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1

Summary 

The chemistry underlying the activation of nickel hydroxide towards electrocatalytic oxygen evolution 
by incorporation of iron remains the subject of debate. We extract insights into the role of geometric 
strain on the electrochemical behavior in this class of materials by blending aluminum, gallium or iron 
into a disordered nickel hydroxide lattice. The electrochemical behavior and electronic structure of the 
three binary composition series are found to be similarly influenced by each additive cation. Density 
functional theory models indicate that the additive cations asymmetrically impede the voltage-induced 
expansion and contraction of the nickel hydroxide host lattice, a feature that is supported by near 
infrared spectroscopy. Reaction coordinate diagrams suggest that this distortion decreases the activation 
energy for electron transfer by decreasing the extent to which the lattice can expand and contract, but 
that iron is unique in its ability to favor oxidation by distorting the shape of the potential energy surface 
of the oxidized state to lower the electron transfer coefficient. These results reveal that interference with 
voltage-induced structural changes by incorporation of suitably sized ions alters the electrochemical 
behavior, but that overall electrocatalytic performance cannot be linearly controlled by such geometric 
distortions.
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2

INTRODUCTION

Efforts to understand and improve the performance of heterogeneous electrocatalysts have traditionally 
focused on the composition of the solid-state catalyst materials. A correlation between the binding 
energies of reaction intermediates and catalyst performance is firmly established for materials with well-
defined structures.1–3 Such correlations have enabled optimization of catalyst compositions for families 
of solid-state electrocatalysts for the oxygen evolution reaction (OER) by considering chemical 
descriptors such as the experimentally measured population of antibonding orbitals in perovskite 
crystals4 or the computationally predicted binding energy of intermediates.5 The volcano-plots that arise 
from such studies can be effective catalyst design tools, but they rely on assumptions that the catalyst 
structure and reaction mechanism do not change during catalysis. Further, computationally predicted 
energetics require a clearly defined bonding framework for the catalyst material. The performance of 
disordered or amorphous phases for OER electrocatalysis,6,7 the experimental observation of both 
reversible and irreversible phase changes during catalyst operation,8–10 the unexpected identification of 
basal-plane MoS2 vacancies as highly active reaction sites,11 and the prediction of situations where the 
underlying assumptions are expected to fail2 all highlight the limits of such an approach. Geometric 
strain within solid-state structures is emerging as an alternative means to influence the behavior and 
performance of electrocatalysts. Functional examples of “strain engineering” have improved 
understanding of the effects of strain on electronic structure and electrochemical behavior,11–18 to the 
point that proposals to parametrize strain as a predictor for electrocatalytic performance have been 
made.19 The success of such an approach raises questions regarding the relative importance of strain on 
the geometric and electronic structure in known catalysts. We address this question here for disordered 
nickel (oxy)hydroxide electrocatalysts.

The incorporation of iron ions into nickel hydroxide converts a poor OER catalyst into one of the best 
known. This transition is characterized by an anodic shift in pre-catalytic redox peaks, a cathodic shift in 
the onset of electrocatalytic OER, and an increased responsiveness of the catalyst to increased 
overpotentials.20–24 The chemistry underlying this transition remains a topic of debate; prominent recent 
proposals have ascribed catalytic performance gains to the presence of coordination environments that 
enable direct oxidation of Fe-based reaction sites,25,26 or to the activation Ni-based reaction sites by Fe 
ions.27,28 Numerous studies provide support for each of the above proposals by providing evidence that 
that Fe ions either are,29,30 or are not,31–33 electrochemically oxidized under catalytic conditions. The 
literature surrounding these mechanistic proposals thus provides little conclusive evidence for the 
validity of any single proposal.

Herein, we explore the impact of internalized geometric strain on electrochemical behavior by blending 
trivalent cations into a host nickel hydroxide lattice. The electronic structure and electrochemical 
behavior of Al-Ni, Ga-Ni and Fe-Ni binary composition series are found to correlate to the effective 
ionic radius of the secondary cation. We confirm composition-dependent structural distortions in all 
three of the composition series by tracking d-d transitions with near infrared (NIR) spectroscopy and 
utilize density functional theory (DFT) to gain mechanistic insight. The precatalytic behavior is affected 
in an identical way for all composition series, but only Fe affords significant improvements in catalytic 
performance. 

Page 3 of 17

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

EXPERIMENTAL

Materials. Nickel(II) 2-ethylhexanoate (78% in 2-ethylhexanoic acid, Strem Chemicals Inc.), iron (III) 
2-ethylhexanoate (6% solution in mineral spirits, Strem Chemicals Inc.), aluminum (III) 2,4-
pentanedionate (Alfa Aesar) and gallium (III) acetylacetonate (99.99%, Sigma-Aldrich), indium (III) 
acetylacetonate (98%, Alfa Aesar) and indium (III) acetate (099.99%, Alfa Aesar) were used as 
received. Fluorine-doped tin oxide glass (FTO; TEC-7 grade, Hartford Glass) was cleaned immediately 
prior to use by sequential ultrasonication in a detergent solution, milli-Q H2O, then isopropanol. The 
surface was dried under a stream of N2 and placed in a custom UV-irradiation chamber (GHO18T5VH 
lamp, Atlantic Ultraviolet) for 15 minutes. Aqueous 1 M KOH solutions were prepared using milli-Q 
H2O and reagent grade KOH (>85%, Sigma-Aldrich). Iron impurities were removed from these 
electrolyte solutions by aging over Ni(OH)2, as previously described.22 Catalyst films were fabricated by 
dissolving precursor complexes in ethanol with the relevant stoichiometry and a total metal 
concentration of 0.3 M. The solutions were spin-coated onto freshly cleaned FTO and placed in a UV-
irradiation chamber for 24 hours.6,28 Attempts to synthesize nickel-indium compositions were 
unsuccessful due to the insolubility of indium compounds in solvents suitable for spin coating precursor 
films.

Electrochemistry. All experiments were carried out with 1 M KOH electrolyte solutions in a single-
compartment polyethylene cell. A Bio-logic SP-300 was used in conjunction with a Gaskatel HydroFlex 
Reversible Hydrogen Electrode (RHE) as the reference electrode, a platinum mesh as the counter 
electrode, and catalyst-coated FTO as working electrodes. Cyclic voltammetry experiments consisted of 
5 cycles between 0.9 and 1.7 V vs. RHE at a rate of 1 mV s-1. Reproducible voltammograms were 
obtained after 2 or 3 cycles; data shown represents the stabilized behavior. Electron transfer kinetics 
were measured by a chronoamperometry experiments in both the anodic and cathodic directions. The 
voltage was stepped from 0.9 to 1.7 V vs. RHE in 10 mV, 60 second steps. The current density at the 
end of each step was taken as the steady-state catalytic current. Cell resistances were measured by 
impedance spectroscopy prior to electrochemical experiments, with values on the order of 15 Ohms 
measured for all samples. All experiments were performed without resistance correction; the voltage 
axis of Tafel plots were corrected for resistance (E = ERef - iRu).

Infrared Spectroscopy. Spectroscopic measurements were performed on a Nicolet 6700 FTIR equipped 
with a Pike Technologies VeeMAX III variable angle reflection accessory. An InGaAs detector and a 
white light source were used to acquire near-infrared spectra on all samples. Spectra from 4000 to 800 
cm-1 were recorded on a subset of samples using a DTGS detector with an infrared light source. Spectra 
were acquired from 8000 to 2500 cm-1 on this subset samples with a white light source and DTGS 
detector to ensure accurate comparison between the mid- and near-infrared regions (see online 
Supplementary Information). Samples were prepared by maintaining a voltage of either 1.6 V vs. RHE 
(oxidized) or 0.9 V vs. RHE (reduced) for 10 minutes. Electrodes were then removed from solution, 
excess electrolyte solution was removed from the surface using compressed nitrogen, and the spectra 
were acquired with an incident angle of 30o. A clean piece of FTO served as the baseline for all spectra. 
Peak locations were extracted by fitting the spectra with 3 Gaussian shaped peaks. All spectra and a 
sample of the fitted peaks are available in the online Supplementary Information.

X-ray Photoelectron Spectroscopy. Measurements were performed on a Thermo-VG Scientific 
ESCALab 250 microprobe using a magnesium X-ray source. Survey scans were performed using a pass 
energy of 50 eV and high-resolution scans with 30 eV. All measurements were performed on films 
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4

deposited on FTO glass with a small strip of conductive carbon tape to make electrical contact. Films 
that were employed for electrochemical experiments were thoroughly rinsed with milliQ H2O and 
allowed to air dry before loading into the sample chamber. Argon sputtering was performed for a period 
of 600 seconds. Quantification was performed on the high-resolution scans using CasaXPS and the 
following relative scaling factors (r.s.f.). The 20% Ga sample was analyzed using the Ni 2p (r.s.f. = 
13.92 and 7.18 for 2p3/2 and 2p1/2) and Ga 2p (20.47 and 10.56 for 2p3/2 and 2p1/2) regions. Overlap of Al 
and Ni-based photoelectrons in the 20% Al required deconvolution of the Al 2p (0.5735) and Ni 3p 
(1.36 and 0.701 for 3p3/2 and 3p1/2) features. The area of the Ni 3p1/2 component was constrained to be 
half that of the Ni 3p3/2 component during deconvolution. Argon-sputtering of 20% Al sample that was 
electrochemically conditioned induced a change in speciation of the nickel within the film (Figure S3D 
and S3E), necessitating the use of four peaks to describe the Ni 3p component. Spectra were calibrated 
by shifting the adventitious carbon 1s peak to 285.0 eV. 

Density Functional Theory. Calculations were performed with plane-wave based density functional 
theory (DFT) in the Quantum ESPRESSO package.34 The pre-catalytic process was shown to be a NiIV/II 
transition for materials related to those studied here.28 Structural models were therefore chosen as 
[Ni9(OH)18] and [Ni9O18] for the pure nickel composition and [M1Ni8O(OH)17] and [M1Ni8O18]- for the 
AlIII, GaIII and FeIII containing materials. Relaxations of periodic slabs were initiated using a single 2-
dimensional sheet of -Ni(OH)2 containing nine cations and 15 Å of vacuum between layers. Projector 
augmented wave pseudopotentials with PBE exchange correlated functionals were used with plane-wave 
cutoff values of 50 Ry and 500 Ry. A 10x10x1 Monkhorst-Pack grid was employed, with Hubbard-U 
terms fixed at 6.6 eV for Ni and 3.5 eV for Fe to maintain consistency with past reports.25,30 The in-
plane unit cell dimension was systematically increased relative to  -NiOOH to model tensile strain on 
the oxidized phases, or decreased relative to -Ni(OH)2 to introduce compressive strain on the reduced 
phases. Each series of calculations involved 8 distinct calculations with a fixed unit cell, from 0 to 7% 
strain, and one with a variable unit cell. The computationally predicted RNi-M distances (optimized 
structures available in Supplementary Information) are slightly larger than experimentally measured 
values for the reduced phase and smaller for the oxidized phase.28 We therefore limit ourselves to a 
qualitative analysis of trends as rigorously accurate structural models are impossible for the disordered 
material being studied here. 

RESULTS

Three series of thin films based on the formula MyNi100-yOx were fabricated, where the nominal y was 
varied from 0 to 30 in steps of 5 and M is AlIII, GaIII or FeIII. These additive elements were chosen using 
selection criteria intended to isolate and explore the role of geometric strain on the electrochemical 
behavior of nickel hydroxide. The selection criteria were that each element must be known to (i) be 
compatible with layered double hydroxide phases,35–37 (ii) provide a gradient in effective ionic radii that 
resides between those for NiII and NiIV,38 (iii) have equivalent electrostatic charge, and (iv) offer no 
standard reduction potential in the voltage range of interest. Experimental evidence for the 
electrochemical oxidation of FeIII to higher oxidation states has been reported for related materials,26,29,39 
but such observations were at voltages above the anodic voltage limit employed here. Uniform films of 
these materials were fabricated on FTO substrates by spin-coating a solution of photochemically 
reactive precursors containing the desired molar stoichiometry, then irradiating the precursor film with 
UV-light. This fabrication protocol yields films with a highly disordered structure that are ca. 150 nm 
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5

thick. X-ray diffraction has been shown to be ineffective in characterizing these materials,6,20 but X-ray 
absorption spectroscopy indicates a disordered structure related to layered doubly hydroxides in which 
all nickel sites are electrochemically accessible.28 These films have been shown achieve complete 
coverage and be highly uniform in their as-deposited state, with morphological changes yielding 
increased surface roughness after electrochemical testing.20

Figure 1. Electrochemical behavior of the three MyNi100-yOx composition series. Cyclic voltammograms 
acquired for 5% relative stoichiometry steps in the (A) Fe-Ni, (B) Ga-Ni and (C) Al-Ni composition 
series. The (D) catalytic onset, (E) Tafel slope and (F) overpotential to reach 1 mA cm-2 are plotted as a 
function of composition for Fe-Ni (green triangles), Ga-Ni (blue circles) and Al-Ni (red squares). 

Voltammetric characterization of the Al-Ni, Ga-Ni and Fe-Ni composition series reveal identical trends 
in pre-catalytic behavior but disparate electrocatalytic performance (Figures 1 and S1). A pre-catalytic 
redox process decreases in size and shifts anodically at a rate of 2.5 mV per percent addition of Fe in the 
Fe-Ni series. The pre-catalytic redox process is variably assigned to a NiII to NiIII,21,22,40 or a NiII to NiIV 
transition for nickel oxyhydroxides,28,33 likely owing to differences in fabrication and characterization 
protocols. We assign a NiII to NiIV transition as indicated by a recent analysis of photochemically 
deposited FeyNi100-yOx.28 The subsequent exponential rise in currents is electrocatalytic OER. This 
feature exhibits a significant cathodic shift following addition of Fe, with the majority of the shift 
occurring within the first 5% Fe addition. This behavior is characteristic of the material and is in 
agreement with all past studies on iron-nickel (oxy)hydroxides.21,22,28 The pre-catalytic redox process for 
both Ga-Ni and Al-Ni series exhibits a 2.6 mV anodic shift per percent of additional metal, but no clear 
catalytic gains as seen in the Fe-Ni series. The well-defined pre-catalytic redox peaks observed for all 
three composition series show no signs of shouldering or peak-splitting, suggesting a homogeneous 
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6

distribution of the dopant cations. The identical behavior of the pre-catalytic redox process in all 
composition series suggests preservation of the nature of the pre-catalytic electron transfer process 
despite differences between the additive elements. Incorporation of iron into nickel hydroxide yields the 
characteristic changes in electrocatalytic OER: a sudden decrease in the onset overpotential for 
electrocatalytic OER (onset; Figure 1D), defined here as the onset of linearity in Tafel plot, and a 
stepped decrease in the measured Tafel slope (Figure 1E). This overall behavior is in excellent 
agreement with that previously reported for the Fe-Ni composition series deposited on glassy carbon 
electrodes,28 suggesting that no electrode substrate effects are at play. Neither of these characteristic 
changes is observed for the Al-Ni or Ga-Ni composition series, where the Tafel slopes gradually change 
by ca. 10 mV dec-1 and onset slightly increases. The differences in electrocatalytic behavior observed 
here (Figure S2) supports the assertion that electrocatalytic OER and the pre-catalytic process are 
fundamentally decoupled and not a linear series of events. 

The surface compositions of the 20% Ga and 20% Al samples were examined by X-ray photoelectron 
spectroscopy (XPS) before and after electrochemical testing. High resolution XPS scans in the Fe 2p 
region show no Fe in either sample (Figure S3). A single peak is observed in this region for each 
sample, but the singlet structure, a 715.6 eV binding energy and the presence of a second peak at 758.0 
eV in the survey scan enable assignment of this peak to a Sn 3p emission from exposed fluorine-doped 
tin oxide substrate. Emergence of this peak is consistent with the morphological changes known to occur 
in these materials.20 Evidence that changes observed in electrochemical behavior for the Al and Ga 
series are not due to incidental incorporation of Fe come from electrochemical behavior when Fe is 
intentionally incorporated: addition of 1% Fe content during fabrication of 5% Ga and 10% Ga 
electrodes induces the characteristic decrease in Tafel slope for electrocatalytic OER, as does the 
analysis of a 15% Ga electrode analyzed in a 1 M KOH solution that had not been subjected to the 
purification procedure (Figure S4). XPS measurements on 20% Ga and 20% Al samples before and after 
the electrochemical testing protocol show that Al-containing samples are compositionally stable while 
80% of Ga is lost from the surface of the material during the 8-hour electrochemical testing protocol; 
measurements repeated after argon sputtering show that subsurface layers lost ca. 40% Ga (Figure S3). 
The anodic and cathodic redox peaks shift cathodically during the first 5 voltammetric cycles for Ga-Ni 
samples, after which the voltammetric behavior is stable even after extended electrochemical testing 
(Figure S5). Continued observation of a composition-dependent shift in the pre-catalytic redox process 
in the equilibrated samples suggests that while Ga rapidly dissolves from the surface during initial 
cycling, it does attain a functionally stable state and continues to affect the electrochemical behavior. 

Synchrotron-based studies have been indispensable in revealing the bonding structure for disordered 
metal (oxy)hydroxides such as those studied here,41–45 but limited accessibility to suitable facilities 
inhibits research progress. Such studies have consistently indicated that nickel (oxy)hydroxide materials 
possess a defective layered structure comprised of exclusively of bis--(hydr)oxo Ni-M motifs, even 
after incorporation of secondary transition metal ions.28,31,37 This consistency makes MyNi100-yOx an 
effective family on which to test alternative characterization techniques. Transition metal ions in an 
octahedral environment experience a splitting of d-orbitals to yield a t2g eg electron configuration, but a 
trigonal distortion of the nickel coordination environment is known for both well-crystallized -Ni(OH)2 
and disordered Fe-Ni oxyhydroxide.28,46 The resultant D3d symmetry of Ni coordination environments is 
expected to split the triply degenerate t2g orbitals into a non-degenerate orbital, a1g, and a doubly 
degenerate set of orbitals, eg, yielding a broad d-d transition at ca. 9000 cm-1.46–48 All MyNi100-yOx films 
exhibit a broad absorbance band at approximately 9000 cm-1 and a sharp band at approximately 6000 
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7

cm-1 when in the reduced state (Figures 2A and S6). Upon electrochemical oxidation the high energy 
feature splits into two well-resolved bands and the low energy band experiences a red shift and grows in 
relative intensity (Figures 2B and S6). We assign the high energy bands to the two distinct d-d 
transitions expected for the D3d coordination environment (Figure 2C). A broad absorbance band 
between 6000 and 7800 cm-1 was previously assigned as a second harmonic of the fundamental O-H 
vibration in nickel-containing layered double hydroxides.49,50 The low energy feature is orders of 
magnitude more intense than the O-H vibrations in the materials studied here and exhibits a dependency 
on nickel oxidation state (Figure S7), however, ruling out assignment as a vibrational overtone. 

Figure 2. Near infrared spectra of M10Ni90Ox. Spectra for (A) the electrochemically reduced (B) and the 
electrochemically oxidized phases for M being Fe, Ga, Al and Ni. The (C) proposed electronic structure 
and assignments for absorbance processes are employed to track (D) the location of the low energy 
absorbance, (E) the splitting due to trigonal distortion, and (F) the octahedral splitting field as a function 
of relative stoichiometry for each composition series.

Projected density of states (PDOS; Figure 3) plots from DFT calculations on both the reduced and 
oxidized states show orbitals with Ni dz2 character to be lowest in energy. Orbitals with character of the 
remaining Ni d-orbitals are split into two degenerate sets: an eg located slightly above the dz2 orbitals 
and an eg* above the Fermi level. (Figures 3 and S8-S10). Orbitals with O 2p character are located 
between the eg and eg* orbitals. These calculations lead us to tentatively assign 1 as a charge transfer 
process (Figure 2C). The consistency with past reports for -Ni(OH)2,47 the molecular orbital ordering 
indicated by DFT models (Figure 3), and recent reports detailing the splitting of nickel d-orbitals in 
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8

LaNiO3 by bi-axial strain16 bolster confidence in these assignments. The nickel d-d transitions in the 
NIR region therefore confirm a trigonal distortion of nickel coordination environments in all samples.

Comparison of the composition-dependent trends in the NIR spectra with DFT-generated models 
provides insight into the influence of Al, Ga and Fe on the bonding framework and electronic structure 
of the host Ni(OH)x material. The location of 1 shows the location of orbitals with oxygen 2p character 
relative to Ni-based eg* orbitals as a function of material composition (Figure 2D), the spacing between 
2 and 3 approximates the magnitude of d-orbital splitting due to the trigonal distortion (T; Figure 2E), 
and the weighted average of 2 and 3 yields the octahedral splitting field ( Figure 2F). In the reduced 
state, v1 decreases slightly while T and O increase with M-content for each composition series; in the 
oxidized state, v1 increases, T decreases, and O slightly decreases. By defining and varying the unit 
cell size, DFT calculations provide insight into the effects of compressive or tensile lattice strain on the 
electronic structure of the reduced and oxidized forms of nickel hydroxide, respectively. These 
calculations indicate that tensile strain on the oxidized state destabilizes the a1g orbitals and stabilizes the 
eg* orbitals (Figure 3B). In contrast, compressive strain on the reduced state has little effect on the a1g 
orbitals and slightly destabilizes the eg and eg* orbitals (Figure 3A). Agreement between the 
computationally predicted trends and the experimentally observed ones support the assertion that the 
incorporation of suitably sized cations into the Ni(OH)2 lattice influences electronic structure by 
modulating geometric strain.

Figure 3. The influence of strain on the projected density of states for nickel oxyhydroxide. PDOS are 
shown for 0, 3 and 6% (A) compressive strain on the reduced phase and (B) tensile strain on the 
oxidized phase.

Reaction coordinate diagrams generated from the above DFT calculations provide a microscopic 
description for the observed changes in electrochemical behavior. The Butler-Volmer approach to 
analyzing electron transfer kinetics positions potential energy surfaces (PES) for the oxidized and 
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9

reduced phases on a suitable reaction coordinate. Application of a voltage changes the kinetic rate 
constants for the electron transfer reaction by stabilizing or destabilizing one PES curve relative to the 
other. Two parameters are required to mathematically describe electron transfer kinetics: the standard 
rate constant (ko) is defined by the activation energy at the standard reduction potential, and the transfer 
coefficient () is the magnitude of voltage-induced change to the cathodic rate constant relative to the 
applied overpotential. We generate PES diagrams for the oxidized and reduced states by varying cell 
dimensions for the slab used in DFT calculations (Figure 4A). The average Ni-M distance (RNi-M) in bis-
-(hydr)oxo structural motifs within the slab is used as the reaction coordinate because the Ni(OH)2 
lattice is known to contract upon oxidation and expand upon reduction; the parabola arising from 
mathematical fits of the computed stabilities are shifted to position their minima at zero energy, as 
would be observed at the standard reduction potential. An additional PES that simulates the application 
of a 300 mV overpotential is also shown in Figure 4A. These diagrams predict that RNi-M is linearly 
correlated to the effective ionic radii of the additive metals in both the reduced and oxidized phases 
(Figure 4B). The ionic radius mismatch brings the PES curves closer together on the reaction coordinate, 
effectively inducing a decrease in activation energy for electron transfer (Figure 4C). Repeating the 
computations with InIII as a significantly larger dopant predicts that the lattice will expand for both the 
oxidized and reduced states, inducing an increase in activation energy (Figure S11). This computational 
model suggests that the decrease in activation energy is unique to dopants with an ionic radius between 
those of the oxidized and reduced forms of nickel. Attempts to experimentally confirm the prediction 
were impeded by an inability to synthesize a Ni-In composition series. The relative shape of the PES 
curves remains essentially unchanged for Al and Ga dopants, but the oxidized PES broadens 
substantially for Fe. This asymmetric change results in a decrease in  (Figure 4D). Such a change 
would favor oxidation reactions by making changes in affect the anodic rate constant more significantly 
than the cathodic rate constant. This analysis predicts that the incorporation of ions with a radius 
between NiII and NiIV into a Ni(OH)2 lattice will decrease the activation energy for electron transfer, and 
decrease the electron transfer coefficient by asymmetrically distorting the PES once beyond a certain 
threshold. 
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10

Figure 4. Reaction coordinate diagrams and parameters for electron transfer kinetics for M-containing 
nickel oxyhydroxide. (A) Potential energy surfaces as a function of the Ni-M distance in bis--oxo Ni-
M structural motifs for the reduced phase (red curves) and the oxidized phase at overpotentials of 0 V 
(black curves) and 0.3 V (blue curves) for M being NiII/IV, AlIII, GaIII, FeIII. Variable-cell relaxation 
results are indicated by the hollow data point. (B) The energy minima from the potential energy surface 
parabola, (C) activation energies for electrochemical oxidation, (D) and the electrochemical transfer 
coefficient are given as a function of the effective bond length of the dopant metal. 

DISCUSSION

The agreement between trends in DFT models and experimental results suggest that the addition of 
selected cations, namely AlIII, GaIII and FeIII, to a nickel hydroxide lattice can be structurally modeled by 
limiting the extent to which the host nickel hydroxide lattice can expand and contract. A static Fe-O 
bond distance in FeyNi100-yOx was previously shown to reside between that of NiII-O and NiIV-O at 
voltages up to 1.6 V vs. RHE,28 effectively distorting the structure by inhibiting the oxidative 
compression and reductive expansion of the host nickel hydroxide lattice. The DFT models generated 
here predict that the Ni-M distance and O-Ni-O bond angles in bis--(hydr)oxo motifs are influenced by 
the effective ionic radius of the secondary metal ion (Figures 4B and 5A). The PDOS diagrams in Figure 
3 indicate that tensile strain in the oxidized state of Ni(OH)2 would decrease both the octahedral splitting 
field (O) and the trigonal distortion (T); an increase in both parameters would arise from compressive 
strain in the reduced state. The NIR spectra show composition dependent trends in both O and T that 
match this predicted behavior, suggesting that the additive metals increase internal strain within the 
MyNi100-yOx materials (Figure 2). 
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The similarity in anodic shift rate for redox peaks in all composition series provides clear evidence that 
the pre-catalytic redox process is fundamentally decoupled from electrocatalysis. The consistency of 
anodic shift rate for all composition series in spite of variable electronegativity for each of the additive 
metals suggests that inductive effects or changes in Ni-O bond strength are not responsible for the 
behavioral change. The predicted linear relationship between effective ionic radii and average RNi-M in 
bis--(hydr)oxo motifs shown in Figure 4D suggests that the overall strain present in the system may be 
the key consideration underlying this behavioral feature. It is well established that the oxidation of 
Ni(OH)2 induces a reversible contraction in RNi-M;25,28,31,32,44 the models here predict a decrease in the 
magnitude of this contraction when secondary metals are incorporated. As the thermodynamics for an 
electron transfer reaction are based on the energetics of both the oxidized and reduced states, we propose 
that the opposing strain present in the oxidized and reduced states is responsible for the anodic shift. 
Such an interpretation is supported by the observed shift of redox processes when shape-memory alloys 
have been used to apply compressive or tensile strain,17,18 and when elastomer substrates have been used 
to apply a gradient of tensile strain.11 The assignment is also in line with past work on metal alloys, 
where the d-band of pseudomorphic monolayers has been shown to be destabilized by tensile strain and 
stabilized by compressive strain.13,14 This strain-induced effect has been shown to shift electrochemical 
redox processes cathodically when compressive strain is applied, and anodically when tensile strain is 
applied.15 

The results here suggest that the pre-catalytic process is highly dependent on the total strain within the 
material while the catalytic process is either decoupled from strain or presents a non-linear correlation 
that cannot be discerned from the present dataset. A decrease in Tafel slope is the primary catalytic 
change observed following incorporation of Fe into nickel hydroxide. Experimentally observed Tafel 
slopes are a function of reaction mechanism and identity of the rate limiting step:51,52 rate-limiting steps 
involving electron transfer present a Tafel slope that is scaled by  for that reaction, chemical steps 
present as constant slopes,51,52 and pushing the rate-limiting step later in a catalytic cycle results in a 
decreased Tafel slope (in mV dec-1).  The step-wise change observed for the Fe-Ni composition series 
implies either a shifting of the rate-limiting step later in the catalytic cycle or a change in dominant 
reaction mechanism. The gradual change in Tafel slope following incorporation of Ga or Al suggests 
that the rate limiting step for OER in these samples is an electron transfer step rather than a chemical 
reaction. The assumption that the trends in our computational model apply to catalytically relevant sites 
leads to the conclusion that there is either (i) a threshold of strain to trigger the behavior observed in the 
Fe-Ni case, which is alluded to by the PES distortions captured in Figure 4D, (ii) the d-orbitals in Fe 
enable a synergistic combination of geometric strain and bonding effects in the Fe-Ni series, or (ii) a 
secondary reaction mechanism such as the electrochemical oxidation of FeIII to higher oxidation states 
becomes dominant.25,26 We note that previous systematic studies on cation dopants such as Ti, Mn and 
Co into nickel hydroxide lattices have not revealed any correlations in pre-catalytic behavior with 
comparable Fe-Ni compositions.24,53 The correlations reported here for Al-Ni, Ga-Ni and Fe-Ni thus 
confirm the need for the selection criteria discussed earlier to study the type of internalized geometric 
lattice strain analyzed here. These criteria provide an unfortunate limit on the number of elements 
suitable for use in replicating the catalytic properties of the Fe-Ni materials through simple 
compositional tuning. The development of tunable substrate based approaches, such as those based on 
shape-memory alloys,17,18 may provide a means to overcome this limitation.
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CONCLUSIONS

We have studied binary Al-Ni, Ga-Ni and Fe-Ni hydroxides to explore the role of internalized geometric 
strain on electrocatalytic water oxidation by nickel hydroxide-based materials. The Al-Ni and Ga-Ni 
series replicate the well-documented composition-dependent anodic shift of the pre-catalytic redox 
process for the Fe-Ni series, but did not significantly influence electrocatalytic water oxidation. Near 
infrared spectroscopy and DFT models provide evidence that asymmetric distortions in the oxidized and 
reduced states can be achieved by the incorporation of cations with a suitable ionic radius into a nickel-
based lattice. The computational models indicate that all three composition series shift the potential 
energy surfaces to decrease the activation energy barrier for oxidation of nickel sites, but that only Fe 
significantly alters the electrochemical transfer coefficient that would manifest as lower Tafel slopes. 
We attribute the composition-dependent anodic shift of pre-catalytic redox processes in nickel hydroxide 
materials to asymmetric strain in the oxidized and reduced states of the nickel hydroxide lattice. Failure 
to emulate the electrocatalytic performance of Fe-Ni hydroxides using other compositions suggests that 
geometric strain is not solely responsible for improved catalysis.
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