Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 Abréll 2024. Downloaded on 29.01.26 00:57:24.

(cc)

¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Strongly facet-dependent activity of iron-doped
p-nickel oxyhydroxide for the oxygen evolution
reactiont

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 14721

*3 John Mark P. Martirez bed

Ananth Govind Rajan, “and Emily A. Carter
Iron (Fe)-doped B-nickel oxyhydroxide (B-NiOOH) is a highly active, noble-metal-free electrocatalyst for the
oxygen evolution reaction (OER), with the latter being the bottleneck in electrochemical water splitting for
sustainable hydrogen production. The mechanisms underlying how the Fe dopant modulates this host
material's water electro-oxidation activity are still not entirely clear. Here, we combine hybrid density
functional theory (DFT) and Hubbard-corrected DFT to investigate the OER activity of the most
thermodynamically favorable (and therefore, expected to be the majority) crystallographic facets of -
NiOOH, namely (0001) and (1010). By considering active sites involving both oxidation and reduction of the
transition-metal active center during the redox cycle on these two different facets, we show that six-fold-
lattice-coordinated Fe in B-NiOOH is redox inactive towards both oxidation and reduction while five-fold-
lattice-coordinated Fe in B-NiOOH does exhibit redox activity. However, the determined redox activity of Fe
(or lack of it) is not indicative of good (or bad) performance as a dopant on these two facets. Three of the
four active sites investigated (oxo and hydroxo sites on (0001) and a hydrated site on (1010)) exhibit only a
marginal (<0.1 V) decrease or increase in the thermodynamic overpotential upon doping with Fe. Only one
of the redox-active sites investigated, the hydroxo site on (1010), exhibits a large attenuation in the
thermodynamic overpotential upon doping (to ~0.52 V from 0.86 V), although the doped overpotential is
larger than that observed experimentally for Fe-doped NiOOH. Thus, although pure B-NiOOH facets
containing four-, five-, or six-fold lattice-coordinated Ni sites have roughly equal OER activities, yielding
similar OER onset potentials (shown in A. Govind Rajan, J. M. P. Martirez and E. A. Carter, J. Am. Chem. Soc.,
2020, 142, 3600-3612), only those facets containing four-fold lattice-coordinated Fe (e.g., as shown in
J. M. P. Martirez and E. A. Carter, J. Am. Chem. Soc., 2019, 141, 693-705) would be active under analogous
conditions for the Fe-doped material. It follows that, while undoped B-NiOOH demonstrates a roughly
facet-independent oxygen evolution activity, the activity of Fe-doped B-NiOOH strongly depends on the
crystallographic facet. Our study further motivates the investigation of strategies for the selective growth of
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The electrochemical oxidation of water to produce oxygen, also
known as the oxygen evolution reaction (OER), is a challenging
reaction studied by many chemists, materials scientists, and
engineers." As the anodic half-reaction in water splitting, the
OER is vital to the carbon-dioxide-free synthesis of hydrogen gas
via renewable electricity.> Layered transition-metal oxides,
hydroxides, and oxyhydroxides, in both their undoped and
doped forms, can be used for electrocatalyzing the OER under
alkaline conditions.>” Layered materials offer distinctive advan-
tages, such as the presence of highly active sites and large
surface-to-volume ratios, in electrochemical applications.*™®
Nickel oxyhydroxide (NiOOH), particularly in its § and y phases,
is a material that has been investigated extensively, both
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theoretically’”** and experimentally,">>* for OER electrocatalysis.
Experiments have shown that doping NiOOH with iron (Fe) sub-
stantially reduces the OER overpotential of this material >’ with
theory offering explanations of these observations.***° Theory also
explained the superiority of doping with Fe, as compared to other
transition-metal dopants, for enhancing the OER activity of
NiOOH.?"** The mechanisms by which Fe modulates the host
material’s water oxidation activity on various crystallographic facets
were the subject of several previous studies and remain under
investigation by various research groups.'*!%>>2833737

Recently, Martirez and Carter presented a real-space
partitioning scheme®® to compute OER free energetics on an
electrocatalyst surface by combining more accurate, but com-
putationally demanding, hybrid density functional theory
(DFT)*®*°  calculations with less expensive Hubbard-U-
corrected DFT (DFT+U)*° calculations. Whereas the latter tech-
nique only statically corrects for electron self-interaction errors
within the transition-metal ions, the former adds a fraction of
nonlocal electron exchange interactions in evaluating the self-
consistent wavefunctions and energies, thereby correcting for
spurious electron self-interaction in a global and systematic
manner. Accordingly, hybrid DFT more accurately models the
free-energy changes associated with oxidation-state changes in
transition-metal compounds during redox reactions than
DFT+U does. Using this scheme, Martirez and Carter found
that a four-fold lattice-oxygen-coordinated Fe reactive site man-
ifested a record-low thermodynamic OER overpotential of
0.14 V on the (1211) facet of Fe-doped B-NiOOH,** a minority
but not insignificant facet*" (vide infra) of the hexagonal plate-
lets observed to form.*>** Subsequently, Govind Rajan et al.
used the same approach to reveal facet-independent OER
activity for undoped B-NiOOH. Specifically, they found that
the hydroxo and hydrated active sites on the undoped (0001)
and (1010) facets, respectively, exhibit thermodynamic OER
overpotentials of 0.44 and 0.43 V, in close agreement with the
0.48 V value on the hydroxo active site on the undoped (1211)
facet.'”> Examining whether such facet-independence of the
OER activity also holds for Fe-doped B-NiOOH is important,
given the much greater activity of the latter. Efforts to under-
stand facet and active-site dependence of the OER activity and
mechanism will yield better microkinetic models***® and
mechanism-enumeration strategies.*’

Previously, Martirez and Carter considered the surface free
energies of various crystallographic facets of f-NiOOH in the
presence of explicit and implicit solvation, and showed that the
solvated (0001) and (1010) facets together constitute ~70% of
its surface, whereas the (1211) facet contributes only ~1.5% of
the surface as per the thermodynamic Wulff construction.*'
Later, Tkalych et al. investigated the OER activity of Fe-, Co-,
and Mn-doped B-NiOOH(0001) using DFT+U calculations and
showed that the presence of these dopants only marginally
reduced the thermodynamic OER overpotential as compared to
undoped B-NiOOH.*® However, so far, the OER activities of the
various active sites that can exist on the two most-abundant
facets of Fe-doped B-NiOOH—(0001) and (1010)—have not been
studied at the same hybrid DFT level of theory used in predicting
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the record-low thermodynamic OER overpotential of 0.14 V on
the (1211) facet.*® In this work, we address this knowledge gap
by examining the thermodynamics of the various elementary
steps involved in the OER mechanism on Fe-doped B-NiOOH-
(0001)/(1010) using hybrid DFT. We investigate various OER
mechanisms to systematically determine pathways with the
lowest-possible thermodynamic overpotential on each active site
considered. We find that the redox activity of Fe on the surface of
B-NiOOH depends on its extent of coordination with lattice
oxygen atoms. While six-fold lattice-coordinated Fe is found to
be redox inactive, five-fold lattice-coordinated Fe changes oxida-
tion states during the OER mechanism, thereby being the
apparent primary active site during the OER. Combining our
findings with those of Martirez and Carter, who showed four-fold
lattice-coordinated Fe to be redox active (in their study of
the (1211) facet of Fe-doped B-NiOOH),>® we conclude that Fe
needs to have a coordination number less than six to demonstrate
redox activity that enables the OER on -NiOOH surfaces. Overall,
we rule out any major role for the (0001) and (1010) facets in the
OER activity of Fe-doped -NiOOH, although previous theoretical
work predicted these facets to be active during the OER on
undoped B-NiOOH.'"*> Our conclusion that sites with low lattice
coordination number are required for OER activity on Fe-doped -
NiOOH is consistent with prior electrochemical analysis based on
various surface probe techniques (vide infra).**>

Computational methods
Calculating the free energies of the species involved in the OER

In this work, we utilized the computational hydrogen electrode
(CHE) model for electrochemical thermodynamics.**>* Accord-
ingly, the standard Gibbs free energy of a proton-electron couple

. ) 1
is defined as G(()w ) = EGglz(g)’ where G‘glz(g) denotes the stan-
dard Gibbs free energy of gaseous hydrogen. One obtains the

standard Gibbs free energy of Ha(g), G, from:
GO(1) = EP¥T + ZPEP™T + (H(T) — H(0 K) - TS(1))7,

where i = H,(g), E’*" denotes the DFT energy of species i (here, an
isolated H, molecule in vacuum), ZPEP*" the zero-point energy of
species i, H(T) the enthalpy at temperature T, and S°(7) the

1 Ymodes,i
entropy at temperature 7. Note that ZPEiDFT ==

J
Nmodes,i denotes the number of vibrational modes of species i, 4 is

Planck’s constant, and v; denotes the normal mode frequencies of
species i. We assumed room temperature (T = 298.15 K) in all our
calculations and obtained experimental values of H°(T) and S°(7)
from the NIST-JANAF thermochemical database.”® Subsequently,

we determined the free energy of H,O(l), ngo(l),

hvj;, where
=1

using the

following equation:
Girom = EP™" + ZPEP™ + (HO(T) — H°(0 K)
= ISUT))P + AGg-..(D),

where i = H,0(g) and AGg_(T) denotes the experimental
condensation free energy of water.”® We obtained the normal
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modes required for calculating the ZPE by evaluating the
Hessian matrix from a central-difference scheme and a displa-
cement of +0.02 A along all three directions relative to the
optimized atomic positions. Next, we calculated the Gibbs free
energy of O,(g) using the equation below, derived by enforcing
the free energy change of 1.23 eV per electron needed for the
OER at room temperature:

0 _ 0 0
Goyp =492eV + (2GH20<1> - 2GHz<g>)

Finally, we determined the standard Gibbs free energies of the
adsorbed species, which include the DFT energies (Ef" ") as well
as vibrational contributions (Eipi — TSvib i), as follows:

0 _ pDFT
Gi = Ei " + Eyipi — TSvib,i

We calculated these quantities using the harmonic lattice
model, as described below:®”

E - Al lh l’lel‘
vibi = Z 5 V/H‘m
j
3N;
: hVﬁ 1 —Phvj;
TSyiv; = Z L/}/w,,. 1 Bln(l —e /) s

J

where N; denotes the number of surface atoms in the ith inter-
mediate, v; denotes the jth frequency of the ith intermediate, =
kT’
lated the standard Gibbs free energy change of reaction, AGy, of
each elementary step k of a mechanism using the species free
energies. Following that, we determined the thermodynamic OER
overpotential from the difference between the largest electroactive
AG?,k and 1.23 eV, per electron transferred, where 1.23 eV is the
standard Gibbs free energy change per electron incurred during
the OER at room temperature.”” Note that an electroactive step is
one in which an electron is transferred so that the free energy of
the reaction can be modulated by the application of electric
potential. We did not consider the non-electroactive steps (i.e.,
those that do not involve the explicit transfer of an electron) in the
evaluation of the thermodynamic overpotential. The electroactive
step with the largest AGy; requirement is referred to as the
potential-determining step (PDS).

and kg is the Boltzmann constant. Subsequently, we calcu-

Details regarding the DFT calculations

We performed DFT calculations using the all-electron, frozen-
core projector augmented-wave (PAW) formalism®®* in the
Vienna ab initio simulation package (VASP)* to solve self-
consistently for the valence electrons (3d and 4s for Ni/Fe; 2s
and 2p for O; and 1s for H) and employed the frozen-core
approximation via VASP’s standard PAW potentials for the core
electrons. We chose the Perdew-Burke-Ernzerhof (PBE) gener-
alized gradient approximation functional®® for evaluating
the exchange-correlation (XC) energy, along with a Hubbard
correction (+U) based on Dudarev et al.’s approach,’® applied to
account more properly for the localized nature of the 3d elec-
trons and their attendant exchange interactions. Specifically, we
used an effective U value of 5.5 eV for Ni as determined from

This journal is © the Owner Societies 2024
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linear response theory” and a value of 4.3 eV for Fe calculated
from electrostatically embedded wunrestricted Hartree-Fock
theory.®* For the plane wave basis set, we used a kinetic energy
cutoff of 750 eV for the larger slabs and a smaller cutoff of 650 eV
for the smaller slabs to manage the computational cost of the
latter, for which we utilize hybrid DFT. The DFT-PBE+U simula-
tions used a 3 x 3 Xx 1 k-point mesh for reciprocal space
sampling, selected via the Monkhorst-Pack method.®*** More
details regarding the DFT calculations are provided in the ESI,}
Section S1.

We evaluated the atom-projected magnetic moments using
the LORBIT = 11 tag in VASP, which we used to assign oxidation
states to the transition-metal cations in the system (see the
ESI, T Tables S1 and S2 for surface atom oxidation state analysis
for each facet) and to the oxygen species in some cases. We set
the initial guesses for the magnetic moments for each system
using the MAGMOM tag based on the expected oxidation state
and number of unpaired electrons for each ion. We then
allowed the system to self-consistently find the most stable
spin state. We used the “our own n-layered integrated molecu-
lar orbital and molecular mechanics” formalism, also known as
the ONIOM method pioneered by the K. Morokuma group,®® to
incorporate a higher level of theory, namely hybrid DFT using
the Heyd-Scuseria-Ernzerhof (HSE06) XC functional®®?%¢®
(with a lower fraction of exact exchange, o = 15%, than the
standard form, which was shown to be more suitable for bulk
late transition-metal oxides,’””°® and previously validated and
applied to pure and Fe-doped NiOOH"***2"3?) ag a correction to
the DFT-PBE+U energies. The equations underlying the ONIOM
approach and details regarding the vibrational frequency and
free-energy calculations are provided in the ESI, Section S2.

Results and discussion

Reaction intermediates and plausible mechanisms involved in
the OER

considered the associative

8,12,28,54,55,69

We single-site, OER
mechanism on each active site investigated in this
work. In this mechanism, two water molecules adsorb and
deprotonate four times through a series of proton-coupled
electron transfer (PCET) steps at a single active site, leading
to the coupling of two oxygen atoms and the evolution of
oxygen gas.”” The intermediates involved in this mechanism
are typically adsorbed water (*OH,), hydroxo (*OH), oxo (*O),
hydrogen peroxide (*O(OH)H), hydroperoxo (*OOH), and super-
oxo/peroxo/molecular oxygen (*O,), as considered in our pre-
vious work."> We denote a vacancy or a free adsorption site at
the catalyst’s active site simply as *. Note that these are the
adsorbates considered as initial guess structures prior to geo-
metry optimization. Upon relaxation within DFT-PBE+U and
DFT-HSEO06, in some cases, these intermediates may rearrange,
e.g., dissociate or form a bond with a surface lattice atom,
to form different species. Whenever drastic deviations from the
above generic structures occur, we explain them within the
associated discussion of the reaction mechanism.

Phys. Chem. Chem. Phys., 2024, 26, 14721-14733 | 14723
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A B
*O(OH)H
*OH *
\ OOH —_ 2
*OO'
R6 R1 — M3
R5

OER mechanisms

*OH,

Nl

Fig. 1 OER mechanisms (A) and active sites (B) investigated in this work on the (0001) and (1010) facets of Fe-doped B-NiOOH. (A) Mechanism M1 (black
arrows) is the prototypical OER pathway involving steps (R1)—(R6). In mechanism M2, step (R1) is broken up into two steps: (R1a) and (R1b) (red arrows). In
mechanism M3, steps (R6) and (R1) are replaced by (R6') (blue arrow) and (R1b) (red arrow), respectively. Mechanism M1' denotes a lattice-oxygen-
assisted mechanism, wherein steps (R6) and (R1) are replaced by (R6') and (R1Y), respectively (green arrows). (B) Left panels: *O (top) and *OH (bottom)
sites on (0001), marked by a triangle and a square, respectively. Right panels: *OH, (top) and *OH (bottom) sites on (1010), marked by a pentagon and a
hexagon, respectively. Only the side views of the top atomic layers are shown. Brown sphere: Fe, grey: Ni, red: O, and pink: H. The most-favored

mechanism, i.e., the one with the lowest thermodynamic overpotential is shown below each active site.

Fig. 1A shows a typical catalytic reaction cycle, labeled as
mechanism M1, in black arrows. The M1 cycle starts from a
lattice O (*O) on the surface and proceeds as follows:'**”

*O + H,0 —» *OOH + (H' + e7) (R1)
*OOH — *O,+ (H +e") (R2)
*0, - *+ 0, (R3)

* + H,0 - *OH, (R4)

*OH, —» *OH + (H" +e7) (R5)
*OH - *O+ (H +¢7) (R6)

Here (R1), (R2), (R5), and (R6) each involve a PCET step whereas
(R3) and (R4) denote oxygen desorption and water adsorption,
respectively.

Depending on the structure of the resting state of the surface
(the initial state of the active site), i.e., whether the surface
exhibits (1) *O, (2) *OH,, or (3) *OH species, the OER mecha-
nism can begin with, respectively, either (1) the dissociative
addition of a water molecule onto *O to produce *OOH via
PCET (R1), (2) the deprotonation of *OH, to produce *OH
via PCET (R5), or (3) the deprotonation of *OH to produce *O
via PCET (R6). All three scenarios are considered in the present
work. Indeed, while the OER on the (0001) facet of -NiOOH
starts with (R1) or (R6) [at the *O (4) and *OH (™) sites,
respectively; see Fig. 1B], the OER on the (1010) facet of pB-
NiOOH begins with (R5) or (R6) [at the *OH, (*) and *OH (*)
sites, respectively; see Fig. 1B].

In addition to the conventional mechanism M1 (steps (R1)-
(R6)), we also considered an alternative mechanism (M2) in

14724 | Phys. Chem. Chem. Phys., 2024, 26, 14721-14733

which (R1) is split into two steps, a non-electrochemical step
followed by an electrochemical step:

*O + H,0 — *O(OH)H (R1a)

*O(OH)H — *OOH + (H' +e") (R1b)

Fig. 1A shows these steps marked with red arrows. Mecha-
nism M2 therefore would involve seven elementary steps ((R1a),
(R1b), and (R2)-(R6)). Another alternative mechanism (M3)
bypasses the *O intermediate altogether, whereby (R6) is
replaced with the following:

*OH + H,0 — *O(OH)H + (H' + ¢") (R6")

(Fig. 1A, blue arrow) and (R1) is replaced by (R1b) as above.
Naturally, mechanism M3 occurs only on an active site at which
*O is not the resting state. Finally, a lattice-oxygen-assisted
mechanism M1 involves the replacement of steps (R6) and (R1)
by the following steps:

*OH + 0' —» *00' + (H" + e7) (R6")

*00' + H,0 — *OOH + O' + (H" + e") (R1)

(Fig. 1A, green arrows). Although there may be more than one
plausible mechanism (M1/M1'-M3) for each active site, we only
report the one with the lowest thermodynamic overpotential in
the main text for each site. Tables S3-S6 of the ESIf provide
the free energies corresponding to the steps involved in the
(alternative) mechanism(s) with higher thermodynamic over-
potentials or higher endergonic non-electroactive steps for each
of the four active sites considered herein. As seen in Fig. 1B, we
find different OER mechanisms to be operative at the various

This journal is © the Owner Societies 2024
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active sites we considered, supporting the need to system-
atically examine a variety of reaction pathways.*’

OER mechanisms on Fe-doped B-NiOOH(0001)

We first investigated the OER mechanisms on the *O and *OH
sites (labeled * and ™ in Fig. 2 and 3, respectively) on the (0001)
facet of B-NiOOH. Moving forward, * and ™ replace the generic
designation * to differentiate sites on (0001) when needed.
Govind Rajan et al."’> previously studied the OER activity of
these sites on undoped B-NiOOH by using the same level of
theory employed here and showed that these are the only
plausible active sites for the OER on the (0001) facet of
B-NiOOH." As for the pure surface, the lowest-overpotential
OER mechanism starts either from *O (step (R1), Table 1) or
*OH (step (R6), Table 2), followed by the formation of *OOH, *O,,
lattice O vacancy (*), and *OH, species, as also considered in
previous studies.®'? Note that, on both the * and ™ sites of the Fe-
doped (0001) facet, the formation of O, first goes through a
superoxo (O, ) intermediate, whereas on both active sites of the
Fe-doped (1010) facet, molecular oxygen forms directly without
going through superoxo (vide infra). As described in the Methods
section, we calculated the free energies using the ONIOM system-
partitioning scheme® where we combine DFT-HSE06 (x =
15%)***° with DFT-PBE+U calculations.’®®" Fig. 2 and 3 display
the top and side views of the DFT-HSE06 (x = 15%)-relaxed
structures on the three-layer slab model of the intermediates
involved in the OER mechanism at these two active sites (starting
from *O and *OH, respectively).

Further, the standard Gibbs free energies for the various
mechanistic steps comprising the OER on the two Fe-doped
active sites are compared to the undoped cases in Tables 1 and 2,
respectively, at the ONIOM-DFT-HSEO06 (o = 15%) level of theory.
Therein, we also list the oxidation states of the surface Ni and Fe
ions for each intermediate, deduced by comparing to the range
of possible net atom-projected electronic magnetic moments of
the cations in the various intermediates considered (vide supra),
as obtained from DFT-HSE06 (o = 15%) (Table S1, ESIT).>® The
corresponding DFT-PBE+U values of the reaction free energies
are reported in the ESI, Tables S7 and S8.

2.30eV

AOO0H

Fig. 2 Atomic structures of the intermediates involved in the OER mechanism with the lowest overpotential on the Fe-doped *O site (
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From Table 1, we see that the predicted thermodynamic
OER overpotential on the Fe-doped *O site (4) is 1.07 V, lower
than the 1.14 V of the pure compound, although the PDS
remains the same in the two cases. The value of 1.14 V differs
from the 0.99 V reported in our previous publication'® due to
the use of a denser k-point mesh for Fock sampling in the
current work (see the ESI, Section S1). In contrast, we predict
the thermodynamic OER overpotential on the Fe-doped *OH
(™) site (Table 2) to be 0.59 V, which is higher than the value of
0.51 V on undoped B-NiOOH(0001). In this case, the PDS
changed from oxidative deprotonation of *OH (step (R6)) on
the undoped material to the conversion of *O to *OOH (step
(R1)) on the doped material. Interestingly, Fe doping collapses
the PDS to be the same elementary reaction on both sites.
Examining the oxidation states of the Ni and the Fe ions (Tables
1 and 2), we see that the Fe ion is redox inactive during the
entire OER cycle and maintains an oxidation state of +3
throughout. In contrast, the Ni ion undergoes reduction from
Ni*" to Ni** during the PDS on the 4 site (4O + H,0 — *OOH +
(H" + e7)) and from Ni** to Ni** during the same PDS on the ™
site (™0 + H,0 - ™OOH + (H' + e7)). These differences in
terms of which oxidation states are changing are likely respon-
sible for the large difference in overpotential despite the PDS
being the same. The energy required to reduce Ni** to Ni*" is
larger than that required to reduce Ni** to Ni**; therefore, the
former reduction increases the cost to oxidize *O to *OOH (a
net two-electron oxidation step), as also seen in our previous
work on the undoped surface."” Notably, the PDS on undoped
B-NiOOH is the same for the # site as in both Fe-doped cases
whereas it is different ("OH — ™0 + (H" + e7)) at the ™ site. In
the latter case, the presence of Fe on the surface modulates the
energy of *O, stabilizing it, such that although it raises energy
requirement for *OOH formation (increasing the free energy
requirement to 1.82 eV from only 1.61 eV in the absence of Fe),
it lowers the potential requirement for *OH oxidation. The
increase in AG? for *OOH formation translates into the increase
in the OER overpotential at the ™ site of the (0001) facet of Fe-
doped B-NiOOH. Overall, we find that Fe-doped B-NiOOH(0001)
exhibits relatively high overpotentials for the OER and therefore
is unlikely to be the main active site during water splitting. This

A

) on B-

NiOOH(0001) relaxed using DFT-HSEQ6 (o = 15%). The ONIOM Gibbs free energy change corresponding to the PDS is shown in blue. Top panels: Top-
down view. Bottom panels: Side view. The empty triangles mark the location of oxygen-containing species at the active site. We show only the top layer

for clarity. Brown sphere: Fe, grey: Ni, red: O, and pink: H.
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Fig. 3 Atomic structures of the intermediates involved in the OER mechanism with the lowest overpotential on the Fe-doped *OH site (%) on B-
NiOOH(0001) relaxed using DFT-HSEQ6 (o = 15%). The ONIOM Gibbs free energy change corresponding to the PDS is shown in blue. Top panels: Top-
down view. Bottom panels: Side view. The empty squares mark the location of oxygen-containing species at the active site. We show only the top layer
for clarity. Brown sphere: Fe, grey: Ni, red: O, and pink: H.

Table1l Reaction Gibbs free energies for the steps comprising the OER mechanism with the lowest overpotential (M1) on the pure and Fe-doped *O site
() on B-NiOOH(0001), calculated using ONIOM-DFT-HSEO6 (x = 15%). Corresponding atomic structures for the Fe-doped case are in Fig. 2. The PDS is
shown in italics. The steps are labeled as discussed above

Fe-doped -NiOOH

Step Reaction Pure B-NiOOH AG? (eV)* AG? (eV) Product o.s.® (Fe,Ni,Ni,Ni)

R1 A0 + H,0 - *00H + (H +¢7) 2.37 (0 =1.14 V) 2.30 (7 = 1.07 V) 3 2] 3 3
R2 400H — %0, + (H" +e7)? 1.00 0.97 3 2 3 3
R3 40, > 0, + 44 0.16 0.21 3 2 2] 3
R4 H,0 +4 - 40H, 0.18 0.00 3 2 2 3
R5 A0H, - AOH + (H" + ) 0.33 0.23 3 31 2 3
R6 A0H - 20+ H +e") 0.89 1.21 3 3 31 3

“ Re-calculated from the paths explored in ref. 12. The new predicted overpotential on pure B-NiOOH is 0.15 V higher than in the previous work,
due to a denser k-mesh used in the present work (see the ESI, Section S1)."* ? o.s. refers to oxidation state of the Fe cation dopant and three nearby
Ni cations, given in the columns (first column being Fe). Up (1) and down (| ) arrows indicate, respectively, an increase or decrease in the cation (Fe
or Ni) oxidation state after the reaction. The charges are balanced in the reactions by the changes in the oxidation state of the intermediates and the
cations. © 1 is the overpotential defined as (max PCET AGY — 1.23 eV)/e. ¢ Note that 40, in (R2) and (R3) is a superoxo species.

Table 2 Reaction Gibbs free energies for the steps comprising the OER mechanism with the lowest overpotential (M1) on the pure and Fe-doped *OH
site (™) on B-NiOOH(0001), calculated using ONIOM-DFT-HSE06 (o = 15%). Corresponding atomic structures for the Fe-doped case are in Fig. 3. PDSs
are shown in italics. The steps are labeled as discussed above

Fe-doped B-NiOOH

Step Reaction Pure B-NiOOH AG?“ (eV) AG? (eV) Product 0.s.” (Fe,Ni,Ni,Ni)

R6 "oH - "o +.{H* +e) 1.74 (n = 0.51 V) 1.62 3 a1 3 3
R1 "0 +H,0 > MOOH + (H +¢) 1.61 1.82 (4 = 0.59 V) 3 3] 3 3
R2 ®0o0OH — "0+ (H" +e7)? 1.16 1.23 3 3 3 3
R3 "0, > 0, + ™ —0.03 —0.06 3 2] 3 3
R4 H,0+™ - "on, 0.05 —0.08 3 2 3 3
R5 ®oH, > "OH + (H" +e) 0.38 0.39 3 31 3 3

¢ Re-calculated from the paths explored in ref. 12. The new predicted overpotential on pure B-NiOOH is 0.07 V higher than in the previous work,
due to a denser k-mesh used in the present work (see the ESI, Section S1)."* ? o.s. refers to oxidation state of the Fe cation dopant and three nearby
Ni cations, given in the columns (first column being Fe). Up (1) and down (| ) arrows indicate, respectively, an increase or decrease in the cation (Fe
or Ni) oxidation state after the reaction. The charges are balanced in the reactions by the changes in the oxidation state of the intermediates and the
cations. © 17 is the overpotential defined as (max PCET AG? — 1.23 eV)/e. ¢ Note that ™0, in (R2) and (R3) is a superoxo species.

is in contrast to our previous work in which we showed OER mechanisms on Fe-doped B-NiOOH(1010)

that the (0001) facet on undoped B-NiOOH is as active Next, we investigated the OER mechanisms on the *OH, and
for the OER as other crystallographic facets due to their similar  the *OH sites (labeled ®and ®in Fig. 4 and 5, respectively) on
overpotentials.'? the (1010) facet of B-NiOOH. On this facet, *OOH and *O(OH)H
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intermediates underwent significant structural changes upon
geometry optimization. Fig. 4 and 5 display the top and side
views of the intermediates involved at these two active sites,
relaxed using DFT-HSE06 (¢ = 15%). Note that, as shown
previously by Martirez and Carter, B-NiOOH(1010) is covered
by half a monolayer of water molecules at equilibrium,*" thus
explaining the two water molecules seen on the undoped sur-
face with four cation sites exposed in the slab model. This is
unlike the (0001) facet, which is free of any strongly adsorbed
water molecules at equilibrium (water binding on (0001) is
limited to only hydrogen-bonding with either an O or H due to
the absence of undercoordinated cations).*!

Similar to our findings for undoped B-NiOOH(1010),"* we
find a lattice-oxygen(O")-assisted mechanism at the *OH, site
(*) to have the lowest overpotential on Fe-doped -
NiOOH(1010). Therefore, as for the pure surface, here we start
from *OH, to assess the formation of *OH (step (R5), Table 3),
which is followed by the formation of *OO' (denoted this way to
emphasize that the *O binds to an O from the lattice (1)) instead
of a surface *O. In forming ®00', two oxygen-containing
species are oxidized to —1 (as in peroxides) with one electron
going into the electrode and the other to the adjacent Fe*" site
(step (R6'), Table 3; the 1 in the superscript of (R6) indicates the
involvement of a lattice oxygen in the conversion of *OH to
*00"). Following the formation of *OO' (wherein the O from
*OH is bonded to Fe and the O' from the lattice is bonded to
Ni), a series of proton transfers facilitates the further oxidation
of *00' to a molecular *O, physisorbed side-on to Fe (step (R1),
Table 3). Specifically, step (R1') involves water attacking *00' to
form *O,, wherein one water proton is lost to solution and the
other is captured by a lattice oxygen 0" in the same catalyst
layer to form O'H. Concurrently, the lattice proton previously
attached to O', labeled H, protonates a lattice oxygen in an
adjacent catalyst layer (OY) forming O'H' (Fig. 4). Ni*" is also
reduced to Ni** during this PCET process. In another PCET,

*OH, 1.66eV *OH *00

Q

p~ n° @4 0 P‘é 0
}rr> NP \ng

§ 84 & ? o4 & E &4 4
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where O'H deprotonates but receives back H' from O'H!, the

* formed prior oxidizes back to Ni*" and the very weakly
interacting ®0, rotates prior to subsequent desorption (step
(R2), Table 3). This is followed by two non-electroactive steps,
namely, O, release (step (R3), Table 3) and H,O adsorption
(step (R4), Table 3). Note again that a lattice O atom (0" or OY)
also protonates or deprotonates in some steps.

As for the *OH site (*) on Fe-doped on B-NiOOH(1010),
starting from *OH (R6), the intermediates involved in the most
favorable (lowest overpotential) mechanism are: *O; *OH;
*OOH plus a protonated lattice oxygen in an adjacent layer
(*OOH + O"H), which arises spontaneously from geometry
optimization of *H,0, (note this structural change leads to
differences in steps (R1a), (R1b), and (R6’), see Table 4); *OOH +
O" (formed when O"H loses its proton to solution), *O,, and a
free (five-fold-coordinated) cation site (*), which can adsorb
H,0 (*H,0). The mechanisms are different at undoped versus
Fe-doped ® sites (Table 4), unlike for the *® site where only the
PDS changes but the mechanisms are identical (vide supra). On
the undoped ® active site, the OER proceeds via M3 whereas at
the Fe-doped active site, M2 is the most preferred mechanism.
However, as for the ¥ site, lattice O atoms also participate in
proton transfer at the ® site.

On the *® site of B-NiOOH(1010), the undoped catalyst forms
*OOH directly from *OH and its reaction with water via PCET
(where the former deprotonates via PCET while the latter binds
to the resulting *O and transfers a proton to a lattice O7; step
(R6’), Table 4)."> In contrast, on the Fe-doped catalyst, the
lattice *OH simply undergoes deprotonation via PCET to pro-
duce *O in its first step (step (R6), Table 4). The tendency of Fe**
to stably support *O and the inability of Ni** to do so (prefer-
ring to directly form a peroxo-like species) was found earlier on
the (1211) facet.”® Indeed, for the doped case, *OOH forms
instead after a non-electroactive step in which the resulting *O
reacts with water, where the latter loses a proton to a lattice O"

*0,+ O'H + OrH!

o Qaﬂ y@ QJ 0
Q¥
“Dﬁ

" 9
-0
&J d i Py

Fig. 4 Atomic structures of the intermediates involved in the OER mechanism on the Fe-doped hydrated site (®) with the lowest overpotential on B-
NiOOH(1010), relaxed using DFT-HSEQ6 (« = 15%). The intermediate labels are abbreviated from the labels provided in Table 3. The ONIOM Gibbs free
energy change corresponding to the PDS is shown in blue. Top panels: Top-down view. Bottom panels: Side view. The empty pentagons mark the
location of oxygen-containing species at the active site. O'and 0" denote lattice oxygen atoms in the same layer, whereas O” denotes a lattice O in the
adjacent layer of B-NiOOH(1010). Both 0" and O participate in the proton transfer events. We show only the top layer for clarity. Brown sphere: Fe, grey:

Ni, red: O, and pink: H.
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®OOH + OTH

Fig. 5 Atomic structures of the intermediates involved in the OER mechanism with the lowest overpotential on the Fe-doped hydroxo site (®) on B-
NiOOH(1010) relaxed using DFT-HSEQ6 (x = 15%). The intermediate labels are abbreviated from the labels in Table 4. The ONIOM Gibbs free energy
change corresponding to the PDS is shown in blue. Top panels: Top-down view. Bottom panels: Side view. The empty hexagons mark the location of
oxygen-containing species at the active site. We show only the top layer for clarity. Brown sphere: Fe, grey: Ni, red: O, and pink: H.

Table 3 Reaction Gibbs free energies for the steps comprising the OER mechanism with the lowest overpotential (M1) on the pure and Fe-doped *OH,
site (®) on B-NiOOH(1010), calculated using ONIOM-DFT-HSEQ6 (« = 15%). The superscript  denotes the involvement of a lattice oxygen in mechanism
M1. Corresponding atomic structures for the Fe-doped case are in Fig. 4, shown there with abbreviated labels. PDSs are shown in italics. The steps are
labeled as discussed above

Fe-doped B-NiOOH

Step Reaction® Pure B-NiOOH AG?? (eV) AGY? (eV) Product o.s.® (Fe,Ni,Ni,Ni)
R5 ®OH, > ®OH +(H +¢7) 1.65 ( = 0.42 V)* 1.60 41 3 3 3
R6' ®OH +0' » 00" + (H +¢7) 1.36 1.66 (y = 0.43 V)* 3| 3 3 3
R1' H,0+®00'+0"H'+0" - ®0,+0'+ 0O"H+O"H' + (H" +e) 0.57 0.21 3 2] 3 3
R2 ®0,+0"H+O'H - ®0,+0"H' + 0"+ (H" +e)° 1.32 1.44 3 31 3 3
R3 %0, > 0,+9% —0.14 —0.10 3 3 3 3
R4 H,0+® - ®0H, 0.17 0.11 3 3 3 3

% 0' and O" denote lattice oxygen atoms in the same layer of B-NiOOH(1010), whereas O” denotes a lattice O in the adjacent layer. H' denotes a
lattice proton, whether in the same or adjacent catalyst layer. Both O and O participate in the proton transfer events. ° Re-calculated from the
paths explored in ref. 12. The new predicted overpotential on pure -NiOOH is 0.01 V lower than in the previous work, due to a denser k-mesh used
in the present work (see the ESI, Section S1)."* ¢ o.s. refers to oxidation state of the Fe cation dopant and three nearby Ni cations, given in the
columns (first column being Fe). Up (1) and down () arrows indicate, respectively, an increase or decrease in the ion oxidation state as compared
to the previous step. The charges are balanced in the reactions by the changes in the oxidation state of the intermediates and the cations. ¢ 1 is the
overpotential defined as (max PCET AG? — 1.23 eV)/e. ¢ Note that ®0, in (R1"), (R2), and (R3) is a molecular oxygen species.

and concurrently two Ni** ions are reduced to Ni** (step (R1a), the oxidation of one of the Ni** sites back to Ni*" (step (R1b),
Table 4). This step is followed by the deprotonation of O'H and  Table 4). Subsequently, adsorbed molecular oxygen forms (step
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Table 4 Reaction Gibbs free energies for the steps comprising the OER mechanisms with the lowest overpotentials on the pure (M3) and Fe-doped (M2)
*OH site (®) on B-NiOOH(1010), calculated using ONIOM-DFT-HSE06 (« = 15%). Corresponding atomic structures for the Fe-doped case are in Fig. 5,
shown there with abbreviated labels. The PDS is shown in italics. The steps are labeled as discussed above

Pure B-NiOOH Fe-doped -NiOOH

Product 0.s.

Step Reaction” AG?” (eV) Step Reaction” AG? (eV) (Fe,Ni,Ni,Ni)
R6'? ®OH + H,0 + 0" — ®00H + O'H + (H' + ) 2.09 R6 ®OH - ®0+(H +¢7) 1.75 4 37 3 3
(n =0.86 V) (n =0.52 V)
R1b ®OOH + O'H — ®O0H + O" + (H" + ") 1.81 R1a? ®0 + H,0 + O' - ®OOH + O'H 0.30 4 2] 2] 3
R2 ®OOH — ®0,+ H'+e ) 0.75 R1b? ®O0OH + O'H —» ®OOH + O" + (H" +e7)  1.67 4 2 37 3
R3 ®0, 5 0,+® —0.11 R2 ®OOH — ®0, + (H' +e7) 0.86 3, 2 3 3
R4 H,0+®+0" - ®OH + O'H —0.75 R3 ®0,+®OH, + 0" » 0, +®OH + O'H + ® —1.21 3 2 3 3
R5 ®OH+O'H -» ®OH+O"+(H"+e) 1.14 R4 H,0+*® - ®0H, 0.24 41 2 2] 3
R5 ®OH+O'H —» ®OH+ 0"+ (H" +¢7) 1.32 4 2 31 3

% 0" denotes a lattice O in the adjacent layer, which participates in the proton transfer events. ® Re-calculated from the paths explored in ref. 12.
The new predicted overpotential on pure B-NiOOH is 0.13 V higher than in the previous work, due to a denser k-mesh used in the current work (see
the ESI, Section $1)."* © o.s. refers to oxidation state of the Fe cation dopant and three nearby Ni cations, given in the columns (first column being
Fe). Up (1) and down () arrows indicate, respectively, an increase or decrease in the ion oxidation state as compared to the previous step. The
charges are balanced in the reactions by the changes in the oxidation state of the intermediates and the cations. ¢ Note that steps (R6'), (R1a), and
(R1b) shown here differ from what is mentioned in the section “Reaction intermediates and plausible mechanisms involved in the OER”. This is
because ®O(OH)H relaxes upon geometry optimization to ®*OOH plus a protonated lattice oxygen in the adjacent catalyst layer, i.e., ®OOH + O'H.
¢  is the overpotential defined as (max PCET AG? — 1.23 eV)/e. Note that ®0, in (R2) and (R3) is a molecular oxygen species on the Fe-doped active

site but is a superoxo species at the undoped active site.

(R2), Table 4), which then desorbs in a highly exergonic step to
produce an empty site (step (R3), Table 4). Along with O,
desorption, ®OH, heterolytically dissociates with the OH migrat-
ing to the ® site while the proton transfers to O” (also part of step
(R3), Table 4). The final steps involve the adsorption of another
water molecule at the ® site and another deprotonation of O"H
(steps (R4) and (R5), Table 4). Of note, step (R4), although non-
electroactive overall, involves charge transfer between cations,
wherein Fe*' oxidizes to Fe*", as in the initial state of the
electrocatalyst, while one of the Ni*" ions reduces to Ni*".

We predict the PDSs on the Fe-doped B-NiOOH(1010) sur-
face to be ®OH + O' - ®00' + (H" + e7) on the * site, with an
overpotential of 0.43 V (Fig. 4 and Table 3), and ®*OH — ®0 +
(H" + e7) on the ® site, with an overpotential of 0.52 V (Fig. 5
and Table 4). Both PDSs involve deprotonation of *OH, however
a cation is reduced (Fe** to Fe**) at the former site whereas a
cation is oxidized (Ni** to Ni*") in the latter. The standard Gibbs
free energies for the various mechanistic steps comprising the
OER on the ® and ® active sites are listed in Tables 3 and 4,
respectively, calculated at the ONIOM-DFT-HSE06 (« = 15%)
level of theory. As above, we assigned the ionic oxidation states
for each intermediate by comparing to the atom-projected
magnetic moments of the cations in the various intermediates
considered (vide supra) from DFT-HSE06 (o = 15%) (Table S2,
ESIt). The corresponding DFT-PBE+U values for the Gibbs free
energies are reported in Tables S9 and S10 in the ESIL.f

Interestingly, the OER overpotential on the Fe-doped * site
of 0.43 V is nearly identical to the value (0.42 V) on the same
facet and site on undoped B-NiOOH, despite the change in PDS
(Table 3). Thus, the activity of the ® site on B-NiOOH(1010) is
quantitatively unaffected by Fe doping. This overpotential
insensitivity to Fe doping for this site exists even though the
Fe ion is redox active during the OER cycle on the (1010) facet,
undergoing a reduction from Fe** to Fe*" during the PDS at the

This journal is © the Owner Societies 2024

*® site, unlike on the (0001) facet where it does not undergo any
oxidation-state changes during the OER mechanism (vide
supra). Thus, the presence of redox activity in the dopant ion
does not necessarily lead to a reduction in the overall OER
overpotential of the catalyst, although it can alter the nature of
the PDS. In contrast, the OER overpotential on the ® site drops
significantly from 0.86 V to 0.52 V upon Fe doping, along with a
change in the nature of the PDS (Table 4). Here as well, the Fe
ion is redox active during the OER cycle and undergoes
reduction from Fe*' to Fe*" and back. However, it is the Ni
ion that changes oxidation state during the PDS, oxidizing from
Ni** to Ni**. Considering our prior predictions for OER on the
(1211) facet,?® it is evident that the effectiveness of the Fe
dopant in modulating the OER activity depends on multiple
factors, including the active site, the crystallographic facet, and
on the mechanism, i.e., the chemistry involved in each elemen-
tary step, which in turn determines the exact metal cation
oxidation-state changes.

Inactivity of the (0001) and (1010) facets for the OER on Fe-
doped B-NiOOH

Based on the above findings, we infer that the lowest thermo-
dynamic OER overpotentials on the (0001) and the (1010) facet
of Fe-doped B-NiOOH are 0.59 V and 0.43 V, respectively. These
values are significantly higher than the 0.14 V predicted for the
(1211) facet of Fe-doped B-NiOOH.?® We thus conclude that the
OER activity of Fe-doped B-NiOOH arises primarily from the
(1211) facet, despite its smaller area fraction in a polycrystalline
catalyst, with the more area-fraction-dominant (0001) and the
(1010) facets less active during the OER (although they may
contribute to the activity at higher applied overpotentials). This
facet sensitivity is unlike what happens on undoped B-NiOOH,
wherein these three facets have similar thermodynamic over-
potentials, leading to a roughly facet-independent activity for
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the material (with #(001) = 0.51 V and #(1070) = 0.42 V from this
work, and #211) = 0.48 V from ref. 28), as concluded in ref. 12.
Our results also indicate that the six-fold-lattice-coordinated Fe
in B-NiOOH (on the (0001) facet) is redox inactive during the
OER cycle, whereas the five-fold-lattice-coordinated Fe (on the
(1010) facet) and four-fold-lattice-coordinated Fe (on the (1211)
facet) are redox active during water splitting. Nevertheless, as
evidenced by the hydrated site on the (1010) facet, the redox
activity of Fe is a necessary but not sufficient condition for a
reduction in the overall OER overpotential on Fe-doped f-
NiOOH, although it may influence the nature of the PDS.
Overall, these findings further motivate®® the development of
strategies that can selectively produce four-fold-lattice-
coordinated Fe ions on the B-(Fe,Ni)OOH surface, i.e., synthesis
of highly faceted crystals. For example, recent experimental
work has explored vertically grown’® and reconstructed”* p-
(Fe,Ni)JOOH to enhance the OER activity on the material.

Discussion of our simulation results in the context of
experiments

Our conclusion that sites with low lattice coordination number
are required for OER activity is consistent with prior electro-
chemical OER analysis with various surface probe techniques
by Hunter et al. (non-aqueous anodic polarization with infrared
spectroscopy),*® Hao et al. (Raman spectroscopy with molecular
probes),*® Jia et al. (extended X-ray absorption fine structure,
X-ray photoelectron spectroscopy, and X-ray absorption spectro-
scopy),”* and Farhat et al (controlled Fe deposition with
scanning electron microscopy imaging and energy-dispersive
X-ray spectroscopy)®® involving either the B or y phase of
NiOOH, to name a few. Specifically, in the study by Hunter
et al., the authors experimentally confirmed the presence of a
cis-dioxo-Fe(vi), i.e., Fe(vi)(=0),, intermediate (presumed via
further oxidation of Fe(iv)=0) by applying oxidizing potentials
in the absence of water (using a nonaqueous solvent to sup-
press O, evolution and stabilize oxidized intermediates). The
same authors suggested that Fe(v)—O can only form at edge
and corner sites (lattice coordination number less than 6) and
cis-dioxo-Fe(vi) can only form at corner sites where Fe lattice O
coordination is much lower.*® Although it is not possible
to form cis-dioxo-Fe(vi) on the (1010) facet where the Ni/Fe is
five-fold-lattice-coordinated, it has been shown to form on the
Fe-doped (1211) facet in previous work from our group, albeit
at much higher potentials and therefore not competitive
against the O, evolution pathway via Fe(iv)—O (consistent with
experiments showing that the cis-dioxo species forms when O,
release is eliminated and the electrode is subjected to high
overpotentials).?® Moreover, the lowest overpotential OER mecha-
nism on the Fe-doped (1211) facet®® and the OER mechanism on
the *OH (®) site of the Fe-doped (1010) facet involve the Fe(iv)}=0
intermediate, also seen experimentally by Hunter et al.* at edge/
corner sites, thus indicating the crucial role played by coordina-
tively unsaturated Fe in the OER activity of Fe-doped B-NiOOH.
Likewise, Hao et al. identified an Fe—O intermediate as well as
the participation of a bridging lattice O in the formation of the O,
species during the OER mechanism,’® which are involved in the
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most favorable OER mechanism on Fe-doped B-NiOOH(1211)
predicted by Martirez and Carter.”® Finally, both Jia et al. and
Farhat et al. demonstrated that abundant undercoordinated Fe
sites lead to higher OER current densities, with the latter con-
cluding that Fe in solution is essential to replenish undercoordi-
nated Fe and thus maintain activity, once again supporting the
role of undercoordinated metal sites in the OER mechanism.>">>

Conclusions

In this work, we assessed the thermodynamic feasibility of
multiple OER mechanisms on the Fe-doped (0001) and (1010)
facets of B-NiOOH, a promising alkaline-medium water-
oxidation electrocatalyst. The assessment utilized a high level
of electronic-structure theory, namely, hybrid DFT based on the
HSEO06 XC functional, as a correction to Hubbard-corrected DFT
calculations, via the ONIOM system-partitioning scheme.
Unlike undoped B-NiOOH for which multiple facets exhibit
similar overpotentials, we established that Fe-doped B-NiOOH
demonstrates facet-dependent OER activity, with much higher
overpotentials on the majority facets than on a previously
proposed minority facet possessing highly undercoordinated
metal cations that exhibits a record-low overpotential. We sys-
tematically examined four different associative OER mechan-
isms, including the conventional mechanism via the *O, *OOH,
*0,, *, *OH,, and *OH intermediates (M1), two alternative
mechanisms involving adsorbed hydrogen peroxide (*O(OH)H)
as an intermediate (M2 and M3), and one assisted by a lattice
oxygen (M1'). We found that different mechanisms operate at the
various active sites considered, indicating the need for a careful
examination of potentially competing OER pathways on candi-
date catalyst materials, as Martirez and Carter did for the (1211)
facet of pure and Fe-doped B-NiOOH,*° we did for the (0001) and
(1010) facets of pure B-NiOOH,'> and here for both the (0001)
and (1010) facets of Fe-doped B-NiOOH.

Through our analysis, we found that Fe dopant cations
exhibit three distinct behaviors in the host B-NiOOH lattice:
(i) remaining redox inactive and simply modifying the OER free
energetics as a spectator (at the *O (4) and *OH (™) active sites
on the (0001) facet); (ii) exhibiting redox activity during the OER
mechanism and the active site for the PDS (at the *OH, (*) site
on the (1010) facet); or (iii) bringing about changes in the
oxidation states of Ni ions in the host B-NiOOH lattice during
the PDS (at the *OH (®) site on the (1010) facet). Fe remains
redox inactive when it has a coordination number of six in the
B-NiOOH lattice, e.g., on the (0001) facet, but demonstrates
redox activity when it is five-fold lattice-coordinated (e.g., on the
(1010) facet), as observed in this work, or when it is four-fold
lattice-coordinated (e.g., on the (1211) facet), as shown by
Martirez and Carter.”®

Although it appears that no link exists between redox
participation of Fe and the OER overpotential on Fe-doped f-
NiOOH on the two facets studied here, we found that Fe can
change the PDS on both the (0001) and (1010) facets even
though the preferred pathway initiated by deprotonation
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remains the same for the doped and pure case, except for the
*OH (™) site on the (1010) facet. This finding contrasts with the
(1211) facet, wherein both the preferred pathway and OER
overpotential significantly change. Note that on B-NiOOH-
(0001) the thermodynamic overpotential decreases (by 0.07 V)
on the *O site (4), whereas it increases (by 0.08 V) on the *OH
site (™) with Fe doping. On the other hand, on B-NiOOH(1010),
Fe doping only marginally impacts the overpotential on the
*OH, site (*) (by 0.01 V), whereas it reduces significantly (by
0.34 V) on the *OH site (®). These findings indicate that the
effect of Fe doping on the PDS and the overpotential on various
active sites of B-NiOOH is a complex function of the site
chemistry and the local coordination environment. Overall,
we predict relatively high overpotentials of 0.59 V and 0.43 V
for the OER on the (0001) and (1010) facets, respectively, as
compared to the predicted value of 0.14 V on the (1211) facet of
Fe-doped B-NiOOH. This observation reveals a strongly facet-
dependent OER activity on Fe-doped B-NiOOH in contrast to
the facet-independent OER activity seen on undoped -NiOOH.
In summary, using hybrid DFT calculations of higher accuracy,
our work conclusively rules out the possibility of the OER
primarily occurring on the majority facets of Fe-doped f-
NiOOH and motivates the discovery of synthesis strategies for
ensuring crystallographic facets where Fe ions can possess
lower coordination numbers on f-NiOOH.
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