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DISSERTATION ABSTRACT 
 
Lisa J. Enman 

Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
September 2018 
 
Title: Structure-Property Relationships in Mixed-Metal Oxides and (Oxy)Hydroxides for 

Energy Applications 
 
 

Metal oxides and (oxy)hydroxides, particularly those containing two or more 

metals have many uses as electronic materials and catalyst, especially in energy 

applications.  In this dissertation, the structure-property relationships of these mixed-

metal materials are explored in order to understand how these materials work and to 

guide design of materials with even higher efficiency for a given application. Chapter I 

introduces the materials and studies undertaken.  Chapter II presents a fundamental 

analysis of the electronic and local atomic properties of mixed-transition-metal aluminum 

oxide thin films.  

The final three chapters focus on water electrolysis for hydrogen production, which 

is limited in part by the slow kinetics of the oxygen evolution reaction (OER).  Nickel-

iron and cobalt-iron (oxy)hydroxides have been shown to be the most active in alkaline 

conditions. Although it is evident that Fe is essential for high activity, its role is still 

unclear.  Chapter III investigates the role of Fe in NiOOH by comparing the effects of Ti, 

Mn, La, and Ce incorporation on the OER activity of NiOOH in base.  Chapter IV 

evaluates the OER activity and Tafel behavior of Fe3+ impurities on different noble metal 

substrates. Chapter V describes the results of in situ and in operando X-ray spectroscopy 
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experiments, which shows that the local structure around Fe atoms in Co(Fe)OOH 

changes during OER while that of Co stays the same. This work adds to the growing 

body of literature that suggests Fe is essential to the catalytic active site for the OER on 

transition-metal (oxy)hydroxides. 

This dissertation contains previously published and un-published coauthored 

material. 
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CHAPTER I 

 

INTRODUCTION 

 

Section “Electronic Structure Design in Amorphous Oxides” contains co-authored 

material previously published as J. Phys. Chem. C. 

2018, DOI: 10.1021/acs.jpcc.8b00239 reproduced with permission. Copyright 2018 

American Chemical Society.  Prof. Boettcher, M. Kast, and I conceived of the project.  I 

performed and directed experiments, collected data, and analyzed data with help from M. 

Kast, E. Cochran, E. Pledger, and M. Stevens. I wrote the paper with help from Prof. 

Boettcher and M. Kast along with editorial assistance from all authors. 

Section “Effects of Transition-Metal Cations on Nickel (Oxy)hydroxide Activity” 

contains co-authored material previously published as ACS Catal. 2016, 6(4), 2416-2423 

reproduced with permission.  Copyright 2016 American Chemical Society.  M. Burke 

and I conceived of the project. I performed the experiments and analyzed data with help 

from M. Burke and A. Batchellor.  I wrote the paper with help from Prof. Boettcher and 

editorial assistance from all authors. 

Section “Metal Electrode Substrate Effects on FeOxHy Activity” contains co-

authored unpublished material. Prof. Boettcher and I conceived of the project.  I 

performed experiments and analyzed data as well as directed experiments and analysis 

performed by undergraduate A. Vise.  I wrote the paper with help from Prof. Boettcher 

and A. Vise along with editorial assistance from all authors. It is prepared in the format of 

the Journal of the American Chemical Society. 

Section “The Role of Fe in the Oxygen Evolution Reaction on Co(Fe)OxHy” 

contains co-authored unpublished material. M. Stevens, Prof. Boettcher, and I conceived 

of the project. I performed experiments along with M. Stevens and M. Nellist with 

technical assistance from S. Fakra. M C. Toroker and M Dahan performed calculations. I 

analyzed data and wrote most of the paper with computational sections written by M. 
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Toroker and with editorial assistance from M. Stevens and S. Boettcher. It is prepared in 

the format for submission to the journal Angewandte Chemie International Edition. 

 

Electronic Structure Design in Amorphous Oxides 

Amorphous metal oxides have numerous applications spanning from electronics 

to catalysis. The ability to rationally design the electronic structure of such materials 

would thus have significant impact. Previous work has shown that the amorphous 

structure allows for uniformly incorporating a large number of different metal cations 

into ultra-smooth thin films. Here we investigate how the atomic structure, electronic 

structure, and optical absorption properties of amorphous aluminum oxide (a-Al2O3) thin 

films are modulated when metal cations of V, Cr, Mn, Fe, Co, Ni, Cu, Zn, or Ga are 

added to form MyAl1-yOx where y varies from 0.1 to 0.7. We use X-ray absorption 

spectroscopy (XAS) to analyze oxidation state and local bonding around the incorporated 

cations (e.g. coordination number), valence-band X-ray photoelectron spectroscopy (VB-

XPS) to assess the impact of the cations on the valence band electronic structure, and 

optical absorption spectroscopy to assess the presence and energies of new unoccupied 

electronic states (schematically depicted in Figure 1.1.).  Cations with partially filled d-

orbitals (e.g. Fe3+, Cr3+, Co2+, Ni2+, Cu2+, etc.) add filled 3d electronic states at the 

valence band edge of a-Al2O3 as well as unfilled 3d electronic states within the a-Al2O3 

band gap. Cations with the d10 electronic configuration, such as Zn2+ and Ga3+, introduce 

filled 3d electronic states at energies well below the valence band edge in addition to new 

unfilled electronic states in the a-Al2O3 band gap. Cations with unfilled d-orbitals (e.g. 

those with a d0 configuration such as V5+ and Cr6+) do not modify the valence band of a-

Al2O3, but affect the optical properties by inserting unfilled 3d electronic states within 

the band gap. These results provide guidance for the rational design of the electronic 

structure of amorphous mixed-metal oxides and are discussed further in Chapter II. 
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Figure 1.1. Schematic depiction of UV-vis and X-ray spectroscopies used to probe the 
density of states of transition-metal incorporated aluminum oxide thin films. 

Chapter II contains co-authored material previously published as J. Phys. Chem. 

C. 2018, DOI: 10.1021/acs.jpcc.8b00239 reproduced with permission. Prof. Boettcher, 

M. Kast, and I conceived of the project.  I performed and directed experiments, collected 

data, and analyzed data with help from M. Kast, E. Cochran, E. Pledger, and M. Stevens. 

I wrote the paper with help from Prof. Boettcher and M. Kast along with editorial 

assistance from all authors. 

 

Effects of Transition-Metal Cations on Nickel (Oxy)hydroxide Activity 

Fe-doped Ni (oxy)hydroxide, Ni(Fe)OxHy, is one of the most-active oxygen-

evolution-reaction (OER) catalysts in alkaline conditions, while Fe-free NiOxHy is a poor 

OER catalyst.  One approach to better understand the role of Fe, and enable the design of 

catalysts with higher activities, is to find other cations that behave similarly and compare 

the common chemical features between them.  In Chapter III, we evaluate the effects of 

La, Mn, Ce, and Ti incorporation on the OER activity and redox behavior of NiOxHy in 

rigorously Fe-free alkaline solution using cyclic voltammetry and electrochemical quartz-

crystal microgravimetry.  We use X-ray photoelectron spectroscopy and time-of-flight 

secondary-ion-mass spectrometry to confirm that measurements are free from relevant 

levels of trace Fe contamination.  We find that only Ce leads to increased activity in 

NiOxHy (about a factor of ten enhancement), but this effect is transient, likely due to 

phase separation.  We further find no clear correlation between activity and the nominal 

Ni2+/3+ redox potential, shown in Figure 1.2, suggesting that the “oxidizing” power of the 
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Ni is not directly correlated with the OER activity.  These findings are discussed further 

in Chapter III highlight the uniqueness of Fe and are consistent with it being the active 

site in Ni(Fe)OxHy. 

 

 

Figure 1.2. Comparison of Ni2+/3+ oxidation peak potential and OER turnover frequency 
(TOF) on Ni1-zMzOxHy thin film electrocatalysts. 

Chapter III contains co-authored material previously published as ACS 

Catal. 2016, 6(4), 2416-2423 reproduced with permission. M. Burke and I conceived of 

the project. I performed the experiments and analyzed data with help from M. Burke and 

A. Batchellor.  I wrote the paper with help from Prof. Boettcher and editorial assistance 

from all authors. 

 

Metal Electrode Substrate Effects on FeOxHy Activity 

 FeOxHy and Fe-containing materials are the some of the most active catalysts for 

the OER in alkaline solution.  However, its activity is highly dependent on the electrode 

substrate material and/or the elemental composition of the matrix in which it is 

embedded.  A fundamental understanding of these interactions that modulate the OER 

activity of FeOxHy is lacking.  In Chapter IV, we use cyclic voltammetry and 

chronopotentiometry to assess the substrate-dependent activity of FeOxHy on a number of 

commonly used electrode substrates, Au, Pt, Pd, Cu, and C.  We also evaluate the OER 

activity and Tafel behavior of these metallic substrates in 1 M KOH aqueous solution 

with Fe3+ and other electrolyte impurities.  We find that the OER activity of FeOxHy 

varies by substrate in the order Au > Pd ≈ Pt ≈ Cu > C.  The trend is likely caused by 

differences in the adsorption strength of metal-oxo-ion and metallic substrate, where a 
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stronger adhesion results in decreased charge-transfer resistance at the FeOxHy-substrate 

interface. These results also suggest that the local atomic and electronic structure of 

[FeO6] units play an important role in catalysis of the OER as it can be tuned by substrate 

interactions, and is further discussed in Chapter IV. 

Chapter IV contains co-authored unpublished material. Prof. Boettcher and I 

conceived of the project.  I performed experiments and analyzed data as well as directed 

experiments and analysis performed by undergraduate A. Vise.  I wrote the paper with 

help from Prof. Boettcher and A. Vise along with editorial assistance from all authors. It 

is prepared in the format of the Journal of the American Chemical Society. 

 
The Role of Fe in the Oxygen Evolution Reaction on Co(Fe)OxHy 

In alkaline conditions, Fe-incorporated Ni- and Co-based (oxy)hydroxides 

(Ni(Fe)OxHy, Co(Fe)OxHy) are among the best electrocatalysts for the oxygen evolution 

reaction (OER).  Fe cations are essential for the high activities measured, but the role of 

Fe in the catalytic mechanism remains controversial. In Chapter V we use operando X-

ray absorption spectroscopy (XAS) to demonstrate partial Fe oxidation and a shortening 

of the Fe-O bond length during oxygen evolution in Co(Fe)OxHy. Co oxidation is only 

observed in the absence of Fe. These results support the hypothesis that Fe is the active 

site in high-activity Co(Fe)OxHy OER catalysts, and the partial oxidation is consistent 

with the idea that only some of the Fe sites are highly reactive.  These results are further 

discussed in Chapter V. 

Chapter V contains co-authored unpublished material. M. Stevens, Prof. 

Boettcher, and I conceived of the project. I performed experiments along with M. Stevens 

and M. Nellist with technical assistance from S. Fakra. I analyzed data and wrote most of 

the paper with computational sections written by M. Toroker and with editorial assistance 

from M. Stevens and S. Boettcher. It is prepared in the format for submission to the 

journal Angewandte Chemie International Edition. 
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CHAPTER II 

TRANSITION-METAL-INCORPORATED ALUMINUM OXIDE THIN FILMS: 

TOWARDS ELECTRONIC SRUCTURE DESIGN IN AMORPHOUS MIXED-

METAL OXIDES 

Chapter II contains co-authored material previously published as J. Phys. Chem. 

C. 2018, DOI: 10.1021/acs.jpcc.8b00239 reproduced with permission. Copyright 2018 

American Chemical Society.  Prof. Boettcher, M. Kast, and I conceived of the project.  I 

performed and directed experiments, collected data, and analyzed data with help from M. 

Kast, E. Cochran, E. Pledger, and M. Stevens. I wrote the paper with help from Prof. 

Boettcher and M. Kast along with editorial assistance from all authors. 

Introduction  

Amorphous and polycrystalline mixed-metal oxides are employed in applications 

that range from thin-film transistors1–4 and solar cells,5,6 to catalysts for reactions 

including hydrocarbon oxidation,7–9 hydrogen production via water-splitting,10 and 

oxygenate reforming.11–13 The versatility of mixed-metal oxide materials is due to their 

wide range of electronic properties, which depend on chemical composition and physical 

structure (e.g. crystalline vs. amorphous).  For example, the band gap of bismuth-

containing mixed-transition-metal oxides, used for oxidation catalysis, varies based on 

the identity of the transition metal(s) due to the dependence of the lowest unoccupied 

energy levels on empty d-orbitals.9  Electron-selective contacts to organic photovoltaics 

have been made by tuning the conduction band position of amorphous In-Ga-O and Ga-

Zn-Sn-O.14 Efficient water oxidation catalysts have nominally amorphous mixed-metal-

oxide phases on the surface that are responsible for the catalytic activity.8,15  

Designing mixed-metal oxides for these, and other, applications requires the 

ability to systematically vary structural and electronic properties. The fundamental 

understanding of correlations between composition, local atomic bonding, and electronic 

structure essential for this goal, however, is lacking – particularly for amorphous and 

mixed-amorphous-polycrystalline thin films.  Much of this knowledge gap is due to the 

lack of long range order in these systems, which makes typical structural probes (e.g. X-
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ray diffraction, XRD) inadequate, necessitating the use of synchrotron techniques (e.g. X-

ray absorption spectroscopy, XAS).16  The electronic structure is also complex for 

amorphous and multicomponent systems.17,18 Electron correlation in transition metal 

oxides can make computation of electronic structure difficult19 for amorphous materials 

where large structure units are required for calculations.20  For such amorphous oxides, 

the electronic structure might be predicted based on the experimental atomic and 

electronic structures of the parent crystalline binary oxides. However, the coordination 

environment in amorphous films can differ substantially from purely crystalline oxides21–

24 and the electronic structure is dependent on the metal cation coordination.25,26  

Here we aim to understand how the electronic structure of mixed-metal-oxide thin 

films can be controlled to design new materials. We systematically compare the 

electronic and local atomic structure of MyAl1-yOx thin films, where M = V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, or Ga and y varies from 0.1 to 0.7. The materials can be considered 

mixtures of a wide-band-gap insulating oxide, e.g. amorphous Al2O3 (alumina), and 

metal cations that have varying number of 3d electrons. Alumina is chosen as the host 

material because it can readily incorporate many different cations as an amorphous film27 

and has a wide band-gap26 that allows for directly measuring the energetics of the 

electronic states added into the band gap. Additionally, transition-metal-incorporated 

alumina is of interest for many applications, e.g. catalysis12,28–32 and photovoltaics,33 

where the electronic structure determines its utility. We previously showed such 

multicomponent MyAl1-yOx thin films are easily synthesized from solution precursors 

and are ultra-smooth over a wide composition range.27 Here we focus on understanding 

the local atomic and electronic structure of the films, and how they depend on 

composition.  Except for Co, Ni, and Cu at y ≥ 0.2, the MyAl1-yOx films remain 

amorphous up to y = 0.4 or higher.  This composition space allows for an assessment of 

periodic trends based on number of d-electrons and the metal cation oxidation state.  The 

transition metal concentration range also allows for the study of both amorphous alloy 

and mixed-amorphous-polycrystalline compositions, giving access to multiple 

coordination environments for most of the transition metals. 
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We use X-ray absorption spectroscopy to determine the coordination around the 

transition metal, the metal-oxygen bond length, and the transition metal oxidation state.  

UV-vis absorption spectroscopy is used to determine the optical charge-transfer band gap 

and further confirm coordination environment around the transition metals. The 

electronic structure in the valence band is determined using X-ray photoelectron 

spectroscopy (XPS).  By empirically probing the electronic and local atomic structure, we 

determine that the d-electron count of the transition metal cation, which is linked with the 

choice of transition metal, oxidation state, and concentration, influences the final 

electronic structure and optical properties of the film.  

Experimental 

Film Deposition. Aqueous precursor solutions were prepared from transition-metal nitrate 

(or chloride in the case of V) salts and aq. Al(NO3)x(OH)3-x solutions, as described 

previously.27  The aq. Al(NO3)x(OH)3-x solution was prepared via the process described 

by Wang et al.34  Briefly, approximately 40 mL aliquots of 1 M aq. Al(NO3)3 were 

subject to 1.8 kC of reductive charge (-100 mA for 5 h) while stirring in a glass container 

using an 80 cm2 Pt-mesh working electrode, a Pt-coil counter electrode (separated by a 

glass frit), and a DC power supply.  This results in an increase of the pH of the solution, 

causing oligomerization and formation of soluble “flat” [Al13(μ3-OH)6(μ-

OH)18(H2O)24](NO3)15 clusters, which we will refer to as the f-Al13 precursor solution.  

To account for any evaporation, the f-Al13 solution was then standardized to a 1 M [Al] 

via gravimetric analysis.  The f-Al13 precursor was then mixed with the 1 M aq. 

transition-metal nitrate solutions in appropriate ratios to achieve the desired film 

compositions (the solution metal ratios are maintained in the film, as shown 

previously).27  

 Substrates for film deposition varied by experiment.  500-μm-thick (100) Si was 

used for XAS and ellipsometry.  For XPS measurements, 500 μm-thick (100) Si 

substrates were coated with 25 nm of Ti (adhesion layer) followed by 50 nm of Ir via 

electron beam evaporation prior to film deposition (to minimize charging phenomena).  

Fused-quartz substrates were used for UV-vis and X-ray reflectivity (XRR) 

measurements.  All substrates were cut into 2 × 2 cm squares and cleaned via sonication 
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in aq. detergent solution (Contrad 70, 6.25%) for 10 min.  Substrates were then rinsed 

with 18.2 MΩ·cm water for 30 s and dried for 30 s on a spin coater at 3000 rpm.   To 

render them hydrophilic, the substrates were treated with O2/N2 plasma for 10 min, and 

finally water-rinsed for 10 s and spin-dried for 20 s at 3000 rpm before deposition. 

Approximately 250 μL of precursor solution (enough to cover the substrate) was dropped 

from a plastic syringe through a 0.2 μm filter onto the substrate, which was then spun at 

3000 rpm for 30 s.  The spun film was immediately placed on an Al block on a hot plate 

at 150 °C for 5 min to set the film and then moved onto an Al block at 450 °C to anneal 

for 10 min for multi-layer films or 30 min for single-layer films.  To fabricate multi-layer 

films the substrates were subject to successive water rinses, solution depositions and 150 

°C/450 °C annealing steps until the desired number of layers was reached, at which point 

the film was annealed at 450 °C for 30 min.   

X-ray Absorption Spectroscopy. XAS measurements were performed on Beamline 12-

BM,B (bending magnet) of the Advanced Photon Source at Argonne National Lab.  Data 

were collected at V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Ga K-edges.  Si(111) was used as a 

monochromator and the incoming beam was detuned 60-80% for harmonic rejection with 

a 1.5 mm × 0.5 mm spot size.  Samples were approximately 300-nm-thick films 

deposited on Si(100) substrates and were measured in air at room temperature in total 

fluorescence mode using a 13-element Ge detector (Canberra).  The energy was 

calibrated by measuring the absorption at the K-edge of metallic foils of the same 

element (except for the L-edge of Ta used for Ga calibration) in transmission mode 

directly before and after each set of samples (2-5 samples) to verify there was no shift in 

the energy axis. The edge energy was selected as the highest point in the first derivative 

of μ(E) and shifted to the metal foil value as listed in the Hephaestus software.35 All 

sample spectra for a given metal edge were shifted by this same amount before 

determining E0 for the sample. The energy of the first peak in the first derivative of μ(E) 

(after the pre-edge feature) was taken as E0 for each sample (Table A.1). 

 All XAS data was analyzed using the Athena/Artemis software package.35  

Absorption spectra were merged (between two and six scans) and normalized to an edge 

step of 1.0 using the Athena software.  FT-EXAFS spectra were fit using Artemis 
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software, in which theoretical scattering paths of crystalline oxides (Shcherbinaite-

V2O5,36 α-Cr2O3,37 CrO3,38 α-Mn2O3,39 α-Fe2O3,40 Co3O4,41 NiO,42 CuO,43 hexagonal 

ZnO,44 and β-Ga2O345) were computed using FEFF646,47 with crystal structures obtained 

from the Inorganic Crystal Structure Database (ICSD).  Fits were performed over an R-

space of 0.9 – 2 Å in the Fourier transform using k-ranges of 2.5 to 11 Å-1 (V, Fe, Co, Ni, 

Cu, Zn) or 2.5 to 12 Å-1 (Cr, Mn, Ga) with a Hanning window and k2-weighting.  EXAFS 

spectra plotted in k-space can be found in Figure A.14. The amplitude reduction factor, 

S02, values for each metal edge were calculated from fits to spectra of polycrystalline 

films (Shcherbinaite-V2O5, α-Cr2O3, α-Mn2O3, α-Fe2O3, Co3O4, NiO, CuO, hexagonal-

ZnO, and β-Ga2O3) and were constrained between 0.7 and 1.0.  The obtained S02 value 

was then used in the fits to sample spectra in order to calculate oxygen coordination 

around each transition metal.  The values of the difference in energy alignment between 

sample and standard, E0, the difference in path length between sample and standard, ΔR, 

and the mean square disorder parameter, σ2, were also allowed to vary in the fits (see Eq. 

A.1).35  The number of independent points ranged from 5.3 to 6, determined by the 

Nyquist criterion. 

X-ray Photoelectron Spectroscopy.  Valence band XP spectra were collected on a 

ThermoScientific EscaLab 250 with a monochromatic Al Kα (1486 eV) X-ray source 

using a 500 μm spot size, 40 eV pass energy and 0.2 eV step size. Core-level spectra 

(Figures A.3 – A.12) were collected with a pass energy of 20 eV and step size of 0.1 eV. 

An in-lens electron flood gun was used for charge neutralization. All spectra were shifted 

so that the adventitious C-H peak was centered at 248.8 eV binding energy.   

X-ray Diffraction.  XRD patterns (shown in Figures A.1 and A.2) were collected on the 

same samples used for XAS measurements.  Data were collected in a grazing-incidence 

(GIXRD) geometry on a Rigaku SmartLab with a Cu Kα source. The incident beam angle 

was 0.5° (relative to sample) and reflected signal was collected with a scintillation point 

detector over a range of 10 – 70° 2θ in step sizes of 0.1° with a 30 s integration time.  Ni 

foil was used to filter out Cu Kβ radiation. 

Thickness Characterization.  The thickness of films on fused-quartz substrates used for 

optical measurements was measured directly using XRR except for films that were too 
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rough (frequently found for compositions know to phase segregate) to yield Kiessig 

fringes that could be fit. For these compositions, an identical film was deposited onto a 

(100) Si substrate and the thickness measured with ellipsometry.  XRR was carried out on 

a Bruker D8-Discover with a Cu Kɑ source.  Spectra were collected from 0 – 6° 2θ after 

sample alignment. The thickness of each sample was determined with Fourier transform 

fits using GlobalFit software (Rigaku).  Ellipsometry measurements were carried out on a 

Woollam M44 Spectroscopic Ellipsometer.  Data were fit with a single Cauchy-model 

layer to determine the thickness. 

Optical Absorption Characterization.  Transmittance and reflectance measurements were 

collected on a Perkin Elmer Lambda-1050 UV/Vis/NIR spectrophotometer utilizing a 

150 mm integrating sphere.  Deuterium and tungsten halogen light sources were used 

with a Si photomultiplier tube. The transmittance and reflectance measurements were 

taken at the transmittance and reflectance ports on the integrating sphere, respectively.  

This allowed for collection of all transmitted (or reflected) light, including both specular 

and diffuse components.  A Speclatron® reflectance standard was used. The optical 

absorption coefficient was calculated using 

𝛼𝛼 = −1
𝑙𝑙
�ln � 𝑇𝑇s

1−𝑅𝑅s∙𝐶𝐶r
� − ln � 𝑇𝑇q

1−𝑅𝑅q∙𝐶𝐶r
��,   (Eq. 2.1.) 

where α (cm-1) is the absorption coefficient, l is the film thickness (cm), Ts is the 

transmittance of a sample, Rs is the reflectance of a sample, Cr is the reflectance 

correction factor, Tq is the transmittance and Rq is the reflectance of the fused-quartz 

substrate, respectively.48 

The Cr parameter accounts for the difference in the collection efficiency of the 

integrating sphere as a function of the amount of specular and diffuse reflected light.  As 

reported previously a Cr of 0.8 is needed when a Speclatron® reflectance standard is used 

with samples that are very smooth and whose reflectance is mostly specular.48  We 

verified this as a reasonable factor by calculating the absorbance of our fused-quartz 

substrate with and without using the correction factor.  If the correction factor is not used 

negative non-physical absorbance values are found. This is due to the higher collection 
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efficiency of an integrating sphere with regards to specular reflected light over diffusely 

reflected light.  Thus the “1-R” term is too small resulting in absorbance that is too low 

(negative if in a region of the spectrum where no absorption is observed).  With the 

correction factor applied no non-physical negative absorbance is observed.  Effective 

optical band gaps were determined by the energy where the absorption coefficient α was 

≥ 10-5 cm-1 to avoid tail state transitions that typically occur below this value.49 

Results and Discussion 

As discussed in the following sections, we find that the transition-metal d-electron 

count, which dictates the crystal-field stabilization energy (CFSE) and therefore 

preference for octahedral (Oh) or tetrahedral (Td) coordination (based on the octahedral 

site preference energy, OSPE),50 is the best predictor of the resulting film’s structural and 

electronic properties. The electronic structure of the different transition-metal-

incorporated amorphous aluminum oxide (a-Al2O3) thin films can be generalized into 

four different groups: metal cations with no d-electrons (d0), those with exactly five d-

electrons (d5, high spin), those with partially filled orbitals (dn, but not d5) and cations 

with completely filled d-orbitals (d10). 

From our previous work,51 the local structure of a-Al2O3 deposited via spin-

casting from aqueous f-Al13 solutions was shown by 27Al solid-state nuclear magnetic 

resonance spectroscopy to consist of a mixture of 4-, 5-, and 6-coordinate Al species.  

The average Al coordination number is about 4.6 over a wide annealing temperature 

range (400 – 800 °C). Only about 10% of the Al in these films exists as 6-coordinate 

species. This average coordination gives a low oxygen coordination number, (CO), 

consistent with an open amorphous network.  CO is dependent on the metal coordination, 

CM, and oxidation state, QM, by 

𝐶𝐶O = 𝐶𝐶𝑀𝑀|𝑄𝑄𝑂𝑂|
|𝑄𝑄𝑀𝑀|

,      (Eq. 2.2) 

where QO is the charge on the oxygen anions.52 Previously we showed that dn 

(where n ≠ 0, 5, or 10) cations phase segregate from a-Al2O3 into transition metal oxide 

particles at relatively low concentration (>10% total metal).27 Here we show that when 
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incorporated into the a-Al2O3 matrix at lower concentrations, these dn cations may adopt 

a different local coordination or oxidation state from their parent transition metal oxide 

(i.e. that prepared in this work under the same conditions from the pure transition metal 

salt, y = 1).  This effect is presumably driven by the amorphous network in which a low 

oxygen coordination (CO) is more energetically favorable for an open network and an 

amorphous structure.52,53  This phenomenon makes predictions of the electronic structure 

for mixed-oxide amorphous films difficult, as most non-computational predictions are 

based on the assumption that bonding motifs are similar between the parent and the 

mixed-metal oxides.54 Transition-metal cations that are d0, d5 high-spin, or d10 

incorporate into a-Al2O3 up to much higher concentrations, likely due to their isotropic 

d-electron configurations (i.e. no CSFE) allowing them to maintain a low coordination 

number.27  The average coordination numbers of the transition metal in amorphous films 

in this work are similar to that of a-Al2O3, ~4.5, suggesting that the transition metals are 

replacing Al atoms in the amorphous structure. Additionally, there is no diffraction from 

crystalline Al2O3 or MAl2O4 phases, indicating the films are amorphous alloys. In the 

next sections we discuss the electronic structure, local atomic structure, and optical 

properties of each class of metal cations in more detail. 

d0 Transition-Metal Cations.  Both VyAl1-yOx and CryAl1-yOx films contain d0 cations, 

V5+ and Cr6+, respectively, as determined by the position of the metal K-edge as well as 

V and Cr 2p XPS (Figures A.4 and A.5).  The lack of d-electrons on these cations results 

in a zero crystal field stabilization energy (CFSE) and therefore no preference for Td or 

Oh coordination.55  The V5+ and Cr6+ cations readily adopt the lower cation coordination 

of the a-Al2O3 matrix (~4.5), allowing the mixed films to remain amorphous up to high 

concentrations (y = 0.5).  Fits to the FT-EXAFS data in Figure 2.1b indicate that V5+ 

cations have an average coordination of 4.5 (Figure 2.1c) in VyAl1-yOx films, presumably 

a mix of 4- and 5-coordinate V5+.  The presence of 4- and 5-coordinate V is further 

supported by the XANES data in Figure 2.1a, where the intensity of the pre-edge feature 

(Figure 2.1a inset) is high for VyAl1-yOx films, indicative of a non-centrosymmetric 

environment.   The narrower distribution of V – O bond lengths in VyAl1-yOx films (< 0.2 

Å), determined from fits to the FT-EXAFS shown in Figure 2.1c, suggests the V 
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geometry is different than in V2O5 films, despite the similar coordination number.  The 

ability of V5+ cations to incorporate into the a-Al2O3 film is maintained up to high 

concentration, y = 0.5, as shown previously.27 At y = 0.7 a crystalline VOx phase different 

from V2O5 is present27 (Figure A.2) however, by XAS the film still appears very 

disordered; the XANES region (Figure 2.1a) of V0.7Al0.3Ox is more similar to amorphous 

VyAl1-yOx films than the crystalline V2O5, with no sharp features past the absorption 

edge. 

 The unique coordination of V5+ cations in VyAl1-yOx films compared to V2O5 is 

also apparent from their UV-vis absorption spectra in Figure 2.1e.  The UV-vis spectrum 

of V2O5 shows absorption bands centered around 480, 420, 375, and 260 nm, 

representing transitions from occupied O 2p into empty V 3d orbitals. These appear to 

correspond to the four d-orbital energy levels created by the crystal field of the square 

pyramidal geometry of the V5+ cation in the Shcherbinaite-V2O5 phase.56 Additionally, 

the band gap of the V2O5 film found here (~ 2.1 eV) agrees well with previous 

reports.56,57  

The spectra for VyAl1-yOx films, where y ≤ 0.5, appear to have only two distinct 

absorption bands, 280 and 225 nm.  These likely correspond to O 2p – V 3d transitions 

into the empty t2 and e orbitals, respectively, of a tetrahedral V5+ cation.  The contraction 

of the d-splitting (as expected in going from square pyramidal to tetrahedral geometry) 

results in a greater energy difference between the O 2p orbitals and the lowest V 3d 

orbitals (t2 in distorted-octahedra and e in tetrahedra). This pair of strong absorption 

peaks has been seen for tetrahedral V5+ in other systems, notably on Al2O3/Al(OH)3 

surfaces.58 The broadness of the absorption peaks is likely reflective of the broad range of 

d-band energy levels due to variation in V-O bond distances and O-V-O bond angles in 

the disordered amorphous film. It is also notable that the spectrum for V0.7Al0.3Ox more 

closely resembles those of amorphous VyAl1-yOx compositions, again indicating the 

similar V – O local coordination that is different from that in V2O5. 

Due to the lack of d-electrons, the valence band position of the VyAl1-yOx films 

remains relatively constant with increasing V content, as shown in Figure 2.1d.  The 

optical band gap (Figure 2.1e), however, decreases substantially upon addition of V at y = 
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0.1 to a-Al2O3, suggesting modification of the conduction band.  This decrease in 

effective band gap is thus the result of insertion of V 3d orbitals above the O 2p valence 

band, but below the Al 3s conduction band of a-Al2O3.  The V0.5Al0.5Ox and V0.7Al0.3Ox 

films have the same effective band gap which is smaller than that of the amorphous 

VyAl1-yOx films, despite the similar local V coordination, likely due to full delocalization 

of the V 3d orbitals. 

In whole, the data thus show it is possible to systematically tune the conduction 

band edge position of VyAl1-yOx via the concentration of V cations while maintaining an 

essentially constant valence band position.  The conduction band edge position, dictated 

by the energy of the unfilled 3d orbitals of V, is modulated by the change in orbital 

overlap of the V5+ 3d orbitals with V5+ concentration. 

 

Figure 2.1. Analysis of VyAl1-yOx thin films.  a) V K-edge XANES, b) FT-EXAFS with 
fits (dashed lines) to the first coordination sphere (solid black line), c) V-O bond lengths 
(closed circles) and coordination numbers (open squares) from fits to the FT-EXAFS, d) 
valence band XP spectra, e) thin film UV-vis spectra, and f) schematic density of states 
(DOS) diagram of amorphous VyAl1-yOx films. The grey shaded region in (d) indicates 
the amorphous composition range and lines between points are meant to guide the eye. 
The data show that the conduction band edge – and hence optical band gap – can be 
tuned by V concentration while the position of the valence band edge is kept constant. 
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In our analysis, we find that CryAl1-yOx films contain d0 Cr6+ cations as well as d3 

Cr3+ cations.  The ratio of Cr6+ to Cr3+ decreases with increasing Cr concentration.  The 

presence of Cr6+ despite starting with a Cr3+ precursor is likely due to oxidation of Cr3+ to 

HCrO4- by molecular oxidation during spin-casting/annealing. The Cr3+/HCrO4- 

reduction potential becomes more negative with increasing pH and decreasing 

concentration.59  We find higher concentrations of Cr6+ in films that have lower total Cr 

concentration and a higher precursor solution pH (f-Al13 precursor has a higher pH than 

aq. 1 M Cr(NO3)3).   

The presence of both Cr6+ and Cr3+ was confirmed by multiple techniques, shown 

in Figure 2.2.  The Cr K-edge in Figure 2.2a gradually shifts to lower energy as y goes 

from 0.1 to 0.5, indicating a decrease in the average oxidation state of Cr in the films.  

Additionally, the intensity of the pre-edge feature in the XANES region (Figure 2.2a 

inset) of CryAl1-yOx films continually decreases with increasing Cr, indicating a decrease 

in tetrahedral Cr6+ and an increase in octahedral Cr3+.60 The oxidation states of Cr are 

further confirmed by Cr 2p XPS (Figure A.5). The FT-EXAFS in Figure 2.2b has two 

distinct first shell peaks for y = 0.2 – 0.5, suggesting there are two different M – O bond 

lengths; Cr6+ has tetrahedral coordination with a short bond length around 1.6 Å, while 

Cr3+ is octahedral with a bond length of about 1.9 Å.37,38 Absorption bands from both Cr 

species can also be seen in the UV-vis spectra in Figure 2.2e for films with y ≥ 0.5 (the 

symmetry-forbidden Cr3+ d-d transitions in films with lower Cr concentration are too 

weak to be observed).61 The O 2p – Cr 3d transitions of Cr6+ are centered around 3.4 and 

4.5 eV, while the d – d transitions of Cr3+ are centered at 2.0 and 2.6 eV.62  The energy of 

Cr3+ d-d transitions in CryAl1-yOx films is similar to crystalline α-Al1-xCrxO3.63,64  As the 

amount of Cr increases, so does the ratio of Cr3+ to Cr6+ resulting in overlapping O 2p – 

Cr 3d transitions.  The presence of Cr3+ also results in a shift of the valence band 

maximum to higher energies due to the occupied Cr 3d states as shown in the valence 

band XP spectra in Figure 2.2d. 

Overall, the data on CryAl1-yOx films show that the electronic structure can be 

systematically tuned by modulating the valence band edge position through the Cr3+/Cr6+ 
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ratio and the related local coordination geometry. Synthetically, the Cr3+/Cr6+ ratio can 

likely be modified via the precursor transition metal concentration and solution pH. 

 

Figure 2.2. Analysis of CryAl1-yOx thin films. a) Cr K-edge XANES, b) FT-EXAFS with 
fits (dashed lines) to the first coordination sphere (solid black line), c) Cr-O bond lengths 
(closed circles) and coordination numbers (open squares) from FT-EXAFS fits, d) 
valence band XP spectra, e) UV-vis spectra, and f) schematic DOS diagram of 
amorphous CryAl1-yOx thin films showing both Cr6+ (Td) and Cr3+ (Oh) coordination. The 
grey shaded region in (d) indicates the amorphous composition range and lines are meant 
to guide the eye. The data show how the valence band edge can be tuned to higher energy 
as the octahedral Cr3+ concentration is increased. 

d5 Transition-Metal Cations.  The FeyAl1-yOx films contain d5 Fe3+ ions, determined from 

the energy of the main edge on the Fe K-edge absorption spectra in Figure 2.3a and 

further confirmed by XPS (Figure A.7). The d5 electron count and the weak field of the 

oxygen ligands leads to isotropy in the crystal field, resulting in no difference in CFSE 

for Td or Oh coordination. Fitting of the FT-EXAFS of the FeyAl1-yOx films (Figure 2.3b 

and 3c) indicates that the average oxygen coordination around Fe atoms is ~ 4.5, 

suggesting more tetrahedral as opposed to octahedral Fe3+ ions. Td coordination is also 

consistent with the increased intensity of the pre-edge XANES feature (Figure 2.3a inset) 

compared to α-Fe2O3, in which Fe3+ has Oh coordination. It is likely that the ability of 



18 
 

the Fe3+ ion to readily adopt a lower coordination, e.g. Td, allows the FeyAl1-yOx films to 

remain amorphous up to high amounts of Fe.27  

The presence of Fe in FeyAl1-yOx films shifts the UV-vis absorption onset to 

lower energies compared to a-Al2O3, as seen in Figure 2.3e.  This decrease in effective 

band gap is the result of a change in the charge transfer gap from an O 2p – Al 3s 

transition in a-Al2O3 to O 2p – Fe 3d in FeyAl1-yOx films, as the effective band gap 

estimated from the UV-vis data, 3.0 eV (Figure 2.3e), agrees well with the charge transfer 

gap reported for α-Fe2O3.65,66 The forbidden Fe3+ d – d transitions are likely too weak to 

be observed in the optical absorption spectra for films with low Fe content,61 but are 

visible in Fe0.7Al0.3Ox and α-Fe2O3 (although the amorphous nature of the former causes 

significant broadening of the features). Although d-d transitions are not observed in the 

optical spectra of FeyAl1-yOx films with low Fe content, VB-XPS in Figure 2.3d shows 

(via the shift in the valence band edge) that there are filled Fe 3d states at the top of the 

valence band, above the O 2p states.  The addition of filled 3d states above the valence 

band of a-Al2O3 is expected from the five additional valence electrons of Fe3+ compared 

to Al3+.  

 

 
Figure 2.3. Analysis of FeyAl1-yOx thin films. a) Fe K-edge XANES, b) FT-EXAFS with 
fits (dashed lines) to the first coordination sphere (solid black line), c) Fe-O bond lengths 
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(closed circles) and coordination numbers (open squares) from fits to FT-EXAFS, d) 
valence band XP spectra, e) UV-vis spectra, and f) schematic DOS diagram of FeyAl1-

yOx films.  The grey shaded region in (d) indicates the amorphous composition range and 
lines between points are meant to guide the eye. The data show how Fe is largely 
tetrahedral in coordination and introduces occupied states at the top of the valence band 
that tune the VB edge energy along with unfilled states that give rise to visible optical 
transitions. 
 

 MnyAl1-yOx films also contain some cations with a d5 electron configuration, 

Mn2+, as determined by the slightly lower energy of the Mn K-edge in Figure 2.4a 

compared to that of the α-Mn2O3 standard.  However, a large percentage of Mn in the 

film exists in the d4 Mn3+ configuration, based on the similarity of the XANES region to 

the α-Mn2O3 spectrum and the shake-up features of the Mn 2p peaks in the XP spectra 

(Figure A.6).67 The single peak in the pre-edge, Figure 2.4a inset, for MnyAl1-yOx films 

where y ≤ 0.4 suggests that Mn is not present in a centro-symmetric Oh geometry, but is 

more disordered.68  This distortion is possibly due to the presence of multiple oxidation 

states and the amorphous a-Al2O3 network lowering the coordination number for Mn. 

Fits to the FT-EXAFS, shown in Figures 2.4b and 2.4c, indicate a low coordination 

around Mn atoms, ~ 4.0, however the extracted values may be artificially low due to the 

high amount of disorder in the local geometry (i.e. bond lengths and coordination 

number) of Mn atoms.69,70  

 The disorder of the Mn local geometry is also apparent from the UV-vis spectra in 

Figure 2.4e, where the absorption edge of each spectrum is difficult to determine due to 

significant tailing. The onset of absorption is at a similar energy (~ 2 eV) to that of 

MnAl2O4,71 however the spectral features in amorphous MnyAl1-yOx films are 

significantly broader due to multiple Mn and Al geometries and the overall amorphous 

structure. Crystalline Mn2O3 is present for films where y > 0.4, but the absorption spectra 

of these films more closely resemble those of the amorphous MnyAl1-yOx films, 

indicating much of the Mn is still present in the a-Al2O3 phase.  The VB-XPS data in 

Figure 2.4d show an increase in the valence band edge to higher energy, likely due to the 

addition of filled 3d states from Mn2+/3+.  Given the d-electron counts of Mn2+ and Mn3+, 

unfilled 3d Mn states are presumably added as well, giving rise to overlapping Mn 3d – 
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3d and O 2p – Mn 3d transitions that account for the tailing absorption in MnyAl1-yOx 

films. 

This data shows that, like adding Fe3+, the addition of Mn2+/3+ adds new filled 

electronic states at the valence band edge and unfilled states in the band gap of a-Al2O3. 

The data also indicate that precise tuning of the electronic structure of MnyAl1-yOx films 

is difficult due to the multiple oxidation states and local geometries of Mn cations 

resulting in many overlapping electronic states. 

 

Figure 2.4. Analysis of MnyAl1-yOx thin films. a) Mn K-edge XANES, b) FT-EXAFS 
with fits (dashed lines) to the first coordination sphere (solid black line), c) Mn-O bond 
lengths (closed circles) and coordination numbers (open squares) from FT-EXAFS fits, d) 
valence band XP spectra, (e) UV-vis spectra, and f) schematic DOS diagram of MnyAl1-

yOx films.  The grey shaded region in (d) indicates the amorphous composition range and 
lines between points are meant to guide the eye. The data show that the addition of Mn 
cations in MnyAl1-yOx adds both occupied and unoccupied states of Mn2+ and Mn3+ 
giving rise to broad optical absorption features. 
 

d6,7,8,9 Transition-Metal Cations.  Transition-metal cations that are not d0, d5 high spin, or 

d10 contain partially filled degenerate d-orbitals which leads to a greater crystal-field 

stabilization energy and a strong preference for octahedral vs. tetrahedral coordination.  

As we have shown previously, these cations tend to readily phase separate to form the 

binary transition metal oxides rather than an amorphous alloy with a-Al2O3.27  
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In the XANES edge analysis of CoyAl1-yOx films here, we find Co in both the 2+ 

and 3+ oxidation states, with increased 2+ content at lower Co concentrations.  These 

oxidation states are also confirmed by Co 2p XPS (Figure A.8).  In the binary oxide, 

Co3O4, Co3+ ions have a d6 electron count and an Oh coordination while Co2+ ions have a 

d7 electron count in a Td geometry.  CoyAl1-yOx films with y = 0.1, which are X-ray 

amorphous (Figure A.1), have Co in a lower average coordination with longer Co – O 

bond lengths than in Co3O4 (shown in Figure 2.5c) consistent with more Co2+ in a Td 

geometry.41,72 The higher Co2+ content in Co0.1Al0.9Ox films is also evident from the 

lower energy of the main edge in the XANES region of Figure 2.5a.  With higher Co 

content, Co3O4 nanoparticles readily phase segregate from the amorphous alumina 

network,27 confirmed by XRD (Figure A.1) and the appearance of the second 

coordination sphere in the FT-EXAFS in Figure 2.5b.  

The optical spectra of CoyAl1-yOx films in Figure 2.5e are consistent with the 

atomic structure of the films.  In the Co0.1Al0.9Ox film, the optical absorption onset is 

shifted to lower energies.  The shift is likely due to either O 2p – Co 3d or Co 3d – Al 3s 

transitions; VB-XPS in Figure 2.5d shows the presence occupied of 3d states above those 

of O 2p in the Co0.1Al0.9Ox film.  The thinness and low Co content of this film prevent 

the observation of Co2+ d – d transitions that are seen in CoAl2O4.73  CoyAl1-yOx films 

with higher Co content have an absorption onset at 1.5 eV due to Co3+ 3d ‒ Co2+ 3d 

transition while the feature at 2.0 eV is from O 2p – Co 3d transitions.74 Each film with 

Co content at y > 0.1 has an absorption spectrum that closely resembles that of the binary 

oxide, Co3O4, indicating that phase-segregated Co3O4 nanoparticles dominate the optical 

response.74,75  
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Figure 2.5. Analysis of CoyAl1-yOx thin films. a) Co K-edge XANES, b) FT-EXAFS 
with fits (dashed lines) to the first coordination sphere (solid black line), c) Co-O bond 
lengths (closed circles) and coordination numbers (open squares) from EXAFS fits, d) 
valence band XPS spectra, e) UV-vis spectra, and f) schematic DOS diagram of 
amorphous CoyAl1-yOx films. The grey shaded region in (d) indicates the amorphous 
composition range. Lines between points are meant to guide the eye. The data show that 
at y ≤ 0.1 filled and unfilled 3d states of Co2+ are added to the band gap of a-Al2O3. At 
higher concentrations Co3O4 particles phases separate and dominate the optical response.   

 

Based on the energy of the Ni K-edge XANES spectra in Figure 2.6a, Ni cations 

in NiyAl1-yOx films are present in the 2+ oxidation state.  The Ni oxidation state is further 

confirmed by Ni 2p XPS (Figure A.9).  At low Ni content, y ≤ 0.1, the d8 Ni cations adopt 

a Td coordination (i.e. instead of the Oh coordination that would be predicted based 

solely on the CFSE), apparent from the fits to the FT-EXAFS (Figures 2.6b and 2.6c) and 

the increased intensity of the pre-edge feature in the XANES region, Figure 2.6a inset. 

This unique Ni geometry is likely due to the low concentration and the influence of the 

low coordination of the surrounding a-Al2O3 network. Additionally, the Ni – O bond 

length in the Ni0.1Al0.9Ox film is 2.05 Å, about 0.1 Å shorter than in NiO, consistent with 

a similar oxidation state, but a lower coordination number.  These Ni – O bond lengths 

are still longer than those of Td Ni2+ in crystalline NiAl2O4, likely due to the amorphous 

structure of the films.  At this low Ni content, the films are also known to be 
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amorphous,27 confirmed by XRD (Figure A.1) and the lack of the second coordination 

sphere in the FT-EXAFS shown in Figure 2.6b.   

At higher Ni content (y > 0.1), NiO phase separates from the a-Al2O3 (Figure 

A.1).  The phase separation of NiO is also seen in the FT-EXAFS in Figure 2.6b, where 

the second coordination sphere intensity becomes apparent above 2 Å.  Evidence of NiO 

in the films with Ni content at y > 0.1 is also clear from the UV-vis spectra in Figure 2.6e, 

where the absorption edge shifts to ~3.5 eV, representing O 2p – Ni 3d transitions.76,77 

VB-XPS data in Figure 2.6d show that there are occupied Ni 3d states above the O 2p 

states for all NiyAl1-yOx films.  There are no clear Ni d-d transitions present in the UV-vis 

spectra, likely because the films are too thin to see these low intensity transitions.  

Interestingly, the UV-vis spectra of NiyAl1-yOx films containing NiO particles show a 

different spectral shape than that of pure NiO, with increased absorption at lower 

wavelengths, beginning at ~4.5 eV.  This may indicate that some of the Ni atoms are still 

present in the a-Al2O3 phase, resulting in O 2p – Ni 3d transitions that are higher in 

energy than those of NiO due to the localization of the electronic states on spatially-

separated Ni2+ cations.  Other evidence of the persistence of Ni in the a-Al2O3 phase is 

that the average Ni – O bond length in Figure 2.6c shows a gradual increase from 

Ni0.1Al0.9Ox to NiO. An abrupt change to the Ni – O bond length in NiO would be 

expected with y > 0.1 if all the Ni atoms were present as NiO, as is seen for CoyAl1-yOx 

films in Figure 2.5d. 
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Figure 2.6. Analysis of NiyAl1-yOx thin films. a) Ni K-edge XANES, b) FT-EXAFS with 
fits (dashed lines) to the first coordination sphere (solid black line), c) Ni-O bond lengths 
(closed circles) and coordination numbers (open squares) from EXAFS fits, d) valence 
band XP spectra, e) UV-vis spectra, and f) schematic DOS diagram of amorphous 
NiyAl1-yOx films.  The grey shaded region in (d) indicates the amorphous composition 
range and lines between points are meant to guide the eye. These data show that Ni 
incorporates as both dispersed Ni2+ cations as well as phase-segregated NiO nanoparticles 
within the NiyAl1-yOx, both giving rise to new optical features and substantial new filled 
electronic states at the valence band edge.  
 

Based on the energy of the Cu K-edge in Figure 2.7a and the presence of shake-up 

features in the Cu 2p XPS (Figure A.10), Cu is present as Cu2+ in CuyAl1-yOx films. 

Similar to films containing Ni or Co, we find CuyAl1-yOx films are only X-ray amorphous 

up to low concentrations of Cu, i.e. y = 0.2.  At y > 0.2, tenorite CuO phase separates 

from the a-Al2O3 (Figure A.1), a slightly higher concentration than our previous work.27  

Unlike Ni or Co, Cu appears to have a slightly larger composition range for forming an 

amorphous alloy with a-Al2O3, likely due to its lower metal coordination number of ~ 

4.2 (Figure 2.7c), and therefore a lower oxygen coordination, CO.  Despite being 4-

coordinate, Cu still has a smaller amorphous alloy range than d0, d5 or d10 cations due to 

its square planar geometry. This geometry is indicated by the similarity of the XANES 

region in Figure 2.7a to the tenorite CuO phase, particularly the lack of increase in the 
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intensity of the pre-edge feature compared to CuO, which would suggest distortion of the 

square planar geometry.43 

For y = 0.1 the optical absorption edge of CuyAl1-yOx films decreases to 3.5 eV 

(Figure 2.7e).  Simultaneously, there is a shift of the valence band maximum to higher 

energy, Figure 2.7d, indicating the addition of occupied states to the top of the valence 

band.  The shift of the valence band maximum is approximately equal to the shift of the 

absorption onset (~1.5 eV), possibly indicating that the new charge-transfer process is 

from occupied Cu 3d states to unoccupied Al 3s or Cu 4s states. The new absorption 

process also agrees well with reported values of ligand to metal charge transfer (O 2p to 

Cu 3d) of CuO.78 The absorption spectra of amorphous CuyAl1-yOx films are different 

than crystalline CuAl2O4,79 likely due to the different Cu2+ and Al3+ geometries in the 

two types of films.  At higher Cu contents, y ≥ 0.5, the optical absorption edge shifts to 

about 1.5 eV, in agreement with other reports for CuO.80–82 The transition associated with 

the absorption edge for CuO has been debated;82 our data agree well with reported Cu 3d 

– 3d transitions of square planar Cu in CuO.78,83 

Figure 2.7. Analysis of CuyAl1-yOx thin films. a) Cu K-edge XANES, b) FT-EXAFS 
with fits (dashed lines) to the first coordination sphere (solid black line), c) Cu-O bond 
lengths (closed circles) and coordination numbers (open squares) from EXAFS fits, d) 
valence band XP spectra, e) UV-vis spectra, and f) schematic DOS diagram of CuyAl1-

yOx films.  The grey shaded region in (d) indicates the amorphous composition range and 
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lines between points are meant to guide the eye. The data show that Cu is maintained in a 
4-coordinate square-planar geometry and adds substantial densities of electronic states to 
the valence band edge that lead to a tunable effective bandgap. 

d10 Metal Cations.  As with d5 cations, the isotropic d-electron configuration of d10 

transition metal cations leads to no preference for the octahedral coordination.  Therefore, 

both Zn2+ and Ga3+ can easily adopt a lower coordination that is conducive to forming an 

amorphous structure.  The presence of Zn2+ in ZnyAl1-yOx films is confirmed by the Zn 

K-edge energy in Figure 2.8a as well as Zn 2p XPS (Figure A.11).  Zn can incorporate 

into the a-Al2O3 matrix and remain amorphous up to y = 0.4 (Figure A.2).27 This is also 

demonstrated by the lack of coordination spheres beyond the first shell in the FT-EXAFS 

in Figure 2.8b.  Additionally, the UV-vis spectra for y ≤ 0.4 show the absorption onset 

shifts to energies lower than for a-Al2O3, but higher than for ZnO, seen in Figure 2.8e. 

This absorption process for amorphous ZnyAl1-yOx films is likely charge transfer from O 

2p to Zn 4s orbitals that are localized rather than delocalized as they would be in 

crystalline ZnO; i.e. there are weak electronic interactions between the spatially well-

separated Zn2+ ions. The energy of the absorption onset is also different from that of 

crystalline ZnAl2O4,84 presumably due to variations in Zn2+ and especially Al3+ 

geometries in the two types of films. 

At y > 0.4, ZnO particles segregate from the a-Al2O3 (Figure 2.8b) and second 

coordination sphere (Zn-Zn distances) appear in the FT-EXAFS data.  The crystalline 

nature of the ZnO is also apparent in the UV-vis spectra of films with y > 0.4 (Figure 

2.8e) where the absorption onset shifts to ~ 3.2 eV, consistent with O 2p – Zn 4s charge 

transfer in ZnO.  Similar to NiyAl1-yOx films, there is still increased absorption at lower 

wavelengths for films containing ZnO particles, likely indicating that some amount of Zn 

remains in the a-Al2O3 phase. At both high and low Zn concentration, the Zn 3d states 

make no contribution to the occupied states near the top of the valence band, seen in 

Figure 2.8d.  Instead, occupied Zn 3d states are present in the lower valence band of 

ZnyAl1-yOx films. Due to the increased nuclear charge and decreased shielding per 

electron in the d10 configuration, these states are at lower energy than other first row d-

orbitals.85  
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Figure 2.8. Analysis of ZnyAl1-yOx thin films. a) Zn K-edge XANES, b) FT-EXAFS 
with fits (dashed lines) to the first coordination sphere (solid black line), c) Zn-O bond 
lengths (closed circles) and coordination numbers (open squares) from FT-EXAFS fits, d) 
valence band XP spectra, e) UV-vis spectra, and f) schematic DOS diagram of ZnyAl1-

yOx films.  The grey shaded region in (d) indicates the amorphous composition range and 
lines between points are meant to guide the eye.    

GayAl1-yOx films also contain a metal cation with a d10 configuration, Ga3+, 

determined from the Ga K-edge energy in Figure 2.9a and Ga 2p XPS (Figure A.12).  

Unlike ZnyAl1-yOx films, GayAl1-yOx films remain amorphous at all concentrations of Ga 

when films are annealed at 450°C.  Thermal annealing at 800°C is required to crystallize 

an all Ga-containing film to β-Ga2O3.  The amorphous structure of GayAl1-yOx films is 

apparent from both XRD (Figure A.2) and FT-EXAFS, shown in Figure 2.9b, where a 

second coordination sphere cannot be detected.  The higher charge on the Ga3+ cation 

compared to the Zn2+ cation allows for a lower oxygen coordination, CO (i.e. the average 

number of metal cations bound to each oxygen), which likely contributes to the 

persistence of an amorphous phase.  The UV-vis spectra of the GayAl1-yOx films in 

Figure 2.9e show that adding Ga up to y = 0.5 causes almost no change in the optical 

absorption onset.  This likely indicates that Ga 4s states are localized and similar in 

energy to the more delocalized Al 3s states.  At higher concentration of Ga, the 
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absorption onset shifts closer to that of a-Ga2O3, indicating greater delocalization of Ga 

4s orbitals.  

These data show that the conduction band position of a-Al2O3 can be tuned via 

the concentration of d10 cations such as Zn2+ and Ga3+, which add unoccupied TM 4s 

states to the band gap.   

 

Figure 2.9. Analysis of GayAl1-yOx thin films. a) Ga K-edge XANES, b) FT-EXAFS 
with fits (dashed lines) to the first coordination sphere (solid black line), c) Ga-O bond 
lengths (closed circles) and coordination numbers (open squares) from FT-EXAFS fits, d) 
valence band XP spectra, e) UV-vis spectra, and f) schematic DOS diagram of GayAl1-

yOx films.  The grey shaded region in (d) indicates the amorphous composition range and 
lines between points are meant to guide the eye. 

 

Tuning the Electronic Structure and Optical Properties 

Amorphous and poorly crystalline mixed-metal oxides have garnered much attention 

recently, in part due to their ability to stabilize metal cations in unique coordination 

environments that can be useful for applications including catalysis15,86,87 and controlling 

charge transport in photovoltaics.14,88 As interest and utility of these materials grow, it is 

important to have a guided approach to designing the properties of these materials.  From 

the data presented here, we propose that the chemical properties of the transition metal 
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cations in mixed-metal oxide thin films can be used to help predict the resulting atomic 

and, hence, electronic structures. 

Number of d Electrons.  The d-electron filling of the transition metal can be used to 

predict the resulting electronic structure and optical properties.  Cations with partially 

filled d-orbitals (e.g. Fe3+, Cr3+, Co2+, Ni2+, Cu2+, etc.) add filled electronic states at the 

valence band edge of a-Al2O3 as well as unfilled electronic states within the a-Al2O3 

band gap. These added cations in a-Al2O3 give rise to strong optical absorption features 

associated with excitation between the band states of the parent oxide (O 2p and Al 3s) 

and the new cation states (TM 3d), as well as weaker d-d optical transitions of the 

incorporated cations.  Cations with unfilled d-orbitals (e.g. d0 configuration such as V5+ 

and Cr6+) do not modify the valence band edge of a-Al2O3, but do modify the optical 

properties by introducing unfilled electronic states below the conduction band of a-

Al2O3. Cations with the d10 electronic configuration, such as Zn2+ and Ga3+, introduce 

new filled electronic states in the valence band, but these are well below the valence band 

edge in energy. They also introduce new electronic states in the band gap. The energy of 

these states depends on the concentration of the Zn2+ and Ga3+. For example, when Zn2+ 

is at a low concentration the Zn2+ cations are well isolated from each other leading to 

localized 4s-derived electronic states that are much higher in energy than when Zn2+ 

segregates to form ZnO domains in the film.  

The d-electron count of a transition-metal cation also serves as a predictor for the 

crystal field stabilization energy and the octahedral site preference energy, and therefore 

the ability of the metal to maintain an amorphous structure.50 When predicting the 

electronic structure of mixed-metal oxide films made from solution processing, cations 

with d0, d5 or d10 electron counts can be incorporated into amorphous main-group metal 

oxides such as a-Al2O3 up to high concentrations, modifying the electronic structure 

while maintaining the overall amorphous atomic structure.  Cations with other d-electron 

counts incorporated into mixed-metal oxides at high concentrations are likely to form 

phase-separated transition metal oxides rather than modifying the existing atomic and 

electronic structure.  This result is useful for designing films in which maintaining the 

amorphous structure and hence ultra-smooth films and interfaces is important for the 



30 
 

application, for example in thin-film semiconducting oxide devices,3,25 interface layers,14 

or for certain catalytic reactions.15 

Cation Concentration and Oxidation state.  The concentration of the different cations in 

the films has a large influence on the resulting atomic structure and therefore the 

electronic structure.  At low concentrations of transition metal ions, films are more likely 

to form solid solutions or alloys that maintain the local structure of the amorphous host 

material, here a-Al2O3.  As in the case of low concentration CoyAl1-yOx and NiyAl1-yOx 

films, this may mean the transition metal cation will adopt an oxidation state and/or 

coordination environment that is different than that of the parent transition metal oxide. 

For example, in films with y = 0.1, Co remains in the 2+ oxidation state with a tetrahedral 

coordination and in CryAl1-yOx films more Cr is present as Cr6+ (rather than Cr3+) when 

the total Cr concentration is low.  As we have shown, these different local cation 

coordination environments result in different electronic structure and optical properties. 

 Exploiting this concentration-dependence of cation oxidation state and local 

structure could be advantageous for designing thin films with specific electronic 

structures.  For example, Cr6+ in CrOx/Al2O3 catalysts has been shown to be more 

selective for the desired product, isobutene, in oxidative dehydrogenation of isobutane.89 

Catalysts containing Cr6+ have also exhibited lower catalytic activity than Cr3+ for the 

same reaction as well as for the combustion of CO and C3H6.90 The ability to control the 

ratio of Cr6+ to Cr3+ in these types of catalysts could lead to more-optimal catalytic 

properties. 

Conclusion and Bridge 

We have assessed the electronic, optical, and atomic structure of a large range of 

amorphous and amorphous/polycrystalline mixed-metal oxide thin films. The work forms 

the basis for applications of such materials, for example in catalysis, as interfacial layers 

to control charge transport, and more broadly in functional coatings. The ability of the 

film to maintain an amorphous structure can be predicted based largely on d-electron 

count of the metal cation. By judicious choice of the metal cations included in the oxide, 

both the electronic structure and optical properties can be systematically tuned – for 
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example by adding filled electronic states at the valence band edge, or localized unfilled 

states in the bandgap of a-Al2O3. The results here should also be generalizable to other 

host oxide systems. For example, both In2O3 and Ga2O3 can form amorphous structures 

at low processing temperatures91,92 and should be amenable to analogous electronic 

structure modulation by doping with transition metal cations. These oxides have smaller 

band gaps than Al2O3 studied here and therefore offer a different range of applications. 

 The spectroscopic techniques and methods used in this work are further utilized 

for characterizing mixed-transition-metal (oxyhydroxides), a similar class of materials.  

The themes and guiding principles developed in this chapter are likewise used in the 

following chapters to guide the analysis of these mixed-transition-metal (oxyhydroxides) 

as oxygen evolution reaction electrocatalysts in aqueous alkaline solution. 
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CHAPTER III 

 

EFFECTS OF INTENTIONALLY INCORPORATED METAL CATIONS ON 

THE OXYGEN EVOLUTION ELECTROCATALYTIC ACTIVITY OF NICKEL 

(OXY)HYDROXIDE IN ALKALINE MEDIA 

Chapter III “Effects of Transition-Metal Cations on Nickel (Oxy)hydroxide 

Activity” contains co-authored material previously published as ACS Catal. 2016, 6(4), 

2416-2423 reproduced with permission.  Copyright 2016 American Chemical Society.  

M. Burke and I conceived of the project. I performed the experiments and analyzed data 

with help from M. Burke and A. Batchellor.  I wrote the paper with help from Prof. 

Boettcher and editorial assistance from all authors. 

 

Introduction 

Solar or electricity driven water electrolysis for the production of hydrogen fuel is 

a promising renewable energy storage technology.1–3  The efficiency of water-splitting 

devices is limited in part by the high kinetic overpotential needed to drive the oxygen-

evolution reaction (OER), which is coupled to the production of hydrogen gas.4–7  The 

oxidation of water to O2 proceeds through four electron transfer steps, each of which 

involves adsorbed intermediates, making the reaction dependent on multiple parameters 

and the catalytic mechanism difficult to study.8  Generally, the reaction proceeds through 

oxygen-based intermediates adsorbed to metal-cation active sites.9,10  The binding 

strength of these intermediates to the metal active site is thought to dictate catalytic 

activity, and thus the M – O bond strength is used as an activity descriptor.6,11 If the M – 

O bond is too strong, the OER is rate-limited by product desorption, and if too weak, by 

precursor or intermediate binding.10,12 Considerable effort has been made over several 

decades to find earth-abundant electrocatalysts with optimal M-O bond strengths that can 

decrease both the OER overpotential and the cost of water electrolysis systems.13–20  

We have previously identified Ni(Fe)OxHy as the most-active known OER 

catalyst in alkaline media,13 and found that NiOxHy without Fe is a poor OER catalyst 

(note we use a general formula here so as not to specify a specific oxidation or 
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protonation state).14,21,22 Further studies in the rigorous absence of Fe impurities of the 

single-transition-metal (oxy)hydroxides showed new activity trends, FeOxHy> CoOxHy > 

NiOxHy > MnOxHy,22 with Fe present in all high activity OER catalysts, e.g. Ni(Fe)OxHy 

and Co(Fe)OxHy).21 Ni(Fe)OxHy can be further optimized and deposited with high 

loading using a pulsed electrodeposition that ensures uniform Fe incorporation and 

compact morphology with good electrical interconnection23 and with similar performance 

to more-complicated composite architectures.24–27 

One way to better understand the OER activity enhancement upon Fe addition to 

NiOxHy is to study other incorporated cations. If other cations have similar properties to 

Fe, or analogous electrochemical behavior in NiOxHy, this would provide insight into the 

mechanism of the activity enhancement by Fe.  Additional cations may also provide 

avenues to further enhance activity, electrical conductivity, or chemical stability.  Such 

binary Ni1-zMzOxHy OER catalysts (M is a metal cation) have been studied to identify 

synergistic effects, particularly for metals such as Co and Fe.13,28–38  Previous studies also 

report a decrease in the OER overpotential upon La or Ce addition to NiOxHy.28,34  

Corrigan reported that the addition of La or Ce dopants induce a similar or lower 

overpotential to that of Fe in Ni1-zMzOxHy at 16 mA cm-2.28   

A challenge in studying other cations in NiOxHy is the potential for Fe contamination.  

Nickel oxides and (oxy)hydroxides have long been studied for OER catalysis,13,39–42 but, 

as discussed above, unintentional incorporation of Fe from even the purest commercially 

available electrolytes is responsible for the high catalytic activity reported.14,16,43  For 

example, the increased catalytic activity reported39,44–46 for β-Ni(OH)2/β-NiOOH relative 

to α-Ni(OH)2/γ-NiOOH has been shown to be due to Fe impurity incorporation during 

the aging step to form the β-Ni(OH)2/β-NiOOH phase.14,47  Due to the ease of Fe 

incorporation into NiOxHy, previous studies on Ni-based catalysts with other 

intentionally incorporated cations in alkaline conditions may have Fe contamination, 

convoluting the true trends in activity.  The effects of incorporation of other cations into 

NiOxHy must be studied in rigorously Fe-free conditions.   

In some previous studies of Ni1-zMzOxHy, it has been suggested that an anodic 

shift of the Ni2+/3+ oxidation peak potential is connected to increased OER activity.14,30,48  

One hypothesis is that if it is more difficult to oxidize Ni2+, possibly due to charge 
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transfer to Fe cations, the oxidized Ni cation will be able to better oxidize water.14,30,49 

This “electron-withdrawing effect” hypothesis assumes the host matrix cation (Ni or Co) 

is the active site. In support of this view, Corrigan and Bendert found that the addition of 

La and Ce increased the Ni2+/3+ oxidation peak potential and decreased the OER 

overpotential,28 but the degree to which these samples contain Fe impurities is unclear.  

CoOxHy also incorporates Fe to become more active (on a total-metal-cation basis) with a 

concurrent anodic shift in the Co2+/3+ oxidation peak potential.15  Recent work, however, 

has provided compelling evidence that Fe cations are the active sites within Ni/CoOxHy 

matrices and adding Fe largely simply increases the number of active sites.15,22,50–52  In 

this case, other cations that increase the Ni2+/3+ oxidation potential would not lead to 

higher activity unless they too are more-active than the Ni sites.  

 Here we report effects of Ti, Mn, La, and Ce cation incorporation on the OER 

activity and Ni2+/3+ oxidation potential of Ni1-zMzOxHy in Fe-free alkaline solution using 

cyclic voltammetry in combination with electrochemical quartz-crystal microgravimetry.  

Metal cations were chosen based on either previous reports of high activity,26,28,34 i.e. La 

and Ce, similar d-orbital filling to Fe,17,18,38,53 i.e. Mn, or anticipated ability to shift the 

Ni2+/3+ oxidation peak to higher potentials without increasing activity,54,55 i.e. Ti.  We 

prepared mixed Ni1-zMzOxHy films by both solution spin-casting and electrodeposition. 

While we focus our analysis on the spin-cast films, the same behavior is observed on the 

electrodeposited films indicating the activity trends are intrinsic to the compositions and 

not dependent on synthesis method.  The thin films (~ 20 nm thick, or a loading of 4 µg 

cm-2) used allow for estimation of intrinsic activities of the mixed metal hydroxide films 

with minimal complication from other factors (e.g. electronic conductivity, mass 

transport, and inefficient catalyst utilization).13,22,51,56 We show that only Ce enhances the 

OER activity of NiOxHy in 1 M Fe-free KOH, although the enhancement is much less 

than with Fe and is also transient.  We also find no strong correlation between activity 

and the Ni2+/3+ redox potential.  These results highlight the uniqueness of Fe and are 

consistent with Fe being the active site for the OER in Ni(Fe)OxHy. Understanding the 

effects of dopants on the activity of OER catalysts will help guide the design of improved 

catalysts. 
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Experimental 

Spin Cast Film Deposition.  NiOxHy films were fabricated by both spin coating from 

precursor solutions and from cathodic electrodeposition.  Films were spin cast from 

solutions of 0.1 M Ni(NO3)2·6H2O (99.9985% Strem) in 1:1 (v/v) mixture of ethanol and 

water onto Au/Ti or Pt/Ti 5 MHz AT-cut quartz crystal microbalance (QCM) substrates 

(1.38 cm2) from Stanford Research Systems.  QCM substrates were sonicated in a 

solution of Contrad 70 (5% v/v) at 40 °C for 20 min followed by rinsing with water (18.2 

MΩ·cm). The electrode surface was then rendered hydrophilic with a 10 min O2 plasma 

etch.  About 0.25 mL of metal nitrate salt solution was deposited onto the substrates 

through a 0.1 µm filter and films were spun at 3000 rpm for 30 s.  Substrates were then 

immediately transferred to a hot plate at 150 °C and annealed for 10 min.  Spin-cast Ni1-

zMzOxHy films with Ti, Mn, La, Fe and Ce were prepared in the same manner by mixing 

the appropriate amount of TiOSO4·xH2O, Mn(NO3)2·xH2O, Fe(NO3)3·6H2O 

La(NO3)3·6H2O, or Ce(NO3)3·6H2O with the Ni(NO3)2 to obtain added metal 

concentrations of nominally 10 and 30 at. % (on a total metals basis).  The as-deposited 

mass of each film was obtained by measuring the frequency of the crystal before and 

after deposition and converting the change in frequency to mass using the Sauerbrey 

equation57 Δf  = -Cf × Δm, where Δf is the observed frequency change (Hz), Cf is the 

sensitivity factor of the 5 MHz AT-cut quartz crystal (56.6 Hz μg−1 cm2) and Δm is the 

change in mass per unit area (μg cm−2).  To ensure viscoelastic effects of film damping 

were not affecting the validity of the Sauerbrey relationship we measured the crystals’ 

resonance behavior using impedance spectroscopy before and after film deposition in air 

and in 1 M KOH – the resonator quality factor was unaffected by the addition of the film. 

We have also previously shown that the mass loadings determined by QCM 

measurements are consistent with those determined by integration of the Ni redox wave 

for wide range of film thicknesses.23  Total metal content was determined by assuming 

complete Ni(OH)2 formation, accounting for added cations substituting for Ni. Typical 

films loadings were 4 – 5 µg cm-2 which is ~10-20 nm in thickness, based on calculations 

using the mass loading and density of Ni(OH)2. 



36 
 

Electrochemical Film Deposition.  Electrodeposited NiOxHy films were deposited 

directly onto the QCM substrates from 0.1 M aq. Ni(NO3)2.  Deposition was performed 

in a two-electrode glass cell with a carbon-cloth counter electrode (Fuel Cell Earth) by 

applying 1 mA cm2 of cathodic current for 30 to 90 s (the time was varied to achieve the 

same mass loading as the spin-cast films).  Ni1-zMzOxHy films were electrodeposited in 

the same fashion by mixing the appropriate amount of transition-metal-nitrate salts (or 

the chloride salt in the case of Fe) in the deposition solution to obtain 10% in the films 

(see Table B.1) and varying the cathodic current density (-0.1 to -1 mA cm-2) if necessary 

to obtain full coverage.  Ti-incorporated NiOxHy films could not be electrodeposited due 

to formation of a gel-like film with poor adhesion to the electrode surface.  The as-

deposited mass for each of the electrodeposited films was determined based on the 

frequency change of the QCM crystal in a beaker of water (18.2 MΩ·cm) measured 

directly before and after deposition.   

Electrochemical Characterization.  Following deposition, NiOxHy and Ni1-zMzOxHy 

films were characterized electrochemically by cycling in 1.0 M KOH (semiconductor 

grade 99.99% trace metal basis) that had been cleaned of Fe impurities using high-purity 

precipitated Ni(OH)2 as an Fe-absorbent following our reported method.14  Cyclic 

voltammograms (CVs) at 20 mV s-1 and steady-state chronopotentiometry measurements 

(Tafel analysis) were recorded using a BioLogic SP200 or SP300 potentiostat in a 

polymethylpentene three-electrode cell with a Pt-wire counter electrode, Hg/HgO (CH 

Instruments) reference electrode, and QCM working electrode (Stanford Research 

Systems).  The electrolyte was continuously stirred to remove bubbles from the working 

electrode surface and high-purity O2 was continuously bubbled through the solution 

before and during the measurements.  All results shown here have been corrected for 

uncompensated series resistance of the electrolyte based on electrochemical impedance 

measurements taken after cycling each film.  Uncompensated resistances were 4-7 Ω.  

Current density was calculated based on the 1.38 cm2 geometric surface area of Au on the 

QCM electrodes.  Turnover frequencies (TOFs) are calculated based on the average of 

the forward and reverse current from the CV at a specific overpotential and the total 

number of metal centers (TOFtm) obtained from microbalance measurements accounting 
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for the percentage of added transition metal.  TOFtm reported implicitly assume all metal 

cations are active sites, and thus represent lower limits.  To determine whether all the 

films had similar internal electrolyte-accessible surface area we compared the integrated 

charge in the nominally Ni2+/3+ redox wave (Figure B.1). Most of the films showed 

variations of less than a factor of 2 and 75 +/- 25% of the Ni cations electrochemically 

accessible. The Ni(Ce)OxHy films showed the lowest fraction of accessible Ni Cations 

~30%, indicating that the TOFtm are slightly under estimated for the Ni(Ce)OxHy.  In situ 

mass measurements were based on the frequency change of the crystal starting with the 

point at which the crystal was first immersed in the electrolyte. 

Physical Characterization.  The morphology of each film was examined by scanning 

electron microscopy (SEM) on a Zeiss Ultra 55 at 5 keV with an in-lens detector.  X-ray 

photoelectron spectroscopy (XPS) was used to determine the overall composition of the 

films.  XPS was performed on a ThermoScientific ESCALAB 250 using a 

monochromatic Al Kα (150 W, 20 eV pass energy, 500 µm spot size) or non-

monochromated Mg Kα (200 W, 40 eV pass energy) source.  An in-lens electron flood 

gun was used for charge neutralization of the samples.  Spectra were analyzed using 

ThermoScientific Avantage 4.75 software and the binding energy was calibrated using 

the adventitious C 1s peak at 284.8 eV.  Stoichiometries of the films are those obtained 

from XPS measurements on one representative sample of each composition.  Fe impurity 

concentrations were also determined for NiOxHy and Ni0.95Ce0.15OxHy films using an 

ION-TOF Model IV time-of-flight secondary ion mass spectrometer (ToF-SIMS) with a 

Bi+ primary ion, O2 sputter source operating at 1 keV, and a flood gun for charge 

neutralization, all operating in interlaced mode.  Concentrations were calculated based on 

comparisons to the signal intensity in ToF-SIMS of a spin-cast Ni0.98Fe0.02OxHy control 

film (2% Fe intentionally added in the deposition solution which was confirmed by XPS 

of the film). 

 

Results and Discussion 

Dependence of Film Morphology on Added Cation Identity.  SEM imaging of the solution 

spin-cast films shows similar morphology (Figure 3.1).  The films are 10 to 20 nm in 
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thickness (estimated from the as-deposited mass). The NiOxHy, Ni0.9Mn0.1OxHy, 

Ni0.93La0.07OxHy, and Ni0.9Ti0.1OxHy films all show a rough, sponge-like morphology, 

with small cracks revealing the gold substrate underneath the film.  The Ni0.85Ce0.15OxHy 

and Ni0.9Fe0.1OxHy films have a more platelet-like morphology and better coverage of 

the underlying substrate.  It is unlikely that these small differences account for order(s) of 

magnitude differences in activity (discussed below).  The morphologies of spin-cast Ni1-

zMzOxHy films at z ≈ 0.1 are similar to those at z ≈ 0.3 (Figure B.2) and they are also 

similar to the electrodeposited films (Figure B.3). This similarity to the electrodeposited 

films (which form by local pH gradients driving metal hydroxide precipitation) is 

explained by the fact that the spin-cast films are annealed only at a low temperature of 

150 ºC. This temperature is not sufficient to completely decompose the salt counter ions 

and form crystalline oxides. Upon immersion of the precursor film in KOH, the 

hydroxides likely exchange with the remaining precursor counter ions leading to local 

precipitation in the film of the (oxy)hydroxide phases.  Electrochemical cycling likely 

speeds this transformation process. 
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Figure 3.1. SEM images of spin-cast films after 50 cycles between 0.2 and 0.85 V vs. 
Hg/HgO in Fe-free 1 M KOH at 20 mV s-1. 

 

Effects of Added Cations on OER Activity.  The voltammetry in Figure 3.2 shows that Fe 

has the most pronounced effect on Ni1-zMzOxHy electrochemical behavior.  Ni1-zFezOxHy 

has the lowest OER onset potential and the lowest overpotential at 3 mA cm-2 at z ~ 0.1 

and 0.3. The Ni0.7Fe0.3OxHy films have the best performance, consistent with previous 

reports.14,47,50,58 Besides Fe, Ce is the only other cation tested that significantly increases 

the OER activity, but this activity decays with time, as discussed below.  Ti, Mn, and La 

have little effect on the activity of Ni1-zMzOxHy, which is different than previously 

reported.26,28,33,34,38 We have previously shown NiOOH to be sufficiency electrically 

conductive under OER conditions (0.1 – 0.2 S cm-2), such that the electrical iR drop 
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across the thin films studied here would be negligible. Given that the films here are 

largely composed of NiOOH, we thus expect the observed differences in electrochemical 

behavior to not be due to differences in film electrical conductivity. 

 

 

Figure 3.2. Voltammetry of spin-cast Ni1-zMzOxHy films, where M is a metal cation, at 
approximately a) z ≈ 0.1 and b) z ≈ 0.3 in Fe-free 1 M KOH at 20 mV s-1.  For the initial 
cycle 1 scans, see Figure B.4. 

 

In Figure 3.3, the OER activities of the different films are quantified at an 

overpotential of 400 mV.  The activity is calculated as a total metal turnover frequency 

(TOFtm), which we define as moles of O2 per mole of metal per second.  Here, both Ni 

and added metal cation are included in the moles of metal for the TOFtm calculation, and 

the number of moles is determined from the in situ mass from the QCM working 

electrode.  The moles of O2 are determined from the amount of current, through 
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Faraday’s constant and assuming a four electron transfer, taken from the average of the 

forward and reverse scan of the cyclic voltammetry at 20 mV s-1 in 1 M KOH.  We note 

that this is not a steady-state TOFtm, but it is reasonable for comparisons of the films to 

each other. Figure 3.3 shows that the activities of Ni0.85Ce0.15OxHy and Ni0.65Ce0.35OxHy 

films are initially (i.e. after cycle 5) about a factor of 8 and 4 higher than that of NiOxHy, 

respectively.  However, after 50 cycles, the performance decreases, and the activity of 

Ni0.85Ce0.15OxHy is only a factor of 2 higher than NiOxHy and Ni0.65Ce0.35OxHy is 

statistically equivalent to NiOxHy.  This decrease in activity over the course of 50 cycles 

for Ni(Ce)OxHy films is double that of the other films, which, on average, decay in 

activity by only a factor of 2.  By contrast, Ni1-zFezOxHy films retain their activity 

throughout 50 cycles.  The activity enhancement from Ce incorporation into NiOxHy is a 

transient effect. The same is observed for the electrodeposited Ni(Ce)OxHy films. This is 

consistent with the work of McCrory et al.,33,34 which shows a decrease in the OER 

current density of electrodeposited Ni(Ce)OxHy over time, but different in that we find 

high initial activity for Ni(Ce)OxHy. 

 

Figure 3.3. OER turnover frequency of spin-cast films at 400 mV overpotential at cycle 5 
(solid) and cycle 50 (pattern) in Fe-free 1 M KOH from voltammetry data collected at 20 
mV s-1.  In the case of Ni0.9Fe0.1OxHy there is no activity decrease over 50 cycles and the 
error bars small and not visible on this scale .  TOFtm are calculated assuming all metal 
cations are active (and thus are lower limits) and the OER current is taken as the average 
of the forward and reverse scans.   Values reported are the average and error bars are the 
standard deviation of 3 samples. Note the different scale on the y-axis for Ni1-zFezOxHy 

films.  

Transient Activity Enhancement from Ce Addition.  At 15% concentration, Ce initially 

decreases the overpotential for the OER on Ni0.85Ce0.15OxHy, with an OER onset 
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potential only 40 mV higher than that of Ni0.9Fe0.1OxHy (Table B.2).  However, the 

current does not rise as sharply for Ni0.85Ce0.15OxHy films (see Figure 3.2) resulting in 

decreased performance at higher overpotentials compared to Ni0.9Fe0.1OxHy.  Unlike 

30% Fe addition to Ni1-zMzOxHy, higher Ce concentration (~35%) does not result in 

further performance improvement and in fact decreases it compared to 15%.  These 

results are inconsistent with those of Corrigan and Bendert, who report a lower 

overpotential at 16 mA cm-2 for Ni(Ce)OxHy than Ni(Fe)OxHy.28  The results are 

consistent with McCrory et al.33,34 who showed that Ni(Ce)OxHy has a higher 

overpotential at 10 mA cm-2 compared to NiOxHy, but exhibit higher current densities at 

lower overpotentials (~350 mV) on glassy carbon electrodes.  We show that initially both 

Ni0.85Ce0.15OxHy and Ni0.65Ce0.35OxHy are more active than pure NiOxHy. After 50 

cycles only Ni0.85Ce0.15OxHy remains more active, by about a factor of 2 (Figure B.5).  

Continued cycling would likely decrease the OER activity of Ni0.85Ce0.15OxHy until it is 

equal to or lower than that of NiOxHy, as observed during the steady-state Tafel analysis 

(Figure 3.4a). 

Mechanisms of Ni(Ce)OxHy Deactivation.   In order to understand the cause of the 

transient enhancement from Ce addition, Ni(Ce)OxHy films were characterized by XPS 

before and after 50 CVs in 1 M KOH.  One hypothesis is that gradual dissolution of Ce 

from the Ni(Ce)OxHy films may be the cause of the decrease in activity with cycling.  

However, the as-deposited and post-electrochemistry films have comparable Ce 

concentrations (by XPS), 18% and 15% relative to Ni, respectively.  The lack of Ce 

dissolution is also corroborated by the minimal change in film mass after 1 h under OER 

conditions (Figure 3.4b). Ce is not expected to be highly soluble under alkaline OER 

conditions based on thermodynamic Pourbaix diagrams, which show CeO2 as the 

predominant phase.59,60 
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Figure 3.4. a) Tafel plots for spin cast Ni1-zMzOxHy films along with b) in situ mass 
change over the course of hour-long Tafel measurements.  Each chronopotetniometry 
step, starting at low current density, is held for 3 min with the exception of the first two 
steps, which are held for 10 min each.  Dashed lines are meant to guide the eye and be 
representative of the Tafel slopes calculated.  Data points are the average and error bars 
are the standard deviation of 3 individual samples. Some error bars are smaller than the 
symbols.  Actual Tafel slopes are listed in Table B.3 and individual plots shown in Figure 
B.6. 

Another hypothesis for the decaying activity of Ni(Ce)OxHy films is CeO2 phase 

segregation in the film during electrochemical measurements such that active sites 

relying on Ni-O(H)-Ce motifs are eliminated.  There is evidence to support this 

hypothesis from the O 1s XP spectra of the Ni(Ce)OxHy films. The as-deposited films 

(Figure B.7) show only hydroxide character where-as after cycling the films with Ce 

exhibit oxide character, evident from the O 1s peak shape and binding energy in the XP 

spectra (Figure 3.5).  This suggests that the Ce3+ ions (which are present in the deposition 

solution and as-deposited films, Figure B.8) are better distributed in the Ni(OH)2 lattice 

at the start of electrochemical characterization. After cycling, phase-segregated CeO2 

nanoparticulates in the Ni(OH)2 film may form, which have been reported before for 
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related Ni-based films.61,62  Haber et al. found that CeO2 segregated from NiCoFeOx in 

mixed NiCeCoFeOx films, although we note that those films were annealed at higher 

temperatures (300 °C) than here (150 °C) and thus are composed primarily of oxides.63 

Of all the films studied, Ni(Ce)OxHy has the most oxide character (Figure 3.5). Since 

CeO2 is not apparent in the as-deposited films, phase segregation (likely driven by Ce3+ 

oxidation) is probably responsible for the decrease in performance of the Ni(Ce)OxHy 

with cycling.  More analytical work is needed to confirm this hypothesis, for example by 

synchrotron x-ray absorption measurements, as traditional analyses by electron 

microscopy or diffraction are challenged by the largely amorphous and disordered thin-

film structures. 

We also note that our hypothesis on Ce-enhancement is different than that of 

Haber et al., where the nominally high OER activity of NiCeCoFeOx films was attributed 

to the presence of CeO2 nanoparticles.63  However, those films show CeO2 phase 

segregation as-deposited and also have high concentrations of Fe. The electrodeposited 

NiCeCoFeOx films in that work (which are less likely to have CeO2 phase segregation 

as-deposited) show a similar decrease in activity during cycling, consistent with our 

hypothesis that phase segregation of CeO2 accounts for the transient OER activity of 

Ni(Ce)OxHy films.  
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Figure 3.5. O 1s XP spectra for Ni1-zMzOxHy films after 50 cycles in Fe-free 1 M KOH 
at 20 mV s-1 showing the increased oxide character of Ni(Ce)OxHy films compared to the 
other mixed metal films.  The grey shading indicates the range of metal hydroxide O 1s 
binding energy and the yellow shading indicates that of metal oxides.64 

 

Effects of Ti, Mn, and La on NiOxHy OER Activity.  In contrast to the three and one 

order(s) of magnitude activity enhancement from Fe and Ce, respectively, the Ti, Mn, 

and La cations have little effect on the OER activity of NiOxHy.  Addition of 7% La 

results in only a 20 mV decrease of the OER onset potential compared to NiOxHy (Table 

B.2).  The performance of the Ni0.93La0.07OxHy catalyst is considerably worse than that 

reported by Corrigan,28 but slightly better than that reported by McCrory et al.33,34 The 

OER activity of Ni0.93La0.07OxHy films are about a factor of two higher than NiOxHy at 

both cycle 5 and 50. Addition of 38% La results in a decrease in OER performance with 

the films exhibiting higher overpotentials than NiOxHy films at all current densities. 
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Addition of Mn to NiOxHy did not result in a significant increase in OER activity, 

consistent with some previous reports for electrodeposited films,22,28 but in contrast to 

that of Diaz-Morales et al.38  With ~10% Mn there is only a slight decrease in 

overpotential. As with La and Ce, a higher concentration of Mn, ~ 30%, results in 

decreased performance compared to NiOxHy.  This is in contrast to higher concentrations 

(~30%) of Fe, which lead to improved OER activity. 

 Unlike the other added cations, incorporation of 10% Ti resulted in higher 

overpotentials and lower activity than NiOxHy films, shown in Figures 3.2 and 3.3, 

respectively.  Interestingly, higher amounts of Ti slightly increased performance, with 

Ni0.7Ti0.3OxHy  films exhibiting higher activity than Ni0.9Ti0.1OxHy  films, but not higher 

than NiOxHy films.  Unlike the other films tested, Ni0.7Ti0.3OxHy  films increase in 

activity with cycling.  We attribute this to the denser nature of the as-deposited film 

(likely due to crosslinking from the reactive Ti precursor) blocking access to some of the 

Ni sites.  With cycling, the film becomes hydrated and more-permeable to electrolyte, 

allowing for catalytic participation from more of the metal sites.  This hypothesis is 

supported by the fact that the charge in the Ni2+/3+ wave increases with cycling for 

Ni0.7Ti0.3OxHy  films (Figure B.9). 

 

Analysis of Fe Impurities. A number of experiments were performed to show that the 

results presented here are due to the intentionally incorporated cations in NiOxHy rather 

than Fe impurities that could originate from precursors salts or electrolytes.  All 

compositions were found to be free of Fe contamination by XPS (Mg Kα excitation) after 

electrochemical characterization (Figure B.10). Spin-cast NiOxHy and Ni0.85Ce0.15OxHy 

films were further checked for Fe contamination using ToF-SIMS and were found to 

contain 0.025 and 0.05% Fe, respectively, relative to total metal content.  The same films 

showed no Fe by XPS, confirming the lower sensitivity limit of ToF-SIMS. We do not 

believe that this small difference in Fe content between the two catalysts accounts for the 

ten-fold OER activity difference.14,43  First, the transient nature of the activity 

enhancement from Ce suggests that it is not due to the presence of Fe, because the Fe 

enhancement is stable.  Second, Corrigan conducted an analysis of Fe impurities in Ni 

oxide electrodes and did not find a tenfold activity enhancement until >1% Fe.43  Third, 
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the Tafel slopes of Ni(Ce)OxHy films are not lower than that of NiOxHy.  We also note 

that trace Fe has been shown to dramatically activate Au substrates for OER, but we do 

not see any activation of the Au substrate (Figure B.11), indicating it is not affecting our 

results.14,15,51,65 We found the same increased OER activity of Ni(Ce)OxHy compared to 

NiOxHy on Pt substrates (which are not enhanced by Fe impurities)51 suggesting that 

substrate activation of the catalyst material is not playing a significant role in the 

observed trends (Figure B.12).  We also find that CeOx alone mildly activates Au for 

OER, but is substantially less active than Ni(Ce)OxHy or NiOxHy (Figure B.13). 

Tafel Behavior and Stability.   Steady-state Tafel analysis was performed on the films 

with 10% added metal cations as well as the pure NiOxHy (Figure 3.4a).  Only the 

addition of Fe lowers the Tafel slope of NiOxHy. We find Ni0.9Fe0.1OxHy has a slope of 

~40 mV dec-1, which is consistent with other reports23,58 for ~10% Fe in NiOxHy. NiOxHy 

alone has a higher Tafel slope of ~93 mV dec-1. This suggests a difference in the rate-

limiting step of oxygen evolution on Ni0.9Fe0.1OxHy and NiOxHy catalyst films.66,67  

The other cations (La, Ti, Mn, and Ce) have little effect on the Tafel slope. For 

La, Ti, and Mn, the Tafel slope is not statistically different from that of NiOxHy.  

Determining the Tafel slope of Ni0.85Ce0.15OxHy is complicated due to the rapidly 

decreasing activity (Figure B.6).  Ni0.85Ce0.15OxHy is marginally better than NiOxHy at 

low overpotentials, but worse at high overpotentials (Figure 3.4a).  Because the Tafel 

data was collected from low to high overpotential these results are explained by the 

instability of the Ni0.85Ce0.15OxHy discussed above. 

 The chemical stability of the films was determined by monitoring the film mass 

during chronopotentiometry steps of the Tafel analysis (Figure 3.4b) as stability during 

cycling is difficult to ascertain due to movement of ions/ solvent into and out of the film 

during oxidation/reduction (Figure B.14).  All the films were stable and insoluble during 

the ~1 h of chronopotentiometry measurements.  NiOxHy along with La, Mn, and Ce-

incorporated films have a mass change of less than ± 3%.  The Ni0.9Fe0.1OxHy films were 

more variable, but exhibited an overall mass change of ± 10%.  We note that the 

differences in mass change could be the result of variable amounts of NO3- (and SO42- for 
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Ti films) left in the films after spin coating, which may not be fully removed before the 

Tafel analysis as well as Ni2+ ions left in the 1 M KOH after cleaning with Ni(OH)2.   

Cation Influence on Electronic Structure.  It has been hypothesized that an electron 

withdrawing effect on NiOxHy, either by added cations or a noble metal substrate, 

increases the ability of NiOxHy to catalyze water oxidation.14,30,39  For example, one 

hypothesis for Fe enhancement is that charge transfer from Ni to Fe makes it more 

difficult to oxidize NiOxHy (evident from the anodic shift of the Ni2+/3+ oxidation peak) 

therefore giving it more oxidizing power and faster OER kinetics.14,30 The formal 

potential E0' for the Ni redox wave may thus be a activity descriptor.  Recently, Haber et 

al. correlated the Tafel slope of catalysts in the Ni-Fe-Co-Ce-Ox composition space to the 

redox potential of the catalysts, likely a combination of the Co2+/3+ and Ni2+/3+ redox 

potentials.48  However, the lower Tafel slopes found for catalysts with higher redox 

potentials may only be due to Fe incorporation which is known to both lower the Tafel 

slope and anodically shift the redox peak for both Ni and Co based catalysts.14,15,28,43  

Figure 3.6 shows TOFtm for each Ni1-zMzOxHy catalyst versus the formal 

potential E0' of the Ni redox wave, where E0' is taken as the average of the anodic and 

cathodic peak potentials, Epa and Epc.  There is no strong correlation between E0' and 

TOF, with the exception of Fe showing both increased E0' and TOFtm. The data show that 

10% Fe induces an 18 mV anodic shift of the formal potential along with two orders of 

magnitude increase in activity. At 30% total metal, cations such as Ce and Ti induce 

similar anodic peak shifts, 13 and 36 mV, respectively, but do not result in comparable 

increases in activity.  This suggests that the electronics of the Ni cation, as reported by 

the formal potential of the Ni couple, are not affecting the OER activity. This result is 

consistent with Ni not being the active site in Ni(Fe)OxHy. We do note that the measured 

formal potentials can be influenced by kinetic and ion-transfer resistances in the film, 

which add some uncertainty to the above analysis. 

The fact that the Ni2+/3+ redox potential is not a good descriptor of catalytic 

activity suggests that Fe or Ce may be the OER active site in the doped films.  Ce, like 

Fe, shows 3+/4+ redox activity. We find that increasing Fe content in Ni1-zFezOxHy films 

from 10 to 30% results in increased activity, consistent with Fe acting as the active site 
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within the NiOxHy matrix.  Increasing Ce content from 10 to 30% decreases activity.  

This is likely explained by a low solubility of Ce4+ in NiOxHy, due to the difference in 

cation size.   

 

 

Figure 3.6. TOFtm vs. E0' of Ni2+/3+ for Ni1-zMzOxHy after 5 (top) and 50 (bottom) cycles 
in 1 M Fe-free KOH at 20 mV s-1 at low concentrations (closed squares) and higher 
concentrations (open circles) of added cations.  The formal potential, E0', is taken as the 
average of the cathodic and anodic peak potentials for the Ni2+/3+ redox wave.  
 

Comparison of Film Preparation Methods.  In heterogeneous electrocatalysis, activity is 

often dependent on synthesis method due to changes in surface area or electrical 

connectivity.13,23,56  We investigated if activity trends determined for spin-cast Ni1-

zMzOxHy films also hold for their electrodeposited counterparts of similar composition.  

The OER activity, electrochemical cycling behavior and morphology are similar for the 

electrodeposited and spin-cast films (Figures B.3 and B.15-17).  The solution spin-casting 

method likely contributes to the similarities between spin-cast and electrodeposited films, 
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as discussed in Section 3.1.  The low annealing temperature of the spin-cast films, 150°C, 

prevents formation of the oxide phases.  The as-deposited films have more hydroxide 

character than spin-cast films annealed at higher temperatures above 300 ºC,13 which is 

evident from the Ni2+/3+ oxidation wave that remains largely unchanged throughout 50 

cycles for most of the spin-cast films (Figure B.5). These low-temperature spin-cast 

hydroxide films are thus easier to convert to the (oxy)hydroxide phases that are the active 

phase present during the OER.50,68–70 They also have the advantage over the 

electrodeposited films of precise composition and thickness control. 

 We note that for both preparation methods the degree of cation mixing is 

unknown due to the difficulty in obtaining local structural data in thin, disordered films 

from conventional x-ray diffraction.  However, because these films are electrolyte-

permeated at the molecular level, added cations should be electrochemically accessible. 

The short (10 min) low-temperature (150 ºC) processing makes complete phase 

segregation during synthesis unlikely. Additionally, the observed electronic changes to 

the NiOxHy films with added cation (i.e. changes in the Ni2+/3+ redox wave) suggest 

interaction between cations on the molecular level.  Further studies such as X-ray 

absorption measurements are needed to understand local structural differences which may 

affect catalytic activity. 

Conclusion and Bridge 

We studied Ni1-zMzOxHy films, where M is Ti, Mn, Fe, La, or Ce, and found that 

only Fe increases the OER electrocatalytic activity. Although adding Ce induces a ten-

fold OER activity increase for NiOxHy, the enhancement decays quickly.  Ti, Mn, and La 

cations have almost no effect on NiOxHy catalytic activity.  The results also inform the 

discussion of which cation(s) are the active site for the OER. We showed that there is no 

strong correlation between the formal potential of the Ni2+/3+ redox couple and the 

electrocatalytic OER activity, suggesting that Ni site electronics are not of primary 

importance to the OER mechanism.  This is consistent with Fe being the active site in 

Ni(Fe)OxHy. We also demonstrate that these conclusions are intrinsic to the Ni1-zMzOxHy 

by comparing films fabricated with two different deposition methods, solution spin-

casting and electrodeposition. In sum, our results illustrate the apparently unique effects 
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of Fe cations, and point to other Ni1-zMzOxHy compositions as analogous systems for 

understanding the mechanisms behind those synergistic effects. 

Given that Fe appears to be uniquely important in transition metal (oxy)hydroxide 

electrocatalysts for the OER, further studies of its properties are warranted.  In the 

following Chapter further investigation of the intrinsic activity of FeOxHy will be 

performed to understand the exceptional activity of Fe and Fe-incorporated catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 
 

CHAPTER IV 

ELECTRODE SUBSTRATE DEPENDENCE OF IRON (OXY)HYDROXIDE 

ELECTROCATALYTIC ACTIVITY FOR THE OXYGEN EVOLUTION 

REACTION 

Chapter IV contains co-authored unpublished material. Prof. Boettcher and I 

conceived of the project.  I performed experiments and analyzed data as well as directed 

experiments and analysis performed by undergraduate A. Vise.  I wrote the paper with 

help from Prof. Boettcher and A. Vise along with editorial assistance from Boettcher and 

M. B. Stevens. It is prepared in the format of the Journal of the American Chemical 

Society. 

 

Introduction 

The oxygen evolution reaction (OER, in aqueous alkaline solution: 4OH- → O2 + 

2H2O + 4e) is a source of efficiency loss for several renewable energy technologies 

including water electrolysis and CO2 reduction.1–4 Significant effort has been made to 

understand and design electrocatalysts for this reaction.  Iron (oxy)hydroxide (denoted as 

FeOxHy due to potential-dependent oxidation and protonation state) is one of the most 

intrinsically-active earth-abundant single-metal materials for catalyzing the OER in base, 

however, its activity is highly dependent on conductivity, electrode substrate, and 

structure.5–11  Additionally, when Fe is embedded into NiOOH or CoOOH, the OER 

activity is even higher.6,12,13  These effects are poorly understood and a better 

understanding would allow for more rational design within the field of OER 

electrocatalysis.   

Understanding electrode substrate interactions with the OER catalyst is important 

for determining the intrinsic activity of a catalyst.14  We have shown that the OER 

activity of FeOxHy at low overpotentials (350 mV) is nearly two orders of magnitude 

higher on Au substrates compared to Pt substrates.5 Computational efforts by Bell et al. 

have shown that an Fe atom atop an Au2O3 matrix is more active than pure Au2O3,15 
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which is not surprising given the intrinsic activity of FeOxHy.6  There has been no 

investigation in the literature so far of the unique relationship between FeOxHy and 

Au/Au2O3 compared to other noble metals and their oxides. 

The enhancement of the OER activity of other transition metal (oxy)hydroxides 

(Mn, Co, Ni, NiFe) by Au and other noble metals (Pt, Ag, Cu, Pd) has been investigated 

previously.16–25  For example, Bell et al. showed enhanced OER activity of Au-supported 

Ni and Co oxides, which they attributed to charge transfer from transition metal to the 

highly electronegativity Au substrate.26,27  Additionally, they found that the activity of 

CoOx correlated with the electronegativity of the metal substrate in the order Au > Pt > 

Pd > Cu > Co. Jaramillo and coworkers have shown that MnOx embedded with noble 

metal nanoparticles (Au, Pt, Pd, Ag) is more active than MnOx on glassy carbon due to 

an increase in the amount of MnIV, observed by X-ray absorption spectroscopy 

(XAS).28,29 In this work, the activity of MnOx with noble metal nanoparticles varied in 

the order Au ≈ Pd > Pt > Ag, in contrast with the electronegativity trend found by Bell. 

Investigation of the effects of metal substrate on the OER activity of FeOxHy is 

necessary for several reasons. Firstly, it is possible that studies of other noble-metal 

enhancement of transition metal oxides are affected by Fe impurities, which have been 

shown to readily incorporate into Ni, Co, and Mn oxides/oxyhydroxides.6,12,13,30 

Secondly, the two orders of magnitude difference in OER activity between Au and Pt-

supported FeOxHy is much higher than other transition metals, indicating a different 

enhancement mechanism may be in effect.  Finally, since noble metals are often used as 

substrates for heterogeneous electrocatalysis, it is important to understand the effects of 

Fe impurities on these substrates in order to make accurate measurements of intrinsic 

activities of catalytic materials. 

Here we use cyclic voltammetry (CV) and chronopotentiometry to assess the 

OER activity of FeOxHy on different substrates (Au, Pt, Pd, C, and Cu) in 1 M or 0.1 M 

KOH.  CV was also used to examine the effects of electrolyte impurities on the activity 

of the substrates themselves.  We show that the enhanced OER activity of FeOxHy on Au 

electrode substrates is unique, likely due to a greater adsorption strength that also leads to 

better charge transport at the Au-FeOxHy interface.  Additionally, we show that the 
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presence of transition metal impurities in KOH electrolyte greatly increase the OER 

current of Au electrode substrates, making it a questionable substrate choice for 

fundamental studies of thin film OER catalysts.     

Experimental 

Electrode Fabrication. The electrodes had surface areas of ~ 0.1-1.0 cm2 and were 

constructed by depositing 25 nm of Ti adhesion layer and 50 nm of Au, Cu, Pd, or Pt 

onto glass microscope slides. Au and Pd were deposited via thermal evaporation and Ti, 

Pt, and Cu by electron beam evaporation (Amod, Angstrom Engineering). The films were 

connected to Sn-Cu wire via Ag paint (Ted Pella). Epoxy (Loctite Hysol E-60HP or 

9640) covered any exposed wire and Ag paint. The entire perimeter and back of slide was 

covered with hot glue to prevent leaching of Fe from glass or epoxy components.31 The C 

electrode was purchased from CH Instruments (glassy carbon, 3 mm diameter). FeOxHy 

films were deposited onto the metal electrodes from aqueous solutions containing 0.1 M 

FeCl2 (Alfa Aesar, 98%) and 0.05 M NaNO3 (Mallinckrodt) for 20 seconds at -0.2 mA 

cm-2 according to previous procedures.5   

Electrochemical Characterization. All electrodes and films were analyzed by CV at 20 

mV s-1 and steady-state chronopotentiometry measurements (Tafel analysis) using a 

BioLogic potentiostat (SP300 or SP200) in a polymethylpentene 3-electrode cell with a 

Pt-wire counter electrode and Hg/HgO reference electrode (CH Instruments). Tafel 

analysis was completed from low to high current densities (first two steps held for 10 

minutes and all consecutive steps were held for 3 minutes). Two CVs and an impendence 

measurement were taken before the first step and after the last step. Throughout 

electrochemical characterization, O2 was bubbled and a magnetic stir bar was used to 

prevent bubbles from accumulating on the electrode surface. Electrochemical 

characterization was carried out in four types of 1 M KOH except for Cu electrodes 

which were analyzed in 0.1 M KOH due to lower Cu solubility at this electrolyte 

concentration. ACS Grade KOH was purchased from Alfa Aesar. Semiconductor-grade 

(SC) KOH electrolyte was purchased from Sigma Aldrich, (semiconductor grade 

99.999% trace metal basis). Fe-free electrolyte was SCG KOH cleaned of Fe impurities 

using Ni(OH)2 following our previously reported method.13 Fe-spiked electrolyte was 
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achieved by adding 1 ppm of Fe(NO3)3 (Ricca, ICP-MS standard, 1000 ppm Fe) to SC 

grade KOH during the first CV cycle for each film. All data were corrected after 

collection for uncompensated series resistance based on impedance measurements taken 

before and after cycling. Uncompensated series resistance ranged from 3 – 15 Ω in 1 M 

KOH and 25 – 45 Ω in 0.1 M KOH.  All potentials are given in overpotential, referenced 

to the thermodynamic potential for the OER, 𝐸𝐸𝑂𝑂𝑂𝑂−/𝑂𝑂2  , taken as 1.23 V anodic of the 

hydrogen evolution reaction potential at a Pt electrode in H2-saturated 1 M or 0.1 M 

KOH. 

X-Ray Photoelectron Spectroscopy (XPS). XP spectra were collected on a Thermo 

EscaLab 250 using a monochramtic Al Kα X-ray with a 20 eV pass energy and 0.1 eV 

step size.  Data on Cu samples were collected with a non-monochromatized Mg Kα 

source with a 40 eV pass energy and 0.2 eV, due to Cu Auger interference at the Fe 2p 

binding energy region.  An electron flood gun was used during all measurements for 

charge neutralization.  The binding energy scale for each sample was calibrated by setting 

the C-H peak in the C 1s spectra to 284.8 eV. 

Results and Discussion 

Electrolyte Impurities. It is known that electrolyte impurities can affect the catalytic 

ability of OER catalysts,12,13,30 but relatively little attention has been given to impurity 

effects on the underlying electrode substrate.15,32  We tested commonly used electrode 

substrates (Au, Pt, C, Pd, and Cu) in KOH electrolyte of different purity.  We find that 

some substrates are more affected by electrolyte impurities than others, shown in Figure 

4.1, where electrolyte impurities increase in the order Fe-free < SC < ACS.  Cu appears 

to be the least affected by solution impurities, as it has the same OER current at 450 mV 

overpotential in all three electrolytes, Table 4.1, although this is likely due to the lower 

electrolyte concentration, 0.1 M rather than 1 M.  Pd substrates are also little affected by 

solution impurities; the OER current at 450 mV overpotential for a Pd electrode is the 

same in both Fe-free and ACS grade and double in SC grade. The OER current of a Pt 

electrode roughly doubles each time as electrolyte purity decreases.  The insets in each of 

the CVs in Figure 4.1 show that the capacitive regions on each of the substrates vary little 
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between the different electrolytes.  Additionally, differences in electrochemically active 

surface areas are unlikely to contribute to the activity trends as they are similar (Figure 

C.1).   

 The C electrode is least affected by solution impurities and has the lowest OER 

current at 450 mV overpotential in all three types of electrolyte tested here.  However, the 

lack of activity increase in metal ion-contaminated electrolyte likely implies weak 

adhesion/adsorption of metal oxide (MOx) species to the glassy carbon surface.  This 

poor adhesion has been demonstrated previously to affect charge transfer in catalysts 

intentionally deposited onto glassy carbon as an electrode substrate.16,33,34  Au is the most 

affected by solution impurities, with its OER current increasing by roughly an order of 

magnitude as the electrolyte purity decreases.  The onset of OER is as low as 325 mV in 

ACS grade and 400 mV in SC grade 1 M KOH.  The order of magnitude increase in OER 

current density from Fe-free to SC grade suggests a strong interaction between Au and 

Fe, since only Fe impurities are removed in the cleaning process. The interaction between 

Au and Ni impurities, however, is surprisingly weak; OER current in Fe-free KOH is 

lower than all substrates, despite the presence of residual Ni impurities from the cleaning 

procedure.13,31,32 The large increases in OER current density for an Au electrode as metal 

ion impurities increase indicates a greater MOx adsorption strength and better charge 

transfer between Au and adsorbed MOx species. 
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Figure 4.1. Cyclic voltammetry at 20 mV s-1 of electrode substrates in A) ACS grade, B) 
semiconductor grade, and C) Fe-free KOH. Cycle 5 of 50 is shown for each material 
which is representative of at least three replicates. All CVs were run in 1 M KOH except 
Cu in 0.1 M KOH. 
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Table 4.1. OER current density at 0.45 V vs 𝐸𝐸𝑂𝑂𝑂𝑂−/𝑂𝑂2  for electrodes in KOH electrolyte 
of different purity. 

Current Density at η = 450 mV 

  Type of 1 M KOH  

Electrode 
Substrate Fe-free 

Semiconductor 
grade 
(99.99%) 

ACS 
Grade 

1 ppm 
Fe 

SCG 
FeOxHy film 

Au 
0.040 

(0.006) 0.20 (0.07) 
1.8 

(0.6) 33 (4) 8 (2) 

C 
0.032 

(0.009) 0.042 (0.005) 
0.11 

(0.02) 0.5 (0.4) 0.24 (0.08) 

Cu* 
0.086 

(0.002) 0.08 (0.02) 
0.08 

(0.03) 4 (1) 0.6 (0.2) 

Pd 
0.34 

(0.02) 0.72 (0.07) 
0.3 

(0.1) 2.9 (0.3) 2.0 (0.8) 

Pt 
0.09 

(0.01) 0.20 (0.09) 
0.41 

(0.02) 0.8 (0.1) 4.5 (2) 
 

Substrate Dependence of FeOxHy OER Activity. Due to the chemical instability of 

FeOxHy at high pH and anodic potentials, determining the intrinsic OER activity on 

different substrates is inherently difficult.5 Here, we test the substrate dependence of the 

OER activity of FeOxHy in two different ways: 1) by adding 1 ppm of Fe(NO3)3 to the 

electrolyte solution to effectively deposit a monolayer of FeOxHy on the electrode surface 

and 2) by intentionally depositing a thin film (~ 1 μg cm-2) of FeOxHy on the electrode 

surface.  In general, we find the same trends for both Fe-deposition methods indicating 

we are measuring the intrinsic activity of FeOxHy on each substrate.   

 In both Fe-deposition methods we find that the OER activity of FeOxHy on a 

given substrate increases in the order C < Cu ≈ Pt ≈ Pd < Au, shown in Figure 4.2.  The 

OER current density at 450 mV overpotential of each deposition method is greater than 

the bare electrodes in ACS grade KOH, indicating that we are indeed measuring FeOxHy 

on the substrates and not the bare substrates themselves.  FeOxHy on Au has a low onset 

potential for the OER, ~ 300 mV by ~ 100 mV.  Figure 4.2 shows the OER activity of 

FeOxHy on glassy carbon substrates in lower than all the other substrates tested here.  

The overpotential at 1 mA cm-2 of FeOxHy on C is 100 mV higher than on Pt, Pd, or Cu 
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and more than 200 mV higher than on Au.  This discrepancy has likely made 

fundamental studies of FeOxHy challenging and is further compounded in high-loading 

studies where low conductivity of FeOOH limits charge transport.5  

  

 

Figure 4.2. Cyclic voltammetry at 20 mV s-1 for FeOxHy on different substrates 
deposited from (top) 1 ppm Fe(NO3)3 in KOH and (bottom) 0.1 M FeCl2 in 0.5 M 
NaNO3.  Cycle 5 of 50 is shown for each and is representative of at least three replicates. 
All CVs were run in 1 M SC grade KOH except Cu in 0.1 M SC grade KOH. 

The presence of Fe on the surface for the measurement is also further confirmed 

by contrasting the Tafel slopes of FeOxHy from both deposition methods to that of the 

bare electrodes in Fe-free KOH, Figure 4.3. The Tafel slopes, shown in Figure 4.3, are 

similar for the two deposition methods, although there is some variability.  The Tafel 

slopes found in 1 M KOH with 1 ppm Fe are likely to be closer to the true value, as there 

was a constant amount of Fe present in solution and the error bars at each point are 

smaller in Figure 4.3. The higher variability in Tafel measurements for the cathodically-
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deposited FeOxHy may indicate that these films do not adhere as well to the substrate as 

FeOxHy adsorbed from solution. 

The Tafel slopes of FeOxHy on Cu and Au substrates are similar, ~ 45 mV dec-1 

(regardless of Fe-deposition method) indicating the OER mechanism and rate-

determining step may be the same.  FeOxHy on Pt and Pd also have similar Tafel slopes, 

~ 60 mV dec-1 indicating similar OER mechanisms on both these substrates.  Doyle and 

Lyons have also found Tafel slopes of 45 and 60 mV dec-1 for FeOxHy grown on 

metallic Fe electrodes in NaOH under different solution and cycling conditions.11 This 

suggests that Tafel slopes found here for FeOxHy on different substrates is due to 

differences in the FeOxHy atomic structure on those substrates.  The Tafel analysis on C 

substrates has high variability in both FeOxHy deposition methods, but low variability 

(smaller error bars) in the Fe-free Tafel measurements, likely due to poor adhesion of 

MOx species to the glassy carbon surface.  The accurate determination of the Tafel slope 

for FeOxHy on glassy carbon is therefore difficult and the results here should be taken 

with caution. 
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Figure 4.3. Tafel analysis of different electrode substrates in (top) Fe-free KOH, 
(middle) KOH with 1 ppm Fe, and (bottom) in semiconductor grade KOH with FeOxHy 
films deposited on the electrode surface. 

Au Enhancement of FeOxHy Activity. It is clear from the data presented here that the 

enhancement of the OER activity of FeOxHy from Au is both large and unique.  This is 

consistent with other reports of Au enhancing the OER activity of NiOx,13,21,24,26 

MnOx,28,29,35 and CoOx17,20,24,25,27,36 catalysts, indicating a strong interaction between Au 

and first-row transition metal oxides/(oxy)hydroxides.  The cause of the enhancement 

from Au is suggested to be the increased oxidation state of the transition metal (Mn, Fe, 
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Co, Ni) due to the electron-withdrawing ability of Au.  Indeed, Au has a high 

electronegativity, but comparison with other highly-electronegative elements shows no 

correlation between substrate electronegativity and OER current of FeOxHy catalyst 

(Figure C.2).  This suggests there is an additional factor contributing to the OER activity 

enhancement from Au. 

The electron-withdrawing ability of the substrate is dependent on the 

electronegativity of the substrate, but also the ability to transfer charge at the interface 

between substrate and catalyst.  Studies comparing NiOxHy and Ni(Fe)OxHy on GC and 

Au substrates have shown that Ni2+/3+ oxidation is more complete on Au than GC 

substrates,16,33 indicating better charge transfer at the interface.  The improved charge 

transfer at the Au-transition metal oxide interface is likely due to an increased strength of 

adsorption or adhesion of the oxide to the Au surface.  This increased adhesion strength is 

confirmed by XPS analysis after performing electrochemistry in KOH with 1 ppm Fe, 

shown in Figure 4.4.  Despite that fact that electrochemical analysis indicates OER 

activity from FeOx species, after removing the electrodes from solution and rinsing with 

H2O, Fe is only present on Au and Cu substrates, not Pt or Pd (Figure 4.4). This is 

evidence of strong adhesion of FeOxHy to the Au surface, and the Cu surface as well.  

The lower current density from Cu substrates despite strong FeOxHy adhesion can be 

attributed to the lower efficiency of the OER in 0.1 M KOH compared to 1 M KOH.   

 

Figure 4.4. Fe XP spectra on A) Au, B) Pd, C) Cu, and D) Pt electrodes after cycling in 
KOH spike with 1 ppm Fe.  Au, Pt, and Pd electrode spectra were collected with an Al 
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Kα source and Cu with Mg Kα due to Cu Auger peak at Fe 2p binding energy. The Fe 2s 
region is shown for Pt electrode due to overlap with Fe 2p and Pt 3s. 

Interestingly, we also find that of the metallic substrates, the Au surface is the 

only one to undergo completely reversible oxidation in solution.  Redox features can be 

seen for all substrates except for C (Figures 4.1, 4.2, and C.3), and XPS analysis after 

electrochemistry shows evidence of substrate oxidation for Cu, Pd, and Pt, Figure 4.5.  

The Au surface, while it clearly undergoes oxidation and reduction, evident from the 

redox features in Figures 4.1 and 4.2, returns to a completely metallic state with no 

evidence of residual oxide.  

 

Figure 4.5. Metal electrode XP spectra for A) Au, B) Pd, C) Cu, and D) Pt substrates. 
Au, Pd, and Pt were collected with Al Kα and Cu with Mg Kα sources. 

Conclusion and Bridge 

 The OER activity of FeOxHy has been shown here to vary based on electrode 

substrate material in the order Au > Pd ≈ Cu ≈ Pt > C.  The differences in activity are 

likely due to differences in the strength of adhesion of FeOxHy to the electrode substrate.  

The variation in adsorption strength lead to differences in charge transport at the FeOxHy-

electrode interface, contributing to the observed activity trend. The electrode substrate 

material also likely affects the atomic structure of FeOxHy and is responsible for 

differences in activity.  Further investigation into differences in the atomic and electronic 

structure of FeOxHy on different electrode substrates in operando would necessary to 

confirm this hypothesis. 
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 The sensitivity of the OER activity of FeOxHy on different substrates and in 

different matrices (eg. NiOOH explored in Chapter III) suggests it is important for the 

active site in OER catalysis.  To further investigate the role of Fe in the active site for 

OER catalysis, in operando experiments on CoFeOxHy are performed and analyzed in the 

next chapter, Chapter V. 
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CHAPTER V 

OPERANDO X-RAY ABSORPTION SPECTROSCOPY SHOWS FE 

OXIDATION IS CONCURRENT WITH OXYGEN EVOLUTION IN COBALT-

IRON (OXY)HYDROXIDE ELECTROCATALYSTS 

This chapter contains co-authored unpublished material. M. Stevens, Prof. 

Boettcher, and I conceived of the project. I performed experiments along with M. Stevens 

and M. Nellist with technical assistance from S. Fakra. M C. Toroker and M Dahan 

performed calculations. I analyzed data and wrote most of the paper with computational 

sections written by M. Toroker. Editorial assistance was provided by M. Stevens and S. 

Boettcher. It is prepared for submission to the peer-reviewed journal Angewandte 

Chemie International Edition. 

 

Introduction 

The efficiency of the oxygen evolution reaction (OER), particularly in alkaline solution, 

limits several prospective renewable energy-conversion technologies.[1–3] In order to 

improve the efficiency, a better understanding of catalysts for this reaction is necessary.  

In alkaline conditions, Fe-incorporated Ni- and Co-based (oxy)hydroxides (Ni(Fe)OxHy, 

Co(Fe)OxHy) are some of the best catalysts for the OER, but still operate at higher 

overpotentials than their HER catalyst counterparts.[4,5]  Understanding the mechanism 

for activity enhancement upon Fe incorporation would lead to the rational design of 

better catalysts. 

Operando XAS has been used previously to probe atomic and electronic structure 

of catalysts during the OER.[6–12] Friebel et al.[6] determined that in Ni(Fe)OxHy the Fe – 

O bond length during the OER was similar to that of NiOOH, which is shorter than in 

FeOOH.  Using this structural information, they performed DFT calculations to show that 

catalysis on Fe – O sites has a lower theoretical overpotential than on Ni – O sites, 

indicating that Fe was likely the active site.  Despite the Fe – O bond shortening, they 

claim no oxidation of Fe to Fe4+.  Conversely, Chen et al.[13] find evidence of Fe4+ in 
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Ni(Fe)OxHy during the OER using Mössbauer spectroscopy. Hunter et al.[14] have shown 

evidence of Fe6+ during OER catalysis in non-aqueous electrolytes.   

Co(Fe)OxHy is structurally and electrochemically similar to Ni(Fe)OxHy.[15,16]  

Both are comprised of layers of edge-sharing MO(H)6 octahedra and show increased 

OER activity and a more-positive (nominal) M2+/3+ reduction potential upon Fe-

incorporation.  Smith et al.[9] examined amorphous photochemically-deposited Fe100-

yCoyOx films using operando electrochemical XAS and observed oxidation of Co, but not 

Fe during the OER. Gong et al.[11] found that CoOx with Fe3+ ions adsorbed from solution 

was more active than co-deposited Fe4.4Co95.6Ox.  Operando XAS suggests oxidation of 

Co during the OER to a similar extent for both samples. Fe oxidation was not found in 

either sample, but adsorbed Fe3+ exhibited a lower oxygen coordination and was 

concluded to be responsible for the sample’s higher activity. Under-coordinated Fe-sites 

or edge-sites have also been hypothesized to be the active site in Ni(Fe)OxHy[13,17–19] and 

CoOOH.[20,21]      

Here we use operando XAS to study Co(Fe)OxHy. We find clear evidence for Fe 

oxidation and Fe – O bond shortening at OER relevant potentials, consistent with the 

hypothesis that Fe is the active site[22]   

Experimental 

Electrochemical Cell Fabrication.  Si3N4 windows (2 x 2 mm, 1 μm thick) embedded in 

Si (5 x 5 mm, 200 μm thick) were purchased from Norcada.  The windows were then 

treated with an O2/N2 plasma for 10 min to promote adhesion.  Ti (30 nm) and Au (25 

nm) were then deposited sequentially on the windows via evaporation with an electron-

beam and thermal source, respectively (Amod, Angstrom Engineering).  Electrical 

connection to the Au surface was made using Sn-Cu wire (McMaster-Carr) and Ag paint 

(Ted Pella).  The windowed-electrode was then embedded in a 60-mL polypropylene 

using hot glue.  All metal components except the Au surface were covered in hot glue to 

prevent contact with solution.  A new cell was fabricated for each sample tested.  

Catalyst Film Deposition.  Films were deposited from 0.1 M transition metal aqueous 

solutions (18.2 M∙cm H2O).  Co(NO3)2 (Alfa Aesar, 98%) and FeCl2 (Alfa Aesar, 98%) 
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were used as the Co and Fe sources respectively.  All Co and Fe compositions in the text 

are referenced to the deposition solution ratios as characterization of the deposited films 

was not possible.  Previous deposition under similar conditions shows that the Fe content 

in lower in the films than in the deposition solution by ~ 5%.[15]  N2 was bubbled through 

the solution for 20 min before addition of FeCl2.  Using a carbon cloth counter electrode, 

-1 mA cm-2 was applied to the working electrode for 30 s to precipitate a Co or Co-Fe 

hydroxide film on the electrode surface.  The use of electro-chemical precipitation leads 

to highly porous films where nearly every Co/Fe cation is exposed to the electrolyte[15]; 

these films are easily completely transformed into the active oxyhydroxide phase under 

OER conditions making them superior samples for study compared to oxide phases 

where only the surface is electrochemically active.[4,23–25] The deposition solution was 

immediately emptied from the cell to prevent dissolution of the deposited film and rinsed 

with water.  Films were cycled in 1 M KOH (10 mV s-1) to confirm film deposition from 

-0.3 to 0.4 V vs 𝐸𝐸𝑂𝑂𝑂𝑂−/𝑂𝑂2.  Electrochemical cells with deposited films were then shipped 

to the Advanced Light Source (ALS) for combined electrochemical-XAS experiments. 

Electrochemical Characterization.  Electrochemical analysis was performed using a 

Biologic SP-200 potentiostat in 1 M KOH (Sigma Aldrich, 99.99% trace metals) with an 

Hg/HgO reference electrode and Pt counter electrode. Co-cleaned KOH was used for 

CoOxHy films.[15] Chronoamperometry measurements were performed at potentials 

negative of the Co2+/3+ reduction wave, positive of the oxidation wave, and during OER, 

for the duration of the XAS measurements. Cyclic voltammetry at 10 mV s-1 was 

performed before and after XAS measurements on each sample.  All potentials in 

Appendix D and in Chapter V are reference in overpotential, vs 𝐸𝐸𝑂𝑂𝑂𝑂−/𝑂𝑂2 . 

XAS Measurements.  XAS was performed at beamline 10.3.2 (bending magnet) at the 

ALS with a ring current of 500 mA.  A Si(111) monochromator was used to 

monochromatize the incident beam, I0.  The energy axis was aligned using a glitch in I0 

near the main edge which was calibrated on Co (7708.78 eV edge) and Fe (7110.75 eV 

edge) foils measured in transmission mode using an ionization chamber.  The CoFeOxHy 

samples were oriented at a 45° angle from the incident beam and fluorescence signal 

from the films was detected using a 7-element UltraLEGe detector (Canberra) at a 90° 
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angle from the incident beam.  XAS data was collected under ambient conditions in the 

electrochemical cell while a constant potential was applied to the working electrode.   

XAS Data Analysis.  All absorption spectra, μ(E), were deglitched and corrected for 

detector dead time using the LABVIEW software at beamline 10.3.2.  Further data 

reduction and fourier transformed extended X-ray absorption fine structure (FT-EXAFS) 

fitting was performed using IFEFFIT-based Athena and Artemis software programs.[26]  

For each measurement, between 5 and 10 scans were merged to obtain the final spectrum.   

All spectra were edge step normalized using pre and post-edge backgrounds.  The edge 

energy, E0, was set to 1.0 and determined by the energy of the highest peak in the first 

derivative of μ(E).  FT-EXAFS spectra were fit using Artemis software.  Theoretical 

scattering paths were calculated using FEFF6[27,28] for CoOOH[29] (ICSD #56288).  Fits 

were performed over an R space range of 0.9 – 2.0 Å in the Fourier transform using k 

ranges of 2.0 to 11.0 Å-1 (Fe) or 2.0 – 11.5 Å-1 (Co) with a Kaiser-Bessel window.   

Results and Discussion 

Cyclic voltammetry of the CoFeOxHy films in Figure 5.1 shows that the addition 

of Fe improves the OER activity of CoOxHy and shifts the nominal Co2+/3+ reduction 

potential anodic, consistent with previous work.[15] In this way, the Co(Fe)OxHy system is 

similar to that of Ni(Fe)OxHy. An important difference, however, is that the nominal 

2+/3+ reduction potential is well-separated from the onset of OER current in the Co(Fe) 

system while in the Ni(Fe) system the OER onset current occurs at a potential near the 

2+/3+ oxidation wave for high Fe content.  Thus for the Co(Fe) system we can compare 

XAS spectra for Co and Fe in a potential range prior to the OER, but where the sample is 

already in the oxidized “active” oxyhydroxide state, with spectra where the catalyst 

remains in the active oxyhydroxide state but is now at potentials sufficient to drive the 

OER (see dotted lines in Figure 5.1). This comparison is complicated in the Ni(Fe) 

system where the oxidation of Ni is often coincident with the onset of OER current.[30]   
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Figure 5.1. A) Cyclic voltammetry data on Co(Fe)OxHy films collected at 10 mV s-1 
immediately prior to XAS data collection. Vertical dashed lines represent potentials at 
which chronoamperometry was performed while collecting operando XAS 
measurements. B) Schematic of electrochemical cell used for operando electrochemical-
XAS data collection. Incident X-rays and outgoing fluorescence from the catalyst went 
travelled through the 1 μm Si3N4 window and the Ti (30 nm)/Au (25 nm) layers. 

For Fe-free CoOxHy, the Co K-edge energy at an overpotential of 0.1 V vs. 

𝐸𝐸𝑂𝑂𝑂𝑂−/𝑂𝑂2  (anodic of the Co oxidation wave but cathodic of the OER current onset) 

indicates that Co is mostly present as Co3+ (Figure D.1A).  This is consistent with 

conversion from the hydroxide to oxyhydroxide phase during the Co2+/3+ oxidation wave.  

Comparison of the X-ray absorption near edge spectroscopy (XANES) data collected at a 

potential negative of the reduction wave (-0.3 V) to Co(OH)2 and CoOOH show that only 

a small fraction of the Co can be reduced back to Co2+ and that the oxyhydroxide 

structure dominates rather than the hydroxide (Figure D.1C), consistent with previous 

reports.[15]  Based on the higher K-edge energy shown in Figure 5.2A, a small amount of 

oxidation occurs (0.5 eV increase in edge energy) when the catalyst potential is stepped 

from an overpotential of 0.1 V to 0.4 V where OER occurs.  There is no change in the 

pre-edge feature.  This oxidation likely represents a fraction of Co being oxidized from 

Co3+ to Co4+ (Figure D.1A), consistent with other reports that show presence of Co4+ 

during the OER.[23,31,32] It is possible that these oxidized Co sites represent those 

performing the OER, perhaps at reactive edge sites.[17,18,21] 

Upon Fe addition, Co oxidation during the OER is suppressed, evidenced by the lack of 

change in the Co K-edge energy when stepping the potential to OER conditions (Figure 

5.2B and 5.2C). There is thus little to no Co4+ present in mixed Co(Fe)OxHy films during 

the OER.  This is further confirmed by the slightly higher (0.3 eV) Co K-edge energy of 
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CoOxHy during the OER compared to Co(Fe)OxHy (Figure D.1B).  However, the pre-

edge feature shown in the inset of Figures 5.2B and 5.2C does increase intensity during 

OER, suggesting a distortion of the CoO6 octahedra that increases the transition 

probability.  This distortion is likely caused by changes to the Fe – O environment during 

the OER, which will be discussed below.  

 
Figure 5.2. Operando Co K-edge XANES data collected under applied electrochemical 
potential for A) CoOxHy, B) Co0.8Fe0.2OxHy, and C) Co0.6Fe0.4OxHy films.  Pre-OER 
spectra were collected at potentials higher than the nominal Co2+/3+ oxidation wave and 
prior to OER onset. OER spectra were collected at potentials necessary to maintain 3 – 4 
mA cm-2 of OER current density. 

Fe K-edge spectra on Co(Fe)OxHy films collected at an overpotential of 0.15 V 

(anodic of the nominal Co2+/3+ oxidation wave, but prior to the onset of OER) show that 

Fe is nominally Fe3+ in the films.  This edge position is higher than at -0.3 V vs. 𝐸𝐸𝑂𝑂𝑂𝑂−/𝑂𝑂2 
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(cathodic of the Co2+/3+ reduction peak) the indicating that Fe is also oxidized in the 

Co2/3+ redox wave (Figure D.2A-B).  In the OER region, Fe3+ is further oxidized (Figures 

5.3A and 5.3B); the Fe K-edge energy shifts positive by 0.7 eV relative to at 0.15 V vs. 

𝜀𝜀O2/OH− (prior to the OER onset) and is also similarly higher in energy than the α-Fe2O3 

and γ-FeOOH standards (Figure D.2C). This increase in Fe edge energy upon driving 

OER represents oxidation of only a fraction of the Fe3+ sites.  XAS spectra from La1-

xSrxFeO3-δ show that a change in Fe oxidation state from Fe3+ to Fe4+ results in an 

increase in K-edge energy of ~ 1.3 eV.  The increase in Fe K-edge energy could also be 

the result of oxidation of Fe sites to Fe6+, which has recently been suggested to be the 

active site in Ni(Fe)OxHy,[14] however Fe6+ sites would be highly reactive and are 

unlikely to be present in substantially high concentrations.  Balasubramanian et al.[33] 

have reported Fe oxidation in anodically polarized NiOOH similar to that found here.  

The smaller than expected Fe K-edge shift was attributed to the higher degree of 

covalency in the Fe(IV) – O bond resulting in charge transfer back to Fe.[34]  The fact that 

incomplete oxidation of Fe3+ is observed may be because only a fraction of Fe (perhaps at 

reactive edge/defect sites) are participating in catalysis.[11,17,18]  

 

 
Figure 5.3. Operando Fe K-edge XANES data collected under applied electrochemical 
potential for A) CoOxHy, B) Co0.8Fe0.2OxHy, and C) Co0.6Fe0.4OxHy films.  Post-
oxidation spectra were collected at potentials higher than the nominal Co2+/3+ oxidation 
wave and prior to OER onset. OER spectra were collected at potentials necessary to 
maintain 3 – 4 mA cm-2 of OER current density. 
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Figure 5.4. FT-EXAFS data for Co(Fe)OxHy films at pre-OER and OER potentials in 1 
M KOH. D) Metal – oxygen bond lengths for Co(Fe)OxHy films before (pre-OER) and 
during the OER determined from FT-EXAFS fitting analysis. 

We fit the Fourier transformed extended X-ray absorption fine structure (FT-

EXAFS) (Figure 5.4) data to evaluate the metal-oxygen bond lengths (Figure 5.4D). We 

find no change in Co – O bond length when stepping the potential from 0.1 – 0.15 V vs 

𝐸𝐸O2/OH− to the OER regime at 0.3 – 0.4 V vs 𝐸𝐸O2/OH−. At both potentials the Co – O 

bond length is 1.90 Å, with or without Fe present.  This is as expected for Co(Fe)OxHy 

films since there is no change in the Co oxidation state.  For Fe-free CoOxHy, there is no 

apparent change in the Co – O bond length change despite the oxidation of Co observed 

by the positive shift in the Co K-edge. This is likely because the fraction of Co changing 

oxidation state is small. Conversely, the Fe – O bond length changes during the OER, 

shortening from 1.93 Å at 0.15 V vs 𝜀𝜀O2/OH− (prior to OER but more anodic than the Co 

oxidation wave) to 1.90 Å during the OER.  This average Fe – O bond length is shorter 

than in Fe phases such as α-Fe2O3 (2.03 Å)[35] and γ-FeOOH (2.04 Å)[36], indicating that 

Fe is dispersed in the CoOOH matrix.  While all Fe – O bonds are shortened during the 

OER, only a fraction of the Fe sites undergo oxidation, likely the reactive sites.[18]  
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The observed bond distance and oxidation state changes at the proposed active Fe 

sites were also studied with first principles calculations. We used Density Functional 

Theory +U (DFT+U) implemented in the VASP simulation package[37–39] to calculate the 

free energies required for the OER mechanism[40] shown in Figure 5.5 (see Appendix D for 

details).  For Fe-doped CoOOH, the Fe-O average bond when the surface is adsorbed with 

water (*OH2 intermediate) is ~1.95 Å and reduces to ~1.90 – 1.94 Å when OER proceeds 

through *OH and *O intermediates. This correlates to an increase in the calculated Fe 

oxidation state from +3 to nominally +4/+5. In contrast, the Co-O bond lengths in Fe-doped 

CoOOH both near and far from the active site do not change for the different OER 

intermediates maintaining an average value of ~1.91 Å. In the case of pure CoOOH, the 

Co-O bond lengths vary between 1.9 and 1.92 Å for the different intermediates as the Co 

oxidation state changes from +3 for the *OH2 intermediate to nominally +4 for the *OH 

and *O intermediates. While there are certainly substantial differences between the simple 

structures and reaction mechanisms used for the DFT+U calculations and experiment, the 

central result that the Fe bond length and oxidation change for the different OER 

intermediates appears consistent. 

 
Figure 5.5. Schematic OER mechanism for Fe-doped CoOOH. The values for the free 
energies of reaction intermediates are indicated. Red, blue, brown, and white spheres 
represent O, Co, Fe, and H atoms. Created with VESTA visualization software.[41] 
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The experimental findings of this work also agree well with theory.  The higher 

activity of Co(Fe)OxHy compared to CoOxHy films has been demonstrated by 

considering the mechanisms proposed by Selloni and Norskov.  In both cases, lower 

overpotential was demonstrated on Fe-doped CoOOH compared to pure CoOOH.  

Additionally, calculations also predicted a shortening of the Fe – O bond length during 

the OER, consistent with our experimental observations. Our results are also consistent 

with the experimental and theoretical study by Friebel et al. on NiFeOxHy, which is 

likely relevant due to the structural and electronic similarities to CoFeOxHy.  Their DFT 

analysis showed lower overpotential on Fe-sites embedded in a NiOOH matrix, where the 

Fe – O bond lengths were the same as those for Ni – O.[6] 

Most other studies have not reported an increase in Fe oxidation state along with 

potential-dependent shortening of the Fe – O bond in Co(Fe)OxHy, or Ni(Fe)OxHy, OER 

catalysts in alkaline solution.  This could in part be due to differences in catalyst 

preparation.  The Fe sites in catalyst films here are well-integrated into the CoOOH 

structure, evidenced by the similarity of the M – O and M – M shell distances in the FT-

EXAFS (Figure 5.4).  Since CoOOH is electronically conductive at all potentials, unlike 

FeOOH, the Fe sites in Co(Fe)OxHy could be expected to undergo potential-dependent 

structural changes. The samples used for previous studies on Co(Fe)OxHy may include 

oxide phases or separated Fe-phases that reduce the amount of electrochemically 

accessible Co(Fe)OxHy, making the changes seen here difficult to detect.[9,11,24,25] 

Interestingly, our potential-dependent Fe – O bond lengths are similar to those of Fe3+ 

ions adsorbed on CoOxHy, reported by Gong et al., which showed a decrease of the Fe – 

O bond length from 2.01 to 1.94 Å when changing the potential from open-circuit to 

OER conditions.[11] However in that case no concurrent oxidation of Fe was observed and 

bond length changes due to Co or Fe oxidation during the Co2+/3+ oxidation wave rather 

than OER were not separated.  Calvillo et al. has reported surface Fe oxidation on 

CoxFe3-xO4 spinels at OER potentials after extended cycling.[25] Balasubramanian et al. 

reported Fe oxidation and Fe – O bond shortening ex situ in anodically polarized 

Ni(Fe)OxHy films.[33]  
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Conclusion 

These data taken together support the hypothesis that Fe – O species are the active 

site in Co(Fe)OxHy films. The films contain Fe3+ at all potentials prior to the onset of 

OER. Upon driving Co(Fe)OxHy into the OER regime, Fe3+ is further oxidized while 

Co3+ observed at potentials just cathodic of the OER is not. In Fe-free CoOxHy Co3+ is 

oxidized during OER; indicating a fundamentally different mechanism compared to the 

Co(Fe)OxHy. Structurally, there are no differences in Co – O environment upon Fe 

addition, but large changes in activity, making it further unlikely that Co is the active site 

in the more-active CoFeOxHy.  Finally, the small amount of oxidation observed for both 

Co in CoOxHy and Fe in Co(Fe)OxHy indicates that only a fraction of these sites 

undergo oxidation, suggesting that some sites are more reactive than others. 
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APPENDIX A 

 CHAPTER II SUPPORTING INFORMATION 

 

Figure A.1. GIXRD patterns for MyAl1-yOx films where M is not d0, d5, or d10. 
Diffraction patterns were collected on the highest M-containing amorphous composition 
and on the Al-free MOx films to ensure crystallinity. 
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Figure A.2. GIXRD patterns from MyAl1-yOx films where M is d0, d5, or d10.  The 
highest M-containing amorphous composition and lowest M-containing crystalline 
composition studied are shown. 
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Figure A.3. C 1s and O 1s XP spectra of a-Al2O3 film with fits.  The binding energy was 
calibrated by setting the C-H peak to 284.8 eV. 

 

 
Figure A.4. XP spectra of VyAl1-yOx films C 1s (top), Al 2p, O 1s, and V 2p (bottom).  
The binding energy was calibrated by setting the C-H peak of each film to 284.8 eV.  The 
V 3s peak (located at 66 eV for metallic V) can be seen on the low binding energy side of 
the Al 2p peak for films containing V.1  The binding energy of the V 2p3/2 peak is 
indicative of V5+ species.2  The broadness of the V 2p peaks for films containing Al 
likely indicate the lack of uniform V coordination environment.  
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Figure A.5. XP spectra of CryAl1-yOx films C 1s (top), Al 2p, O 1s, and Cr 2p (bottom).  
The binding energy was calibrated by setting the C-H peak of each film to 284.8 eV. The 
Cr 3s peak (located at 75 eV for Cr0) can be seen on the high binding energy side of the 
Al 2p peak for films containing Cr.  The Cr 2p spectra for films containing Al indicate 
the presence of both Cr3+ and Cr6+ species.3  The Cr 2p spectrum for α-Cr2O3 agrees well 
with previous reports.4 

 
Figure A.6. XP spectra of MnyAl1-yOx films C 1s (top), Al 2p, O 1s, and Mn 2p 
(bottom).  The binding energy was calibrated by setting the C-H peak of each film to 
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284.8 eV.  The presence of shake-up features in the Mn 2p spectra of films containing Al 
indicate the presence of Mn2+ in addition to Mn3+.5 

 
Figure A.7. XP spectra of FeyAl1-yOx films C 1s (top), Al 2p, O 1s, and Fe 2p (bottom).  
The binding energy was calibrated by setting the C-H peak of each film to 284.8 eV. The 
difference in energy between the main 2p peaks and their shake-up features is indicative 
of Fe3+ rather than Fe2+.6 
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Figure A.8.  XP spectra of CoyAl1-yOx films C 1s (top), Al 2p, O 1s, and Co 2p (bottom).  
The binding energy was calibrated by setting the C-H peak of each film to 284.8 eV. The 
position of the shake-up features in the Co 2p spectrum of the Co0.1Al0.9Ox film indicates 
Co is present as Co2+.  Co 2p spectra for films with Co content greater than y = 0.1 are 
indicative of Co3O4.5 

 

 
Figure A.9. XP spectra of NiyAl1-yOx films C 1s (top), Al 2p, O 1s, and Ni 2p (bottom).  
The binding energy was calibrated by setting the C-H peak of each film to 284.8 eV. Ni 
3p peaks (located at 67 eV for Ni0) can be seen on the low binding energy side of the Al 
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2p peak for films containing both Ni and Al.1 The binding energy of the Ni 2p3/2 peak 
further confirms that Ni is present as Ni2+.7  

 

 

Figure A.10. XP spectra of CuyAl1-yOx films C 1s (top), Al 2p, O 1s, and Cu 2p 
(bottom).  The binding energy was calibrated by setting the C-H peak of each film to 
284.8 eV. Cu 3p peaks (located at 77 and 75 eV for Cu0) can be seen on the high binding 
energy side of the Al 2p peak for films containing both Cu and Al. The presence of 
shake-up features in the Cu 2p XP spectra indicate the presence of Cu2+.2 
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Figure A.11. XP spectra of ZnyAl1-yOx films C 1s (top), Al 2p, O 1s, and Zn 2p (bottom) 
XP spectra of ZnyAl1-yOx films.  The binding energy was calibrated by setting the C-H 
peak of each film to 284.8 eV.  

 

 
Figure A.12. XP spectra of GayAl1-yOx films C 1s (top), Al 2p, O 1s, and Ga 2p 
(bottom).  The binding energy was calibrated by setting the C-H peak of each film to 
284.8 eV. The binding energy of the Ga 2p3/2 peaks indicate that Ga is present as Ga3+.1 
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Figure A.13. VB-XPS of ZnyAl1-yOx films.  Due to the crystalline nature of the ZnO 
film, the Ir substrate was not completely covered. Contributions from Ir to the valence 
band can be seen in the spectrum for ZnO on the low binding energy side. 

XANES Analysis 

Table A.1. Metal K-edge energy evaluated at the first peak in the first derivative of 
normalized μ(E) spectrum (after pre-edge feature). 

Sample E0 (eV) Sample E0 (eV) Sample E0 (eV) 
V foil 5465 Fe foil 7712 Cu foil 8979 
V2O5 5481.1 Fe2O3 7123.4 CuO 8983.5 
V0.7Al0.3Ox 5483.3 Fe0.7Al0.3Ox 7123 Cu0.7Al0.3Ox 8983.7 
V0.5Al0.5Ox 5483.1 Fe0.3Al0.7Ox 7122.8 Cu0.5Al0.5Ox 8983.8 
V0.3Al0.7Ox 5483.6 Fe0.2Al0.8Ox 7122.6 Cu0.3Al0.7Ox 8984.1 
V0.2Al0.8Ox 5483.3 Fe0.1Al0.9Ox 7122.7 Cu0.2Al0.8Ox 8984.4 
V0.1Al0.9Ox 5483.5 Co foil 7709 Cu0.1Al0.9Ox 8984.6 
Cr foil 5989 Co3O4 7717.3 Zn foil 9659 
Cr2O3 5999.6 Co0.3Al0.7Ox 7717.1 ZnO 9661.5 
Cr0.5Al0.5Ox 6005.8 Co0.2Al0.8Ox 7717 Zn0.7Al0.3Ox 9662.2 
Cr0.3Al0.7Ox 6006.3 Co0.1Al0.9Ox 7716.4 Zn0.4Al0.6Ox 9662.3 
Cr0.2Al0.8Ox 6006.4 Ni foil 8333 Zn0.3Al0.7Ox 9662.3 
Cr0.1Al0.9Ox 6006.4 NiO 8341 Zn0.2Al0.8Ox 9662.4 
Mn foil 6539 Ni0.3Al0.7Ox 8341.1 Zn0.1Al0.9Ox 9662.4 
Mn2O3 6548.1 Ni0.2Al0.8Ox 8341 Ta foil 9881 
Mn0.7Al0.3Ox 6548.1 Ni0.1Al0.9Ox 8341.5 Ga2O3 10375.5 
Mn0.4Al0.6Ox 6548.2     Ga0.5Al0.5Ox 10375.5 
Mn0.3Al0.7Ox 6547.9     Ga0.3Al0.7Ox 10375.6 
Mn0.2Al0.8Ox 6548     Ga0.2Al0.8Ox 10375.7 
Mn0.1Al0.9Ox 6547.6         
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Figure A.14.  k2-weighted χ(k) data MyAl1-yOx films. Colors correspond to amounts of M 
as follows: y = 0.1 (magenta), 0.2 (orange), 0.3 (dark yellow), 0.4 (green), 0.5 (blue), 0.7 
(violet), 1.0 crystalline (dark grey), and 1.0 amorphous (light grey).   
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EXAFS Fitting 

All EXAFS data were fit using the Artemis software.8 The EXAFS equation can 
generally be described by the sum of all scattering paths, i, according to 

𝜒𝜒(𝑘𝑘) = ∑ 𝑆𝑆02𝑁𝑁𝑖𝑖𝑓𝑓𝑖𝑖(𝑘𝑘)
𝑘𝑘𝑅𝑅𝑖𝑖

2𝑖𝑖 𝑒𝑒−
2𝑅𝑅𝑖𝑖
𝜆𝜆(𝑘𝑘)𝑒𝑒−2𝑘𝑘2𝜎𝜎𝑖𝑖

2
sin(2𝑘𝑘𝑘𝑘𝑖𝑖 + 𝛿𝛿𝑖𝑖(𝑘𝑘))  (Eq. A.1) 

where  

S02 – amplitude reduction factor (intrinsic to absorber) 
N – coordination number 
𝑘𝑘 = 𝑘𝑘0 + ∆𝑘𝑘 , where R0 is the distance between scatterer and absorber of the theoretical 
standard and ΔR is the change in distance (i.e. difference between standard and sample) 
σ2 – mean-square disorder parameter 
f(k) – effective scattering factor 
δ(k) – effective scattering phase shift 
λ(k) – photoelectron mean free path 
𝑘𝑘2 = 2𝑚𝑚𝑒𝑒(𝐸𝐸 − 𝐸𝐸0)/ħ, where E0 is difference in energy between standard and sample 
data. 
The values of f(k), δ(k), λ(k), and R0 were all calculated using theoretical standards (i.e. 
CIF files from ICSD) in the Artemis software/IFEFFIT.9 The values of N, ∆𝑘𝑘, E0, and σ2 

were fit by the software. Uncertainties and r-factor values are directly from Artemis. 
 

Table A.2. EXAFS fitting results for VyAl1- yOx  films. 
y in VyAl1-yOx V – O (Å) N (atoms) σ2 (Å2) r-factor 

1 1.60 (0.01) 2.0 (0.1) 0.003 (0.001) 0.007 
1 1.85 (0.02) 2.9 (0.3) 0.003 (0.001) 0.007 

0.7 1.71 (0.01) 4.4 (0.5) 0.004 (0.002) 0.008 
0.5 1.70 (0.01) 4.5 (0.5) 0.006 (0.001) 0.008 
0.3 1.70 (0.01) 4.5 (0.4) 0.004 (0.001) 0.006 
0.2 1.71 (0.01) 4.3 (0.4) 0.003 (0.001) 0.006 
0.1 1.71 (0.01) 4.5 (0.5) 0.003 (0.001) 0.009 

S02 value used for all fits was 0.73. 

Table A.3. EXAFS fit results for CryAl1- yOx  films. 
y in CryAl1-yOx Cr – O (Å) N (atoms) σ2 (Å2) r-factor fraction Cr 
1 1.99 (0.01) 6 (0.4) 0.002 (0.001) 0.006 1 
0.5 1.60 (0.02) 4 0.008 (0.002) 0.026 0.7 (0.05) 
0.5 1.88 (0.02) 6 0.003 (0.002) 0.026 0.2  (0.05) 
0.3 1.61 (0.02) 4 0.008 (0.002) 0.02 0.75 (0.05) 
0.3 1.88 (0.02) 6 0.001 (0.002) 0.02 0.25 (0.05) 
0.2 1.62 (0.01) 4 0.006 (0.001) 0.0045 0.8 (0.05) 
0.2 1.89 (0.02) 6 0.006 (0.003) 0.0045 0.2  (0.05) 
0.1 1.62 (0.01) 4.0 (0.4)  0.008 (0.002) 0.01 1 

S02 value used for all fits was 0.76. 
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Table A.4. EXAFS fitting results for MnyAl1- yOx  films. 
y in MnyAl1-yOx Mn – O (Å) N (atoms) σ2 (Å2) r-factor 
1 1.90 (0.01) 6.0 (0.8) 0.004 (0.002) 0.009 
0.7 1.90 (0.01) 4.4 (0.4) 0.005 (0.002) 0.01 
0.4 1.88 (0.01) 3.2 (0.5) 0.005 (0.002) 0.01 
0.3 1.88 (0.01) 4.0 (0.3) 0.004 (0.001) 0.004 
0.2 1.88 (0.01) 4.0 (0.3) 0.004 (0.001) 0.004 
0.1 1.88 (0.01) 3.9 (0.4) 0.004 (0.001) 0.008 

S02 value used for all fits was 0.7. 

Table A.5. EXAFS fitting results for FeyAl1- yOx  films. 
y in FeyAl1-yOx Fe – O (Å) N (atoms) σ2 (Å2) r-factor 
1 1.93 (0.01) 3 0.003 (0.001) 0.008 
1 2.10 (0.01) 3 0.003 (0.001) 0.008 
0.7 1.93 (0.01) 4.4 (0.4) 0.007 (0.001) 0.001 
0.3 1.92 (0.01) 4.6 (0.4) 0.007 (0.002) 0.002 
0.2 1.93 (0.02) 4.1 (0.5) 0.005 (0.002) 0.003 
0.1 1.93 (0.01) 4.4 (0.4) 0.006 (0.002) 0.002 

S02 value used for all fits was 0.75. 

Table A.6. EXAFS fitting results for CoyAl1- yOx  films. 
y in CoyAl1-yOx Co – O (Å) N (atoms) σ2 (Å2) r-factor 
1 1.91 (0.02) 5.4 (0.8) 0.003(0.002) 0.018 
0.3 1.91 (0.02) 5.3 (1.0) 0.004 (0.002) 0.03 
0.2 1.92 (0.01) 5.8 (0.6) 0.005 (0.002) 0.01 
0.1 1.97 (0.01) 4.9 (0.2) 0.006 (0.001) 0.002 

S02 value used for all fits was 0.75. 

Table A.7. EXAFS fitting results for NiyAl1- yOx  films. 
y in NiyAl1-yOx Ni – O (Å) N (atoms) σ2 (Å2) r-factor 
1 2.07 (0.01) 5.6 (0.3) 0.004 (0.002) 0.01 
0.3 2.04 (0.02) 6 (0.6) 0.009 (0.002) 0.002 
0.2 2.03 (0.01) 5.7 (0.5) 0.009 (0.002) 0.002 
0.1 2.01 (0.01) 3.7 (0.4) 0.006 (0.002) 0.003 

S02 value used for all fits was 0.85. 

Table A.8. EXAFS fitting results for CuyAl1- yOx  films. 
y in CuyAl1-yOx Cu – O (Å) N (atoms) σ2 (Å2) r-factor 
1 1.94 (0.01) 3.9 (0.4) 0.002 (0.001) 0.008 
0.7 1.94 (0.01) 4.2 (0.2) 0.002 (0.001) 0.01 
0.5 1.93 (0.01) 3.7 (0.4) 0.004 (0.002) 0.009 
0.3 1.92 (0.01) 4.0 (0.4) 0.004 (0.002) 0.01 
0.2 1.92 (0.01) 4.0 (0.4) 0.005 (0.002) 0.01 
0.1 1.91 (0.01) 4.2 (0.2) 0.006 (0.002) 0.013 

S02 value used for all fits was 0.8. 
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Table A.9. EXAFS fitting results for ZnyAl1- yOx  films. 
y in ZnyAl1-yOx Zn – O (Å) N (atoms) σ2 (Å2) r-factor 
1 1.97 (0.01) 4.0 (0.2) 0.004 (0.001) 0.0015 
0.7 1.96 (0.01) 3.9 (0.2) 0.003 (0.001) 0.003 
0.4 1.95 (0.01) 3.8 (0.4) 0.005 (0.002) 0.0035 
0.3 1.95 (0.01) 3.9 (0.4) 0.005 (0.002) 0.005 
0.2 1.97 (0.01) 3.9 (0.4) 0.005 (0.002) 0.003 
0.1 1.97 (0.02) 4.2 (0.5) 0.006 (0.002) 0.007 

S02 value used for all fits was 0.8. 

Table A.10. EXAFS fitting results for GayAl1- yOx  films. 
y in GayAl1-yOx Ga – O (Å) N (atoms) σ2 (Å2) r-factor 
1 1.89 (0.01) 4 0.003 (0.001) 0.011 
1 2.08 (0.03) 6 0.007 (0.007) 0.011 
0.5 1.88 (0.01) 4.3 (0.4) 0.005 (0.002) 0.008 
0.3 1.88 (0.01) 4.2 (0.3) 0.004 (0.001) 0.004 
0.2 1.88 (0.01) 4.2 (0.2) 0.004 (0.001) 0.002 

S02 value used for all fits was 0.8. 
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APPENDIX B 

CHAPTER III SUPPORTING INFORMATION 

 

Table B.1. Electrodeposition conditions for the electrodeposited Ni1- zMzOxHy films. 

Film ratio (XPS) 
Ni:M 

Solution ratio 
Ni:M 

Current density 
for deposition 

(mA cm-2) 

Time of 
deposition (s) 

Ni 87 : Ce 13 Ni 99 : Ce 1 -0.5 45 

Ni 86 : La 14 Ni 90 : La 10 -1.0 55 

Ni 92 : Mn 8 Ni 70 : Mn 30 -0.5 120 

Ni 87 : Fe 13 Ni 97 : Fe 3 -0.1 38 

Ni 60 : Ce 40 Ni 90 : Ce 10 -1.0 150 

Ni 68 : La 32 Ni 70 : La 30 -2.0 90 
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Figure B.1. Number of electrons removed per Ni atom during Ni2+/3+ oxidation for spin-
cast films, calculated from integration of the anodic peak.  Total number of Ni atoms is 
obtained from the in situ mass determined by QCM. We find that for all the films 
synthesized, most only vary by a factor of 2, except films with higher content of Ce and 
Ti, which vary by a factor of 4. Since these differences are less than an order of 
magnitude, the films are nominally the same and differences in electrochemically active 
surface area do not affect the activity trends established in this work. We also note this 
calculation may be and underestimate of the number of electrons per Ni atom as the films 
likely suffer from lack of complete reversibility of oxidation, as has been shown for Ni-
based (oxy)hydroxides.1,2 
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Figure B.2. Morphology of spin-cast Ni1-zMzOxHy films where z ~ 0.3 after 50 cycles in 
1 M Fe-free KOH at 20 mV s-1. 

 

Figure B.3. Morphology of electrodeposited Ni1-zMzOxHy films after 50 cycles in 1 M 
Fe-free KOH at 20 mV s-1.  
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Table B.2.  Overpotential at 0.5 mA cm-2 for spin-cast Ni1- zMzOxHy films; this is 
referred to as the “OER onset potential” in Chapter III. 

  
Composition η @ j = 0.5 mA 

cm-2 (mV) 
cycle 5 

η @ j = 0.5 mA 
cm-2 (mV) 
cycle 50 

η @ j = 0.5 mA 
cm-2 (mV) 
Tafel 

NiOxHy 389 ± 5 426 ± 2 419 ± 7 
Ni0.85Ce0.15OxHy 315 ± 7 392 ± 6 430 ± 2 
Ni0.93La0.7OxHy 369 ± 6 401 ± 5 428 ± 3 
Ni0.9Mn0.1OxHy 385 ± 8 417 ± 7 432 ± 4 
Ni0.9Ti0.1OxHy 402 ± 5 420 ± 7 434 ± 11 

Ni0.9Fe0.1OxHy 277 ± 6 299 ± 3 297 ± 1 

Ni0.65Ce0.35OxHy 322 ± 11 382 ± 11 - 

Ni0.62La0.38OxHy 417 ± 7 436 ± 13 - 

Ni0.7Mn0.3OxHy 402 ± 10 432 ± 10 - 

Ni0.7Ti0.3OxHy 413 ± 12 403 ± 6 - 
Ni0.7Fe0.3OxHy 248 279 - 
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Figure B.4.  Initial voltammograms (Cycle 1) of all spin-cast and electrodeposited film 
compositions taken at 20 mV s-1 in 1 M Fe-free KOH.  Labels that do not specify 
preparation method are for spin-cast films.  For most compositions, electrodeposited 
films show better redox reversibility, indicated by the similar area and sharpness of the 
anodic and cathodic redox waves. 
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Figure B.5. Representative cyclic voltammograms of spin-cast Ni1-zMzOxHy films at 20 
mV s-1 in Fe-free 1 M KOH. Comparing cycle 5 (Figure 3.1 in the main text) to cycle 50 
(Figure B.5) it is clear that all of the films exhibit a decrease in current density. As noted 
in the main text, the reduction in current density is most pronounced for Ni(Ce)OxHy 

films. 
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Table B.3. Tafel slope and TOFtm for spin-cast Ni1- zMzOxHy  films.  Values marked with 
an asterisk (*) are extrapolated. 

Composition Tafel slope 
(mV dec-1) 

TOFtm (s-1) 
@ η = 400 
mV 
(Tafel) 

TOFtm (s-1) 
@ η = 400 
mV 
(CV cycle 5) 

TOFtm (s-1) 
@ η = 400 
mV 
(CV cycle 50) 

NiOxHy 93 ± 2 0.02 ± 0.007 0.036 ± 0.004 0.016 ± 0.002 

Ni0.85Ce0.15OxHy 126 ± 3 0.015 ± 0.006 0.26 ± 0.03 0.04 ± 0.01 

Ni0.93La0.7OxHy 101 ± 2 0.022 ± 0.003 0.07 ± 0.01 0.04 ± 0.01 

Ni0.9Mn0.1OxHy 92 ± 1 0.018 ± 0.002 0.05 ± 0.02 0.03 ± 0.01 

Ni0.9Ti0.1OxHy 105 ± 2 0.021 ± 0.007 0.024 ± 0.003 0.019 ± 0.005 

Ni0.9Fe0.1OxHy 40 ± 3 20 ± 6 7.02 ± 0.06* 7.01 ± 0.07* 

Ni0.65Ce0.35OxHy - - 0.15 ± 0.05 0.03 ± 0.02 

Ni0.62La0.38OxHy - - 0.035 ± 0.008 0.018 ± 0.006 

Ni0.7Mn0.3OxHy - - 0.03 ± 0.01 0.02 ± 0.01 

Ni0.7Ti0.3OxHy - - 0.019 ± 0.006 0.03 ± 0.01 

Ni0.7Fe0.3OxHy - - 174 ± 86* 19 ± 5* 
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Figure B.6.  Tafel plots for individual spin-cast Ni1-zMzOxHy films along with in situ 
mass change.  Symbols are the average and error bars represent the standard deviation of 
3 individual samples. 
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Figure B.7.  O 1s XP spectra taken with Al Kα excitation of Ni0.85Ce0.15OxHy films 
before and after 50 cycles at 20 mV s-1 in Fe-free 1 M KOH.  All spectra were shifted so 
that the C 1s peak was centered at 284.8 eV with the exception of the spin-cast as-
deposited spectrum which had significant charging issues likely due to residual H2O and 
NO3- left in the film.  It has been arbitrarily shifted in the figure (bottom) in order to 
compare peak shape. 
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Figure B.8. Ce 3d XP spectra taken with Al Kα excitation for spin-cast (left) and 
electrodeposited (right) Ni0.85Ce0.15OxHy films before and after 50 cycles at 20 mV s-1 in 
Fe-free 1 M KOH.  The as-deposited films show evidence of both Ce3+ and Ce4+, while 
the films after electrochemical analysis have only Ce4+.  Specifically, the distinct 
presence of the peak at ~905 eV corresponding to Ce3+ final states in as deposited 
Ni0.85Ce0.15OxHy films suggests the film has a significant amount of Ce3+.  Conversely, 
the lack of this peak and the presence of a peak at ~889 eV, which corresponds to Ce4+ 
final states, indicate mainly Ce4+ in the Ni0.85Ce0.15OxHy films after electrochemical 
cycling.  Some of the distinct spectral features unique to Ce3+ (blue) or Ce4+ (purple) have 
been indicated by dashed lines.3 

 

Figure B.9. Cyclic voltammetry of a representative Ni0.7Ti0.3OxHy film in Fe-free 1 M 
KOH at 20 mV s-1.  Inset shows a magnification of the Ni2+/3+ redox peaks.  The increase 
in OER current from cycle 5 to cycle 50 is due to the increase in electrochemically active 
surface area as evident from the increase in the area of the Ni2+/3+ oxidation peak.  
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Figure B.10. XP spectra of Fe 2p region using Mg Kα excitation showing that there is no 
detectable Fe in the samples that do not intentionally contain Fe. The use of Mg Kα 
excitation is essential for Fe quantitation given interference from Ni auger peaks when 
the Al source is used. 
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Figure B.11. Voltammetry of bare Au substrates at 20 mV s-1 in Fe-free 1 M KOH. 

 

Figure B.12. Voltammetry comparison of spin-cast Ni0.85Ce0.15OxHy on Au and Pt 
substrates.  Ni0.85Ce0.15OxHy shows similar current density at cycle 5 and 50 on either Pt 
or Au substrates.  The activities at cycle 5 and 50 are also comparable: TOFtm cycle 5 = 
0.26 s-1 (Au), 0.19 s-1 (Pt) TOFtm cycle 50 = 0.044 s-1 (Au), 0.038 s-1 (Pt).  We note that 
the Ni2+/3+ oxidation wave is significantly broader on Pt and attribute this to poorer 
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electrical connection of the film to Pt as well as higher resistance of the Pt QCM 
substrates.   

 

Figure B.13. Voltammetry (Cycle 5) of bare Au substrate and CeOx film on Au 
substrate in 1 M Fe-free KOH at a scan rate of 20 mV s-1. 

 

Figure B.14. Change in film loading during Ni2+/3+ oxidation and reduction for a 
representative spin-cast NiOxHy film during cycle 5 at 20 mV s-1 in 1 M Fe-free KOH.  
Films in this work exhibit nominally β-Ni(OH)2 behavior in that there is mass loss upon 
oxidation and mass gain upon reduction.4  The exact ion/solvent movement responsible 
for these small mass changes is beyond the scope of this work. 
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Figure B.15. Voltammetry of electrodeposited Ni1-zMzOxHy films in 1 M Fe-free KOH 
at a scan rate of 20 mV s-1. 
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Figure B.16. Comparison of OER activity of electrodeposited (open circles) and spin-
cast (solid squares) Ni1-zMzOxHy films.  

 

 

Figure B.17. TOFtm vs. E0’ of electrodeposited Ni1-zMzOxHy films after 5 (solid squares) 
and 50 (open circles) cycles in Fe-free 1 M KOH at 20 mV s-1. 

 

 



104 
 

APPENDIX C 

CHAPTER IV SUPPORTING INFORMATION 

Electrochemical Results 

 
Figure C.1. Dependence of current response on scan rate for electrode substrates. 
Electrodes were cycled between 0.1 and 0.2 V vs Hg/HgO until current response was 
stable.  The current plotted is the average of the absolute value of the anodic and cathodic 
current at 0.15 V vs Hg/HgO. Calculated surface areas are shown and are based on an 
average general capacitance of 0.035 mF cm-2, adapted from Jaramillo et al.1 

 

 
Figure C.2. Plot of current density at 450 mV overpotential vs Pauling's electronegativity 
of the electrode substrate material. 
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Figure C.3. Cyclic voltammetry at 20 mV s-1 of Pt (1 M KOH SC grade) and Cu (0.1 M 
KOH SC grade) electrodes showing irreversible oxidation of the surface.  Cycle 1 is 
plotted for both. 
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APPENDIX D 

 CHAPTER V SUPPORTING INFORMATION 

 

Extended X-ray Absorption Fine Structure (EXAFS) Details 

The EXAFS equation is described by the sum of all scattering paths, i, according to 

𝜒𝜒(𝑘𝑘) = ∑ 𝑆𝑆02𝑁𝑁𝑖𝑖𝑓𝑓𝑖𝑖(𝑘𝑘)
𝑘𝑘𝑅𝑅𝑖𝑖

2𝑖𝑖 𝑒𝑒−
2𝑅𝑅𝑖𝑖
𝜆𝜆(𝑘𝑘)𝑒𝑒−2𝑘𝑘2𝜎𝜎𝑖𝑖

2
sin(2𝑘𝑘𝑘𝑘𝑖𝑖 + 𝛿𝛿𝑖𝑖(𝑘𝑘))  (Eq. D.1) 

where  

𝑆𝑆02 – amplitude reduction factor (intrinsic to absorber) 

N – coordination number 

𝑘𝑘 = 𝑘𝑘0 + ∆𝑘𝑘 , where R0 is the distance between scatterer and absorber of the theoretical 

standard and ΔR is the change in distance (i.e. difference between standard and sample) 

σ2 – mean-square disorder parameter 

f(k) – effective scattering factor 

δ(k) – effective scattering phase shift 

λ(k) – photoelectron mean free path 

𝑘𝑘2 = 2𝑚𝑚𝑒𝑒(𝐸𝐸 − 𝐸𝐸0)/ħ, where E0 is difference in energy between standard and sample 

data. 

 

The values of f(k), δ(k), λ(k), and R0 were all calculated using theoretical standards (i.e. 

CIF file from ICSD #556288) in the Artemis software/IFEFFIT.  

The amplitude reduction factor, 𝑆𝑆02, was set to 0.78 for Co and 0.75 for Fe, based on 

previous reports.  The values of N, ∆𝑘𝑘, E0, and σ2 were fit by the software. Uncertainties 

and r-factor values are directly from Artemis. The number of independent points ranged 

from 6.1 to 6.5, determined by the Nyquist criterion. 
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Figure D.1. Co K-edge XANES on Co(Fe)OxHy films. A) Comparison of CoOxHy films 
at various potentials with CoOOH standard. B) Comparison of films during the OER with 
CoOOH standard. C) Comparison of films held at potentials negative of the Co2+/3+ 
oxidation wave (0 V or 0.05 V vs Hg/HgO) along with Co(OH)2 and CoOOH standards.  

 

 

Figure D.2. Fe K-edge XANES of A) Co0.8Fe0.2OxHy at various Eapp, B) Co0.6Fe0.4OxHy 
at various Eapp, and C) Co(Fe)OxHy films during the OER along with Fe standards. 



108 
 

 

Figure D.3. k3-weighted chi(k) data for Co(Fe)OxHy films at A) the Co K-edge pre-OER, 
B) the Co-K-edge during OER, C) the Fe K-edge pre-OER, and D) the Fe K-edge during 
the OER in 1 M KOH. 

Table D.1. Results of FT-EXAFS fitting for Co in Co(Fe)OxHy films under applied 
potential in 1 M KOH. 

 pre-OER OER 
Film 

Composition 
Co – O  

(Å) 
N  σ2  

(Å-2) 
R-

facto
r 

Co – O 
(Å) 

N σ2  
(Å-2) 

R-
factor 

CoOxHy 
1.90 

(0.01) 
5.5 

(0.7) 
0.003 

(0.001) 0.014 1.90 
(0.01) 

5.7 
(0.9) 

0.002 
(0.001) 0.021 

Co0.8Fe0.2OxH
y 

1.90 
(0.01) 

5.3 
(0.8) 

0.002 
(0.001) 0.019 1.90 

(0.01) 
5.4 

(0.8) 
0.002 

(0.001) 0.018 

Co0.6Fe0.4OxH
y 

1.90 
(0.01) 

5.6 
(0.8) 

0.003 
(0.001) 0.018 1.90 

(0.01) 
5.6 

(0.8) 
0.002 

(0.001) 0.014 
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Table D.2. Results of FT-EXAFS fitting for Fe in Co(Fe)OxHy films under applied 
potential in 1 M KOH. 

 pre-OER OER 
Film 

Composition 
Fe – O  

(Å) 
N σ2  

(Å-2) 
R-

factor 
Fe – O  

(Å) 
N σ2  

(Å-2) 
R-

factor 
Co0.8Fe0.2OxH

y 
1.93 

(0.01) 
5.0 

(0.7) 
0.005 

(0.001) 0.012 1.90 
(0.01) 

4.7 
(1.0) 

0.002 
(0.001) 0.018 

Co0.6Fe0.4OxH
y 

1.93 
(0.01) 

5.4 
(0.6) 

0.007 
(0.002) 0.009 1.90 

(0.01) 
4.8 

(0.6) 
0.005 

(0.002) 0.011 

 

Computational Details  

The Vienna Ab-initio Simulation Package (VASP) program was used to perform 

spin-polarized DFT calculations[6,7] with the Perdew-Burke-Ernzerhof (PBE)6 functional 

and the DFT+U formalism of Dudarev et al.[8] at a U-J term of 3.0 eV and 3.3 eV for Co 

and Fe, respectively, as usually for modeling catalysis of oxyhydroxides.[9–13] Projected-

augmented wave (PAW) potentials replaced the core electrons of Co 1s2s2p3s3p, Fe 

1s2s2p3s3p , and O 1s.[14,15]  

The unit cell of CoOOH[10,16–19] was cleaved at the (01�5) facet and the dopant was 

located at the active site as done previously for similar oxyhydroxides.[10,20] The energy 

cutoff and k-point Gamma-centered grid of 600 eV and 2×2×1, respectively were 

converged to within < 1 meV per atom. The ion positions convergence threshold was set 

until the force components on ions were less than 0.03 eV Å-1 while lattice vectors were 

held fixed for the surface in order to maintain the bulk geometry below.  

The more commonly used reaction mechanism that has been proposed for several 

metal oxides includes these reaction steps:[21]  

*OH2  *OH + H+ + e-               (1)          

*OH   *O + H+ + e-           (2) 

*O + H2O   * + 2H+ + O2 + 2e-           (3)  

* + H2O  *OH2       (4) 

where intermediate "*OH2" is the surface with a monolayer of adsorbed water molecules 

and intermediate "*OH" is the surface with an adsorbed hydroxyl group. Here 

intermediate "*O" has an oxygen termination, and "*" has a vacant termination. The 
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overpotential is defined as the applied voltage needed so that all reaction free energies are 

negative. The free energy for each reaction was calculated by subtracting reactants and 

products total energies and adding our calculated Zero Point Energy (ZPE) corrections 

and entropic contributions. 

 Our results support previous theoretical investigations that considered a different 

model and mechanism for pure and Fe-doped CoOOH.[19,22] Those models contained 

different number of transition metal ion layers and different facets. In addition, we did 

not include the *OOH surface reaction intermediate since we found in previous work that 

this reaction intermediate is unstable in some cases.[23] Nevertheless, we accounted for 

the *OH2 surface since this intermediate was proposed for other oxides.[24] The free 

energy for the direct reaction of ∗ ∗ 𝑂𝑂𝑂𝑂, which was obtained by summing the free 

energies of reactions 1 and 4 equals -0.57 eV and 0.26 eV for pure and Fe-doped 

CoOOH, respectively; hence, this route also a possibility that is included in the model. In 

agreement with previous studies,[22] we also find lower overpotential upon doping with 

Fe for CoOOH as detailed below.  

 

Computational Results 

Below is additional information on the calculation data, including bond lengths, atomic 

magnetization, free energies and overpotential, and optimized structures. 

 
Figure D.4. Atomic position labelling for Fe-doped CoOOH demonstrated for 
intermediate *OH2. 
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Table D.3. Fe-O bond distances around the Fe active site for Fe-doped CoOOH. 

* *O *OH *OH2 Termination 
1.875 1.920 1.933 1.923 d_Fe1-O1 [Å] 
1.933 2.058 1.913 1.962 d_Fe1-O9 [Å] 
1.876 1.885 1.900 1.921 d_Fe1-O13 [Å] 
1.892 1.904 1.911 1.964 d_Fe1-O18 [Å] 
1.905 1.928 1.897 1.959 d_Fe1-O6 [Å] 
1.896 1.939 1.911 1.946 Average [Å] 
0.022 0.061 0.013 0.019 Standard deviation [Å] 

 

Table D.4. Co-O bond distances far away from the active site for Fe-doped CoOOH. 
     
* *O *OH *OH2 Termination 

1.926 1.974 1.972 1.951 d_Co4-O4 [Å] 
1.898 1.915 1.918 1.917 d_Co4-O23 [Å] 
1.882 1.899 1.909 1.895 d_Co4-O17 [Å] 
1.912 1.898 1.904 1.903 d_Co4-O12 [Å] 
1.918 1.894 1.884 1.893 d_Co4-O5 [Å] 
1.926 1.914 1.907 1.916 d_Co4-O11 [Å] 
1.910 1.915 1.916 1.913 Average [Å] 

0.015 0.030 0.030 0.021 Standard deviation [Å] 

 

Table D.5. Co-O bond distances close to the active site for Fe-doped CoOOH. 

* *O *OH *OH2 Termination 
1.905 1.909 1.920 1.918 d_Co7-O9 [Å] 
1.912 1.912 1.912 1.913 d_Co7-O3 [Å] 
1.918 1.915 1.897 1.915 d_Co7-O15 [Å] 
1.927 1.865 1.892 1.916 d_Co7-O13 [Å] 
1.910 1.919 1.916 1.914 d_Co7-O21 [Å] 
1.915 1.963 1.957 1.926 d_Co7-O22 [Å] 
1.915 1.914 1.916 1.917 Average [Å] 
0.008 0.020 0.011 0.002 Standard deviation [Å] 
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Table D.6. Co-O bond distances around the Co active site for pure CoOOH. 

* *O *OH *OH2 Termination 
1.913 1.917 1.885 1.903 d_Co12-O1 [Å] 
1.897 1.911 1.895 1.909 d_Co12-O6 [Å] 
1.878 1.886 1.854 1.913 d_Co12-O18 [Å] 
1.867 1.893 1.910 1.891 d_Co12-O13 [Å] 
2.021 2.007 1.929 1.881 d_Co12-O9 [Å] 
1.915 1.923 1.895 1.900 Average [Å] 
0.017 0.102 0.022 0.073 Standard deviation [Å] 

 

The atomic oxidation states at the active site were estimated according to the 

calculated atomic magnetization. The magnetic moments on Fe2+, Fe3+, Fe4+, and Fe5+ are 

anticipated to be M = 4, 5, 4, and 3, respectively, at high-spin valence configurations of 

3d6, 3d5, 3d4, and 3d3. The magnetic moments on Co2+, Co3+, and Co4+ are anticipated to 

be M = 3, 4, and 5, respectively, at high-spin valence configurations of 3d7, 3d6, and 3d5. 

The corresponding low-spin configurations for Co2+, Co3+, and Co4+ can be associated 

with M = 1, (0 or 2), and (1 or 3), respectively. At DFT+U calculations the magnetic 

moments are typically smaller due to the slightly delocalized nature of the atomic 

orbitals. The expected oxidation state of Fe or Co in CoOOH is 3+ according to the 

material's stoichiometry, but the metals may have a distribution of oxidation states. 

Furthermore, during the reaction the oxidation state of the active site may increase upon 

deprotonation. Taking all of these into consideration, we provide estimate the oxidation 

state of the active site as given in Table D.7. 

Table D.7. Atomic magnetization and estimated oxidation state (in parenthesis) at the Fe 
and Co active sites for pure and Fe-doped CoOOH, respectively.  

* *O *OH *OH2  

3.6 (3+) 2.6 (5+) 3.3 (4+) 3.9 (3+) 
Fe-doped 
CoOOH 

1.9 (3+) 1.2 (4+) 1.0 (4+) 0.0 (3+) pure CoOOH 
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Table D.8. Free energies for water oxidation reaction intermediates for pure and Fe-
doped CoOOH. The free energies are normalized per electron participating in the 
reaction. Hence, the free energy of reaction *O * is divided by two. The largest free 
energy is indicated in bold. 

Reaction     
* ->*OH2 -1.97 ∆G4 [eV] pure CoOOH 

*OH2 ->*OH 1.40 ∆G1 [eV]   
*OH ->*O 2.29 ∆G2 [eV]   

*O ->* 1.37 ∆G3/2 [eV]   
 1.19 Overpotential [eV]  

*->*OH2 -1.22 ∆G4 [eV] Fe-doped CoOOH 
*OH2->*OH 1.48 ∆G1 [eV]   
*OH ->*O 1.60 ∆G2 [eV]   

*O ->* 1.30 ∆G3/2 [eV]   
 0.59 Overpotential [eV]  

 

Table D.9. Zero-point energy (ZPE) and entropy corrections at each reaction step for pure 
and Fe-doped CoOOH. 

  Pure Doped 

�∆(𝑍𝑍𝑍𝑍𝐸𝐸) − 𝑇𝑇∆(𝑆𝑆)�
1
 -0.385 -0.364 

�∆(𝑍𝑍𝑍𝑍𝐸𝐸) − 𝑇𝑇∆(𝑆𝑆)�
2
 -0.362 -0.360 

�∆(𝑍𝑍𝑍𝑍𝐸𝐸) − 𝑇𝑇∆(𝑆𝑆)�
3
 -0.636 -0.665 

�∆(𝑍𝑍𝑍𝑍𝐸𝐸) − 𝑇𝑇∆(𝑆𝑆)�
4
 0.792 0.790 
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