (214-LNO) during OER, 

the catalysts were cycled between 50 - 100 times between 0 and 0.8 V vs. Hg|HgO (0.9 – 

1.7 V vs RHE) in 1.0 M KOH at a scan rate of 20 mV s-1. Measurements were conducted 

in Fe-free and Ni-free 1 M KOH purified by methods detailed elsewhere 57, 58. Catalyst 

films were made by spin-coating 80 μL of a 26.2 μg/μL ink which has a 5:1:1 mass ratio 

catalyst, acetylene carbon black, and Nafion (neutralized), respectively. Phase purity, 

powder morphology, and elemental composition of the LNO catalysts were confirmed by 

powder X-ray diffraction (PXRD), electron dispersive spectroscopy (EDX), scanning 

electron microscopy (SEM), and inductively coupled plasma mass spectroscopy (ICP-MS) 

given in Figures 60, 61 and 62. The rod-shaped geometry and composition of 214-LNO as 
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well as its tetragonal structure corresponding to the I4/mmm space group was confirmed 

using TEM imaging and X-ray diffraction (XRD) studies, respectively (Figure 63 and 64). 

The Brunauer-Emmett-Teller surface areas were acquired from their nitrogen adsorption 

isotherms (Figure 65). Epitaxial LNO was grown on LaAlO3 substrates identically to those 

in Wang et al.217, but without any aliovalent substitution. They were (001)-oriented and 

expected to have La-O termination based on the annealing temperature of 700°C used 

during synthesis 62, although the specific termination was not explicitly investigated in this 

study. 

 

Figure 13. Extended cycling of LaNiO3 in Fe-free KOH 
Extended cycling in Fe-free 1 M KOH of (a) particulate LNO (b) 214-LNO and (c) epitaxial LNO. 
Inset red arrows indicate the progression from first to last cycle. (d) the number of monolayer 
equivalents (MLE) of hydroxide calculated from the integrated charge of the peaks in (a-c) and BET 
surface area of the catalyst film. 

We hypothesized that if LNO is thermodynamically unstable during OER, as has 

been posited as a universal feature of oxides 218, restructuring to the stable NiOxHy phase 

would occur at the catalyst surface on a timescale dictated by the oxide material 

transformation kinetics. If the instability generated such a species, a minimum consequence 
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would be observable Ni redox peaks. This follows from the observation that peak-like 

redox behaviour is not observed for a double-layer charging process where the electronic 

charge is in a band state and the ionic charge is in the double layer (unreconstructed 

nickelate), but it is observed when redox-active species are coupled to conducting surfaces 

and reside within the electrochemical double layer219, 220, as would be the case for surface 

phases of Co or Ni (oxy)hydroxide species formed from surface reconstruction. Such a 

structural change may also be evident in observable loss of crystalline phase purity, change 

in surface or bulk composition, and/or an increased nominal double-layer capacitance, 

depending on rate and extent. Figure 13 a-c shows the evolution of current response within 

the cyclic voltammograms of LNO, 214-LNO, and epitaxial LNO.  

  For all the nickelates shown in Figure 13, small but distinct pre-catalytic redox 

waves emerged and grew with continued cycling with comparable average peak positions 

of ~0.41 V vs Hg|HgO or 1.34 V vs RHE. There is also no clear plateau observed for this 

cycling protocol, suggesting further growth of the wave is possible. Future studies might 

investigate whether these waves plateau at a certain redox Ni coverage and/or amount of 

OER charge passed. The redox-peak positions agree with the known Ni2+/Ni3+ redox 

process of nominally amorphous nickel (oxy)hydroxides 58, 152, 221 but seem to be closer to 

those observed in ordered β-Ni(OH)2 than in disordered α-Ni(OH)2. This could stem from 

the influence of the crystalline LNO substrate on the in-situ grown Ni surface phase, 

leading to higher structural order. Such influence of the substrate structure on a grown 

overlayer is reminiscent of strain-induced electronic structure changes in epitaxial LaNiO3 

films 222. The elemental composition of the films using ICP-MS are given in Table 10, and 

in general did not change substantially from pristine stoichiometry after cycling. 

For LNO, redox waves were initially small and could be easily missed in a study 

which was not explicitly looking for them. The epitaxial samples required ~ 20 cycles for 

the redox waves to become clearly observable. Baeumer et al. also observed distinct redox 

features in the pre-OER region when cycling single-crystal epitaxial LaNiO3 films. The 

redox waves were immediately formed by the Ni-terminated films and their size decreased 

monotonically with increasing surface La termination. Redox-wave formation in that study 

was associated with the formation of amorphous 2 unit cell-thick NiOxHy 62. That we see 
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redox waves in this study shows that extended cycling may be crucial to reveal possible 

reconstruction when La termination is present. Using the geometric area of the epitaxial 

film, pseudo-cubic lattice parameters of 3.81 Å (from Wang et al.217), and the integrated 

charge from the 100th cycle we find that ~1.4 layers or 4.6% of the total Ni in the LNO 

epitaxial layer implicated in the redox. This increases to ~2 unit-cell thickness (6% of the 

total Ni) after 145 cycles. Also notable is that the CVs of 214-LNO show two peaks during 

early cycles which merge into one in later cycles. This may occur by homogenization of 

two distinct redox Ni species by a dynamic surface process and cation mobility during 

cycling. Although we do not have direct evidence of this, the behavior resembles the 

process proposed to cause incorporation of “surface” Fe sites into the bulk/interior sites of 

NiOxHy 
66.  

These waves were confirmed not to be from Ni residues from the Fe-purification 

process. Ni amounts were routinely below the limit of ICP-MS detection of 0.57 ppb. Even 

if the maximum undetectable amount (~0.5 ppb) were present in a 10 mL volume 

electrolyte used in these experiments, the total amount of available Ni in the cell would 

only account for ~10% of the size of the largest redox waves. Further, we observe redox 

waves in Co(OH)2-cleaned KOH (Figure 66) and see no observable redox peaks when 

LaCoO3 (Figure 67) or a high-surface-area Pt coil (Figure 68) is cycled. These control 

experiments show the source of the Ni redox waves as being the surface of the given 

catalyst. The OER activity also decreases over time in Fe-free conditions. Although this 

could be due to formation of a less-active surface species, in part this is also likely due to 

small O2 bubbles that build-up on the surface of the electrode even under vigorous stirring, 

which we show in Supplementary Figure 10 likely decreases the active area by ~10%. 

To understand if the redox-active changes in the Ni surface structure only stem 

from a cyclic application of voltage, we also performed chronoamperometric studies. It 

was found that redox-active Ni growth was not dependent on the cyclical application of 

voltage. Chronoamperometry (CA) at 0.8 V vs Hg/HgO of a spin-coated film of LNO was 

performed for 1 h with diagnostic CVs scanned at a rate of 20 mV s-1 taken before the 

experiment and at 5-min intervals (Supplementary Figure 11). Integration of redox waves 

show that the amount of NiOxHy increases as a result of steady-state polarization. 
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Immersion of a pristine electrode in 1.0 M KOH was performed to test if this increase could 

occur from electrolyte soaking alone. No change in the redox wave size occurred (Figure 

71). Application of anodic voltage was required for this Ni redox feature to increase in 

size.  

If it is assumed the observed Ni-based redox features in Figure 13 originate from a 

(oxy)hydroxide-like structure, their integrated charge and catalyst BET surface area can be 

used to calculate a monolayer equivalent (MLE) of (oxy)hydroxide on the surface 

(Supplemental Calculation 2). This assumption is made based on the analogous behavior 

of the perovskite in the presence of Fe impurities to that of nickel (oxy)hydroxide and 

because we do not know the exact dimensions of the unit cells comprising the possibly 

reconstructed surface. The MLE value is the number of times the perovskite catalyst 

surface could be entirely covered by the redox-active Ni phase if it had the lattice 

parameters of β-Ni(OH)2.  Such an analysis would be particularly useful for characterizing 

these catalysts if it is confirmed that the redox species can be modeled as NiOxHy formed 

by dissolution-redeposition of Ni cations and if this new phase dominates the OER activity. 

We note that after surface reconstruction it may be that either LazNi1-zOxHy, for example 

as directly accessed from mixed precursors, or separate LaOxHy and NiOxHy phases123, 223, 

as reported from decomposition of La0.6Sr0.4CoO3−δ, might be formed 224. 

Using 1.7 nmol Ni cm-2 for a single MLE based on the unit cell parameters for 

brucite β-Ni(OH)2 (International Crystal Structure Database structure code: 169978), as 

discussed by Batchellor et al.225, we find that the 214-LNO has 3.1 ± 0.5 MLE and LNO 

has 0.3 ± 0.1 MLE of nominally β-Ni(OH)2 after 30 cycles.  Because the MLE parameter 

is proportional to the amount of redox-active Ni per cm2 on the surface, it captures the 

intrinsic ability of a given catalyst to produce these species. Figure 1d summarizes the 

evolution of this intrinsic capacity for redox with cycle number. Particulate LNO and 

epitaxial LNO show the same rate of MLE growth indicating they likely have similar 

surface chemistry. By contrast, 214-LNO rapidly formed ~ 3 MLE before the growth slows 

in later cycles.  If the entire catalytic surface reconstructs homogeneously (that is, it does 

not form isolated pockets), and the surface species resembles NiOxHy, then given long 

duration electrolysis one could expect multiple monolayers of reconstructed surface on 
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these nickelates.  

The difference in observed intrinsic redox-active Ni can be explained by differences 

in surface termination and morphology between LNO and 214-LNO. Previous TEM and 

selected-area electron-diffraction (SAED) experiments show that the nanorods are 

primarily terminated by (001) facets along their longitudinal axis226. Previous work using 

depth-profiling low-energy ion-scattering spectroscopy (LEIS), atomic-resolution high-

angle annular dark-field (HAADF) imaging, and electron energy loss spectroscopy (EELS) 

performed in aberration-corrected scanning TEM (STEM) mode revealed that these (001) 

facets were primarily Ni-O terminated rather than La-O terminated227, 228. By contrast we 

expect the epitaxial and LNO particulates to be primarily La-terminated because they were 

annealed at temperatures above that expected to promote Ni-termination 62. Thus we 

attribute the difference in MLE quantity and initial restructuring rate to the pathways 

provided by the relatively Ni rich (001) surfaces of the nanorod bodies compared to LNO. 

The high proportion of Ni-terminated surface in the 214-LNO material could explain the 

faster rate of reconstruction of the first monolayer surface, but the apparent ease with which 

subsurface monolayers of NiOxHy form on 214-LNO suggest that the subsurface chemistry 

may also play a role. We hypothesize that oxygen non-stoichiometry and transport play 

roles in accessing the subsurface, especially considering that the electrochemical 

dissolution typically involves the formation of oxygen vacancies 205, 218 and oxygen is labile 

in the Ruddlesden-Popper oxides 229. Further study is needed to understand how the 

concentration and formation energy of oxygen vacancies at the surface and bulk of these 

materials influences the restructuring process, if at all. 
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Figure 14. EIS of LNO at 1.7 V vs RHE 
a) EIS of LNO at ~1.7 V vs RHE after 0, 25, 50, and 75 cycles in 1.0 M semiconductor grade KOH (not rigorously 

Fe-free) showing decreasing RCT as a function of cycle number. The inset shows the equivalent circuit used to fit 

the data: solution and cell resistance, R1, in series with a Randles cell element with constant phase element Q parallel 

with faradaic impedance, R2. b) Double-layer capacitance (Cdl) and Ni from redox peak integrated area as a function 

of cycle number. 

Surface reconstruction may also change the electrochemically active surface area. 

This can be probed from the double-layer capacitance (Cdl) obtained via electrochemical 

impedance spectroscopy (EIS) 225. Impedance scans were taken every 25 cycles up to 75 

cycles of LNO in unpurified semiconductor grade KOH and are shown in Figure 14. Note 

that EIS was measured with the DC potential in the OER region (~1.7 V vs RHE; 0.8 V vs 

Hg|HgO) rather than at open circuit because NiOxHy is only electronically conductive at 

potentials positive of the nominal Ni2+/3+ reduction potential 225. The Cdl measured in the 

non-faradaic open-circuit potential region is representative only of the conductive support, 

not the active surface phase. The vertically compressed nature of the EIS semicircles led 

to us model the capacitive element as a constant phase element given in the inset of Figure 

2a. Representative fit to the data is given in Figure 72. The values of Cdl increased with 

prolonged cycling and the data directly mirror the increasing redox-active Ni from 

integrating the pre-OER redox wave. This result is consistent with the observed increase 

in surface area being due to the changing amount of Ni redox species at the LNO surface.  

Assuming that the change in Cdl every 25 cycles is due to the formation of redox-

active Ni phase, we can calculate the amount of Ni contributing to that change using the 

apparent capacitance per “monolayer equivalent” of NiOOH established from previous 

work 225. Comparing this value to the change in redox-peak area, we find the two values 

are in good agreement (Figure 73). Consistency between the amount of Ni from the redox 

wave and that predicted from EIS using NiOOH as a model 225 further suggests that the Ni 

redox from LNO can be assigned to a (oxy)hydroxide-like phase. The observed decreasing 

charge-transfer resistance is likely from the incorporation of trace Fe from semiconductor 

grade KOH in this experiment, which would also explain the slight improvement of activity 

during cycling compared to the slight decrease observed in the data in Figure 13. We note 

that Fe was not measured explicitly here, and the role in activation by Fe impurities is 

discussed below. 
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LaNiO3, La2NiO4, and epitaxial LaNiO3 thin films are all activated by electrolyte Fe 

impurities. After cycling, if the surface phase on LNO is nominally NiOxHy, the 

introduction of trace Fe impurities into rigorously Fe-free KOH electrolyte should increase 

OER activity via the formation of NiFeOxHy 
173. Following the extended cycling shown in 

Figure 13a-c, we spiked the electrolyte with 100 ppb Fe3+. As shown in Figures 15a-c, 

dramatic enhancement of the OER activity was observed for all samples. In general, the 

largest rate of activity increase per cycle is observed in the first 1-4 cycles after spiking, 

which slows to a near-constant rate after this primary activation event. The different rate 

of activity enhancement in earlier cycles compared to later ones can be explained by initial 

rapid Fe adsorption to redox-active NiOxHy formed before the spike, making high-activity 

Ni(Fe)OxHy. In subsequent cycles, the current increases more slowly perhaps because all 

sites for Fe adsorption have been filled and formation of more high activity Fe sites is 

bottlenecked by the incremental increase in reconstructed Ni every cycle. Figure 74 shows 

this constant incremental increase in later cycles in the full Fe spiked profile of an epitaxial 

LNO sample. Further, the magnitude of the enhancement observed in the first cycle 

immediately after Fe-spiking was variable, implying that the Fe-activation process is 

controlled by a mix of factors such as mass transport and accessibility of adsorption sites. 

Extended cycling (>100 CVs) is not necessary to observe an increase of activity after Fe 

spiking. Fe-based activity enhancement reproducibly occurs in as few as 8 cycles and with 

only 30 ppb of Fe3+ in the electrolyte, an amount below the solubility limit of Fe3+ in 1.0 

M KOH 169 and comparable to that expected in high-purity commercial electrolytes that 

have not been rigorously cleaned of Fe 56 (Figure 76). The latter observation aligns with 

activation from the uptake of soluble Fe and not from adsorption of FeOOH precipitate or 

colloids, although these may be relevant at higher Fe concentrations. 

In a typical Fe-spiking experiment with electrodeposited NiOxHy, Fe adsorbs to 

nominally surface/edge sites immediately after spiking which increases the OER activity 

greatly, but the activity only marginally increases with further cycling and further Fe 

incorporation 173.  The Ni peak position also shifts anodically ~30 mV with 100 cycles in 

Fe-spiked conditions indicating strong interactions between Fe and the majority of the Ni 

sites 66, 173. Using this result from Stevens et al., we would expect an anodic shift of about 

4 mV over 14 cycles (30 mV/100 cycles = 0.3 mV cycle-1) if the redox-active Ni on LNO 
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resembles NiOxHy. Interestingly, the peak position after spiking indeed shifts ~4 mV (inset 

of Figure 15a) in total.  Rod-shaped La2Ni1O4 nanostructures (214-LNO) and epitaxial 

LNO also exhibit the same general change in OER activity after Fe-spiking (inset of 

Figures 3b-c). Anodic shift of the redox peaks has been observed for La0.5Sr1.5Ni1-xFexO4+δ 

80 increasing Fe substitution consistent with the growth of a NiFeOOH phase. 

 

  
Figure 15. Activation of LaNiO3 and La2NiO4 by intentionally introduced Fe. 
Comparison of activation of (a) particulate LaNiO3, (b) La2NiO4 nanorods, and (c) epitaxial LaNiO3 
films upon introduction of 100 ppb Fe(NO3)3 into Fe-free 1.0 M KOH electrolyte at room temperature. 
The 0th cycle is the last Fe-free cycle before 100 ppb Fe was spiked into electrolyte. The insets illustrate 
the change in average redox peak position with cycle number. (d) TOF for the cycle corresponding to 
full activation by Fe (2nd or 3rd depending on the pace of activation) normalized to the redox active Ni 
from the integrated charge of the anodic redox peak of the 0th cycle. This data suggests that the active 
surface phases formed are the same on all three of the samples. 

In the literature many electronic structure parameters have been suggested to describe 

such an activity difference between perovskites including position of the O-2p orbitals 

relative to the Fermi level 197 the filling of the antibonding eg orbital 53, 157, and the charge-

transfer energy Δ where smaller Δ is associated with increased Ni-O covalency 230. We use 
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the eg orbital filling for La2NiO4 and LaNiO3 as an example. This values has been calculated 

as ~0.74 and 0.91, for 214-LNO and LNO, respectively 231. Based on the idea in many 

works that the best perovskite catalysts are those with near unity filling of eg antibonding 

orbital of Ni 53 we would predict that LNO should outperform 214-LNO. In Fe-free 

conditions this appears to be case, but in Fe-spiked conditions (and therefore in realistic 

electrolysis conditions) this prediction fails (see the overlay of CVs after activation in  

Figure 75).  

Instead let us suppose the activity is dominated by a Ni(Fe)OxHy – like phase formed 

from the surface Ni and adsorbed Fe. We can then immediately rationalize the higher 

activity of 214-LNO because at any cycle, it will have a higher areal density of redox active 

Ni than LNO. It follows that if this NiFeOxHy species has a similar intrinsic activity across 

the materials tested, then normalization of the current to the integrated Ni-related redox-

peak area should yield equivalent polarization curves. This idea appears to be justified 

given the good match between samples once normalized to integrated charge (Figure 15d). 

Ultimately, these data illustrate that rather than a bulk electronic descriptor, a surface-

chemical descriptor, namely, the surface density of redox-active Ni is a more suitable 

descriptor for activity under realistic conditions. 

Because the introduction of Fe is a shared trait among these oxides, it can be used 

as a convenient indicator to determine whether the materials reconstruct, a strategy that has 

been highlighted recently in the LixCo1-xO4 family of materials 232. Interestingly, we find 

that LaCoO3 exhibits no such Fe activation (Figure 67), which suggests its surface is more 

stable and does not as easily form cobalt-oxyhydroxide-like surface-phases generally 

consistent with previous literature 233. Given that these materials are isostructural 

(rhombohedral, belonging to R3�c space group) 234, we hypothesize that the enhanced 

stability with respect to surface-phase reconstruction arises from stronger Co-O bonding 

compared to Ni-O 130. This is also consistent with the higher surface-reduction temperature 

as observed from H2 temperature-programmed-reduction studies which indicate stronger 

Co-O bonding in LaCoO3, as compared to Ni-O bonding in LaNiO3 234. 
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Figure 16. Chronoamperometry with intermittent Fe-spikes 
Current is reported as mass activity versus time. Yellow arrows show points where a replicate 

additional Fe spike was performed. Concentration labels (black text) are the nominal Fe concentration 

at the time of the spike. Numbered circles indicate actual concentration of Fe (red axis) in the 

electrolyte measured from ICP-MS. This data shows Fe absorption from the electrolyte to the solid is 

coupled with increases in OER activity of the catalyst. 

Activation of the reconstructed perovskites after spiking a small amount of Fe into 

1.0 M KOH was evident in the cyclic voltammograms. Figure 16 shows 2 h of 

chronoamperometry at 1.7 V vs RHE on a LNO electrode with additions of Fe at regular 

intervals. The yellow arrows indicate the approximate time and nominal concentration of 

electrolyte Fe after the spike while the red squares show the actual concentration of Fe in 

an aliquot of the electrolyte which was later measured by ICP-MS. The concentration of 

Fe in the electrolyte before the experiment was below the detection limit of 57Fe in our 

ICP-MS of 3.9 ppb. Points 2, 3, 5, and 7 are aliquots of the electrolyte taken immediately 

after (~10 s) successive spikes of Fe. Points 4 and 6 are aliquots withdrawn before the 

corresponding spikes. Note that between the 2nd and 3rd, and 3rd and 4th spikes, the Fe 

concentration in the electrolyte decreases while the OER activity increases. This 

observation provides direct evidence that Fe adsorption from the electrolyte onto the 

electrode correlates with higher OER activity. Moreover, the impact of Fe adsorption on 

activity is noticeable even without performing any cyclic voltammetry, an observation 

which emphasizes that Tafel slopes and other activity parameters from 

chronoamperometric data must be collected in purified electrolyte for these materials to 



79 
 

avoid strong effects of Fe-activation. Figure 16 also shows that pre-cycling the catalysts to 

generate redox active Ni is not necessary for increased activity in the presence of Fe; Fe 

enhancement should be expected from the moment the catalyst film adsorbs Fe. 
 

 

Figure 17. Identical-location TEM of a cluster of 214-LNO particles 
Identical-location TEM of a cluster of 214-LNO particles (a) before and (b) after 300 cycles on a gold 

TEM grid. Panel (c) shows fast Fourier transforms (FFTs) of two regions on the yellow boxed region. 

Comparing before and after cycling, the identical location appears to show a thicker nanorod. We suspect 

this is an artefact of non-identical imaging conditions and/or slit rotation of the nanorod during the 

electrochemical testing.  

Identical location TEM (IL-TEM) was conducted on the LNO particulate materials 

before and after cycling with the aim of observing any obvious signs of structural changes 

such as amorphization. No clear surface layers were observed, likely because of the near-

atomic thinness of any reconstructed layers. The larger per-surface-area growth of redox-

active Ni on 214-LNO would increase the likelihood of observing structural changes. 

Figures 17 shows the near-surface structure of a cluster of 214-LNO nanorods before 

(Figure 17a) and after (Figure 17b-c) 300 cycles in 1.0 M KOH. The similar appearance of 

the cluster indicates that the same area and particles were successfully imaged both before 

and after cycling. We observed regions which apparently lack the crystalline order of 

neighboring areas after cycling as can be seen by the fast Fourier transform (FFT). This is 
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a cautious interpretation because TEM studies can be subject to a variety of imaging 

artefacts, especially at edges, and over-interpretation. The disordered surface hydrated 

oxyhydroxide layers are thin, would be expected to scatter with low intensity, as they lack 

long range order, and may be unstable in the electron beam235. Selected-area electron-

diffraction experiments did not suggest dramatic changes in crystal structure after cycling 

(Figure 77 and Table 9), consistent with the thinness of the surface-reconstructed layer. 

The inability to routinely observe reconstructed surfaces with TEM places a premium on 

careful electrochemical experiments as an alternative. 

 Finally, we performed post-mortem characterization by atomic force microscopy 

(AFM) and X-ray photoelectron spectroscopy (XPS) on the cycled, Fe-spiked epitaxial 

film corresponding to Figure 15c to learn about changes in the surface topology and 

chemical state. The 30-unit-cell films have a pseudocubic c-lattice parameter of ~3.81 Å 
217 and are ~11 nm thick. The AFM scans shown in Figure 18 indicate roughening of the 

surface of the cycled film (arithmetic average roughness Ra = 4.6 nm) compared to the 

pristine film Ra = 0.45 nm consistent with previous AFM images of cycled epitaxial 

nickelate films 216, 217. The magnitude of the roughness changes are highly suggestive of 

surface restructuring and formation of secondary phases which could be composed of one 

or more oxides or hydroxides of La, Ni and Fe. Assuming a component of the surface is 

NiOxHy, the large magnitude of the roughening could be driven by adsorbed Fe impurites 

by formation of NizFe1-zOxHy or FeOxHy in a manner observed when Fe is intentionally 

added to NiOxHy nanoplatelets 102, 153.  
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Figure 18. AFM of LaNiO3 epitaxial film before and after cycling 
Atomic force microscopy image of the same (a,c) pristine epitaxial LNO film (note diffferent scales) 
and (b,d) the same film after cycled 120 times in Fe-free 1 M KOH followed by 25 times in 100 ppb 
Fe-spiked 1 M KOH. The arithmetic average roughness is given by Ra and indicates that cycling 
causes topological restructuring. 

X-ray photoelectron spectroscopy (XPS) was used to detect the formation of new 

surface Ni phases on LNO electrodes after extended cycling (Figure 19). Unfortunately, 

the XPS spectra of the most intense lines – Ni 2p and La 3d – are difficult to interpret and 

deconvolute. Both Ni 2p and La 3d have multiplet structure and accompanying satellites 
236-238, which directly interfere with each other. Consequently, little information was 

obtained from these regions. Therefore, we restrict our interpretation to the O 1s region 

where large, reproducible changes were observed. Figure 19 a, b shows the comparison of 

O 1s XPS for LNO and epitaxial LNO before and after extended cycling. After cycling, a 

significant decrease in the characteristic lattice oxygen feature located at ~528 eV was 

observed in the O 1s XPS core level spectra for both samples and resembles that of pure 

Ni(OH)2 
239, 240

. Based on the cycling data in Figure 1, we estimated the depth of redox 

activity for the epitaxial sample would be about 1.5 nm after 300 cycles. Mild sputtering 

of the epitaxial film through the reconstructed surface with an argon cluster source caused 
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the lattice oxygen peak to reemerge. The peak at higher binding energies, associated with 

weakly adsorbed oxygenated species and oxidized carbon, may also increase due to 

oxidation of the ionomer binder 241 and/or surface hydroxylation after exposure to alkaline 

electrolyte. Given the signs of reconstruction in the cyclic voltammetry, EIS, and AFM, 

the loss of the lattice-oxygen feature is consistent with transformation to NiOxHy. The 

disappearance of the ~528 eV component within the O 1s spectra of initially crystalline 

nickel-based oxides upon electrochemical conditioning is not without precedent and has 

been shown to correspond to conversion of NiO to Ni(OH)2 
152. It has also been observed 

after cycling epitaxial LNO 216, similar to our observations. 

 

Figure 19. X-ray photoelectron spectroscopy of O - 1s region of LaNiO3 
O 1s spectrum of (a) a spin-coated particulate LNO electrode before and after cycling and (b) an 
epitaxial LNO electrode after 300 cycles (dark blue), after mild sputtering with an argon ion source 
(black) and the pristine epitaxial sample (matte blue).  

 However, the decrease in intensity in the low binding-energy region might also 

arise from formation of a layer containing weakly adsorbed species like water, hydroxide, 

and/or adventitious carbon which could attenuate the signal originating from the underlying 

crystalline O2-. We tested whether the disappearance of the lattice oxide feature in epitaxial 

films occurs from immersion in KOH alone. Figure 78 shows that the lattice oxygen feature 

is largely retained, implicating structural change from electrochemical treatment as the 

reason for the changes to the O 1s spectra. As shown in Figure 19, sputtering can be used 

to remove the layer of putative reconstructed material. 

The broad role of restructuring in electrolysis. The results presented in this study 

adds a class of materials, perovskite and Ruddlesden-Popper oxide nickelates, to the 

growing roster of pre-catalysts where Fe impurities, whether introduced intentionally or 

b

300 cycles; 
no sputtering

300 cycles; 
sputtering

Pristine100 cycles

Pristine

a



83 
 

not, play an important role in boosting OER activity. The role of Fe has already been well 

established among pure electrodeposited NiOxHy 58, 79, 221, Ni-based chalcogenides 156, 242, 

and CoOxHy 
243.  A common theme emerging from these diverse materials is amorphization 

of A-site doped perovskite oxides, leading to the formation of active Fe-containing surface 

phases that are the actual agents responsible for catalysis 205, 244 and that these phases are 

the ones largely influenced by Fe impurities in the electrolyte. The interaction with Fe 

impurities holds critical implications not just for intrinsic activity studies of perovskite 

nickelates, but for any investigation using electrocatalytic materials in alkaline 

electrolyzers, which generally do not use highly purified electrolytes and use stainless-steel 

components. The fact that nickelates with distinct structures, rhombohedral, oxygen-

deficient particulate LaNiO3, and tetragonal oxygen super-stoichiometric nanorod 

La2NiO4, are activated by Fe suggests these effects could be a universal phenomenon that 

has gone relatively unacknowledged. Interestingly, in this work the surface chemistry 

changes occurred in catalysts with full La-stoichiometry at the A-site while typically some 

substitution of the La at the A-site with an alkaline earth metal is required to observe 

instability in Co oxides204, 205, 245, 246.  

Other studies have also reported pH-dependent OER catalytic activity for 

perovskite oxides in which activity decreases with pH. This observation, coupled with 

isotopic oxygen labelling and on-line electrochemical mass spectroscopy data showing 

oxygen exchange, has led to the proposal of a lattice-oxygen-evolution (LOER) mechanism 
213, 247. An alternate proposal is that an oxidizing potential drives the reconstruction of the 

pristine material, a process which requires oxygen lability and exchange. The new surface 

species may be sensitive to soluble Fe, especially when the B-site is occupied by Ni or Co. 

Consequently, the decreasing activity with decreasing pH could be, at least in part, due to 

the corresponding decrease in soluble Fe by an order of magnitude with each unit decrease 

in pH, as has been suggested recently for La1-xSrxCoO3 205. Since lattice-oxygen exchange 

has been detected for NiOxHy 
248, it is still not clear whether LOER after reconstruction is 

from the perovskite or the in-situ formed NiOxHy.  

Conclusions 
 

Both LaNiO3 and La2NiO4 exhibit a growth of redox-active Ni species that 
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increases in quantity as a function of cycling and duration of chronoamperometric 

conditioning. Fe-spiking experiments demonstrate that high OER activity is achieved upon 

the introduction of Fe.  After Fe introduction, further activity increase with cycle number 

correlates with the increased quantity of redox-active Ni. Analysis of impedance 

spectroscopy, XPS and TEM data support the proposal here that generation of redox-active 

surface species involves a structural transformation leading to increased electrochemically 

active surface area with cycling, a decrease in nominally surface O2-  content compared to 

-OH, and the nominal amorphization of the catalyst. Normalization of the catalytic current 

to the integrated charge corresponding to redox-active Ni available during the Fe spike 

experiments show that the redox-active species share similar OER activity characteristics 

despite disparate structures of the host LaNiO3 and La2NiO4. La2NiO4 displays a higher 

tendency for the growth of redox-active Ni than LaNiO3, indicating the significance of Ni-

O termination in the formation of these surface species. Although the analogy between the 

reconstructed perovskite surface in Fe-spiked conditions and NiFeOxHy is strong, the 

precise surface structure remain under debate and the characterization here is not 

sufficiently detailed to settle it. Surface-sensitive X-ray absorption fine stucture analysis 

and in situ XRD studies would be extremely valuable for reconciling the electrochemical 

observations here to the bulk structure of the perovskites.  

The data and analyses reported here show that interpretations of intrinsic activity 

and the correlation of this activity to electronic and structural features of the pristine 

material necessitate Fe-free conditions and pre- and post-mortem surface analysis. Reports 

of intrinsic activity of nickelate perovskites and related materials should be made with 

caution – especially if only a single voltammetry sweep or chronoamperometry is 

performed in unpurified electrolytes without paying close attention to pre-catalytic redox 

waves which may become prominent with further cycling. The implications of these results 

are that in any practical alkaline electrolyzer system (unpurified 30 wt% KOH and with 

stainless-steel cell components) the activity of a perovskite nickelate catalyst will be 

controlled by its extent of surface reconstruction and interactions with Fe impurities. Future 

effort could focus on characterizing and tailoring the catalyst composition, along with the 

precise electrolye composition, to tune the activity and stability of this surface phase. The 

formation of these surface phases, their interaction with the underlying substrate, and 
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catalytic turnover of intermediates, must fundamentally be related to nature of bonding 

within the material as well as adsorbates, and therefore its electronic structure. The use of 

descriptors from quantum-mechanical calculations of electronic structure to understand 

structure-restructuring relationships in the presence of potential, water, and alkali 

electrolyte would thus be a valuable addition to the field of heterogeneous OER 

electrocatalysis. Such approaches would complement typical calculations of intermediate 

binding energies 249.  

Methods and Materials 
 

Synthesis. LaNiO3 was prepared using a nitrate precipitation method. 1.95 mmol 

of nickel (II) nitrate hexahydrate and 2 mmol lanthanum (III) nitrate nonahydrate was 

weighed out and dissolved in 10 mL 18.2 MΩ nanopure water. A slight under-

stoichiometry was chosen for the nickel nitrate to prevent minor NiO species formation. A 

mixed La/Ni hydroxide was precipitated by rapid addition of a 4 mL + 4 mL mixture of 

water and semiconductor-grade tetramethylammonium hydroxide. The resulting mixture 

was stirred for 30 min to ensure complete reaction. The solid was recovered with 

centrifugation, ground in an agate mortar and pestle for 5 min and calcined in air at 900 °C 

for 12 h. The solid was ground and refired until phase-pure samples were obtained based 

on powder X-ray diffraction (PXRD) patterns. La2NiO4 rods were prepared using a reverse 

microemulsion procedure described in prior work 226. A reverse-microemulsion-based 

technique was used for the synthesis of rod-shaped La2NiO4 (214-LNO) nanostructures 227, 

250. A typical synthesis of 214-LNO involved the reaction between two quaternary phase 

microemulsions.  Both the microemulsions contained equal amounts of 

cetyltrimethylammonium bromide (CTAB; 11.0 g), hexane (Sigma Aldrich, HPLC grade), 

and n-butanol (Sigma Aldrich >99%).  The difference between the two microemulsions 

was that one of the microemulsions contained stoichiometric amounts of La(NO3)3∙6H2O 

(Sigma Aldrich, >99.999%) and Ni(NO3)2∙6H2O (Sigma Aldrich, >98%) salts (2 mmol 

equivalent) dissolved in 1.155 mL of deionized (DI) water (>18.2 MΩ).  KOH solution was 

used in the anionic microemulsion to aid in precipitation of the hydroxides.  The 

morphology of the samples can be changed by varying the ratio of water used to dissolve 

salts and that of CTAB.  A water to CTAB ratio of 1.6 was used to obtain rod-shaped 214-
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LNO nanostructures.  The two microemulsions were mixed and subsequently allowed to 

react for 4 h to form a sol-gel mixture of metal hydroxides. Subsequently, the formed 

hydroxides were collected by centrifugation, and washed three times with ethanol and three 

times with deionized water.  The precipitate was dried in an oven in air at 80 °C overnight, 

followed by calcination in Ar at 835 °C for 2 h (heating rate: 2 °C/min). 

Epidtaxial LaNiO3 thin films with the thickness of 20 unit cells (~8 nm) were grown 

on (001) oriented LaAlO3 substrates by using O2-plasma–assisted molecular beam epitaxy 

(OPA-MBE). The growth details have been described elsewhere and films prepared in this 

manner are expected to yield a surface with a (001) orientation 215. The substrate 

temperature was set to 700 °C during growth which is expected to yield primarily La-O 

termination based on the report by Baeumer, et al.62 although this was not explicitly 

investigated here. 

Electrochemical measurements. Catalyst films were either prepared by spin-

coating or by drop-casting onto Pt/Ti-coated (25 nm Pt on 50 nm Ti) glass slides made 

using electron beam evaporation. Choice of coating technique is indicated for the given 

data in the text. Spin-coated films were chosen for intrinsic activity measurements so that 

electron-transport distances were reduced relative to drop-cast films and conductive binder, 

which oxidizes during OER, could be excluded in ink preparation. Ink for spin-coating was 

~5:1 by mass of catalyst to Nafion binder suspended in solvent of 2:1 by volume of 

isopropanol to nanopure water. Inks were sonicated for at least 1 h before coating. A typical 

spin-coating procedure involved adding ~80 uL onto the substrate after sonication and 

spinning at 3000 RPM for 2 min. Nafion was neutralized with a few drops of Fe-free 1.0 

M KOH to avoid possible dissolution of the catalyst by reaction with acidic groups. Spin-

coated Ti/Pt slide pieces were then assembled into working electrodes as described 

elsewhere 251. All electrochemical measurements were performed in Fe/Ni free 1.0 M KOH 

(prepared from semiconductor-grade KOH using the standard methods from our team 57) 

using a Hg|HgO reference electrode calibrated against RHE and Pt coil counter electrode. 

Plastic cells were used and cleaned with 1.0 M sulfuric acid before experimentation to 

remove trace Fe from the cell. All electrochemistry was performed using a Biologic SP-

300 potentiostat. Impedance spectroscopy was performed from 1 Hz to 7 MHz from the 

DC voltage of 0.8 V vs Hg|HgO with 10 mV AC amplitude. The impedance data was fit to 
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the equivalent circuit depicted as an inset in Figure 3b; the circuit includes a solution and 

cell resistance, R1, in series with a Randles cell element with constant phase element Q2 

parallel with faradaic impedance, R2. A constant phase element was chosen because its 

impedance is similar to that of a pure capacitance, but more closely fit the slightly 

depressed semicircular shape of the measured impedance. Uncompensated series resistance 

(Ru) was extracted using impedance spectroscopy at 0 V vs Hg|HgO from 1 Hz to 1 MHz 

and was estimated from the associated Nyquist plot as the value of the real component of 

the impedance at high frequencies where the imaginary impedance approaches zero.  All 

electrochemical data is iRu-corrected unless otherwise indicated.  

Characterization. XRD studies were performed using a powder diffractometer 

(Bruker D2 Phaser) with a Cu K𝛼𝛼 source.  Scans were obtained between a 2θ of 20-80°.  

ICP-MS measurements (ThermoFisher iCAP-RQ) were performed in kinetic energy 

discrimination mode with calibrations of all measured elements having R2 values > 0.998. 

All digestions of catalyst films were done with concentrated TraceMetal® grade nitric acid 

(Fisher Scientific). Laboratory control standards containing known amounts of La, Ni, Fe, 

and Co were run at intervals between unknown samples to continually verify good 

performance of hardware and internal standards. XPS studies were done using an 

ESCALAB 250 (ThermoScientific). Spectra were obtained using an Al Kα 

monochromated (150 W, 20 eV pass energy, 500μm spot size) X-ray source. All samples 

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

energy Ar+ flood source. TEM data was acquired using a FEI 80-300 kV (S)TEM equipped 

with a spherical aberration image corrector.  All data was collected at 300 kV.  For IL-

TEM experiments, a PELCO gold pinpointer grid (400 mesh, Ted Pella) was dip-coated 

by repeated rounds of immersion into the catalyst ink until a visible change of the grid 

color to that of the ink was achieved. Loading was not measured or controlled since only 

some locations with good contact between grid and catalyst were required for these studies. 

Powder X-ray diffractograms were obtained with a benchtop Bruker D2 Phaser.  

For BET surface area experiments, 50 – 80 mg of samples were loaded into BET 

sample tubes without the use of solvent, ensuring that sample did not touch the neck of the 

BET tube. Then, samples were degassed under high vacuum at 170 ºC on a Micromeritics 

ASAP 2020. Degassing was considered complete when the outgas rate fell below 2.5 
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μtorr/min. Once the degassing was completed, the samples were subjected to N2 surface 

sorption measurements and BET surface area was calculated. 
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V: SUMMARY AND OUTLOOK ON FUTURE RESEARCH 
 

Chapter I showed that the development and deployment of advanced green 

technologies is not only necessary but urgent. The timeline for the energy transition is short 

relative to the staggering scale of the challenge and the consequences of failing will be felt 

on a global scale by the most vulnerable segments of our population. I offer the following 

future research directions with this urgency in mind. I take as a guiding assumption in the 

discussion below that the highest impact research directions are those that bridge the realms 

of basic and applied water electrolysis science, an assumption based on several years of 

immersion in the literature and electrolysis science community. 

 Chapters II and III offers a useful physical picture for engineers of advanced liquid 

alkaline electrolyzer anodes: the OER activity of transition metal hydroxides is driven by 

a small fraction of dynamically adsorbed Fe sites the activity of which increases 

exponentially with temperature. If higher activity is desired by increasing the number of 

catalytic sites, the total mass loading of the hydroxide is not necessarily the parameter to 

optimize unless one understands how the number of edge/defect/adsorption sites scales 

with that total loading. Increasing catalyst loading may yield diminishing returns as a result. 

Since the controlled formation of surface Fe sites using chronoamperometric Fe-spiking 

and optimization of ICP-MS Fe detection has been developed only recently, with the 

completion of this dissertation, the likely complicated nexus between surface Fe site 

availability, hydroxide loading, synthesis method, structure, and transition metal identity 

remains virtually unknown.  

Understanding Fe-site management in relationship to intrinsic catalyst chemistry is 

not the only knowledge gap worth pursuing. The effects of high temperature, current 

density, and electrolyte concentration are also poorly understood at the academic research 

level, yet are critical to high performance anodes in industrial settings. There is good reason 

to think these conditions matter for Fe site management. Thermodynamic stability of Fe, 

Ni and Co species are a function of pH and applied bias.252 Chapter II is a demonstration 

of this reality because the experiments therein rely on the knowledge that increasing the 

potential above ~1.35 V RHE causes a restructuring of Ni(OH)2 to NiOOH and cycling the 



90 
 

potential causes Fe inclusion into bulk sites. Chapter IV shows that the surfaces of LaNiO3 

and La2NiO4 undergo bias-prompted reconstruction, another demonstration. The maximum 

potential sampled in those studies was 1.7 V, well below typical electrolyzer cell voltages. 

OER kinetics of the thermodynamically preferred phase are in turn governed by free energy 

activation barriers to reactions occurring within an electrochemical double-layer that is a 

function of bias, electrolyte concentration, and temperature. Thus extension of the methods 

of Chapter II and III to industrial electrolyzer applications should provide bridging design 

principles. It should be noted that this discussion is restricted to OER activity concerns, but 

stability is at least as, if not more, important for industrial anode development. Bipolar 

alkaline stacks are especially plagued by instability arising from the formation of reverse 

currents between adjacent cells253-256 - another understudied phenomenon that must be 

considered in the problem of Fe site management.  

 Based on what I learned in completing Chapter IV, I see a shift in perovskite oxide 

OER catalyst research away from one-step connection between electronic descriptors and 

activity and toward two-step connection between descriptors, surface reconstruction, and 

activity as pivotal for the field. In other words, research that involves structure-

restructuring relationships should better predict catalyst activity than the historical norm of 

structure-activity relationships. Fortunately, electronic descriptors of the bulk apparently 

correlate with surface properties197 so this shift need not be a painful one. Indeed, I expect 

much prior work can be reframed in light of what we now know about surface 

reconstruction. For example, if surface reconstruction is a function of bond strength at the 

surface (as it should be based on common chemical intuition) then a descriptor reporting 

on antibonding character in an oxide53 should be relevant. An exhaustive reframing of this 

kind is beyond the scope of this dissertation, but is nonetheless promising for future efforts.  

 Repurposing old descriptors is one approach to new insight, but generation of new 

descriptors would also be useful. Chapter IV of this thesis suggests two for lanthanum 

nickelate: the integrated Ni wave per microscopic surface area (mC cm-2) and the total iron 

adsorbed to the surface. A simpler version of current electronic descriptors could augment 

these experimentally accessible ones. I suggest that the electronegativity of the B-site metal 

cation is a better candidate than popularly-cited ones like the metal-oxygen covalency or 
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O-2p band position relative to the Fermi level. Though intriguing I find these descriptors 

needlessly far removed from widely understood core chemistry concepts. The viability of 

this suggestion is explored below. I acknowledge the possibility that there may be some 

regimes where another descriptor, like d-electron count, could be better suited, and that the 

below discussion probably only holds when large deviation in bond distances do not occur, 

but it is my hope that this discussion broadly encourages critical reflection on the utility of 

electronic descriptors. 

My reasoning behind the suggested reliance on B-site electronegativity is founded 

on three strands of a common thread: complicated does not necessarily equal “better”. First, 

B-site electronegativity sets the degree of mixing between oxygen 2p and metal 3d states 

and thus the higher-level descriptors are consequences of this core property. Indeed, to 

explain the physical meaning of the O-2p band descriptor in reviews197, 257 the authors must 

appeal to how it varies with B-site electronegativity anyway. Why not start from the 

starting point (electronegativity) rather than the ending point (DFT calculated result)?  

Second, electronegativity is a concept that is more accessible to the typical 

electrochemical practitioner, particularly for chemistry graduate students. By the time one 

has finished an undergraduate degree in chemistry, the concept of electronegativity has 

already been used many times to characterize and rank the bonding between metals and 

non-metals. Since more electronegative metals will more readily accept electrons, an 

obvious connection can be made to binding energy-related theories of heterogeneous 

catalysis. Even for an engineer thrust into the role of catalyst design, metal 

electronegativity is more readily grasped than a property computed using quantum 

mechanics. Thus electronegativity as a descriptor presents a lower barrier to understanding 

general trends in perovskite catalysis and does not require the reader to assess density-

functional theory methods for which they probably have little prior knowledge.  

Thirdly, most perovskite oxide OER studies involve systematic variation of the B-

site and subsequent measurement of their catalytic activity in relation to that chemical 

variation. The X-site ligand rarely if ever varies from oxygen. It then seems more natural 

to use a property directly related to the dependent variable of the experiment in question to 

understand these activity changes. Even when the A-site is varied, or the oxygen content 
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changes this has the effect of changing the cation electronegativity due to the requirement 

of charge balance. For example, suppose I have two perovskites that are identical, but one 

is substoichiometric with respect to oxygen. I know that the compound with less oxygen 

must have a relatively lower average B-site oxidation state and lower electronegativity 

assuming the A-site occupation is relatively unchanged. I would expect higher covalency 

therefore in the stoichiometric compound and higher O-2p band position as a consequence 

of the electronegativity differences. Electronegativity remains the root cause of expected 

bond strength. 

This dissertation, taken as a whole, has yielded new, fundamental insights into the 

nature of high OER activity of earth-abundant catalysts for liquid alkaline electrolyzers.  It 

has also clarified that the OER catalysis community must, if it hopes to inform practical 

advances in economical green hydrogen output, address open questions about catalyst 

activity and durability in industrially relevant conditions while striving toward adoption of 

more physically meaningful and easily understood chemical descriptors. Such steps are 

needed to match the pace of technology transfer from benchtop to plant-scale with that of 

ambitious energy transition timelines.  
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APPENDICES 

A. CHAPTER II: SUPPLEMENTARY INFORMATION 
 

X-ray absorption spectroscopy measurements and methods.  

XAS measurements at the Fe-K edge were carried out at the KMC-3 beamline258 using the 

CryoEXAFS endstation259 at the BESSY II electron storage ring operated by the Helmholtz-

Zentrum Berlin für Materialien und Energie. The spectra were recorded in fluorescence 

mode using a 13-element Si drift detector from RaySpec. The monochromator was a 

double-crystal Si (111), and the polarization of the beam was horizontal. To obtain Fe K-

edge spectra, a servo system (PID controller) was needed to subtract counts coming from 

other elements that absorb at the same energy. A home-made 3D printed XAS cell was 

used. X-rays can enter the cell through a Kapton window (5 mm diameter and 65 µm thick) 

and an electrolyte flow channel of 250 µm thick between this window and the sample, 

which was exposed to the electrolyte 5.0 mm in length and 7.0 mm in width. A Hg/HgO 

reference electrode (ALS Inc.) was placed before the inlet and the counter electrode was a 

Pt tube placed at the outlet. The 0.1 M KOH electrolyte was flown at 2.00 mL min-1 using 

a Fluigent FlowEZ system and controlled by a flow rate sensor (Flow EZ XL).  

The data was collected to k = 13 Å–1 and the energy was calibrated by assigning the 

inflection point of a Fe metal foil to 7112 eV.260 The foil was measured immediately before 

the samples and re-measured periodically. All spectra were normalized by subtracting a 

constant obtained by fitting the data before the K edge and division by a 2nd polynomial 

function obtained by fitting the data after the K edge for XANES analysis. For EXAFS 

analysis, the data after the edge was instead fit by a knot-spline with 7-10 knots followed 

by subtraction of one. The procedure of data extraction is detailed elsewhere261. Glitches 

were removed from the data, for which the deviation of individual scans from the average 

of all scans was considered. The FT of the EXAFS was calculated between 22 and 244 eV 

(2.4 – 8.0 Å-1) above the Fe-K edge (E0 = 7112 eV). The extracted EXAFS was re-binned 

to give an equal step size of 0.05 Å-1 in k-space. A cosine window covering 10% on the 

left side and 20% on the right side of the EXAFS spectra was used to suppress the side 
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lobes in the FTs. Weighing of the intensity by k2 was chosen to emphasize the oscillations 

between 2 and 8 Å-1.  

EXAFS simulations were performed using the software SimXLite (developed by Dr. Petko 

Chernev). After calculating the phase functions with FEFF8-Lite262 version 8.5.3, self-

consistent field option activated), atomic coordinates of the FEFF input files were 

generated from the structure of g-FeOOH (lepidocrocite)263 [data: 

http://www.crystallography.net/cod/1538421.html]. An amplitude reduction factor (S0
2) of 

0.8 and energy shift DE0 of 4.0 eV were used. They were determined by fits to g-FeOOH 

[data https://doi.org/10.48505/nims.2040] in an identical range as used for the samples. 

The data range used in the simulation was 49.4–231.8 eV (3.6–7.8 Å−1) above the Fe-

K edge (E0 = 7112 eV) if not stated otherwise. The EXAFS simulations were performed 

in(unfiltered) k-space and optimized by minimizing the sum of the squared deviations 

(error sum) between measured and simulated values using a least-squares fit. The fit was 

performed using the Levenberg–Marquardt algorithm with numerical derivatives. The Fe-

O (reduced distance ~1.5 Å) and Fe-Fe (reduced distance ~2.6 Å) peaks in the FT were 

considered in the fit. The parameter errors were obtained as described in detail in Risch et 

al.139 The essential steps are: (1) Fourier isolation of the data and fit between 0.00 and 3.2 

Å (i.e., the first two peaks in the FT); (2) back transformation to k-space; (3) assumption 

that the minimized reduced error sum of the Fourier-filtered fit (given by steps 1-2) 

provides a sound estimate of the measurement error; (4) calculation of the parameter 

variances from the covariance matrix of the minimized fit parameters; (5) the 1s-standard 

deviation is obtained from the square root of the diagonal elements of the covariance matrix. 

The goodness of fit parameter, Rf, was obtained by summing the squared difference 

between data and fit divided by the squared data for each measured point; we provide it for 

data Fourier filtered between 0.00 and 3.2 Å (Rf’). 

 

Supplementary Discussion on the lack of redox behavior observable for Fe species. 

From the Pourbaix diagram for Fe, Fe3+ has a wide range of redox stability. The higher 

valent states can be accessed only in a region of OER current, for example likely leading 

to the soluble species FeO4
2- (Fe6+ formally, this degrades to release O2 and has much 

http://www.crystallography.net/cod/1538421.html
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positive charge on the O ligand compared to formal O2-) and FeO2
2- (formally Fe4+). Hunter 

and Gray have shown that in non-aqueous electrolytes redox signatures related to the 

formation of such a species can be seen that are not present in water.94  

The Fe2/3+ couple can be accessed at lower potentials, but this is made difficult to quantify 

because the entire host Ni- or Co hydroxide is electrically an insulator at these potentials, 

isolating the Fe sites electronically. In previous work122 we showed from in-situ in-plane 

conductivity measurements that the onset of conductivity for cobalt and nickel hydroxides 

is concurrent with the cobalt and nickel redox wave which is much higher potentials than 

one would expect the Fe2/3+ couple to be. Previous work studying thin films of FeOOH 

have discussed this redox behavior125. 

 

Supplementary Discussion on the differences in Fe incorporation in NiOOH and 

CoOOH. 

Co oxyhydroxides/hydroxides have stronger bonding than those of Ni. We have shown in 

AFM studies102 of NiOOH and CoOOH nanosheets that the former undergoes much more 

dynamic morphology changes than the latter. Specifically, NiOOH seems to restructure 

dramatically by dissolution and redeposition which is a process we expect would drive the 

dissolution of surface adsorbed Fe and then substitution of this dissolved Fe in Ni sites. 

This is consistent with empirically measured metal-hydroxide bond strengths129 and metal 

oxide dissociation energies130. 
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Figure 20. Cyclic voltammetry showing effect of incorporated Fe  
Cyclic voltammetry showing the effect of incorporated Fe from the electrolyte on the OER activity and redox 
profiles of (a) NiOxHy and (b) CoOxHy films. For the NiOxHy film, the first CV cycle after the addition of 0.1 
ppm aq. Fe3+

 into 1 M KOH resulted in ~87 mV decrease in overpotential (at 0.5 mA cm-2), while the redox 
peak potentials of Ni2+/Ni3+ shifted positive by ~4 mV. After the initial 4 cycles, less-pronounced activity 
enhancement was observed in the following cycles, while the redox peaks kept shifting anodic and shrinking 
in integrated peak area. For CoOxHy film, most of the activity increase also occurred in the initial 4 cycles, 
but the Co2+/Co3+ redox peak potential and area were almost unaffected by Fe incorporation.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. In-situ mass change of freshly electrodeposited Ni/CoOxHy. 
The in-situ mass change of freshly electrodeposited CoOxHy (a) and NiOxHy (b) films on the electrochemical 
quartz crystal microbalance substrate during the second voltammetry cycle in purified 1 M KOH solution
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Figure 22. Potential vs time deposition curves 
Potential vs. time deposition curves (black) and corresponding mass change profiles (blue) of EQCM electrodes for 
(a) NiOxHy film deposited at -0.1 mA cm-2 for 120 s, and (b) CoOxHy film deposited at -2 mA cm-2 for 8 s. The typical 
film mass loading for NiOxHy and CoOxHy are ~7.3 and 16.5 μg cm-2, respectively. 

 

 

Figure 23. Fe spiking control on Pt substrate 
The effect of Fe spiking on the OER activity of a Pt substrate under chronoamperometry measurements at 
overpotentials of (a) 300 mV and (b) 350 mV. It was found that the addition of Fe3+ (0.1 ppm) into 1 M KOH 
electrolyte caused negligible OER current increase for the Pt substrate. Thus, the dramatic current increase observed 
for NiOxHy or CoOxHy loaded Pt electrode was attributed to the adsorbed Fe species on (oxy)hydroxides rather than 
on underlying Pt substrate.  
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Figure 24. Chronoamperometry of Pt and NiOxHy 
(a) Chronoamperometry (CA) of bare Pt (red) and NiOxHy/Pt (green) electrodes in 0.1 ppm Co2+ spiked 1 M KOH 
solution. In the case of bare Pt substrate, the addition of Co2+ into the electrolyte resulted in much smaller current 
increase compared to NiOxHy/Pt. Thus, the current increase of NiOxHy/Pt mainly originated from adsorbed Co 
(oxy)hydroxides on the surface of NiOxHy film rather than on the Pt substrate. This could be explained by the 
substantially larger surface area of the porous NiOxHy film relative to the planar Pt substrate. (b) Voltammetry cycles 
after the Co2+ spiking CA measurement demonstrating the redox peaks of Co2+/Co3+ on bare Pt (red) and NiOxHy/Pt 
(green) electrode. The integrated peak area on the Pt substrate is negligible compared to that on NiOxHy/Pt.  

 

 

Figure 25. Co2+ spiking voltammetry of NiOxHy. 
Typical voltammetry cycles of NiOxHy after Co2+ spiking CA measurement. The movement of surface Co species into 
the bulk structure of NiOxHy affects the redox behavior of NiOxHy – likely due to electronic interactions between 
cations. In the initial cycles, Co-incorporated NiOxHy exhibited broadened redox peaks, which consist of two distinct 
oxidation and reduction peaks. This suggested an inhomogeneous local environment within the NiOxHy lattice. After 
25 cycles, these distinct redox peaks merged into one pair of sharp peaks, which we interpret as associated with a 
homogeneous distribution of Co sites within the NiOxHy.    
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Figure 26. Chronoamperometry of Ni2+ spiking of CoOOH 
(a) Chronoamperometry (CA) measurements of CoOOH at the potential of 1.55 V vs. RHE in Ni2+ spiked 1 M KOH. 
CoOOH was first measured in purified KOH solution (inset), then Ni(NO3)2 aqueous solution was added into the 
electrolyte. The Ni concentration in the electrolyte was 0.1 ppm. (b) Voltammetry of CoOxHy after Ni2+-spiking CA 
measurement in Ni2+ spiked 1 M KOH.  

 

 

Figure 27 The effect of cyclic voltammetry on foreign-cation incorporation  
(a) NiOxHy was first cycled at 10 mV/s in purified 1.0 M KOH, then aq. Co(NO3)2 was added to provide 0.1 ppm Co2+ 
in the electrolyte and a further 10 voltammograms were collected. (b) CoOxHy was first cycled in purified 1.0 M KOH, 
then aq. Ni(NO3)2 was added to provide 0.1 ppm Ni2+ in the electrolyte and a further 20 voltammograms were collected. 
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Figure 28. Mass loading of NiOxHy and incorporation of Fe.  
(a) Typical voltammetry of NiOxHy films with different mass loadings controlled by applying different 
electrodeposition times of 60 s (red), 120 s (blue), 180 s (wine), and 240 s (olive) under the same deposition current 
of -0.1 mA∙cm-2. The corresponding double-layer capacitance (CDL) of each film was determined via AC impedance 
measurements at a constant potential of 0.6 V vs Hg/HgO. (b) Mass of Fe incorporated under CV and CA modes as a 
function of Ni mass loading (red symbols and solid fitted lines) and double-layer capacitance (olive symbols and dash 
fitted lines) of NiOxHy films per geometric area of substrate. The mass of Ni and Fe in the films was determined by 
ICP-MS. The voltammetry measurements were performed in Fe-spiked 1 M KOH for 10 cycles. The 
chronoamperometry measurements were performed in Fe-spiked 1 M KOH until maximum OER current was reached.  

 

Figure 29. Mole of electrons per Ni loading 
 (a) Moles of electrons from integration of the anodic peak in the voltammograms as a function of the moles of Ni 
determined by ICP-MS analysis for NiOxHy films with different mass loading. The mass of NiOxHy films is controlled 
by different electrodeposition time of 60 s (red), 120 s (blue), 180s (wine), and 240 s (olive) under the same deposition 
current of -0.1 mA∙cm-2. From the linear fitting, there was ~1.6 e- transferred per Ni during the redox process, 
consistent with previous findings. (b) The correlation between the double-layer capacitance (CDL) and the mass 
loading for the NiOxHy films. The linear increase of electrons transferred and CDL with the mass of films indicate that 
the films are electrolyte-permeable and electron-accessible throughout the mass loading range. 
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Figure 30. Chronoamperometry of Fe-spiked NiOOH at 300 mV 
Representative chronoamperometry (CA) tests of NiOOH at an overpotential of 300 mV in Fe-spiked 1 M KOH 
solution. Fe(NO3)3 aqueous solution was added into KOH electrolyte at the initial stage of CA tests. The Fe 
concentration in the electrolyte was 0.1 ppm. CA tests were stopped after reaching current densities of (a) the 
maximum OER current density, (b) 5 mA∙cm-2, (c) 3 mA∙cm-2, (d) 1.5 mA∙cm-2, (e) 0.9 mA∙cm-2, (f) 0.3 mA∙cm-2. 
The iRu potential drop was corrected in real time using the manual iR compensation mode. Commercial 
semiconductor-grade KOH was used for (a)-(e); purified “Fe-free” KOH solution was used for (f) 
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Figure 31. Chronoamperometry of Fe-spiked NiOOH at 350 mV 
Representative chronoamperometry (CA) tests of NiOOH at an overpotential of 350 mV in Fe-spiked 1 M KOH 
solution. Fe(NO3)3 aqueous solution was added into KOH electrolyte at the initial stage of CA test. The Fe 
concentration in the electrolyte was 0.1 ppm. CA tests were stopped after reaching current densities of (a) the 
maximum OER current density, (b) 16 mA∙cm-2, (c) 10 mA∙cm-2, (d) 6 mA∙cm-2, (e) 2 mA∙cm-2, and (f) 0.6 mA∙cm-2. 
The iRu potential drop was corrected in real time using the manual iR compensation mode. Commercial semiconductor 
grade KOH was used for (a)-(d); Purified “Fe-free” KOH solution was used for (e)-(f). 
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Figure 32. SEM images of the surface of an electrodeposited NiOxHy  
 Films were prepared as described in the Methods section. (a, c, d) are all the images of the same spot on a single film, 
but captured with different detectors. (b) shows a different spot on the same film, but shown with high contrast to 
capture the porosity of the film. 

 

 

 

Figure 33. TEM/EDX of cross-sections of a NiOxHy film 
TEM/EDX of cross-sections of a NiOxHy film electrodeposited as described in the methods sections and with Fe 
incorporated by electrolyte spiking during constant potential polarization at 1.55 V vs RHE. Lamellar cross sections 
were cut and thinned with a Ga focused ion beam from films of morphology like those shown in SI figure 12. (a) 
shows a film without further cycling after Fe incorporation and (b) shows a separate but analogous film with 20 cycles 
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after Fe incorporation. We note that the high Fe concentration toward the bottom of the EDX picture is partially due 
to system peaks arising from Fe in the lenses of the TEM instrument. This signal scales with the scattering intensity 
of nearby high mass elements. Because substrate is platinum, Fe appears more intensely in the areas closest to the 
substrate. Regions below the dashed boxes are all either the Pt substrate, Ti adhesion layer, or the glass slide these are 
coated on, so their EDX profiles are omitted. 

 

 

Figure 34. TEM-EDX images of NiOxHy electrodeposited directly onto a gold TEM grid.  
Fe was then adsorbed during chronoamperometry at 1.55 V vs RHE. The topmost image illustrates qualitatively how 
Ni(OH)2 flakes (teal) grow directly onto the TEM grid (yellow) and span into the interior grid space. A single flake 
was selected and used to generate images (a-e) which are representative of other locations sampled on the deposited 
flakes. Fe is relatively sparsely distributed relative to Ni and appears as separated clusters; however, we cannot 
discriminate between specific bulk surface position of the iron from these images. Further, the low concentrations of 
Fe make it difficult to say much definitively about the structure of Fe. 

  

Fe1 μm 1 μm 1 μmNi

Fe 200 nm 200 nmNi
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Figure 35. Cycling of surface Fe films 
To calculate the TOFFe of mixed (bulk and surface) Fe species, Ni(Fe)OxHy films obtained from initial CA-spiking 
route were further cycled for (a) 2, (d) 5, (f) 10, and (i) 20 cycles. Then CA measurements at overpotentials of (b), 
(e), (g), (f) 300 mV, and (c), (f), (h), (k) 350 mV were used to collect the OER currents. 
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Figure 36. Representative chronoamperometry (CA) tests of CoOOH  
Performed in Fe-spiked 1 M KOH solution at 300 mV overpotential. Fe(NO3)3 aqueous solution was added into KOH 
electrolyte at the initial stage of CA tests. The Fe concentration in the electrolyte was 0.1 ppm. CA tests were stopped 
after reaching current densities of (a) the maximum OER current density, (b) 0.4 mA∙cm-2, (c) 0.25 mA∙cm-2, (d) 0.15 
mA∙cm-2. The iRu potential drop was corrected in real time using the manual iR compensation mode. Commercial 
semiconductor grade) KOH was used for (a)-(c); purified “Fe-free” KOH solution was used for (d). 
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Figure 37. Representative chronoamperometry (CA) tests of CoOOH  
 Performed in Fe-spiked 1 M KOH solution at 350 mv overpotential. Fe(NO3)3 aqueous solution was added into KOH 
electrolyte at the initial stage of CA tests. The Fe concentration in the electrolyte was 0.1 ppm. CA tests were stopped 
after reaching current densities of (a) the maximum OER current density, (b) 4 mA∙cm-2, (c) 2.5 mA∙cm-2, (d) 1.5 
mA∙cm-2. The iRu potential drop was corrected in real time using the manual iR compensation mode. Commercial 
semiconductor grade) KOH was used for (a)-(c); purified “Fe-free” KOH solution was used for (d). 
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Figure 38. Turnover frequencies of NiOOH and CoOOH 
 The intrinsic activity comparison of Fe sites reflected by the turnover frequency (TOFFe) at η = 350 mV 
(complementing the η = 300 mV data in the main text). The TOFFe is calculated based on the mass of all Fe sites 
determined by ICP-MS analysis. (a) Correlation between the TOFFe and Fe/Ni atomic ratio. The closed red symbols 
are for surface Fe sites obtained from CA-Fe spiking method, and the closed blue symbols stand for mixed (surface 
and bulk) Fe sites obtained from further voltammetry cycling. The open blue symbols represent co-deposited Ni1-

xFexOOH. (b) Correlation between the TOFFe and Fe/Co atomic ratio. The closed wine symbols stand for surface Fe 
sites obtained from CA-Fe spiking method and the open orange symbols stand for Fe sites in co-deposited Co1-

xFexOOH. (c) The correlation between the TOFFe of surface Fe sites on NiOOH (red symbols) and CoOOH (wine 
symbols) and the adsorbed Fe mass loading normalized by the geometric area of substrate. (d) The correlation between 
the TOFFe of surface Fe sites on NiOOH (red symbols) and CoOOH (wine symbols) and the adsorbed Fe mass loading 
normalized by the electrochemically active surface areas of NiOOH and CoOOH films. Error bars are standard 
deviations based on samples measured in triplicate. 
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Figure 39. Correlation between TOFFe and Fe mass loading 
The correlation between the TOFFe (η = 300 mV) of surface Fe sites on NiOOH (red symbols) and CoOOH (wine 
symbols) and the adsorbed Fe mass loading normalized by the geometric area of substrate. Error bars are one standard 
deviation from the average of triplicate measurements. 

 

Figure 40. Impedance spectroscopy for NiOOH double-layer capacitance 
Potentioelectrochemical impedance spectroscopy (PEIS) measurements used to determine the double-layer 
capacitance of NiOOH film at the overpotential of (a) 300 mV and (b) 350 mV, and the CoOOH films at the 
overpotential of (c) 300 mV and (d) 350 mV. The equivalent circuit shown in the inset of (a) was used to fit the 
experimental impedance results. Least-squares data fitting was conducted to determine the circuit elements (EC Lab, 
Biologic). 
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Figure 41. NiOOH and CoOOH double-layer capacitance  
Double-layer capacitance (Cdl) per geometric area from PEIS equivalent circuit fitting for NiOOH and CoOOH films 
at the overpotentials of 300 mV and 350 mV. Error bars are one standard deviation from the average of triplicate 
measurements. 

 

Supplementary Note 1: X-ray absorption measurement discussion 

A NiOOH film was electrodeposited on a polycrystalline Pt plate at -0.1 mA cm-2 for 120 s from a 
0.1 M Ni(NO3)3 • 6H2O solution. Then 0.1 M KOH was filled into the cell. Fe(NO3)3 was added into the 
flowing electrolyte reservoir to a final concentration of ~150 ppb. The electrode potential was then 
immediately stepped and held at 0.68 V vs Hg/HgO and XAS spectra were simultaneously recorded 
(Fe@0.68V, after 0 CVs). Spectra were next obtained at 0.60 V vs. Hg/HgO (Fe@0.60 V, after 0 CVs). 
Following a short open-circuit potential step, the sample was cycled 17 times to introduce Fe into the 
internal sites of the NiOxHy structure, and finally held at 0.68 V vs. Hg/HgO (Fe@0.68V, after 17 CVs) for 
a final set of XAS spectra. We focus on the analysis of the Fe K-edge of the film at 0.68 V vs. Hg/HgO 
before and after cycling. There were no significant changes in the edge position of shape of the XANES 
(Fig. S24).  

The lack of significant changes to the Fe spectra show that in all cases the nominal valence state of 
the Fe is similar and comparison to hematite (α-Fe2O3) indicates a valence of 3+. This is consistent with 
picture of structural differences between the FeOx surface cluster active sites and internal sites driving 
activity differences. 
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Figure 42: In-situ XAS cell 
Left panel: inside view of the in-situ XAS flow cell with Pt plate working electrode mounted. Electrical contact was 
made from the back (underneath the plate in left image) using a gold pin. Ni(OH)2 was deposited directly onto the Pt 
plate in a separate conventional cell according to the method presented in the main text prior to mounting into the flow 
cell. Right panel: Complete experimental set-up with flow cell connected to flowing electrolyte and counter and 
reference electrodes.  

 
 
  

 
Figure 43. Chronoamperometry in XAS cell 
Constant potential data acquired in the operando XAS cell immediately after Fe spiking (red – 0.68 V;  blue 
– 0.60 V) and after 17 CVs (orange).  



112 
 

 

Figure 44. XANES at Fe-K-edge 
XANES at the Fe-K edge of NiOxHy electrodeposited on a Pt plate with Fe incorporated by spiking ~170 ppb Fe into 
the electrolyte reservoir during a short (< 2 min) period at open circuit. Fe spiking was done during open circuit 
because of concerns that the operando cell would dry out and over-polarize during CA, thereby destroying the film. 
After spiking the reservoir, the sample was immediately polarized to 0.68 V vs. Hg/HgO and an XAS spectra was 
obtained (red) followed by another set of spectra obtained at 0.60 V vs Hg/HgO (blue) with a short (< 90 s) OCV 
period between this and the 0.68 V spectra. 17 cycles were performed after the 0.60 V scans and another spectrum 
was obtained at 0.68 V vs Hg/HgO (orange). The lack of significant changes to the Fe spectra show that in all cases 
the nominal valence state of 3+ of the Fe is unchanged, consistent with our picture of structural differences between 
the FeOx surface cluster active sites and internal sites driving activity differences. 
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Figure 45. Comparison of Fe K-edge to reference spectra 
Comparison of experimental data with reference materials Fe2O3 and FeO. The similarity in shape and position of the 
data with Fe2O3 confirms that the valence of Fe species incorporated by spiking during CA is 3+. 

Table 1. Parameters of the data extraction and fits. 

Fit ID Sample EXAFS range 
(eV) 

# knots Fit range (Å-1) Degree of 
freedom 

CA068-B Fe@0.68, after 0 CVs 10 – 680 10 3.6 – 7.8 7 
CA068-A Fe@0.68, after 0 CVs 10 – 680 10 3.2 – 7.8  9 

CA060-A Fe@0.60, after 0 CVs 15 - 660 10 3.2 – 7.8 7 

CV068-A Fe@0.68, after 17 
CVs 

20 – 690 7 3.2 – 7.8 7 

 

 

 

 

 



114 
 

 
Figure 46. Fits of XAFS signal in k-space 
Fits in k-space and real space of (a,b) Fe@0.68 V vs Hg/HgO after 0 cycles – the red curve in SI figure 22 (c,d) 
Fe@0.68 V vs Hg/HgO after 17 cycles, the orange curve in SI figure 22 and (e,f) Fe@0.60 V vs Hg/HgO after 0 
cycles, the blue curve in SI figure 22. Note that the actual fits were always performed in k-space and then Fourier 
transformed between 22 to 244 eV (2.4 – 8.0 Å-1) using a cosine window on the first and last 10% of the data. All data 
above was transformed identically. 
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Table 2. EXAFS fit results 

  Fe-O* Fe-M** 
Exp. ID Sample History N R (Å) Rf’ (%) N R (Å) Rf’ (%) 

CA068-A 

Spectra collected on NiOOH 
(sample A) held at 0.68 V vs. 
Hg/HgO with 150 ppb Fe3+ in 

the electrode 

4.26 ± 
0.2 

1.953 ± 
0.004 0.82 5.08 ± 

0.3 
2.988 ± 
0.005 0.82 

CA068-B 
Same as CA068-A except 

analysed with different fit 
range, notice similar fit results 

4.09 ± 
0.2 

1.951 ± 
0.005 1.31 5.10 ± 

0.3 
2.987 ± 
0.006 1.31 

CA060-A 

Sample A was then allowed to 
rest for 90 s at OCV, and 

another spectra collected at 
0.60 V vs Hg/HgO 

4.29 ± 
0.1 

1.941 ± 
0.003 0.49 5.03 ± 

0.2 
2.975 ± 
0.004 0.49 

CV068-A 

Sample A was then subjected 
to 17 voltammogram cycles in 
the same electrolyte with 150 

ppb Fe3+ 

5.56 ± 
0.6 

1.939 ± 
0.011 5.67 6.38 ± 

1.1 
2.974 ± 
0.014 5.67 

 

Fixed parameters: ΔE0 = 4 eV; S0
2 = 0.65; * 2σ2 = 0.05 Å2. ** 2σ2 = 0.01 Å2. Where ΔE0 is the energy for aligning 

XAS data to an absolute energy grid for fitting, S0
2 is the amplitude reduction factor, and σ2 is the Debye-Waller 

factor. Note that EXAFS cannot distinguish Fe (atomic number 24) from Ni (atomic number 26). The information 
whether Fe is in a NiOx host or FeOx host is derived from the bond length, which can be determined more precisely 
than coordination numbers by EXAFS analysis. 

 
XAS interpretation. The EXAFS was extracted and fit as detailed in the experimental section with 
parameters in Table 1. The restriction to 7.8 Å-1 in the fits was necessary due to noise and/or distortions in 
some of the samples, in particular for Fe-CV, 0.68 V. Extending the fit range on the lower end yields 
identical parameters within error (Table 2). The Fe-O bond length at 0.68 V vs. Hg/HgO contracted after 
cycling, which is consistent with the movement from (primarily) absorbed FeOx cluster species, to a mixed 
NiFeOxHy where the Fe-O bond is compressed due to integration the NiFeOxHy mixed cation phase as 
discussed in the main text. However, the differences in bond length are within error and the contraction was 
also found after the open circuit measurement and holding the sample at 0.60 V in some cases. Further work 
repeating these measurements on the NiFeOxHy and the CoFeOxHy system with higher signal-to-noise ratio 
should be done to confirm the statistical significance of the bond contraction upon cycling. 



116 
 

 

 

Figure 47. Fe-spiking of Ni0.8Fe0.2OxHy   
(a) Current density of a Ni0.8Fe0.2OxHy film after addition of 100 ppb Fe while polarizing at 1.55 V vs RHE as was 
done with Fe-free films. (b) Cyclic voltammetry of the film immediately after deposition and before the Fe spike (red) 
and after the Fe-spike (black). 

 

Figure 48. De-activation of Fe:NiOxHy in Fe-free KOH 
The OER current density increase at 1.55 V vs RHE of a NiOxHy film from addition of Fe(NO3)3 until the electrolyte 
concentration was nominally 0.1 ppm (black trace). This current density decreases upon placement of the electrode 
into Fe-free KOH (red trace) and is largely recovered (blue trace) when re-immersed in the original Fe spiked solution. 
 

 

 

 

Fe spike

a b
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Figure 49. Tafel slopes of CA Fe-spiked NiOOH.  
Data in blue was acquired in fresh Fe-free 1 M KOH after the CA Fe-spike while that in orange was kept 
in the electrolyte with 100 ppb Fe. Error bars are one standard deviation in the average linear fit to the data 
and are in some cases smaller than the data point and in general were < 1 mV decade-1. 

Table 3.  ΔG and theoretical reaction overpotential (ηth) for OER mechanisms* 

Gibbs 
free 

energy 
change 

(eV) 

(0𝟏𝟏�5) surface (001) surface 
isolated  

Fe-O  Fe-O-M dimer Fe-O 
monomer 

Fe-O-Fe 
dimer 

axial axial insertion bridge equatorial axial axial 
Fe Ni Fe Ni Fe Ni Fe Ni Fe Ni Fe Fe 

∆𝑮𝑮𝟏𝟏 1.60 1.62 1.73 1.80 1.73 1.80 1.45 1.41 1.16 1.48 1.84 2.01 
∆𝑮𝑮𝟐𝟐 2.03 2.03 1.67 2.12 0.93 1.01 1.56 1.78 1.70 1.92 2.56 1.88 
∆𝑮𝑮𝟑𝟑 -1.16 1.03 1.23 0.65 1.59 1.53 1.05 0.96 0.52 0.27 -0.14 0.37 
∆𝑮𝑮𝟒𝟒 2.19 -0.03 0.22 0.36 0.67 0.58 0.86 0.76 1.47 1.46 0.30 0.47 
∆𝑮𝑮𝟓𝟓 0.26 0.27 0.07 0.00 – – – – 0.07 -0.20 0.36 0.18 
𝜼𝜼th (V) 0.96 0.80 0.50 0.89 0.50 0.57 0.33 0.55 0.47 0.68 1.33 0.78 

a 

*𝜂𝜂th is the theoretical overpotential of the entire reaction, which is defined as the potential needed for all the reactions steps to have 
negative free energies. “–“ indicates that ∆𝐺𝐺 is absent for that pathway due to different number of intermediates for each 
mechanism. Columns with “Fe” mean that the dimer has two Fe atoms and columns with “Ni” mean that the dimer has one Fe atom 
and one Ni atom. 

The elementary steps of the above mechanisms are represented as follows: 

Axial Mechanism and Equatorial Mechanism  

Step 1: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐇𝐇𝟐𝟐𝐎𝐎 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 

Step 2: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 
Step 3: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎 + 𝐇𝐇𝟐𝟐𝐎𝐎⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 
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Step 4: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎𝐎𝐎 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 

Step 5: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + 𝐇𝐇𝟐𝟐𝐎𝐎⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐇𝐇𝟐𝟐𝐎𝐎 +𝐎𝐎𝟐𝟐 

 

Bridge Mechanism 

Step 1: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 

Step 2: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎 + 𝐇𝐇𝟐𝟐𝐎𝐎⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 

Step 3: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎𝐎𝐎 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 
Step 4: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + 𝐇𝐇𝟐𝟐𝐎𝐎⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 +𝐎𝐎𝟐𝟐 + (𝐇𝐇+ + 𝐞𝐞−) 
 

Insertion Mechanism 

Step 1: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐇𝐇𝟐𝟐𝐎𝐎 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + (𝐇𝐇+ + 𝐞𝐞−) 
Step 2: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎 + 𝐇𝐇𝟐𝟐𝐎𝐎⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐇𝐇𝟐𝟐𝐎𝐎_𝐎𝐎𝐩𝐩 + (𝐇𝐇+ + 𝐞𝐞−) 

Step 3: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐇𝐇𝟐𝟐𝐎𝐎_𝐎𝐎𝐩𝐩 ⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎_𝐎𝐎𝐩𝐩 + (𝐇𝐇+ + 𝐞𝐞−) 

Step 4: 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐎𝐎𝐎𝐎_𝐎𝐎𝐩𝐩 +𝐇𝐇𝟐𝟐𝐎𝐎⟶ 𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐇𝐇𝟐𝟐𝐎𝐎 + 𝐎𝐎𝟐𝟐 + (𝐇𝐇+ + 𝐞𝐞−) 

𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬 represents the metal site on the surface where the reaction is taking place 
𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝑿𝑿 (x=H2O, OH, O, OOH, OO) represents the reactive metal site with respective intermediate. 

𝐌𝐌𝐬𝐬𝐬𝐬𝐬𝐬_𝐗𝐗_𝐎𝐎𝐩𝐩represents the reactive metal site with oxygen penetrated at the bridge position along with the 
intermediate at the metal site. 

Reaction free energies are calculated using the formulae: 

∆𝐺𝐺1 = 𝐸𝐸𝑂𝑂𝑂𝑂∗ − 𝐸𝐸𝐻𝐻2𝑂𝑂
∗ +

1
2
𝐸𝐸𝐻𝐻2 +

1
2

(𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝐻𝐻2 

∆𝐺𝐺2 = 𝐸𝐸𝑂𝑂∗ − 𝐸𝐸𝑂𝑂𝑂𝑂∗ +
1
2
𝐸𝐸𝐻𝐻2 +

1
2

(𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝐻𝐻2 

∆𝐺𝐺3 = 𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂∗ − 𝐸𝐸𝑂𝑂∗ +
1
2
𝐸𝐸𝐻𝐻2 − 𝐸𝐸𝐻𝐻2𝑂𝑂 +

1
2

(𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝐻𝐻2 − (𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝐻𝐻2𝑂𝑂 

∆𝐺𝐺4 = 𝐸𝐸𝑂𝑂𝑂𝑂∗ − 𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂∗ +
1
2
𝐸𝐸𝐻𝐻2 +

1
2

(𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝐻𝐻2 

∆𝐺𝐺5 = 𝐸𝐸𝐻𝐻2𝑂𝑂
∗ − 𝐸𝐸𝑂𝑂𝑂𝑂∗ + 𝐸𝐸𝑂𝑂2 − 𝐸𝐸𝐻𝐻2𝑂𝑂 + (𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝑂𝑂2 − (𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇. 𝑆𝑆)𝐻𝐻2𝑂𝑂 

Where 𝐸𝐸𝑋𝑋∗  is the VASP energy of the intermediates that includes the ZPE corrections, 𝐸𝐸𝑥𝑥 is the energy of 
the gaseous molecules, ZPE and TS are the respective zero point and entropy correction. 
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Figure 50. Computational structural model of NiOOH 
(a) The structure of bare NiOOH (001) surface. The adsorption model for the (b) Fe-O-Fe dimer and (c) isolated Fe-
O on the NiOOH (001) surface. Reaction sites (circled in blue), Fe-coordination and reaction pathways with 
intermediates involved in the OER process for the (d) Fe-O-Fe dimer and (e) isolated Fe-O case.  Only the upper part 
of the (001) surface is shown for clarity. 
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A. Front View B. Side View 

  
C. Angled View D. Fe Monomer  

 

Figure 51. Angular views of adsorption model for Fe-O-Fe dimer clusters  
(a) The front view (b) side view (c) angular view.  (d) The front view of the adsorption model for the Fe monomer 
clusters. The Fe dimer cluster on the NiOOH edge/surface is distinct from a Ni vacancy. To test whether an Fe 
adsorbed dimer cluster facilitates OER, we have considered an Fe cluster where Fe has four OH bonds in plane parallel 
to the oxygen atoms of the NiOOH (monomer) and for the dimer where two Fe atoms are bonded to the NiOOH slab 
and to each other via a bridging oxygen and terminated otherwise with 4 OH bonds. The rest of the coordination is 
satisfied by one water molecule on top. Hence, the adsorbed cluster has a different structure and symmetry from 
possible vacancies on NiOOH. All Ni atoms on the surface of the dimer model are bonded to -OH if they are not 
attached to Fe atoms. 

 

 

 

Table 4. Supporting numerical data. 

Sample Identification Deposition 
parameters 

Mass Nia 
(ng cm-2) 

Mass Coa 
(ng cm-2) 

Mass Fea 
(ng cm-2) 

Fe/Ni at. 
ratio (%) 

Fe/Co at. 
ratio (%) 

TOFFe (s-1) 
η = 300 mV 

TOFFe (s-1) 
η = 350 mV 

NiOxHy 
0.1 M Ni2+ 

-0.1 mA cm-2 
120 s 

2744 ± 43       

CoOxHy 
0.1 M Co2+ 
-2 mA cm-2 

8 s 
 

4966 ± 213      

Fe incorporated NiOxHy 
from CA Fe-spiking 

 
0.1 M Ni2+ 

-0.1 mA cm-2 
120 s 

 
 
 
 
 
 

2713 ± 47  
19 ± 2 0.7 ± 0.3  

1.9 ± 0.3 4.5 ± 0.8 

Fe incorporated NiOxHy 
from CA Fe-spiking 2941 ± 58  

45 ± 8 1.6 ± 0.3  
3.1 ± 0.7 13.5 ± 3.2 

Fe incorporated NiOxHy 
from CA Fe-spiking 2737 ± 92  

53 ± 7 2.0 ± 0.4  
4.3 ± 0.6 22.3 ± 1.0 

Fe incorporated NiOxHy 
from CA Fe-spiking 2843 ± 56  

77 ± 11 2.9 ± 0.4  
5.8 ± 0.8 28.4 ± 1.9 
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Sample Identification 
 
 
 
 
 
 
 
 
 
 
 

0.1 M Ni2+ 
-0.1 mA cm-2 

120 s 
 
 

Mass Nia 
(ng cm-2) 

Mass Coa 
(ng cm-2) 

Mass Fea 
(ng cm-2) 

Fe/Ni at. 
ratio (%) 

Fe/Co at. 
ratio (%) 

TOFFe (s-1) 
η = 300 mV 

TOFFe (s-1) 
η = 350 mV 

Fe incorporated NiOxHy 
from CA Fe-spiking 2956 ±144  

87 ± 5 3.1 ± 0.5  
8.4 ± 0.4 35.5 ± 3.7 

Fe incorporated NiOxHy 
from CA Fe-spiking 2975 ± 122  

144 ± 19 5.1 ± 0.5  
10.4 ± 1.4 39.6 ± 1.9 

Fe incorporated NiOxHy 
from CA-2CV 

Fe-spiking 
2636 ± 22  

207 ± 11 8.3 ± 0.4  
6.7 ± 0.2 28.2 ± 1.0 

Sample Identification Mass Nia 
(ng cm-2) 

Mass Coa  
(ng cm-2) 

Mass Fea  
(ng cm-2) 

Fe/Ni at. 
ratio (%) 

Fe/Co at. 
 ratio (%) 

TOFFe (s-1)  
η = 300 mV 

TOFFe (s-1)   
η = 350 mV 

Fe incorporated NiOxHy 
from CA-5CV  

Fe-spiking 
3033 ± 34  

337 ± 16 11.7 ± 0.4  
4.3 ± 0.2 24.3 ± 1.7 

Fe incorporated NiOxHy 
from CA-10CV  

Fe-spiking 
2853 ± 47  

389 ± 31 13.9 ± 1.2  
3.7 ± 0.2 18.9 ± 0.4 

Fe incorporated NiOxHy 
from CA-20CV  

Fe-spiking 
2790 ± 27  

508 ± 16 19.0 ± 0.5  
3.5 ± 0.2 16.3 ± 0.6 

Co-deposited  
Ni0.95Fe0.05OxHy 

0.09975 M Ni2+ 

0.00025 M 
Fe2+ 

-0.1 mA cm-2 
120 s 

2929 ± 55 
 

136 ± 17 4.9 ± 0.4 
 

5.2 ± 0.2 25.5 ± 3.3 

Co-deposited  
Ni0.93Fe0.07OxHy 

0.0995 M Ni2+ 

0.0005 M Fe2+ 
-0.1 mA cm-2 

120 s 
2868 ± 42 

 
194 ± 13 7.1 ± 0.5 

 
4.4 ± 0.2 23.4 ± 4.0 

Co-deposited  
Ni0.91Fe0.09OxHy 

0.099 M Ni2+ 

0.001 M Fe2+ 
-0.1 mA cm-2 

120 s 
2842 ± 153 

 
252 ± 27 9.3 ± 1.2 

 
3.3 ± 0.2 16.7 ± 2.2 

Co-deposited  
Ni0.84Fe0.16OxHy 

0.098 M Ni2+ 

0.002 M Fe2+ 
-0.1 mA cm-2 

120 s 
2737 ± 66 

 
500 ± 10 19.2 ± 1.1 

 
3.0 ± 0.1 13.4 ± 0.9 

Fe incorporated CoOxHy 
from CA Fe-spiking 0.1 M Co2+ 

-2 mA cm-2 
8 s 

 
4859 ± 306 40 ± 8  

0.9 ± 0.1 0.27 ± 0.05 4.3 ± 0.2 

Fe incorporated CoOxHy 
from CA Fe-spiking 

 
5284 ± 356 64 ± 8  

1.3 ± 0.2 0.35 ± 0.05 4.7 ± 0.7 

Fe incorporated CoOxHy 
from CA Fe-spiking 

 
 

0.1 M Co2+ 
-2 mA cm-2 

8 s 
 

 
4988 ± 382 81 ± 9  

1.7 ± 0.3 0.54 ± 0.12 6.2 ± 0.6 

Fe incorporated CoOxHy 
from CA Fe-spiking 

 
4951 ± 296 114 ± 12  

2.4 ± 0.3 0.71 ± 0.08 7.1 ± 0.8 

Co-deposited  
Co0.98Fe0.02OxHy 

0.099 M Co2+ 
0.001 Fe2+ 
-2 mA cm-2 

8 s 

 
4992 ± 119 111 ± 16 

 
2.3 ± 0.3 0.23 ± 0.06 4.0 ± 0.4 

Co-deposited  
Co0.97Fe0.03OxHy 

0.098 M Co2+ 
0.002 Fe2+ 
-2 mA cm-2 

8 s 

 
5108 ± 231 167 ± 13 

 
3.5 ± 0.2 0.23 ± 0.04 3.6 ± 0.2 

Co-deposited  
Co0.94Fe0.06OxHy 

0.096 M Co2+ 
0.003 Fe2+ 
-2 mA cm-2 

8 s 

 
4724 ± 142 264 ± 15 

 
5.9 ± 0.4 0.18 ± 0.02 2.5 ± 0.3 
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Co-deposited  
Co0.92Fe0.08OxHy 

0.093 M Co2+ 
0.007 Fe2+ 
-2 mA cm-2 

8 s 

 
4258 ± 83 365 ± 18 

 
9.0 ± 0.4 0.14 ± 0.01 2.2 ± 0.1 

a Mass of metals was determined by ICP-MS analysis at least in triplicate. 

Table 5. Additional activity metric summary of investigated samples. 

Sample 
Identification 

J @ η = 300 mV 
(mA cm-2) 

J @ η = 350 mV 
(mA cm-2) 

η @ 10 mA cm-2 

(mV) 

Fe-incorporated 
NiOxHy from CA Fe 

spiking – 1 CV 
4.0 11.4 340 

Fe-incorporated 
NiOxHy from CA Fe 

spiking – 10 CV 
5.1 12.4 335 

Fe-incorporated 
CoOxHy from CA Fe 

spiking – 1 CV 
0.14 1.7 n/a* 

Fe-incorporated 
CoOxHy from CA Fe 

spiking – 10 CV 
0.16 2.1 n/a* 

     *indicates experiments were not performed at or above 10 mA cm-2 

 

Table 6. Oxidation states for Fe-O monomer and Fe-O-Fe dimer.  
The respective Ni substitution cases for all are as mentioned in Figure 5 of the manuscript with the mechanisms given 
above. M represents the magmom value in the output file and O represents the corresponding oxidation state.* 

Reaction Name PDS Atom 
Name 

Before After 
M O M O 

Fe-O monomer OOH OO Fe 4.17 3 3.60 4 
Fe 3.75 3 3.72 3 

Fe-O monomer 
(Ni subs) OH O Ni 1.19 3 0.07 4 

Fe 3.06 5 2.41 6 

Fe-O-Fe 
Axial H2O OH 

Ni 1.39 3 1.47 2 
Ni 1.39 3 1.73 2 
Fe 4.18 3 3.72 4 
Fe 3.85 3 3.60 4 

Fe-O-Fe 
Insertion H2O OH 

Ni 1.39 3 1.47 2 
Ni 1.39 3 1.73 2 
Fe 4.18 3 3.72 4 
Fe 3.85 3 3.60 4 

Fe-O-Fe 
Bridge OH O Ni 1.12 3 0.10 4 

Fe 4.22 3 3.85 4 
Fe-O-Fe OH O Ni 1.39 3 0.50 4 
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Equatorial Ni 1.31 3 1.42 2 
Fe 3.80 3 3.66 4 
Fe 3.88 3 3.75 4 

Fe-O-Ni 
Axial OH O Fe 3.62 4 2.58 5 

Fe-O-Ni 
Insertion H2O OH Fe 3.97 3 3.62 4 

Fe-O-Ni 
Bridge OH O 

Ni 1.40 2 1.36 3 
Ni 1.00 3 0.06 4 
Ni 1.31 3 1.40 2 

Fe-O-Ni 
Equatorial OH O Ni 1.34 3 1.42 2 

Fe 3.63 2 3.65 4 
Fe-O monomer 

(001) OH O Fe 3.62 3 3.62 3 
Fe 3.10 4 2.91 5 

Fe-O-Fe Axial 
(001) H2O OH Fe 3.66 3 3.17 4 

Fe 3.69 3 3.11 4 
 

*According to previous work264, 265, the magnetization range 3.75 to 4.3 is assigned to +3 oxidation state and the 
magnetization range 3.2 to 3.75 is assigned to +4 or +2 oxidation states, depending on the mechanism, while the values 
~3.6-3.8 are on the boarder of these two ranges. In cases where there is a change in the magnetization within the range, 
but the change is significant, we regard this as a change in the oxidation state. Note that in some cases there is a partial 
change in charge and not a full change in oxidation state as indicated, depending on the magnitude of the magnetic 
moment change. However, we indicated the best estimate to emphasize that there is a change in atomic charges.  

 

Table 7. Free energies and theoretical overpotentials 
From Table 3 plus those calculated for a “core” Fe active site, an Fe that is substituted at a Ni position according to 
the model below.  

Gibbs 
free 

energy 
change 

(0𝟏𝟏�5) surface 
isolated  

Fe-O  
Fe-O-M dimer 

Axial axial insertion bridge equatorial 
Fe Ni Core Fe Ni Core Fe Ni Core Fe Ni Core Fe Ni Core 

∆𝑮𝑮𝟏𝟏 1.60 1.62 1.52 1.73 1.80 2.04 1.73 1.80 2.04 1.45 1.41 1.59 1.16 1.48 1.44 
∆𝑮𝑮𝟐𝟐 2.03 2.03 2.34 1.67 2.12 1.82 0.93 1.01 0.74 1.56 1.78 1.95 1.70 1.92 1.74 
∆𝑮𝑮𝟑𝟑 -1.16 1.03 -1.12 1.23 0.65 0.68 1.59 1.53 2.12 1.05 0.96 0.71 0.52 0.27 -0.02 
∆𝑮𝑮𝟒𝟒 2.19 -0.03 1.85 0.22 0.36 0.44 0.67 0.58 0.03 0.86 0.76 0.67 1.47 1.46 1.49 
∆𝑮𝑮𝟓𝟓 0.26 0.27 0.34 0.07 0.00 -0.06 – – – – –  0.07 -0.20 0.27 
𝜼𝜼th 0.96 0.80 1.11 0.50 0.89 0.81 0.50 0.57 0.89 0.33 0.55 0.72 0.47 0.68 0.51 
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Figure 52. Gibbs free energy calculations slab model 
The slab model used to calculate the “core” Fe Gibbs free energies in Table 6 above. Gray spheres are Ni, red spheres 
are oxygen, and gold spheres are Fe atoms. 

 

 

 

a 

b 
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Figure 53. Dimer and monomer reaction pathways 
Additional large-scale depictions of dimer and monomer reaction pathways used in DFT calculations: (a-d) dimer 
mechanisms and (e) monomer mechanism. 

d 

c 

e 
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B. CHAPTER III SUPPLEMENTARY INFORMATION 
 

 

Figure 54. Optimization of ICP-MS Fe detection 
ICP-MS concentration of Fe detected in digested films of NiOxHy deposited for various deposition times and with 
different Pt substrates are compared against method blanks. The conditions which led to the value of Fe in the dashed 
green box were selected for the temperature-dependent study.  
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Figure 55. Example of raw temperature-dependent chronoamperometry data 
(a) Shows the start of a variable temperature experiment including the Fe-spiking and Tafel data collection 
at room temperature followed by a typical temperature change and recollection of Tafel data in (b). 

 

 

Figure 56. J-V plots of typical variable temperature OER currents. 
Each current value is extracted as the average current at each potential step in the Tafel collection windows in Figure 
54 and used to reconstruct the J-V curves. The exponential shape suggests an Arrhenius and Tafel analysis is 
applicable. 
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Figure 57. Tafel plots and fits  
Tafel plots were constructed by taking the logarithm of the current and plotting it against the overpotential. Fits were 
done in the linear regions of the data in the lowest ~60 mV of the data. 

 

 

 

 

 

 

 

 



129 
 

 

Table 8. Summary of Tafel data 

 

 

 

Figure 58. Arrhenius plots  
Plots were made by linearization of the Arrhenius equation. Currents were taken from the temperature-dependent 
Tafel plots in Figure 9. 

 

 

Temperature 
(°C) 

Tafel slope 

(mV dec-1) 

(a)Exchange 
current, i0                  

( x10-8 mA) 

(b)Exchange 
current density, 

j0 (x10-8 mA cm-2) 

Transfer 
coefficient, 

𝜶𝜶 

Number of 

measurements, n 

-5.2 42 ± 3.3 1.8 ± 0.02 2.3 ± 0.02 1.27 ± 0.10 3 

1.5 38 ± 3.7 0.8 ± 0. 01 1.1 ± 0.01 1.43 ± 0.14 3 

21 39 ± 1.8 2.6 ± 0.03 3.4 ± 0.04 1.49 ± 0.07 3 

39.6 40 ± 0.2 6.6 ± 0.05 8.6 ± 0.06 1.54 ± 0.01 2 

49.8 39 ± 1.5 4.8 ± 0.01 6.3 ± 0.02 1.64 ± 0.06 2 

69.1 41 ± 0.2 39 ± 0.2 51 ± 0.2 1.67 ± 0.01 1 
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Figure 59. Arrhenius parameters from TOFFe 
Activation energies (left) and pre-exponential factors (right) as a function of overpotential using ln(TOFFe) instead of 
ln(current). 

 

Supplementary Calculation 2 

Below is a reproduction of Conway’s derivation164 showing how a temperature-dependence of the 

transfer coefficient is expected when the standard electrochemical entropy of activation is potential 

dependent. We have included more steps than in the original paper to make it easier to follow for 

the reader. 

 

Butler-Volmer equation for an oxidation reaction (IUPAC convention) far from equilibrium where 

good mass transfer ensures surface concentrations are approximately equal to bulk concentrations 

(see Bard, 2001. Ch. 3, section 3.4.3)42. 

𝑖𝑖 =  𝑖𝑖0𝑒𝑒−𝛼𝛼𝛼𝛼𝛼𝛼 (1) 

Where f = F/RT 

Linearizing by taking the natural logarithm and using ln(x) = 2.3*log(x) we obtain 

2.3 log(𝑖𝑖) = 2.3 log(𝑖𝑖0)−  𝛼𝛼𝛼𝛼𝛼𝛼 (2) 

Differentiation with respect to η yields the reciprocal Tafel slope, b, in (dec V-1) 

2.3�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑖𝑖)
𝑑𝑑η � = 2.3 ∗ �

1
𝑏𝑏
� = 2.3 �

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖0
𝑑𝑑η

� −  𝛼𝛼𝛼𝛼 (3) 
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Now recall that i0 proportional to the rate constant at standard conditions k0. We group the 

constants into A’ and using the definition of k0 we may write 

𝑖𝑖0 = 𝐴𝐴′𝑒𝑒
−∆𝐺̅𝐺0

‡

𝑅𝑅𝑅𝑅
�  (4) 

Where ∆𝐺̅𝐺0
‡ is the standard electrochemical free energy of activation. Then by the definition 

∆𝐺̅𝐺0
‡ =  ∆𝐻𝐻�0

‡ − 𝑇𝑇∆𝑆𝑆0̅
‡ (5) 

substituting (5) for ∆𝐺̅𝐺0
‡ in (4) and taking the logarithm we obtain 

2.3 log(𝑖𝑖0) = 2.3 log(𝐴𝐴′) +  
∆𝑆𝑆0̅

‡

𝑅𝑅
−  
∆𝐻𝐻�0

‡

𝑅𝑅𝑅𝑅
  (6) 

Substituting (6) into (3) we get 

2.3
𝑏𝑏

=  
𝑑𝑑
𝑑𝑑η�

2.3 log(𝐴𝐴′) + 
∆𝑆𝑆0̅

‡

𝑅𝑅
−  
∆𝐻𝐻�0

‡

𝑅𝑅𝑅𝑅 �
−  𝛼𝛼𝛼𝛼 (7) 

  

Key assumption: now suppose ∆𝑆𝑆0̅
‡ is potential-dependent and that the fractional change in ∆𝑆𝑆0̅

‡ 

can be represented as 

∆𝑆𝑆0̅
‡  ±  𝛼𝛼𝑆𝑆𝐹𝐹(𝐸𝐸 − 𝐸𝐸0) 

Substituting this into (7), completing the differentiation and rearranging yields 

2.3𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

= 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝛼𝛼 ± 𝛼𝛼𝑆𝑆𝑇𝑇 (8) 

The problem we see with this approach is in the necessary assumption that ∆𝑆𝑆0̅
‡ is dependent on 

the potential.  This quantity is a constant as defined because it follows from the free energy of 

reactants and products defined for a reference condition, namely, standard conditions. Making this 

key assumption is tantamount to asking: what is the potential dependence of standard conditions? 

This seems non-physical as proposed. We suspect another explanation for the temperature-

dependence of the transfer coefficient would be more convincing. Perhaps an explanation lies in 

the fact that k0 is temperature dependent in the classic sense via modulation of the exponential term 
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−∆𝐺̅𝐺0
‡/𝑅𝑅𝑅𝑅  though we have not successfully used this observation to derive an appropriate 

expression. Alternatively, if A’ is potential dependent we would recover an expression similar to 

(8). This latter approach is similar to that suggested by Chen et al. for water-dissociation catalysts 

in bipolar membrane electrolyzers where A was set proportional to the overpotential by a constant 

labelled as the “proton conductance”.  

 

C. CHAPTER IV SUPPLEMENTARY INFORMATION 
 

 

 

 

 

 
 

 

 
 
 
 
 
 
Figure 60. PXRD comparison of literature and synthesized LaNiO3.  
Top pattern corresponds to International Crystal Structure Database entry #67714 which is rhombohedral LaNiO3 with 
space group R-3c. The inset table shows the composition of the synthesized phase from ICP-MS analysis. 
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Figure 61. SEM images of particulate LaNiO3.  
Particles sizes range from large micrometer scale sintered agglomerates to particles in the 100-nm range. 

 

 
 

Figure 62. EDX spectrum of LaNiO3  
A roughly 300-nm diameter particle showing the 1:1 La:Ni stoichiometry in agreement with ICP-MS 
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Figure 63. La2NiO4 rods PXRD and SEM 
(a) PXRD of La2NiO4 rods confirming the pure Ruddelsden-Popper tetragonal structure belonging to I4/mmm 
symmetry. (b) SEM micrograph confirming rod-shaped morphology of La2NiO4 synthesized using a reverse 
microemulsion technique. 

 

 
 

Figure 64. TEM/EDX images of La2NiO4 rod bundle  
Corresponds to TEM presented in main-text Figure 16. Initial expected stoichiometry of 2:1 La:Ni (66% : 33%) was 
obtained within error. 
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Figure 65. Adsorption isotherms/BET surface areas of 214-LNO and LNO. 

 

 

 
Figure 66. Cyclic voltammetry of LaNiO3 in Co(OH)2 - cleaned 1.0 M KOH 
Electrolyte was cleaned using Co(OH)2 as the Fe sorbent. The redox wave is seen and grows analogously to that seen 
in Ni(OH)2-cleaned KOH showing Ni impurities in the electrolyte are not depositing to form the redox-active surface 
phases studied herein because deposition of Co impurities would result in a redox wave centered at a more negative 
potential. 
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Figure 67. CVs Fe-spiked LaCoO3 
Cyclic voltammetry of a drop-cast LaCoO3 electrode with one Fe spike of 100 ppb between the 10th and 11th cycle and 
another 100 ppb between the 15th and 16th cycle. Slurry used was 5:1:1 LaCoO3:Nafion:acetylene carbon black. 
Voltage is iR-corrected. No redox waves were evident from zooming in at all precatalytic regions of the CV. Drop 
casting was chosen instead of spin coating because the Ni redox waves were small and if Co redox waves were present, 
they would be easier to see at higher mass loading. Note that there are not any Ni redox waves, further confirming that 
those features do not originate from Ni impurities. 

 

 
Figure 68. Pt-coil Ni residue test 
3 cycles of a high surface area Pt coil electrode in 1 M KOH used for electrochemical experiments. If Ni residues were 
present and adsorbing to the electrode, small redox waves between 0.2 and 0.45 V would be observed as in Liu et 
al.57.  
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Figure 69. The effect of bubble accumulation  
Bubble effects on the electrode during a typical experiment with spin-coated LNO films. Bubble accumulation causes 
a decrease in peak integration values of ~16% and 8% between cycles 1-6 and 12 – 18, respectively. The current and 
peak integration values can be recovered by removing the electrode, washing with water, and returning to the cell. 
The overall trends in current and peak integration are observed (e.g. peak integration increases among bubble-free 
electrode states) thus the occlusion of the electrode does not change the general conclusions of the main text. 

 

 
Figure 70. LaNiO3 Ni redox wave after CA 
Left panel shows the redox wave evolution after increments of 15 minute constant voltage (0.8 V vs Hg|HgO) 
polarization and right panel gives the integrated charge of those peaks. This illustrates that cyclic application of voltage 
is not required to induce redox wave growth. 
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Figure 71. Ni redox wave after electrolyte exposure 
Cathodic Ni redox wave for a spin-coated LaNiO3 electrode after soaking in 1.0 M KOH. It was observed that allowing 
the as-prepared electrode to soak in 1.0 M KOH has little to no effect on the size of the cathodic wave (gray versus 
black curve), whereas cycling increases the size of the redox feature. This data suggests that Ni reconstruction is an 
electrochemically driven process. 

 
Figure 72. LNO Nyquist plot 
Nyquist plot of the LNO electrode at a DC-potential of 0.8 V vs Hg|HgO referenced in Figure 14 of the main text. The 
fit to the data was made in EC-Lab z-fit software using a resistor for the Ohmic resistance of the cell, R1, in series 
with a Randles’ circuit consisting of a constant phase element, Q2, (to account for the compressed semicircular shape) 
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in parallel with a charge transfer resistance, R2. The inset equation gives the total impedance expression as a function 
of frequency for this equivalent circuit model. 

 

 

 
Figure 73. Redox active Ni from EIS 
Redox active Ni in a given cycle of LaNiO3 using the extracted double-layer capacitance from EIS data combined 
with value of intrinsic capacitance of a single Ni(OH)2 nanosheet 225 compared to direct integration of the redox wave. 
The amount of nmol of Ni from EIS capacitance beyond 75 cycles could not be estimated reliably due to data being 
obscured by artifacts. 

 

 
Figure 74. Cyclic voltammogram Fe-spiked epitaxial LNO 
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Complete cyclic voltammogram for the Fe-spiking of electrolyte for epitaxial LNO. Note that the primary activation 
occurs rapidly and slows to rate likely bottlenecked by further reconstruction. 

 

 
Figure 75. Overlays of Fe-spiked CVs for all catalysts 
Overlay of CV corresponding to maximal primary activation of the catalysts after Fe spiking. Note that on a BET 
surface area basis, 214-LNO has higher intrinsic activity than LNO. The epitaxial LNO current density is normalized 
to its geometric area. 

 

Supplementary Calculation 2: Monolayer equivalents (MLE) of nickel hydroxide 

We use data from the 214-LNO nanorod sample depicted in Figure 1b for the below calculation: 

 

BET surface area = 8.18 m2 g-1 or 0.0818 cm2 μg-1 

From Batchellor et al.225  

1 MLE = 1.7 nmol Ni cm-2.  

(this can be readily verified using the lattice parameters of β-Ni(OH)2: a = b = 3.126 Å and 
1 Ni atom per unit cell) 

From ICP-MS  

  mass loading of the electrode = 2.06 μg 

Then  

total catalyst area = 2.06 μg * 0.0818 cm2 μg-1 = 0.168 cm2 
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and 

Redox peak area of the 40th Fe-free cycle = 0.1045 mC 

Areal molar density of redox active Ni on the catalyst (nmol cm-2) 

 (0.1045 mC/1000/96485 C mol-1) / 0.168 cm2 = 6.45 nmol cm-2 

Finally then 

 MLE = 6.45 nmol cm-2 / 1.7 nmol Ni cm-2 = 3.79 MLE 

 

 

 

 

 
Figure 76. Fe-spiked LNO CV after 8 cycles. 
Black curve is 8th Fe-free cycle of an LNO electrode and red curve is the 11th cycle. 30 ppb Fe was added between 
the two cycles which led to the current enhancement. Note the current density is normalized to the geometric area of 
the electrode. 
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Figure 77. Selected area diffraction patterns for 214-LNO 
(a-b) one of three replicate HR-TEM selected area and acquired diffraction pattern for pristine 214-LNO rods. (c-d) 
are after cycling over 100 times.  

 

Table 9. SAED d-spacings 

Calculated d-spacings from selected area diffraction experiments on pristine and cycled 214-LNO. Values are given 
as an average of three sites on the TEM grid for each condition ± one standard deviation. Reflections for pristine 214-
LNO were retained despite extended cycling indicating that bulk technique such as this fails to suggest the presence 
of a reconstructed surface. 

 [101] / Å [103] / Å [114] / Å 
Pristine 214-LNO 3.53 ± 0.04 2.82 ± 0.01 2.06 ± 0.01 
Ref I4/mmm La2NiO4 
ICSD Coll. Code 
69172 

3.70 2.85 2.07 

214-LNO cycled > 
100x 

3.45 ± 0.03 2.84 ± 0.02 2.04 ± 0.03 
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Figure 78. O 1s XPS epitaxial LNO after KOH exposure 
Effect of 1 h 1 M KOH soak of an epitaxial LNO film. Besides a decrease in intensity, the lattice oxide 
feature is retained and so any changes in the region after cycling must be due to electrochemical treatment. 

 

 
Table 10. Post-CVs ICP-MS LNO and 214-LNO 
Post-cycling ICP-MS elemental quantities and ratios for replicate analyses of catalysts. LNO electrode were cycled 
over 100 times and 214-LNO electrodes were cycled 50-60 times. Note that the adsorbed Fe per cm2 catalyst can be 
affected by adsorption of Fe by conductive additives, binder, uncoated platinum, and any exposed hot glue on the 
electrode during ICP-MS digestion.  

 
Adsorbed Fe 
post-cycling 

(ng Fe / cm2BET) 

Elemental composition of catalyst films after cycling 

Ni (nmol) La (nmol) La : Ni ratio 

LNO (1) 41 ± 6 9.4 ± 0.8 9.6 ± 0.1 1.02 ± 0.08 

LNO (2) 137 ± 13 5.2 ± 0.2 5.5 ± 0.1 1.06 ± 0.04 

214-LNO (1) 457 ± 5 11.7 ± 0.01 25.5 ± 0.04 2.19 ± 0.04 

214-LNO (2) 608 ± 12 4.9 ± 0.01 10.9 ± 0.01 2.24 ± 0.06 

214-LNO (3) 412 ± 6 3.4 ± 0.01 7.3 ± 0.02 2.19 ± 0.06 
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