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ABSTRACT: Ni-based catalysts with Co or Fe can potentially
replace precious Ir-based catalysts for the rate-limiting oxygen
evolution reaction (OER) in anion-exchange membrane (AEM)
electrolyzers. In this study, density functional theory (DFT)
calculations provide atomic- and electronic-level resolution on how
the inclusion of Co or Fe can overcome the inactivity of NiO
catalysts and even enable them to surpass IrO2 in activating key
steps to the OER. Namely, NiO resists binding the key OH*
intermediate and presents a high energetic barrier to forming the
O*. Co- and Fe-substitution of Ni active sites allows for the
stronger binding of OH* and preferentially activates O*/O2*
formation, with Fe-substitution increasing the OER activity
substantially as compared to Co-substitution. Whereas IrO2
requires an activation energy of 0.34−0.49 eV to form O2, this
step is spontaneous on Fesub-NiO. Electrodeposition of polycrystalline electrodes and synthesized nanoparticles exploit the Co or Fe
presence, with Fe particularly exhibiting greater activity: Tafel slopes indicate a significant change in the mechanism as compared to
pure NiO, validating the theoretical predictions of OER activation at di5erent steps. High-performing synthesized nanoparticles of
25% Fe−Ni exhibited a 4.6 times improvement over IrO2 and a 34% improvement over RuO2, showcasing that non-platinum group
metal catalysts can outperform platinum group metals. High-resolution transmission electron microscopy further highlights the
advantages of Fe−Ni oxide synthesized nanoparticles over commercial catalysts: small, randomly oriented nanoparticles expose
greater edge sites than large nanoparticles typical of commercially available materials.
KEYWORDS: doped-metal catalysts, electrolysis, oxygen evolution reaction, earth-abundant materials, non-platinum group metals,
computational chemistry, mechanistic study of reactions

■ INTRODUCTION
Worldwide, multiple initiatives are in place to reduce carbon
emissions and increase the clean production of hydrogen: the
United States’ Department of Energy Hydrogen Shot aims for
$1 per 1 kg of hydrogen in 1 decade;1,2 the European
REPowerEU Plan projects an increase of 10 million tonnes of
domestic renewable hydrogen production by 2030; similarly,
Japan’s Green Growth Strategy plans to reduce hydrogen cost
to less than one-third within the same time period.3,4

Electrolysis, the electrochemical splitting of water, remains a
key aspect of these initiatives, requiring relatively ambient
operating conditions and coupling to intermittent, renewable
energy sources such as solar and wind to further lower
hydrogen production costs.1,2 Of particular interest is anion-
exchange membrane (AEM) electrolysis, which allows for the
use and development of cheap, earth-abundant metals for
catalysts and other electrode components, reducing stack costs
considerably: our Fe-doped NiO catalysts exhibit activity
comparable to that of commercial Ir-based catalysts, with
higher performance at moderate current densities.

For electrolysis to be cost-competitive with steam methane
reforming, a high-temperature process utilizing fossil fuels to
cheaply produce hydrogen (H2) at <$2/kg, electrolyzer stacks
must reduce capital costs, and much of this cost reduction will
occur through advanced manufacturing. The use of platinum
group metal (PGM)-free catalysts in the oxygen evolution
reaction (OER) with improved electrolyzer performance and
stability, however, is critical to the cost and value-added
proposition of alkaline systems.5 Currently, OER requires the
highest catalyst loading and thus significantly drives net
catalyst cost: this cost is magnified in proton exchange
membrane electrolysis, where Ir-based catalysts are utilized,
and partially mitigated in AEM electrolysis, where earth-
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abundant materials can be used but often require much higher
overpotentials than Ir.6,7

Recent experimental studies suggest that Ni-based catalysts
in basic media may be the strongest alternative to Ir-based
catalysts when optimized with Fe or Co.6,8−12 However, the
eGciency of these catalysts is strongly synthesis-dependent.
Notably, solution-cast metal oxides8 resulted in catalyst
eGciency on the order of Ni0.9Fe0.1Ox > NiOx > NiyCo1−yO,
whereas electrodeposited thin films9 classified activity into
these three categories of FeNiOx, CoFeOx, CoFeNiOx > CoOx,
CoNiOx > FeOx, NiOx. In benchmarking studies of
commercial materials, McCrory et al.6 reported OER over-
potentials increased from IrOx < NiFeOx < NiCoOx < CoOx <
NiOx; Anderson et al.7 observed activities on the order of Ir >
IrO2 > Co > Ni > NiFe2O4 ≫ NiO; and Volk et al.11 noted
that Ni- and Co-based commercial catalysts often met or
outperformed IrO2 in both rotating disk electrode (RDE) and
membrane electrode assemblies (MEAs). Furthermore, Volk et
al. found that over time-on-stream of benchmark tests,
NiFe2O4’s activity increased with increasing ratios of Ni:Fe
due to Fe dissolution, suggesting that similar to solution-cast
metal oxides, where Ni0.9Fe0.1Ox was the high performer, a
higher percentage of Ni:Fe in these mixed-metal oxide catalysts
may be preferable.

Much of our mechanistic understanding of OER activity has
been concentrated on reaction pathways in an acidic
environment, e.g., the four-step, proton-coupled electron
transfer mechanism, whereas the alkaline environment of
AEM electrolysis will necessarily induce other electrochemical
processes:13−15

4OH 2H O O 4e2 2+ + (1)

We note that multiple pathways at each step of the OER
mechanism may be possible in the high potential environment
of electrolysis.13,16,17 Furthermore, electronic structure calcu-
lations can more accurately reflect a material’s properties
through statistical mechanical arguments detailing the
ensemble e5ects of adsorbates on reactivity and through
coadsorption of key intermediates, which can highlight low-
energy pathways.16,18,19 Understanding how and why these
catalysts work and do not work is critical to enabling these
materials to achieve commercial viability: our fundamental
understanding of OER mechanisms based on the chemical
interactions possible in an alkaline environment coupled with
the experimental synthesis and characterization of NiO
compared to Fe- and Co-NiO catalysts can significantly inform
and advance AEM electrolysis.

(Oxy)hydroxide catalysts have been studied extensively, but
the stable NiO catalyst has been minimally studied.9,13,14,20−22

He et al. noted that the spin state of Fe is key to the high
reactivity of NiOOH-based catalysts, whereas Martirez et al.
cited the presence of an Fe4+=O species for lowering the
overpotential for OER.13,22 These trends may apply similarly to
other Ni-based catalysts such as rock-salt NiO. Synthesis
procedures often feature thermal annealing in reducing or
oxidizing environments, acid- or base-leaching treatments, and
electrochemical cycling in order to optimize the activity and
durability of catalysts.23,24 Ni-based catalysts can cycle through
the α-, β-, γ-(oxy)hydroxides,21,24 and NiO may form
depending on applied potentials, thermal treatments, and
starting materials (metal, hydroxide, or oxide).25−27 Following
holds at ca. 200 °C, powdered hydroxides transitioned into a
mixture of NiO and Ni-(oxy)hydroxides, and beyond 200 °C,

the NiO became dominant.25 Likewise, the oxidation of Ni
(111) surfaces at 300 K (26.85 °C) followed by Langmuirs of
water resulted in a transition of Ni (111) to NiO (111) to β-
Ni(OH)2, whereas oxidation at 500 K (226.85 °C) followed by
similar water treatments of Ni (111) primarily formed NiO
(100).27

Interest in NiO remains high since it can potentially be
bifunctional for the hydrogen evolution revolution28,29 and,
beyond electrolysis, has been utilized for the selective
epoxidation of styrene to styrene oxide (a key component
for the production of fine chemicals and pharmaceuticals);30 as
a reactive gas sensor for formaldehyde, methane, and
acetone;31 and in electrochromic uses as coatings for
modulating daylight in windows or reflective transmittance in
rear-view mirrors.32 Therefore, a greater understanding of the
binding motifs and reactivity present in NiO versus Fe- and
Co-modified NiO may have far-reaching implications across a
diverse range of applications beyond electrolysis and energy.

Recently, Sun et al. attributed a 200-fold enhancement in
OER activity to edge sites along the NiO (100) nanofacet,
suggesting that greater attention to this facet should be
considered.14 In this work, we extensively outline the
mechanisms for achieving the OER on NiO (100) in an
alkaline environment, examine the pathways limiting NiO
activity, and compare this to IrO2 (110), Co-NiO (100), and
Fe-NiO (100). The rock-salt NiO resists the charge transfer
necessary to favor OH* adsorption and O* formation, whereas
Co- and Fe-substitution supplies the charge for these initial
steps to OER. Site access and activity in theoretical calculations
were then correlated to various catalysts: commercial particles
were examined, electrodeposition on metal electrodes was
performed for controlled comparisons of site access, and
synthesized nanoparticles highlighted the size and edge e5ects.

■ RESULTS AND DISCUSSION
I. Understanding the Viability of Rock-Salt NiO-Based

Materials for the OER. Our theoretical model examined one
metal dopant at various sites in order to focus on the impact of
Co and Fe in NiO (100): adsorbed to the surface as a
monomer, substituting a Ni site, and embedded as an
interstitial defect (Supporting Information, SI Tables 1−3).
The interstitial site relaxed to a Co or Fe rising to the surface
to displace a Ni, resulting in a Co- or Fe-substituted surface
(see SI Figure 1a). In contrast, the adsorbed dopant on a
surface oxygen may behave similarly to a monomer, where it
can exhibit high reactivity but also be unstable since monomers
are known to be mobile and sinter into larger clusters.33,34

Upon adsorption of an OH*, the enthalpy of the adsorbed
dopant to shift from being atop a surface oxygen to a bridging
Ni−Ni site is 0.00 eV for Feads and 0.01 eV for Coads (see SI
Figure 1b). These results suggest that both the interstitial and
adsorbed sites are unstable, and subsequently, OH* adsorption
was stronger and ranged between −4 and −5 eV. In contrast,
the substituted dopant remained in the same site, even with
OH* adsorption, highlighting that it may be more stable in the
alkaline environment of AEM electrolysis. Therefore, Cosub-
NiO and Fesub-NiO were the focus of more detailed OER
calculations (Figure 1a,b for the surface and mechanisms).
These di5erent doped-NiO surfaces represent an active metal
site percentage of 11−13% for the dopant, with 87−89% of Ni
available for OxHy intermediates to adsorb onto. How our
model compares to the various catalysts (commercial particles,
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galvanically displaced electrodes, and synthesized nano-
particles) examined in this paper will be discussed.

In addition to theoretical calculations, further character-
ization of available commercial NiFe2O4, Ni-, and Ir-based
catalysts was performed. In high-resolution transmission
electron microscopy (HRTEM) images of commercial NiO
catalysts, we did detect the presence of defects or precipitates
regions showing moire ́ fringes, which could contribute to the
reactivity of this material (Figure 1c). Transmission electron
di5raction (TED) suggests a crystalline catalyst (SI Figure 2)
with lattice spacings consistent with rock-salt NiO; this phase
was further confirmed by XRD. Energy-dispersive X-ray
spectroscopy (EDS) found, as expected, that both Ni and O
were present (SI Figure 3). The small Cu EDS peak is from the
Cu TEM grid that was used. X-ray photoelectron spectroscopy
(XPS) data of commercial Ni (SI Figures 4, 8, 9) and NiOx
(Figure 1d; SI Figures 8 and 9) catalysts detected the presence
of NiO and Ni3+ on the surface. The NiO peak position of
854.12 eV for commercial NiO matches closely with the 853.7
eV by Biesinger et al., with some di5erence due to the di5erent
surface oxidation.35 Detailed discussion and XPS figures may
be found in the SI. While the commercial Ni metal sample
contained Ni0, we did not detect Ni0 in the commercial NiO
sample. Similarly, XPS spectra revealed Ir metal and IrO2 in
commercial Ir and only IrO2 in the commercial IrOx (SI
Figures 5−7). The IrO2 peak positions at 61.76 for Ir and
62.13 for IrOx in these commercial materials complemented
the 61.9−62.5 eV range specified by Freakley et al. (SI Figure
7).36 Although commercial catalysts are often promoted as a
“metal” or “metal oxide catalyst,” all of the “metal” catalysts
examined in this study through XPS contained metal oxides. In
half-cell and single-cell electrochemical benchmarks of
commercial catalysts, experiment observed that “Ir metal”
catalysts exhibited the same activity as “Ir metal oxide”
catalysts after 13.5 h.37 Due to the high potentials and the long
operation times of commercial electrolysis (5−10 years), the
catalysts are expected to be metal oxides instead of metals.2,5

For this study, the theoretical calculations focused on metal
oxides under the following alkaline conditions: IrO2 and rock-
salt NiO, CoO, FeO, and Msub-NiO.

In AEM electrolysis, O2 evolution requires the adsorption
and interaction of a total of 4OH to form the di5erent O-
containing intermediates leading to O2 evolution. Figure 1a,b
illustrates the OER pathways available: in Figure 1a, OH may
interact with the interface as an OH (anion) in an
“electrolyte-mediated mechanism” (Section I.a), or in Figure
1b, OH may coadsorb with other O-containing intermediates
in a “coverage-dependent mechanism” to form the di5erent
OER products (Section I.b). In our previous work on IrO2
(110), we found that “coverage-dependent” mechanisms were
able to showcase multiple, low-energy pathways to form OER
products and potentially reflect more accurately the catalytic
properties of a material.16 Various OER products are accessible
at room temperature or at the high operating potentials of
electrolysis (up to ca. 2.0 V).
I.a. Oxygen Evolution at Low OxHy Coverage, Reliant

upon an “Electrolyte-Mediated Mechanism”. In Figure 2a,
we highlight the reaction profile based on the global minimum
(the most stable and lowest energy isomer) structures in the
electrolyte-mediated mechanism. We point out that this
mechanism and reaction profile rely upon a low coverage of
adsorbates, wherein a key reaction intermediate is adsorbed on
a single metal active site on the surface. This gives an overview
of the possible di5erences in activity displayed by the PGM-
baseline material IrO2 as compared to the non-PGM materials
such as NiO and Cosub-, Fesub-NiO. A free energy reaction
profile is also provided in SI Figure 10, but the trends displayed
in Figure 2a remain the same. Di5erent theoretical studies may
utilize other programs and approximations (thermodynamic
versus applied potential, implicit versus explicit solvation) in
order to calculate free energies.15,38,39 Total and relative
energies may be directly compared regardless of the program
utilized: this study focuses on the mechanistic pathways
available to doped-NiO catalysts as compared to benchmark

Figure 1. (a) The electrolyte-mediated mechanism is a four-step OER mechanism that relies on a hydroxide ion interacting with adsorbates. (b)
The coverage-dependent mechanism utilizes the interaction between neighboring coadsorbed species to produce OER intermediates. Brackets []
signify that there can be multiple products, resulting in di5erent, accessible pathways depending on the experiment (thermal conditions and
electrochemical potentials). (c) HRTEM of commercial NiO catalysts. (d) XPS data of commercial NiO catalysts.
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NiO and IrO2, and the e5ect of the complex, electrochemical
environment will be delved into in future work.

We summarize and highlight the first key step to OER, the
adsorption of OH* followed by the formation of O* + H* in
Figure 2b. As noted in eq 1, 4OH− are required to form H2O
and O2. Without enough OH* adsorbed to the surface to form
these two products, the OER will be halted. We found that for
O*, the hollow site is the most stable at NiO, but for the Co-
and Fe-doped NiO surfaces, the metal dopant site is the most
stable. In particular, OOH* is not the most stable isomer on
NiO (100), Cosub-NiO (100), or IrO2 (110), and at low
potentials, the mechanism of these coadsorbed intermediates
of O* + OH* or OO* + H* will dominate. At higher
potentials, the less stable OOH* isomer becomes accessible,
providing an additional pathway to forming O2. NiO and

Cosub-NiO may be particularly advantageous to deprotonating
the OOH* since this intermediate spontaneously dissociates
on these surfaces, whereas Fesub-NiO stabilizes the OOH*
(isomers I−III, V−VI), and the dissociated OO* + H*
products (isomers X, XII−XX) are ca. 0.6−0.9 eV higher in
energy. SI Figures 12−14, 16−19 display the considerable
number of isomers available to NiO, Cosub-NiO, and Fesub-NiO
for the key reaction intermediates of [OH*], [O*], and
[OOH*].

Bronoel et al. established in their electrochemical studies of
NiO that O2 evolution most likely utilized the mechanism of
OH* → O*, followed by the recombination of 2O* → O2.

40

Most importantly, Figure 2a,b showcases that NiO (100) may
adsorb the OH* reactant too weakly to form O2 and 2H2O as
compared to IrO2 (eq 1). Indeed, while metal oxides are often

Figure 2. (a) Reaction profile outlining the OER. Only the global minimum (the lowest energy isomer) was utilized for this reaction profile. (b)
Summary of OH* isomers with adsorption energy (EOH), where Ni atoms are shown in green, surface O in red, adsorbate O in orange, H in white,
Co in pink, and Fe in yellow. Visualization of individual isomers, Bader charges, and Boltzmann populations may be found in the Supporting
Information. (c) HRTEM of commercial NiFe2O4 showcasing the large grains present (5 nm bar). (d) XPS detected multiple distinct phases in
commercial NiFe2O4 of Ni3+/NiO(OH) and Fe2O3/FeO(OH).

Table 1. Summary of OH* Isomers of NiO, Cosub-NiO, and Fesub-NiO with Adsorption Energy (EOH) and Bader Charges (ΔQ)

IrO2 NiO Cosub-NiO Fesub-NiO

I−III I−II (Ni site) I (Co site) II−IX (Ni site) I−II (Fe site) III−V (Ni site)

EOH (ev) −3.72 to −3.66 −1.37 to −1.27 −2.40 −2.01 to −1.19 −3.25 to −3.24 −2.76 to −2.67
ΔQOH (e) −0.41 to −0.48 −0.43 to −0.50 −0.46 −0.63 to −0.75 −0.55 −0.68 to −0.73
ΔQM (e) +1.69 to +1.71 +1.49 +1.39 to +1.56 +1.65 +1.64 to +1.69
ΔQNi (e) +1.20 to +1.29 +1.19 to +1.29 +1.18 to +1.29
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known to hydroxylate in the presence of water vapor, Cappus
et al. found only NiO (111) adsorbed OH, whereas NiO (100)
was unable to adsorb OH until defects were created on the
surface.41 This resistance to adsorbing OH* may be attributed
to (100) NiO’s charge-transfer capability: this nonpolar surface
features balanced electrostatic interactions between the metal
and oxygen, and this immense stability leads to less reactivity
as compared to the polar (111) surface with its dangling
bonds.

Calculations of pure NiO, CoO, and FeO in both the bulk
and the (100) surface yielded Bader charges (ΔQ) of circa
+1.2 to +1.3 for metal atoms and −1.2 to −1.3 for oxygen
atoms (SI Tables 1 and 2). This charge-transfer di5erence
between metal and oxygen atoms remains similar to the Cosub-
NiO and Fesub-NiO surfaces. It is upon adsorption of key OER
intermediates, however, that the Bader charges of the dopant
metal atom change significantly. The dopants, Co and Fe,
essentially become electron donors to all of the OER
intermediates, whether they adsorb to the dopant site or the
Ni site. This e5ect leads to the greatest increase in the OH*
binding energy, specifically, on the Co and Fe dopant sites: ca.
1 eV increase on Cosub-NiO and ca. 2 eV increase on Fesub-
NiO (Table 1). Indeed, even Ni sites on the Cosub-NiO and
Fesub-NiO surfaces bind OH* more strongly than those on the
pure NiO surface. All other OER intermediates follow a similar
but less pronounced trend. The Fe dopant o5ers the most
significant charge transfer at +1.6 to +1.7 e (comparable to Ir
sites, Table 1), resulting in stronger binding of the OER
intermediates. These results suggest that transition metal
dopants can potentially allow non-PGM catalysts to mimic the
binding motifs present in a PGM catalyst and, most

importantly, increase the reactivity of the non-PGM catalyst:
the OH* binding strength on Fesub-NiO is nearly comparable
to that of IrO2 (110).

Fe’s advantageous charge-transfer capability may contribute
to the high activity observed in mixed Ni−Fe oxides beyond
the rock-salt phase. Depending on the synthesis methods of
Fe−Ni oxide catalysts, the mole % of Fe can significantly
influence the crystalline forms: mixed NiO/NiFe2O4 (≤20 mol
% Fe) or NiO/NiFe2O4/Fe2O3 (≥25 mol % Fe) material.12

This showcases the importance of deconvoluting the
contributions of specific crystalline phases to the catalytic
activity. Our XPS of commercial NiFe2O4 found Ni to be N3+/
NiO(OH), and not NiO, while the Fe was found to be Fe3+/
Fe2O3/FeO(OH) (Figure 2d). XPS spectra suggest a surface
ratio of Ni:Fe 1.94:1. EDS in TEM found elemental ratios
close to those expected for NiFe2O4 (SI Figure 15). HRTEM
(see Figure 2b) found that the commercial NiFe2O4 catalysts
are highly crystalline and composed of 10−15 nm aggregates,
and lattice spacings calculated from the TED pattern indicate
spinel NiFe2O4 (SI Figure 15). Volk et al. observed a similar
inhomogeneity to di5erent samples of commercial NiFe2O4,
where XRD found both the spinel and α-Fe2O3.

11 Lower Fe
content (<25%), similar to the theoretical model, was often
associated with greater activity and the presence of NiO.6,8−12

However, these non-PGM catalysts are not as adept at
spontaneously splitting OH* into O* + H*: on IrO2 (110) the
dissociated O* + H* isomer IV is only ca. 0.23 eV higher in
energy than the intact OH*. The Ir metal exhibits a greater
charge transfer of +1.9 e to the dissociated O* + H* isomer,
suggesting that an additional 0.2 e may be required to aid in
this step (SI Figure 11). In contrast, on NiO, the dissociated

Figure 3. O* Formation: (a) OH* + OH* → O* + H2O*, H* + OOH*, HOOH*, or unreacted OH*+ OH* isomers with adsorption energy
(EOH+OH) and Bader charges (ΔQ). All isomers are illustrated in detail in the SI. Ni atoms are in green; surface Ored; adsorbate Oorange;
Hwhite; Copink; and Feyellow. (b) Plot of isomers within 2.0 V of electrolysis. For Cosub- and Fesub-NiO, the global minimum is O* +
H2O*, marked by orange and pink. Green reflects the isomers of NiO; pink is for Cosub-NiO; and orange is for Fesub-NiO. (c) Climbing image
nudged-elastic band calculations for OH* + OH* → O* + H2O*, showcasing transition state barriers for NiO and IrO2 as compared to the
spontaneous, exothermic reaction on Fesub-NiO.
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O* + H* is 0.96 eV higher in energy; on Cosub-NiO, 0.89 eV
for isomer X; and on Fesub-NiO, 1.51 eV for isomer VI. In fact,
these materials resist charge transfer with metal sites at circa
+1.2 to +1.4 e for the dissociated O* + H* isomer (SI Figures
12−14).
I.b. Oxygen Evolution at High OxHy Coverage for the

“Coverage-Dependent Mechanism”. In our previous mecha-
nistic study of IrO2 (110), we found multiple low-lying
pathways to the dissociation of OH* and formation of O2* to
be <0.4 eV when neighboring coadsorbed intermediates OxHy
were present. These pathways more accurately reflected the
high reactivity of Ir-based materials observed by experiments as
compared with the low-coverage pathway shown in the
previous section. We examined in detail the OER mechanisms
available to the NiO and doped-NiO to form O* via
coadsorbed OH* + OH* (Figure 3) and O2* via the OOH*
+ OH* and O* + O* pathways (Figure 4), respectively. The
coadsorbed mechanisms involving multiple OxHy species more
readily reflect the alkaline (pH 10−14) and high potential
environment (1.6−2.2 V) of AEM electrolysis, where a mixture
of surface O* and OH* is to be expected.7,42,43 Theoretical
investigations of rutile oxides (RuO2, IrO2, TiO2) also
identified the potential dependence of surface coverage:
primarily OH* at <1.4 V; a mix of O* and OH* at potentials
of 1.3−1.7 V; and primarily O* at >1.7 V.44

In Figure 3a, we showcase the various products that can arise
from coadsorbed OH* + OH* on the NiO, Cosub-NiO, and
Fesub-NiO surfaces. We provide a line diagram in Figure 3b
summarizing the relative energies of these products with
respect to the global minimum structure, which are specifically
accessible within the 2.0 V typical of electrolysis and in order
of preferred OER products: namely, O* + H2O* followed by
OOH* + H*, O* + H* + OH*, and HOOH*. We highlight in
Figure 3c transition state calculations giving the activation
energy for O* + H2O* formation on NiO and IrO2 as

compared to the spontaneous, exothermic reaction on Fesub-
NiO. Bronoel et al.’s electrochemical study on NiO correlated
the dependence of OH coverage to O2 formation: this may be
due to the majority of the OH* being consumed to create the
dominant product HOOH* and, secondarily, at ca. 0.6 V being
utilized to form the preferred O* + H2O*. NiO’s activation
energy is low at 0.10 eV compared to IrO2, but IrO2 is not
reliant on OH* adsorption for the OER: IrO2 spontaneously
splits water to form OH*, binds OH* more strongly than NiO,
and remains active at both low and high coverages of OxHy.

16

Fesub-NiO advantageously makes O* + H2O* the dominant
product with an exothermic reaction enthalpy of circa −0.5 eV.

These mechanistic trends may arise from the charge-transfer
characteristics we observed in the previous section: NiO resists
charge transfer to the key reaction intermediate OH* (Figure
2b). For coadsorption of 2OH*, this results in the surprising
product of a peroxide HOOH* being the most stable on NiO,
followed by OOH* + H*. Bader charge analysis reveals that
both HOOH* (isomers I, II) and OOH* + H* (isomer III)
products are nearly neutral with a negligible 0.04−0.05 e. In
contrast, O* + H2O* often results in ca. 0.5−0.7 e from the
surface to the adsorbates. For unreacted OH* + OH*, the
charge transfer can range from 0.5 to 1.0 e to adsorbates.
Similar to the bonding trends observed for OH* and O*, Co-
and Fe-doped NiO surfaces are more oxophilic and promote
charge transfer to adsorbate molecules: this stabilizes the O* +
H2O* pathway, allowing O* + H2O* isomers to become the
dominant product on Cosub-NiO (isomers I−III) and Fesub-
NiO (isomers I−III, IV).

We note that hydrogen peroxide (HOOH*) is both a
competing product to the OER and potentially a poison to the
membrane electrode assembly. Typically, HOOH decomposes
in an alkaline environment, but trace amounts could react with
the nitrogen-containing AEM ionomers, leading to possible
degradation of these materials.45−47 In particular, HOOH is

Figure 4. O2 Formation: (a) OOH* + OH* → OO* + H2O*, OO* + OH* + H*, or unreacted OOH*+ OH*. (b) O* + O* → O2* or unreacted
O* + O*. All isomers are illustrated in detail in the SI. Ni atoms are in green; surface Ored; adsorbate Oorange; Hwhite; Copink; and
Feyellow.
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