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NiFe oxyhydroxide materials are highly active electrocatalysts for
the oxygen evolution reaction (OER), an important process for
carbon-neutral energy storage. Recent spectroscopic and compu-
tational studies increasingly support iron as the site of catalytic
activity but differ with respect to the relevant iron redox state. A
combination of hybrid periodic density functional theory calcula-
tions and spectroelectrochemical experiments elucidate the elec-
tronic structure and redox thermodynamics of Ni-only and mixed
NiFe oxyhydroxide thin-film electrocatalysts. The UV/visible light
absorbance of the Ni-only catalyst depends on the applied
potential as metal ions in the film are oxidized before the onset
of OER activity. In contrast, absorbance changes are negligible in a
25% Fe-doped catalyst up to the onset of OER activity. First-principles
calculations of proton-coupled redox potentials and magnetizations
reveal that the Ni-only system features oxidation of Ni2+ to Ni3+,
followed by oxidation to a mixed Ni3+/4+ state at a potential coinci-
dent with the onset of OER activity. Calculations on the 25% Fe-
doped system show the catalyst is redox inert before the onset of
catalysis, which coincides with the formation of Fe4+ and mixed Ni
oxidation states. The calculations indicate that introduction of Fe
dopants changes the character of the conduction band minimum
from Ni-oxide in the Ni-only to predominantly Fe-oxide in the NiFe
electrocatalyst. These findings provide a unified experimental and
theoretical description of the electrochemical and optical proper-
ties of Ni and NiFe oxyhydroxide electrocatalysts and serve as an
important benchmark for computational characterization of mixed-
metal oxidation states in heterogeneous catalysts.

NiFe oxyhydroxide | oxygen evolution reaction | electrocatalysis |
spectroelectrochemistry | density functional theory

The photoelectrochemical conversion of water into O2 and H2
is a major focus of energy storage and conversion efforts (1–

4), with significant attention directed toward development of
efficient catalysts for water oxidation and reduction. Such cata-
lysts should operate at low overpotential, exhibit high selectivity,
and be composed of earth-abundant materials. Commercial
electrolyzers typically use transition-metal-oxide electrocatalysts
for the oxygen evolution reaction (OER) (5, 6), and nickel,
nickel–iron, and other mixed-metal oxides are especially effec-
tive under alkaline conditions (7, 8). Despite the importance and
potential future impact of these materials, many features of their
catalytic mechanism are poorly understood.
Nickel oxyhydroxide has long been associated with OER

electrocatalysis (9, 10); however, much of the activity in this
material has been shown to arise from the presence of Fe im-
purities (7, 11). This conclusion complements extensive in-
dependent studies demonstrating the effectiveness of NiFe-
based oxide and oxyhydroxide materials as OER electrocatalysts
(12–14), including a survey of nearly 3,500 mixed-metal-oxide
compositions, which drew attention to the high electrocatalytic
activity of materials containing Ni, Fe, and a third metal (e.g.,
Ba, Sr, Ca, or Cr) (15). Such observations account for the

extensive interest in understanding the structural and mechanistic
principles underlying the high activity of NiFe-based electrocatalysts.
A recent combined experimental and computational study

investigated Ni-, Fe-, and various NiFe-oxyhydroxide-based
electrocatalysts in an effort to probe the redox behavior and
electrocatalytic mechanism of these catalysts (16). Operando
X-ray absorption spectroscopy and density functional theory
calculations with the Hubbard U correction (DFT+U) impli-
cated the presence of Fe3+ sites within NiFe oxyhydroxide as the
active site for O–O bond formation (17). The formation or cata-
lytic role of Fe4+ or other high-valent Fe species was disfavored
based on the experimental and computational data. A subsequent
operando Mössbauer spectroscopic study, however, showed that
significant quantities of Fe4+ are generated in NiFe-oxyhydroxide
catalysts during electrocatalytic water oxidation (18), and the ac-
cessibility of Fe4+ was supported by an independent computa-
tional study of such materials (19). These different, and sometimes
conflicting, observations highlight the need for an improved un-
derstanding of complex materials of this type, ideally drawing
upon synergistic contributions from experimental and computational
approaches.
Herein, we report a theoretical and spectroelectrochemical

study of Ni and 25% Fe-doped Ni oxyhydroxide electrocatalysts.
Cyclic voltammetry and hybrid DFT calculations were used to
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determine the redox potentials for proton-coupled oxidation of
the film and assign relevant metal oxidation states at different
applied potentials, including those contributing to catalytic water
oxidation. The optoelectronic properties of the pure Ni and Fe-
doped catalysts obtained from experiment and computation pro-
vide an atomistic description of the dominant states at the valence
and conduction band edges. Collectively, the results offer insights
into the influence of iron dopants on the redox properties and
electronic structure of Ni oxyhydroxide electrocatalysts.

Results and Discussion
Electrochemical Behavior of NiFe Oxyhydroxide in Situ. The present
study focuses on a comparison of pure Ni and 25% Fe-doped Ni
oxyhydroxide electrocatalysts. To perform experimental studies,
thin films of Ni(OH)2 or Fe-doped Ni(OH)2 were prepared via
electrodeposition, as elaborated in the SI Appendix. Cyclic vol-
tammograms (CVs) of the resulting materials reveal differences
in voltammetric responses (Fig. 1), consistent with previous ob-
servations (7, 11, 12, 20, 21). The pure Ni material exhibits an
isolated Ni2+/3+ redox feature in the CV, with a midpoint po-
tential of 0.53 V vs. NHE (normal hydrogen electrode), and a
small redox feature (peak potential ∼0.76 V) at the foot of the
large irreversible wave corresponding to the catalytic OER, which
has an onset potential of ∼0.72 V. Introduction of iron into the
oxide is known to increase the Ni2+/3+ potential and decrease the
onset potential for catalysis (7, 11, 12, 20, 21). With the 25%
Fe-doped material, the two features are fully merged, and only a
small shoulder is evident at the foot of the catalytic wave.
The NiFe oxyhydroxide unit cell used in the calculations is

depicted in Fig. 2 and is representative of 2D, periodic, single
layers of the oxyhydroxide material separated by vacuum. The
interlayer hydrogen-bonding interactions, which have been ex-
plored previously (22), do not qualitatively change the electronic
structure properties of interest herein (see SI Appendix, Fig. S1).
Solvent molecules and ions, which are known to intercalate be-
tween layers of the film, should further attenuate layer–layer
interactions (23) and are expected to have only a minor influence
on the electronic structure of the material. The system with 25%
Fe doping was modeled by replacing one Ni site in the unit cell
with Fe. Geometries of different redox and protonation states of
the layers were optimized at the DFT+U level of theory (17, 24),
followed by a single-point energy calculation with the hybrid

functional of Perdew–Burke–Ernzerhof, PBE0 (25, 26) (see SI
Appendix for details). The proton-coupled oxidation, or net de-
hydrogenation, of the oxyhydroxide materials was modeled by
systematically removing H atoms from the layers. The Ni-only
materials studied herein are denoted Ni4O8Hn, where n = 0–8.
Representative examples for n = 8 and 0 correspond to Ni(OH)2
and NiO2, respectively. Similarly, the different redox and pro-
tonation states of the 25% Fe-doped materials are denoted
Ni3Fe1O8Hn (n = 0–8). At each value of n, the lowest-energy
hydrogen configuration found was used in our analyses. The
experimentally studied materials have a mixture of hydrogen
configurations and Fe site positions that may lead to heteroge-
neities in oxidation and spin states that are not accessible via
periodic calculations based on a small unit cell.
The computed proton-coupled redox potentials for the various

reactions are given in Table 1. All of the reported potentials in
Table 1 are calculated relative to the experimentally determined
Ni2+/3+ potential for the Ni-only Ni4O8Hn system (i.e., n = 8 to
n = 4) because only the computed relative potentials are
expected to be quantitatively reliable. Specifically, the redox
potentials are calculated from the expression

Eo =−
ΔUo

nF
+
ΔUo

ref

n′F
+Eo

ref =−
ΔUo

nF
+Ecorr,

where F is the Faraday constant, ΔUo is the electronic energy
change associated with MOxHy−n →MOxHy (the reaction of in-
terest), ΔUo

ref is the electronic energy change associated with
MOxHy′−n′ →MOxHy′ (the reference reaction), and Eo

ref is the
experimentally determined reduction potential for the reference
reaction. The correction factor Ecorr =Eo

ref + ðΔUo
ref=n′FÞ is the

difference between the experimental and calculated reduction
potentials for the reference reaction. This procedure is based
on a thermodynamic scheme that eliminates the energy of the
H2 molecules and ensures cancellation of the majority of the
translational, rotational, and vibrational entropic contributions.
More details about this procedure are provided in the SI Appendix.
The aqueous solvent environment and displacement of protons by

Fig. 1. CVs of Ni4O8Hn (black trace) and Ni3Fe1O8Hn (red) films on FTO
(fluorine-doped tin oxide) electrodes in 1 M KOH at 5 mV/s. Current densities
are normalized to the peak area of the cathodic peak. Data for intermediate
Fe loadings are given in SI Appendix, Fig. S9.

Fig. 2. Single-layer NiFe oxyhydroxide, composed of Ni (green), O (red), H
(gray), and Fe (blue) for (A) the undoped Ni oxyhydroxide, Ni4O8H2, viewed
from the side; (B) viewed from above the surface; (C) the NiFe oxyhydroxide
doped 25% with Fe, Ni3Fe1O8H4, viewed from above the surface. B and C
depict the unit cell that is periodically replicated in two dimensions for all
calculations, with varying numbers of hydrogens.
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intercalated cations are not considered explicitly but are assumed to
exert an approximately similar effect on all species. As a result,
these effects approximately cancel in the referencing scheme, which
involves the calculation of only relative potentials. Recent data
suggest that solvated ions could have a kinetic influence (27, 28),
but kinetic issues are not addressed in these calculations.
Our results indicate the importance of using hybrid functionals

for these types of systems. The relative redox potentials obtained
from PBE+U calculations are systematically lower than those
obtained from both PBE0 calculations and the CV experiments
(SI Appendix, Table S3). The PBE+U method, as implemented
with a single value of U for each metal, does not provide reliable
redox thermodynamic properties for this material, most likely
because multiple oxidation states of the same metals are present
(22, 29–31). Although computationally expensive, the use of the
hybrid PBE0 functional avoids the parameterization necessary
for the quantitatively reliable implementation of the PBE+U
method for this type of system. The use of PBE0 is further moti-
vated by recent calculations suggesting that the mixing fraction of
exact exchange in global hybrid functionals should be chosen to
be the inverse of the dielectric constant (32–34). The high-
frequency dielectric constant was computed to be ∼3.5 for bulk
Ni(OH)2 (35), suggesting a fraction of exact exchange of 0.29,
comparable to the fraction of 0.25 for PBE0.
The two redox processes observed experimentally in the Ni-

only oxyhydroxide material (Fig. 1, black trace) are consistent
with the computed potentials in Table 1. The quasi-reversible
feature in the experimental CV centered at 0.53 V vs. NHE is
attributed to complete oxidation of Ni2+ to Ni3+, corresponding
to 4 H+/4 e– oxidation of the Ni4O8H8 unit cell (i.e., one electron
per nickel), leading to the reference of 8H → 4H + 2 H2 used in
Table 1. However, literature data (36, 37) also provide evidence
that this feature could correspond to 6 H+/6 e– oxidation of the
Ni4O8H8 unit cell (i.e., 1.5 electrons per nickel), which would
suggest a reference of 8H → 2H + 3 H2. Given this uncertainty,
the proton-coupled redox potentials were also calculated with
the reference reaction corresponding to 8H → 2H + 3 H2, as
given in SI Appendix, Table S4. Because this different reference
simply shifts all redox potentials downward by 0.06 V, the
qualitative trends and conclusions do not change with the use of
a different reference. It is further noted that these calculations
provide only thermodynamic information and do not address
kinetic complexity, such as that evident in the relatively large
splitting between the anodic and cathodic peaks in the CV

(Fig. 1). As indicated by Table 1, the proton-coupled oxidations
of the layer corresponding to 8H → 6H + H2 and 6H → 4H + H2
are predicted to occur at nearly the same potential. The next redox
event observed experimentally is the onset of catalytic current,
together with the small redox feature at the foot of the wave. The
computations suggest these features correlate with further oxida-
tion of the film (4H → 2H + H2), computed to occur at 0.73 V
(Table 1).
Calculations on the Ni3Fe1O8Hn system predict that Fe will be

in the Fe3+ state at open circuit, corresponding to n = 7 (i.e.,
7H). Specifically, the Fe2+/3+ redox potential (8H → 7H + 0.5
H2) was computed to be −0.72 V, which is lower than that ac-
cessible experimentally. The first (and only) experimentally ob-
served redox event is associated with the onset of catalytic
current (Fig. 1, red trace), and the calculations suggest that
multiple proton-coupled oxidations are viable at the observed
potential. Accessible states range from n = 6 to n = 2, with
calculated potentials spanning 0.52–0.63 V (Table 1). The metal-
ion oxidation states and electronic structure features of these
catalyst redox states will be elaborated below.

Ni and Fe Oxidation States upon Proton-Coupled Oxidation. The
determination of oxidation states is notoriously challenging,
particularly in periodic calculations. We used the site-specific
magnetizations, namely the difference in spin-up and spin-down
densities localized on Ni and Fe, as signatures of different oxi-
dation states. Magnetizations have also been used recently to
analyze the 3D periodic solid β-NiOOH (19). Whereas other
quantitative methods for inferring integer metal oxidation
states in the solid state have been developed (38, 39), the use of

Table 1. Proton-coupled redox potentials (V vs. NHE) for pure
Ni4O8Hn and 25% Fe-doped Ni3Fe1O8Hn calculated with PBE0

Ni4O8Hn Ni3Fe1O8Hn

Reactant Products E Reactant Products E

8H 6H + H2 0.52 8H 7H + 0.5 H2 −0.72
8H 4H + 2 H2 0.53* 7H 6H + 0.5 H2 0.60
8H 2H + 3 H2 0.59 7H 5H + 1 H2 0.52
6H 4H + H2 0.54 7H 4H + 1.5 H2 0.55
4H 2H + H2 0.73 7H 3H + 2 H2 0.63
2H 0H + H2 0.92 7H 2H + 2.5 H2 0.60

7H 1H + 3 H2 0.69
7H 0H + 3.5 H2 0.73

In the reactant and products, nH denotes the stoichiometry of the film.
Plots of the relative formation free energies versus potential for both the
pure Ni and the Fe-doped systems are given in SI Appendix, Fig. S2 to facil-
itate the determination of the most stable stoichiometries at pH 14.
*This potential is set equal to the experimental value at pH 14, and all other
reported potentials are calculated relative to this value. The analogous table
using the 8H → 2H + 3 H2 reaction as the reference is given as SI Appendix,
Table S4, shifting all potentials downward by 0.06 V.

Fig. 3. Calculated magnetic moments of each metal center in the unit cell
vs. 8 − n for (A) pure Ni4O8Hn and (B) Fe-doped Ni3Fe1O8Hn. The radii over
which the spin densities were integrated were determined by Quantum
ESPRESSO. Oxidation states of each metal center are color-coded as follows:
Ni2+ (gold), Ni3+ (pink), Ni4+ (blue), Fe2+ (gray), Fe3+ (teal), Fe4+ (dark green),
and Fe5+ (light green). Accompanying electronic structure diagrams are
idealized and neglect possible quasi-Jahn–Teller distortions.
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site-specific magnetizations provides a clear qualitative picture
for this system. To validate this approach, we carried out addi-
tional calculations with maximally localized Wannier functions
(38), which provide results in agreement with those inferred from
site-specific magnetizations (SI Appendix, Table S6). Fur-
thermore, as shown in SI Appendix, Table S2, the metal–oxygen
bond lengths correlate with the computed formal oxidation states.
The following discussion presents a systematic analysis of the

computed oxidation states as a function of the H stoichiometry
and thereby connects them to the proton-coupled redox poten-
tials described above. For Ni, the 2+, 3+, and 4+ oxidation states
correspond to 2, 1, and 0 unpaired electrons, respectively, lo-
calized on a given Ni atom. Fe oxidation states from 2+ to 5+
were observed in the studied range of H stoichiometries. The
PBE0 calculations suggest that the ground state for each Fe
species is high spin, in accordance with available experimental
data for Fe3+ (18). The calculations indicate that Fe4+ is also
high spin, which has not been resolved experimentally, but may
arise from the constraints and environment imposed by the ex-
tended lattice. Moreover, Mn3+, which is isoelectronic to Fe4+, in
the analogous NiMn layered double hydroxide has been found to
be high spin (40). The computed magnetizations and corre-
sponding oxidation states for each metal site in the unit cell of
the periodic system are depicted in Fig. 3. Whereas NiO2 and
Fe5+-containing systems were investigated computationally and
are represented in Fig. 3, neither is accessible under experi-
mental conditions owing to their high potentials.
For the Ni4O8Hn material shown in Fig. 3A, sequential proton-

coupled oxidations of the layer result in oxidations of the Ni sites
from entirely Ni2+ in Ni4O8H8 to entirely Ni4+ in Ni4O8H0. In
the intermediate case of Ni4O8H4, there are four magnetically
equivalent Ni3+ sites. In the systems defined by n = 6 and n = 2
(6H and 2H), a coexistence of different Ni oxidation states is
observed. In Ni4O8H2, which is expected to be catalytically ac-
tive, magnetizations characteristic of Ni4+ and Ni3+ are observed
for two sites each. As expected, the deprotonation of an oxygen

is accompanied by oxidation of one of the metal centers bonded
to that oxygen.
The same analysis of site-specific magnetizations for the Fe-

doped systems is depicted in Fig. 3B. As noted above, the open-
circuit Ni3Fe1O8H7 state has three Ni2+ sites and one Fe3+ site
in the unit cell. Upon proton-coupled oxidation, Fe is oxidized to
Fe4+ before any of the Ni2+ sites are oxidized. Furthermore, Fe4+

is observed in stoichiometries from n = 6 to n = 2 (6H to 2H), the
same range of compositions that can be present under catalytic
conditions based on the calculated redox potentials in Table 1.
This observation is in accordance with the operando Mössbauer
spectroscopic identification of Fe4+ (18). At the Fe-doped oxy-
hydroxide stoichiometry, Ni3Fe1O8H4, the Fe4+ site exists in
conjunction with one Ni2+ site and two Ni3+ sites, in contrast to
the uniformly 3+ oxidation states in the pure Ni oxyhydroxide.
This observation indicates charge transfer occurring from Fe to
Ni in the working catalyst, which is further elucidated in the
electronic structure analysis below.

Optoelectronic Properties of NiFe Oxyhydroxide. Thin films of
Ni(OH)2 or Fe-doped Ni(OH)2 were prepared on transparent
FTO (fluorine-doped tin oxide) electrodes to analyze the catalyst
via spectroelectrochemistry. UV-visible spectra were acquired
while holding the catalyst-coated electrode at different applied
potentials (Fig. 4; see the SI Appendix for details). A prominent
spectroscopic feature corresponding to the band-edge absorption
develops for both the Ni and NiFe catalysts upon increasing the
potential (Fig. 4 B and D). The absorption at 2.5 eV, depicted as a
function of applied potential in Fig. 4 A and C (filled circles; right
y axis), illustrates that the optical changes are directly correlated
with the redox changes in the catalyst.
The pure Ni and Fe-doped materials exhibit qualitatively dif-

ferent optoelectronic behavior. For the Ni(OH)2 material, the
film darkens as NiOOH is formed, starting at ∼0.53 V (Fig. 4 A
and B), and then further darkens as the potential is raised to the
onset of catalysis. Within the catalytic wave, the absorption

Fig. 4. CVs (Left) and UV/vis spectra (Right) of the (A and B) pure Ni and (C and D) 25% Fe films. Data points in the CVs correspond to the absorbance at 2.5 eV
with the same color coding as in the spectra. The UV/vis spectra were obtained at steady state during constant-potential electrocatalysis. Spectroelec-
trochemistry for intermediate loadings of Fe is shown in SI Appendix, Fig. S10.
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spectrum is largely independent of potential. Although the cal-
culations suggest that higher redox states should be accessible in
the potential range evaluated, rapid water oxidation under these
conditions will result in these states not having significant pop-
ulation and/or lifetime. In the 25% Fe-doped material, negligible
absorbance changes are evident until the onset of OER activity,
corresponding to the first redox feature evident in the CV (Fig. 4
C and D). The band-edge absorption energy is similar to that of
the pure Ni film, beginning at 1.5 ± 0.1 eV. Once again, negli-
gible absorbance changes are observed as the potential is in-
creased into the catalytic wave because higher oxidation states of
the catalyst are not attained, owing to rapid water oxidation from
such states (41). These observations, in combination with the
computed metal-ion redox potentials described above, are con-
sistent with the presence of significant quantities of Fe4+ in the
steady-state catalyst (18).
To understand the trends in the measured optical gaps, we

compared experimental results to the computed fundamental
band gaps for each film, as obtained from the differences of the
eigenvalues of the valence band maximum (VBM) and the con-
duction band minimum (CBM) calculated with PBE0 for the pure
Ni and Fe-doped systems (SI Appendix, Table S7). The band gaps
computed with PBE+U are almost vanishing for the catalytically
relevant states (SI Appendix, Figs. S5 and S6), and thus the use of
the PBE0 functional is essential to reasonably describe these band
gaps. Similar observations were reported for bulk Ni oxyhydroxide
(22, 42). The calculated band gaps of both the pure Ni and 25% Fe-
doped systems decrease upon proton-coupled oxidation, as ob-
served via spectroelectrochemistry. The observation that pure Ni
and Fe-doped thin films have similar absorption onsets is con-
sistent with the similarity in the computed band gaps for these
two systems. The calculated fundamental gaps are on the order
of ∼1 eV higher than the corresponding optical gaps measured
experimentally; however, this discrepancy is not unexpected as
the computed values do not include the exciton binding energy,
which for NiO is on the order of ∼1 eV (43).

Electronic Structure of NiFe Oxyhydroxide and the Effects of Fe
Doping. To elucidate the effect of Fe in the doped oxy-
hydroxide system, we analyzed the electronic structure of both
the Ni and NiFe materials around the Fermi level. The atomic
projected density of states (PDOS) for two layered materials,
Ni4O8H2 and Ni3Fe1O8H4, are shown in Fig. 5 A and E, re-
spectively. Further breakdowns of the PDOS in Fig. 5 B–D and
Fig. 5 F–H illustrate the electronic structure associated with
specific metal atoms and oxidation states and differentiate be-
tween bridging hydroxide and oxide ligand states (i.e., states
associated with protonated and deprotonated oxygen atoms).
In Ni4O8H2, the Ni3+ electronic states at the VBM are closer to

the Fermi level than are the Ni4+ states, and states associated with
both Ni3+ and Ni4+ contribute to the CBM (Fig. 5B). Additionally,
oxide ligand states are more prevalent than hydroxide ligand states
in the CBM composition (Fig. 5C). The PDOS plots associated with
oxides bound to Ni atoms in different oxidation states are similar
(Fig. 5D). This similarity is not surprising given that in the figure
O–Ni3+ refers to states associated with O atoms bound to two Ni3+

sites and one Ni4+ site, whereas O–Ni4+ refers to states associated
with O atoms bound to two Ni4+ sites and one Ni3+ site.
The corresponding analysis of the Fe-doped Ni-oxyhydroxide

(Ni3Fe1O8H4) reveals important differences. Fig. 5F demon-
strates that electronic states associated with Ni2+ dominate the
VBM, whereas those associated with the dopant Fe4+ dominate
the CBM. This Fe-to-Ni charge-transfer character is evident in
states comprising both the VBM and the CBM. As observed for
the Ni-only catalyst, oxide ligand states are more prevalent than
hydroxide ligand states in the CBM (Fig. 5G). The oxide ligand
states in the NiFe material, however, exhibit a distinct metal-
coordination dependence. In Fig. 5H, O–Ni refers to states of

O atoms not bound to Fe, whereas O–Fe4+ refers to states of O
atoms bound to one Fe site and two Ni sites. States associated
with Fe4+-ligated oxides are energetically lower than those asso-
ciated with oxides ligated to only Ni and thus dominate the CBM.

Conclusion
We have used electronic structure methods and spectroelec-
trochemistry to characterize the pure Ni and Fe-doped oxy-
hydroxide OER electrocatalysts. In the Ni-only material, the
onset of the OER catalytic current occurs at potentials that gen-
erate Ni4+, whereas in the 25% Fe-doped system, a number of re-
dox states, which all contain Fe4+, are thermodynamically accessible
at catalytic potentials. The observed dependence of the optical
properties on the potential directly corresponds to these predicted
changes in the redox states. The electronic structure of the Ni-only
and Fe-doped materials reveals that the conduction band minimum
is dominated by hybrid Ni-oxide states in the pure Ni system and by
Fe-oxide states in the Fe-doped material.
These results have clear implications for the catalytic OER

mechanism. For example, water oxidation is commonly proposed
to involve nucleophilic attack of water on a high-valent metal
oxide species, and the results described herein show that the
NiOOH lattice enables facile oxidation of Fe3+ to Fe4+. The
oxidation to Fe4+ may be facilitated by the superior electronic
conductivity of the mixed-metal system relative to pure Fe oxy-
hydroxide (44, 45). Catalytically active sites are likely to be
present at edge, corner, or defect sites. Based on the electronic
structure results obtained here for the bulk, it is reasonable to
extrapolate that Fe-oxide motifs at such sites will exhibit elec-
trophilicity suitable to mediate water oxidation. However, the
metal oxidation and spin states at defect sites could differ from
those at regular lattice sites. The present results provide an ex-
cellent foundation for future efforts to probe this hypothesis.

Materials and Methods
The computational and experimental methodologies used in this work are
elaborated in the SI Appendix. These methods include the derivation of the
calculated proton-coupled redox potentials, details of the various DFT cal-
culations performed, NiFe oxyhydroxide thin-film deposition, and aspects of
the spectroelectrochemical experiments. All calculations were performed
with Quantum ESPRESSO (46) unless otherwise specified.

Fig. 5. PDOS analysis of catalytically active species for (A–D) pure Ni4O8H2

and (E–H) doped Ni3Fe1O8H4. In these plots, the α electronic density is pos-
itive (up), and the β electronic density is negative (down). In C and G, O and
OH refer to oxide and hydroxide ligand states, respectively.
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