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ABSTRACT: Mixed nickel—iron oxides have recently emerged as
promising electrocatalysts for water oxidation because of their low cost
and high activity, but the composition and structure of the catalyst’s
active phase under working conditions are not yet fully established. We
present here density functional theory calculations with on-site
Coulomb repulsion of the energetics of the oxygen evolution reaction
(OER) on selected surfaces of pure and mixed Ni—Fe oxides that are
possible candidates for the catalyst’s active phase. The investigated
surfaces are pure f-NiOOH(0115) and y-NiOOH(101), Fe-doped S-
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NiOOH(0115) and y-NiOOH(101), NiFe,0,(001), and Fe;0,(001).
We find that Fe-doped -NiOOH(0115) has by far the lowest overpotential (17 = 0.26 V), followed by NiFe,0,(001) (5 = 0.42
V). Our results indicate that Fe-doped -NiOOH and, to a lesser extent, NiFe,O, could be the phases responsible for the

enhanced OER activity of NiO, when it is doped with Fe.
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1. INTRODUCTION

As a prototype reaction for transforming solar energy into
chemical energy, (photo)electrochemical water splitting has
attracted a great deal of interest for decades." Water splitting is
a combination of two half-reactions, the oxygen evolution
reaction (OER) at the (photo)anode and the hydrogen
evolution reaction (HER) at the cathode of a (photo)-
electrochemical cell. Of these two half-reactions, the OER is
the major obstacle because of its sluggish kinetics. Furthermore,
state-of-the-art OER catalysts usually contain precious metals,
e.g, Ir and Ru, which are not convenient for large-scale
applications. Active OER catalysts using only Earth’s abundant
elements, e.g., Fe, Ni, or another 3d transition metal, are highly
desirable.

Nickel oxide (NiO,) electrodes have been widely used in
alkaline batteries.”® It has long been known that iron
impurities in nickel oxide electrodes facilitate the OER,”~'°
which is a side reaction during the battery charging process.
Inspired by this finding, since the 1980s some researchers have
redirected their work originally focused on nickel oxide battery
applications toward iron—nickel composite oxide catalysts for
the OER under aqueous alkaline conditions.” "' Many
experiments have shown that mixed iron—nickel oxides are
promising anode materials for the OER.'*™'® Various
groups”'® showed that the overpotential decreases by ~150
mV after ~10% Fe is doped into NiO,. Recently, Trotochaud et
al.'"*" reported that the OER activity of FeyNig,0, is
comparable to that of BaySrysCogsFe(,0;_5 the best-known
OER catalyst in basic media.”® Similarly, Gong et al. reported
that mixed Ni—Fe oxide on oxidized multiwalled carbon
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nanotubes has a higher OER activity than commercial Ir/C
catalysts.'>

Despite extensive studies, the origin of the high OER activity
of Fe-doped nickel oxides is not fully understood. This is largely
due to the uncertainty in the composition and structure of the
active NiO,, phase under OER conditions. During charging and
discharging, a variety of phase transformations can occur
between different nickel hydroxide variants. As shown by the
Bode’s diagram21 in Scheme 1, f-NiOOH is formed during

Scheme 1. Bode’s Diagram for Ni(OH),—NiOOH Redox
Transformations

Overcharge

B-NiOOH 2% +.NiOOH

Charge| | Discharge Charge| [Discharge

Aging
-

B-Ni(OH), -Ni(OH),

chargin§, followed by y-NiOOH under overcharging con-
ditions.”" While it is §enerally believed that f-NiOOH is the
active OER phase,”**’ recently Bediako et al. argued that y-
NiOOH might be more efficient.** By spectroscopic measure-
ments, Landon et al."® found that Fe-doped NiO, (briefly
denoted Fe-NiO,) contains the spinel NiFe,O, phase and
proposed that this is responsible for the robust OER activity of
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Fe-NiO,. Using [Ru(bpy);]** and S,04*” as a photosensitizer
and reducing agent, respectively, Hong et al.** showed that the
OER activity of NiFe,O, is similar to that of Co;0,, another
promising OER catalyst.*®

At variance with the numerous experimental investigations,
theoretical studies on NiO, are still scarce.”” To identify the
active phase during the OER on NiO, and Fe-NiO,, we have
investigated the mechanisms of the OER on several nickel and
iron—nickel (hydro)oxide surfaces, namely, pure and Fe-doped
B-NiOOH(0115) and y-NiOOH(101), as well as
NiFe,0,(001) and, for comparison, Fe;0,(001). The rationale
for choosing these specific surfaces will be given in section 2,
where the investigated models are described. Among the
investigated surfaces, Fe-doped A-NiOOH(0115) has the
lowest overpotential, followed by NiFe,0,(001), consistent
with the observed increase in the OER activity of NiO, when it
is doped with Fe.

2. METHODS, MODELS, AND CALCULATION DETAILS

Spin-polarized density functional theory (DFT) calculations
were performed in the plane wave and ultrasoft pseudopoten-
tial?® framework as implemented in QUANTUM-ESPRES-
SO.”® The PBE*® functional with on-site Coulomb repulsion
was utilized, and the effective U-J terms, from linear response
theory,®" were 3.3 and 5.5 eV for Fe and Ni, respectively. The
kinetic energy cutoffs of 30 and 300 Ry were chosen for the
wave functions and augmented charge densities, respectively.
The Broyden—Fletcher—Goldfarb—Shanno (BFGS) method
was employed for geometry relaxations until the maximal forces
on each relaxed atom were <0.001 Ry/bohr.

Both NiFe,O, and Fe;O, have an inverse spinel structure
and are ferrimagnetic.32’33 The computed electronic densities of
states are reported in Figure S1 of the Supporting Information.
These show that Fe;O, is half-metallic while NiFe,O, is a
semiconductor, consistent with previous computational stud-
ies.*>* Calculations of the OER energetics were performed for
the (001) surface, which is the most frequently exposed surface
of the spinel structure (see Figure la). Symmetric, non-
stoichiometric slabs were utilized, with eight type B and seven
type A layers3’4 and surface unit cells with dimensions of 6.002
A x 6.002 A and 5.906 A X 5.906 A for Fe;O, and NiFe,0,,
respectively, corresponding to a total of 55 atoms per unit cell.
There are two S-fold coordinated Fe cations (Fes.) and four 3-
fold coordinated oxygen anions (Oj.) per unit cell on the

@

sannneay

Fes,
03c OJC

Figure 1. Slab models for (a) Fe;0,(001), (b) A-NiOOH(0115), and
(c) y-NiOOH(101). O, H, Fe, and Ni atoms are colored red, white,
gray, and blue, respectively. Na ions in panel c are colored purple.
Insets show the various types of surface atoms, Fes,, Nig, O, and Oy,
Vertical dashed lines indicate the surface unit cells.

Fe;0,(001) surface, while NiFe,0,(001) exposes one Fe;,, one
Ni;,, and four Os. ions per unit cell. For these surface slabs, a 3
X 3 X 1 Monkhorst—Pack k-point mesh was utilized for energy
and structural calculations.

For - and y-NiOOH, the precise structures are not well-
known, because of the poor quality of the available X-ray
diffraction patterns. However, it is generally agreed that for -
NiOOH no major modification of the hexagonal f-Ni(OH),
structure takes place upon oxidation,> while y-NiOOH is
known to contain water molecules and alkali metal ions
originating from the alkaline electrolyte.>> From the results of a
series of charging and discharging experiments on various forms
of Ni(OH),, Barnard et al.* concluded that y-NiOOH has a Ni
oxidation state of 3.3—3.67 while f-NiOOH has a Ni oxidation
state of 2.7—3.0. In this work, we constructed the unit cells of
B-NiOOH and y-NiOOH (Nay;3NiO,-0.67H,0) based on
previous experimental data and theoretical calculations;**>*
atomic coordinates are given in the Supporting Information. In
our optimized unit cell, the intersheet distance of y-NiOOH is
7.0 A, which is well consistent with the experimental value of
~7 A?** The oxidation state of Ni is +3 for f-NiOOH and
+3.66 for y-NiOOH. The calculated electronic densities of
states (Figure S1 of the Supporting Information) show that
both A-NiOOH and y-NiOOH are half-metallic, which is
attributed to the partially occupied e, orbitals.

Recent theoretical studies of CoO,, which has the same
layered structure as NiO,, have found that the natural (0001)
surface has a high overpotential and is thus inactive for the
OER* while the higher-Miller index (0112) and (0114)
surfaces are active.*"*” This can be understood by considering
that on the (0001) surface the exposed Co atoms are 6-fold
coordinated, so they can form only very weak bonds with the
various OER intermediates.*” On higher-index surfaces, as well
as at step edges, instead, the Co atoms are not fully coordinated
and, therefore, much more reactive. A similar argument can be
also applied to f-NiOOH and y-NiOOH. We thus study their
reactivity by considering two higher-index surfaces, notably -
NiOOH(0115) and y-NiOOH(101), that we model using
monoclinic surface cells with dimensions of 5.978 A X 6.353 A
(y = 76.4°) and 8.457 A X 8.650 A (y = 80.2°), respectively.
The slab thickness was ~13 A. The S-NiOOH(0115) surface
exposes two Nig, two O, and two O, ions, per surface unit
cell, while there are three exposed Nij,, three O, and three O,
ions per surface unit cell on y-NiOOH(101) (see Figure 1).
One exposed Nis. was replaced by Fes. to model Fe-doped
NiO,. The total number of atoms per unit cell was 56 and 105
for /-NiOOH(0115) and y-NiOOH(101), respectively. For
these surface slabs, 3 X 3 X 1 and 2 X 2 X 1 Monkhorst—Pack
k-point meshes were utilized for energy and structural
calculations. The different k-point meshes were chosen to
produce results with similar precision for the different surfaces.

The OER free energy profiles were derived using the same
scheme utilized in previous studies.***® We used the standard
hydrogen electrode (SHE) as a reference, so the proton
(G[H']) and electron free energies (G[e”]) are replaced by
G[H,]-lel U, where G[H,] is the free energy of H, and U is the
electrode potential versus the SHE (pH 0, p = 1 bar, T = 298.15
K). For O,, the free energy is expressed as G[O,] = 4.92 eV +
2G[H,0] — 2G[H,], according to the OER equilibrium under
standard conditions. Because the theoretical overpotential does
not depend on pH, all the free energy results are calculated at
pH 0 unless explicitly mentioned otherwise. As an approximate
description of solvation effects, each exposed metal ion was
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covered by at least one surface-adsorbed species, e.g., OH, O,
H,O, etc. Although very simplified, this model is generally
considered to be adequate for capturing trends in structurally
related systems.***’

3. RESULTS AND DISCUSSION

3.1. Surface Structure in the Presence of an Adsorbed
Water Monolayer. The stable structures of an adsorbed water
monolayer (ML) on Fe;0,(001), NiFe,0,(001), pure and Fe-
doped A-NiOOH(0115), and pure and Fe-doped y-
NiOOH(101) are reported in Table S1 of the Supporting
Information. For both Fe;0,(001) and NiFe,0,(001), the
most stable structures are mixed molecular-dissociated
monolayers, specifically, Fe;0,(001) ('/,ML HO;. + '/,ML
HO, + !/,ML H,0)***** and NiFe,0,(001) [/, ML HO,_ +
'/, ML HO,(Fe) + '/, ML H,0], where HO,/HO,(Fe) is a
terminal hydroxyl on top of a Ni/Fe ion and HOj, is a three-
coordinated hydroxyl. For pure and Fe-doped p-
NiOOH(0115), the adsorbed monolayers are fully molecular
(1 ML H,0). On y-NiOOH(101), it is energetically favorable
to replace the sodium ion at the edge with a proton to form a
bridging hydroxyl (HO,), while one of two water molecules is
dissociated into an O,4 and two HO,, (see state 11 in Figure 2

13,
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Figure 2. Optimized structures of the OER intermediates: 1—4, f-
NiOOH(0115); 5—8, Fe doped A-NiOOH(0115); 9—12, y-NiOOH-
(101); 13—16, Fe-doped y-NiOOH(101); 17—20, NiFe,0,(001);
21-24, Fe;0,(001). Oxygen, hydrogen, iron, and nickel atoms are
colored red, white, gray, and blue, respectively. Vertical dashed lines
indicate the surface unit cells. The black ellipse in 3 highlights the O—
O bond between the O adatom and a surface lattice O;..

and the Supporting Information for details). As a result, a phase
with 1 ML H,O + 1 ML HO, + 0.33 ML O_4 is formed, which
is 1.11 eV more stable than the as-cleaved surface (at pH 14).
After two consecutive proton transfer processes, however, this
structure changes into 1 ML H,0 + 1 ML HO, (see state 9 in
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Figure 2). The latter is chosen as the initial state of the OER on
pure and Fe-doped y-NiOOH(001).

3.2. OER Mechanisms. To map out the OER reaction
pathway, we took a recursive trial-and-error approach, in which
we investigated each “likely” oxidation channel by adding H,O
to the surface and then removing H (proton/electron pair)
stepwise until an O, species was produced. In the following, we
describe the calculated lowest-energy pathways for OER on the
various surfaces, as shown in Figure 2 and Table 1.

For -NiOOH(0115), the rate-determining step (RDS) is
the first release of a proton from an adsorbed water molecule,
leaving an adsorbed OH (state 2); the corresponding
overpotential (17) is 0.46 V. After the second release of a
proton from the adsorbed OH, an O—O bond forms between
the O adatom and a surface lattice O, while a solvent water
molecule adsorbs at the exposed Nis. adjacent to the O—O
species (state 3). Another adsorbed H,O loses a proton and
transforms into an adsorbed OH (state 4). After the fourth
proton release, O, forms and desorbs from the surface, thus
allowing another solvent water molecule to adsorb on the
exposed Nis.. In this way, the 1 ML H,O covered surface is
recovered (state 1). Reaction pathways very similar to that on
B-NiOOH(0115) are found also for Fe-doped p-
NiOOH(0115), where the RDS is the second proton release
with an 7 of 0.26 V, and pure y-NiOOH(101), where the RDS
is the third proton release with an # of 0.52 V.

A slightly different OER mechanism is found for Fe-doped y-
NiOOH(101). After the first proton release (state 14), the
water molecule adjacent to the adsorbed OH also loses a
proton and transforms into another adsorbed OH (state 15).
This is the RDS, with an # of 0.48 V. After release of the third
proton from an adsorbed OH, an O—O bond forms between
the O adatom and a surface lattice O;,, while a solvent H,O
adsorbs at the exposed Nis. adjacent to the O—O species (state
16). After release of the fourth proton, O, desorbs from the
surface, followed by the adsorption of another H,O on the
exposed Nig. to recover the 1 ML H,O covered surface (state
13). A similar pathway is found also for Fe;0,(001), for which
the overpotential is quite large (7 = 0.70 V).

Finally, the first proton release is the RDS on NiFe,0,(001)
(state 18), and the overpotential () is 0.42 V. After the second
release of a proton from the adsorbed OH, an O—O bond is
formed between the O adatom and a surface lattice oxygen,
while a solvent water molecule adsorbs at the exposed Fe,
adjacent to the O—O species (state 19). Subsequently, the
newly adsorbed water molecule releases the third proton,
transforming into an adsorbed OH (state 20). After release of
the fourth proton, O, desorbs from the surface, followed by
water adsorption on the exposed Fes. to re-form state 17. The
calculated overpotential (7 = 042 V) is consistent with the
experimental onset overpotential of 0.43 V.>°

3.3. Active Phase for Enhanced OER Activity on Fe-
Doped NiO,. From Table 1, we can see that the computed
overpotentials increase in the following order: Fe-doped p-
NiOOH(01T5) (026 V) < NiFe,0,(001) (042 V) < j-
NiOOH(01T5) (0.46 V) < Fe-doped y-NiOOH(001) (0.48 V)
< y-NiOOH(101) (0.52 V) < Fe;0,(001) (0.70 V). In the case
of pure NiO,, the difference between the computed over-
potentials of S-NiOOH(011S5) and y-NiOOH(101) is quite
small (0.06 V). Such a small difference might explain why both
P-NiOOH and y-NiOOH have been progosed as the active
phase of pure NiO, by different authors.””~>* Although our
study is restricted to only one surface of each material, the
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Table 1. Energetics of the OER on Ni, Ni—Fe, and Fe (Hydro)oxide Surfaces

elementary step AE (eV) AH(0—298K) (eV) AZPE (eV) —TAS (eV) AG (eV)
S-NiOOH(01T5)
1+h*>2+H" 2.06 0.04 —0.21 —0.20 1.69
2+h"+H,0—>3+H" 0.67 —0.06 0.02 0.47 1.10
3+h" >4+ H 1.79 0.04 —0.22 —0.20 1.41
4+h*+H,0->1+H"+0, 0.93 0.04 —-0.09 —0.16 0.72
Fe-Doped S-NiOOH(0115)
S+h"—>6+H" 1.71 0.04 —0.21 —0.20 1.34
6 +h"+ H,O -7+ H* 1.06 —0.06 0.02 0.47 1.49
7+ht > 8+ H" 1.67 0.04 —0.22 —0.20 1.29
8+h"+H0 —»5+H +0, 1.01 0.04 —0.09 -0.16 0.80
7-NiOOH(101)
9+h" > 10+ H" 1.76 0.04 —0.21 —0.20 1.39
10 + h* + H,0 - 11 + H* 0.94 —-0.06 0.02 0.47 1.37
11 +h* - 12 + H* 2.13 0.04 —0.22 —0.20 1.75
12+h*+H,0->9+H" + 0O, 0.62 0.04 —0.09 —-0.16 0.41
Fe-Doped y-NiOOH(101)
13 +h* —> 14 + H* 1.52 0.04 —0.21 —0.20 1.15
14 + h* - 15 + H" 2.09 0.04 —0.22 —0.20 1.71
15 + h* + H,0 - 16 + H* 1.16 —0.06 0.02 0.47 1.59
16 + h* + H,0 - 13 + H" + 0O, 0.68 0.04 —0.09 -0.16 0.47
NiFe,0,(001)
17 + h* - 18 + H* 2.02 0.04 —0.21 —0.20 1.65
18 + h* + H,0 - 19 + H* 1.07 —0.06 0.02 0.47 1.50
19 + h* - 20 + H* 1.77 0.04 —0.22 —0.20 1.39
20 + h* + H,0 - 17 + H* + O, 0.59 0.04 —0.09 -0.16 038
Fe,0,(001)
21+h* > 22+H" "+ 0, 1.21 0.04 —0.21 —0.20 0.84
22 + h* - 23 + H' 2.31 0.04 —0.22 —0.20 1.93
23 + h* + H,0 - 24 + H* 1.31 —0.06 0.02 0.47 1.74
24 + h* + H,0 - 21 + H* + O, 0.62 0.04 —0.09 —0.16 041

investigated surfaces are indeed (among) the most active for -
NiOOH and y-NiOOH. Nonetheless, more comprehensive
theoretical investigations and more experimental data would be
desirable to sort out which of the two NiOOH structures is the
active phase of the OER.

For Fe-doped NiO,, our results predict a remarkably low
overpotential for Fe-doped S-NiOOH(0115) (n = 0.26 V).
Such an overpotential is even lower than that of RuO, (0.36
V),*® a known efficient OER catalyst. This finding is
consistent with the experimental observation that the OER
activity of Fe-NiO, can be as high as that of
Ba, sSrysCogsFey,05_5'* the best OER catalyst in basic
media.”® Our calculations also predict that NiFe,O, is an
efficient OER catalyst, even though it is less active than Fe-
doped p-NiOOH, whereas for Fe-doped y-NiOOH, the
predicted overpotential is slightly higher than that of pure -
NiOOH. Thus, Fe-doped y-NiOOH is unlikely to be the active
component of Fe-NiO,. The predicted relative overpotentials
of NiFe,O,, Fe-doped #-NiOOH, and Fe-doped y-NiOOH can
also explain the experimental observation that the OER activity
for Fe-doped NiO, decreases in the following order: 10% Fe >
5% Fe > 20% Fe > NiO,."> At low concentrations, Fe doping
would not change the phase of NiO,, and thus, Fe atoms are
mainly doped into the - or y-Ni(OH), phase, ultimately
leading to Fe-doped f-NiOOH, which has a high OER activity.
When the Fe concentration increases, Fe atoms transfer from
NiO, to the less active NiFe,O, phase, as shown by the XRD
patterns in ref 15. While both Fe-doped A-NiOOH and
NiFe,O, contribute to the enhanced OER activity of Fe-NiO,,
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relative to that of pure NiO,, higher Fe doping levels lead to a
higher content of NiFe,O,, which has activity lower than that of
Fe-doped S-NiOOH. The activity at very high Fe doping levels
can thus be lower than at low and moderate Fe concentrations.

3.4. Strategies To Improve the OER Activity on NiO,.
On the basis of the analysis presented above, it appears that the
most straightforward way to improve the OER performance of
iron—nickel oxides would be to increase the concentration of
Fe-doped -NiOOH. This can be achieved using moderate Fe
doping levels that do not change the layered structure of NiO,.
Aging can also increase the concentration of Fe-doped pS-
NiOOH and thus the OER activity, assuming that low to
moderate Fe doping concentrations do not change the Bode’s
diagram (Scheme 1). This deduction is indirectly supported by
CV experiments’ showing that while the OER activity of NiO,
decreases after 100 CV cycles, the deactivation effect is
suppressed for Fe-doped NiO,. This may result from the fact
that in aged Fe-NiO, more Fe-doped p-NiOOH is formed,
canceling out the deactivation of repeated CV cycles.

It is also interesting to examine the effect of different dopants
on the OER activity of NiO,. Because the active phase for pure
NiO, is f-NiOOH, for which the first proton release is the rate-
determining step, it is essential to lower the barrier of the first
proton release to improve the performance of NiO,. We can
estimate the effect of different dopants on the activity of NiO,,
by comparing the barriers of first proton release on the pure
oxides of the various dopant elements. Considering Fe, Co, and
Ni as an example, the barrier of the first proton release on the
pure oxides satisfies Fe;O, < f-NiOOH < CoOOH, where we
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use the values in Table 1 for Fe;O, and #-NiOOH, whereas for
CoOOH, we use the computed barrier of the first proton
release (2.01 eV) on CoOOH(0115).*> This suggests that Fe
doping would enhance the OER activity of NiO, while Co
doping would make it slower, although on the basis of rather
rough estimates, this prediction appears to work quite well. In
real applications, Fe-doped NiO, is indeed utilized to catalyze
the OER, while Co-doped NiO, is used in alkaline batteries to
suppress the OER.

4. CONCLUSIONS

This paper presents thorough calculations of the OER energetic
pathways on several surfaces of Ni and Ni—Fe oxides, which
could represent the active phase of NiO, under OER
conditions. The computed overpotentials on these oxides
increase in the following order: Fe-doped f-NiOOH (0.26 V) <
NiFe,0, (0.42 V) < f-NiOOH (0.46 V) < Fe-doped y-NiOOH
(048 V) < y-NiOOH (0.52 V) < Fe;0, (0.70 V). The most
important result of this work is the identification of Fe-doped
B-NiOOH as a robust catalyst for electrocatalytic water
oxidation. On the basis of the computed overpotential, Fe-
doped f-NiOOH is predicted to be even more active than
RuO,, a well-established catalyst for the OER. NiFe,O, is
another efficient OER catalyst, but less active than Fe-doped f-
NiOOH, according to our study. Both Fe-doped #-NiOOH and
NiFe,0, could contribute to the OER catalyst’s active phase of
Fe-doped NiO,. Assuming that Bode’s diagram is valid for Fe-
doped NiO,, our results suggest that the OER activity of NiO,,
can be enhanced through low to moderate Fe doping levels and

aging.
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