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Abstract 

 
Solar power is a promising contender to replace fossil fuels with its inexhaustible supply 

and relatively low cost. Energy storage remains the missing link between intermittent solar 

supply and on-demand energy output. Hydrogen (H2) storage coupled with fuel cells offers a 

portable solution to energy storage and electricity production. The implementation of a large-

scale hydrogen economy requires the development of cost-effective, clean methods for water 

splitting to produce H2 and O2. However, artificial photosynthesis remains a challenge due to the 

kinetically sluggish oxygen evolution reaction (OER) which involves the transfer of four charge 

equivalents that must be stored and discharged towards O–O bond formation.  

The development of superior oxygen-evolving catalysts (OECs) requires the 

amalgamation of multiple metal centers, each serving a specific role in OER activity and pH 

stability. This thesis explores structural and electronic changes in mixed-metal oxides with high 

OER activity under basic conditions and film stability in acidic conditions using a combination 

of electrochemical and spectroscopic techniques. First, iron doping in nickel oxide films was 

explored to uncover the underlying source of this OER enhancement. X-ray absorption 

spectroscopy and coulometry show that Fe acts as a superior Lewis acid, promoting the 

formation of Ni4+ centers. Next, this concept was expanded to explore additional Lewis acidic 

metals that could replace Fe and enhance OER in NiOx. Unlike Fe, the incorporation of Al, Ce, 

La, or Sc yields no observable changes in the electronic structure of NiOx and, hence, effects no 

change in the Tafel slope for OER. Next, 57Fe Mössbauer spectroscopy was used to identify and 

track Fe4+ centers in mixed-metal Co-Fe oxides. Additionally, X-ray absorption spectroscopy 
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was used to confirm the Fe4+ oxidation state and further characterize this high-valent species. 

Finally, PbOx based OECs were studied using X-ray absorption spectroscopy and X-ray 

photoelectron spectroscopy to elucidate the mechanism of film corrosion in acidic conditions. 

Factors such as film and buffer composition alter film stability by creating structures that 

minimize film exposure to acid and/or maximizing self-healing through the availability of 

soluble metal ions in solution. 
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KNO3 (a) pH 2.5 and (b) pH 7.0 during the first (  ), second ( ), and third (
) scans. 

 
 
Figure 5.12. Electrochemical stability for PbCoFeOx films operating OER at 1 mA 
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1.1 The Energy Challenge 

Energy is the fundamental backbone of society: improvements in energy extraction has 

been marked by a corresponding boom in technology and standard of living, whereas the 

inability to supply energy requirements has led to the collapse of large empires.1 Thus, the 

development of a sustainable energy source is vital for future society.   

Recently, the global energy demand was 575 Quad British thermal units (BTU) per year 

(an average of 19.2 TW) in 2015 and this number will likely increase to 735 Quad BTU per year 

(24.5 TW) by 2040.2 The spike in demand is driven in part by the growth in the world 

population, from 7.5 billion (April 2017) to ~9.7 billion by 2050.3–7 The demand is further driven 

by the approximately 3 billion current inhabitants of the non-legacy world who will seek 

increased energy needs associated with urbanization and higher standard of living.3–5 Together, 

these 5.2 billion additional people will need a secure supply of energy in order to maintain global 

geopolitical, environmental, and economic security. Figure 1.1 illustrates the growing energy 

demand the global source of these demands. 

 

Figure 1.1. Estimated energy demand growth from 2015 to 2040 for world countries. Data 
obtained from reference 2. Map image modified from Freepik.  
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Perhaps equally important as the volume of energy demand is the environmental impact 

of the energy source. Previous use of fossil fuel based energy sources has resulted in the highest 

atmospheric carbon dioxide concentration yet measured in the last 650,000 years.8,9 Rising 

greenhouse gas emissions have resulted in an increase in the mean surface air temperature 

change of 0.8 oC from 1880 to 2017.10  With the current rate of greenhouse gas emissions, global 

mean temperatures are anticipated to raise 3-5 oC by 2100 relative to the mean value between 

1986 and 2005.11 Disruptions to life will occur; weather is expected to be more extreme and 

coastal regions will experience flooding from rising sea levels.12,13 The ecological consequences 

of this temperature change are also predicted to be drastic; mass extinction is expected due to 

ocean acidification and migration of invasive species in the redistributed climate.14,15 

As a society, we will be facing the convergence of these two challenges within the next 

century. It is imperative that we find a sustainable energy source that addresses both the volume 

of energy demand and environmental impact of energy source. Thus, fueling the growing energy 

needs of the world is the single most challenging issue in this century.  

1.2 The Solar Potential  

The target of 735 Quad BTU per year (a rate of 24.5 TW) energy supply by 2040 cannot 

be met with just any energy source. Although fossil fuels have the ability to meet the volume 

demand, its continued usage will continue to exacerbate the ecological damage inflicted by 

global warming. Of the renewable, carbon-neutral energy sources currently available, the 

potential of solar energy overshadows all other options (Figure 1.2) with a maximum of 120,000 

TW intersecting the earth at one time.16–18 To achieve the 24.5 TW demand, less than 0.02% of 

this power needs to be captured, which is feasible with a silicon photovoltaic efficiency of 10% 

on 0.2% of the world’s surface.19  



	

	–4– 

 

Figure 1.2. Estimated yearly potential of renewable energy sources. Modified from reference 18. 
Images modified from Freepik. 

 

While the mathematics of the supply considerations of solar power are attractive, so are 

the financial considerations. The dramatic drop in the cost of silicon photovoltaic cells from 

$76/W in 1977 to $0.3/W today have made investing in solar energy financially competitive with 

traditional grid electricity.20,21 

1.3 Storage of Solar Energy through Water Splitting 

The impending energy demand coupled with the dire consequences of global warming set 

the stage for the renewable energy boom. Solar power has emerged as a promising contender to 

replace fossil fuels with its massive potential supply and financial attractiveness. Energy storage 

now remains the missing link between intermittent solar energy sources and the 24/7 reliable 

energy output consumers have come to expect from current existing grid infrastructures. 

Energy storage serves two major purposes for energy consumption22: (a) increasing 

utilization of power by absorbing excess supply of power and (b) compensating for the 
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intermittent and diurnal nature of sunlight by providing consistent source of power. A diverse 

portfolio of companies including grid operators, independent power providers, and utilities stand 

to gain from the competitive advantages offered by energy storage.22,23 Currently, a variety of 

options exist for electrical energy storage (EES), suitable for different applications. It is 

recognized that no individual EES technology alone can completely replace fossil fuels and meet 

all future energy demands.24  The Department of Energy Global Energy Storage database 

currently contains 1636 global projects that account for 193,293 MW of energy (numbers reflect 

Sept, 2017).25 Selecting for a suitable EES depends on the requirements of the power system 

application and the characteristics of the EES technology. With respect to the growing energy 

demand of the current non-legacy world, an EES technology that stresses portability (small 

volume and high energy density) is most appropriate to alleviate the current lack of energy grid 

infrastructure in these countries.26  

Hydrogen (H2) storage coupled with fuel cells offers a portable solution to energy storage 

and electricity production. Hydrogen has both the highest mass energy density for any fuel and 

possesses clean combustion in air, making it an ideal clean energy carrier for the future.27 

Hydrogen energy storage systems involve two separate processes. First, energy is stored through 

water electrolysis (a thermodynamically uphill process that requires an energy input), which 

produces hydrogen, which can be stored in high-pressure containers. Finally, energy is retrieved 

by running the hydrogen back through a fuel cell to produce electrical energy through the 

chemical reaction of hydrogen-oxygen recombination. The electricity generated from the fuel 

cell is quieter, produces less pollution, and is more efficient than energy extracted from burning 

fossil fuels.28 Additionally, hydrogen energy storage is also easily scalable and compact allowing 

for stationary, distributed, or transported power.29  
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1.4 Challenges in Water Splitting Catalysis 

Currently, hydrogen can be produced on a large scale using steam reformation of natural 

gas. However, this non-renewable process contributes to environment damage through the 

production of carbon dioxide.30 Catalytic water splitting is more attractive because 1) the source 

of fuel, water, is abundant, and safe, 2) significant energy density can stored in the O–O and H–

H bonds, and 3) water splitting systems can be easily scaled.2,31 Thus, the implementation of a 

large-scale hydrogen economy requires the development of cost-effective, clean methods of 

water splitting. The overall thermodynamic potential for the electrolysis is given in equation: 

2𝐻!𝑂 ⇄ 2𝐻! + 𝑂!   Vrev = 1.23 V    (1.1) 

The reaction can be further broken down to two half reactions: the oxidation process of 

the oxygen evolution reaction (OER, eq 1.2) and the reduction process of the hydrogen evolution 

reaction (HER, eq 1.3).   

 2𝐻!𝑂 ⇄ 𝑂!  + 4𝐻! + 4𝑒– Eanodic = 1.23 V – 0.059(pH) V (NHE)  (1.2) 

 4𝐻! + 4𝑒– ⇄ 2𝐻!  Ecathodic = 0 V – 0.059(pH) V (NHE)  (1.3) 

Nature is able to accomplish this water splitting reaction through the Mn-Ca oxide cluster 

in the oxygen evolving center of the Photosystem II enzyme.32–34 Executing the same reaction 

artificially, however, has proven to be a challenge due to the kinetically sluggish OER half 

reaction which involves the transfer of four charge equivalents that must be stored and 

discharged towards O–O bond formation.35–38 Driving this half reaction requires an additional 

overpotential. Overpotentials arise from the activation barrier created by the electrode-solution 

interface where the electrochemical half reaction occurs represented by the following equation: 

𝑉!" = 𝑉!"# + 𝜂! + 𝜂! + 𝜂!       (1.4) 
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where VOP is the operational voltage, Vrev is the thermodynamic voltage, ηa and ηc represent the 

overpotential associated with the anodic and cathodic half reactions respectively, and ηΩ 

represents the overpotential associated with ohmic losses within the device. Activation 

overpotentials (ηa and ηc) are determined by the intrinsic properties of the catalysts at the 

electrode while resistance overpotentials (ηΩ) are determined by the structuring of these 

individual active centers in the bulk catalyst. High overpotentials hinder energy storage 

technologies because they lower the energy efficiency of the overall process. Thus, disruptive 

improvements to energy storage systems will be dictated by advances in the design of active 

centers and the mesostructure construction of these active centers to form oxygen evolving 

catalysts (OECs) (Figure 1.3).  

 

Figure 1.3. Outline of considerations for meeting growing energy demands. Images modified 
from Freepik. 
 

1.5 Strategies to Overcome High Overpotentials 

With the thermodynamic potential for water splitting fixed at a constant value, the 

differentiating factor for evaluating catalysts is their ability to manipulate the kinetics of the 

reaction, and OER in particular. Transition metal oxides are well suited to meet the kinetic 
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challenges of OER with their ability to support multiple oxidation states39 and highly active 

metal-oxo species40 necessary to accommodate the multiple electron and proton transfer steps. 

Currently, the most active OER catalysts are Ir- and Ru-based metal oxides.41,42 However, both Ir 

and Ru are precious metals, and their metal oxides are thus financially impractical for use in 

global scale energy applications.43,44 This has led to intense interest in developing earth abundant 

metal-based catalysts that operate with comparable efficiencies. First row transition metals have 

emerged as an attractive contender because of their high abundance, low cost, and long-term 

corrosion resistance in alkaline solutions.45–47 

Heterogeneous systems, with the catalyst in the solid phase, are more advantageous to 

use for water splitting applications than homogenous systems because the former are more cost-

effective to produce and more stable in the highly oxidizing conditions of OER. 48 – 50 

Furthermore, heterogeneous systems, with their extended solid-state structures, are better suited 

to distribute redox demand over multiple metal centers necessary for maintaining low 

equilibrium potentials throughout the catalytic cycle. Thus, while several homogenous 

complexes have been developed to undergo water oxidation,51–57 all of these systems display 

poorer activity and stability compared to heterogeneous systems with the corresponding metal 

active center motif.41,42,58–61 

The field of heterogeneous catalysis has focused on the identification of and then 

subsequent mechanistic study of monometallic oxides for OER in a variety of pH and electrolyte 

conditions. These studies have paved the way in developing fundamental insight into OER 

mechanism including the role of PCET, 62 – 65  oxygen adsorption energy, 66 – 68  and lattice 

structure.69–73 Furthermore, these initial studies have established a toolkit of spectroscopic 

techniques with which to probe metal center oxidation, structure, and activity.74–81 
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Significant effort has also been placed to enhance OER by enforcing specific metal oxide 

structures including layered double hydroxides,82 perosvkites,83–86 and spinels.87,88 It is unclear, 

however, the extent to which these structures are maintained during operation of OER in buffers 

where corrosion of OECs may result in dissolution and re-deposition of metal centers to form 

amorphous OECs.89 Catalysts have also been developed to take advantage of this disintegration 

and subsequent re-deposition to form self-healing catalysts that operate in near-neutral 

conditions.90,91 Furthermore, effort has been placed towards increasing the electrochemical active 

area by exposing more catalyst edge sites on carbon nanotubes92–94 and increasing conductively 

accessible sites with Au substrates95–97 and nanosheet structures.98–101 

A recent focus within the last decade has been to insert metal dopants into monometallic 

oxides to form binary102–106 and ternary107–112 oxides for enhanced OER activity. The origins 

behind the observed metal synergy have been ill-defined and, consequently, the true identity of 

the metal active site in such catalysts has come under debate. A major thrust of this thesis work 

will focus on elucidating the mechanism behind mixed metal enhancement for both OER activity 

in base and stability in acid. 

1.6 Measurements and Studies in OEC Performance 

Substantial mechanistic insight can be obtained through two major electrochemical 

analysis plots: cyclic voltammograms (CVs) and Tafel slopes. CVs use a linear potential ramp 

towards anodic and cathodic potentials to probe the current response of a catalyst under 

operating conditions. Broadly speaking, when carefully selecting for the range of potentials 

scanned, CVs can provide information about the onset potential for OER, the redox potential for 

metal reduction/oxidation processes, and the irreversibility of these redox processes. The onset 

potential for OER can be used to compare catalysts’ performances for OER, although care must 
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be taken to normalize with respect to other contributing factors such as catalyst loading, film 

porosity, buffer pH, and concentration of anions. The area, location, and shape of the metal 

center redox peaks hold valuable information regarding the nature of metal centers in catalysts 

and the OER mechanism. Integration of the anodic and cathodic redox peaks can provide 

information regarding the charge necessary to oxidize or reduce metal centers in the film, 

respectively (Figure 1.4). Moreover, the potential at which redox peaks occur yields information 

regarding the ease with which metal centers are oxidized or reduced and, consequently, provides 

insight into the stability of these oxidation states under operating potentials. Finally, the 

broadness of the anodic and cathodic redox features provides information on the reversibility of 

the oxidation or reduction processes. CV analysis of OEC films have served as a standard for 

catalyst benchmarking,41,42 yielded insight into metal oxidation state,71,113 and guided analysis of 

OER mechanism.62,63,114,115 

 

Figure 1.4. A full CV scan gives information regarding the onset potential for OER, and redox 
processes (reduction and oxidation).  

 

The intrinsic activity of a catalyst can be extracted from a steady-state Tafel analysis. 

Here, the exchange current density and Tafel slope provide information regarding the activity of 

the catalyst in the absence of a potential and the kinetic efficiency of the active site, respectively. 
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In the absence of mass transport limitations, the relationship between the steady-state anodic 

current and applied potential in the multistep OER is given by the following equation: 

𝑖 = 𝑖!𝑒
!!!"
!"          (1.5) 

where i0 is the exchange current (the rate of forward and reverse reactions at equilibrium 

potential), αa is the transfer coefficient for the anodic reaction, η is the overpotential, F is 

Faraday’s constant, R is the gas constant, and T is the temperature. In this expression, the 

concentration of reactants at the electrode surface relative to the bulk is constant (not under mass 

transport limitations), and, thus, the reaction is assumed to be under kinetic control. The 

expression can be rearranged in logarithmic form to yield the Tafel relationship: 

𝑙𝑜𝑔 𝑖 = 𝑙𝑜𝑔 𝑖! + !
!
        (1.6) 

or alternatively:  

𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔 𝑖         (1.7) 

where a is the exchange current density and b is the Tafel slope given by: 

𝑏 = !.!"! !"
!!!

         (1.8) 

Thus, the exchange current density and Tafel slope can be easily extracted from a plot of 

overpotential versus log (i). With the Tafel slope and exchange current density, one can then 

arrive at metrics relevant to energy storage applications: the current density for any overpotential 

applied or, conversely, the overpotential necessary to reach a particular current density. 

Generally, a lower Tafel slope is desirable because it signifies a greater increase in current with 

smaller increases in overpotential applied. However, it is possible that for a desired current 

density, a catalyst with a higher Tafel slope requires lower overpotential than a catalyst with a 

much lower Tafel slope due to differences in the exchange current density between the two 
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(Figure 1.5). Therefore, the operating conditions play a very important role in dictating which 

catalyst is most suitable for the device of interest.  

 Tafel slope analysis also yields mechanistic insight into the operating catalysts. For 

multistep processes involving a series of elementary steps occurring in sequence with a single 

rate-determining step, the transfer coefficient for the anodic reaction (αa) can be defined as:116 

𝛼! =
!!
!
+ 𝑛!𝛽         (1.9) 

where nb is the number of electrons transferred prior to the rate-determining step, ν is the number 

of rate determining steps in the overall reaction, nr is the number of electrons participating in the 

rate-determining step, and β is the symmetry factor. Typically, β = 0.5, because the overpotential 

is usually much smaller than the reorganization energy.117 Furthermore, nr is generally agreed to 

be either 1 or 0 since it is unlikely to have more than one electron transferred simultaneously.117 

Consequently, Tafel slopes are restricted to specific values representing distinct numbers of 

electrons transfers and chemical transformation prior to the rate-determining step. The common 

potential mechanistic steps and corresponding Tafel slope relevant to OER is given in Table 1.1. 

Table 1.1. Tafel slope and corresponding reaction steps for common mechanisms in OER 
catalysis in near-neutral and basic conditions. 

Tafel Slope 
(mV/dec) Mechanism a Examples 

118.2 E MnOx
118 

59.1 EC CoOx,90 NiCoCeOx
119 

39.4 EE FeOx,108 FeCoWOx,111 RuO2,120 IrO2
121 

29.5 EEC NiFeOx,113 CoFeOx
106 

14.7 EEEEC NiFeAlOx
112 

aE corresponds to electron transfer while C represents chemical transformation. Rate determining 
steps are indicted in bold. 
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Tafel slope analysis has been useful in benchmarking the intrinsic activity of OECs122,123 

and revealing the mechanistic details of OER under various operational conditions by different 

catalysts.45,62,63,124–128 While Tafel slope analysis has the ability to differentiate between reaction 

mechanisms, it is vital to ensure that the analysis accurately reflects the kinetic parameters of the 

catalyst alone as opposed to experimental effects. First, all currents measured should be 

associated with the reaction of interest from the catalyst of interest. Current resulting from 

overlapping reactions and from the electrode may contribute to the measurement.89,130 Next, the 

operating condition must be selected for to yield a linear Tafel slope region. Multiple Tafel slope 

regions have been observed, which may represents changes to the rate determining step, or 

changes to the behavior of current-potential relationships as result of mass transport 

limitations.129,131–135  

 

Figure 1.5. Tafel slope analysis showing two catalysts with different Tafel slopes and exchange 
current densities. Depending on the current density of interest, a catalyst with higher Tafel slope 
may be more desirable. For current densities below 10–3.2 A cm–2, catalyst with 90 mV/dec is 
better, whereas the catalyst with Tafel slope 40 mV/dec is better suited for operations above 10–

3.2 A cm–2 
 

Beyond electrochemical probing, spectroscopic methods have been employed to gain 

insight into the mechanism of OECs. In particular, X-ray absorption spectroscopy (XAS) is 

capable of revealing electronic structures that may otherwise be obscured in electrochemical 
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analysis. For transition metals, XAS analysis is typically probed around the metal K-edge, which 

represents the transition from 1s to 4p. The XAS spectrum consists of two main regions: the X-

ray absorption near edge structure (XANES) and the extended X-ray absorption fine structure 

(EXAFS) (Figure 1.6). XANES probes the unoccupied orbitals and provides information 

regarding the valence state and coordination geometry of the metal center. In XANES spectra, a 

pre-edge feature occurs as a result of the symmetry forbidden transition from 1s into a 3d orbital. 

The intensity of this pre-edge feature is an indication of the symmetry feature of the metal 

complex; the intensity increases in metal centers with a broken symmetry, such as a tetrahedral 

coordination. The main edge represents a transition from 1s to 4p and is thus strongly sensitive to 

the oxidation state of the metal center. In the EXAFS region, the core electron is excited into the 

continuum. The features in the EXAFS regions are the result of photoelectron scattering by 

neighboring atoms. Thus, the EXAFS region is used to yield information about the local 

geometric structure including the number of neighboring atoms, and the distance and disorder 

between these atoms. XAS has been successfully used to reveal polymorph structures, bond 

distance changes, and metal oxidation states of catalysts undergoing OER in various operating 

conditions.69,71,77,80,105,123,136  

 

Figure 1.6. Illustration of XAS spectra composed of regions: pre-edge, edge, and EXAFS. 
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1.7 Scope of Thesis  

The development of a superior OEC requires the amalgamation of multiple metal centers, 

each serving a specific role in OER activity and acid/base stability. A major thrust of this thesis 

work focuses on first evaluating the performance of OECs and then elucidating the mechanism 

of this performance. This thesis explores the mechanistic insights behind the use of mixed metal 

oxides for OER enhancement in base and film stability in acid using a combination of 

electrochemical and spectroscopic techniques. By understanding the intrinsic differences 

between catalysts, we can begin to think about rational design of the next generation of OER 

catalysts.  

Chapter 2 explores iron doping of nickel oxide films and the resulting enhancement in 

activity for promoting OER. Whereas this enhanced activity has been ascribed to a unique iron 

site within the nickel oxide matrix, we show that Fe doping influences the Ni valency. We 

provide evidence for an alternative role of Fe3+ as a Lewis acid in the host nickel oxide. The 

percent of Fe3+ doping promotes the formation of formal Ni4+, which in turn directly correlates 

with an enhanced activity of the catalyst in promoting OER. The role of Fe3+ is consistent with 

its behavior as a superior Lewis acid.  

Chapter 3 expands upon the results from Chapter 2 by exploring Lewis acidic metals as a 

replacement for Fe to enhance NiOx for OER. Four Lewis acidic metals (Al, Ce, La, and Sc) 

were selected for given their high Lewis acidity and Oh coordination preference. We find that 

unlike Fe, incorporation of Al, Ce, La, or Sc yields no observable changes to the electronic 

structure of NiOx and hence effects no change to the Tafel slope for OER from the ~90 mV/dec 

observed in pure NiOx. In the case of NiCeOx, there is no change in the Ni2+/3+ redox peak 

position but there is a large decrease in onset potential for OER, which is not observed for 
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NiLaOx. This is likely the result of an increase in electrochemically active surface area caused by 

leaching of Ce from the NiCeOx during anodization. Addition of Al or Sc into NiOx shifts the 

Ni2+/3+ redox peaks towards higher potentials but does not alter the electronic structure of Ni 

centers. This suggests that a shift in Ni redox potential, observed in cyclic voltammograms, does 

not necessarily translate to changes in Ni oxidation state and, hence, OER activity.  

Chapter 4 explores Fe doping in cobalt oxide catalysts. Co-Fe oxide OECs have been 

shown to yield catalytic activity for oxygen evolution on par with Ni-Fe oxides in base. We use 

57Fe Mössbauer spectroscopy to identify and track the growth of Fe4+ species in mixed-metal Co-

Fe oxides. We then confirm the identity of this Fe4+ oxidation state and further characterize its 

structure using X-ray absorption spectroscopy. Fe enhancement directly tracks the absolute 

concentration of Fe4+, suggesting an important role for this state in activating the catalyst for 

high oxygen evolution reactivity. 

Chapter 5 delves into oxygen evolving catalysts that operate in acid. By selecting for 

metals designed for stability and activity separately, active first-row transition metal oxides can 

be stabilized by Pb oxides to function as OECs in acid. We first show the flexibility of this 

template design by altering the metal responsible for oxygen evolution reaction (OER) from Co 

to Ni. These PbNiOx films yield a Tafel slope of ~90 mV/dec in acid (pH 2.5), a value similar to 

that of pure NiOx films in base, and can operate OER in acid at 1 mA cm–2 for ~20 hr before film 

dissolution. Addition of Fe to form PbNiFeOx has little effect on OER activity but extends film 

stability by an additional ~8 hrs. We then probed these PbOx based OECs using X-ray absorption 

spectroscopy and X-ray photoelectron spectroscopy to elucidate the mechanism of film 

disintegration in acid. The Pb L3-edge spectra of PbOx OECs operating in acid reveal a PbO2 

structure with little change after addition of Ni, Co, and/or Fe into the lattice. Elemental analysis 
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reveals a drastic elimination of Co, Ni, and Fe from films and a significant decrease in Pb after 

operation of OER in acid. This is correlated with an increase in edge site hydroxide oxygen in 

the O 1s spectra. PbOx based films likely undergo continuous dissolution in acid while 

maintaining OER functionality until the threshold point when major conductive nodes are lost in 

the PbOx framework. Factors such as film and buffer composition alter film stability by creating 

structures that minimize film exposure to acid and/or maximizing self-healing through the 

availability of soluble metal ions in solution. 
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Chapter 2 
 
 
 
 
 
 
 
 
 
 
 

Mechanism of Fe Enhancement in Ni Oxides for Oxygen Evolution 
Reaction in Near-Neutral and Basic Conditions 
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2.1 Introduction 
 

Increasing the solar-to-fuels conversion efficiency of artificial photosynthetic systems 

relies on continued improvements in understanding the chemistry of catalytic water splitting, 

especially the oxygen evolution reaction (OER).1–3 Iron-doped nickel oxide catalyst films have 

long stood the most active non-noble metal oxygen evolution reaction OER catalysts in alkaline 

electrolyte.4–6 It is known since the studies of Corrigan in the 1980s that oxidic Ni thin films with 

trace Fe content exhibit exceptional OER activity.7–11 The behavior of Fe-doped Ni (Fe:Ni) oxide 

films under basic conditions (1 M KOH) has been revisited12–23 and in this recent body of work, 

the role of Fe in these films has come under debate. Work by Boettcher et al, have reveal the 

incorporation of trace iron into what was previously believed to be pure Ni oxide films. Their 

recent studies suggest the role of iron as a high valent active site at which OER occurs. X-ray 

absorption spectra of Fe:Ni oxide films supported by computational studies have led to the 

contention that Fe3+ species are the active sites for water oxidation.16 The conductivity of the 

metal (Ni and Co) oxido framework has been observed to increase with Fe content, with the 

oxide also potentially serving as a scaffold for Fe active sites.19,20 Interestingly, unary Fe oxide 

films, however, are inferior OER catalysts. Whereas iron oxide displays modest intrinsic activity 

at high overpotentials (η > 350 mV),20 at low overpotentials (η < 300 mV) the activity of the 

films is poor,20,21, 24–26 even as ultrathin sub-monolayer films.26 Interestingly, the Tafel slope of 

Fe:Ni oxido films changes with increasing Fe content.10 Based on the reaction–diffusion 

behavior of multilayer OEC film,27 Fe centers as isolated (i.e, non-interacting) sites embedded in 

a conductive matrix may be expected to alter the exchange current density with Fe content but 

not necessarily the Tafel slope. In contradistinction to an Fe active site model for Fe:Ni oxides, 

although Mössbauer studies of Fe:Ni layered double hydroxides provide direct evidence for the 
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formation of Fe4+ in Fe:Ni oxide catalysts during OER, these Fe4+ sites do not account for the 

observed catalytic activity.28 Moreover, the formation of “active oxygen” species have been 

found to be adsorbed on nickel sites in Fe:Ni films in borate buffer29–31 suggesting Ni centers as 

active sites for OER. These results together suggest that the presence of Fe active sites may not 

be the primary reason for the enhanced activity of Fe:Ni catalysts films and point to another 

chemical role for Fe in oxidic Ni films. 

Our group has developed methods to deposit Ni oxidic films at intermediate pH by 

employing borate (Bi) electrolyte. These NiBi films were found to achieve high OER activity by 

anodic conditioning.36–38 In conjunction with these studies, electrochemical redox titrimetry and 

in situ37 and ex situ32 X-ray absorption spectroscopy (XAS) at the nickel K-edge has revealed a 

correlation of the catalytic activation with a rise beyond 3 in the formal valence of the Ni resting 

state. Indeed, immediately following deposition, nickel centers persist as Ni3+ in a low activity β-

NiOOH-like phase; anodization results in oxidation to a mixed-valence Ni3.6+ γ-NiOOH-like 

phase, which serves as the resting state for the active catalyst.37 These studies support the notion 

that the active Ni phase in NiOOH-mediated OER is the Ni4+-containing γ-NiOOH phase. 

Taking into account the spectroscopic data demonstrating the correlation between activity and 

Ni4+ content,37 we have now interrogated the influence of Fe content on Ni valence by 

electrochemical redox titration of ultrathin (<10 nm) catalyst films, with additional 

characterization using Ni K-edge XAS and O K-edge electron energy loss spectroscopy (EELS). 

We show that the resting state of the Ni valence in these materials increases with Fe content to 

10%, after which increased Fe content does not affect the Ni valency. Our results point to the 

role of Fe as a Lewis acid to increase the Ni valency, which in turn leads to the increase in OER 

activity of Fe-doped Ni oxido films. 
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2.2 Preparation of Fe-free and Fe:NiBi Oxide Films  

Fe:Ni oxide films may be prepared by nitrate electro-reduction, which creates a basic pH 

at the electrode resulting in rapid precipitation induced by local pH increases. Under these basic 

conditions, Fe oxide/hydroxide is prone to preferential deposition owing to differences in 

solubility product constants for Ni(OH)2 versus Fe(OH)2 (Ksp = 5.5 × 10–16 and 4.9 × 10–17 

respectively).33 Segregation of Fe and Ni oxido sub-domains would make it difficult to examine 

the role of Fe in films at a mechanistic level. In contrast, addition of Fe through incidental 

doping or the more gradual anodic deposition technique is a more controlled deposition method 

that prevents rapid Fe precipitation. We have developed methods that permit metal oxido films to 

be anodically electrodeposited in a controlled fashion under near neutral pH conditions where Fe 

precipitation is not prevalent.34–39 Oxidic Ni-based films may be deposited at intermediate pH by 

employing borate (Bi) electrolyte and high activity from these may be achieved by holding the 

film at anodic potentials for an extended time.36–38   

Table 2.1 lists the three types of NiBi films examined in this study: pure NiBi films with 

no Fe, and NiBi films with Fe incorporation either from trace Fe14,17,18 in reagent grade KOH and 

Bi electrolytes (i.e., Fetr:NiBi) or from Fe co-deposited17 from a known solution concentration 

(i.e., Fecod:NiBi). Electrolyte solutions for the preparation of authentic NiBi films must be either 

scrubbed of Fe in very basic pH conditions by subjecting the solutions to treatment with solid 

Ni(OH)2 as previously described14,17 or cleaned by chelating resin complex in more neutral pH 

conditions as previously described.40 Films were studied either directly upon electrodeposition 

(designated as-deposited) or after holding the film at an anodic potential for 3 h either at 0.75 V 

in 1 M KOH or 1.15 V in 1 M KBi pH 9.2 (designated anodized). All potentials are in reference 

to the normal hydrogen electrode (NHE). 



	

	–31– 

Table 2.1. Summary of film preparation, analysis, and Fe content. 

Entry Film Fe Incorporation 
Method 

Film Preparation a Fe Content 
mol % b 

NiBi Films 

1 NiBi None As-deposited 1.04 ± 0.46 
2 NiBi None Anodized in Fe-free 

solution (1 M KOH) 
1.60 ± 0.38 

3 NiBi None Anodized in Fe-free 
solution (1 M KBi pH 9.2) 

0.58 

Fe:NiBi Films from Trace Fe Incorporation 

4 Fetr:NiBi Incubate in reagent 
grade 1 M KBi pH 9.2 

Anodized in Fe-free 
solution (1 M KOH) 

2.91 ± 0.74 
to 4.75 ± 1.87 c 

5 Fetr:NiBi Incubated in reagent 
grade 1M KBi pH 9.2 

Anodized in Fe-free 
solution (1 M KBi pH 9.2) 

2.66 to 6.45 c 

6 Fetr:NiBi Anodized in reagent 
grade buffer 

Anodized in reagent grade 
solution (1 M KOH) 

11.43 ± 1.55 

7 Fetr:NiBi Anodized in reagent 
grade buffer 

Anodized in reagent grade 
solution (1 M KBi pH 9.2) 

27.34 ± 3.51 

Fe:NiBi Films from Intentional Fe Incorporation 

8 Feint:NiBi None As-deposited 4.47 ± 0.59 

9 Feint:NiBi Co-deposition from 
Ni/Fe solution 

Anodized in Fe-free 
solution (1 M KOH) 

4.90 ± 0.64 

a Electrodeposited films studied with no applied anodic pre-conditioning are designated as-
deposited; electrodeposited films obtained from applying an anodic potential for 3 h either at 
0.75 V vs NHE in 1 M KOH or 1.15 V in 1 M KBi pH 9.2. are designated as anodized. b Fe 
concentration determined from ICP-MS of dissolved films. c Incubation times from 5 to 30 
min.  

 

As-deposited and KOH-anodized NiBi films (entries 1 and 2 in Table 2.1, Entries 2.1-1 

and 2.1-2, respectively) exhibit Fe content and OER activity similar to previous reports.17,36–38 Ni 

and Fe metal ion concentrations were determined by inductively coupled plasma-mass 

spectrometry (ICP–MS) on solutions of digested films (rinsed in type I water) in ultrapure 
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(doubly distilled) 2% nitric acid. All glassware was thoroughly acid-washed prior to use. The 

detection of Fe in as-deposited NiBi films (Entry 2.1-1) at a level of 1.04 ± 0.46% and for films 

anodized in scrubbed electrolyte (Entry 2.1-2) at a level of 1.60 ± 0.38% is likely due to remnant 

trace Fe in glassware and the general experimental set-up.  

As noted previously,17,36–38 the OER activity of as-deposited NiBi films in Fe-scrubbed 

electrolyte (Entry 2.1-1) is low (red trace, Figure 2.1), consistent with the high Tafel slopes (90 – 

100 mV/decade) characteristic of such films.17,36–38 That the OER current density (j) does not 

vary over time suggests that an anodic potential alone does not modify NiBi films operating in 

Fe-free media. Also consistent with previous results,17,36–38 the operation of these as-deposited 

NiBi films (Entry 2.1-1) in reagent grade electrolyte (which contains adventitious amounts of Fe) 

show a dramatic increase in activity (blue trace, Figure 2.1), attendant to a decreased Tafel slope 

of 30 mV/decade.38  

 

 

Figure 2.1. Amperometric current-time curves (Eapplied = 0.75 V vs NHE) tracking OER current 
density (j) for a 1.0 mC as-deposited NiBi catalyst films (Entry 2.1-1) operating in Fe-free 1 M 
KOH (red, ▬) and reagent grade 1 M KOH (blue, ▬).  
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2.3 Coulometric Titrations 

The valency of Ni in Entries 1-1 and 1-2 were electrochemically assessed by coulometric 

titration in Fe-free 1M KOH. This measurement was also carried out on Fetr:NiBi films (Entries 

1-4, 1-6, and 1-7). Films ≤7 nm (a few monolayers) thick are obtained by terminating deposition 

upon the passage of 1.0 mC/cm2.37,38 The use of such ultrathin films ensures that charge transport 

is not a predominant factor in evaluating film redox properties. The total charge passed in the 

electroreduction of Ni centers in NiBi and Fetr:NiBi films (blue trace, Figure 2.2) was determined 

from the cyclic voltammogram (red trace, Figure 2.2), permitting the total number of electrons 

consumed upon reduction to Ni2+ to be quantified.  

 

 

Figure 2.2. Cyclic voltammetry in Fe-free 1 M KOH of a NiBi film deposited onto an FTO-
coated glass slide and anodized for 3 h in Fe-free 1.0 M KOH (Entry 2.1-2). Scan rate: 0.1 V/s. 
Current (top ▬ ▬ ▬) and total charge (bottom ▬▬) data are offset for clarity. 

 

Figure 2.2 shows exemplary data for the cyclic voltammogram and current integration 

(charge) curve for NiBi films anodized in Fe-free electrolyte (Entry 2.1-2). By determining the 

total Ni and Fe content in these films from ICP-MS analysis, the Ni valency may be calculated. 

For NiBi films (Entry 2.1-2), we observe that 1.2 ± 0.1 electrons are consumed per Ni center, 
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revealing that a Ni valency of +3.2(1) is sustained upon anodization in Fe-free solution. A 

similar result of 1.16±0.05 e–/Ni (Ni valency of +3.2) is also obtained for films in the as-

deposited state (Entry 2.1-1), matching previous values for as-deposited NiBi films.37 Our 

analysis assumes that Fe4+ sites, if present (as has been reported for a 3:1 Ni:Fe layered double 

hydroxide, LDH),28 do not consume electrons to produce Fe3+ sites. Indeed, at most, 1/5 of the 

Fe sites in these LDHs are Fe4+; with this benchmark, even if all the iron content in NiBi films 

were reduced to Fe3+, this would account for negligible electron consumption given our low Fe 

content (under 5% for Fe incorporated through incubation, vide infra). We note that integration 

of the cathodic wave is more reliable than integrating the corresponding anodic wave of the 

Ni3+/2+ redox feature. As shown by Figure 2.2, the integrated charge curve for CV scans recorded 

towards reductive potentials is defined clearly by an extended plateau where the film has been 

completely reduced to Ni2+. This is not the case for integration of the anodic feature, which has 

been shown to merge into the OER wave at high Fe loadings.10,14 

NiBi films were doped with increasing quantities of Fe by incubating the as-deposited 

films in reagent grade 1 M KBi pH 9.2 electrolyte (that had not been subject to the Fe scrubbing 

procedure) at open circuit for varying times (5, 10, 30 min) and subsequently anodized in Fe-free 

KOH (Entry 2.1-4). The amount of iron incorporated into these films increases steadily with 

incubation time (Table 2.1) as the onset potential to OER decreases (Figure 2.3a). Incorporation 

of Fe via this incubation method is advantageous because it allows us to resolve the behavior of 

uniform films with low Fe content (<5 mol%). For each Fetr:NiBi film, the integrated charge 

curve for CV scans is defined clearly by an extended plateau (Figure 2.3b). 
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Figure 2.3. (a) Cyclic voltammograms (CV) taken in Fe-free 1 M KOH for as-deposited NiBi 
(▬) (Entry 2.1-1) and reagent-grade anodized Fetr:NiBi films (▬) (Entry 2.1-6), as well as 
Fetr:NiBi films anodized in Fe-free 1 M KOH following exposure to reagent grade 1 M KBi 
electrolyte for 0 (▬), 5 (▬), 10 (▬) or 30 min (▬) (Entries 2.1-2 and 2.1-4). Data are 
normalized to Ni loading and offset for clarity. (b) The corresponding number of e– consumed 
per Ni throughout the CV scan. The plateaus at low potentials correspond to the data used to 
calculate Ni resting state valency. The sharp decrease in e– consumed at high potentials 
corresponds to charged passed for OER.   

 
Figure 2.4a plots the coulometric titration data versus the percentage of Fe doping for 

films prepared by this incubation process (Entry 1-4) along with that obtained from films 

prepared by the aforementioned methods (Entries 2.1-1, 2.1-2, 2.1-6, and 2.1-7). The maximal 

mixed-valence resting state of Ni3.6+ is achieved at Fe doping levels of 4%, and beyond a doping 

level of 10% Fe, there is no further increase in average Ni valence (Figure 2.4b). Interestingly, 

the plateau at >~10% Fe content observed here matches previous reports of maximal film 

activity at ~10% Fe doping.13,16,18,21 Moreover, the Ni3.6+ value matches that previously measured 

for NiBi films anodized in reagent grade 1 M KBi buffer,37 which likely contains Fe as a 

contaminant on par with the highest Fe content in Fetr:NiBi, Entry 2.1-7, measured here (Figure 

2.4). This plateau in Ni valence with Fe content again emphasizes that electrons consumed 



	

	–36– 

during coulometric titrations are going towards reduction of higher valence nickel centers to Ni2+ 

as opposed to the reduction of Fe4+ to Fe3+. 

 

Figure 2.4. (a) Plot of coulometric titration data against the Fe content for NiBi and Fetr:NiBi 
films in the as-deposited (Entry 2.1-1) and reagent-grade anodized states (Entry 2.1-6 and 2.1-7), 
as well as upon anodization in Fe-free KOH following exposure to reagent grade 1 M KBi 
electrolyte for 0, 5, 10, or 30 min (Entries 2.1-2 and 2.1-4). Error bars derived from three 
independent measurements. (b) Comparison of coulometric titration results for as-deposited NiBi 
film (Entry 2.1-1) and reagent-grade anodized Fetr:NiBi films (Entry 2.1-6 and 2.1-7), as well as 
Fetr:NiBi films anodized in Fe-free 1 M KOH following exposure to reagent grade 1 M KBi 
electrolyte for 0, 5, 10 or 30 min (Entries 2.1-2 and 2.1-4). 

 
To distinguish the role of increasing Fe content during an applied anodic potential, 

coulometric titration/ICP-MS analysis was conducted on films prepared by co-deposition of Ni 

and Fe (Fecod:NiBi) in the as-deposited and anodized state (Entries 1-8 and 1-9 respectively). 

Here, we followed previously published17 procedures to anodically electrodeposit ultrathin films 

(deposition charge of 1.0 mC/cm2) from a pH 9.2 KBi electrolyte containing a 9:1 molar ratio of 

Ni2+ and Fe2+. Film Entry 2.1-8 shows a steady increase in activity with a plateau after 1 h 

(Figure 2.5a, inset), similar to that observed upon anodization of NiBi films in reagent-grade 

electrolyte37,38 (Figure 2.1, blue trace). Redox titrimetry followed by elemental analysis of 

digested films reveals that the average Ni valence in these Fecod:NiBi films increases over the 
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course of the electrochemical activation from +3.21(4) (as-deposited, Entry 2.1-8) to +3.6(1) 

(anodized, Entry 2.1-9) as shown in Figure 2.5b. This result agrees with previous work that 

shows anodization results in significant increase in turnover frequency (TOF) even for co-

deposited Fecod:NiBi films.17  

 

 

Figure 2.5. Fecod:NiBi films deposited in the presence of Fe3+. (a) Coulometric titration of as-
deposited (Entry 2.1-8) (blue ▬ ▬ ▬) and anodized (Entry 2.1-9) (dark blue ▬) films showing 
a significantly greater amount of charge passed following anodization. The dot marks the start of 
the scan and arrows show scan direction. (inset) Chronoamperometric trace over the course of 
anodization at 0.75 V in Fe-free 1 M KOH showing activation. (b) Coulometric titration data for 
co-deposited Fe:Ni oxide films (Entry 2.1-8 and Entry 2.1-9). 

 
2.4 Differential Electrochemical Mass Spectrometry 

To understand the influence of Fe centers on the mechanism of OER at Ni sites, the 

composition of in situ O2 isotopologue production from NiBi (Entry 2.1-3) and Fetr:NiBi (Entry 

2.1-7) were monitored by Differential Electrochemical Mass Spectrometry (DEMS).41,42 DEMS 

is a powerful technique that allows for in situ monitoring of O2 isotopologues and their 

distribution under the exact conditions of OER as a function of applied potential. Consequently, 

these studies can provide valuable insight into O2 generation, specifically the mechanism behind 
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O–O bond formation. Currently, there are the two prevailing mechanisms of O–O formation 

performed by the oxyl character of high-valent metal-oxos: direct intramolecular oxygen 

coupling (IMOC) of two oxyl radicals to form a bridging peroxo intermediate or bulk water 

nucleophilic attack (BWNA) on an oxyl radical to generate a hydroperoxo intermediate.41,42 

All NiBi (Entry 2.1-3) and Fetr:NiBi (Entry 2.1-7) films were deposited and then anodized 

from Bi buffered solutions with natural 18O abundance outside of the DEMS setup in an H-cell. 

The prepared film was then inserted into the electrochemical flow cell of the DEMS and Bi 

electrolyte with 4.85% 18O-enrichement was flowed through. The film was held at three OER 

potentials (1.05V, 1.03V and 1.01V) by bulk electrolysis (BE) as the isotopologues 32O2, 34O2, 

and 36O2 were detected by the on-line mass spectrometer in real time. Since natural 18O 

abundance is so low, the only source of 18O comes from the labeled buffer flowed during the 

DEMS set-up. Because this buffer was sparged with Ar prior to use in the DEMS setup, the only 

source of O2 signal is OER performed by the metal centers, M−O (M = Ni or Fe), in the thin film 

catalyst either by bulk water nucleophilic attack (BWNA) or by intramolecular direct oxygen 

coupling (IMOC).41 Thus, in this type of labeling experiment, there are three different 

isotopologues that can be produced: 36O2, 34O2 and 32O2. 36O2 can be produced by a M−18O 

coupled with a bulk 18O from H2
18O (by BWNA) or adjacent M−18O (by IMOC). 34O2 can be 

produced by (a) a M−16O coupled with a bulk 18O from H2
18O (by BWNA) or adjacent M−18O 

(by IMOC) and (b) M−18O coupled with a bulk 16O from H2
16O (by BWNA) or adjacent M−16O 

(by IMOC). 32O2 can be produced by a M−16O coupled with a bulk 16O from H2
16O (by BWNA) 

or adjacent M−16O (by IMOC). 
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Figures 2.6b and 2.6c shows the O2 isotope distribution for OER performed in 18O-

enriched buffer at applied potentials of 1.05 V, 1.03 V and 1.01 V, which display varying OER 

current densities for the NiBi and Fe:NiBi films.  

 

Figure 2.6. (a) Cyclic voltammetry scans of NiBi film (grey ▬) and (Ni:Fe)Bi film (black ▬) in 
the DEMS setup and the selected OER potentials for bulk electrolysis analysis (inset). 
Corresponding O2 isotopologues (32O2: red ▬; 34O2: blue ▬; and 36O2: green ▬) detected by 
DEMS at the OER potentials for the (b) NiBi film and (c) (Ni:Fe)Bi film while flowing 4.85% 
18O-enriched 0.1M KBi  and 0.2 M KNO3 pH 9.2 buffer.  

 

32O2 and 34O2 isotopologues are observed during all OER potentials tested. The signal 

intensities of 32O2 and 34O2 isotopologues remain constant throughout the duration of bulk 

electrolysis at OER potentials, which indicates no mass transport issues or film loss within the 

DEMS setup. 36O2 also appears to be produced during OER but the signal quality is poor.  

The O2 isotopologues distribution can only provide useful mechanistic data if its 

composition is predominantly a result of OER at metal centers. Fast exchange with water at these 

metal centers can alter enriched 18O population in the metal oxide film thereby contributing to 

the distribution of O2 isotopologues detected. Consequently, the prevalence of fast water 

exchange in the system must first be measured before any mechanistic data can be extracted. The 
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expected O2 isotope distribution was calculated for fast water exchange at metal centers in these 

conditions (Methods). The percentage of detected 34O2 and 32O2 from both NiBi (Entry 2.1-3) 

and Fetr:NiBi (Entry 2.1-7) matches well with these values (Table 2.2).  

Table 2.2. Percentage of 34O2 and 32O2 detected during water oxidation of NiBi and Fetr:NiBi 
films analyzed by DEMS using bulk electrolysis.  

Film Applied Potential Percent 34O2 
a Percent 32O2

 a 

Fetr:NiBi conditioned in 
reagent grade buffer 

1.05 9.88 ± 0.15 89.82 ± 0.21 

1.03 9.65 ± 0.24 90.18 ± 0.27 

1.01 10.19 ± 0.97 89.70 ± 1.17 

NiBi conditioned in cleaned 
buffer 

1.05 9.78 ± 0.17 89.52 ± 0.37 

1.03 9.98 ± 0.42 89.65 ± 0.42 

1.01 9.90 ± 0.51 88.32 ± 1.44 

Expected values for fast 
exchange d   9.23 90.54 

a Signal over total O2 (32O2, 34O2, and 36O2) signal from DEMS measurement. b Calculations are 
described in Methods. 
 

2.5 Cross-Sectional Elemental Mapping 

To study the difference between anodized Fe:NiBi films formed from co-deposition 

(Fecod:NiBi, Entry 2.1-9) versus incidental doping (Fetr:NiBi, Entry 2.1-7), we conducted cross-

sectional elemental analysis of a thick NiBi catalyst film (ca. 1 µm) that was anodized in reagent 

grade KBi pH 9.2 electrolyte (Entry 2.1-7). The results reveal an anisotropic distribution of Fe in 

the film with the predominant localization of Fe in the outermost ~100 nm of the catalyst film 

(Figure 2.7a). Similarly, thick as-deposited films that were not subjected to anodization (Entry 

2.1-1) do not display significant Fe counts across the film (Figure 2.7b). This result again 
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emphasizes the need to make measurements of Ni valency on thin films, as performed in our 

studies here. 

 

Figure 2.7. (a) Dark-field scanning transmission electron microscopy (STEM) image of a typical 
cross-sectioned catalyst film sample showing: a portion of the ITO substrate, the Fetr:NiBi (2. 1-
7) catalyst layer (anodized in reagent grade KBi electrolyte), and protective carbon overcoats 
applied prior to focused ion beam (FIB) milling. Right: Energy-dispersive X-ray spectroscopy 
(EDS) elemental profile (Ni: green ▬ ▬ ▬; Fe: orange ▬) with EDS counts summed across the 
region between the dotted lines. (b) EDS elemental profile (Ni: green, ▬; Fe: orange, ▬) across 
an as-deposited NiBi film (Entry 2.1-1). 
 

2.6 Tafel Slope Analysis 

To explore the effect of cross-sectional film heterogeneity on OER activity, the Tafel 

slope was compared between films of varying cross-sectional homogeneity and thickness. A thin 

Fetr:NiBi film with homogenous Fe distribution was prepared using the same methods (Entry 

2.1-7) described above with a total deposition time of 85 s. A thick Fetr:NiBi film was prepared 

using the same methods but with a longer deposition time of 270 s. This thick film presumably 

has a heterogeneous Fe distribution in the film cross-section as shown in Figure 2.7a. Finally, a 

comparatively thick Fetr:NiBi with homogenous Fe distribution was prepared by sequentially 

alternating deposition and anodization steps in 67 s deposition time intervals to yield a total 
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deposition time of 270 s. Figure 2.8 gives the graphical representation of these films along with 

the corresponding Tafel slope analysis. 

 

Figure 2.8. (a) Graphical representations of thin Fetr:NiBi films prepared by deposition for 85 s 
(●) and thick Fetr:NiBi by deposition for 270 s (◼ ︎) followed by a single 2 h anodization in 
reagent grade electrolyte, compared to that of a Fetr:NiBi film prepared by four alternating 
deposition and anodization steps involving a net deposition time of 270 s (▲) and (b) 
corresponding Tafel plots in 1 M KBi pH 9.2. 

 
Thin Fetr:NiBi film with a uniform Fe distribution yields a Tafel slope of ~30 mV/dec 

matching previous reports.17,36,38 A thicker Fetr:NiBi film with a heterogeneous distribution of Fe 

in the film cross-section, however, yields a higher slope of ~47 mV/dec. The Fetr:NiBi film of 

comparable thickness created by alternating film deposition and anodization yields a Tafel slope 

of ~30 mV/dec and a lower exchange current density than the thin Fetr:NiBi film.  

2.7 Electron Energy Loss Spectroscopy 

To investigate why greater Ni4+ valence is beneficial to greater catalytic OER activity, we 

probed the influence of formal Ni valence on the electronic structure of oxygen ions in Ni oxide 

models (Figure 2.9). Oxygen K-edge spectroscopy largely probes transitions between O 1s and 

unoccupied metal orbitals (i.e., 3d, and 4s/4p). Such spectra typically feature a pre-edge feature 
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centered ~530 eV and a broader set of overlapping bands spanning the 535–550 eV range. The 

intensity of the pre-edge has been shown to be a powerful measure of the covalency of metal-

oxygen bonds.47 The electron energy loss spectroscopy (EELS) of a series of model Ni oxide 

compounds reveal a pronounced increase in the intensity of the pre-edge feature as the formal 

oxidation state of Ni increases from NiO to γ-NiOOH.  

 

 

Figure 2.9. Oxygen K-edge EELS of nickel oxide model compounds. From top to bottom: NiIIO, 
NiII(OH)2, LiNiIIIO2, and γ-NiIII/IVOOH. Spectra were normalized to the edge jump. 

 

2.8 X-Ray Absorbance Spectroscopy 

To further investigate the relationship between Ni-O covalency with Fe loading, the in 

situ X-ray absorption near-edge spectra of Ni centers were obtained for anodized NiBi (Entry 

2.1-3) and Fetr:NiBi films (Entry 2.1-5 and Entry 2.1-7). A systematic red-shift of the Ni K-edge 

is observed upon increased Fe incorporation from 0.58 to 12.30 mol% Fe (Figure 2.10). The 

magnitude of this edge shift (−0.8 eV) is less than that associated with reducing Ni3+/4+ in the 

anodized film to Ni2+ (Figure 2.11). Additionally, the edge-shift upon Fe incorporation is less 

than that previously observed43 with the caveats that the results of Figure 2.10 have been 

obtained under OER conditions with less Fe incorporation. 
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Figure 2.10. Ni K-edge XANES spectra of reagent-grade 1 M KBi pH 9.2 anodized (Ni:Fe)Bi 

film (12.30 mol% Fe) (purple ▬), as well as (Ni:Fe)Bi films anodized in Fe-free 1 M KBi pH 9.2 
following exposure to reagent-grade 1 M KBi electrolyte for 0 (red ▬), 15 (orange ▬), or 25 
(green ▬) mins to obtain Fe content of 0.58, 2.66, and 6.45 mol% Fe, respectively. All films 
were poised at 1.3 V during anodization and during XAS scans. 

 

 

Figure 2.11. a) Ni K-edge XANES spectra of anodized Fetr:NiBi film (Entry 2.1-7) operating in 
reagent-grade 1 M KBi pH 9.2 poised at −0.2 V (▬) which reduces the Ni in the film to Ni2+ and 
1.3 V which oxidizes the Ni in the film to higher mixed valency Ni3+/4+ (▬) and b) Ni K-edge 
XANES spectra of anodized NiBi film (Entry 2.1-3) operating in Fe-free 1 M KBi pH 9.2 poised 
at −0.2 V (▬) and  1.3 V (▬). 
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2.9 Discussion 

Our coulometric titration results (Figure 2.3) show that the presence of Fe alone does not 

promote the formation of higher valent Ni species. Instead, the combination of Fe and 

electrochemical polarization at moderately high potentials (anodization) are necessary for 

activation. Previous XAS studies show that anodization drives a phase change from β-NiOOH 

(valency 3.2) to γ-NiOOH (valency 3.6).37 Fe dopants make this phase transition more accessible 

as evident through the steady rise in Ni valency that corresponds to an increase in Fe doping 

(Figure 2.3). However, Fe incorporation alone cannot achieve this transformation. Redox 

titrimetry reveals that the average Ni valence in co-deposited Ni–Fe oxido catalyst films 

increases over the course of the electrochemical activation from +3.21(4) (as-deposited) to 

+3.6(1) (anodized) (Figure 2.4). That the presence of Fe facilitates the formation of Ni4+ to yield 

an overall average Ni3.6+ formal oxidation of the resting state suggests that Fe dopants make this 

phase transition more accessible. It remains undefined if Fe increases Ni valency to drive the 

structural change or vice versa. 

Previous work by Corrigan11 and Merrill44 show that Ni oxides, in the absence of 

significant Fe incorporation, exhibit a redox level of 1.6 e–/Ni above Ni2+. In these 

measurements, the Ni valency was determined from the anodic wave of the Ni3+/2+ redox feature 

where contributions of OER to the measured current would lead to inflated values in the Ni 

redox level. Furthermore, we note that the films used by Corrigan were much thicker than 

reported here (~470 nm versus ~7 nm based on average Ni loading comparison). In thick films, a 

CV sweep conducted for coulometric analysis may not capture all Ni center reductions because 

of poor electron transfer as the film is made increasingly insulating by Ni2+ centers during the 

reduction. We avoid this issue by using ultra-thin films to ensure that the entirety of the film is 
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subject to interrogation by redox titrimetry. We also note that different materials and conditions 

lead to different values of Ni valency. Berlinguette has observed 4 e–/Ni transferred for 

photochemically prepared α-NiOx films upon integration of the first anodic peak23 though with 

repeated cycling of the film, the e–/Ni calculated with subsequent cycling converges to ~1.2 e– 

per Ni, as we observe here. Studies of other NiFe based LDHs show a trend in decreased Ni 

valency with increasing Fe45 which may be explained by a different resting state species such as 

a NiFe hydroperoxide. 46  Also of note, at high iron concentrations, phase-segregated Fe 

hydroxide phases may be prevalent and thus could complicate accurate measurements of Ni 

valency. 

The effects of Fe on Ni OER mechanism could not be elucidated through isotopic 

labeling experiments with DEMS. The results in Table 2.2 show that regardless of Fe 

incorporation, water exchange is rapid at the metal centers of both NiBi and Fe:NiBi films, 

precluding the extraction of additional details on O−O bond formation with DEMS. 

The anisotropic distribution of Fe in thick Fetr:NiBi film (Figure 2.7a) offers insight into 

the possible origin of the apparently higher activity observed upon co-deposition of Fecod:NiBi in 

thicker films.17 Co-deposition gives rise to a more homogeneous distribution of Fe throughout a 

thick film. Consequently, a greater proportion of the Ni centers throughout a thick film would 

attain a Ni4+ valency upon anodization, resulting in higher activity. In that regard, the effect 

previously observed would not be one of greater intrinsic activity, but a more optimal use of the 

Ni (and Fe) centers present in the deposited film. Indeed, our results show that a thick Fetr:NiBi 

film with a uniform Fe distribution yields  a lower Tafel slope compared to a Fetr:NiBi film with 

Fe only distributed (Figure 2.8). These thick uniform Fetr:NiBi film also display improved 

activity at high current densities when compared to a thinner uniform Fetr:NiBi film.   
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Oxygen K-edge X-ray absorbance spectroscopy of Ni oxide compounds indicate 

increased covalency in Ni–O bonding as the formal Ni oxidation state is increased. The electron 

energy loss spectroscopy (EELS) of a series of model Ni oxide compounds reveal a pronounced 

increase in the intensity of the pre-edge feature as the formal oxidation state of Ni increases from 

NiO to γ-NiOOH (Figure 2.9). The pre-edge results from transitions to unoccupied metal 3d 

orbitals that are hybridized with O 2p character (formally a 1s → 3d transition that gains dipole 

allowed intensity via O 2p mixing). Spectral intensity above the pre-edge is associated with 

states that have O 2p character hybridized with unoccupied metal 4s and 4p orbitals.47–49  The 

intensity of the pre-edge has been shown to be a powerful measure of the covalency of metal-

oxygen bonds.47 As a direct consequence of the electronic considerations embodied by the “Oxo 

Wall”,50 the formal oxidation state of Ni(IV)–oxo (Ni(IV)―O) will possess significant Ni(III)–O• 

resonance character with increased covalency. Such oxyl radical character is consistent with 

increasing evidence for the role of oxygen radicals in O–O bond formation by a proton-coupled 

electron transfer (PCET) mechanism involving water, 51 – 53 most likely to generate a 

hydroperoxide intermediate from which oxygen is generated.54 To this end, increased Ni4+ 

generation by Fe incorporation will lead to greater Ni-O covalency, and thus greater oxyl 

character, which can manifest in increased OER activity. 

This correlation between Ni–O covalency and Ni oxidation can also be used to explain 

the observed red shift in the Ni K-edge of NiBi films with increasing Fe content (Figure 2.10). If 

X-ray induced photoreduction were to give rise to this <1 eV change in edge energy55,56 we 

would expect a systematic, instantaneous photoreduction across the different films. However, 

spectral changes do not change over multiple scans, suggesting that photoreduction of the film is 

not occurring upon continuous X-ray exposure. On the other hand, it is well established that the 
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Ni K-edge is sensitive to changes in oxidation and spin state as well as ligand-metal covalency. 

Increased Ni-O covalency results in a decreased effective nuclear charge, Zeff, of the metal, 

which in turn results in a red-shift of the edge transition(s) (i.e., 1s → 4p). Additionally, 

increased metal-ligand covalency can result in a broadening and increased intensity of the edge 

transitions due to delocalization of the metal 4p orbitals.57 Our observations are also in line with 

comparative Ni K-edge XANES spectra of Ni/Mn molecular complexes with hard O, N-donor 

and soft Cl, S-donor ligands, which show that the edge-energy shifts to lower energy with 

increased Ni-ligand covalency.57,58,59 Thus, the Ni K-edge data corroborates the O K-edge data of 

Figure  2.9— an increase in Fe loading results in an increase in Ni-O covalency.  

The contributions of Ni(IV)―O versus Ni(III)–O• resonances with covalency can be 

understood within the context of a Zaanen-Sawatzky-Allen (ZSA) scheme. In this treatment, 

transition-metal compounds may be classified as either Mott-Hubbard or charge-transfer 

insulators.60,61 The electronic structure for these two regimes is determined by the relative values 

of U and Δ,62 where U is related to the d-d Coulomb and exchange interactions resulting from 

di
n, dj

n ↔ di
n–1, dj

n+1 (i and j are electrons on neighboring metals) charge fluctuations, and Δ is 

related to the ionization energy of the ligand and electron affinity of the metal, and is therefore 

related to the LMCT energy (di
n → di

n+1L where the electron-hole is located on the ligand).61 The 

relative values of U and Δ tune the metal-ligand character of the highest occupied band, which 

results in metal versus oxide oxidation (Figure 2.12). For large Δ (Δ > U), the oxygen valence 

band lies below the occupied d-orbital band (i.e., lower Hubbard band (LHB)), giving rise to a 

Mott-Hubbard type insulator, as depicted in Figure 2.12. Conversely, for small Δ (U > Δ), the 

oxygen valence band lies above the occupied d-orbital band, giving rise to a charge-transfer type 

insulator. The relative values of U and Δ are determinants of the Ni(IV)―O ↔ Ni(III)–O• 
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resonance structures. Decreasing Δ (more covalent interaction due to greater ligand-metal orbital 

mixing) and increasing U will favor covalency and hence a greater Ni(III)–O• resonance 

contribution (owing to the ordering of the O2p band above LHB). This model is consistent with 

our results of a greater Ni-O covalency arising from a higher effective formal oxidation state of 

Ni with Fe doping. The result is also consistent with the observation of increased conductivity of 

the Ni oxide lattice with Fe doping14 inasmuch as a decrease in Δ and increase in U induces more 

charge-transfer character within the lattice. 

 

Figure 2.12. Schematic energy-band vs density of states (DOS) diagrams of a (a) Mott–Hubbard 
insulator and (b) charge-transfer insulator. The occupied O 2p bands are shaded in light grey 
while the metal d bands are shaded in dark grey for occupied bands and unshaded for unoccupied 
bands. The unoccupied and occupied d bands are represented by the upper Hubbard band (UHB) 
and lower Hubbard band (LHB), respectively. The d-d coulomb and exchange energy transfer 
(U) between UHB and LHB of the metal d bands and the p-to-d charge-transfer energy (Δ) terms 
are also indicated. The Fermi energy (EF) level is indicated by the dotted dashed line.  
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2.10 Conclusion 

The ability to access the Ni4+ in the resting state of Ni oxido OECs at modest 

overpotentials (η ~ 350–250 mV) is directly correlated to the presence of Fe in NiBi films. 

Coulometric titration results reveal that the resting state valency of Ni increases by 0.5 for Fe 

loadings of 10%. Attendant to this increase in Ni valency, O and Ni K-edge spectra reveal a 

greater Ni-O covalency. On the basis of the studies reported herein, the role of Fe in promoting 

the OER at nickel oxide catalysts appears in large part to be a Lewis acid effect. By any measure, 

Fe3+ is strong Lewis acid. The chemical hardness scale of Parr, Yang and Pearson places Fe3+ as 

one of the “hardest” ions in the periodic table,63 , 64 which is also supported by the less 

quantitative predictions of hard-soft acid-base theory.65 Within the context of the study herein, a 

very relevant measure of the Lewis acidity is offered by the pKa of the hexaqua metal complex. 

Computation and experiment show Fe3+ to be the most acidic transition metal ion with a pKa = 

2.2 for the deprotonation of coordinated water.66 Accordingly, the incorporation of the Lewis 

acid Fe3+ into Ni oxido catalyst clusters would serve to increase the acidity of OHx 

(aqua/hydroxo) moieties that are coordinated to nickel, thereby lowering the reduction potential 

for the Ni4+/3+ couple and thus engendering a greater population of Ni4+ in the Fe-doped catalysts. 

This in turn leads to greater oxyl character arising from the Ni(IV)―O ↔ Ni(III)–O• resonance 

contribution. In light of the recognized role of the oxyl radical in promoting O–O bond formation 

via PCET,67–74 the role of Fe3+ in NiBi to promote increased oxyl character is of beneficial 

consequence to increasing OER activity in metal oxidic catalyst films.  
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2.11 Methods 

Materials. Ni(NO3)2●6H2O (99.9985%) and FeCl2●4H2O (99%) were used as received 

from Strem. KOH (88%) and H3BO3 (99.9%) were reagent grade and used as received from 

Macron. 65–71% TraceSELECT Ultra nitric acid, TraceSELECT nickel standard for ICP and 

TraceSELECT iron standard for ICP were used as received from Fluka Analytical. Chelex® 100 

Resin was obtained from Bio-Rad. All electrolyte solutions were prepared with type I water 

(EMD Millipore, 18.2 MΩ cm resistivity). Fluorine-doped tin-oxide coated glass (FTO; TEC-7) 

was purchased as pre-cut 1 cm × 2.5 cm glass pieces from Hartford Glass. P-doped silicon 

wafers were purchased from Silicon Quest International as precut 4´´ diameter wafers with 2-3.5 

Ω cm resistivity, 500–550 µm thickness, and <100> crystal orientation. Unless stated otherwise, 

all experiments used FTO with 7 Ω/sq surface resistivity.  

Electrolyte Scrubbing Using Ni(OH)2. KOH electrolyte solutions were cleaned by 

scrubbing the electrolyte with Ni(OH)2 according to published protocol14. In a 50 mL 

polypropylene conical tube rinsed with 2% trace nitric acid and type I water, ~2 g of 

Ni(NO3)2●6H2O was dissolved in ~5 mL of type I water. Approximately 20 mL of reagent grade 

1 M KOH was added to precipitate Ni(OH)2. The mixture was then centrifuged at 4400 rpm for 1 

min, and the solution was decanted. The Ni(OH)2 was washed with ~20 mL of 0.1 M of reagent 

grade KOH three times by suspending the solid through agitation and decanting the solution after 

centrifuging for 1 min at 4400 rpm. The washed Ni(OH)2 solid was then re-suspended in 50 mL 

of reagent grade 1 M KOH to scrub trace Fe from the solution. The mixture was sonicated for 10 

min to ensure even dispersion of nickel hydroxide and incubated at room temperature for 3 h. 

The scrubbed solution was then decanted and stored after centrifuging the mixture at 4400 rpm 
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for 10 min. All scrubbed solutions were also filtered using Corning polystyrene 0.45 µM filters 

prior to use to further remove any residual nickel from the scrubbing process.  

Electrolyte Cleaning Using Chelating Resin. KBi electrolyte solutions were cleaned by 

treating the electrolyte with regenerated Chelex® 100 Resin (Bio-Rad, Catalog # 210011676) 

according to published protocol40 with slight modifications. Approximately 15 g of resin was 

used to clean ~400 mL of buffer at a time. Chelex resin was first washed in 3 M TraceSELECT 

HNO3 and then rinsed with 4 L of type I water. All solutions were stirred in 1 L polystyrene 

bottles and filtered through clean Corning polystyrene 0.45 µM filters. Chelex resin was then 

regenerated by stirring the resin for 12 h in 1 M TraceSELECT HCl followed by rinsing with 5 L 

of type I water. The resin was then stirred with 1 M KOH (99.99%, semiconductor grade, Sigma-

Aldrich) for 24 h at 60 °C. Chelex resin was then rinsed with type I water until the pH of the 

filtrate was that of the electrolyte to be cleaned, pH 9.2. The prepared resin was then stirred with 

the 1 M KBi pH 9.2 electrolyte to be cleaned for at least 72 h before being filtered and kept in 

clean polystyrene bottles previously washed with 2% nitric acid. pH measurements of 1M KBi 

buffer after resin cleaning confirm no pH changes from pH 9.2.  

Electrochemical Methods. All electrochemical experiments were conducted using a CH 

Instruments 760C or 760D bipotentiostat, a BASi Ag/AgCl or a CH Instrument CHI 152 

Hg/HgO reference electrode, and a Pt-mesh counter electrode in a three-electrode 

electrochemical cell configuration with a porous glass frit separating the working and auxiliary 

compartments. Measurements were performed at room temperature (23 ± 1 °C). Electrode 

potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 0.197 V or E(NHE) 

= E(Hg/HgO) + 0.108 V. Overpotentials were computed using η = E(NHE) – {1.23 V – [0.059 × 

(pH – 0.25 log(PO2/P0))]} = E(NHE) – {1.23 V – [0.059 × (pH – 0.25 log 0.2)]}. 
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Borate Mediated As-Deposited and Anodized NiBi and Fetr:NiBi Film Preparation. 

As-deposited films (Entry 2.1-1) were prepared via controlled-potential electrolysis of 0.1 M 

KBi, pH 9.2 electrolyte solutions containing 0.4 mM Ni2+ 36. To minimize precipitation of 

Ni(OH)2 from these solutions, 25 mL of 0.2 M KBi was added to 25 mL of 0.8 mM Ni2+ 

solution. Unless otherwise stated, depositions were carried out using either an FTO-coated glass 

piece as the working electrode. FTO-coated glass electrodes were scrubbed, rinsed in acetone 

and isopropanol, soaked in 2% TraceSELECT nitric acid overnight and then rinsed with water 

prior to use in all experiments. A ~0.6 cm wide strip of Scotch tape was applied to the FTO 

coated side such that a 1 cm2 area was exposed to solution. Unless stated otherwise, deposition 

by controlled potential electrolysis was carried out on quiescent solutions at 1.15 V without iR 

compensation and with passage of 1 mC cm–2. A typical deposition lasted 70 s. Films were then 

rinsed by dipping briefly in type I water to remove any adventitious Ni2+ prior to electrochemical 

and spectroscopic analysis. Anodized NiBi films were made by subjecting as-deposited films to 

0.75 V in scrubbed 1 M KOH electrolyte (Entry 2.1-2) or to 1.15 V in resin cleaned 1 M KBi pH 

9.2 (Entry 2.1-3) without iR compensation with stirring for 3h. At this anodic potential the film 

undergoes structural changes while performing OER37. This OER current can be tracked via 

amperometric current-time curves to monitor film changes. Once the OER current increases and 

stabilizes, the film has completed activation (primed to perform OER). To make anodized 

Fetr:NiBi films, as-deposited films (Entry 2.1-1) were incubated in reagent grade 1 M KBi, pH 

9.2 for a specified time at open circuit potential and then anodized in either scrubbed 1 M KOH 

(Entry 2.1-4) or resin cleaned 1M KBi pH 9.2 (Entry 2.1-5) as described above. High Fe content 

Fetr:NiBi films were made by anodizing as-deposited films (Entry 2.1-1) in reagent grade 1 M 

KOH (Entry 2.1-6) or reagent grade 1 M KBi pH 9.2 (Entry 2.1-7) as described above.  
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Borate Mediated As-Deposited and Anodized Fecod:NiBi Film Preparation. As-

deposited films (Entry 2.1-8) were prepared similarly to above samples except with 0.04 mM of 

Fe2+ and 0.36 mM Ni2+ 17. To minimize precipitation of Ni(OH)2 and Fe(OH)3 from these 

solutions, all solutions were degassed with Ar gas for 20 min during preparation. In addition, 25 

mL of 0.2 M KBi was added to 25 mL of 0.72 mM Ni2+ solution followed by addition of 180 µL 

of a 11.2 mM stock of Fe2+ made from FeCl2●4H2O. Depositions were carried out on FTO-

coated glass that were scrubbed, rinsed in acetone and isopropanol, soaked in 2% trace nitric acid 

overnight and then rinsed with type I water prior to use in all experiments. A ~0.6 cm wide strip 

of Scotch tape was applied to the FTO coated side such that a 1 cm2 area was exposed to 

solution. Unless stated otherwise, deposition by controlled-potential electrolysis was carried out 

in quiescent solutions at 1.15 V without iR compensation and with passage of 1 mC cm–2. A 

typical deposition lasted 110 s. Following deposition, films were rinsed by dipping briefly in 

type I water to remove any adventitious Ni2+ and Fe2+ prior to electrochemical and spectroscopic 

studies. Anodized films (Entry 2.1-9) were subjected to 0.75 V in scrubbed Fe-free 1 M KOH 

electrolyte without iR compensation with stirring for 3 h unless stated otherwise. 

Cyclic Voltammetry and Coulometric Titrations. Catalyst films were prepared as 

described above and left at open circuit for 1 min in Fe-free 1 M KOH to equilibrate and then at 

0.6 V for anodized films or 0.7 V for as-deposited films for 30 s, immediately after which CV 

scans were initiated from 0.6 V or 0.7 V sweeping negatively to 0.2 V at which point the 

direction of scan was reversed, and CVs were terminated at 0.8 V. As-deposited films display the 

Ni3+/2+ reduction peak at higher potentials than anodized films and are consequently held at a 

higher initial potential (0.7 V vs 0.6 V) prior to CV sweep. These initial equilibrium potentials 

were chosen because they are above the Ni3+/2+ redox feature, thus capturing all charge 
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associated with converting oxidized Ni in the film to Ni2+, but below a potential where OER 

dominates (i.e., where the current baseline is flat in Figure 2.3a). Initial potentials were chosen to 

be exclusive of the OER because charge integration becomes more complicated due to (i) 

deciphering the contribution of OER current and (ii) preventing O2 bubble formation on the films 

(which prohibits electrolyte contact to the film and thus hindering complete film reduction to the 

Ni2+ state). All CV scans and pre-electrolysis were corrected for ohmic potential losses. Prior to 

data collection, the solution resistance was measured with a clean FTO working electrode using 

the iR test function. The working FTO electrode and the reference electrode were kept in the 

same configuration while the electrolysis cell was replaced for deposition, anodization or CV 

scans. 

Inductively Coupled Plasma Mass Spectrometry for Elemental Analysis. Trace 

elemental analysis was carried out with quadrupole ICP-MS (Thermo Electron, X-Series ICP-

MS with collision cell technology). All pipettes and polypropylene tubes were soaked in ~5% 

TraceSELECT nitric acid overnight and rinsed with type I water. All pipette tips were pre-rinsed 

with 2% double-distilled trace nitric acid prior to use. Films were digested with 4 mL of 2% 

double distilled trace nitric acid. Film samples along with standards and controls were then 

scanned twice for 60 s each for 56Fe, and 60Ni. Internal standards and controls dispersed 

throughout the samples were run to confirm no signal drift.  

Differential Electrochemical Mass Spectrometry (DEMS). DEMS experiments were 

conducted on a home-constructed DEMS system that has a detection limit of ~0.1 nmol. The 

DEMS system has been described in details in previous publications.75,76 The DEMS setup 

consists of two differentially pumped chambers (ionization and analysis chambers) and a 

quadrupole mass spectrometer (PrismaPlusTM QMF 110, Pfeiffer-Vacuum). The ionization and 
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analysis chambers are pumped to high vacuum by two Pfeiffer 65 L/s turbomolecular pumps 

backed by a Pfeiffer dry diaphragm pump, in order to avoid contamination by oil vapors. The 

PrismaPlusTM quadrupole mass spectrometer was connected to the analysis chamber and 

equipped with electron multiplier/faraday cup dual detecting units. The time constant of the mass 

spectrometer was in the millisecond regime. Mass spectrometric data was collected with Quadera 

software, with three selective channels recording m/z of 32, 34, and 36 in real time during the 

electrochemical experiments. 

A dual thin layer flow electrochemical cell made of Kel-F was connected to the 

ionization chamber via an angle valve. The upper chamber, which houses the electrochemical 

reaction, is connected to the lower chamber, which is under high vacuum and in line with the 

mass spectrometer, by 6 capillaries. In the upper compartment, the working electrode is pressed 

against a ~100 mm thick Teflon gasket with an inner diameter of 6 mm. This leaves an exposed 

area of 0.28 cm2 and results in an electrolyte volume of ~ 3 µL. In the lower compartment, a 

porous Teflon membrane (Gore-Tex) supported on a stainless steel frit serves as the interface 

between the electrolyte and vacuum. It is pressed against a ~100 mm thick Teflon gasket with an 

inner diameter of 6 mm. The Gore-Tex Teflon membrane has a thickness of ~ 75 µm, a mean 

pore size of 0.02 µm and a porosity of 50%. A leak-free Ag/AgCl reference electrode is 

connected at the inlet side of the flow cell by insertion into a capillary, and a Pt wire counter 

electrode is connected in a similar fashion at the outlet of the cell. Electrolyte was purged with 

argon for one hour before being transferred to a syringe pump (Harvard Apparatus PHD 2000 

Infusion). Electrolyte flow into the electrochemical cell was then controlled by the syringe pump, 

at 60 mL/hr, which ensures fast transport of the species formed at the electrode to the mass 

spectrometric compartment, where the volatile products were evaporated into the vacuum system 
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of the DEMS through the porous Teflon membrane. Unlabeled electrolyte of natural isotopic 

abundance (100 mM KBi + 200 mM KNO3, pH 9.2) was first flowed through the electrochemical 

cell for 30 min while the mass spectrometer O2 baselines equilibrated to stable values, after 

which isotopically labeled electrolyte (4.85% H2
18O in 100 mM KBi + 200 mM KNO3, pH 9.2) 

was flowed for 5 min before electrochemical experiments were performed. Cyclic voltammetric 

and controlled potential electrolysis experiments were performed using a CH Instruments 760C 

potentiostat. 

Film Preparation and DEMS (Differential Electrochemical Mass Spectrometry) O2 

Monitoring. Fetr:NiBi film (Entry 2.1-7) was prepared by first depositing from aqueous 

solutions of 4 mM Ni2+ in 100 mM KBi pH 9.2 with natural 18O abundance (0.2%) by constant 

potential electrolysis (CPE) at 1.15 V on a polished glassy carbon electrode. Deposition was 

terminated upon the passage of 6 mC/cm2. The film was then anodized in 1 M reagent grade KBi 

pH 9.2 buffer of natural 18O abundance to incorporate Fe incidentally for three hours at 1.1 V vs. 

NHE. The prepared film was then inserted into the electrochemical flow cell of the DEMS 

instrument and held at open circuit potential while equilibrating with electrolyte. Ar sparged 

reagent grade 100 mM KBi and 200 mM KNO3 pH 9.2 electrolyte of natural 18O abundance was 

flowed through the cell at a rate of 60 mL/h for 30 min to equilibrate the O2 baselines in the mass 

spectrometer (MS) after which the same electrolyte with 4.85% 18O-enrichement was flowed. 

The film was held at 0.93 V (open circuit potential) for 5 minutes before three consecutive cycles 

of cyclic voltammograms (CVs) were performed from 0.93 V to 1.05 V at 1 mV/s and the three 

isotopologues 32O2, 34O2, and 36O2 were detected by the on-line MS in real time. The film was 

then held at three OER potentials (1.05 V, 1.03 V and 1.01 V) by bulk electrolysis (BE) for 120 s 

each. Because all electrolyte flowed through the DEMS setup was sparged with Ar beforehand, 



	

	–58– 

the O2 detected are due only to OER performed by the metal centers in the film. The film was 

then digested in 2% nitric acid and analyzed by ICP-MS for Fe content which showed 9.8 mol% 

Fe for Fetr:NiBi. NiBi film (Entry 2.1-3) was prepared similarly deposited but anodized in resin-

cleaned buffers. KBi buffers were cleaned with chelating resin complex instead of scrubbed to 

avoid contamination by Ni2+ dissolved from Ni(OH)2 used in the latter procedure. Deposition of 

residual Ni2+ during anodization is a problem for KBi buffers but not KOH solutions because the 

former has a much lower pH (1M KBi has a pH of 9.2 versus pH 13.8 for 1 M KOH). NiBi films 

were analyzed by DEMS the same way as Fetr:NiBi films but with resin cleaned electrolyte 

instead of reagent grade electrolyte. ICP-MS indicated a Fe content of 3.1 mol% for NiBi likely 

due to the ubiquitous Fe associated with the DEMS setup. For both (Ni:Fe)Bi and NiBi films, the 

current plateaued at 0.8-0.9 mA/cm2 during CV scans due to the sluggish ion conductance 

limited by the narrow capillaries of the flow cell. For each film, the current plateaued to the same 

maximum current during each consecutive CV scan, indicating no loss of active catalyst during 

the experiment. DEMS measurements of 32O2 and 34O2 signals were smoothed using binomial 

smoothing at a factor of 1. 36O2 signals were smoothed with a factor of 50 due to its noisy nature.  
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Calculation of Predicted 36O2, 34O2, and 32O2 Signal Percentage by Fast Water 

Exchange in DEMS Experiment. NiBi and (Ni:Fe)Bi films were deposited and then anodized 

from solutions with natural 18O abundance outside of the DEMS setup. Because natural 18O 

abundance is low, the only source of 18O comes from the labeled buffer flowed during the DEMS 

set-up which contains only 4.85% 18O-enrichment and consequently 95.15% of 16O. Because this 

buffer was sparged with Ar prior to use in the DEMS setup, the only source of O2 signal is OER 

performed by the metal centers, M−O (M = Ni or Fe), in the thin film catalyst either by bulk 

water nucleophilic attack (BWNA) or by intramolecular direct oxygen coupling (IMOC).41  

If we consider fast water exchange at the nickel and iron sites, the percentage of M−16O 

and M−18O (M = Ni or Fe) should match the percentage of 16O and 18O composition in the 

flowed buffer, 95.15% or 4.85% respectively.  

 

The following are calculations for the expected percentages of isotopologues detected due to fast 

water exchange:  

1) 36O2 can be produced by a M−18O coupled with a bulk 18O from H2
18O (by BWNA) or 

adjacent M−18O (by IMOC). 

4.85% × 4.85% = 0.23% 

2) 34O2 can be produced by a M−16O coupled with a bulk 18O from H2
18O (by BWNA) or 

adjacent M−18O (by IMOC) and M−18O coupled with a bulk 16O from H2
16O (by BWNA) or 

adjacent M−16O (by IMOC). 

95.15 % × 4.85 % + 4.85 % × 95.15 % = 9.23% 

3) 32O2 can be produced by a M−16O coupled with a bulk 16O from H2
16O (by BWNA) or 

adjacent M−16O (by IMOC). 

95.15% × 95.15% = 90.54% 

 



	

	–60– 

Electron Energy Loss Spectroscopy (EELS) of Nickel Oxides. EELS data were 

measured using a Zeiss Libra 200 aberration-corrected TEM equipped with a Ω-type in-column 

energy filter, operated at an accelerating voltage of 80 kV. The energy loss was calibrated post 

hoc using the established peak energy of the Ni L3 edge (854 eV) and energy of the first O K 

edge peak (532 eV) of NiO 47–49,77 (purchased as powder from Sigma Aldrich). Backgrounds 

were fit to an exponential function in the pre-edge region and subsequently subtracted from the 

measured data. Spectra were normalized by the intensity of the edge jump 10–20 eV after the 

rising edge. In addition to NiO, stoichiometric Ni(OH)2 and LiNiO2 powders (Sigma Aldrich) 

were also used as models. γ-NiOOH was prepared via the synthesis of NaNiO2 and subsequent 

treatment with 5 mole equivalents of Br2 in acetonitrile as described previously78. Powders were 

suspended in isopropanol and dropcast onto Cu TEM grids possessing an amorphous carbon film 

for TEM analysis. 

Film Preparation and STEM-EDS Elemental Mapping. As-deposited NiBi films 

(Entry 2.1-1) were electrodeposited onto indium tin oxide (ITO)-coated p-type silicon substrates. 

The ITO coating was fabricated by RF sputter deposition using an ITO (Kurt J. Lesker Co.) 

target in a 3 mTorr Ar environment at 200 °C. ITO-sputtered p-silicon electrodes were rinsed in 

acetone and water prior to use. Stop-off lacquer from Tolber Division Pyramid Plastics Inc was 

coated onto the ITO electrode such that a 0.25 cm2 area was exposed to solution. Catalyst film 

electrodeposition parameters were identical to those described above, with the exception of the 

deposition time, which was chosen to be 3 h in order to generate a film that was ~1 micron in 

thickness. Anodized Fetr:NiBi films (Entry 2.1-7) were held at 1.3 V in reagent grade 1 M KBi 

pH 9.2 electrolyte for 3.5 h with compensation for ohmic losses (~36 Ω). Scanning transmission 

electron microscopy (STEM) samples were obtained from the rinsed and air-dried films using a 
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Zeiss NVision 40 focused ion beam (FIB) system to excise a portion of the film. Prior to coarse 

FIB milling, a 500 nm overcoat of amorphous carbon was first deposited with a 3 kV electron 

beam, after which a second 2 µm carbon layer was deposited using a 30 kV 80 pA ion beam. 

This carbon overcoat protects the sample from gallium beam damage during milling at 30 kV. 

Final thinning was performed using a 5 kV 45 pA ion beam. STEM images and high-resolution 

EDS maps (Figures 2.7) were acquired on a JEOL 2010F TEM/STEM operating at 200 kV with 

EDS detector from EDAX Inc. The probe size setting was 1.0 nm. ANA and EDS parameters 

included a dwell time of 400 ms and a frame resolution of 512 × 512. 

Preparation of Fetr:NiBi Films for in situ XAS Samples. In situ Ni K-edge X-ray 

absorption near-edge spectra (XANES) was performed on films Entry 2.1-3, 2.1-5 and 2.1-7 

prepared similarly to as-deposited and anodized films as described above with the only 

difference being the substrate and thickness of the film. Catalyst films were electrodeposited 

onto an X-ray transparent (at the Ni K-edge, 8.35 keV) indium tin oxide coated poly(ethylene 

terephthalate) sheet (ITO-PET) with resistance of 60 Ω/sq and ITO coating of 1300 Å thickness 

(Sigma Aldrich). The ITO-PET sheets were fit to the home-made Teflon cell for XAS 

experiments. A 3 cm × 5 cm sheet of ITO was covered with tape to expose 1 cm × 1 cm for 

deposition (total charge of 3 mC/cm2 was deposited (~300s)) and 5 mm at the top for connection 

to the potentiostat. 

X-ray Absorption Spectroscopy Data Collection and Analysis. Ni K-edge (8.333 keV) 

X-ray absorption near-edge structure (XANES) spectra were collected at beamline 9BM-B at the 

Advanced Photon Source at Argonne National Laboratory using a Si(111) X-ray monochromator 

with a focused beam size of ~0.5 × 0.5 mm. All data were collected in fluorescence mode using a 

4-element Vortex SDD detector. Energy calibration was carried out using Ni foil. XAS data were 
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collected at room temperature using a homemade in situ XAS cell (see above). No sample 

damage due to X-ray beam exposure was observed after multiple scans using the same 

sample/electrode position. Three to five scans were averaged for analysis. Background 

subtraction and data normalization were carried out using the Athena software package.79  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

	–63– 

2.12 References 
	
1.  Lewis, N. S.; Nocera D. G. Proc. Natl. Acad. Sci. USA 2006, 103, 15729–15735. 
 
2.  Lewis, N. S.; Nocera D. G. The Bridge 2015, 46, 41–47. 
 
3.  Cook, T. R.; Dogutan, D. K.; Reece, S. Y.; Surendranath, Y.; Teets, T. S.; Nocera, D. G. 

Chem. Rev. 2010, 110, 6474–6502. 
 
4. McCrory, C. C. L.; Jung, S.; Peters, J. C.; Jaramillo, T. F. J. Am. Chem. Soc. 2013, 135, 

16977–16987.  
 
5. McCrory, C. C. L.; Jung, S.; Ferrer, I. M.; Chatman, S. M.; Peters, J. C.; Jaramillo, T. F. J. 

Am. Chem. Soc. 2015, 137, 4347–4357. 
 
6. Roger, I.; Shipman, M. A.; Symes, M. D. Nat. Rev. Chem. 2017, 1, 0003. 
 

7.  Conway, B. E.; Bourgault, P. L. Can. J. Chem. 1959, 37, 292–307. 
 
8.  Lu, P. W.; Srinivasan, S. J. Electrochem. Soc. 1978, 125, 1416–1422. 
 
9.  Bockris, J. O’M.; Otagawa, T. J. Phys. Chem. 1983, 87, 2960–2971. 
 
10.  Corrigan, D. A. J. Electrochem. Soc. 1987, 134, 377–384. 
 
11.  Corrigan, D. A.; Bendert, R. M. J. Electrochem. Soc. 1989, 136, 723–728. 
 
12.  Trotochaud, L.; Ranney, J. K.; Williams, K. N.; Boettcher, S. W. J. Am. Chem. Soc. 2012, 

134, 17253–17261. 
 
13.  Louie, M. W.; Bell, A. T. J. Am. Chem. Soc. 2013, 135, 12329–12337. 
 
14.  Trotochaud, L.; Young, S. L.; Ranney, J. K.; Boettcher, S. W. J. Am. Chem. Soc. 2014, 

136, 6744–6753. 
 
15.  Hunter, B. M.; Blakemore, J. D.; Deimund, M.; Gray, H. B.; Winkler, J. R; Müller, A. M. 

J. Am. Chem. Soc. 2014, 136, 13118–13121. 
 
16.  Friebel, D.; Louie, M. W.; Bajdich, M.; Sanwald, K. E.; Cai, Y.; Wise, A. M.; Cheng, M.-

J.; Sokaras, D.; Weng, T.-C.; Alonso-Mori, R. Davis, R. C.; Bargar, J. R.; Nørskov, J. K.; 
Nilsson, A.; Bell, A. T. J. Am. Chem. Soc. 2015, 137, 1305–1313. 

 
17.  Smith, A. M.; Trotochaud, L.; Burke, M. S.; Boettcher, S. W. Chem. Commun. 2015, 51, 

5261–5263. 
 
	



	

	–64– 

	
18. Klaus, S.; Cai, Y.; Louie, M. W.; Trotochaud, L.; Bell, A. T. J. Phys. Chem. C 2015, 119, 

7243–7254. 
 
19.  Burke, M. S.; Kast, M. G.; Trotochaud, L.; Smith, A. M.; Boettcher, S. W. J. Am. Chem. 

Soc. 2015, 137, 3638–3648. 
 
20.  Burke, M. S.; Zou, S.; Enman, L. J.; Kellon, J. E.; Gabor, C. A.; Pledger, E.; Boettcher, S. 

W. J. Phys. Chem. Lett. 2015, 6, 3737–3742. 
 
21.  Swierk, J. R.; Klaus, S.; Trotochaud, L.; Bell, A. T.; Tilley, T. D. J. Am. Chem. Soc. 2015, 

119, 19022–19029. 
	
22.  Bard, A. J.; Ahn, H. S. J. Am. Chem. Soc. 2016, 138, 313–318. 
 
23.   Smith, R. D. L.; Berlinguette, C. P. J. Am. Chem. Soc. 2016, 138, 1561–1567. 
 

24.  Lyons, M. E. G.; Brandon, M. P. Int. J. Electrochem. Sci. 2008, 3, 1463–1503. 
 
25.  Man, I.C.; Su, H.-Y.; Calle-Vallego, F.; Hansen, H. A.; Martínez, J. I.; Inoglu, N. G.; 

Kitchin, J.; Jaramillo, T. F.; Nørskov, J. K.; Rossmeisl, J. Chem. Cat. Chem. 2011, 3, 
1159–1165. 

 
26.  Subbaraman, R.; Tripkovic, D.; Chang, K.-C.; Strmcnik, D.; Paulikas, A. P.; Hirunsit, P.; 

Chan, M.; Greenley, J.; Stamenkovic, V.; Markovic, N. M. Nat. Mater. 2012, 11, 550–557. 
 
27.  Bediako, D.K.; Costentin, C.; Jones, E. C.; Nocera, D. G.; Savéant, J.-M. J. Am. Chem. 

Soc. 2013, 135, 10492–10502. 
	
28.  Chen, J. Y. C.; Dang, L.; Liang, H.; Bi, W.; Gerken, J. B.; Jin, S.; Alp, E. E.; Stahl, S. S. J. 

Am. Chem. Soc. 2015, 137, 15090–15093. 
	
29.  Trześniewski, B. J.; Diaz-Morales, O.; Vermaas, D. A.; Longo, A.; Bras, W.; Koper, M. T. 

M.; Smith, W. A. J. Am. Chem. Soc. 2015, 137, 15112–15121. 
	
30.  Diaz-Morales, O.; Ferrus-Suspedra, D. Chem. Sci. 2016, 7, 2639–2645. 
	
31.  Yoshida, M.; Mitsutomi, Y.; Mineo, T.; Nagasaka, M.; Yuzawa, H.; Kosugi, N.; Kondoh, 

H. J. Phys. Chem. C 2015, 119, 19279–19286. 
	
32.  Risch. M.; Klingan, K.; Heidkamp, J.; Ehrenberg, D.; Chernev, P.; Zaharieva, I.; Dau, H. 

Chem. Commun. 2011, 47, 11912–11914. 
	



	

	–65– 

	
	
33.  CRC Handbook of Chemistry and Physics, 84th ed.; Lide, D.R., Ed.; CRC Press: Boca 

Raton, FL, 2003; Section 8, No. 120–121. 
 

34.  Kanan, M. W.; Nocera, D. G. Science 2008, 321, 1072–1075. 
	
35.  Surendranath, Y.; Dincă, M.; Nocera, D. G. J. Am. Chem. Soc. 2009, 131, 2615–2620. 
	
36.  Dincă, M.; Surendranath, Y.; Nocera, D. G. Proc. Natl. Acad. Sci. USA 2010, 107, 10337–

10341. 
	
37.  Bediako, D. K.; Lassalle-Kaiser, B.; Surendranath, Y.; Yano, J.; Yachandra, V. K.; Nocera, 

D. G. J. Am. Chem. Soc. 2012, 134, 6801–6809. 
	
38.  Bediako, D. K.; Surendranath, Y.; Nocera, D. G. J. Am. Chem. Soc. 2013, 135, 3662–3674. 
	
39.  Huynh, M.; Bediako, D. K.; Nocera, D. G. J. Am. Chem. Soc. 2014, 136, 6002–6010. 
	
40.  Wuttig, A.; Surendranath, Y. ACS Catal. 2015, 5, 4479–4484. 
	
41.   Koroidov, S.; Anderlund, M.F.; Styring, S.; Thapper, A.; Messinger, J. Energy. Environ. 

Sci. 2015, 8, 2492−2503. 
 
42.   Ullman, A. M.; Brodsky, C. N,; Li, N.; Zheng, S.-L.; Nocera, D. G. J. Am. Chem. Soc.  

2016, 138, 4229–4236. 
 
43. Bates, M. K.; Jia, Q.; Doan, H.; Liang, W.; Mukerjee, S. ACS Catal. 2016, 6, 155–161. 
 
44.   Merrill, M.; Worsley, M.; Wittstock, A.; Biener, J.; Stadermann, M. J. Electroanal. Chem. 

2014, 717, 177−188. 
 
45.   Görlin, M.; Chernev, P.; Ferreira de Araújo, J.; Reier, T.; Dresp, S.; Paul, B.; Krähnert, R.; 

Dau, H.; Strasser, P. J. Am. Chem. Soc. 2016, 138, 5603–5614. 
 
46. Black, J. F. J. Am. Chem. Soc. 1978, 100, 527–535. 
 
47.  de Groot, F. M. F.; Grioni, M.; Fuggle, J. C.; Ghijsen, J.; Sawatzky, G. A.; Petersen, H. 

Phys. Rev. B 1989, 40, 5715–5723. 
	
	



	

	–66– 

	
48.  Kuiper, P.; Kruizinga, G.; Ghijsen, J.; Sawatzky, G. A.; Verweij, H. Phys. Rev. Lett. 1989, 

62, 221–224. 
	
49.  Yoon, W.-S.; Chung, K. Y.; McBreen, J.; Fischer, D. A.; Yang, X.-Q. J. Power Sources 

2006, 163, 234–237. 
	
50.  Winkler, J.; Gray, H. Molecular Electronic Structures of Transition Metal Complexes I, 

Structure and Bonding, eds Mingos DMP, Day P, Dahl JP (Springer, Berlin Heidelberg), 
2012, Vol 142, pp 17–28. 

	
51.  Wang, L.-P.; Troy, V. V. J. Phys. Chem. Lett. 2011, 2, 2200–2204. 
	
52.  Yang, X.-H.; Baik, M. J. Am. Chem. Soc. 2006, 128, 7476–7485. 
	
53.  Jiang, Y.; Li, F.; Zhang, B.; Li, X.; Wang, X.; Huang, F.; Sun, L. Angew. Chem. Int. 

Ed. 2013, 52, 3398–3401. 
	
54. Zhang, M.; de Respinis, M.; Frei, H. Nat. Chem. 2014, 6, 362–367. 
 
55. Dubois, L.; Jacquamet, L.; Pécautc, J.; Latour, J.-M. Chem. Commun. 2006, 43, 4521–

4523. 
 
56. Yi, J.; Orville, A. M.; Skinner, J. M.; Skinner, M. J.; Richter-Addo, G. B. Biochemistry 

2010, 49, 5969–5971. 
 
57. Sarangi, R. Coord. Chem. Rev. 2013, 257, 459–472. 
 
58. Penner-Hahn, J. E.; Fronko, R. M.; Pecoraro, V. L.; Yocum, C. F.; Betts, S. D.; Bowlby, N. 

R. J. Am. Chem. Soc. 1990, 112, 2549–2557. 
 
59. Colpas, G. J.; Maroney, M. J.; Bagyinka, C.; Kumar, M.; Willis, W. S.; Suib, S. L.; 

Mascharak, P. K.; Baidya, N. Inorg. Chem. 1991, 30, 920–928. 
 
60 . Zaanen J.; Sawatzky, G. A.; Allen, J. W. Phys. Rev. Lett. 1985, 55, 418–421. 
 
61. Imada M.; Fujimori, A.; Tokura, Y. Rev. Mod. Phys. 1998, 70, 1039–1263. 
 
62. Greiner, M. T.; Lu, Z.-H. NPG Asia. Mater. 2013, 5:e55/1–5. 
 
63. Parr, R. G.; Pearson, R. G. J. Am. Chem. Soc. 1983, 105, 7512–7516. 
 
64. Yang, W.; Parr, R. G. Proc. Natl. Acad. Sci. USA 1985, 82, 6723–6727. 
	



	

	–67– 

	
 
65.  Pearson, R. G. J. Chem. Educ. 1968, 45, 581–587. 
	
66.  Jerome, S.V.; Hughes, T. F.; Friesner, R. A. J. Phys. Chem. B 2014, 118, 8008–8016. 
	
67.  Siegbahn, P. E. M.; Blomberg, M. R. A. Chem. Rev. 2010, 110, 7040–7061. 
	
68.  Lundberg, M.; Siegbahn, P. E. M. Phys. Chem. Chem. Phys. 2004, 6, 4772–4780. 
	
69.  Siegbahn, P. E. M. Biochim. Biophys. Acta. Bioenerg. 2013, 1827, 1003–1019. 
	
70.  Meyer, T. J.; Huynh, M. H.; Thorp, H. H. Angew. Chem. Int. Ed. Engl. 2007, 46, 5284–

5304. 
	
71.  Sproviero, E. M.; Gascon, J. A.; McEvoy, J. P.; Brudvig, G. W.; Batista, V. S. J. Am. 

Chem. Soc. 2008, 130, 6728–6730. 
	
72.  Hull, J. F.; Balcells, D.; Blakemore, J. D.; Incarvito, C. D.; Eisenstein, O.; Brudvig, G. W.; 

Crabtree, R. H. J. Am. Chem. Soc. 2009, 131, 8730–8731. 
	
73.  Weinberg, D. R.; Gagliardi, C. J.; Hull, J. F.; Murphy, C. F.; Kent, C. A.; Westlake, B. C.; 

Paul, A.; Ess, D. H.; Dewey, G. M.; Meyer, T. J. Chem. Rev. 2012, 112, 4016–4093. 
	
74.  Lundberg, M.; Blomberg, M. R. A.; Siegbahn, P. E. M. Inorg. Chem. 2004, 43, 264–274. 
	
75. Wang, H.; Abruña, H. Fuel cells and hydrogen storage, eds Bocarsly A, Mingos DMP 

(Springer, Berlin), 2011, pp. 33–83. 
 
76. Ullman, A. M.; Liu, Y.; Huynh, M.; Bediako, D. K.; Wang, H.; Anderson, B. L.; Powers, 

C. D.; Breen, J. J.; Abruña, H. D.; Nocera, D. G. J. Am. Chem. Soc. 2014, 136, 17681–
17688. 

 
77. Koyanama, Y.; Mizoguchi, T.; Ikeno, H.; Tanaka, I. J. Phys. Chem. B 2005, 109, 10749–

10755. 
 
78. Yang, X.; Takada, K.; Itose, M.; Ebina, Y.; Ma, R.; Fukuda, K.; Sasaki, T. Chem. Mater. 

2008, 20, 479–485. 
 
79. Ravel, B.; Newville, M. J. Synchrotron. Radiat. 2005, 12, 537-541. 



	

	–68– 

Chapter 3 
 
 
 
 
 
 
 
 
 
 
 

Enhancement of Nickel Oxides for Oxygen Evolution Reaction by 
Lewis Acidic Metals in Base 
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3.1 Introduction 
 

In Chapter 2, we unraveled a potential role for Fe in enhancing NiOx films for OER in 

near neutral and basic conditions. Fe3+ doping promotes the formation of formal Ni4+, which in 

turn directly correlates with an enhanced activity of the catalyst for OER. This result is consistent 

with Fe3+ being one of the strongest Lewis acidic metals by any measure of Lewis acidity, 

including hard-soft acid base theory1,2,3 and metal ion pKas.4 Taking what we’ve learned about 

the role of Fe in Ni oxide enhancement, we seek to strengthen our understanding of metal 

synergy by developing replacements for Fe to activate NiOx for OER.  

We start by selecting for transition metals with high Lewis acidity. On the basis of the 

results of Chapter 2, having a Lewis acidic metal center in the second coordination sphere of Ni 

centers in NiOx would increase the acidity of the OHx moieties coordinated to nickel and 

consequently lower the reduction potential for the Ni4+/3+ couple. This results in an increase in 

the population of Ni4+, which possesses greater Ni-oxyl character (arising from the Ni(IV)―O ↔ 

Ni(III)–O• resonance) necessary for O-O bond formation.5–12  

Lewis acidic metal centers have been shown to alter the ligand field properties of 

synthetic transition metal complexes to enhance C-H oxidation,13 oxygen-atom transfer,14 olefin 

hydrogenation,15 oxygen reduction,16 and nitrite reduction.17 Several methods exist to determine 

the Lewis acidity of metal centers including chemical hardness-softness considerations,18,19 

pKa,20 and pKz.21 Figure 3.1 illustrates the chemical hardness of common metal ions calculated 

from the work of Pearson et al.19 Metal ions with a chemical hardness greater than or equal to 

that of Fe3+ should be targeted to enhance NiOx OER. Among these candidates, the dopant metal 

should also prefer an Oh versus Td coordination geometry to better insert into the edge sharing 

octahedral structure of NiOx.22,23 Furthermore, redox inactive metals should be selected so as to 
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avoid redox features that overlap with those of NiOx, which would make electrochemical 

analysis difficult to attribute to Ni only. The resulting metal ions that satisfy high Lewis acidity, 

Oh coordination, and redox inactivity requirements are indicated in Figure 3.1.  

 

Figure 3.1. Chemical hardness of metal ions using hard-soft considerations calculated by 
Pearson et al.19 Promising metal ions that are harder than Fe and redox inactive were selected to 
enhance NiOx for OER are indicated. 
 

Corrigan et al. first investigated mixed metal synergy in NiOx for OER and hydrogen 

evolution reaction (HER) in base.24 He found that the addition of certain metal dopants into NiOx 

decreased the overpotential at which OER is achieved. His findings showed an enhancement 

order of Ce > Fe > La > Co, Cu > Ag, Y versus pure NiOx with the addition of Ce yielding the 

most dramatic decrease in potential (~ –160 mV) required to achieve 16 mA cm–2 of OER. His 

work provides an additional promising metal dopant, Ce, to enhance NiOx for OER. Although Ce 

is well-known for and consequently employed for its redox activity,25 its ability to substantially 

improve the overpotential required for OER (even outmatching Fe as reported by Corrigan) 

makes it a compelling metal dopant to test in our studies here. Ultimately, using Lewis acidity 

considerations (Figure 3.1) along with results by Corrigan, the following metal ions were 

determined to be most suitable for enhancing NiOx for OER: Al, Ce, La, and Sc. 
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This chapter will investigate the electrochemical, structural, and activity changes in NiOx 

films induced by metal dopants other than Fe. First, this chapter will explore different methods 

of inserting metal dopants into NiOx films. Metal dopants were incorporated into the NiOx lattice 

by co-deposition alongside Ni salts during anodic deposition or cathodic deposition or during 

anodization by uptake of trace metals dissolved into the operating buffer. Next, the 

electrochemical performance of these mixed metal films for OER were assessed in basic 

conditions. Finally, the changes in electronic structure at Ni centers were measured by X-ray 

absorption spectroscopy for these mixed metal films during operation of OER.   

3.2 Incorporation of Lewis Acidic Metals into NiOx During Anodization 

Table 3.1 lists the film preparation methods and metal content for all mixed metal films 

tested in this chapter. As noted in Chapter 2, Fe can be incidentally incorporated into NiBi (to 

form Fetr:NiBi, Table 3.1, Entry 3.1-1) when these films are subjected to extended anodic 

potentials (anodization) in reagent grade buffer containing trace amounts of Fe. Since none of the 

target Lewis acidic metals (Al, Ce, La, or Sc) is present in any significant amount (< 100 ppm) in 

reagent grade buffers,26 they must instead be intentionally dissolved into buffers for uptake by 

NiOx during anodization. Reagent grade buffers were first cleaned by chelating resins to remove 

trace Fe before target Lewis acidic metal salts were dissolved. As-deposited NiBi films were 

prepared as described in Chapter 2 (Table 2.1, Entry 2.1-1). The films were then anodized in 

resin-cleaned KOH buffer containing 0.6 µM of Ce, La, or Sc salts to form mixed metal 

(Ni:Xanod)Bi films where X = Ce, Fe, La, or Sc (Table 3.1, Entry 3.1-2 to Entry 3.1-6). After 

anodization, (Ni:Xanod)Bi films were then transferred to resin-cleaned KOH buffer without any 

added metal salts for electrochemical analysis. 
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Table 3.1. Summary of film preparation methodsa and corresponding dopant metal contentb. 

Entry Film Metal Dopant Incorporation Method 
Dopant 
Content 
mol% 

FetrNiBi Films 

1 FetrNiBi  Anodized in reagent grade KBi buffer 27.34 ± 3.51 

(Ni:Xanod)Bi Films with Metal Dopant Incorporated during Anodization 

2 (Ni:Ceanod)Bi Anodized in resin-cleaned 1 M KOH + 0.6 µM Ce 17.33 ± 1.25 

3 (Ni:Feanod)Bi Anodized in resin-cleaned 1 M KOH + 0.6 µM Fe 20.19 ± 4.93 

4 (Ni:Laanod)Bi Anodized in resin-cleaned 1 M KOH + 0.6 µM La 15.91 ± 2.91 

5 (Ni:Scanod)Bi Anodized in resin-cleaned 1 M KOH + 0.6 µM Sc 14.83 ± 4.17 

(Ni:Xcod)Bi Films with Metal Dopant Incorporated during Anodic Co-Deposition 

6 (Ni:Cecod)Bi Co-deposition from Ni/Ce solution 1.76 ± 0.27 

7 (Ni:Fecod)Bi Co-deposition from Ni/Fe solution 4.90 ± 0.64 

8 (Ni:Lacod)Bi Co-deposition from Ni/La solution 1.39 ± 0.34 

9 (Ni:Sccod)Bi Co-deposition from Ni/Sc solution 1.26 ± 0.41 

NiXcathOx Films with Metal Dopant Incorporated during Cathodic Co-Depositionc 

10 NiAlcathOx Cathodic deposition from Ni/Al solution 10.18 ± 2.92 to 
23.45 ± 1.69  

11 NiCecathOx Cathodic deposition from Ni/Ce solution 1.17 ± 0.20 to 
10.63 ± 0.67 

12 NiLacathOx Cathodic deposition from Ni/La solution 1.06 ± 0.11 to 
15.75 ± 2.72 

13 NiSccathOx Cathodic deposition from Ni/Sc solution 11.73  ± 1.90 
to 33.53 ± 2.74 

a All films were subjected to an application of an anodic potential for 3 hrs at 0.75 V vs 
NHE in resin-cleaned 1 M KOH unless otherwise noted. b Metal dopant concentrations were 
determined from ICP-MS of dissolved films. c A range of film compositions were achieved by 
altering the ratio of metal salts in the deposition solution. 
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Figure 3.2a shows cyclic voltammograms (CVs) of these (Ni:Xanod)Bi films in 

comparison to pure NiBi (Chapter 2, Table 2.1, Entry 2.1-2) and (Ni:Fetr)Bi films (Chapter 2, 

Table 2.1, Entry 2.1-6). Figure 3.2b shows the corresponding number of e– consumed per Ni 

center, obtained by coulometric titration (see Chapter 2), and Figure 3.2c illustrates the 

amperometric current-time curves tracking OER current density (j) of catalyst films during 

anodization.  

 

Figure 3.2. (a) Cyclic voltammograms of NiBi films taken in resin-cleaned 1 M KOH after 
anodization in resin-cleaned (▬) or reagent grade (▬) 1 M KOH or resin-cleaned 1 M KOH 
containing 0.6 µM of Ce (▬), Fe (▬), La (▬), or Sc (▬). (b) Corresponding number of e– 
consumed per Ni throughout the CV scan from (a). (c) Corresponding amperometric current-time 
curves (Eappl = 0.75 V vs NHE) tracking OER current density (j) of catalyst films during 
anodization. 
 

There is very little electrochemical difference between (Ni:Xanod)Bi films containing X = 

Ce, La, or Sc compared to pure NiBi. The potential at which OER occurs in these films (onset 

potential for OER) remains the same as in pure NiBi, and the coulometric titration shows that Ni 

remains in the Ni3+ oxidation state for all these films. In contrast, when NiBi films are anodized 
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in buffer containing trace Fe, either from reagent grade buffer to form (Ni:Fetr)Bi or from 

intentionally added Fe salts to form (Ni:Feanod)Bi, the resulting (Ni:Fe)Bi films have a much 

lower onset potential for OER, and the coulometric titration shows a mixed Ni3+/4+ valency.  

Elemental analysis by inductively coupled plasma mass spectrometry (ICP-MS) shows 

that all (Ni:Xanod)Bi films have similar dopant metal (X = Ce, Fe, La, or Sc ) content of ~15-20 

mol% (Table 3.1, Entry 3.1-2 to Entry 3.1-6). However, ICP-MS only provides information 

about the total metal content, not the location/distribution (uniform versus isolated) or the 

structure (hydroxide versus oxyhydroxide). In these basic conditions (1 M KOH, pH 14), 

intentionally added metal salts likely exist as metal hydroxides in solution. These are then 

incorporated into NiBi during anodization as clusters of metal hydroxides. Consequently, 

although elemental analysis shows the presence of these metal dopants in NiBi, they may exist as 

clusters of metal hydroxides unable to effectively promote the formation of high valent Ni. 

Indeed, (Ni:Feanod)Bi possesses ~20 mol% Fe content but yields a Ni valency that matches that of 

(Ni:Fetr)Bi films with only 4 mol% Fe (Chapter 2, Figure 2.4b). This suggests that only a fraction 

of the Fe centers in (Ni:Feanod)Bi are active for enhancing Ni centers while the majority of Fe 

centers most likely exist as clusters of Fe(OH)2 that have no influence on the electronic structure 

of Ni centers and, hence, have no influence on the OER activity. For (Ni:Xanod)Bi films with X = 

Ce, La, or Sc, the percentage of dopant metals existing as hydroxide clusters is likely higher than 

that of (Ni:Feanod)Bi since the latter possesses a much higher Ksp compared to Ce, La, and Sc (Fe 

Ksp = 4.9 × 10–17,  Ce Ksp = 2.0 × 10–20, La Ksp = 2.0 × 10–21, Sc Ksp = 2.2 × 10–31) 27. Thus, for 

(Ni:Xanod)Bi films, the percentage of Ce, La, or Sc metal centers uniformly dispersed throughout 

NiOx lattice to promote the formation of Ni4+  may be too low to yield any observable influence 

on the film activity for OER.  
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3.3 Incorporation of Lewis Acidic Metals into NiOx by Anodic Co-deposition 

The propensity of Ce, La, and Sc salts to precipitate as metal hydroxides in basic pH 

necessitates the incorporation of these metals dopants into NiBi during deposition. Anodically 

co-deposited films, (Ni:Xcod)Bi, can be made by introducing both metal salts (Ni and Ce, Sc, or 

La) into the deposition solution (Table 3.1, Entry 3.1-6 to Entry 3.1-9) as previously done in 

Chapter 2 to produce (Ni:Fecod)Bi (Table 2.1, Entry 2.1-9). (Ni:Xcod)Bi films were then anodized 

in resin-cleaned KOH followed by electrochemical analysis. Figure 3.3 shows the CVs, 

coulometric titration, and amperometric current-time curves of these (Ni:Xcod)Bi films.  

 

 

Figure 3.3. (a) Cyclic voltammograms of NiBi films anodized in resin-cleaned (▬) or reagent 
grade (▬) 1 M KOH and (Ni:Xcod)Bi films prepared from co-deposition of Ni with X= Ce (▬), 
La (▬), or Sc (▬) and then anodized in resin-cleaned 1 M KOH. (b) Corresponding number of 
e– consumed per Ni throughout the CV scan from (a). (c) Corresponding amperometric current-
time curves (Eappl = 0.75 V vs NHE) tracking OER current density (j) of catalyst films during 
anodization in resin-cleaned 1 M KOH. 

 

 



	

	–76– 

As in the case of (Ni:Xanod)Bi, (Ni:Xcod)Bi films with X = Ce, La, or Sc exhibit no 

electrochemical differences from pure NiBi (Chapter 2, Table 2.1-2). There is no decrease in 

overpotential for OER, no changes to the Ni valency from 3.1, and no increase in anodic current 

throughout anodization. Elemental analysis by ICP-MS shows less than 2 mol% incorporation of 

these metal dopants (Ce, La, or Sc) compared with ~5 mol% Fe content in (Ni:Fecod)Bi (Chapter 

2, Table 2.1, Entry 2.1-9). Increasing the metal salt ratio of Ni:X, for X = Ce, La or Sc, in the 

deposition solution yielded films that were non-uniform and extremely thin, likely due to the 

slow deposition kinetics and/or precipitation of Ce, La or Sc metal hydroxides. 

 
3.4 Incorporation of Lewis Acidic Metals into NiOx by Cathodic Co-deposition  

 The metal compositions of films produced through anodic co-deposition are dependent 

on the solubility and deposition kinetics of the constituent metal salts. The results here illustrate 

that these two parameters in Ni and X = Ce, La, or Sc are incompatible, resulting in co-deposited 

films that have either low dopant metal levels or poor film thickness quality. To ameliorate these 

issues, films were deposited using methods that are indiscriminate to metal identity. Cathodic 

deposition relies on the reduction of nitrate to ammonium to create a local basic pH near the 

electrode (Equation 3.1). This then drives the precipitation of metal salts as hydroxides onto the 

electrode (Equation 3.2). Metal hydroxides are then converted into metal oxyhydroxides by the 

application of an anodic potential (Equation 3.3). Mixed metal films produced in this manner 

have a homogenous metal dispersion, tunable film thicknesses, and electrochemical activity 

similar to analogous films prepared by anodic deposition.24,28,29  

 NO!
– + 7 H!O + 8 𝑒–  →  NH!!  + 10 OH–     (3.1) 

 M!! +  n OH–  →  M OH !       (3.2) 

 M OH ! → MOOH        (3.3) 
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Mixed metal films, NiXcathOx (Table 3.2, Entry 3.2-10 to Entry 3.2-13), of increasing X 

content (X = Al, Ce, La, or Sc) were produced by this cathodic co-deposition method and then 

anodized in resin-cleaned KOH buffer. ICP-MS confirms film compositions to be within ±3 

mol% of the metal salt composition in the deposition solution (Table 3.2). The CVs along with 

the Tafel slope for OER of these NiXcathOx films are shown in Figure 3.4.  

 

 

Figure 3.4. (a) CV and (b) Tafel slope of NiAlcathOx films with composition: 100% Ni (▬), 10% 
Al 90% Ni (▬), and 20% Al 80% Ni (▬). (c) CV and (d) Tafel slope of NiCecathOx films with 
composition: 100% Ni (▬), 1% Ce 99% Ni (▬), 4% Ce 96% Ni (▬), 8% Ce 92% Ni (▬), and 
15% Ce 85% Ni (▬). (e) CV and (f) Tafel slope of NiLacathOx films with composition: 100% Ni 
(▬), 1% La 99% Ni (▬), 4% La 96% Ni (▬), 8% La 92% Ni (▬), and 10% La 90% Ni (▬). 
(g) CV and (h) Tafel slope of NiSccathOx films with composition: 100% Ni (▬), 10% Sc 90% Ni 
(▬), 20% Sc 80% Ni (▬), and 30% Sc 70% Ni (▬). All taken in resin-cleaned 1 M KOH. 

 

Addition of Ce into NicathOx dramatically decreases the onset potential for OER even at a 

Ce content of ~1 mol%. However, the addition of a similarly sized metal, La, does not result in 

any dramatic decrease in the potential for OER even at high content loadings of 10 mol% La. 

Addition of Ce or La into NicathOx moves the Ni3+/2+ redox peaks only slightly towards higher 
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potentials. When either Al or Sc is added to NicathOx, there is no change to the onset potential for 

OER, but there is a significant shift in the Ni3+/2+ redox couple towards higher potentials. For all 

metal dopants tested (Al, Ce, La, and Sc), no changes were observed in the Tafel slope from ~ 90 

mV/dec exhibited by pure NiOx.  

The ability of Ce to decrease the onset of OER has also been observed for NiCoFeCeOx 

films produced by drop-casting of metal salts suspended in copolymer Pluronic F127 and 

subsequently oxidized under high temperature in air.30 Mixed metal NiCoLaOx films produced in 

a similar fashion, however, did not yield any enhancement in OER31 similar to what is observed 

here. These results also match those obtained by Corrigan where addition of Ce into NiOx films 

decreased the overpotential required to achieve 16 mA cm–2 of OER by 160 mV whereas 

addition of La only decreased the overpotential by ~ 59 mV.24  

3.5 Probing Ni Electronic Structure Changes by X-Ray Absorption Spectroscopy  

 The electrochemical changes occurring in NiXcathOx films suggest that these Lewis acid 

dopants have an influence on the electronic structure of Ni centers. It is interesting that there is 

no change in the Tafel slope for OER, which suggests that the mechanism for O2 generation is 

the same with or without the presence of the dopant metals. To elucidate how these dopant 

metals can affect electrochemical changes with no influence on OER mechanism, X-ray 

absorption spectroscopy (XAS) can be used to track changes at the Ni K-edge. Specifically, XAS 

can be used to probe the electronic changes occurring at Ni centers when metal dopants at added 

to the NiOx lattice, which shift the onset of OER (Ce), increase the Ni3+/2+ redox potential (Al and 

Sc), or inflict no changes (La).   

 NiOx films were first electrodeposited on X-ray transparent indium tin oxide (ITO) 

substrate and anodized in 0.1 M KOH buffer. The film was then transferred to a custom 
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electrochemical cell and held at an anodic potential for ~1 mA cm–2 of OER during which time 

the Ni K-edge X-ray absorption near-edge spectra (XANES) scans were measured on the sample. 

Figure 3.5 shows the XANES spectra of NicathOx films operating OER in base. The Ni K-edge 

XANES spectra are reproducible between consecutive scans, different spots on a film sample, 

various potentials above the Ni3+/2+ anodic peak, and films with different thicknesses.  

 

Figure 3.5. (a) Ni K-edge XANES spectra of different NicathOx films deposited at 0.1 mA cm–2 
for 100 s operating OER in 0.1 M KOH at 0.98 V unless otherwise noted and (b-e) 
corresponding zoomed in Ni K-edge for (b) consecutive scans: scan 1 (▬), scan 2 ( ), and 
scan 3 ( ), (c) different spots on a single NicathOx film sample: spot 1 (▬), spot 2 (▬), and 
spot 3 (▬), (d) samples held at potentials: 0.98 V (▬), 1.00 V ( ), and 1.02 V ( ), and (e) 
samples of varying thickness cathodically deposited at: 0.1 mA cm–2 for 100 s (▬) and 0.5 mA 
cm–2 for 100 s ( ).  
 
 

Next, NiXcathOx films (X = Al, Ce, La, or Sc) were made by cathodic co-deposition onto 

ITO substrates for in situ analysis by XAS while operating OER at 0.98 V in 0.1 M KOH. Figure 
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3.6 shows the Ni K-edge XANES spectra of NiXcathOx films with increasing X content (X = Al, 

Ce, La, or Sc). Overall, there appears to be very small differences in the Ni K-edge in NicathOx 

films with the addition of metal dopants. Addition of Ce or La into NicathOx results in no visible 

changes to the Ni K-edge even at 10 mol% dopant loadings. For NiAlcathOx or NiSccathOx with 10 

mol% metal dopant, there is a very small (~0.4 eV) blue shift in the Ni K-edge versus pure 

NicathOx. This is a smaller shift than what was observed in (Ni:Fetr)Bi versus NiBi operating OER 

in KBi pH 9.2 (Chapter 2). Increasing the metal content of Al or Sc in NiAlcathOx or NiSccathOx, 

respectively, does not further shift the Ni K-edge towards higher energies. This suggests that the 

small Ni K-edge shifts observed in NiAlcathOx and NiSccathOx may be reflective of differences in 

film thickness instead of electronic structure changes at the Ni centers. 

 

Figure 3.6. The Ni K-edge XANES spectra for (a) NiAlcathOx films with composition: 100% Ni 
(▬), 10% Al 90% Ni (▬), and 20% Al 80% Ni (▬), (b) NiCecathOx films with composition: 
100% Ni (▬), 1% Ce 99% Ni (▬), 4% Ce 96% Ni (▬), 8% Ce 92% Ni (▬), and 15% Ce 85% 
Ni (▬), (c) NiLacathOx films with composition: 100% Ni (▬), 1% La 99% Ni (▬), 4% La 96% 
Ni (▬), 8% La 92% Ni (▬), 10% La 90% Ni (▬), and (d) NiSccathOx films with composition: 
100% Ni (▬), 10% Sc 90% Ni (▬), 20% Sc 80% Ni (▬), and 30% Sc 70% Ni (▬). All films 
were operating OER at 0.98 V in 0.1 M KOH and averaged over three scans. 
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3.6 Post-Deposition Modification of NiCeOx 

While electrodeposition of metal oxides produces amorphous mixed metal oxides, the 

physical properties of these films (crystallinity, cluster size, and conductivity) can be altered by 

post-deposition modifications. In particular, metal deposited onto a substrate (through 

electrodeposition, sputtering, sol-gel, dropcast, etc) can be converted into metal oxyhydroxides 

through calcination, the process of heating metal precursors at high temperatures in the presence 

of air. The calcination temperature has been shown to influence the morphology, crystallinity, 

and electrochemical properties of Co3O4, CuO, and NiO metal oxides.32  

As-deposited NiCeOx films were prepared by cathodic co-deposition and heated at 450 

oC in the presence for air for five hours to produce mixed metal Ni-Ce oxyhydroxides 

(NiCecalOx). The transition from metal hydroxides to metal oxyhydroxides is evident visually in 

the conversion of film color from green/blue to black indicative of Ni2+ in Ni(OH)2 and Ni3+/4+ in 

NiOOH, respectively (Figure 3.7). After calcination, the NiCecalOx films were transferred to 1 M 

KOH buffer for electrochemical analysis by CV (Figure 3.8a) and Tafel slope (Figure 3.8b).  

 

Figure 3.7. Image of NiCeOx films in (a) as-deposited state produced from cathodic co-
deposition and (b) after calcination at 450 oC for 5 hr in air to form NiCecalOx. 
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Figure 3.8. (a) CVs and (b) Tafel slopes of NiCecalOx films taken in resin-cleaned 1 M KOH 
with compositions: 100% Ni ( , ), 3% Ce 97% Ni ( , ), 10% Ce 90% Ni ( , ), 35% Ce 
65% Ni ( , ), and 60% Ce 40% Ni ( , ). (c) Comparison of CVs for NiCecathOx ( ) versus 
NiCecalOx ( ) films with compositions: 100% Ni (red) and 10% Ce 90%Ni (magenta).  

 

Addition of as little as 1 mol% Ce results in a dramatic decrease in the overpotential for 

OER similar to NiCecathOx. However, additional Ce does not decrease the onset potential for 

OER. Above 30 mol% Ce, the onset for OER starts to increase towards higher potentials with 

increasing Ce content. There are two Tafel slopes observed in NiCecalOx. Below ~30 mol%, 

NiCecalOx displays a Tafel slope of ~ 60 mV/dec. This is lower than the ~ 90 mV/dec observed in 

pure NiOx. Above ~30 mol% Ce, NiCecalOx films yield a Tafel slope of ~90 mV/dec. Two 

distinct Tafel slopes were also measured for NiCoFeCeOx films prepared by dropcasting metal 

salts and then calcination in air.33 Here, the investigators observed a Tafel slope change from 40 

mV/dec in films containing low Ce (~3 mol%) to 70 mV/dec for films with high Ce (~40-49 

mol% Ce) but did not explain the occurrence. Yano et al. later studied the redox behavior of 

these NiCoFeCeOx films by CV analysis in base and found that increasing Ce content shifted the 

Ni3+/2+ redox couple towards lower potentials.34 However, given the multiple number of redox 

active metal centers in the film, it was difficult to attribute these shifts to Ce only (as opposed to 

the simultaneous decrease in Co, Fe, or Ni centers as a result of increasing Ce concentration). 
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3.7 Discussion 

 Mixed metal NiBi films containing X = Al, Ce, La or Sc produced by anodic co-

deposition, (Ni:Xcod)Bi, or uptake during anodization, (Ni:Xanod)Bi, suffer from low dopant metal 

content as well as hydroxide formation. Consequently, (Ni:Xcod)Bi and (Ni:Xanod)Bi films yielded 

electrochemical behavior (onset for OER and Tafel slope) identical to that of pure NiBi. To 

overcome the limitations in dopant metal incorporation, a method of film preparation was 

selected that is not discriminatory with respect to differences in metal hydroxide solubility and 

deposition kinetics. Mixed metal films prepared by cathodic co-deposition, NiXcathOx, yielded 

films that had tunable dopant metal concentrations and uniform distribution.  

Having developed a reliable methodology to form mixed metal oxides containing Lewis 

acids, the effect of the Lewis acids on the electrochemistry and electronic structure of the host 

lattice was examined by cyclic voltammetry, Tafel slope analysis, and XAS. Surprisingly, 

addition of Sc or Al into NiOx shifts the Ni3+/2+ redox potential towards higher potentials but does 

not change the Tafel slope or the Ni K-edge energies. The fact that Sc and Al shift the Ni redox 

potential but elicit no changes in the electronic structure of Ni centers suggests that altering the 

redox potential of Ni centers as observed by CV does not necessarily translate to changes in the 

Ni resting state. A similar anodic shift in Ni redox centers was observed for mixed-metal NiTiOx 

which, like the results observed here, did not lead to enhanced OER activity.35 

In contrast to the cases of Sc and Al, addition of Ce into NicathOx decreases the potential 

at which OER occurs even with dopant levels as low as 1 mol% Ce. This matches the results 

previously observed by Corrigan24 and in mixed metal NiCoFeCeOx films.30 The fact that Ce is 

able to alter the onset potential for OER but able to change neither the Tafel slope nor the Ni3+/2+ 

redox couple suggests that Ce may serve to increase the number of Ni active sites available 
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instead of changing the Ni electronic structure. This is supported by the observation of no shifts 

in the Ni K-edge with the addition of Ce into NicathOx. Ce may be increasing the electrochemical 

active surface area of NiOx films by leaching out of the lattice during anodization and thereby 

exposing more Ni centers at the edge. Since Ce is significantly larger than Ni, substitution of a Ni 

center for Ce would introduce significant strain on the NiOx lattice. This increase in surface area 

and hence enhancement in OER has been observed with the insertion and subsequent leaching of 

alkaline-earth ions in mixed metal NiOx films.36 An increase in film surface area and subsequent 

increase in OER activity has also observed in Ba- and Sr- containing perovskites following the 

leaching of Sr or Ba at the A-sites of perovskites which exposes more solvent accessible B site 

cations active for OER.37,38  

It is important to note that Ce is a redox active metal (with Ce4+ being a powerful 

oxidant) and may thus be responsible for OER itself.25,39,40 However, in situ XAS studies of 

NiCoFeCeOx at the Ce L3-edge yielded no changes to the spectrum when the catalyst film was 

switched from open circuit potential (no OER) to catalytic conditions in base.34 This suggests 

that Ce is not redox active in the potential ranges for OER and remains instead as CeO2 under 

catalytic conditions. Indeed, their analysis of the Ce 3d core level by ambient pressure X-ray 

photoelectron spectroscopy (APXPS) revealed that Ce remains exclusively as Ce4+ in the CeO2 

fluorite structure with no changes in Ce oxidation state or Ce-O bond distances with application 

of anodic potential for OER. This contrasts with the behavior of Fe centers in γ-NiFeOOH, 

which have been shown to have shortened Fe-O bond distances when the potential is increased 

from open circuit to OER potentials.41 This is also in contrast to Ni and Co centers in NiOx
22 and 

CoOx
42 films, respectively, which decay towards the 2+ oxidation states at open circuit potential 

from higher valency maintained during OER. Taken together, the lack of Ce oxidation state 
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changes from open circuit to OER operation makes Ce unlikely to be responsible for OER 

activity in mixed-metal films involving Co, Ni, and/or Fe, however, further studies are necessary 

to conclusively show this.  

Modifying NiCeOx films through calcination in air enhanced the activity of these films 

for OER. Specifically, NiCecalOx films with < 30 mol% Ce displayed a significantly lower onset 

for OER and achieved a Tafel slope of 60 mV/dec in base. Interestingly, films above > 30 mol% 

Ce yielded overpotentials and Tafel slopes for OER similar to pure NiOx in base. The greater 

propensity for local clusters of CeOx formation in films with >30 mol% Ce may explain why a 

higher Tafel slope is observed for these films. Indeed, the formation of segregated clusters of 

CeO2 has been observed in cerium modified copper oxide.43 

It is unclear why NiCecalOx films are able to produce Tafel slopes of 60 mV/dec while the 

analogous NiCecathOx cannot, even at the same Ce loading. It is possible that the intrinsic 

performances these NiCecathOx films are hampered by a lower conductivity than NiCecalOx films. 

However, the comparison of CVs between NiCecalOx and NiCecathOx show that the former has 

higher capacitance. This is evident by the increase in both cathodic and anodic currents even in 

regions that have no redox features (Figure 3.8c). The capacitive plateau after the Ni3+/2+ redox in 

NiCecalOx is also prevalent in conductive polymers.44,45 This large capacitive effect has been 

explained through a double layer formation,46 over-doping of anions,47,48 or non-Nernstian 

processes49,50 and may be related to why a lower Tafel slope of 60 mV/dec is observed in 

NiCecalOx films. 
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3.8 Conclusions 

We sought out to expand the library of metal dopants that enhance NiOx for OER as a 

replacement for Fe. Four Lewis acidic metals (Al, Ce, La, and Sc) were selected given their high 

Lewis acidity and Oh coordination preference. In the case of NiCeOx, there is no change in the 

Ni3+/2+ redox peak position or Tafel slope from 90 mV/dec relative to pure NiOx. There is, 

however, a large decrease in potential for OER, which is not observed for NiLaOx. This is likely 

the result of an increase in electrochemically active surface area caused by either the formation 

of smaller NiCeOx clusters induced by leaching of Ce from NiCeOx during anodization. Addition 

of Al or Sc into NiOx shifts the Ni3+/2+ redox peaks towards higher potentials but does not alter 

the Tafel slope from the 90 mV/dec exhibited by pure NiOx. This shows that a shift in Ni redox 

potential does not necessarily translate to changes in Ni resting state and, hence, is insufficient to 

influence OER activity.   

The intrinsic activity of these mixed metal films may be hampered by limitations of bulk 

metal structures such as low conductivity, surface areas, and structural stability.26,51,52 To study 

the intrinsic activity of bimetallic metal centers for OER may require the use of single monolayer 

sheets of metal oxides53–55 or the construction of molecular models.56–60 Future work should also 

focus on achieving higher OER activity through post-deposition modifications. 
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3.9 Methods 

Materials. Al(NO3)3 ●  9 H2O (9.99%), Ce(NO3)3 ●  6 H2O (99.99%), FeCl2  ●  4 H2O 

(99%), La(NO3)3 ●  6 H2O (99.99%), Ni(NO3)2  ●  6H2O (99.9985%), and Sc(NO3)3 ●  5 H2O 

(99.99%) were used as received from Strem. KOH (88%) and H3BO3 (99.9%) were reagent 

grade and used as received from Macron. 65–71% TraceSELECT Ultra nitric acid, 

TraceSELECT Al, Ce, La, Ni, Fe, and Sc standard for ICP were used as received from Fluka 

Analytical. Chelex® 100 Resin was obtained from Bio-Rad. All electrolyte solutions were 

prepared with type I water (EMD Millipore, 18.2 MΩ cm resistivity). Air duster was purchased 

from VWR. Boron nitride (98%) was used as received from Sigma Aldrich. Unless stated 

otherwise, the working electrode was a fluorine-doped tin-oxide (FTO; TEC-7) coated glass 

purchased as pre-cut 1 cm × 2.5 cm glass pieces from Hartford Glass. Prior to use, FTO slides 

were cleaned by sonication in acetone and then rinsed with type I water. A 1 cm2 geometric 

electrode area was created by masking the FTO with Scotch tape. An Ag/AgCl reference 

electrode was positioned close to the FTO in the working compartment, and a Pt mesh electrode 

in the auxiliary side of the H-cell was used to complete the circuit. 

Electrochemical Methods. All electrochemical experiments were conducted using a CH 

Instruments 760C or 760D bipotentiostat, a BASi Ag/AgCl or a CH Instrument CHI 152 

Hg/HgO reference electrode, and a Pt-mesh counter electrode in a three-electrode 

electrochemical cell configuration with a porous glass frit separating the working and auxiliary 

compartments. Measurements were performed at room temperature (23 ± 1 °C). Electrode 

potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 0.197 V. 

Overpotentials for the oxygen evolution reaction from water were computed using η = E(NHE) – 

(1.23 V – 0.059 V × pH).  
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Electrolyte Cleaning Using Chelating Resin. KOH and KBi electrolyte solutions were 

cleaned by treating the electrolyte with regenerated Chelex® 100 Resin (Bio-Rad, Catalog # 

210011676) according to published protocol61 with slight modifications. Approximately 15 g of 

resin was used to clean ~400 mL of buffer at a time. Chelex resin was first washed in 3 M 

TraceSELECT HNO3 and then rinsed with 4 L of type I water. All solutions were stirred in 1 L 

polystyrene bottles and filtered through clean Corning polystyrene 0.45 µM filters. Chelex resin 

was then regenerated by stirring the resin for 12 h in 1 M TraceSELECT HCl followed by 

rinsing with 5 L of type I water. The resin was then stirred with 1 M KOH (99.99%, 

semiconductor grade, Sigma-Aldrich) for 24 h at 60 °C. Chelex resin was then rinsed with type I 

water until the pH of the filtrate was that of the electrolyte to be cleaned, (pH 9.2 for KBi and pH 

14 for KOH). The prepared resin was then stirred with the 1 M KBi pH 9.2 or KOH electrolyte to 

be cleaned for at least 72 h before being filtered and kept in clean polystyrene bottles previously 

washed with 2% nitric acid. pH measurements of buffer after resin cleaning confirm no pH 

changes.  

Preparation of Borate Mediated FetrNiBi Film (Entry 3.1-1). As-deposited NiBi was 

prepared via controlled-potential electrolysis of 0.1 M KBi, pH 9.2 electrolyte solutions 

containing 0.4 mM Ni2+. To minimize precipitation of Ni(OH)2 from these solutions, 25 mL of 

0.2 M KBi was added to 25 mL of 0.8 mM Ni2+ solution62. Unless otherwise stated, depositions 

were carried out using either an FTO-coated glass piece as the working electrode. FTO-coated 

glass electrodes were scrubbed, rinsed in acetone and isopropanol, soaked in 2% TraceSELECT 

nitric acid overnight and then rinsed with water prior to use in all experiments. A ~0.6 cm wide 

strip of Scotch tape was applied to the FTO coated side such that a 1 cm2 area was exposed to 

solution. Deposition by controlled potential electrolysis was carried out on quiescent solutions at 
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1.15 V without iR compensation and with passage of 1 mC cm–2. A typical deposition lasted 70 

s. Films were then rinsed by dipping briefly in type I water to remove any adventitious Ni2+ prior 

to electrochemical and spectroscopic analysis. The film was then subjected to 0.75 V in reagent 

grade 1 M KOH electrolyte without iR compensation with stirring for 3h.  

Preparation of Borate Mediated (Ni:Xanod)Bi Films with X=Ce, Fe, La, or Sc (Entries 

3.1-2 to 3.1-5). As-deposited NiBi were prepared as described above. Films were then subjected 

to constant applied potential of 0.75 V for 3 h while stirring in resin-cleaned 1 M KOH buffer 

containing 0.6 µM of Ce, Fe, La, or Sc salt. The concentration of dissolved metal salts was 

chosen to maximize metal concentration in the buffer solution while minimizing metal hydroxide 

formation in base. 

Preparation of Borate Mediated Codeposited (Ni:Xcod)Bi Films with X=Ce, Fe, La, 

or Sc (Entry 3.1-6 to 3.1-9. As-deposited films were prepared similarly to above samples except 

with 0.04 mM of Ce, Fe, La, or Sc salt and 0.36 mM Ni2+. To minimize precipitation of metal 

hydroxides from these solutions, all solutions were degassed with Ar gas for 20 min during 

preparation. In addition, 25 mL of 0.2 M KBi was added to 25 mL of 0.72 mM Ni2+ solution 

followed by addition of 180 µL of a 10 mM stock of Ce, Fe, La, or Sc. Deposition by controlled-

potential electrolysis was carried out in quiescent solutions at 1.15 V without iR compensation 

and with passage of 1 mC cm–2. A typical deposition lasted 110 s. Following deposition, films 

were rinsed by dipping briefly in type I water to remove any adventitious metal salts prior to 

electrochemical and spectroscopic studies. Films were subjected to 0.75 V in resin-cleaned 1 M 

KOH electrolyte without iR compensation with stirring for 3 h. 

Cathodic Deposition of Ni:XcathOx with X=Ce, Fe, La, Sc Film Preparation (Entries 

3.1-10 to 3.1-13). A solution of 100 mM total metal content was prepared with the desired ratio 
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of Ni:X. A three-electrode electrochemical cell was set up in a Teflon beaker with an FTO 

working electrode, Ag/AgCl reference electrode, and a Pt counter electrode in a glass frit. Unless 

stated otherwise, a cathodic current of 0.1 mA/s was passed through for 30 s for film deposition. 

After deposition, the film was rinsed briefly in Type I water and then submerged in KOH buffer. 

Films were then held at a constant potential of 1.0 V in 0.1 M KOH pH 13 for 3 hrs to convert 

the film to the oxyhydroxide form before further electrochemical analysis. The exact film 

loading was obtained later through ICP-MS analysis of the films.  

Potentiostatic Tafel Data Collection. Current-potential data were obtained by 

conducting controlled potential electrolysis in Pi electrolyte at a variety of applied potentials. 

Prior to film preparation, the solution resistance was measured in the electrolysis bath to be used 

for Tafel data collection using the iR test function. Following film preparation, the working 

electrode was rinsed in fresh electrolyte and transferred, without drying, to the same electrolysis 

bath from which the solution resistance was measured. The electrode was allowed to equilibrate 

with the electrolysis solution for 100s while being held at the first potential. The solution was 

stirred and steady-state currents were then measured at applied potentials for 100s that descended 

from 0.85 V to 0.65 V in 1 M KOH pH 14, proceeding in 10 mV steps. Higher potentials were 

avoided to prevent too much O2 production to physically damage the film and resulting in mass 

transport limits. Lower potentials were also avoided to prevent reduction of Ni centers. The 

solution resistance measured prior to the data collection was used to correct the Tafel plot for 

ohmic potential losses. 

Cyclic Voltammetry and Coulometric Titrations. Catalyst films were prepared as 

described above and left at open circuit for 1 min in Fe-free 1 M KOH to equilibrate and then at 

0.6 V for anodized films or 0.7 V for as-deposited films for 30 s, immediately after which CV 
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scans were initiated from 0.6 V or 0.7 V sweeping negatively to 0.2 V at which point the 

direction of scan was reversed, and CVs were terminated at 0.8 V. As-deposited films display the 

Ni3+/2+ reduction peak at higher potentials than anodized films and are consequently held at a 

higher initial potential (0.7 V vs 0.6 V) prior to CV sweep. These initial equilibrium potentials 

were chosen because they are above the Ni3+/2+ redox feature, thus capturing all charge 

associated with converting oxidized Ni in the film to Ni2+, but below a potential where OER 

dominates. Initial potentials were chosen to be exclusive of the OER because charge integration 

becomes more complicated due to (i) deciphering the contribution of OER current and (ii) 

preventing O2 bubble formation on the films (which prohibits electrolyte contact to the film and 

thus hindering complete film reduction to the Ni2+ state). All CV scans and pre-electrolysis were 

corrected for ohmic potential losses. Prior to data collection, the solution resistance was 

measured with a clean FTO working electrode using the iR test function. The working FTO 

electrode and the reference electrode were kept in the same configuration while the electrolysis 

cell was replaced for deposition, anodization or CV scans. 

Inductively Coupled Plasma Mass Spectrometry for Elemental Analysis. Trace 

elemental analysis was carried out with quadrupole ICP-MS (Thermo Electron, X-Series ICP-

MS with collision cell technology). All pipettes and polypropylene tubes were soaked in ~5% 

TraceSELECT nitric acid overnight and rinsed with type I water. All pipette tips were pre-rinsed 

with 2% double-distilled trace nitric acid prior to use. Films were digested with 4 mL of 2% 

double distilled trace nitric acid. Film samples along with standards and controls were then 

scanned twice for 60 s each for 56Fe, and 60Ni. Internal standards and controls dispersed 

throughout the samples were run to confirm no signal drift.  
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Preparation of NiXcathOx Films with X = Ce, Fe, La, Sc for in situ XAS Samples. In 

situ Ni K-edge X-ray absorption near-edge spectra (XANES) was performed on NiXcathOx films 

Entries 3.1-10 to 3.1-13 prepared as described above with the only difference being the substrate. 

Catalyst films were electrodeposited onto an X-ray transparent (at the Ni K-edge, 8.35 keV) 

indium tin oxide coated poly(ethylene terephthalate) sheet (ITO-PET) with resistance of 100 

Ω/sq and ITO coating of 1300 Å thickness (Sigma Aldrich). The ITO-PET sheets were fit to the 

home-made Teflon cell for XAS experiments. A 3 cm × 5 cm sheet of ITO was covered with 

tape to expose 1 cm x 1 cm for deposition and 5 mm at the top for connection to the potentiostat. 

X-ray Absorption Spectroscopy Data Collection and Analysis. Ni K-edge (8.333 keV) 

X-ray absorption near-edge structure (XANES) spectra were collected at beamline 12BM-B at 

the Advanced Photon Source at Argonne National Laboratory using a Si(111) X-ray 

monochromator with a focused beam size of ~0.5 x 0.5 mm. All data were collected in 

fluorescence mode using a 4-element Vortex SDD detector. Energy calibration was carried out 

using Ni foil. XAS data were collected at room temperature using a custom in situ XAS cell (see 

above). No sample damage due to X-ray beam exposure was observed after multiple scans using 

the same sample/electrode position. Three to five scans were averaged for analysis. Background 

subtraction and data normalization were carried out using the Athena software package63.  
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Detection of High-Valent Iron Species in Cobalt Oxides and 
Implications for Oxygen Evolution Reaction Activity 
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4.1 Introduction 
 

Cobalt oxyhydroxides (CoOx) have been extensively studied as oxygen evolving catalysts 

(OECs) because of their high activity for the oxygen evolution reaction relative to other first row 

transition metals and their high abundance relative to rare metals such as Ir and Ru.1–4 The 

development of a Co-based catalyst that operates and self-heals in neutral buffers has further 

spun interest in designing Co-based OECs. Specifically, cobalt phosphate (CoPi) catalysts exhibit 

a low Tafel slope of 60 mV/dec for OER in pH 7 Pi buffer5 while continuously undergoing self-

repair at these operational potentials.6 The development of this CoPi catalyst has inspired 

substantial efforts in unraveling the relationship between the structure, mechanism, and activity 

of these CoOx films through both experimental and computational methods.7–16 

Just as in nickel oxide (NiOx) films, Fe dopants in CoOx can yield greater OER activity. 

The ability of Fe dopants to enhance Co OER activity was first noted in polycrystalline Co3O4.17–

20 Several recent studies have further investigated the composition dependent nature of cobalt-

iron oxyhydroxides (CoFeOx) for OER under basic conditions. 21–23 Boettcher et al. concluded 

that the CoOx lattice serves as a conductive and stable matrix in which Fe centers operate as the 

active site for OER. However, their work could not explain why a higher percentage of Fe 

centers (> 40 mol% Fe)21 in CoFeOx is necessary to achieve the same low Tafel slope of 30 

mV/dec observed in NiFeOx with significantly lower Fe loading (>5 mol% Fe)24,25. Dau et al. 

proposed the existence of a branching catalytic mechanism that is activated in high Fe content 

films where di-µ-oxo bridged CoIII-CoIII intermediates are disproportionated.23 However, this 

conclusion was based on cycling the potential applied to CoFeOx films repeatedly in KOH 

buffer, which has been shown to erode the films over time.21  
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Despite these studies, the role of Fe in CoFeOx films has remained understudied leaving 

several questions unanswered. Most interesting is the difference in Fe loading required to 

activate CoOx versus NiOx films for OER. Addressing this issue requires an understanding of the 

nature of Fe enhancement on the host lattice for OER and of how properties of the host lattice 

influence the effectiveness of this enhancement. Understanding this Co-Fe synergy can help 

identify other target dopants to increase OER activity in CoOx and NiOx films and suggest other 

metal oxides and reactions that can benefit from Fe incorporation. 

We first explore the role of incidental Fe from reagent grade buffer on CoOx film activity 

in neutral and basic conditions. We then make co-deposited CoOx films with dopant ions, Fe, Sc, 

or Ce, and measure the resulting OER activity in basic conditions. Finally, we probe the 

electronic structure of Fe centers in CoFeOx films using Mössbauer spectroscopy and X-ray 

absorption spectroscopy (XAS) and correlate our findings with the electrochemical activity for 

OER. Our results show that, unlike the case of NiOx, Fe incorporation from trace Fe in reagent 

grade buffers has no influence on the OER activity of CoOx films operating in neutral and basic 

conditions. Furthermore, co-deposited CoScOx and CoCeOx films show no difference in OER 

activity versus pure CoOx whereas co-deposited CoFeOx films exhibit low Tafel slopes of 30 

mV/dec in the range of 40-80 mol% Fe content. Through Mössbauer spectroscopy, we find that 

in CoFeOx with high Co content, a second Fe species is observed in addition to Fe3+. The 

population of this new Fe species relative to Fe3+ decreases with decreasing Co:Fe content in 

CoFeOx. The isomer shift of this Fe species matches previously reported Fe4+ and its increased 

relative population in CoFeOx films is correlated with a blue shift in the Fe K-edge XAS data. 

Interestingly, CoFeOx compositions that yield maximum overall “Fe4+” content overlaps with 

compositions that exhibit a Tafel slope of 30 mV/dec. This suggests that whatever structural 
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and/or electronic changes associated with this “Fe4+” formation may have mechanistic 

implications for OER. However, further detailed studies on the exact structure of CoFeOx 

throughout compositional changes needs to be explored before a Fe4+ identification can be 

confirmed and its mechanistic influence can be probed.  

4.2 OER Activity of Incidentally Doped Fe in CoOx  

 We first investigated the role of incidental Fe on the performance of CoOx films in both 

near-neutral and basic conditions. As discussed in Chapter 2, the analogous NiBi film which 

operates in pH 9.2 Bi buffer undergoes more than a tenfold increase in OER activity over the 

course of operating OER in reagent grade buffers (anodization). During this anodization 

procedure, trace Fe from the reagent grade buffer is incorporated into the NiBi lattice inducing 

the transformation of Ni centers from mostly Ni3+ centers (resembling β–NiOOH) to mixed 

valent Ni3+/4+ species (resembling γ–NiOOH).27,26 Given the important role of incidental Fe 

doping for the electrochemical activity of NiBi films for OER, the OER activity of CoPi films 

should be reinvestigated under pure conditions (buffers cleaned of trace metals).  

CoPi films of increasing thickness were prepared by anodic electrodeposition from 

phosphate buffer (Pi) at neutral pH. These films were then held at an anodic potential for 3 h 

while undergoing OER in reagent grade or resin cleaned Pi buffer at pH 7.0. This process of 

holding catalyst films under OER potentials for extended periods will be called anodization. 

Resin cleaned buffers are buffers with trace metals removed through chelating resin (see 

Methods in Chapter 2). As a comparison, cobalt oxyhydroxide films electrodeposited by cathodic 

deposition, CocathOx, were also prepared and anodized in reagent grade or resin cleaned KOH 

buffer. In Chapter 3, we demonstrated that metal oxyhydroxide films can be cathodically 

deposited onto substrates by nitrate electro-reduction, which creates a basic pH at the electrode 
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leading to rapid precipitation of metal hydroxides induced by local pH increases. Previous 

studies have suggested that CocathOx films yield layered double hydroxide (LDH) structures as 

evident by the X-ray diffraction patterns.21  

For each type of film (CoPi or CocathOx) operating OER in the same buffer (Pi or KOH), 

anodization in either reagent grade or resin cleaned conditions does not lead to different Tafel 

slopes or exchange current densities for all film thicknesses tested (Figure 4.1). This result is in 

contrast to NiBi films and NiOx films prepared by cathodic deposition, which show dramatically 

enhanced OER activity when anodized in reagent grade relative to resin cleaned buffer.25,27 For 

all CoOx film types tested in Figure 4.1, the same Tafel slope of ~60 mV/dec was measured, 

matching previously recorded Tafel slopes for CoPi films operating in KPi pH 7.06 and CocathOx 

films in KOH pH 1428. Elemental analysis by inductively coupled plasma-mass spectrometry 

(ICP-MS) analysis yielded ~3 mol% of Fe in films anodized in reagent grade buffers and < 1 

mol% Fe in films anodized in resin cleaned buffers. This is significantly lower than the Fe 

content of ~10 mol% and ~30 mol% Fe achieved by anodizing NiBi films in reagent grade 1 M 

KOH pH 14 and 1 M KBi pH 9.2 buffer respectively.  

 

Figure 4.1. Tafel slopes of CoPi films anodized in resin cleaned (red) versus reagent grade (blue) 
(a) 1 M KPi pH 7.0 or (b) 1 M KOH pH 14 for films deposited from 1 mC ( ), 6 mC ( ), 30 mC 
( ), and 60 mC ( ) of charge passed. (c) Tafel slopes of CocathOx anodized in resin cleaned (red) 
versus reagent grade (blue) 1 M KOH pH 14 for films deposited at 0.1 mA cm–2 for 10s ( ), 60s 
( ), and 180s ( ). All Tafel slopes were taken in the same buffer that was used for anodization. 
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4.3 OER Activity of Co-Deposited FecodCoPi 

Next, co-deposited Co-Fe phosphate catalysts, FecodCoPi, were prepared by introducing 

Fe salts during the deposition of CoPi films from Pi buffer. A similar method was used to 

prepared co-deposited Ni-Fe borate catalysts, FecodNiBi, in Chapter 2. FecodCoPi film activity for 

OER was then assessed by Tafel slope analysis in resin cleaned Pi pH 7 buffer. The resulting 

Tafel slopes in Figure 4.2 show that regardless of the initial Co:Fe salt ratio during deposition, 

the Tafel slope remains the same at ~60 mV/dec with no changes in exchange current density. 

Elemental analysis by ICP-MS yielded Fe content of ~10 mol% for all co-deposited films 

regardless of the Co:Fe ratio in the deposition solution. The saturation of Fe content in FecodCoPi 

films could be due to the slow kinetics of Fe deposition and ease of Fe(OH)2 and Fe(OH)3 

precipitating from solution. The OER activity of FecodCoPi  differs from that of FecodNiBi where, 

for the same Fe content of 10 mol%, FecodCoPi experiences no changes in Tafel slope or 

exchange current density. FecodNiBi, however, exhibits a reduction in the Tafel slope from 90 

mV/dec to 30 mV/dec and an increase in exchange current density27 compared to relative to pure 

NiBi.  

 

Figure 4.2. Tafel slopes of CoPi ( ) and FecodCoPi films co-deposited with the Co:Fe 
composition: 4:1 ( ), 1:1 ( ), 1:4 ( ) taken in resin cleaned 1 M KPi pH 7.0. 
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4.4 OER Activity of Co-Deposited CoFecathOx prepared from Cathodic Deposition 

In order to observe the OER enhancement induced by Fe in cobalt oxyhyroxides, a Fe 

content of >40 mol% must be achieved.21 Such high concentrations of Fe are difficult to obtain 

using co-deposition methods under anodic potentials in neutral buffers as shown in Chapter 4.3. 

Film deposition by nitrate reduction methods, however, are capable of producing mixed cobalt-

iron oxyhydroxides (CoFecathOx) with high Fe content. This method, described in detail in 

Chapter 3, requires the application of a cathodic potential in nitrate solutions to form a local 

basic pH near the electrode that drives the precipitation of Co(OH)2 and Fe(OH)2 on the 

electrode. After film deposition, the operating solution is switched to 1 M KOH. An anodic 

potential for OER is then applied to the film to convert the metal oxide from a hydroxide to an 

oxyhydroxide through the process of anodization. Films prepared in this manner produce mixed 

metal oxyhydroxides with compositions within ± 5 mol % of the deposition solution composition 

and are homogenous with respect to mixed metal composition (see Chapter 3).  

A series of CoFecathOx films with varying Fe content were prepared with increasing film 

thickness from 15 nmol to 1000 nmol total metal (Fe and Co) loading. The Tafel slope for each 

sample was measured in 1 M KOH (Figure 4.3) and the elemental composition determined by 

ICP-MS. Figure 4.4a shows the representative Tafel slopes of CoFecathOx films over a series of 

Co:Fe compositions measured. The Tafel slope starts out at ~ 60 mV/dec in pure CoOx films and 

then decrease with increasing Fe content up to a film composition of 80 mol% Fe, after which 

the Tafel slope starts to increase with additional Fe. Figure 4.4b plots the Tafel slope over Fe 

content for each CoFecathOx film composition averaged across films thickness plotted in Figure 

4.3. CoFecathOx films display a Tafel slope of ~ 30 mV/dec in the range of 40-80 mol% Fe 

similar to previously published results.21 This is different from the range of 5-40 mol% Fe 
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necessary to achieve the same Tafel slope of 30 mV/dec in NiFeOx films operating in near 

neutral or basic pH.24,29–31 Since Tafel slopes for CoFecathOx films were measured in resin 

cleaned KOH, this low Tafel slope of 30 mV/dec is not a result of trace Ni or Fe in the buffer 

solution which has been shown to form NiFeOx clusters under anodic potentials in near neutral 

conditions.32 Indeed, ICP-MS shows less than 1 mol% of Ni in these CoFecathOx films. 

 

Figure 4.3. Tafel slope of CoFecathOx films of increasing thickness with Co:Fe compositions: (a) 
100% Co, (b) 15% Fe 85% Co, (c) 30% Fe 70% Co, (d) 40% Fe 60% Co, (e) 60% Fe 40% Co, 
(f) 80% Fe 20% Co, (g) 90% Fe 10% Co, and (g) 95% Fe 5% Co.  
 

 

Figure 4.4. (a) Representative Tafel slopes of CoFecathOx films taken in resin cleaned 1 M KOH 
with Fe content: 0% ( ), 15% ( ), 30% ( ), 40% ( ), 60% ( ), 80% ( ), 90% ( ), and 95%( ) 
and (b) summary of CoFecathOx Tafel slopes and Fe content for samples shown in Figure 4.3.  
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Aside from altering the Tafel slope, addition of Fe into CoFecathOx films also yield 

changes to the Co2+/3+ redox features (Figure 4.5a) as shown by cyclic voltammograms (CVs). 

As Fe content increases, both the cathodic and anodic features of the Co2+/3+ couple are shifted 

towards higher potentials. This is similar to what is observed in the case of Fe addition to NiOx 

films in near neutral and basic conditions.24,25,29–31  

Next, co-deposited Co-Ce oxyhydroxides (CoCecathOx) and Co-Sc oxyhydroxides 

(CoSccathOx) films were prepared by cathodic deposition (Figure 4.5b and Figure 4.5c). 

Interestingly, neither Ce nor Sc elicits any changes to the Co redox features, despite confirmation 

by ICP-MS that these metals incorporate into the CoOx lattice at the levels indicated. This is in 

contrast to NiSccathOx films where both the anodic and cathodic peaks of the Ni2+/3+ couple are 

shifted towards higher potentials versus pure NicathOx (Chapter 3). The addition of Ce to CocathOx 

only results in a small shift of the anodic redox feature towards higher potentials but does not 

alter the onset of OER, unlike the case of Ce addition to NicathOx (Chapter 3). Finally, Tafel slope 

analysis shows no deviations from ~60 mV/dec in CoCecathOx films with increasing Ce content, 

in contrast to CoFecathOx films (Figure 4.6).  

 

Figure 4.5. (a) CVs of CoFecathOx films with Fe content: 0%(▬), 10% (▬), 20% (▬), 40% (▬), 
60% (▬), 80% (▬), and 90% (▬). (b) CVs of CoSccathOx films with Sc content: 0% (▬), 5% 
(▬), 15% (▬), 30% (▬), and 50% (▬). (c) CVs of CoCecathOx films with Ce content: 0% (▬), 
5% (▬), 15% (▬), 30% (▬), and 50% (▬). All measured in 0.1 M KOH. 
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Figure 4.6. (a) Tafel slopes of CoFecathOx films with Fe content: 0% ( ), 10% ( ), 20% ( ), 
40% ( ), 60% ( ), 80% ( ), and 90% ( ). (b) Tafel slopes of CoCecathOx films with Ce content: 
0% ( ), 5% ( ), 15% ( ), 30% ( ), and 50% ( ). All measured in 0.1 M KOH.  
 

4.5 Tracking Fe Structure in NiFecathOx by Mössbauer Spectroscopy 

Zero-field 57Fe Mössbauer spectroscopy can be used to understand the changes in 

structure occurring at Fe centers in mixed metal films (NiFeOx or CoFeOx) without signal 

interference from the surrounding host lattice (NiOx or CoOx respectively). Recently, Stahl et al. 

used in situ 57Fe Mössbauer spectroscopy at room temperature to track changes in Fe electronics 

changes in NiFe layered double hydroxides (LDH) under OER conditions in base.33 They 

observed the in situ formation of a new Fe species in addition to Fe3+ with increasing anodic 

potentials. This additional Fe species disappears when the electrochemical potential is removed. 

This species was assigned to high spin (HS) Fe4+ based on the Mössbauer parameters and by 

comparison to FeOOH model compounds. However, high-valent Fe4+ has not been detect in 

NiFeOx films by Fe K-edge X-ray absorption spectroscopy.34,35 Given these conflicting results, it 

would be interesting to determine if an Fe4+ species is present in NiFeOx films across all Ni:Fe 

compositions and to correlated the presence of Fe4+ with OER activity. The same analysis may 

be later performed with CoFeOx films to determine if the presence of Fe4+ serves as a unifying 

factor in Fe enhancement of Co or Ni centers in CoFeOx and NiFeOx respectively.  
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 Ex situ analysis by Mössbauear spectroscopy requires several milligrams of sample, in 

contrast to the nanomolar amounts of catalyst typically deposited on the electrode during 

electrochemical investigations. Large quantities of NiFecathOx catalyst (~20 mg) were thus 

prepared by scaling up the cathodic deposition. All depositions and subsequent anodizations 

were carried out under a flow of Ar gas in a glovebag to minimize precipitation of Fe(OH)2 over 

time. The resulting large film was then dried by pressurized air at room temperature and scraped 

off the electrode for ex situ analysis by zero field 57Fe Mössbauer spectroscopy. Mössbauer data 

were collected at 77 K. Scaled up deposition conditions have previously been used to produce 

large amounts of catalysts for the study of the structure of manganese oxides by X-ray pair 

distribution function analysis.36 Iron salts of natural 57Fe abundance were used for all Mössbauer 

samples. Consequently, NiFecathOx films with higher Fe content required less total sample mass 

to achieve a Mössbauer spectrum with good signal to noise relative to films composed mostly of 

Ni. This limitation prevents the control of sample masses for all compositions monitored.  

The zero-field 57Fe Mössbauer spectra of as-deposited and anodized NiFecathOx (40% Fe 

60% Ni) films are given in Figure 4.7. Two Fe species are observed in the as-deposited film: one 

with an isomer shift (δ) of ~0.2 mm/s and a quadrupole splitting (|ΔEQ|) of ~0.8 mm/s (Figure 

4.7, blue) and another with δ ~1.032 mm/s and a |ΔEQ| ~2.767 mm/s (Figure 4.7, purple). The 

former Fe species resembles the Fe3+ species previously reported for NiFeOx
33,37,38

 and FeOOH 

polymorphs39. This same Fe3+ species is also present in the anodized sample. The second Fe 

species has an isomer shift and quadrupole splitting that are similar to those reported for Fe2+ in 

Fe(OH)2.39 This form of Fe2+ is expected to form at the electrode from cathodic deposition. The 

absence of this Fe2+ species in the anodized sample confirms that the anodization process 

converts the metal hydroxides (formed initially from cathodic deposition) to metal 
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oxyhydroxides. There is no indication of Fe2O3
40,41 or metallic Fe42,43. Fits of both as-deposited 

and anodized NiFecathOx spectra are given in Figure 4.7. In both cases, spectra were provided 

with the leeway to fit an Fe4+ species (Figure 4.7, green), which was reported to occur at δ ~ –

0.25 mm/s and a |ΔEQ| ~ 0 mm/s in NiFeOx
33,38,38. The as-deposited sample shows no such Fe4+ 

species while the anodized sample yields a fit to a species at δ ~ –0.25 mm/s with a very small 

population (< 8% of total Fe). However, this fitting is likely the result of the asymmetry of the 

main peak splitting (Fe3+ species). This asymmetric splitting could be the result of a small 

population of Fe4+ species and/or a slight preferential orientation of Fe3+ in NiFecathOx. Previous 

57Fe Mossbauer spectra of NiFeOx samples show a similarly small asymmetry in the main peak 

splitting.33,38,38 In these cases, the main peak, along with the small asymmetry, was attributed to 

Fe3+. No assignment of Fe4+ species was made. In a similar fashion, the Mössbauer data do not 

unambiguously support Fe4+ in either as-deposited or anodized samples.  

 

 

Figure 4.7. Zero-field 57Fe Mössbauer spectra for NiFecathOx films with the composition 40% Fe 
60% Ni (a) as-deposited and (b) after anodization in KOH. Raw data ( ), fit for Fe2+ species 
(▬), Fe3+ species (▬), Fe4+ species (▬), and overall fit (▬). See Methods for details of fitting. 
 

57Fe Mössbauer spectra and raw fits of a series of anodized NiFecathOx samples (all 

NiFecathOx samples referenced from now on were anodized in KOH unless otherwise stated) with 

increasing Fe content are given in Figure 4.8. The corresponding isomer shifts and quadrupole 
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splitting for these fittings are given in Figure 4.9. NiFecathOx samples with Fe content between 30 

mol% and 90 mol% Fe yield 57Fe Mössbauer spectra that are almost indistinguishable from one 

another. In each case, the spectrum is dominated by the presence of a doublet peak with δ ~ 0.2 

mm/s and |ΔEQ| ~ 0.8 mm/s corresponding to Fe3+. Fits with a second Fe species (δ ~ –0.2 mm/s 

and |ΔEQ| ~ 0.3 mm/s) were also attempted. However, in no case was there unambiguous 

evidence for Fe4+ as previously reported33,37,38. For the case of 90% Fe 10% Ni, there is a feature 

at |velocity| ~ 4 mm/s which might be small amounts of metallic Fe. For the 20% Fe 80% Ni 

sample, low signal to noise is poor due to the low overall Fe content further prohibits the 

detection of  Fe4+. 

 

Figure 4.8. Zero-field 57Fe Mössbauer spectra for NiFeOx films with the composition (a) 20% Fe 
80% Ni, (b) 30% Fe 70% Ni, (c) 40% Fe 60% Ni, (d) 50% Fe 50% Ni, (e) 60% Fe 40% Ni, and 
(f) 90% Fe 10% Ni. Raw data ( ), fit for Fe3+ species (▬), fit for Fe4+ species (▬), and overall 
fit (▬). See Methods for details of fitting. 
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Figure 4.9. (a) Isomer shift of the Fe3+ ( ) and Fe4+ ( ) species and (b) quadrupole splitting 
(|ΔEQ|) fit of Fe3+ ( ) and Fe4+ ( ) species for NiFeOx films of increasing Fe content obtained 
from fittings extracted from Zero-field 57Fe Mössbauer spectra in Figure 4.8. 
 

The Fe3+ species detected in these NiFecathOx samples are similar to the Fe3+ species 

observed previously in γ–NiFeOOH.33,37,38 However, no Fe4+ (δ ~ 0.2 mm/s, |ΔEQ| ~ 0.8 mm/s) 

was detected in this work (Figure 4.8) in contrast to previous 57Fe Mössbauer studies on 

NiFeOx.33,37,38 This may be due to the differences in Ni:Fe content tested or lack of applied 

potential during measurement. The discrepancy may also be due to differences in sample 

preparation. In the previous works33,37,38, γ–NiFeOOH samples were prepared by chimie douce 

which may yield differences between actual Fe content in the oxide versus Fe content in the 

synthesis solution and/or contain clusters of FeOOH instead of uniformly heterogeneous 

samples.44,45 

4.6 Tracking Fe Structure in CoFecathOx by Mössbauer Spectroscopy 

The results from the 57Fe Mössbauer analysis of NiFecathOx illustrated that (1) films 

prepared from natural 57Fe abundance can yield good signal-to-noise 57Fe Mössbauer spectra, 

and (2) NiFeOx films prepared by cathodic deposition yield a Fe3+ species that match those 

previously reported in γ–NiFeOOH37,38 and NiFe LDHs33. However, no clear signal 

corresponding to Fe4+ was observed within the Ni:Fe compositions tested ex situ. Next, a series 
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of anodized CoFecathOx films (all CoFecathOx films referenced from now on were anodized in 

KOH unless otherwise noted) were similarly prepared on a large scale using cathodic deposition 

and anodization in KOH. The results of the 57Fe Mössbauer analysis on these CoFecathOx samples 

would help determine if (1) a Fe4+ is detected in CoFeOx and (2) if present, at what proportions 

of Fe content.  

The 57Fe Mössbauer spectra of CoFecathOx with film composition 50% Fe 50% Co and 

60% Fe 40% Co are given in Figure 4.10a and Figure 4.10c, respectively. Both CoFecathOx 

samples (50% Fe 50% Co and 60% Fe 40% Co) yield significant population of two Fe species, 

and the corresponding fittings to these two species are given in Figure 4.10b and Figure 4.10d, 

respectively. Figure 4.10 also shows that the 57Fe Mössbauer spectra are reproducible between 

samples of the same film composition prepared at different times. Furthermore, the fittings to the 

two Fe species from independently prepared samples with the same film composition remain 

reproducible. Finally, Figure 4.10 demonstrates that 57Fe Mösssbauer spectroscopy is sensitive 

enough to track changes in the population of these two Fe species between CoFecathOx samples 

that vary in Fe content by 10 mol%.   

One Fe species in CoFecathOx has δ ~0.2 mm/s and |ΔEQ|~0.8 mm/s, which matches well 

with the Fe3+ species observed in NiFecathOx samples. The second Fe species possesses a δ = –

0.28 mm/s and |ΔEQ|~0.2 mm/s which matches well with the Fe4+ species in NiFeOx
33,38,39. 

Interestingly, the 57Fe Mössbauer spectra of NiFecathOx samples do not show any evidence of this 

Fe4+ species in samples with lower and higher Fe content than the CoFecathOx samples in Figure 

4.10. 

The 57Fe Mössbauer spectra of CoFecathOx film samples ranging in Fe content from 10-90 

mol% in 10 mol% intervals were fitted to two species of Fe. The resulting isomer shifts of these 
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two Fe species are given in Figure 4.11a. The isomer shifts of the fits to Fe3+ (blue) starts to 

deviate at low total Fe content where the relative population of Fe3+ is low. The opposite is true 

for Fe4+ (green), which exhibits deviations in the isomer shifts of fittings at high Fe where the 

population of Fe4+ is small relative to that of Fe3+.  

 

Figure 4.10. (a) Zero-field 57Fe Mössbauer spectra for 50%Fe 50%Co CoFecathOx of two 
independent samples (raw data: sample 1 ( ) and sample 2 ( ), overall fit: sample 1(▬) and 
sample 2 (▬)), and (b) corresponding fit to Fe3+ species (sample 1 (▬) and sample 2( )), Fe4+ 
species (sample 1(▬) and sample 2( )), and overall fit (sample 1(▬) and sample 2( )). (c) 
Zero-field 57Fe Mössbauer spectra for 60% Fe 40% Co CoFecathOx of two independent samples 
(raw data: sample 1 ( ) and sample 2 ( ), overall fit: sample 1(▬) and sample 2 (▬)), and 
(b) corresponding fit to Fe3+ species (sample 1 (▬) and sample 2( )), Fe4+ species (sample 
1(▬) and sample 2( )), and overall fit (sample 1(▬) and sample 2( )). 
 

 

Figure 4.11. (b) Isomer shift of the Fe3+ ( ) and Fe4+ ( ) species for CoFecathOx films of 
increasing Fe content obtained from fittings that optimize fit to raw data (with no restrictions in 
WMoss fittings). Zero-field 57Fe Mössbauer spectra for CoFeOx films with the composition (b) 
10% Fe 90% Co and (c) 90% Fe 10%. Raw data ( ), fit for Fe3+ species (▬), Fe4+ species 
(▬), and overall fit (▬). The isomer shift (δ) for the Fe3+ and Fe4+ species is indicated for 90% 
Fe 10% and 10% Fe 90% Co samples respectively.  
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Since the isomer shift of the two Fe species remains relatively constant over all 

CoFecathOx compositions tested (Figure 4.11a) and each of the two Fe species (Fe3+ or Fe4+) is 

most prominent at opposite ends of the film compositions tested (Figure 4.11b and Figure 4.11c), 

all 57Fe Mössbauer spectra for the series of CoFecathOx samples measured were then refitted to 

two Fe species at fixed isomer shifts: Fe3+ at δ = 0.223 mm/s and Fe4+ at δ = –0.285 mm/s. These 

isomer shifts correspond to the values obtained from Fe3+ and Fe4+ fittings in samples 90% Fe 

10% Co and 10% Fe 90% Co, respectively, where each species is the most dominant without 

signal overlap from the other. The resulting fits along with the corresponding raw data are shown 

in Figure 4.12. The quadrupole splitting (|ΔEQ|) for the Fe3+ and Fe4+ species fits are given in 

Figure 4.13.  

Starting with the 10%Fe 90% Co sample, there are two species of Fe, with Fe4+ being the 

most prominent of the two. As the Fe content increases by 10 mol% intervals, the proportion of 

the two Fe species appears to shift gradually from dominantly Fe4+ to dominantly Fe3+. As in the 

case of anodized NiFecathOx, there is no evidence of Fe2+, Fe2O3, or metallic Fe0 for the entire 

range of Co:Fe compositions analyzed. 

The quadrupole splitting for the Fe3+ species (blue) is relatively consistent at 0.6 mm/s, 

with deviations occurring at low Fe concentrations. The quadrupole splitting for the Fe4+ species 

(green) is consistently around 0.2 mm/s with small deviations at high Fe content. These small 

deviations in isomer shifts of fittings are likely due to the low population of Fe3+ and Fe4+ species 

at low and high Fe content, respectively (Figure 4.11b and Figure 4.11c). The quadrupole 

splitting values are consistent with high spin Fe3+ and Fe4+ species.  

The relative populations of Fe3+ and Fe4+ in CoFecathOx samples are displayed in Figure 

4.14a. As noted before, the relative ratio of Fe3+:Fe4+ shifts towards Fe3+ at high Fe 
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concentrations and Fe4+ at low Fe concentrations. Since the relative populations of Fe3+ and Fe4+ 

and the total Fe content in CoFecathOx are known, the absolute Fe3+ and Fe4+ content in each 

sample can be obtained by multiplying their relative populations with the total Fe content in the 

CoFecathOx sample. The calculated absolute content of Fe3+ and Fe4+ in CoFecathOx films with 

increasing Fe content is displayed in Figures 4.14b and Figure 4.14c respectively. 

Because the relative population of Fe3+ increases with increasing Fe content in 

CoFecathOx films, the absolute content of Fe3+ appears to increase exponentially in CoFecathOx 

with increasing Fe loading. In the case of Fe4+, its relative population increases with decreasing 

Fe loading in CoFecathOx films. As a result, the absolute Fe4+ content in CoFecathOx films starts at 

a low value and then steadily increases to a maximum around 50% Fe 50% Co samples and then 

decreases with higher Fe loading. 
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Figure 4.12. Zero-field 57Fe Mössbauer spectra for CoFecathOx films with the composition: (a) 
10% Fe 90% Co, (b) 20% Fe 80% Co, (c) 30% Fe 70% Co, (d) 40% Fe 60% Co, (e) 50% Fe 
50% Co, (f) 60% Fe 40% Co, (g) 70% Fe 30% Co, (h) 80% Fe 20% Co, and (i) 90% Fe 10% Co. 
Raw data ( ), fit for Fe3+ species (▬), fit for Fe4+ species (▬), and overall fit (▬).  
 
 

 

Figure 4.13. Quadrupole splitting (|ΔEQ|) fit of Fe3+ ( ) and Fe4+ ( ) species in CoFecathOx films 
with increasing Fe content extracted from Zero-field 57Fe Mössbauer spectra in Figure 4.12.  



	

	–116– 

 

Figure 4.14. (a) Relative population of Fe3+ ( ) and Fe4+ ( ) species in CoFecathOx films with 
increasing Fe content extracted from fittings to zero-field 57Fe Mössbauer spectra. Absolute 
population of (b) Fe3+ species ( ) and (c) Fe4+ species ( ) in CoFecathOx films with increasing Fe 
content. See text for description of calculations.  
 

4.7 Probing Electronic Structure at Fe Centers by X-Ray Absorbance Spectroscopy 

In addition to Mössbauer spectroscopy, we have collected the Fe K-edge XAS data for a 

series of CoFeOx samples. The X-ray absorption near edge structure (XANES) spectra and R-

space and k-space data for all samples are given in Figure 4.15. These CoFecathOx ex situ samples 

were prepared in the same manner as those used for 57Fe Mössbauer analysis in Chapter 4.6. 

As the Fe content in CoFecathOx samples increases, there is an accompanying increase in 

the intensity of the pre-edge feature (Figure 4.15b) and a red-shift in the Fe K-edge (Figure 

4.15c). A red-shift in the Fe K-edge suggests a decrease in the oxidation state at Fe centers (1s to 

4p transition). However, for iron centers in the same ligand environment, a decrease in the 

oxidation state should yield a decrease in the pre-edge (1s to 3d transition) signal intensity.46–49 

The fact that the pre-edge intensity increases with increasing Fe content suggests changes 

beyond just increased oxidation state at Fe centers. The intensity of the Fe pre-edge has been 

shown to increase with decreasing coordination number in iron models due to the loss of 

inversion symmetry at the iron center46–49. Furthermore, Fe3+ in an octahedral environment is 

expected to yield a characteristic double peak structure49,50. These two factors suggest that there 
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may be some Fe3+ present in a tetrahedral environment similar to what is observed by XAS in 

NiFeOOH34 and that the relative population of this species increases with Fe content in 

CoFecathOx films.   

The Fourier transform of the EXAFS region is displayed in the R-space and k-space in 

Figures 4.15d and 4.15e respectively. There is a large structural change moving from 50% Fe 

50%Fe to 70% Fe 30%Co as evidenced by the dramatic decrease in peak intensities in in both k- 

and R-space. This change may be the result of transitioning from a CoOx to FeOx dominant 

lattice similar to the transition from γ–NiOOH to γ–FeOOH lattice in NiFeOx films as predicted 

by theoretical models.34 

 

Figure 4.15. (a) Fe K-edge XANES spectra of CoFeOx films with the composition: 20%Fe 80% 
Co (▬), 50% Fe 50% Co (▬), 70% Fe 30% Co (▬), 90% Fe 10% Co (▬). Corresponding 
magnified view of (b) pre-edge features and (c) K-edge shifts. Fourier transform of Fe K-edge 
EXAFS spectra in (d) R-space and (e) k-space. 
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Additionally, since the exact proportions of Fe3+ and Fe4+ are known from Mössbauer 

(Figure 4.14a) and ICP-MS analyses (Figure 4.4b), the individual XANES spectrum of the Fe3+ 

or Fe4+ components can be extracted from the data in Figure 4.15 through linear combination 

fitting (see Section 4.11). The resulting Fe3+ and Fe4+ spectra are reproducible between specific 

linear combinations and are given in Figure 4.16 (blue and green line, respectively. Several 

important observations can be made between the Fe3+ and Fe4+ species. There is a clear edge 

shift from ~7124 to ~7128 eV between the Fe3+ and Fe4+ species. Additionally, the 1s → 3d pre-

edge intensity of the Fe3+ species is significantly higher than that for Fe4+ (inset of Figure 4.16). 

The R-space amplitude of the Fe3+ species is significantly lower than the Fe4+ species, and there 

is a clear contraction of the first and second shell scattering distances for Fe4+. 

 

 

Figure 4.16. (a) Fe K-edge XANES spectra of Fe3+ calculated from: 20%Fe 80%Co/ 70%Fe 
30%Co (▬), 20%Fe 80%Co/ 50%Fe 50%Co (▬ ▬), and Fe4+ calculated from: 70%Fe 30%Co/ 
20%Fe 80%Co (▬), 50%Fe 50%Co/ 20%Fe 80%Co (▬ ▬). Corresponding Fourier transform 
of Fe K-edge EXAFS spectra (b) in R-space and (c) k-space. 
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4.8 Discussion 

The potential influence of trace Fe contaminants from reagent grade buffer on the 

performance of the CoPi catalyst was first determined. No differences in Tafel slopes or 

exchange current densities were observed for all film thicknesses tested (Figure 4.1a). The same 

result was obtained for CoPi films anodized in resin cleaned versus reagent grade KOH (Figure 

4.1b). ICP-MS shows a lower Fe content in CoPi obtained through anodization in reagent grade 

Pi buffer (< 5 mol%) versus Fe content in NiBi anodized in reagent grade Bi buffer (~30 mol%). 

Similarly, CoPi anodized in reagent grade KOH yielded < 5 mol% Fe incorporation as compared 

with ~11 mol% Fe in NiBi films anodized in the same buffer. This suggests that lower Fe 

incorporation into CoPi versus NiBi from trace Fe in reagent grade buffers is not the result of 

different buffer purity. The fact that less Fe is incorporated into CoPi than NiBi despite similar 

film thicknesses and the use of the same anodization buffers suggests a lower affinity between 

Co and Fe versus Ni and Fe. It is possible that this lower affinity is due to structural differences 

between CoPi and NiBi that make it difficult for Fe centers to insert into or replace Co in the 

CoOx lattice versus NiOx. Ultimately, our studies show that trace Fe from reagent grade buffer 

has no influence on the electrochemical properties, and hence previous mechanistic studies, of 

CoPi films.  

While incidental doping of Fe into CoPi from reagent grade buffers has no influence on 

the OER activity, co-deposition of Fe into CoOx yields dramatic OER enhancement at substantial 

Fe content levels. CoFecathOx samples are able to achieve the same Tafel slope as NiFe cathOx (30 

mV/dec in KOH) but require a much higher Fe loading to do so (40-80 mol% for CoFecathOx 

versus 5-40 mol% NiFe cathOx
24,29–31). A Tafel slope of 30 mV/dec suggests that the catalysts 

proceed through a two-electron pre-equilibrium followed by a rate-limiting chemical step. The 
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addition of Fe into CoFe cathOx and NiFe cathOx results in the shift of the anodic and cathodic 

features of the Co2+/3+ and Ni2+/3+ couples towards higher potentials suggesting that Fe imparts 

the same electronic influence in both film types. Taken together, Fe may proceed to enhance 

OER in CoOx and NiOx by a similar manner. However, the effectiveness of this enhancement is 

dependent on the host lattice identity and structure. More detailed mechanistic studies are 

necessary to determine if the pathways towards O2 generation after Fe incorporation are indeed 

the same between the two OECs.   

57Fe Mössbauer spectroscopy and Fe K-edge XAS have the ability to probe electronic 

changes at Fe centers that would otherwise be invisible in electrochemical analyses. The Fe2+/3+ 

and Fe3+/4+ couples lie beyond the onset of OER which prohibits analysis by cyclic 

voltammograms while the non-specific nature of current-voltage outputs make it impossible to 

distinguished between contributions from Fe versus other metal centers.  

The 57Fe Mössbauer spectra of ex situ CoFecathOx films yield two distinct Fe species: one 

with δ ~ 0.2 mm/s and |ΔEQ| ~ 0.8 mm/s and another with δ ~ –0.2 mm/s and |ΔEQ| ~ 0.3 mm/s. 

The first species matches the description for high spin (HS) Fe3+. This HS Fe3+ species is 

expected from Oh Fe centers surrounded by bridging oxide ligands (β–, γ–, or δ–FeOOH).39 

Furthermore, Fe3+ species have been observed experimentally by XAS and predicted 

theoretically by density function theory.34,35 A second Fe species with similar Mössbauer 

parameters has been previously observed in NiFeOx films in situ at high anodic potentials33 and 

ex situ at low Fe content.37,38 Based on the isomer shift and quadrupole splitting, the second Fe 

species has been previously assigned as high spin Fe4+ based on comparison to FeOOH model 

compounds39. Interestingly, this Fe4+ species has yet to be observed spectroscopically but 

theoretical calculations have predicated the stability of such a species persisting in NiFeOx.51  
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Structural changes to the Fe ligand environment would also result in a shift of the isomer 

shift and quadrupole splitting. It is possible that this second Fe species is just Fe3+ but in a 

different ligand environment such as: (a) Fe surrounded by mostly FeOOH versus Fe mostly 

surrounded by CoOOH or (b) Fe3+ in the bulk of the lattice versus Fe3+ at the edge site. The 

increase in Fe K-edge pre-edge intensities with increasing Fe content suggest an increase of Fe3+ 

in a tetrahedral environment with increasing Fe content. If this tetrahedral Fe3+ was responsible 

for the second Fe species (δ ~ –0.2 mm/s and |ΔEQ| ~ 0.3 mm/s), then we would expect to see 

this peak increase with increasing Fe content (as suggested by XAS), which is the opposite trend 

observed by the 57Fe Mössbauer analysis. If the second Fe species was indeed at a formal Fe3+ 

oxidation state but just surrounded by more Co centers, then we would expect a gradual shift in 

the isomer shift of this second Fe species as the density of Co centers around any given Fe center 

decreases with increasing Fe content of the CoFecathOx film. However, this is not the case and the 

isomer shift of this second Fe species remains relatively constant at δ ~ –0.2 mm/s with only 

deviations at higher Fe content when the population of this species is low and the error of fitting 

is greater. If this second Fe species was representative of edge site Fe3+ versus bulk Fe3+, then we 

would expect to still see a significant portion of this species across all film compositions. 

However, no Fe4+ is observed at 90% Fe 10% Co which would still be expected to contain edge 

sites given the porous nature of these CoFecathOx films which have LDH structure.  

The Fe K-edge of the two Fe species extracted from linear combination fittings (Figure 

4.16) provide the clearest support of assigning these two species as high spin (HS) Fe3+ and HS 

Fe4+. For Fe3+, the high pre-edge intensity results from a significant dipole intensity contribution 

that arises from strong 4p mixing over the Fe 3d XAS final states49. This observation, coupled 

with a low coordination number from the low amplitude R-space data (Figure 4.16b), suggests 
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that Fe3+ is present in a distorted ligand field lacking inversion symmetry. Either Td or square 

pyramidal are likely possibilities49. Along similar lines for Fe4+, the low pre-edge intensity 

suggests a highly symmetric Oh ligand field, in line with the high amplitude R-space data (Figure 

4.16b) and small |ΔEQ| (Figure 4.13).  

While the combination of Mössbauer, XAS, and EXAFS data all strongly support the 

assignment of a high-valent Fe4+ species in a symmetric Oh ligand field, one other scenario to 

consider would be a low-spin Fe3+ center in a strongly electron withdrawing environment. For 

instance, negative isomer shifts can be obtained in low-spin Fe3+ complexes in the presence of 

strong back-bonding (e.g., K3[Fe3+(CN)6] or Na2[Fe3+(CN)5NO]). Additionally, when Fe3+(CN)6 

is coordinated in supramolecular assemblies (e.g., Prussian blue analogs) involving metal–metal 

interactions, second-sphere coordination of the Fe–CN bonds by another metal ion can shift the 

Fe δ by ~–0.1 mm/s.52 Thus, metal–metal or charge transfer interactions in CoFeOx could 

effectively decrease the Fe-based s electron density and give rise to a negative δ and high Fe K-

edge energy. However, this scenario would result in an isomer shift that gradually shifts more 

negative as this Fe species is surrounded by more Co centers. This is not observed here; the 

isomer shift of this Fe species remains relatively constant at δ ~–0.2 mm/s, with only deviations 

at higher Fe content when the population of this species is low and the error of fitting is greater. 

Similarly, the Fe4+ XAS spectra obtained from linear combination fits using different Co:Fe 

ratios are very similar (Figure 4.16). These considerations, along with the consistency between 

the Mössbauer and Fe K-edge XAS data, suggest that the Fe species observed here can be 

assigned as an Oh, high-valent Fe4+ center. 

The relative distribution of these two Fe species are altered throughout the composition 

of CoFecathOx samples with Fe3+ increasing towards higher Fe content while the opposite 
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progression is observed for the Fe4+ species. However, for NiFeOx films, there is no significant 

population of Fe4+ species detected from Fe composition in the range 30-90 mol%. This is 

expected based on the previous work by Stahl et al. where Fe4+ was only observed in situ at room 

temperature when a high anodic potentials were applied to a NiFeOx LDH. This Fe4+ species 

disappears once a potential is removed. Since, all 57Fe Mössbauer spectra in this Chapter were 

taken on ex situ samples at 77 K, we would not expect to see Fe4+ in NiFeOx films due to the lack 

of an applied potential. That we do observe Fe4+ in ex situ CoFeOx samples is interesting since it 

suggests that the Fe4+ in these samples have a slower reduction time than Fe4+ centers in NiFeOx, 

which allow the former to persist in the absence of applied potential.  

The next line of questioning is to probe how Fe4+ comes about in NiOx or CoOx. In terms 

of lattice strain considerations, Fe would be expected to exhibit a Fe4+ oxidization when 

incorporated into host the NiOx lattice. The incorporation of Fe3+ ions into the NiOOH lattice 

would induce too much excessive strain within the material given the large differences in ionic 

radius rNi3+ = 0.53 Å versus rFe3+ = 0.63 Å.37 The larger size of the Fe ion (either Fe3+ or Fe4+) 

versus Co or Ni ions would induce an increase in metal-metal intra-sheet distance when 

incorporated into the CoOx or NiOx lattice. Indeed, the incorporation of Fe has been shown to 

increase the spacing between sheets in both Ni-Fe25 and Co-Fe oxyhydroxides21. As the Fe 

content increases, the host lattice becomes more like FeOOH supporting the Fe3+ oxidation state. 

Consequently, depending on the identity of the host lattice, Fe species will exhibit an oxidation 

state of Fe3+ or Fe4+ that minimizes lattice strain. This lattice strain consideration, where the 

prevailing lattice cation dictates the oxidation state of the substituting metal, was used to explain 

the prevalence of Fe4+ at higher concentrations of Ni in NiFeOOH.37 The theory, however, 

cannot explain why higher concentrations of Fe4+ are observed in CoOx versus NiOx containing 
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the same Fe content. Ni3+ and Co3+ have similar ionic radii (rCo3+ = 0.53 Å and rNi3+ = 0.56 Å) and 

Co incorporated into the NiOOH lattice maintain the Co3+ oxidation regardless Co:Ni content37.  

Others have used computational studies to explain the observance of Fe4+ in NiFeOx 

through an increased conductivity in NiFeOx versus NiOx films. Introduction of Fe changes the 

character of the conduction band minimum from Ni-oxide to Fe-oxide in NiOx and NiFeOx OECs 

respectively.53 The same process could be used to explain the observation of Fe4+ in CoFeOOH 

since Fe has been similarly shown to increase the conductivity of CoOx films21. However, this 

explanation also does not account for explain why higher concentrations of Fe4+ are observed in 

CoOx versus NiOx containing the same Fe content especially since CoOx and NiOx have been 

shown to have very similar thermal and electrical conductivity.54 

The progression of Fe4+ and Fe3+ with varying Ni:Fe content in NiFeOx films have also 

been explained by considering electron donating effects from neighboring metals. Previous 

studies probing Fe centers in NiFeOOH concluded that the formation of Fe4+ was a result of the 

higher electron donating ability of Ni versus Fe in mixed NiFeOOH films.33 The greater 

population of π-symmetry (t2g) d-orbitals in Ni3+ relative to Fe3+ increases the donating ability of 

the π-symmetry lone pairs in the bridging oxygen thereby making the environment more tolerant 

of high valent Fe4+. This line of reasoning can also be applied for the observation of Fe4+ in 

CoFeOx. Low spin Co3+ has six electrons of π-symmetry (t2g
6) and would also support the 

formation of Fe4+. This metal–metal interaction model is attractive for explaining the apparent 

increased stability of Fe4+ in CoFeOx versus NiFeOx. However, this has yet to be demonstrated 

experimentally. High-resolution X-ray spectroscopies coupled to electronic structure calculations 

on the Fe4+ centers in different lattices should be able to determine the role of metal–metal 

interactions in stabilizing Fe4+.  
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Clearly, while current explanations can account for the existence of Fe4+ in CoFeOx and 

NiFeOx, they cannot fully explain the pattern of Co:Fe and Ni:Fe film compositions that support 

the existence of specific populations of Fe4+ versus Fe3+. It is possible that, CoFeOx and NiFeOx 

films cannot be fairly compared. Specifically, it is possible that NiOx and CoOx have different 

lattice structures that would yield different restraints on the dopant Fe oxidation state. X-ray 

diffraction (XRD) spectra of CoOx and NiOx films prepared by cathodic deposition show peaks 

corresponding to a LDH structure. However, previous work on CoOx and NiOx OECs have 

shown that these films are often amorphous especially after operating of OER in near neutral or 

basic conditions8,9. The lattice peaks corresponding to these amorphous structures would not 

show up in an XRD spectra. Thus, the present of LDH peaks in the XRD spectra does not 

necessarily preclude the existent of other structures such as β– and γ–NiOOH or CoOOH in films 

prepared by cathodic deposition. Furthermore, 57Fe Mössbauer spectra cannot be used to 

distinguish between these structures since the isomer shift and quadrupole splitting between Fe3+ 

in these oxyhydroxide environments are very similar39. However, these fine structural changes 

may be elucidated by high energy X-ray scattering and pair distribution function (PDF) analysis. 

This approach serves as a complement to XAFS studies by providing atom-atom distances of the 

first shell, outer sphere, and longer range distances that are not immediately elucidated by 

EXAFS.55,56 PDF analysis have been performed on in situ cobalt phosphate films and have the 

ability to yield domain size information missing from XRD and XAFS structural analyses.57 

To understand the correlation between Fe4+ formation and OER activity, the absolute 

population of Fe4+ was overlaid with the Tafel slope for CoFecathOx films with increasing Fe 

content (Figure 4.17).  
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Figure 4.17. Overlay of Tafel slope ( ) with absolute Fe4+ ( ) population in CoFecathOx films 
with increasing Fe content.  

 

The overlap between high absolute Fe4+ content with low Tafel slopes suggests that Fe4+ 

likely has important mechanistic implications for OER enhancement in CoFecathOx films. Some 

have speculated that Fe serves as the active site for OER58–60 either in the Fe3+ 34 or Fe4+ 61 

oxidation state. However, when considering the design criteria for active metal-oxos62 along with 

electronic configurations embodied in the “oxo-wall” 63 , an Fe(IV)=O species would be 

considered less active than late transition metals for OER. In the latter cases (e.g., Co4+/Ni4+), the 

dxz and dyz orbitals are populated, preventing electron donation from the terminal oxygen π lone 

pairs to the metal center. Consequently, multiple metal-oxo bonds cannot be supported in late 

transition metals and active metal-oxo competents for OER, M(III)–O• and M(IV)–⃛O, are 

generated at edge sites. That said, whether or not Fe(IV)=O species generated at edge sites are 

active for OER remains to be determined.  

In the case of Fe4+ (d4) found in the interior of CoOx or NiOx lattices, a relatively more 

stable, kinetically inert state is formed. The presence of Fe4+ in the lattice could also have 

important consequences for OER activity. For example, it has been experimentally and 

computationally demonstrated that Fe incorporation into NiOx can modulate the band structure, 



	

	–127– 

which in turn can enhance catalysis by increasing the lattice covalency,53 favoring a M(III)–O• 

versus M(IV)–⃛O bonding scenario akin to electronic structure considerations in Mott–Hubbard 

versus charge transfer insulators. 

4.9 Next Steps 

While the activity of OER centers plays a large role in the activity of OECs, their 

intrinsic activity is also influenced by the transport of electrons, protons, substrates, and 

supporting anions through and around the catalyst film. In order for OER to occur at active 

centers, electrons and holes must be able to hop from OER sites to the electrode while proton 

acceptors and substrates must be able to correspondingly move through the solvent to and away 

from these OER sites. The interplay between transport parameters in the porous film and 

reactivity parameters at the OER site ultimately give rise to the potential/current curves exhibited 

in electrochemical output (CV, Tafel Slope, etc) used to assess OEC “activity”. While the 

influence of Fe on OER active sites has been studied extensively in NiFeOx systems and to a 

lesser degree in CoFeOx OECs, very little has been studied to understand the role of Fe on the 

transport properties of OECs.  

Electrochemical and structural evidence both suggest Fe may play a role in altering the 

transport properties of CoFeOx and NiFeOx films. Our work here and studies elsewhere21,24,25,29 

have shown that Fe shifts the electrochemical potential of Ni and Co waves towards higher 

potentials, alters the exchange current density, and changes the Tafel slope. Furthermore, 

computations have shown that addition of Fe alters the nature of the conduction band minimum 

in NiOOH films which have implications for electron transfer through the film53. 

To probe the influence of Fe on CoFeOx film transport, the optimum distance (df
opt) in a 

series of CoFeOx compositions should be determined. The df
opt is the thickness at which point the 
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film maximizes exchange current density by optimizing for the number of active sites and the 

accessibility of these sites in the depth of the film. Below the optimal value, df
opt, the current 

density can still be increased by increasing film thickness, whereas beyond df
opt, no additional 

advantage is gained through increasing film content through thickness. This type of analysis to 

proton-coupled electron-transfer in CoPi films have been explored. The current-voltage 

relationships have also been accurately predicted by models that consider the rate of proton and 

electron transfer through catalyst films12. In the limit of high buffer concentration, the df
opt can be 

determined through the equation: 

 𝐼! =  𝐼!!"# tanh
!!
!!
!"#        (4.1) 

where I0 is the current density at zero overpotential, df is the thickness of the film, I0max is the 

maximum current exhibited by a specific film composition over a range of film thickness. The 

value for I0max can be extracted from the value of the plateau current in plots of I0 versus df.  

A series of CoFeOx films were made in specific compositions and increasing film 

thickness (Figure 4.3). For each film composition, the Tafel slope remained approximately the 

same (± 5 mV/dec) while the exchange current density increased with increasing film thickness. 

When the log of the current at overpotential of 310 mV (log jη=310mV) is plotted against total film 

loading (Co and Fe content in film), an exponential fit curve is produced (Figure 4.18a). At low 

film loadings, increasing the film thickness results in a rapid increase in log (jη=310mV); at higher 

film loadings the log (jη=310mV) plateaus and increasing film thickness has little to no effect on the 

log (jη=310mV). The film thickness that corresponds to this crossover between the rapid raise 

versus plateau in log (jη=310mV) is representative of df
opt. However, when the exchange current 

density (j0) is plotted against total film loading (correlated with df), there is no clear trend (Figure 

4.18b) unlike the case for CoPi films12. This might be due to the fact that the exchange current 
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density is very sensitive to small changes in Tafel slope. The error associated with the Tafel 

slopes in CoFecathOx films may be due to the nature of cathodic deposition versus anodic 

deposition. Nitrate reduction involves the rapid precipitating of metal hydroxides, which results 

in poor control of film thickness and surface roughness. Conversely, anodic deposition results in 

the formation of metal oxyhydroxides at a slow rate yielding more reproducible film structures 

and Tafel slopes. 

 

Figure 4.18. (a) Log of current density at overpotential of 310 mV for OER (log jη=310mV) and (b) 
exchange current density (j0) over total film loading (Co and Fe metal content) for CoFecathOx 
films with Fe content: 0% (▬, ), 15% (▬, ), 30% (▬, ), 60% (▬, ), 80% (▬, ), and 
95% (▬, ).  
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4.10 Conclusion 

While the field is saturated with studies probing the electronic, structural, and 

mechanistic influence of Fe on NiOx OECs, very little work has been done to understand the 

behavior of Fe in CoOx. Our studies here use 57Fe Mössbauer spectroscopy and XAS to 

interrogate the electronic changes at the Fe center involved with the enhancement of CoFeOx 

films for OER.  

For NiFecathOx films in the range of Fe content tested (30-90 mol% Fe), only a single Fe 

species was observed by 57Fe Mössbauer on ex situ samples at 77 K with the fitting: δ ~ 0.2 

mm/s and |ΔEQ| ~ 0.8 mm/s. This Fe species matches high spin Fe3+ observed previously by 57Fe 

Mössbauer spectra and XAS spectra in NiFeOOH. In contrast, CoFecathOx displays a second Fe 

species in addition to HS Fe3+ with: δ ~ –0.2 mm/s and |ΔEQ| ~ 0.3 mm/s. The Mössbauer 

parameters of this species resemble those attributed to high spin Fe4+ in NiFeOOH. Here, the 

population of this “Fe4+” species relative to Fe3+ increases with increasing Co content. However, 

it remains unclear if isomer shift and small quadrupole splitting of this “Fe4+” species is indeed 

reflective of oxidation state changes or changes in the local environment around a Fe3+ center. 

CoFeOx compositions that yield maxima in the absolute population of this “Fe4+” species 

overlaps with the same compositions that yield low 30 mV/dec Tafel slopes measured in base. 

More mechanistic studies are necessary to understand the role of this “Fe4+” species in OER.  

Overall, the spectroscopic studies described here provide insight into the changes in Fe 

electron structure amidst changes in the Co:Fe content of CoFeOx films. While these studies help 

provide clues towards understanding how mixed metal synergy occurs, it does not tell the 

complete story. Further geometric and electronic structure analyses are needed to understand the 

changes that are associated with the addition of Fe into CoOx and NiOx under OER conditions.  
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4.11 Methods 

Materials. Co(NO3)2●6H2O (99.999%) and FeCl2●4H2O (99%) were used as received 

from Strem. KOH (88%) was reagent grade and used as received from Macron. K2HPO4 (>98%) 

and KH2PO4 (>99%) were used as received from VWR International. 65–71% TraceSELECT 

Ultra nitric acid, TraceSELECT nickel, cobalt, and iron standard for ICP were used as received 

from Fluka Analytical. Chelex® 100 Resin was obtained from Bio-Rad. All electrolyte solutions 

were prepared with type I water (EMD Millipore, 18.2 MΩ cm resistivity). Air duster was 

purchased from VWR. Boron nitride (98%) was used as received from Sigma Aldrich. Unless 

stated otherwise, the working electrode was a fluorine-doped tin-oxide (FTO; TEC-7) coated 

glass purchased as pre-cut 1 cm × 2.5 cm glass pieces from Hartford Glass. Prior to use, FTO 

slides were cleaned by sonication in acetone and then rinsed with type I water. A 1 cm2 

geometric electrode area was created by masking the FTO with Scotch tape. An Ag/AgCl 

reference electrode was positioned close to the FTO in the working compartment, and a Pt mesh 

electrode in the auxiliary side of the H-cell was used to complete the circuit. 

Electrochemical Methods. All electrochemical experiments were conducted using a CH 

Instruments 760C or 760D bipotentiostat, a BASi Ag/AgCl or a CH Instrument CHI 152 

Hg/HgO reference electrode, and a Pt-mesh counter electrode in a three-electrode 

electrochemical cell configuration with a porous glass frit separating the working and auxiliary 

compartments. Measurements were performed at room temperature (23 ± 1 °C). Electrode 

potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 0.197 V. 

Overpotentials for the oxygen evolution reaction from water were computed using η = E(NHE) – 

(1.23 V – 0.059 V × pH).  
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Electrolyte Cleaning Using Chelating Resin. KPi and KOH electrolyte solutions were 

cleaned by treating the electrolyte with regenerated Chelex® 100 Resin (Bio-Rad, Catalog # 

210011676) according to published protocol64 with slight modifications. Approximately 15 g of 

resin was used to clean ~400 mL of buffer at a time. Chelex resin was first washed in 3 M 

TraceSELECT HNO3 and then rinsed with 4 L of type I water. All solutions were stirred in 1 L 

polystyrene bottles and filtered through clean Corning polystyrene 0.45 µM filters. Chelex resin 

was then regenerated by stirring the resin for 12 h in 1 M TraceSELECT HCl followed by 

rinsing with 5 L of type I water. The resin was then stirred with 1 M KOH (99.99%, 

semiconductor grade, Sigma-Aldrich) for 24 h at 60 °C. Chelex resin was then rinsed with type I 

water until the pH of the filtrate was that of the electrolyte to be cleaned (pH 7.0 for KPi buffer, 

pH 14 for 1 M KOH, and pH 13 for 0.1 M KOH). The prepared resin was then stirred with the 

electrolyte to be cleaned for at least 72 h before being filtered and kept in clean polystyrene 

bottles previously washed with 2% nitric acid. pH measurements of buffers before and after resin 

cleaning confirm negligible pH changes.  

Phosphate Mediated As-Deposited and Anodized CoPi Film Preparation. As-

deposited CoPi catalyst samples were electrodeposited from freshly prepared 0.5 mM Co(NO3)2 

solutions in 0.1 M potassium phosphate buffer, pH 7.0 (KPi).8 To minimize precipitation of 

Co(OH)2 from these solutions, 25 mL of 0.2 M KPi was added to 25 mL of 1.0 mM Co2+ 

solution. Unless stated otherwise, deposition by controlled potential electrolysis was carried out 

on quiescent solutions at 1.25 V (all voltages are reported with respect to the Normal Hydrogen 

Electrode, NHE) until a specified charge (1, 6, 30, or 60 mC/cm2) was passed. Following 

deposition, films were rinsed by dipping briefly in type I water to remove any adventitious Co2+. 

Anodized CoPi films were made by subjecting as-deposited films to 0.84 V in 1 M KOH pH 14, 
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1.0 V in 0.1 M KOH pH 13, or 1.3 V in 1 M KPi pH 7.0 without iR compensation with stirring 

for 3 h.  

Phosphate Mediated Fecod:CoPi Film Preparation. As-deposited films Fe:CoPi were 

prepared similarly to above samples except with Fe2+ added to the deposition solution. A total of 

0.5 mM metal content was maintained in the deposition solution while the Co:Fe ratio was 

altered to 4:1, 1:1, and 1:4 between samples. To minimize precipitation of Co(OH)2 and Fe(OH)3 

from these solutions, all solutions were degassed with Ar gas for 20 min prior to addition of 

metal salts.  

Cathodic Deposition of CoFecathOx and NiFecathOx Film Preparation. A solution of 

100 mM total metal content was prepared with the desired ratio of Fe:Co and Fe:Ni. To 

minimize precipitation of Co(OH)2, Ni(OH)2, and Fe(OH)3 from these solutions, all solutions 

were degassed with Ar gas for 20 min prior to addition of metal salts. A three-electrode 

electrochemical cell was set up in a Teflon beaker with an FTO working electrode, Ag/AgCl 

reference electrode, and a Pt counter electrode in a glass frit. Unless stated otherwise, a cathodic 

current of 0.1 mA/s was passed through for 30 s for film deposition. After deposition, the film 

was rinsed briefly in Type I water and then submerged in KOH buffer. Films were then held at a 

constant potential of 0.84 V in 1 M KOH pH 14 or 1.0 V in 0.1 M KOH pH 13 for 3 hrs to 

convert the film to the oxyhydroxide form before further electrochemical analysis. To obtain 

films of various thicknesses, the total deposition time was altered between 30-120s and the 

current held during deposition was changed between 0.5, 1.0 and 5.0 mA/s. The exact film 

loading was obtained later through ICP-MS analysis of the films.  

Potentiostatic Tafel Data Collection. Current-potential data were obtained by 

conducting controlled potential electrolysis in Pi electrolyte at a variety of applied potentials. 
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Prior to film preparation, the solution resistance was measured in the electrolysis bath to be used 

for Tafel data collection using the iR test function. Following film preparation, the working 

electrode was rinsed in fresh Co-free electrolyte and transferred, without drying, to the same 

electrolysis bath from which the solution resistance was measured. The electrode was allowed to 

equilibrate with the electrolysis solution for 100s while being held at the first potential. The 

solution was stirred and steady-state currents were then measured at applied potentials for 100s 

that descended from 1.3 V to 0.9 V in 1 M KPi pH 7.0, 0.85 V to 0.65 V in 1 M KOH pH 14, or 

1.0 V to 0.8 V in 0.1 M KOH pH 13, proceeding in 10 mV steps. Higher potentials were avoided 

to prevent too much O2 production to physically damage the film and resulting in mass transport 

limits. Lower potentials were also avoided to prevent reduction of Co centers to Co3+ or Co2+. 

The solution resistance measured prior to the data collection was used to correct the Tafel plot 

for ohmic potential losses. 

Cyclic Voltammetry. Catalyst films were prepared and anodized as described above. CV 

scans taken in 0.1 M KOH were held at open circuit potential (~0.9 V) for 10s and then 

immediately scanned towards positive potentials until a current of ~5 mA was reach at which 

point the direction of scan was reversed towards –0.2 V and reversed again towards positive 

potentials terminating at 1.0 V. All CV scans were corrected for ohmic potential losses.  

Inductively Coupled Plasma Mass Spectrometry for Elemental Analysis. Trace 

elemental analysis was carried out with quadrupole ICP-MS (Thermo Electron, X-Series ICP-

MS with collision cell technology). All pipettes and polypropylene tubes were soaked in ~5% 

TraceSELECT nitric acid overnight and rinsed with type I water. All pipette tips were pre-rinsed 

with 2% double-distilled trace nitric acid prior to use. Films were digested with 4 mL of 2% 

double distilled trace nitric acid. Film samples along with standards and controls were then 
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scanned twice for 60 s each for 59Co, 56Fe, and 60Ni. Internal standards containing 50 ppb for Ge, 

and 25 ppb for In, Rh, and Bi in 5% HNO3 were added to each sample and control samples 

containing 150 ppb of Co, Fe and Ni dispersed throughout the samples to confirm no signal drift. 

Preparation of CoFecathOx Powder Samples. All films were deposited and anodized in a 

portable chamber purged with Ar gas. A 2 L beaker was used to enclose a solution containing 

100 mM total metal content, a 11 cm × 25 cm × 3 mm FTO, a carbon cloth counter electrode, 

and a Ag/AgCl reference electrode. Deposition by controlled potential electrolysis was carried 

out on solutions at –1.3 V for 1 h while stirring at 100 rpm. After deposition, the film was rinsed 

briefly in Type I water and then submerged in resin cleaned 0.1 M KOH buffer (1.8 L of KOH in 

2 L beaker). Films were then held at a constant potential of 0.84 V with iR compensation for 5 h 

with stirring to convert films to metal oxyhydroxides. After anodization, films were dried off 

using an air duster and scrapped off of the FTO substrate using a razor blade. Powder samples 

were stored in the dark to prevent photoreduction. 

Preparation of NiFecathOx Powder Samples. All films were prepared in a similar 

manner as CoFeOOH powder samples. 

Zero-field 57Fe Mössbauer Spectroscopy. Data was acquired at 77 K. Solid samples (~ 

50 mg) were restrained with Paratone-N oil. The data was measured with a constant acceleration 

spectrometer (SEE Co., Minneapolis, MN). Isomer shifts are given relative to α-Fe metal at 298 

K. The data was fit by employing WMOSS42. The calibration spectrum was fit using an in-

house software written in Igor Pro Wavemetrics by Evan King. 

X-ray Absorption Spectroscopy Data Collection and Analysis. Fe K-edge (7.112 keV) 

X-ray absorption near-edge structure (XANES) spectra were collected at beamline 12BM-B at 

the Advanced Photon Source at Argonne National Laboratory using a Si(111) X-ray 
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monochromator with a focused beam size of ~0.5 × 0.5 mm. All data were collected in 

fluorescence mode using a 4-element Vortex SDD detector. Energy calibration was carried out 

using Fe foil. XAS data were collected at room temperature on CoFeOx powder samples 

suspended in boron nitride contained by Kapton tape. No sample damage due to X-ray beam 

exposure was observed after multiple scans using the same sample/electrode position. Three to 

five scans were averaged for analysis. Background subtraction and data normalization were 

carried out using the Athena software package65.  

Sample Calculation for Fe3+ and Fe4+ Spectra Extracted from Linear Combinations 

of Sample XANES Spectra. 

Sample compositions of Fe3+ and Fe4+ obtained from 57Fe Mössbauer (Figure 4.14): 

spectrum20%Fe80%Co = spectrum a = 85.5Fe!! + 14.5 Fe!! 

spectrum70%Fe30%Co = spectrum b = 30.0 Fe!! + 70.0 Fe!! 

To isolate Fe3+ spectrum: 

2.85 spectrum b − spectrum a = 85.5 Fe!! + 199.5 Fe!! − 85.5 Fe!! + 14.5 Fe!!  

2.85 spectrum b − spectrum a = 185 Fe!! 

Fe!! =
1
1.85 2.85 spectrum b − spectrum a  

To isolate Fe4+ spectrum: 

4.83 spectrum a − spectrum b = 413 Fe!! + 70 Fe!! − 30 Fe!! + 70 Fe!!  

4.83 spectrum a − spectrum b = 383 Fe!! 

Fe!! =
1
3.82 4.83 spectrum a − spectrum b
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Chapter 5 
 
 
 
 
 
 
 
 
 
 
 

Mechanism of Acid Dissolution by Template-Stabilized and Earth-
Abundant Oxygen Evolution Catalysts 
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5.1 Introduction 
 

A variety of earth-abundant metal oxides have been developed to operate the oxygen 

evolution reaction (OER) in both neutral and basic pH regimes.1–9 However, when these same 

oxygen-evolving catalysts (OECs) are used in acid, they undergo rapid dissolution into soluble 

metal ions, rendering them inoperable for long-term OER. The development of acid-stable OECs 

is important for applications in electrolyzers 10 , 11  and for some applications involving 

photoelectrochemical devices12,13 both of which require acid-corrosion resistant OECs due to the 

creation of local acidic environments by Nafion membranes and the necessity of acidic pH for 

materials’ stability involving Si without a passivating overlayer, respectively. 

Currently available acid-stable OECs typically satisfy only two of the three properties of 

attractive catalysts: 1) long term stability in acid under high OER current densities, 2) high 

activity for OER, and 3) composition from cheap, earth-abundant materials. Well-established 

catalysts such as IrO2 and RuO2 satisfy the first two criteria but not the third.14,15 However, the 

rare nature Ir and Ru metals prohibits their technological adoption at large scale. Efforts have 

been made to further enhance the stability and activity of IrO2 and RuO2 through structure-

function relationships and metal dopants so that less Ir and Ru are required to produce a given 

current for OER in acid.16,17 Beyond this focus on rare metals, extensive research has also been 

conducted on earth-abundant MnOx films, which form stable oxides in low pH regimes and 

anodic potentials. However, MnOx suffers from poor OER activity that trails behind that of IrO2 

and RuO2 in acid and NiOx and CoOx in base.18 Our group has made efforts to enhance the 

activity of MnOx films through potential cycling deposition resulting in an enhancement in Tafel 

slope and a decrease in overpotential for OER in pH 2.0.19,20,21 However, these films are still not 

stable enough to operate at high current densities required for industry applications.  
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To develop a truly robust and active catalyst for operating OER in acid using earth-

abundant metals, an amalgamation of different metal oxides may be required with each metal 

serving an optimized role. Our group has demonstrated remarkable success in this area through 

the development of mixed metal Pb-Co-Fe oxide (PbCoFeOx) films that satisfy all three 

hallmarks of an idealized OEC in acid.22 Through first-principles design, CoFePbOx films were 

developed that utilize the acid stability of PbOx, the OER activity of CoOx, and the structurally 

enhancing role of FeOx. These films showed extended stability in acid (>20 hr) at high OER 

currents (1 mA cm–2) with high activity (Tafel slope 60 mV/dec).  

This chapter builds on the CoFePbOx work accomplished by Huynh et al.22 We first show 

the flexibility of this template design by altering the metal responsible for OER from Co to Ni. 

These mixed metal Pb-Ni oxide (PbNiOx) films yield a Tafel slope of ~90 mV/dec in acid (pH 

2.5) similar to pure NiOx films in base and can operate OER in acid at 1 mA cm–2 for ~20 hr 

before film dissolution. Addition of Fe to make mixed metal Pb-Ni-Fe oxide (PbNiFeOx) films 

has little effect on the OER activity but extends film stability by an additional ~8 hr. Next, we 

explored the relationship between film composition and stability by probing the electronic 

properties of metal centers (Pb, Co, Ni, and Fe) through both X-ray absorbance spectroscopy 

(XAS) and X-ray photoelectron spectroscopy (XPS). The Pb L3-edge spectrum of PbOx 

operating in acid reveals a PbO2 structure with little change after the addition of Ni, Co, and/or 

Fe into the lattice. Addition of these metal centers to PbOx does influence the Pb 4f and O 1s 

binding energies, which are correlated with lattice strain and edge site formation, respectively. 

Finally, we develop a description of acid dissolution in these OECs that explains the sudden 

transition from high OER activity to no OER activity after extended operation in acid. PbOx 

based films likely undergo continuous dissolution in acid while maintaining OER functionality 
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up until the threshold point when major conductive nodes are lost in the PbOx framework due to 

the dissolution of Co, Ni, and/or Fe centers in the mixed-metal film. After this threshold, any 

OER centers left in the lattice become inactive due to lack of conductive pathways. Factors such 

as film and buffer composition alter film stability by creating structures that minimize film 

exposure to acid and/or maximizing self-healing through the availability of soluble metal ions in 

solution. Our findings establish a guideline for how catalysts and buffer systems should be 

designed in the future to optimize both OER activity and stability in acid. 

5.2 Substitution of OER Centers in PbOx Template 

To illustrate the flexibility of our template design strategy, we sought to replace the metal 

responsible for OER from Co to Ni. Whereas the doping of CoOx was previously studied in the 

group, NiOx was not though in near-neutral conditions, NiOx is an analogous OEC system to 

CoOx. Both are earth-abundant metals that conduct OER with high faradaic efficiency and 

activity.23,24 PbNiFeOx and PbNiOx films were electrodeposited at constant anodic potentials 

from aqueous solutions containing the metal salts and methylphosphonate (MePi) buffer at pH 8 

similar to previously published methods22. An anodic deposition potential of 1.3 V vs. NHE was 

used as determined through cyclic voltammetry measurements on FTO electrodes in the 

quiescent precursor solutions (Figure 5.1). PbOx, PbCoOx, PbFeOx, and PbCoFeOx films were 

similarly prepared at specific anodic potentials and deposition times to yield ~250 nmol in total 

metal loading as confirmed by inductively coupled plasma mass spectrometry (ICP-MS) (Table 

5.1). To determine the uniformity of metal centers in the OECs, the film surfaces were examined 

under scanning electron microscopy (SEM) (Figure 5.2) and elementally mapped using energy 

dispersive spectroscopy (EDS) (Figure 5.3). PbOx films appear to be filament-like whereas both 

PbCoOx and PbNiOx appear to be nanoparticle-like in morphology. For PbOx, PbNiOx, and 
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PbCoOx, the addition of Fe changes the morphology by decreasing the size of the nanoparticles. 

EDS shows a uniform distribution of Pb, Ni, Co, and Fe throughout the oxide films. 

 

Figure 5.1. Cyclic voltammograms (CVs) of a 1 cm2  FTO electrode at 100 mV s–1 in 50 mM 
MePi buffer at pH 8.0 with 0.25 mM total metal concentration containing: (a) Ni2+ and Pb2+ (▬), 
and (b) Fe2+, Ni2+, and Pb2+ (▬). 
 
Table 5.1. Elemental composition of PbOx based films as-deposited and after operating OER at1 

mA cm–2 in 0.1 M KPi + 1M KNO3 pH 2.5 for 40 hr. 

Film Condition Total metal 
nmol Pb mol % Ni mol% Co mol% Fe mol% 

PbNiOx 

as-deposited 277.3 ± 6.9 49.7 ± 1.2 50.3 ± 0.3 - - 

40 hr OER in 
0.1 M KPi + 1.75 M 

KNO3 pH 2.5 
63.4 ± 6.3 97.2 ± 0.9 2.8 ± 0.7 - - 

PbNiFeOx 

as-deposited 255.7 ± 11.2 39.0 ± 0.8 30.1 ± 0.6 - 30.9 ± 1.2 

40 hr OER in 
0.1 M KPi + 1.75 M 

KNO3 pH 2.5 
89.3 ± 15.3 85.9 ± 2.6 3.8 ± 2.3 - 10.3 ± 2.3 

PbCoOx 

as-deposited 279.4 ± 8.9 50.7 ± 1.3 - 49.3 ± 2.8 - 

40 hr OER in 
0.1 M KPi + 1.75 M 

KNO3 pH 2.5 
71.3 ± 10.9 72.1 ± 7.1 - 27.9 ± 1.1 - 

PbCoFeOx 

as-deposited 256.2 ± 7.2 47.2 ±1.6 - 41.8 ± 0.9 11.0 ± 1.8 

40 hr OER in 
0.1 M KPi + 1.75 M 

KNO3 pH 2.5 
93.5 ± 8.9 61.4 ± 2.5 - 25.7 ± 4.1 12.9 ± 5.2 



	

	–146– 

 

Figure 5.2. SEM images of (a)PbOx, (b) PbFeOx, (c) PbCoOx, (d) PbCoFeOx, (e) PbNiOx, and 
(f) PbNiFeOx. All samples were prepared on FTO substrate, and scale bar indicates 300 nm.   
 
 

 

Figure 5.3. EDS elemental maps recorded through SEM of (a) PbOx, (b) PbFeOx, (c) PbNiOx, 
(d) PbNiFeOx, (e) PbCoOx, and (f) PbCoFeOx. Elemental channels for Sn, Pb, O, Fe, Co, and Ni 
were taken on the SEM sample spot. Scale bars are 600 nm. 
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5.3 Acid Stability of PbNiOx and PbNiFeOx Films for OER 

The stability of PbOx based films were then evaluated by long-term chronopotentiometry 

in 0.1 M KPi + 1.75 M KNO3 pH 2.5 buffer (Figure 5.4). Electrodeposited films were immersed 

in stirred solutions and held at a constant current density of 1 mA cm–2 where only OER is 

sustained after a brief capacitance period. Similar to the behavior of PbCoFeOx films published 

previously22, the applied potentials required to maintain 1 mA cm–2 of OER (V1mA) for 

PbNiFeOx and PbNiOx films immediately rise to a steady potential below that required for blank 

FTO. This potential is maintained for a specific time corresponding to film stability in acid 

before undergoing an inflection point and then rapidly raising to a much higher potential. After 

the inflection point, the film disintegrates and the potential reflects OER by FTO substrate.  

Both PbNiFeOx and PbNiOx have superior acid stability over NiBi films and Ni oxide 

(NicathOx) and Ni-Fe oxide (NiFecathOx) prepared by cathodic deposition (see Chapter 2) all of 

which immediately dissolve in acidic conditions. As previously published, both PbOx and 

PbFeOx conduct OER at a V1mA similar to the substrate FTO. Consequently, the stability of PbOx 

and PbFeOx films were not tracked. PbNiFeOx and PbNiOx films yield a higher V1mA compared 

to both PbCoFeOx and PbCoOx films (Figure 5.5a). PbNiFeOx and PbNiOx films also display 

shorter stabilities in acid compared to PbCoFeOx and PbCoOx despite similar film loadings 

(Figure 5.5b). Similar to the case of PbCoFeOx, addition of Fe into PbNiOx increases the stability 

of the film in acid by ~8 hr (Figure 5.5a) but does not influence V1mA (Figure 5.5b). 
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Figure 5.4. Electrochemical stability for acidic OER measured by sustained chronoamperometry 
at 1 mA cm–2 in 0.1 M KPi + 1.75 M KNO3 pH 2.5 for blank FTO (▬), NiBi (▬), NicathOx (▬), 
NiFecathOx (▬), PbNiOx (▬), PbNiFeOx (▬), PbCoOx (▬), PbCoFeOx (▬), PbFeOx (▬), and 
PbOx (▬). The inflections in the plots indicate film dissolution. The small spikes in potential are 
due to temporary bubble formation on the film surface or reference electrode. 

 

 

Figure 5.5. Summary of PbOx and NiOx films for (a) stability of film at 1 mA cm–2 OER in 0.1 
M KPi and 1.75 M KNO3 pH 2.5 and (b) potential required to achieve 1 mA cm–2 OER (V1mA).  
 

5.4 Oxygen Evolution Activities of PbNiOx and PbNiFeOx Films  

To determine the activity of PbNiFeOx and PbNiOx films for OER, Tafel plots were 

measured in 0.1 M KPi + 1 M KNO3 pH 2.5 buffer. Both PbNiFeOx and PbNiOx films display a 

similar Tafel slope of ~90 mV/dec (Figure 5.6a). This slope matches that of NiOx in near-neutral 
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and basic conditions.5–7 PbOx and PbFeOx have Tafel slopes that match that of the substrate FTO 

(Figure 5.6b). The Tafel slope of PbNiFeOx in pH 7 yields the same Tafel slope of 90 mV/dec 

(Figure 5.6c). 

 

Figure 5.6. Tafel plots of oxygen evolution in 0.1 M KPi  + 1 M KNO3 pH 2.5 of (a) PbNiOx ( , 
86.6 ± 5.4 mV/dec) and PbNiFeOx ( , 88.8 ± 6.3 mV/dec), (b) PbOx ( , 205.9 ± 2.1 mV/dec), 
PbFeOx ( , 204.8 ± 2.7 mV/dec), and blank FTO ( , 200.8 ±  2.2 mV/dec). (c) Tafel plots of 
oxygen evolution in 0.1 M KPi + 1M KNO3 pH 7.0 by PbNiFeOx ( , 98.4 mV/dec ± 1.0 
mV/dec).  

	 
The role of Fe for OER activity was further elucidated by measuring the Tafel slope of 

PbNiFeOx films with varying ratios of Ni:Fe (Figure 5.7a). All films displayed the same Tafel 

slope of ~90 mV/dec but the exchange current density increased with increasing Ni content. 

Furthermore, V1mA decreases with increasing Ni content (Figure 5.7b). OER enhancement by Fe 

on NiOx is thus not observed in this PbNiFeOx system under acidic conditions.  

To confirm that all electron consumed by PbNiFeOx are used for evolving oxygen, the 

faradaic efficiency of PbNiFeOx was measured under operation at 1 mA in 0.1 M KPi + 1 M 

KNO3 pH 2.5. The evolved oxygen was directly measured from a gas-tight electrochemical cell 

by gas chromatography and compared to the current held during chronoamperometry. The O2 

concentration was measured every 20 min after an initial 30 min of purging the gas chamber with 

Ar (Figure 5.8). The faradaic efficiency was calculated by dividing the moles of detected oxygen 
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by the moles of transferred electrons. The average efficiency of PbNiFeOx was 103 ± 3% which 

matches that of PbCoFeOx films22.  

 

Figure 5.7. (a) Tafel plots of oxygen evolution for PbNiFeOx in 0.1 M KPi + 1 M KNO3 pH 2.5 
with Ni:Fe content ratios of  1:12 ( , Tafel slope: 87.6 ± 6.1 mV/dec ), 1:3 ( , Tafel slope: 96.5 
± 2.3  mV/dec), 1:1 ( , Tafel slope: 90.1 ± 6.3 mV/dec), 3:1 ( , Tafel slope: 88.0 ± 5.3 
mV/dec), and 12:1 ( , Tafel slope 74.2 ± 5.0 mV/dec. (b) Potential required for PbNiFeOx films 
to maintain 1 mA cm–2 of OER (V1mA) in 0.1 M KPi + 1 M KNO3 pH 2.5 for PbNiFeOx films 
with Ni:Fe ratio of 1:12 (▬), 1:3 (▬), 1:1 (▬), 3:1 (▬), and 12:1 (▬). 

 

 

Figure 5.8. Measured oxygen concentration and corresponding Faradaic efficiency of OER in 
0.1 M KPi + 1.75 M KNO3 pH 2.5 on PbNiFeOx films operating at 1 mA ( ). O2 was detected by 
gas chromatography in 20 minute snapshots after a 30 min purging period. Theoretical O2 
concentrations ( ) are calculated from the charge passed during chronoamperometry assuming 
100% faradaic efficiency. The average faradaic efficiency is 103 ± 3.  
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5.5 Cyclic Voltammograms of PbOx Based Films 

Cyclic voltammograms (CVs) of catalyst films were taken post film deposition in 0.1 M 

KPi + 1 M KNO3 pH 2.5 buffer (Figure 5.9). PbOx based films show a complex cathodic 

response (1.5 V to 0.8 V vs. NHE) that features at least two peaks. The overlapping nature of Pb 

and Ni redox features make it difficult to utilize redox peak positions for mechanistic studies. For 

all films, the anodic peak merges with the onset for OER.  

 

Figure 5.9. (a) Cyclic voltammograms in taken 0.1 M KPi + 1 M KNO3 pH 2.5 of catalyst films: 
blank FTO (▬), PbOx (▬), PbFeOx (▬), PbNiOx (▬), and PbNiFeOx (▬).  

 

For PbOx based films, consecutive CV scans in acid show dramatic reduction in redox 

features corresponding to the dissolution of the film upon reduction of Pb and Ni (Figure 5.10 

and Figure 5.11a). Upon the first CV scan, several redox features corresponding to Pb and Ni can 

be observed. These features are dramatically diminished upon the second CV scan and continue 

to decrease, although at a less dramatic rate, in the third CV scan. The redox features at 1.2 V to 

0.8 V are lost by the second CV scan whereas the peak at 1.4 V remains. The remaining cathodic 



	

	–152– 

peak is likely associated with PbOx as opposed to NiOx since the latter dissolves in acid. In 

contrast, at pH 7.0, consecutive scans of PbNiFeOx shows less reduction in redox features losing 

only peaks at 0.8V (Figure 5.11b). 

 

Figure 5.10. Consecutive cyclic voltammograms in 0.1 M KPi + 1 M KNO3 pH 2.5 of catalyst 
films (a) PbOx (▬), (b) PbFeOx (▬), and (c) PbNiOx (▬) during the first ( ), second ( ), 
and third ( ) scan.  
 

 

Figure 5.11. Consecutive cyclic voltammograms of PbNiFeOx in 0.1 M KPi + 1 M KNO3 (a) pH 
2.5 and (b) pH 7.0 during the first (  ), second ( ), and third ( ) scans. 
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5.6 Buffer Composition and Film Stability  

PbOx based film stability can be tuned by the buffer in which the catalysts operate OER. 

PbCoFeOx catalyst films were placed in buffers that differed in the concentration of the buffer, 

identity of the buffer anion, and pH to operate 1 mA cm–2 of OER (Figure 5.12). PbCoFeOx films 

operating OER in phosphate (Pi ) buffers yield the same V1mA despite differences in Pi and KNO3 

concentration. Films operating OER in Pi buffer with KNO3 appear to have better stability than 

those without KNO3. Finally, PbCoFeOx films operating OER in 0.5 M H2SO4 pH 2.0 buffer 

show a V1mA higher than that of Pi based buffers but the film remains stable for longer (> 50 hr). 

 

Figure 5.12. Electrochemical stability for PbCoFeOx films operating OER at 1 mA cm–2 by 
sustained chronoamperometry in the following buffers: (a) 0.1 M KPi + 1 M KNO3 pH 2.5 (▬), 
(b) 0.25 M KPi (▬ ▬ ▬) pH 2.5, (c) 0.5 M H2SO4 pH 2.0 ( ). 

 

To better understand the impact of buffer composition on film stability, we sought to 

control for buffer capacity while varying the buffer species. The stability of PbCoFeOx films 

were tested in 6 different buffers that varied with KNO3 concentration, Pi concentration, and 

H2SO4 concentration all in pH 2.15. Representative chronoamperometry curves are displayed in 

Figure 5.13a and the stability results are summarized in Figure 5.13b. Calculations of buffer 
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capacity indicate that all three buffers have roughly the same buffering capacity at the same 

concentration and pH (See Methods). At a concentration of 0.1 M at pH 2.15, Pi and H2SO4 

buffers have a buffer capacity, β, of 0.074 and 0.072 respectively. At a concentration of 0.25 M 

at pH 2.15, Pi and H2SO4 buffers have a buffer capacity of 0.160 and 0.156 respectively.  

For all buffers containing Pi, the stability curves display three main regions: a very short 

capacitance charging period at the beginning (~ 30 s), followed by a long period of stability 

where the potential to maintain 1 mA of OER (V1mA) is relatively constant, and finally a sharp 

jump in V1mA to high values (V1mA ~ 2.6 V) representing film dissolution (as film dissolves off 

substrate FTO leaving the FTO as the only source of OER). At 0.1 M KPi concentrations, the 

presence of KNO3 improves the stability of the film. At 0.25 M KPi concentrations, the improved 

stability provided by KNO3 is diminished. For both Pi buffers with and without KNO3, the 

stability of the film decreases significantly when the KPi concentration is increased from 0.1 M 

to 0.25 M.  

For the same pH, changing the buffer from KPi to H2SO4 results in a different stability 

curve. For films that operate in H2SO4, there are actually two regions of stability. After a short 

period of capacitance (~30 s), the PbCoFeOx films exhibitthe first region of stability where the 

V1mA matches that of PbCoFeOx films operating OER in Pi buffers (V1mA ~ 1.6 V). However, this 

region of stability only lasts for < 5 hr after which V1mA rapidly raises to a higher potential (V1mA 

~ 1.8 V) that is still well below that exhibited by blank FTO. The film then remains in this region 

of stability well past the period of stability for films operating in Pi buffers (>40 hr).  
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Figure 5.13. (a) Chronoamperometry at 1 mA cm–2 in pH 2.15 for PbCoFeOx films in the 
following buffers: 0.1 M KPi (▬), 0.25 M KPi (▬ ▬ ▬), 0.1 M KPi + 1 M KNO3 (▬), 0.25 M 
KPi + 1 M KNO3 (▬ ▬ ▬), 0.1 M H2SO4 (▬), and 0.25 M H2SO4 (▬ ▬ ▬). (b) Summary of 
PbCoFeOx film stability operating OER at 1 mA cm–2 in buffer systems at pH 2.15: 0.1 M KPi  (

), 0.1 M KPi + 1 M KNO3 ( ), 0.25 M KPi ( ), 0.25 M KPi + 1 M KNO3 ( ), 0.1 M H2SO4 ( ), 
and 0.25 M H2SO4 ( ). *Duration of PbCoFeOx films maintaining V1mA at 1.6 V is shown in 
solid green. Duration of PbCoFeOx films maintaining V1mA at 1.8 V lasts beyond length of 
experiment (>40 hr) and is shown in transparent green. 
 

Although the buffer capacity was calculated to be similar between Pi and H2SO4 buffers 

with the same concentration and pH, their actual ability to modulate the pH needs to the 

monitored. The pH of the working and counter electrode compartments of the H-cell were 

monitored as a function of time while operating a PbCoFeOx film at 1 mA for OER. For the case 

of 0.1 M KPi, the addition of 1 M KNO3 increases the pH deviation at both the counter and 

working electrode compartment from the original solution pH (Figure 5.14a). For 0.25 M KPi 

buffers, the presence of 1 M KNO3 only increases the pH deviation slightly (Figure 5.14b). In the 

case of H2SO4 buffer, the pH deviation between 0.1 M H2SO4 and 0.25 M H2SO4 is 

approximately the same (Figure 5.14c), with the counter electrode compartment displaying large 

deviations in pH after > 25 hr of film operation (Figure 5.14d). 
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Figure 5.14. Monitoring the pH of the working electrode (WE) and counter electrode (CE) 
compartment in two compartment H-cells during chronoamperometry of PbCoFeOx films 
operating OER at 1 mA in pH 2.15 in the buffers: (a) 0.1 M KPi (▬) and 0.1 M KPi + 1 M KNO3 

(▬), (b) 0.25 M KPi (▬ ▬ ▬) and 0.25 M KPi + 1 M KNO3 (▬ ▬ ▬), (c) 0.1 M H2SO4 (▬) 
and 0.25 M H2SO4 (▬ ▬ ▬) and (d) extended version of (c). Vertical lines indicate mean time 
of stability for PbCoFeOx films operating at 1 mA OER.  
 

5.7 X-Ray Absorption Analysis of PbOx Based Films 

X-ray absorbance spectroscopy was utilized to reveal any structural changes to the PbOx 

lattice that may be induced by the addition of Ni, Co, or Fe centers. The Pb L3-edge of in situ 

PbNiFeOx (operated at 1.7 V in 0.1 M KPi + 1 M KNO3 pH 2.5 buffer) was compared with 

several lead oxide standards: Pb(II)O, Pb(II,IV)3O4, and Pb(IV)O2 (Figure 5.15a-c). In situ 

PbNiFeOx reveals a Pb L3-edge spectrum that resembles a Pb(IV) oxidation state as suggested by 

the feature at 13030 eV (Figure 5.15a). This band represents a transition from Pb 2p3/2 to Pb 6s1/2 

which is accessible in Pb (IV) but not Pb (II) compounds because the Pb 6s is vacant in the 

former but not the latter.25,26 This is as expected since Pb(IV)O2 is the predicted lead oxide 

species under anodic and acidic conditions by the Pourbaix diagram.  

The Pb L3-edge absorbance spectrum was then compared between all PbOx based films 

operating under anodic potentials (1.7 V) in acid. All PbOx films exhibited similar a Pb L3-edge 

spectra (Figure 5.15d-f) and the presence of Ni, Co, or Fe centers in the PbOx lattice does not 

appear to shift the L3-edge or the Fourier transform of the L3-edge appreciably.  
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Figure 5.15. (a) Pb L3-edge X-ray absorbance spectra with derivative absorbance and 
corresponding (b) k-space and (c) r-space for PbNiFeOx under OER (▬), and Pb oxide standards 
PbO (▬), Pb3O4 (▬), and PbO2 (▬). (d) Pb L3-edge X-ray absorbance spectra with derivative 
absorbance and corresponding (e) k-space and (f) r-space for PbOx (▬), PbCoOx (▬), PbNiOx 
(▬), PbFeOx (▬), PbNiFeOx (▬), and PbCoFeOx (▬). 
 
 

To understand the influence of Fe on Ni and Co centers within the PbOx framework, the 

Ni K-edge and Co K-edge were monitored under OER conditions in acid. The Ni K-edge in 

PbNiFeOx is slightly red-shifted compared to that in PbNiOx (Figure 5.16a) similar to what has 

been observed for NiFeOx operating OER in base27 and Fe:NiBi in near neutral buffers28. In 

contrast, the Co K-edge shows no shift from PbCoOx to PbCoFeOx (Figure 5.16b) similar to what 

is observed by XPS as previously published.22  
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Figure 5.16. (a) Ni K-edge of PbNiOx (▬) and PbNiFeOx (▬) and (b) Co K-edge of PbCoOx 
(▬) and PbCoFeOx (▬) operating OER in 0.1 M KPi + 1 M KNO3 pH 2.5. 

 

Next, the Pb L3-edge of PbCoFeOx films were tracked during OER in 0.1 M KPi + 1 M 

KNO3 pH 2.5, 0.25 M KPi pH 2.5, and 0.5 M H2SO4 pH 2.0 (Figure 5.17a-c). In these varied 

buffers, PbCoFeOx films operate OER with different stability as well as potential necessary to 

achieve 1 mA of OER (V1mA) (Figure 5.12). PbCoFeOx films operate OER in Pi buffer with no 

visible difference in edge position with the addition of KNO3. PbCoFeOx films operating in 

H2SO4 buffer show a prominent red-shift in the Pb L3-edge. In the Fourier transform of the 

EXAFS regions (Figure 5.17c), operation of PbCoFeOx in H2SO4 results in a shift of the peaks at 

1.56 Å and 2.76 Å to larger distances 1.59 Å and 2.79 Å, respectively, as well as diminished 

intensities at both these peaks when compared to PbCoFeOx films operating in Pi buffer. 

To understand the role of pH on PbOx lattice structure, the Pb L3-edge of PbCoFeOx films 

were monitored in 0.1 M KPi + 1 M KNO3 at pH 2.5, 7.0, and 12.3 (Figure 5.17d-f). While 

operating 1 mA of OER in these three pH regimes, the Pb L3-edge position does not appear to 

change. Fourier transform of the EXAFS region (Figure 5.17c) show that as the pH is increased, 

the intensities of the peaks around 1.5 Å decrease but the intensity at 2.7 Å remains relatively the 

same. There is a prominent change in peak intensity at 1.5 Å between pH 2.5 to 7 and a more 

gradual change from pH 7.0 to 12.3. 
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Figure 5.17. (a) Pb L3-edge X-ray absorbance spectra with the first derivative absorbance and 
the corresponding (b) k-space and (c) r-space for PbCoFeOx films operating OER in 0.1 M KPi + 
1 M KNO3 pH 2.5 (▬), 0.25 M KPi pH 2.5 (▬ ▬ ▬), and 0.5 M H2SO4 pH 2.0 ( ). (d) Pb L3-
edge X-ray absorbance spectra with the first derivative absorbance and the corresponding (e) k-
space and (f) r-space for PbCoFeOx films operating OER in 0.1 M KPi + 1 M KNO3 at pH 2.5 
(▬), pH 7.0 (▬), and pH 12.3 (▬). 

	
5.8 X-Ray Photoelectron Spectroscopy of PbOx Based Films 

The electronic structure of PbOx based films were then explored ex situ using X-ray 

photoelectron spectroscopy (XPS). The Pb 4f and O 1s XPS spectra of all PbOx based films are 

illustrated in Figure 5.18a and Figure 5.18b, respectively. Prior to XPS analysis, all films were 

held at a potential necessary for 1 mA of OER in 0.1 M KPi + 1 M KNO3 pH 2.5 for 10 min with 

the exception of PbFeOx and PbOx films, which were held at 2.0 V.  
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The addition of any metal into the PbOx framework shifts the Pb 4f peaks to higher 

binding energies. Similar to previous results22, the addition of Co into PbOx increases the binding 

energy of Pb 4f peaks and addition of Fe further increases this shift. The Pb 4f binding energies 

for PbCoFeOx, PbFeOx, and PbNiFeOx all appear roughly aligned, and PbNiOx has the highest 

Pb 4f binding energy. The O 1s XPS spectra of PbOx yields three peaks: a peak at ~529 eV, a 

major peak at ~530 eV and a small shoulder at ~532 eV. The peak at 529 eV disappears when 

any metal is added to the PbOx framework. PbFeOx, PbNiFeOx, and PbCoFeOx films all have 

similar O 1s spectra consisting of one dominant peak at 530.7 eV and a small shoulder at 532 eV. 

For PbOx, PbNiOx, and PbCoOx, there is a dominant peak at 530 eV and a prominent shoulder at 

532 eV, which is diminished with the addition of Fe into the framework. The Pb 4f and O 1s 

XPS spectra of PbOx films did not show any significant changes in binding energy or shape for 

samples that were held at 1.45 V (V1mA for PbCoFeOx films) versus those held at 2.00 V (Figure 

5.18c-d). This indicates that the observed shifts in Pb 4f binding energy are not the result of the 

various potentials (1.45 V-2.0 V) held on PbOx based films.  

 

Figure 5.18. High-resolution XPS spectra of (a) Pb 4f and (b) O 1s in catalyst films: PbOx (▬), 
PbCoOx (▬), PbNiOx (▬), PbFeOx (▬), PbNiFeOx (▬), and PbCoFeOx (▬). XPS spectra of (c) 
Pb 4f and (d) O 1s in PbOx held at 1.6 V (▬, potential necessary to obtain 1 mA cm–2 OER in 
PbCoFeOx films) versus 2.00 V ( ) in 0.1 M KPi + 1 M KNO3 pH 2.5 buffer for 10 min. 
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The addition of Fe into the PbCoOx film yielded no changes in the Co 2p spectra (Figure 

5.19a) matching results previously published22. The Ni 2p XPS spectra shows no significant 

changes from PbNiOx to PbNiFeOx (Figure 5.19b) similar to the case of PbCoFeOx and PbCoOx.  

 

Figure 5.19. High-resolution XPS spectra of (a) Co 2p for PbCoOx (▬) and PbCoFeOx (▬) and 
(b) Ni 2p for PbNiOx (▬) and PbNiFeOx (▬). 
	

To understand the electronic changes occurring at the metal and oxygen centers 

throughout operation of OER in acid, the XPS spectra of Pb 4f, Co 2p, and O 1s in PbCoFeOx 

films were tracked over several hours until film dissolution (Figure 5.20) in 0.1 M KPi + 1 M 

KNO3 pH 2.5. The Pb 4f and Co 2p spectra remain the same throughout OER in acid up until the 

film passes the stability threshold (point at which V1mA rapidly raises to 2.7 V) after which a 

small shift towards higher binding energies is observed. This small shift towards higher binding 

energies post film stability is observed in the O 1s spectra as well along with the steady growth 

of a peak at ~532 eV over time. The Pb 4f, Co 2p, and O 1s spectra of a fresh PbCoFeOx film 

held at 2.7 V displays the same higher binding energies as PbCoFeOx films after running 1 mA 

of OER for 40 hr. This suggests that the shift towards higher binding energies is likely due to the 

oxidation of the metal centers at the higher potential (2.7 V) required to achieve 1 mA of OER 

after film dissolution. 
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Figure 5.20. High-resolution XPS spectra of (a) Pb 4f, (b) O 1s, and (c) Co 2p for PbCoFeOx 
films after maintaining an OER current of 1 mA cm–2 for 10 min (▬), 2.5 hr ( ), 15 hr ( ), 
40 hr ( ), and after maintaining a potential of 2.7 V for 10 min (▬)  in 0.1 M KPi 1M KNO3 
pH 2.5. Each spectrum is from a new sample of PbCoFeOx (catalyst films were not reused for 
different operating conditions). 
 

A similar trend is seen in the case of PbNiFeOx catalyst films (Figure 5.21) operating 

OER in acid. The Pb 4f peaks are shifted towards higher energy in PbNiFeOx films that operate 1 

mA of OER for 40 hr (past film stability) versus those films operating 1 mA of OER for 10 min. 

The O 1s peak is also shifted towards higher energy and intensity of the peak at 532 eV is 

increased after 40 hr of OER. In the case of PbNiFeOx, the amount of Ni left on the surface of 

the FTO substrate is below the detection level for XPS analysis. 

 

Figure 5.21. High-resolution XPS spectra of (a) Pb 4f, (b) O 1s, and (c) Ni 2p for PbNiFeOx 
films after maintaining an OER current of 1 mA cm–2 for 10 min (▬) and 40 hr (▬ ▬ ▬) in 0.1 
M KPi 1M KNO3 pH 2.5. Each spectrum is from a new sample of PbNiFeOx (catalyst films were 
not reused for different operating conditions). 
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The XPS spectra of Pb 4f, Co 2p, and O 1s were then tracked in PbCoFeOx films 

maintaining 1 mA of OER in 0.25 M H2SO4 pH 2.15 (Figure 5.22). PbCoFeOx films display a 

different stability curve when operating 1 mA of OER in H2SO4 buffers versus KPi buffers at the 

same pH (Figure 5.13). Most notably, PbCoFeOx films remain stable (V1mA< 2.7 V) in H2SO4 

buffers after 40 hr, well past the stability of these same films in Pi buffers. Furthermore, 

PbCoFeOx films operating in H2SO4 demonstrate two regions of stability, first with a V1mA of 1.6 

V and then a V1mA of 1.8 V (Figure 5.13). PbCoFeOx films were analyzed by XPS after 10 min 

and 40 hr of operating OER at 1 mA of in 0.25 M H2SO4 pH 2.15. These time points correspond 

to both periods of stability, first V1mA = 1.6 V and later V1mA = 1.8 V. The XPS spectra of 

PbCoFeOx films held at 1.8 V for 10 min in the same buffer are also displayed for comparison. 

 

Figure 5.22. High-resolution XPS spectra of (a) Pb 4f, (b) O 1s, and (c) Co 2p for PbCoFeOx 
films after maintaining an OER current of 1 mA cm–2 for 10 min (▬) and 40 hr (▬ ▬ ▬) and 
after maintaining a potential of 1.8 V for 10 min (▬) in 0.25 M H2SO4 pH 2.15.  

 

The Pb 4f spectra shows a large shift towards higher binding energies from films 

operating OER after 10 min (V1mA=1.6 V) versus 40 hr (V1mA=1.8 V) in H2SO4 buffer. This shift 

cannot be explained by the increase in potential held (1.6 V to 1.8 V) between the two samples 

since the Pb 4f spectra of PbCoFeOx held at 1.8 V for 10 min overlays with the film held at 1.6 V 

for 10 min. This shift in Pb 4f binding energy from 10 min to 40 hr likely indicates a phase 
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change in the PbOx framework. The binding energies of the O 1s peaks do not appear to change 

in PbCoFeOx films operating OER from 10 min to 40 hr. Unlike the case of PbCoFeOx operating 

in Pi buffers, there is no prominent growth in the O 1s peak at 532 eV even after 40 hr of 

operation in acid. PbCoFeOx operating in H2SO4 does initially show a peak at ~529 eV which 

disappears after 40 hr of operation. 

5.9 Catalyst Composition Throughout OER  

The elemental composition of PbOx based films were compared between the as-deposited 

state and post film stability (after 40 hr of performing OER at 1 mA) in 0.1 M KPi + 1 M KNO3 

pH 2.5 (Figure 5.23 and Table 5.1). After operating OER for 40 hr, all films exhibit significant 

content loss. Ni, Co, and Fe metals exhibit the most significant loss (Table 5.1), which is 

expected given their propensity to dissolve in acid as predicted by the Pourbaix diagram. There is 

more Co remaining in the PbOx framework than Ni. This correlates with the increased stability of 

PbCoFeOx and PbCoOx films over the PbNiOx and PbNiFeOx in acid (Figure 5.4). Films 

containing Ni and Co have similar Pb loading after 40 hr.  

PbCoFeOx film content was then tracked throughout operation of OER in different acidic 

buffers (Figure 5.24 and Table 5.2). All PbCoFeOx films have roughly the same film content 

after 10 min of operating OER at 1 mA in Pi and H2SO4 buffers at pH 2.15. Regardless of the 

buffer type, PbCoFeOx films lose some Co content after just 10 minutes of performing OER in 

acid. This metal loss becomes very significant after 40 hr. Films operating in Pi buffers lose 

about 1/3 of the Pb content, ½ of the Fe content, and roughly ¾ of the Co content. The remaining 

PbCoFeOx film compositions after 40 hr of operating OER in Pi buffers do not appear to change 

with addition of KPi or KNO3. After 40 hr of OER, PbCoFeOx films operating in 0.1 M H2SO4 

maintain about the same Fe and Pb content but show a significant loss in Co content. 
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Figure 5.23. Metal composition, Pb, Fe, and Co, and Ni, of PbOx based films (a) as-deposited 
and (b) after performing OER at 1 mA in 0.1 M KPi + 1.75 M KNO3 pH 2.5 for 40 hr. 
	

 

 

Figure 5.24. Metal composition, Pb, Fe, and Co, of PbCoFeOx films after operation in specific 
buffers at pH 2.15 for 0 min, 10 min, and 40 hr at 1 mA for OER. 
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Table 5.2. Elemental composition of PbCoFeOx films as deposited and after operating OER for 
10 min and 40 hr in specific buffers at pH 2.15.* 

Condition Total metal 
mol Pb mol % Co mol% Fe mol% 

As-deposited 256.2 ± 7.2 47.2 ± 1.6 41.8 ± 0.9 11.0 ± 1.8 
10 min OER in 
0.1 KPi pH 2.15 221 ± 9.2 44.1 ± 2.1 39.9 ± 0.6 16.0 ± 1.4 

10 min OER in 
0.1 M KPi + 1.0 M 

KNO3 pH 2.15 
223.9 ± 8.3 45.6 ± 2.9 41.0 ± 4.3 13.4 ± 2.5 

10 min OER in 
0.1 H2SO4 pH 2.15 227.3 ± 6.9 46.9 ± 1.1 40.1 ± 2.9 13.0 ± 2.1 

40 hr OER in 
0.1 KPi pH 2.15 89.0 ± 8.9 62.8 ± 3.2 23.3 ± 1.1 13.9 ± 3.1 

40 hr OER in 
0.25 KPi pH 2.15 100.2 ± 12.1 57.0 ± 5.8 23.9 ± 7.5 19.1 ± 2.9 

40 hr OER in 
0.1 M KPi + 1.0 M 

KNO3 pH 2.15 
108.1 ± 17.1 61.6 ± 3.9 25.3 ± 5.2 13.1 ± 3.3 

40 hr OER in 
0.1 H2SO4 pH 2.15 169.4 ± 16.1 62.7 ± 2.4 8.0 ± 2.2 29.3 ± 4.2 

*from same data set shown in Figure 5.24. 

 

To visually observe changes in film composition, the elemental maps of Pb in PbNiFeOx 

film surfaces were tracked after different time points during operation of OER at 1 mA in 0.1 M 

KPi + 1 M KNO3 pH 2.5 (Figure 5.25). Due to the relatively low concentration of Ni and Fe in 

these films, elemental mapping of Ni and Fe K-edge could not be conducted. Mapping of the Pb 

M-edge on these film surfaces reveals a systematic etching of the PbOx lattice: the film starts out 

with a uniform Pb distribution that break apart to form islands that become more separated over 

time. 
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Figure 5.25. (a) SEM images of PbNiFeOx film surface throughout duration of performing OER 
at 1 mA cm–2 in 0.1 M KPi + 1 M KNO3 pH 2.5 buffer for (a) 0 hr, (b) 1hr, (c) 3hr, (d) 7 hr, and 
(e) 19 hr. Scale bar indicates 2 µm. (b) Corresponding SEM mapping of Pb content on PbNiFeOx 
film surfaces with representative chronoamperometry curves. Each image is from a new sample 
of PbNiFeOx (catalyst films were not reused for different operating conditions). 
 

5.10 Discussion 

The applicability of the template-stabilized, acid-stable framework is strengthened by the 

flexibility with which one can choose the identity of metal centers that serve as the a) active 

center for oxygen evolution, b) acid stabilizing framework, and c) acid stability and/or OER 

activity enhancer. Additionally, improvements to acid stable OEC design can only be made once 

the mechanism of film dissolution and its interplay with film and buffer composition is 

elucidated.  

PbNiOx and PbNiFeOx films were made using slight modifications of the deposition 

conditions for PbCoOx and PbCoFeOx films22. The resulting films have a homogenous dispersion 

of metal centers (Figure 5.3) emphasizing the fidelity of this deposition protocol. Like PbCoOx, 

PbNiOx films exhibit extended stability in acid while maintaining 1 mA of OER (Figure 5.4). 

The addition of Fe into the PbNiFeOx framework extends the film stability by approximately ~8 

hr (Figure 5.5) similar to what is seen for addition of Fe into PbCoOx films22. The importance of 
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the PbOx framework for acid stability in PbNiOx and PbNiFeOx films is especially evident when 

their stability is compared to NiBi, NicathOx, and NiFecathOx films which all dissolve within the 

first few minutes of OER operation in acid (Figure 5.5a). Compared to PbCoOx and PbCoFeOx, 

PbNiOx and PbNiFeOx require a higher potential to maintain 1 mA of OER (V1mA) (Figure 5.5b). 

Since the faradaic efficiency of PbNiFeOx is 103 ± 3% (Figure 5.8), this difference in V1mA can 

be explained by the shift in Ni redox features towards higher potentials compared to Co.  

Both PbNiFeOx and PbNiOx yield a Tafel slope of 90 mV/dec which matches that 

exhibited by pure NiOx in near neutral and basic conditions7,29 (Figure 5.6). This suggests that Fe 

plays no significant role in the mechanism of OER. The inability of Fe to enhance Ni centers 

undergoing OER in PbNiFeOx could be due to several factors: Ni and Fe centers may be 

separated from one another by dilution in the PbOx matrix, Pb may be overwhelmingly poisoning 

the OER, and/or the mechanism behind Fe enhancement may not be operative in acid conditions. 

ICP-MS analysis of PbNiFeOx films show a ~30 mol% Ni and ~30 mol% Fe composition (Table 

5.1). Elemental mapping by SEM/EDAX illustrate a uniform distribution of metal on the film 

surface (Figure 5.3). These two factors suggest that there are likely Ni and Fe centers adjacent to 

each other in the PbOx matrix and are thus not prohibitively diluted to prevent Fe enhancement 

of nearby Ni centers or vice versa. Addition of Pb into NiOx thin films have been observed to 

hinder OER in base by increasing the overpotential required for OER.30 PbNiOx films and 

PbCoOx films yield Tafel slopes of ~90 mV/dec (Figure 5.6a) and ~60 mV/dec,22 respectively, in 

acid suggesting that any possible deleterious effect from Pb does not appear to be in operation. 

PbNiFeOx films operating in pH 7.0 also yield a Tafel slope of ~90 mV/dec suggesting that the 

acidic environment alone is not inhibiting Fe enhancement (Figure 5.6c). The lack of OER 
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enhancement by Fe on Ni centers in PbNiFeOx serves as an interesting case of Ni-Fe OER 

synergy. Further studies on Fe OER enhancement within the PbOx lattice should be pursued. 

The Pb L3-edge spectra were measured to understand the structure of the PbOx 

framework and any changes induced by addition of Ni, Co, or Fe centers. All PbOx based films 

resemble the PbO2 standard regardless of metal composition (Figure 5.15). PbO2 has two major 

polymorphs: orthorhombic α-PbO2 and tetragonal β-PbO2. Both polymorphs have similar Pb-O 

and Pb-Pb bond lengths differing only in stacking pattern.31–33 Because of the similarity in bond 

lengths, it is difficult to distinguish which polymorph is present in these PbOx films by XAS. 

PbO2 prepared by electrodeposition have been shown to yield mixtures of both α and β 

polymorphswhich is likely the case for the PbOx in these films.34–36 

To understand how incorporation of foreign anions into the PbOx matrix affects film 

structure and ultimately stability, the Pb 4f, O 1s, and Ni 2p or Co 2p spectra of PbOx based 

OECs were analyzed by X-ray photoelectron spectroscopy (XPS). XPS offers an advantage over 

XAS because the former is more surface sensitive. The disadvantage of XPS analysis is the ex 

situ nature of the samples. As a consequence, film were held at 1 mA for OER in 0.1 M KPi + 1 

M KNO3 pH 2.5 for 10 min prior to measurement. The XPS Pb 4f spectra of PbOx show a shift 

towards higher binding energies with the addition of any foreign anions (Co, Ni, or Fe) into the 

lattice (Figure 5.18a). These shifts are not the results of differences in applied potential since the 

Pb 4f and O 1s spectra of PbOx held at 1.45 V and 2.0 V appear the same (Figure 5.18c). 

Previous work showed a shift in the PbOx Pb 4f peak towards higher binding energies with the 

addition of Co which is then shifted towards even higher binding energies with the addition of 

Fe.22 This same trend is reproduced in the work here (Figure 5.18a). In the case of PbNiOx, 

however, the opposite trend is seen where addition of Fe shifts the Pb 4f peaks towards lower 
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binding energy. The Pb 4f peaks for PbCoFeOx overlap with that of PbFeOx and PbNiFeOx. 

Overall, the shifts in Pb 4f peaks do not appear to correlate with film stability in acid (Figure 

5.5a). Furthermore, the Pb L3-edge spectra from XAS yielded no changes in Pb oxidization state 

with the addition of any metal centers into PbOx. This suggests that Pb oxidation state alone does 

not dictate Pb 4f peak positions. The shifts in the Pb 4f peaks may be additionally influenced by 

strain inflicted on the PbO2 lattice by foreign anions. Replacement of a Pb metal center with Fe, 

Co, or Ni would introduce significant strain on the PbO2 lattice given their differences in 

covalent radii: Pb (144 pm) versus that of Ni (110 pm), Co (111 pm), and Fe (116 pm)37. 

The PbOx O 1s spectra show two main peaks: a dominant peak at ~530 eV and a smaller 

peak at ~532 eV. The peak at lower binding energies is indicative of lattice oxygen while the one 

at higher binding energies represents hydroxyl oxygen.38 PbCoOx and PbNiOx both contain very 

prominent hydroxyl peaks, which diminishes with the addition of Fe (Figure 5.18b). Fe centers 

are likely responsible for this reduction in hydroxyl peak since this peak is likewise very small in 

PbFeOx films. The reduction of hydroxyl peaks in PbCoFeOx and PbNiFeOx versus PbCoOx and 

PbNiOx, respectively, correlates with increased stability in acid (Figure 5.5a). Fe centers likely 

alter the long-range structure of PbCoOx and PbNiOx in such a way as to reduce porosity, and 

hence hydroxyl oxygen, in the PbOx lattice. Reducing film porosity would increase film stability 

by decreasing the surface area exposed to acid for protonation, which ultimately delays film 

dissolution. This structural change is likely macroscopic since the Pb L3-edge of PbCoOx and 

PbNiOx films are not significantly altered with addition of Fe (Figure 5.15). Indeed, the SEM 

images of film surfaces illustrate a change in film morphology with the addition of Fe (Figure 

5.2). Both PbCoOx and PbNiOx look like large nanoparticles but these particles become smaller 

clusters with the addition of Fe.  
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This shift between compact to porous PbOx structure may be related to a change from α- 

to β-PbO2 polymorphs. Of the two polymorphs, α-PbO2 has a more compact structure while β-

PbO2 is more porous.34 Conversion between these two polymorphs has been experimentally 

achieved by altering the buffer cation size and film thickness.34,36 However, the extremity of 

these parameter changes are unlikely to be encountered in the experiments conducted here but a 

shift in the population between the two polymorphs may be occurring.  

The association between the hydroxyl peak intensity and film disintegration is also 

illustrated by the growth of hydroxyl peak over time in PbCoFeOx operating OER in acid (Figure 

5.20). As PbCoFeOx operate OER in Pi buffer, the PbOx lattice becomes etched by acid and 

increasingly loses metal content over time (Figure 5.24). As more metal centers are dissolved, 

more edge sites become exposed resulting in an increase in hydroxyl peaks in the O 1s spectra. 

This pattern is likewise observed in PbNiFeOx films where the hydroxyl peak becomes 

prominent after operation of the film in acid for 40 hr (Figure 5.21).  

To explore all aspects of maximizing OEC stability in acid, we then examined the role of 

buffer conditions on PbCoFeOx films. Interestingly, films prepared in the same manner 

nevertheless exhibited different stabilities depending on the identity of the buffer anion and the 

concentration of buffer (Figure 5.12). When controlled for pH and buffer capacity, film stability 

appears to be affected more by the identity of the buffer anion rather than by the buffer capacity 

(Figure 5.13). In the case of Pi buffers, increasing the concentration of KPi decreases the film 

stability in acid. This is true both with and without the presence of KNO3. Based on buffer 

capacity considerations alone, one would expect the opposite trend. The experimental results 

suggest that the Pi anion must be actively destabilizing the film by accelerating dissolution 

and/or hindering the film healing. Phosphate anions can hinder the healing process by 
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precipitating out available dissolved Pb species in solutions through the formation of insoluble 

Pb3(PO4)2. Thus, decreasing the Pi concentration in the buffer would increase the amount of 

soluble Pb in solutions and allow redeposit of Pb back into the metal oxide framework. This 

would increase the stability of the film by replenishing the PbOx in the film, which acts as a 

protective barrier over Pb-O-Co bonds.  

At low concentrations of Pi, addition of 1 M KNO3 increases the stability of PbCoFeOx 

films (Figure 5.13). This effect is diminished in buffers containing higher concentrations of Pi. 

Addition of 1 M KNO3 increases the film stability by hindering the forming insoluble Pb3(PO4)2. 

Due to the high solubility of Pb(NO3)2, adding KNO3 into Pi buffer increases the competition for 

dissolved Pb to precipitate out as Pb3(PO4)2 instead of redisposition onto the film. If NO3
– were 

to play this role as competitive anion, its effectiveness on film stability would be dependent on 

the concentration of anion it is inhibiting, Pi. Indeed, the effect of KNO3 on increasing film 

stability is more prominent when added to 100 mM KPi buffer than 250 mM KPi (Figure 5.13). 

The influence of NO3
– on Pi anions as a competitor is further illustrated by the deviation in pH 

gradients of KPi buffers. At lower Pi concentrations, the addition of 1 M KNO3 results in a 

greater deviation in buffer pH from its initial value (Figure 5.14). This can be explained by the 

competition between NO3
– and Pi anions in solution. As the ratio of Pi to NO3

– anions decreases, 

it becomes more difficult for Pi to act as an effective buffer. This is evident by the decrease in pH 

deviation in Pi solutions containing 1 M KNO3 from 100 mM KPi to 250 mM KPi (Figure 5.14).  

Sulfate anions are interesting because they not only promote healing in PbOx films but 

also induce a phase transformation. First, sulfate buffers are able to promote self-healing by 

allowing dissolved lead to remain soluble in solution through the high solubility of PbSO4. Next, 

films running in sulfate buffer also undergo a phase transformation. Initially, PbCoFeOx films 
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can operate 1 mA of OER (V1mA) at the same potential as PbCoFeOx films running in Pi buffers, 

V1mA = 1.6 V. However, after a few hours, PbCoFeOx films operating in sulfate buffer undergo a 

small inflection point in the V1mA, jumping to V1mA = 1.8 V and remain at this value for the next 

40 hr of operation in acid (Figure 5.13). Inspection of the XPS spectra of PbCoFeOx at these two 

regions (V1mA = 1.6 V at 10 min versus V1mA = 1.8 V at 40 hr) shows a large shift in Pb 4f peaks 

towards higher oxidation values (Figure 5.22a). This shift is not due to an increase in potential 

from 1.6 V to 1.8 V but is likely indicative of a phase transformation (Figure 5.22c). Indeed, Pb 

L3-edge spectra of PbCoFeOx films operating in sulfate buffer show a significant redshift in the 

L3-edge when compared to the same film operating in phosphate buffers (Figure 5.17). Sulfate 

anions are likely responsible for this phase shift since the transformation occurs earlier with 

increasing sulfate concentration (Figure 5.13). The O 1s spectra of PbCoFeOx films operating in 

H2SO4 buffer show an absence in hydroxyl oxygen peaks even after 40 hr of OER operation 

(Figure 5.22b). H2SO4 buffer may be extending the stability of PbCoFeOx films by inducing a 

compact PbO2 lattice structure that protects the film from acid dissolution at the edge sites. This 

phase shift may be associated with a change in the proportion of compact α-PbO2 and porous β-

PbO2 polymorphs since hydrated PbO2 powders soaked in H2SO4 has been shown to produce 

predominately α-PbO2.39 

For PbCoOx and PbNiOx based OECs, the same stability curve is observed in Pi buffer 

(Figure 5.4): after a brief capacitance period, each film maintains a constant potential to generate 

1 mA of OER (V1mA) up until the inflection point after which the films behaves like the substrate 

FTO. While dissolution is expected for metal oxides not stable in acid (NiOx, CoOx, FeOx), it 

remains unclear how these metals, once embedded in an acid stable PbOx matrix, ultimately 
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dissolve over time and why they do so in a manner that yields an inflection point in the 

chronoamperometry curves.  

Previously work has suggested that the sudden jump in V1mA corresponds to a 

prohibitively acidic pH gradient built up in the electrochemical setup.22 However, the timeline of 

this jump in V1mA does not correspond with any specific pH gradient buildup in acidic buffers 

(Figure 5.14). Comparison of metal content in films as-deposited versus after dissolution (after 

inflection point in V1mA) shows a dramatic reduction in Fe, Ni, and Co content (Figure 5.23 and 

Table 5.1). The dissolution of these metal centers shows that, even when embedded into an acid-

stable PbOx lattice, they are not protected from protonation. This is likely due to the amorphous, 

porous nature of these films (Figure 5.2). Co, Ni, and Fe centers are likely dissolved into solution 

by protonation of the metal oxide framework at the edge sites which subsequently weakens the 

metal oxygen bond holding the film together40–42 and exposes more edge sites for eventual film 

dissolution. This is evident through the growth in hydroxyl oxygen peaks in the O 1s spectra of 

PbCoFeOx films over operation of OER in acid (Figure 5.20).  

The increased porosity of the film over time does not lead to a linear loss in active 

centers. Chronoamperometry curves of V1mA do not show a linear increase but rather a single, 

rapid jump (Figure 5.4). This stepwise event can be explained by modeling film dissolution using 

percolation theory (Figure 5.26). PbOx serves as a framework in which Co, Ni, and Fe metal 

centers are embedded for OER activity and enhance stability. Ni and Co can function as OER 

catalysts in this matrix because PbOx forms a conductive lattice through which proton and 

electron transfer can occur22,43 (t = 1 hr in Figure 5.26a). As Co, Ni, and Fe centers dissolve over 

time, more edge sites are exposed to protonation in acid (t = 5-10 hr in Figure 5.26a). SEM 

elemental mapping of the Pb M-edge illustrates this increased porosity of the PbOx framework 
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through the formation of isolated PbOx clusters (Figure 5.25b). The Co or Ni centers embedded 

in the PbOx matrix remain functional for OER because they are still connected to the electrode 

through the metal oxide framework. Prior to the threshold point, oxide bonds continue to be 

etched by protonation in acid. Some OER active centers are lost but a large majority of them 

remain acid since conductive pathways still exists to reach these OER centers in the film (Figure 

5.26b). The result is a relatively constant V1mA that experience only minor increases in potential 

attributed to the minor loss in OER active centers (Figure 5.26c). At the crucial threshold, 

however, the film becomes so porous from acid etching that metal centers serving as nodal points 

finally dissolve (t = 12 hr in Figure 5.26a). This event conductively isolates metal oxide clusters 

previously connected to the electrode. The loss of crucial nodes is manifested in a sharp decrease 

in OER centers (Figure 5.26b) and a corresponding increase in V1mA (Figure 5.26c). Percolation 

theory predicts that as the number of metal centers in the oxide approaches infinity, this loss in 

OER centers and corresponding raise in V1mA converges to a discontinuous step function.44,45 

 

Figure 5.26. (a) Diagram illustrating dissolution of metal centers in PbCoFeOx film (Pb, Co, and 
Fe). Corresponding (b) number of accessible Co centers in the film and (c) potential required to 
maintain 1 mA of OER in acid. This illustration was design by assuming a dissolution rate of 2 
metal centers/hr and with each Co center yielding a decrease in V1mA by 0.0675V. 
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5.11 Conclusion 

Our studies here build on the guide our group has developed for designing mixed metal 

oxides that are both active and stable in acid. We have illustrated the flexibility behind using 

PbOx as an acid stable framework in which active OER metal centers can be inserted. We have 

also shown that in contrast to its role as OER enhancer in NiOx and CoOx catalysts in base 

(Chapter 2 and 4, respectively), Fe centers embedded within a PbOx matrix improve only acid 

stability. By studying the electronic structures of these PbOx based films through a combination 

of X-ray absorbance and X-ray photoelectron spectroscopy techniques, we have found that 

different film compositions can alter acid stability by restructuring the bulk phase. PbOx based 

OECs that exhibit a compact structure with reduced edge sites are better protected from 

protonation and hence film dissolution in acid. Beyond film composition, it is possible to alter 

films stability by selecting for the proper buffer composition. Phosphate anions can reduce film 

stability by hindering film self-healing through the precipitation of dissolved Pb as Pb3(PO4)2. 

This effect can be minimized by introducing a large concentration of inert anion like NO3
– to act 

as a competitive inhibitor. Sulfate buffers transform the PbOx based films into a more compact 

phase that sacrifices potential for OER (V1mA) with large gains in film stability (>40 hr). Finally, 

we show that the mechanism of metal oxide film dissolution in acid can be described through 

percolation theory. Films maintain their OER activity up to the threshold point when crucial 

connectivity nodes are lost resulting in a catastrophic loss in film conductivity and OER activity. 
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5.12 Methods 

Materials. Ni(NO3)2●6H2O (99.999%) and Co(NO3)2●6H2O (99.999%) were used as 

received from Strem. Pb(NO3)2 (99.999%), (NH4)2Fe(SO4)2●6H2O (99.997%), H3PO4 

(99.999%), and H2SO4 (99.999%) were used as received from Sigma Aldrich. KNO3 (99.9%) 

were used as received from Macron. KOH (<0.001% Ni, Fe, and other heavy metals) was used as 

received from EMD Millipore. TraceSELECT Ultra nitric acid and TraceSELECT standards for 

ICP were used as received from Fluka Analytical. CH3P(O)(OH)2 (MePi) was purchased from 

Sigma Aldrich and then recrystallized twice from acetonitrile (HPLC grade, Sigma Aldrich). All 

electrolyte solutions were prepared with type I water (EMD Millipore, 18.2 MΩ cm resistivity). 

Fluorine-doped tin-oxide coated glass (FTO; TEC-7) was purchased as pre-cut 1 cm × 2.5 cm 

glass pieces from Hartford Glass with 7 Ω/sq surface resistivity. 

General Electrochemical Methods. All electrochemical experiments were conducted on 

a CH Instruments 760D bipotentiostat, using an Ag/AgCl reference electrode (BASi, filled with 

saturated KCl), and a Pt-mesh (99.9% Alfa Aesar) counter electrode in a three-electrode 

electrochemical cell with a porous glass frit separating the working and auxiliary compartments. 

All glassware was acid cleaned by soaking in aqua regia followed by copious rinsing with type I 

water (EMD Milipore, 18.2 MΩ cm resistivity).  

The working electrode was a fluorine-doped tin-oxide (FTO; TEC-7) coated glass 

purchased as pre-cut 1 cm × 2.5 cm glass pieces from Hartford Glass. Prior to use, FTO slides 

were cleaned by sonication in acetone and then rinsed with type I water. A 1 cm2 geometric 

electrode area was created by masking the FTO with Scotch tape. An Ag/AgCl reference 

electrode was positioned close to the FTO in the working compartment, and a Pt mesh electrode 

in the auxiliary side of the H-cell was used to complete the circuit.  
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Electrode potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 

0.197 V. Overpotentials  for the oxygen evolution reaction from water were computed using η = 

E(NHE) – (1.23 V – 0.059 V × pH). All measurements were performed at room temperature (23 

± 1 °C). 

Electrodeposition of Films. As-deposited films were prepared by applying a constant 

anodic potential to 1 cm2 FTO for a specified amount of time in a 50 mM methylphosphonate 

(MePi) solution buffered at pH 8.0 containing a total of 0.5 mM metal solution. Electrodeposition 

conditions are based on previously published methods22: CoFePbOx at 1.05 V for 1 hr from 

solutions of 0.25 mM Fe2+, 0.125 mM Co2+, and 0.125 mM Pb2+; PbCoOx at 1.05 V for 40 min 

from solutions of 0.25 mM Co2+ and 0.25 mM Pb2+; PbNiFeOx at 1.3 V for 1 hr from solutions 

of 0.25 mM Fe2+, 0.125 mM Ni2+, and 0.125 mM Pb2; PbNiOx at 1.3 V for 40 min from 0.25 

mM Ni2+ and 0.25 mM Pb2+; PbFeOx at 1.2 V for 1.5 hr from solutions of 0.25 mM Fe2+ and 

0.25 mM Pb2+; PbOx at 1.35 V for 40 min from solutions of  0.5 mM Pb2+. To minimize 

precipitation of metal hydroxides from these solutions, 25 mL of 0.1 M MePi was added to 25 

mL of 1 mM total metal solution. Given the slow deposition kinetics of Fe2+, a higher 

concentration of Fe salts were added to the deposition solution compared to Pb, Co, and Ni.All 

deposition protocols aimed to achieve roughly similar mass loading of films. After deposition, 

films were briefly immersed in type I water to remove any lingering trace metal ions and 

subsequent electrochemical characterization was performed immediately to prevent films from 

drying. 

Scanning Electron Microscope (SEM). After completion of film deposition, the 

electrodes were gently rinsed in 18 MΩ distilled water and immersed in 0.1 M KPi + 1 M KNO3 

pH 2.5. Films were held under chronoamperometry at 1 mA cm–2 while stirring at 400 rpm for 
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10 minutes unless otherwise noted and then rinsed in type I water. Excess water was then wiped 

off the back of the film and catalyst films were air-dried overnight. Field emission scanning 

electron microscopy (FESEM) was performed with a Zeiss Supra55VP. The FESEM was 

operated at a beam voltage of 15 kV at a working distance of 8.5 mm with a 20 µm aperture and 

an SE2 detector. Elemental quantification was determined at a beam voltage of 13 kV with an 

energy dispersive X-ray spectrometer (EDS from EDAX Inc.) using EDAX ZAF correction 

factors. Homogeneity of films were evaluated by EDS elemental maps using characteristic X-

rays at the K-edge for Co, Ni, Fe, O, L-edge for Sn, and M-edge for Pb. Scans were taken at 512 

x 400 pixel resolution and averaged over 16 frames. 

Acid Stability During Oxygen Evolution. The stability of catalyst films for oxygen 

evolution in acid buffers was assessed by long-term chronoamperometry. Unless otherwise 

noted, 0.1 M KPi + 1.75 M KNO3 pH 2.5 was used as the buffer. A 50 mL, two compartment H-

cell was used and the buffer was stirred at 400 rpm in the working and reference electrode 

compartment to decrease local pH gradients during prolonged electrolysis. Chronoamperometry 

on catalyst films was performed at 1 mA cm–2 and the potential was recorded over time until film 

dissolution as noted by a sudden jump in potential to 2.7 V (potential required for 1 mA of OER 

by FTO). Independently prepared films were made and tested for acid stability three times to 

ensure reproducibility. 

Tafel Slope Collection. The oxygen evolution activity of the catalyst films were 

determined by measuring the steady-state current density (j) as a function of applied potential (E) 

in solutions of 100 mM KPi + 1 M KNO3 pH 2.5. Steady state conditions were obtained by 

holding the films at each discrete potential for 100s to allow for the current to converge. The 

measurements were initiated at the highest potential first to further minimize any 
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pseudocapacitance. Solutions were stirred at 400 rpm with a Teflon stir bar (sufficient to remove 

mass transport limitations) and the applied potentials were post corrected for uncompensated 

resistance by subtracting iR (measured on a blank FTO in the same solution conditions). Typical 

values of uncompensated resistance are ~17 Ω. Further precautions were exercised by targeting 

Tafel data collection at current densities between 1 µA and 1 mA cm–2. The current-potential 

data were plotted as log j vs. overpotential (η) to construct Tafel plots. The position (exchange 

current density) and the slope of the independently prepared films under the same conditions 

were reproduced three times. 

Cyclic Voltammetry (CV) Analysis. Catalyst films were prepared as described above 

and then transferred to 0.1 M KPi + 1 M KNO3 pH 2.5 after a quick rinse in distilled water. CV 

scans were initiated at the open circuit potential (~1.5 V) and then scanned towards positive 

potentials until ~2 mA of OER was obtained at which point the polarity of the scan was reversed 

towards negative potentials until ~0.6 V when the polarity was switched again ultimately ending 

at a potential before the onset of OER. Scans were run without pause in quiescent solution at a 

scan rate of 0.1 mV/sec with iR compensation corrected through automatic positive feedback.  

Faradaic Efficiency of Oxygen Evolution. The faradaic efficiency of oxygen evolution 

on PbNiFeOx films was determined in 0.1 M KPi + 1 M KNO3 pH 2.5 using a gas 

chromatograph as previously published.22 The film was mounted in a custom-built two-

compartment electrochemical cell where a cation-exchange membrane (Nafion 117, Sigma 

Aldrich) was used to separate the two chambers. An Ag/AgCl-based leak-free reference 

electrode (LF-1, Warner Instruments) was used as the reference electrode and a Pt wire was the 

counter electrode. A Viton O-ring was applied to define the area of working electrode and OER 

was sustained at constant current densities of 1 mA cm–2. While stirring, a constant flow of Ar 
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gas (20 sccm) was bubbled through the chamber of working/reference electrodes. The gas outlet 

was connected to a gas chromatograph equipped with a thermal conductivity detector (multiple 

gas analyzer #3, SRI Instruments). The amount of O2 in the out-fluxing Ar gas was quantified 

based on the calibration with known O2 concentrations. Initial control experiments were 

performed to ensure that the O2 in the air has no contribution to the measured O2 signals. The 

detected O2 concentrations were compared to the theoretical yield of O2, which was calculated 

by dividing the charge passed by 4F to obtain the faradaic efficiency. 
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Calculation of Buffer Capacity for Sulfuric Acid 
 
Calculations were conducted following previously published approach46 
 

H!SO! + H!O ⇆  H! + HSO!!    Ka1 = 1.0 x 103 
HSO!! + H!O ⇆  H! + SO!!!     Ka2 = 1.0 x 10–2 
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Calculation of Buffer Capacity for Phosphate Buffer 
 

H!PO! + H!O ⇆  H! + H!PO!!     Ka1 = 7.1 x 10–3 
H!PO!! + H!O ⇆  H! + HPO!!!    Ka2 = 6.3 x 10–8 
HPO!!! + H!O ⇆  H! + PO!!!     Ka3 = 4.2 x 10–13 
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X-Ray Absorption Spectroscopy. In situ Pb L3-edge, Ni K-edge, and Co K-edge X-ray 

absorption near-edge spectra (XANES) were performed on catalyst films prepared by 

electrodeposition on an X-ray transparent indium tin oxide coated poly(ethylene terephthalate) 

sheet (ITO-PET) with resistance of 60 Ω/sq and ITO coating of 1300 Å thickness (Sigma 

Aldrich). The ITO-PET sheets were fit to a home-made Teflon cell for XAS experiments. A 3 

cm × 5 cm sheet of ITO was covered with tape to expose 1 cm x 1 cm for deposition and 5 mm 

at the top for connection to the potentiostat. Unless otherwise noted, catalyst films were held at a 

specified potential in 0.1 M KPi + 1 M KNO3 pH 2.5 and stirred at 400 rpm. 

Ni K-edge, Co K-edge, and Pb L3-edge X-ray absorption near-edge structure (XANES) 

spectra were collected at beamline 12BM at the Advanced Photon Source at Argonne National 

Laboratory using a Si(111) X-ray monochromator with a focused beam size of ~0.5 x 0.5 mm. 

All data were collected in fluorescence mode using a 4-element Vortex SDD detector. Energy 

calibration was carried out using Ni foil, Pb foil, and Co foil. XAS data were collected at room 

temperature using a homemade in situ XAS cell. No sample damage due to X-ray beam exposure 

was observed after multiple scans using the same sample/electrode position. Three to five scans 

were averaged for analysis. Background subtraction and data normalization were carried out 

using the Athena software package.47 

X-Ray Photoelectron Spectroscopy (XPS). After completion of film deposition, the 

electrodes were gently rinsed in 18 MΩ distilled water and immersed in 0.1 M KPi + 1 M KNO3 

pH 2.5. Films were held under chronoamperometry at 1 mA cm–2 for 10 minutes unless 

otherwise noted and then rinsed in type I water. PbOx and PbFeOx films were held at 2.0 V to be 

more reflective of the potentials held by PbCoOx and PbNiOx based films (as oppose to the high 

potential of 2.7 V necessary to achieve 1 mA of OER in these film). Excess water was then 
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wiped off the back of the film and catalyst films were air-dried overnight. All samples were 

illuminated using a monochromated Al K α X-ray source (1486.6 eV energy and 0.85 eV line 

width)48 with a 400 μm spot size. Surface charging was compensated by a low energy (0-14 eV) 

electron flood gun. The system was pre-calibrated with Au, Ag, and Cu standards built into the 

sample stage using an automated routine. High-resolution spectra for Co 2p, Ni 2p, Pb 4f, C 1s, 

and O 1s were measured with a step size of 0.1 eV. Spectra for Ni, Co, and O were averaged 

from 50 scans, Pb from 30 scans, and C from 20 scans. All spectra were then calibrated to the C 

1s peak at 284.8 eV49 and normalized. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Trace elemental analysis 

was carried out with quadrupole ICP-MS (Thermo Electron, X-Series ICP-MS with collision cell 

technology). All pipettes and polypropylene tubes were soaked in ~5% TraceSELECT nitric acid 

overnight and rinsed with type I water. Films were digested by soaking in 20% double distilled 

trace nitric acid over two days. FTO substrates were then scanned by cyclic voltammetry after 

soaking in 20% nitric acid to ensure complete film digestion. ICP samples were then diluted to 

2% nitric acid. Film samples, standards, and controls were scanned twice for 60 s each for 56Fe, 

59Co, 60Ni, and 208Pb. Internal standards and controls confirm no signal drift.  

Tracking pH Deviation of Buffers. PbCoFeOx films were prepared as described above 

and immersed in the buffer of interest in a 50 mL H-cell. PbCoFeOx films were held at a 

potential required for 1 mA of OER by chronoamperometry while solutions were stirred at 400 

rpm. After a specified time, the potential and catalyst film were removed. The buffer solution on 

the reference electrode was collected, mixed, and then measured for pH. The same was 

conducted for the counter electrode compartment. New PbCoFeOx films were made for each data 

point in the 0-40 hr range. 
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