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ABSTRACT 

The improved electrocatalytic properties of disordered metal hydroxides relative to crystalline 

layered double hydroxides remains a poorly understood phenomenon. We use a hydrothermally 

synthesized series of mixed metal hydroxides to study these composition-dependent structural 

similarities and electrochemical behavior differences. X-ray diffraction, X-ray absorption 

spectroscopy, and Raman spectroscopy provide complementary perspectives on the structure 

of the FexNi1-x(OH)2 series. These techniques reveal near quantitative incorporation of Fe(III) 

into the Ni(OH)2 lattice at low Fe-content, but also that Fe(III) is distributed into a contaminating 

iron oxide phase and a non-traditional coordination environment atop the layered double 

hydroxide structure as the Fe-content increases. Systematic lattice contraction is observed with 

increasing Fe-content, similar to structurally disordered analogues, but the electrochemical 

behavior is markedly different. The characteristic anodic shift of pre-catalytic redox peaks does 

not occur, and electron transfer kinetics exhibit a much more gradual improvement. Measured 

Tafel slopes are found to possess a linear relationship with the O-Ni-O bond angles within the 

lattice across the full composition series. Asymmetric Marcus-Hush theory is used to explain this 

unexpected result, where Fe(III) ions systematically introduce lattice strain that alters the 

reaction coordinate for the nickel oxidation reactions. 

 

Keywords: hydrothermal synthesis, lattice strain, electron transfer kinetics, electrocatalysts, 
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INTRODUCTION 

Iron-doped nickel hydroxides rank as one of the best oxygen evolution reaction (OER) 

electrocatalysts in alkaline environment and a large range of synthetic protocols have been 

developed to prepare these materials.1 Materials exhibiting layered hydroxide type structures 

can be prepared by pH-induced precipitation,2,3 anodic electrodeposition,4–6 cathodic 

electrodeposition,7–9 photochemical deposition,10–13 anodization of metallic electrodes,14–16 

hydrothermal techniques,17–19 and precipitation in the presence of various small organic 

molecules.20,21 Efforts at improving the catalytic properties of this family of materials have 

focused on tuning morphology22,23, adding dopants, introducing carbon additives,24,25 acting as 

a support for single atoms,26–28 or using alternative materials such as metal organic frameworks 

as synthetic precursors.29 Such a wide variety of fabrication and processing protocols yields 

variations in overall catalytic performance, but the incorporation of even trace amounts of Fe(III) 

into Ni(OH)2 type materials consistently yields the same abrupt changes in electrocatalytic 

response. Structural analyses are commonly performed by a mixture of X-ray diffraction (XRD) 

and X-ray absorption fine-structure spectroscopy (XAFS), with each approach typically 

identifying the same minimal set of structural features for all synthetic approaches. With such 

diversity in synthetic techniques, however, it is highly probable that variations in structural 

features exist that are hidden behind the abrupt changes in OER activity. Careful analysis of the 

changes in structure are necessary to identify any such variations, which can be accomplished 

through structure-property analysis.30 

Efforts to identify individual coordination environments that are particularly active for 

electrocatalytic OER have identified several specific structures that may be of importance. The 

undercoordination of ions residing along the edge, or at corners, of the layered double hydroxide 

structure are often viewed as the catalytically relevant sites.31–33 Variations in measurement 

strategies have revealed unexpected tetrahedrally coordinated sites,34,35 the ability for elements 

such as iron and iridium to reside atop the basal plane of Ni(OH)2,28  systematic variations in 

iron electronic structure,4,36,37 the presence of lattice strain due to ionic radius differences 

between nickel and iron,10,13 and the possibility of iron redox activity.38 Analysis using advanced 

in-operando techniques has yielded some success in identifying sites that may have catalytic 

relevance.39–43 Identification of such non-standard sites, however, has been relatively restricted 

to individual lines of research due to reliance on specialized characterization and analytical 
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techniques. An understanding of the prevalence of such structural features and the role of 

synthetic conditions in their effective concentrations will assist in optimizing electrocatalysts 

performance and stability.  

Metal oxyhydroxides synthesized with a hydrothermal route yield more crystalline structures than 

fabrication techniques such as electrodeposition or co-precipitation.2,41 Hydrothermally prepared 

-Ni(OH)2 provides the highest quality crystals reported to date.44 Such highly crystalline forms 

of nickel hydroxide historically serve as alkaline battery cathode materials due to their 

exceptionally poor ability to catalyze OER; the electrocatalytic capabilities increase dramatically 

upon introduction of structural disorder.11,12,45 This change in behavior marks hydrothermally 

synthesized samples of interest for studying critical structural features through structure-property 

analysis, particularly if the degree of structural disorder can be systematically affected. 

Hydrothermal synthesis, however, comes with significant risk of producing contaminating phases 

such as the spinels Co3O4, Fe3O4 or NiFe2O4,46,47  or disordered platelets as seen in Zn(II) doped 

aluminum hydroxides.48 This risk is sufficiently high that phase contamination of layered double 

hydroxides that are not based on amphoteric ions such as Al(III) has been suggested to be 

prolific yet underreported in the literature.49 Phase pure layered double hydroxides can be 

prepared with the assistance of organic surfactants50,51 or hydrogen bonding additives such as 

formamide,52,53 but this leads to lower crystallinity. A desire to study highly crystalline layered 

double hydroxides necessitates the use of hydrothermal techniques and associated risk of phase 

impurity. 

We herein report structural and electrocatalytic characteristics of a nominally FexNi1-x(OH)2 

composition series fabricated using hydrothermal synthesis. Structural analysis using Raman 

spectroscopy, XRD, and XAFS show that Fe(III) within Ni(OH)2 yields localized structural 

distortions, where Ni-sites retain long-range order while Fe-sites show no order beyond ca. 3.5 

Å. Peaks that emerge in Raman spectra show correlations to structural features that enable 

Raman spectroscopy to serve as a rapid diagnostic tool. A linear correlation is observed between 

Tafel slope for OER and bond angles within the material. This behavior deviates from the 

commonly reported step-wise change in Tafel slope that is commonly reported for iron-nickel 

hydroxide materials. This trend cannot be explained by the traditional Butler-Volmer model for 
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electron transfer kinetics, but asymmetric Marcus-Hush theory serves to link the trend to 

increasing lattice strain with increasing Fe-content.  

RESULTS 

Powder XRD patterns for the FexNi1-x(OH)2 series are consistent with a well-crystallized structure 

similar to brucite, with Fe(III) ions inducing structural disorder. All Bragg peaks in the Ni(OH)2 

sample can be indexed to the P-3m1 space group (ICSD: 169978), consistent with -Ni(OH)2 

(Figure 1A).54 The crystal structure is maintained upon addition of Fe(III) to the reaction flask, 

albeit with a progressive shrinkage and broadening of Bragg peaks that signify decreased long-

range structural order. Neutron diffraction experiments have shown that crystalline -Ni(OH)2 

has a unit cell a parameter of 3.1268 Å and a c parameter of 4.6060 Å.55 Successful incorporation 

of iron ions into the Ni(OH)2 lattice here is confirmed by a monotonic shift in the (100) reflection, 

which represents M-M distances across di--hydroxo linkages (dM-M). Rietveld refinements show 

this distance contracts from 3.124 Å for 0% Fe to 3.111 Å for 30% Fe (Figures 1B and S1). The 

unit cell c parameter represents the spacing between 2-dimensional sheets and is static near 

4.61 Å until ca. 10% Fe content, after which it decreases towards 4.56 Å (Figure 1C). 

Transmission electron microscopy on the 0, 15 and 30% Fe samples show that the FexNi1-x(OH)2 

portion of the sample to exist as ca. 20-100 nm hexagonal platelets, in agreement with -

Ni(OH)2,44,54 while the phase impurity yields denser cubic nanoparticles (Figure S2). Images 

show no sign of amorphous nature at particle surfaces.  The increased disorder and absence of 

a concerted contraction of both a and c suggests that iron dopants induce localized distortions 

in the lattice. 

An iron oxide phase contaminant emerges as the amount of iron added to the reaction vessel 

increases. Bragg peaks at 31, 36, 44, and 57° become visible in the XRD at 10% Fe-content 

and continually increase in intensity as Fe-content increases (Figure 1A). These peak locations 

are consistent with the strongest reflections expected for either magnetite56 (Fe3O4; ICSD 

#49549) or maghemite57 (-Fe2O3; ICSD #35643). Due to similarities between the two structures, 

it is not possible to conclusively identify which is present by XRD; Fe3O4 was used for a Rietveld 

refinements. Rietveld refinements using -Ni(OH)2 and Fe3O4 components provide a measure 

of the phase fraction of the iron oxide contaminant, confirming that its concentration steadily 
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increases with Fe-content (Figure 1D). The stoichiometry of iron successfully incorporated into 

the Ni(OH)2 lattice is therefore not equivalent to the stoichiometry added to the reaction flask, 

with the observed behavior suggesting that an equilibrium for Fe(III) incorporation into the 

Ni(OH)2 lattice exists. The largest estimated error in Fe-incorporation within the Ni(OH)2 lattice 

is ca. 1.7% for the 30% Fe sample, a result derived from XAFS results (discussed below), while 

the remaining estimates are below 1%. We therefore adopt an approximate uncertainty of 1% 

Fe content as a worst-case scenario for all samples in the series.  

Raman spectra on the sample series are consistent with a decrease in long-range order upon 

Fe-substitution and reveal systematic deprotonation of hydroxyl groups. The brucite structure is 

expected to yield two A1g and two Eg Raman active modes, but one Eg mode is not observed.58,59 

The pure Ni(OH)2 sample here shows the three commonly observed modes, with an Eg mode at 

313 cm-1, an A1g mode at 446 and a second A1g mode at 3580 cm-1 (Figure 2A). Incorporation 

of Fe(III) ions causes the peak for the Eg mode, an antisymmetric movement of oxygen ions on 

either side of the metal hydroxide layers, to broaden substantially but remain at a static frequency 

(Figure 2B).59 The peak for the low frequency A1g mode, a symmetric stretching of M-O bonds, 

exhibits broadening and an apparent blue shift following incorporation of Fe(III) ions (Figure 2B). 

The apparent blue shift of this A1g peak may be attributable to the overlap of two poorly resolved 

bands, evidenced by the clear emergence of a low-frequency peak with a shoulder in the 30% 

Fe-content sample (Figure 2C). The second A1g mode at 3580 cm-1 broadens as Fe-content 

increases, suggesting deprotonation of hydroxyl groups.54,60 Such deprotonation is consistent 

with a strengthening of M-O bonding, as suggested by the observed blue shift of the A1g M-O 

stretching vibration. Additional O-H vibrations are observed at 3600 and 3687 cm-1. The former 

is a sharp peak on the high frequency shoulder of the A1g hydroxide stretch that has been 

previously assigned to surface hydroxide vibrations, while the latter to has been assigned as an 

A2u O-H stretching vibration that become visible due to disorder in layer stacking.54  
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Figure 1: Powder X-ray diffraction analysis of FexNi1-x(OH)2. (A) Experimental XRD patterns 
(data points) and Rietveld refinement fits (lines) for the composition series. (B) Composition 
dependence of the unit cell a parameter, which represents metal-metal distances in edge-
sharing polyhedra. (C) Composition dependence of interlayer spacing. (D) Relative weight 
fractions of -Ni(OH)2 and magnetite (Fe3O4) determined by Rietveld refinement . Errors in Fe 
content are estimated at 1% for samples with visible phase contamination. Errors in other 
parameters derived from Rietveld refinements. 
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Figure 2: Structural analysis of FexNi1-x(OH)2 with Raman spectroscopy. (A) Raman spectra of 
composition-dependent FexNi1-x(OH)2 series with magnetite and maghemite references. (B) 
Composition dependent Ni-O vibrations. (C) Shape evolution of the peak observed for the A1g 
stretching vibration. (D) Composition-dependent intensity of the peak at ca. 518 cm-1 that is 
labelled as Fe1. Errors in Fe content are estimated at 1% for samples with visible phase 
contamination. 

 

The emergence of several additional Raman peaks upon introduction of iron reveals the 

composition-dependent structural evolution in the material. A peak at ca. 518 cm-1 (Fe1; Figure 

2A) appears immediately upon addition of iron and blue shifts with increased Fe-content. 

Previous reports indicate that this feature is an M-O stretching mode that arises following 

substitution of Ni(II) with trivalent cations due to deprotonation.61 The Fe1 peak grows in 

prominence until 20% Fe before shrinking due to growth of two other peaks, located at ca. 600 
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and 700 cm-1. XRD and XAS (see below) results demonstrate that the proportion of Fe ions 

successfully incorporated into the Ni(OH)2 lattice is near-quantitative up to 15% Fe content, and 

a linear trend exists between Fe-content and intensity of Fe1 in this composition range (Figure 

2D). The intensity of the Fe1 feature therefore provides a measure of Fe ions successfully 

incorporated into the lattice. The peak at ca. 600 cm-1 (Fe2; Figure 2A) is intense immediately 

upon addition of Fe to the samples. Past results indicate that the Fe2 peak arises in disordered 

iron-nickel oxyhydroxides due to a second coordination environment for Fe(III) in Ni(OH)2 

samples; this coordination environment sits atop the two dimensional Ni(OH)2 sheets.53 In 

agreement with the smaller than expected lattice contraction observed in XRD, the intensity of 

this Fe2 Raman peak is significantly greater at low Fe-content values here than previously 

reported. These secondary sites thus appear more favored for samples prepared by 

hydrothermal synthesis than for previous alkaline precipitation methods. The final additional 

peak that emerges upon introduction of Fe is visible at ca. 700 cm-1 between 10-30% Fe (Fe3; 

Figure 2A). The location of this peak is consistent with -Fe2O3 (Figure 2A),62,63 which XRD 

analysis identified as a potential contaminating phase for these compositions.  

Composition-dependent changes in the Ni and Fe K-edge X-ray absorption near-edge spectra 

(XANES) show a distortion of coordination environments. The K-edge spectra for both elements 

consist of a pre-edge peak and an edge leading to a prominent peak (the “white line”). The 

former is a symmetry-forbidden electronic transition from 1s to 3d orbitals while the subsequent 

edge and peak are the symmetry allowed 1s to 4p transition.64–67 The pre-edge peak is stable 

throughout the composition series in the Ni K-edge spectra (Figure 3A), but increases in intensity 

in the Fe K-edge spectra as Fe-content increases (Figure 3B). The pre-edge peak in the Fe K-

edge data consists of distinct peaks at 7112.2 and 7114.5 eV at low Fe-contents, which is 

consistent with high spin Fe(III) ions.64 The two peaks merge into a single, more prominent peak 

near 7113.3 eV as Fe-content increases. This behavior was also reported for disordered forms 

of this material where no phase contamination was observed. The pre-edge peak behavior is 

therefore likely due to greater orbital mixing of the iron 3d and oxygen 4p orbitals.64,65,67 The Fe 

K-edges themselves show evidence of changes in coordination environments. The edge location 

appears to shift negatively by ca. 0.8 eV, which would often be interpreted as a decrease in 

average oxidation state (Figure 3C, Table S1). The Raman spectra and XRD patterns suggest 

that -Fe2O3 or Fe3O4 is the contaminant phase, however, suggesting that this apparent shift is 
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an artefact of a change in either geometry or spin-state. A distinct change in shape of the Fe 

edge as Fe-content increases supports the assessment that the apparent shift is unlikely a 

change in oxidation state: (i) the lower portion of the edge increases in intensity to yield an 

apparent shift towards lower energy, while (ii) the upper portion of the edge decreases in 

intensity to yield a decrease in white line intensity and an apparent shift towards higher energy 

(Figure 3B). The Ni edge shows the same behavior, but in a much less pronounced fashion 

(Figure 3A). The estimated K-edge location shifts negatively by 0.33 eV (Figures 3C), which is 

also likely to arise due to changes in the coordination environment rather than the nickel 

oxidation state.  

 

Figure 3: X-ray absorption near-edge spectra for FexNi1-x(OH)2. (A) XANES spectra of Ni K-
edge of FexNi1-x(OH)2 sample series (B) XANES spectra of Fe K-edge of FexNi1-x(OH)2 sample 
series. (C) Composition dependent Ni-K and Fe-K edge locations. Errors in Fe content are 
estimated at 1% for samples with visible phase contamination. Errors in K-edge location are the 
standard deviation of at least 3 independent spectra. 

 

Wavelet transform (WT) analysis appears capable of revealing the iron oxide phase 

contamination, but not differentiating between Ni and Fe ions residing within the Ni(OH)2 lattice. 
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WT offers improved resolution of scattering paths when R-values are similar but oscillations are 

present in different k-space.68,69 The strongest features in WT of k3-weighted data are maxima 

corresponding to M-O and edge-sharing M-M shells (Figure 4). The M-O shells predominantly 

reside in the low-k portion of the data, while the M-M shell resides in the mid-k region. The 

intensity of the Ni-M feature decreases as Fe-content increases, which is consistent with 

disorder arising from increased variation of bond distances. The Fe-M feature is instead very 

weak at low Fe-content and increases with Fe-content in the samples (Figures 4D-F). This 

growth shows two features that are separated in both k-space and R-space and are not observed 

in the Ni K-edge data, confirming the addition of at least two new Fe-M coordination shells.33 

This perspective on the data shows that the increased structural disorder in the nickel sites of 

FexNi1-x(OH)2 samples arises due to fundamentally different structural modifications than in the 

Fe sites. 

Extended X-ray absorption fine-structure spectra (EXAFS) confirm the differences in the Fe and 

Ni coordination environments and provide a secondary quantitative measure of iron distribution. 

Fourier-transforms of k3 weighted data for the Ni K-edge show the features expected for a well-

defined layered double hydroxide (Figure 5A, Table S2): peaks at reduced R values near 1.85 

and 2.90 Å correspond to Ni-O and Ni-M coordination shells. A peak at ca. 6 Å is the third M-M 

distance within the Ni(OH)2 lattice, and the feature near 4 Å is a multi-leg path.10,70 These 

features are only observable in Ni(OH)2 samples that exhibit substantial long-range order. The 

element specificity of EXAFS enables RNi-O and RNi-M to capture only the Ni ions within FexNi1-

x(OH)2, providing a complimentary perspective to the average of Fe and Ni ions measured by 

XRD (dM-M). The Fe K-edge data contains the first Fe-O and Fe-M peaks but is notably missing 

all of the higher distance features, even for the 5% Fe which contains no observable phase 

contamination (Figure 5B, Table S3-4). The observation of measurable long-range order in the 

Ni environments but not the Fe environments demonstrates that Fe ions successfully 

incorporated into Ni(OH)2 induce distortions that are highly localized within the lattice. 
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Figure 4: Wavelet transform analysis of FexNi1-x(OH)2. Continuous wavelet transforms 

performed using a Morlet wavelet on k3 weighted data for the Ni K-edge in (A) 0% Fe (B) 15% 

Fe (C) 30% Fe, and for the Fe K-edge in (D) 5% Fe (E) 15% Fe (F) 30% Fe.  

Simulation of Ni K-edge EXAFS data provides a secondary means to quantify phase 

contamination across the sample series. The RNi-M shell decreases from 3.13 to 3.11 Å as Fe 

content increases, consistent with XRD trends (Figure 1), but the RNi-O distance remains constant 

near 2.07 Å (Figures 5C and 5D). The Fe K-edge data is more complex due to phase 

contamination, with the Fe-M shell near 3 Å splitting into multiple features at 10% Fe content. 

Simulation of the Fe data using the brucite and magnetite crystal structures simultaneously 

enables a form of linear combination analysis. The most prominent shells expected for each 

crystalline material present were selected and their coordination numbers linked according to 
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the expected crystalline stoichiometry. The coordination numbers for the octahedrally 

coordinated M-O shells in each of the two structures were then linked to each other, with the 

restriction that they sum to 6.0 between the two crystal structures. A direct measure of the 

weighted average of each crystal structure within the material can then be obtained through the 

relative coordination numbers between these octahedral shells; the Fe-M shells were similarly 

analyzed and found to yield consistent results. Coordination numbers are highly correlated to 

both the amplitude reduction factor and the Debye-Waller factors, so both were fixed for all 

samples. Simulations on the Fe sites show a coordination number of 6.0 for the M(OH)2 

structure, confirming the XRD, Raman spectroscopy and WT judgements that 5% Fe contains 

no detectable phase contamination. This coordination number gradually decreases to 4.5 for 

30% iron content due to the formation of the contaminating phase (Figure 5E). The weighted 

average values can serve to quantify the amount of Fe that is successfully incorporated into the 

Ni(OH)2 lattice (Figure 5E). 

Comparisons of bond distances from the EXAFS simulations support the assertion that Fe ions 

induce highly localized distortions. The M-O and M-M distances are consistent between the Fe 

and Ni K-edge data only for the 5% Fe sample. Clear and strong trends in bond distances are 

observed for Fe ions within the Ni(OH)2 lattice, with RNi-O decreasing from 2.02 Å to 1.95 Å and 

RNi-M decreasing from 3.12 to 3.06 Å.  These values signify a large deviation from those in the 

Ni K-edge data. This is consistent with Fe ions inducing highly localized strain within the lattice. 

The distances between Fe atoms within the contaminating phase show only minor variations 

(Figure 5F), which both supports the validity of the linear combination component analysis 

approach and indicates that the contaminant is not intimately interfaced with the nickel hydroxide 

lattice.    
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Figure 5: Fourier transformed EXAFS spectra of the (A) Ni K-edge and (B) Fe K-edge. 
Composition dependent changes in (C) M-O bond lengths and (D) M-M bond lengths for ions 
within the Ni(OH)2 lattice. (E) Composition dependent coordination numbers (N) of nickel 
hydroxide and comparison between the theoretical and measured Fe-content within the Ni(OH)2 
lattice. (F) Composition dependent bond distances of magnetite phase. Errors in Fe content are 
estimated at 1% for samples with visible phase contamination. Errors in all EXAFS parameters 
were estimated using Artemis software package. 

 

Cyclic voltammograms of the composition series are qualitatively comparable to commonly 

reported behavior, but notable quantitative differences exist. Voltammograms contain a single 

set of pre-catalytic Faradaic peaks (Figure 6A). Structurally disordered iron-nickel hydroxide 

samples, such as those synthesized by anodic electrodeposition, aqueous precipitation, or 

photochemical decomposition, exhibit systematic anodic shift of ca. 2.5 mV per percent Fe for 

both the anodic and cathodic peaks upon Fe incorporation.8,10,13,71 Such a shift is not observed 

in the hydrothermally prepared sample series here (Figure 6A). These Faradaic peaks instead 

broaden and distort but remain approximately static with a half-peak potential of 1.38 V vs. RHE. 
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The electrocatalytic OER capabilities of the sample series are also different, revealing a smooth 

composition-dependent trend rather than the frequently reported abrupt change.10,13,72 Semi-

logarithmic current-potential plots (i.e., Tafel plots) for all samples show the linear behavior 

indicative of kinetically limited electron transfer reactions (Figure S3). The Tafel slope for the 0% 

Fe sample is measured to be 70 mV dec-1, with the value linearly decreasing towards 33 mV 

dec-1 for 30% Fe (Figure 6B). Onset overpotentials, defined here as the potential where linearity 

begins in semi-logarithmic Tafel plots, show a similar linear trend, steadily decreasing from 0.2 

to 0.1 V (Figure 6C). These more defined electrokinetic parameters offer a potential means to 

resolve structural features responsible for the classically observed decrease in Tafel slope.  

 

Figure 6: Electrochemical behavior of FexNi1-x(OH)2. (A) Cyclic voltammograms acquired at 10 
mV s-1 on FexNi1-x(OH)2. Composition dependent trends in (B) Tafel slopes (C) onset 
overpotentials. Tafel slopes are given as the average between distinct electrodes and error 
bars represent their standard deviation. All experiments were performed in 1 M KOH 
electrolyte solutions. Errors in Fe content are estimated at 1% for samples with visible phase 
contamination. Errors in electrochemical parameters represent the standard deviation of at 
least two independent measurements. 
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DISCUSSION 

Multiple complementary techniques indicate successful incorporation of Fe(III) ions into the 

Ni(OH)2 lattice while also providing evidence for ions in secondary phases and coordination 

environments. Powder XRD confirms that a single contaminating phase, attributable to -Fe2O3, 

appears at 10% Fe and grows in prevalence as nominal Fe-content increases (Figure 1D). 

Raman spectra for the sample series contain three composition-dependent peaks that are 

consistent with expectations for the Ni(OH)2 lattice (Figure 2).54,61 Three distinct peaks become 

prominent after iron is introduced: a peak at ca. 500 cm-1 that is assigned as M-O stretching 

following deprotonation (Fe1; Figure 2),61 a peak at ca. 700 cm-1 that identifies the phase impurity 

as -Fe2O3 (Fe3; Figure 2),63,73 and a peak at ca. 600 cm-1 (Fe2; Figure 2). This third peak has 

been variably assigned as a second-harmonic of the Eg mode at ca. 300 cm-1,54 to the presence 

of cation vacancies,74 and to Fe(III) ions residing in a coordination environment atop the 2-

dimensional sheets within Ni(OH)2.53 Assignment as a second-harmonic is unlikely here because 

the peak is an order of magnitude more intense than the fundamental Eg mode and increases in 

intensity with Fe-content and associated structural disorder. The use of hydrothermal synthetic 

protocol, which is known to yield high quality crystallites,1,2,75 and the quality of Rietveld 

refinements using cation occupancy values of unity similarly rule out that cation vacancies exist 

at a concentration necessary to yield the magnitude of peak in the Raman spectra. We therefore 

assign the Raman vibration at ca. 600 cm-1 to the presence of Fe(III) ions residing atop Ni(OH)2 

sheets that are linked in an edge-sharing fashion. The Fe(III) ions used during synthesis are 

therefore distributed across three identified locations. 

An upper bound for the stoichiometry of iron ions successfully incorporated into the Ni(OH)2 

lattice can be established. The phase fraction of the two crystalline species obtained by Rietveld 

refinement provides a measure of the distribution of Fe(III) ions between these phases (Fe1 and 

Fe3), which enables calculation of Fe(III) ions successfully incorporated into the Ni(OH)2 lattice 

(Figure 7A). This approach suggests that the real stoichiometry is slightly lower than the nominal 

concentration (e.g., 29.7% measured vs. 30% nominal). A secondary estimate of the real 

stoichiometry can be obtained by a restricted simulation of EXAFS results to accomplish a linear 

combination analysis (Figure 5). This approach provides values that are consistent, albeit slightly 

lower (e.g., 28.40% measured vs. 30% nominal) than the values provided by XRD (Figure 7A). 

The calculations to derive these values include only Fe(III) ions within either FeyNi1-y(OH)2 or the 
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phase contaminant (i.e., Fe1 and Fe3 sites). An inability to quantitatively measure the number of 

Fe(III) ions in the secondary site (Fe2) by EXAFS or XRD means that these values are an 

overestimation.  

 

Figure 7: Correlational analysis with different characterization techniques. (A) Actual Fe content 
versus those measured by Rietveld refinement and EXAFS simulation. (B) Comparison of dM-M 
measured by Rietveld refinement of XRD results with RNi-M determined by EXAFS simulations. 
(C) Relationship between RNi-M and RNi-O obtained from EXAFS. The linear slope of 0.67 
designates the values necessary for uniform expansion or contraction of the crystal lattice. (D) 
Dependence of O-M-O angles for edge-sharing Ni-M coordination environments. (E) Correlation 
between dM-M, measured by XRD, and RNi-M, measured by EXAFS simulations, with Tafel slope 
for OER. (F) Potential energy surfaces of Ni(OH)2 and FexNi1-x(OH)2. 

 

Composition dependent structural changes measured by XRD and EXAFS indicate that Fe(III) 

induces a non-uniform structural compression of Ni(OH)2. The metal-metal distance across di-

-hydroxo linkages can be directly measured as the unit cell a parameter by XRD (dM-M) and as 

the second coordination shell in EXAFS (RNi-M). These two measures are in excellent agreement 
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with each other, both showing a linear contraction of 0.02 Å across the series (Figure 7B). This 

contraction corresponds to compressive strain of 0.6%, but contraction of the lattice upon 

electrochemical oxidation of Ni sites has been shown to invert this to tensile strain and amplify 

its magnitude.10,13 The magnitude of contraction is notably smaller than for samples prepared by 

synthetic protocols that exhibit greater structural disorder, which showed a linear contraction of 

nearly 0.07 Å up to 21% Fe.10,76 Uniform contraction of the crystal lattice would necessitate a 

concerted decrease in these di--hydroxo motifs and in Ni-O distances, but Ni-O bond distances 

measured by EXAFS are consistent across the composition series (Figure 5C). Direct 

comparison of RNi-O to RNi-M reveals a trend (Figure 7C) that is only possible if the coordination 

environments are progressively distorted with increased Fe-content. The element specificity of 

EXAFS-derived RNi-O and RNi-M values enable calculation of O-Ni-O bond angles within the 2-

dimensional FexNi1-x(OH)2 sheets (see Supplementary Information), which reveals that the 

lattice distortion involves increased bond angles (Figure 7D).10,77 

While the composition dependent structural features in this sample series are qualitatively 

comparable to those frequently reported in the literature, their effect on electrochemical behavior 

is notably different. The two most prominent changes in electrochemical behavior commonly 

reported for Fe(III)-doped Ni(OH)2 are an anodic shift in the pre-catalytic redox peaks and a 

stepped decrease in Tafel slope for electrocatalytic OER. The shift in redox peak has been 

documented for sample series prepared by anodic electrodeposition,71 cathodic 

electrodeposition,22 and photodeposition,10,13 occurring at a rate of ca. 2-4 mV per percent Fe 

added, but appears somewhat dependent on fabrication protocol.78 In the present study, this 

peak differs by showing remarkable stability. The second expected change is a strong decrease 

in Tafel slope towards ca. 30 mV dec-1, which has been shown to occur even by simple exposure 

to Fe(III) impurities in the electrolyte solution at a parts-per-billion levels.79,80 Existing reports 

show this transition to be essentially an on-off switch, providing little means to study the transition 

in detail. In the present study, the Tafel slope is found to linearly decrease as a function of metal-

metal spacing across di--hydroxo linkages (Figure 7E); because dM-M and the O-M-O bond 

angles are themselves linearly correlated, this relationship also links Tafel slope to bond angle 

changes. This relationship is not compatible with traditional microkinetic analyses of electron 

transfer reactions, which relate a static Tafel slope to a rate limiting step.81–83 A more advanced 

model of electron transfer kinetics is required to understand this behavior. 
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Observed trends in structure and behavior suggest that the electrochemical behavior changes 

are induced by successful incorporation of Fe into the Ni lattice and not the phase impurity. The 

impurity may introduce a heterojunction or change the identity of active sites, but a sudden 

change in catalytic mechanism or kinetics for the rate limiting step would be expected for such 

changes. Following Butler-Volmer theory, such a change would result in a sudden change in 

Tafel slope rather than the smooth gradient observed in Figure 7E.82,83 Further, both Fe3O4 and 

-Fe2O3 are not known to be effective OER catalysts. A change in surface area would result in 

an error in current density calculations; this error would affect all points uniformly and therefore 

not affect the Tafel slope. A decrease in conductivity would distort the potential axis such that 

Tafel plots distort away from ideal linearity, but all plots analyzed are clearly linear (Figure S3). 

The strong correlation of Tafel slope with both bond angles and bond distances within the FexNi1-

x(OH)2 can therefore be attributed to changes in bonding structure of the electrocatalyst. 

The observed linear trends in Tafel slope necessitate that Fe incorporation yields a systematic 

change in the shapes of the potential energy surfaces (PES) for the anodic and cathodic forms 

of the catalyst. The Butler-Volmer formalism, which oversimplifies the PES landscape by 

approximating all to be linear, captures the influence of PES symmetry on electron transfer 

kinetics through the transfer coefficient (). This empirical fraction is generally assumed to be 

0.5 in the heterogeneous electrocatalysis literature, but  is a fraction that can exist above 0 and 

below 1.0. Studies on molecular systems suggest that the parameter is associated with structural 

reorganization following electron transfer reactions and values spanning at least 0.3 to 0.7 have 

been documented.84–88  Asymmetric Marcus-Hush theory has emerged as a more complex, but 

physically meaningful model. This approach uses a more realistic parabolic shape for potential 

energy surfaces (PES) such that the original  parameter can be explicitly defined as: 

 𝛼ሺ𝐸ሻ ൌ ଵ

ଶ
൅ 𝛾 ቀଵ

ସ
െ ଵ.ଶ଺଻

ஃାଷ.ଷହଷ
ቁ (1) 

Where  is the reorganization energy from Marcus-Hush theory and  is a fraction representing 

the relative shape of the two parabolic PES.86–89 A broader PES surface for the oxidized state 

relative to the reduced state, which DFT calculations have predicted following Fe-doping of 

Ni(OH)2,13 would yield a negative value for  that would decrease  and the observed Tafel slope 

for OER. We therefore attribute the observed linear decrease in Tafel slope to a systematic 
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increase in lattice strain as Fe-content increases. This provides a viable explanation for the 

observed differences between ordered and disordered FexNi1-x(OH)2 sample series: the 

localized nature of lattice strain induced by Fe(III) ions observed here means that this strain is 

not experienced by most nickel centers in well-crystallized materials – the smaller platelet size 

in disordered phases makes strain effects more prominent at much lower Fe(III) concentrations. 

These results are of interest to the electrocatalysis community because they identify a practical 

system that can be used to explore the utility of asymmetric Marcus-Hush theory in electrokinetic 

analyses in solid-state electrochemistry. This capability can serve to harmonize research efforts 

on strain engineering90,91 with those on fundamental electron transfer theories.  

CONCLUSIONS 

A hydrothermal approach was used to fabricate a well-crystallized composition series of FexNi1-

x(OH)2, which exhibited similar structural features to their commonly reported disordered 

counterparts but different electrochemical behavior. Raman spectroscopy, XRD and XAS 

revealed that the majority of Fe(III) ions were successfully incorporated within the Ni(OH)2 

framework, with minor distribution into an iron oxide phase impurity and a secondary 

coordination site atop the 2-dimensional Ni(OH)2 framework. Qualitatively similar composition-

dependent changes in structure and electrochemical characteristics were similar to those 

commonly reported for disordered forms of FexNi1-x(OH)2 but were markedly different in a 

quantitative sense. The pre-catalytic redox peak showed little movement following Fe(III) 

incorporation and, more importantly, the Tafel slope showed a linear decrease with respect to 

both M-M spacing and to O-Ni-O bond angles. This unexpected behavior is rationalized using 

asymmetric Marcus-Hush theory, where lattice strain induced by Fe(III) ions alters the relative 

symmetry of potential energy surfaces for the oxidized and reduced states of the material. These 

results identify a system that is of interest for advancing more complex theories of electron 

transfer kinetics in solid state materials while simultaneously rationalizing the significant 

differences in behavior between well-crystallized and disordered forms of FexNi1-x(OH)2. 
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EXPERIMENTAL 

Materials. Nickel chloride hexahydrate (NiCl2.6H2O) (Fisher Chemical), ferric chloride (FeCl3) 

(Fisher Chemical), sodium hydroxide, and potassium hydroxide (NaOH and KOH) (Sigma-

Aldrich) were used as received. All H2O used during fabrication was milli-Q H2O (18.2M Ω). 

Hydrothermal Synthesis. A total metal concentration of 0.6 M of appropriate amounts of nickel 

chloride hexahydrate and ferric chloride and 40 ml solution of 5 M potassium hydroxide is added 

into a Teflon autoclave. The reactor was first heated to 140 0C with 5 0C increments and held for 

16 hours. Then, the supernatant is removed, and solid particles were washed with Milli-Q water 

and added into an autoclave with 40 ml of Milli-Q water and heated to 170 0C with 10-degree 

increments and held for 16 hours. The final product is vacuum filtrated and rinsed with water and 

ethanol. Powder products were obtained after samples were dried in an oven at 200 °C for two 

hours.  

Electrochemical Experiments. A Biologic SP-300 potentiostat was used for all the 

electrochemical experiments. Experiments were conducted in a single compartment 

polyethylene cell containing 1 M KOH electrolyte solution. A Gaskatel HydroFlex reversible 

hydrogen electrode (RHE) as reference electrode, platinum mesh as the counter electrode, and 

Toray carbon fiber paper was used as a substrate for the working electrode. Cell resistances 

were recorded with impedance spectroscopy at the beginning of each experiment, the values 

were on the order of 5 Ohms for all the samples.  Cyclic voltammetry experiments were recorded 

between 0.9 and 1.7 V vs RHE electrode at 10 mV sec-1 scan rate with ten cycles, and the last 

cycle of each sample was compared. All currents are normalized by charge passed under the 

cathodic redox peak in cyclic voltammogram.53,92 This normalizes electrochemical results 

relative to the number of electroactive nickel centers, which accommodates unavoidable 

variations in sample loading, ohmic contact between sample and the electrode, changes in 

sample morphology, or changes in accessibility of redox active sites to electrolyte solution on 

the timescale of the experiments. Cyclic voltammetric results showing normalization by 

geometric surface area are provided (Figure S4). Electrokinetic parameters were extracted from 

chronoamperometry experiments. Chronoamperometry experiments were recorded in both 

anodic and cathodic directions between 0.9 V and 1.7 V in 10 mV and one-minute steps and 
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Tafel slopes were calculated from cathodic directions of each sample. All voltages are reported 

with respect to the RHE scale unless otherwise stated.  

Electrode Preparation. A suspension of 5 mg of catalysts, 780 µL of ethanol, 200 µL of water, 

20 µL of 0.5% Nafion®, and ca. 0.25 mg of carbon black were sonicated, and 30 µL of this 

solution was dropped onto carbon fiber paper. The electrodes were dried at room temperature 

overnight. 

X-Ray Absorption Spectroscopy. XAS experiments were performed at the Beamline for Materials 

Measurement (BMM) at the National Synchrotron Lights Source II (Brookhaven National 

Laboratory, NY, USA) using a Si(111) monochromator. Data were collected in transmission 

mode for the Ni K-edge of all samples, and in both transmission and fluorescence mode (4 

element Si drift detector) for Fe K-edge data. The Athena software package was used for 

standard baseline subtraction and normalization of XAS spectra.93 The K-edge locations were 

determined by applying the half-height method to the normalized spectra. The Artemis software 

package was used to generate structural models by simulation of k3 weighted EXAFS results 

from k of 3 to 15 Å-1 and 3 to 13 Å-1 for Ni K- edge and Fe K edge respectively (Figures S4-S5). 

imulations were performed with an amplitude reduction factor of 0.8 for all samples. A fixed 

coordination number (Ni) of 6 was used for Ni-M and Ni-O shells. Coordination numbers of Fe 

shells were allowed to vary, with the sum of octahedrally coordinatated Fe-O shells for the 

layered double hydroxide and Fe3O4 phases fixed to 6. The remaining Fe-centered coordination 

shells within the Fe3O4 phase were defined relative to this constrained shell using ratios expected 

in the crystal structure (Table S4). The Debye-Waller factor (σ2) was fixed at 0.006 Å2 for nickel 

and 0.004 Å2 for oxygen shells. The σ2 values for Fe shells are 0.011 and 0.007 for layered 

double hydroxide and 0.002 and 0.0035 for magnetite Fe-M and Fe-O shells respectively. A 

constant value of Eo is used for Ni 8113 eV and iron 7112 eV. MorletE program is used for 

Wavelet transform (WT) analysis.94 In WT expression and are two adjustable parameters for 

the resolution of spectra. Typically, ꞏ=R where R is the magnitude of the region of interest 

in the R-space. We used 30 for andforfollowing the values in the literature.95 The k-

ranges are 1-14 Å-1 for Ni K-edge and 1-12 Å-1 for Fe K-edge. The R-ranges are between 1-4 Å 

for both edges.  
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X-Ray Diffraction. A PANalytical Empyrean diffractometer was used for X-Ray diffraction 

experiments with Cu Ka radiation (λ = 1.5405 Å) and 2θ angles between 10-80 degrees at a step 

size of 0.0250. The Bragg–Brentano geometry equipped with a PIXcel bidimensional detector 

with a Ni Kβ filter was used. Rietveld refinements are done with GSAS-II software.  

Raman Spectroscopy. Measurements were performed using a Renishaw inVia Reflex confocal 

Raman microscope. A 532 nm (Renishaw DPSSL laser, 50 mW) laser, filtered to 1% of 

maximum intensity, was used in conjunction with 1800 lines/mm diffraction grating. Raman data 

were processed and analyzed by Renishaw WiRE 5.3 software package. Processing of spectra 

includes subtraction of baseline, spectrum normalization, and curve fitting.  
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