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ABSTRACT

The outstanding performance of NIOOH/FeOOH-based oxygen evolution reaction (OER) catalysts is rationalized in terms of a bifunctional
mechanism involving two distinct active sites. In this mechanism, the OOH,4; reaction intermediate, which unfavorably affects the overall
OER activity due to the linear scaling relationship, is replaced by O, adsorbed at the active site on FeOOH and H,g4s adsorbed at the NiOOH
substrate. Here, we use the computational hydrogen electrode method to assess promising models of both the FeOOH catalyst and the NIOOH
hydrogen acceptor. These two materials are interfaced in various ways to evaluate their performance as bifunctional OER catalysts. In some
cases, overpotentials as low as 0.16 V are found, supporting the bifunctional mechanism as a means to overcome the limitations imposed by
linear scaling relationships.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036019

. INTRODUCTION 1.23 eV.° However, both the computational work and experimental
work point to the existence of linear scaling relationships between
the binding energies of the reaction intermediates that ultimately
limit the efficiency of the OER.” The most pertinent linear scaling
relationship can be understood in terms of the similar character of
the OH,4s and the OOH,4; intermediate and can be quantified by the
relation AG, + AG; = 3.2 eV.’

Therefore, in order to overcome the limitations set by this scal-
ing relationship, alternative reaction mechanisms have been consid-
ered in which the problematic OOH,q4, intermediate is eliminated.
One such approach is a bifunctional OER mechanism involving
two functionally distinct active sites.””” Notably, this bifunctional
reaction mechanism has been proposed as an explanation for the
low OER overpotentials observed on nickel/iron oxyhydroxide elec-

In order to achieve the widespread use of hydrogen fuel in the
future, efficient electrochemical water splitting is critical.' The water
splitting process can be understood in terms of the hydrogen evo-
lution reaction (HER) taking place on the cathode and the oxygen
evolution reaction (OER) taking place on the anode. While the for-
mer is efficiently catalyzed by noble metals, such as Pt,” the latter
is often found to limit the overall efficiency of the water splitting
reaction.” Consequently, a great effort has gone into investigating
the OER. The OER is commonly modeled as a four proton-coupled
electron transfer (PCET) reaction, exhibiting the three reaction
intermediates, OH,gs, Oads, and OOH,45,"”

1 H,O(y) —> OHugs +H' +¢7, trodes.”” In this mechanism, the unfavorable OOH,q4, intermediate
. P rapidly splits apart, thus forming the O, species at one active site and
2 OHags — Oags +H e, 1) a H,q4s intermediate adsorbed at another active site,
30 Ougs +HyOp) — OOH +H' +e7,
4: t T _
OOH,gs —> Ozaas +H +e . 1: HZO(Z) HOHQ+H++6 N
2: OH, — O, +H" +e, @
From a thermodynamic perspective, the ideal anode mate- P
3:
rial forms bonds with the above intermediates so that the Gibbs Oa+ HaO¢) — Hy + 02+ H e,
free energies AGj, i € {1, 2, 3, 4} of the four PCET steps equal to 4: H, — H +e,
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where a refers to the first active site accommodating most of the
reaction intermediates and b refers to the hydrogen accepting second
active site. Nickel oxyhydroxide has attracted considerable attention
on account of the high OER activities when doped with iron."* '
To understand the low OER overpotentials of these FeNiOOH cat-
alysts, the detailed role of iron impurities in NiOOH has been
addressed.'”' Tt is assumed that iron atoms are substituted for
nickel, forming Fe.Ni; - xOOH compounds, with the value of x rang-
ing between 0.1 and 0.25.""""*" The identification of the active
site stimulates an ongoing discussion with several studies point-
ing to iron as the active site for the catalysis."””"** In contrast,
a recent computational study identified an undercoordinated edge
nickel atom to exhibit the lowest overpotential.'” However, the iron
and nickel compounds that are of interest here can also combine
in different ways. Song et al. rationalized the high OER activity
rates of their electrode in terms of the synergy between catalytically
active y-FeOOH nanoparticles and a y-NiOOH substrate acting as a
hydrogen acceptor."'

In this work, we present a systematic study of NiOOH, FeOOH,
and their interfaces and evaluate their potential as possible catalysts
within the bifunctional scheme given in Eq. (2) using the compu-
tational hydrogen electrode (CHE) method. First, the two mate-
rials are studied separately, and suitable models are constructed
for both of them. Next, all combinations of the studied mod-
els are investigated in order to determine the most suitable pair-
ings for the catalysis of the OER according to the bifunctional
mechanism. Finally, the best performing pairings are used to build
interfaces between FeOOH and NiOOH, which are then stud-
ied regarding their performance within the bifunctional reaction
scheme.

Il. METHODOLOGY

The CHE method is adopted in order to calculate the free
energy steps corresponding to the PCET reactions. The free energy
difference AG corresponding to the reaction A -~ B + H" + ¢ is
given by

AG = u[B] - u[A] + 3u[Hap ], 3)

where the chemical potential of the proton-electron pair is replaced
by one half of the chemical potential of hydrogen gas. The chemical
potential of a species A is calculated as

u[A] = Epgr + ZPE — TS+ AU, (4)

where Epgr is the total energy of the system achieved using density
functional theory (DFT), ZPE is the zero point energy of the vibra-
tional degrees of freedom of the nuclei, S is the entropy, and AU°~ "
is the internal energy at temperature T. In the case of free species,
the entropy and internal energy consist of vibrational, rotational,
and translational contributions. In the case of adsorbed species, all
degrees of freedom are assumed to be vibrational, and therefore, only
the vibrational contributions are retained. The vibrational modes are
calculated by performing a geometry optimization and a subsequent
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finite difference vibrational analysis. In the case of adsorbed species,
we evaluate the vibrational modes only for one of the FeFOOH inter-
face models, as the relaxed structures of the adsorbates obtained for
the various surfaces studied here differ only marginally. The entropy
(TS) and internal energy (A U~ T) terms are calculated at a tempera-
ture of 293.15 K. A more detailed description of the thermodynamic
corrections can be found in Chapter 10 of Ref. 23.

The values of the thermodynamic corrections, ZPE, TS, and
AU°™T, obtained for each species considered here are given in
Table I. Once the free energy steps AG for each of the four reaction
steps in Eqgs. (1) or (2) are obtained, the reaction overpotential 7 is
calculated as # = max;{AG; — 1.23} for i € {1, 2, 3, 4}.

All DFT calculations are carried out using the CP2K suite
of codes.”””” The Perdew-Burke-Ernzerhof (PBE) approximation
to the exchange and correlation functional is adopted.”” The
rVV10 functional is used to account for van der Waals interac-
tions.” Triple-zeta quality MOLOPT basis sets”’ and analytical
Goedecker-Teter-Hutter pseudopotentials’ are used for all ele-
ments. The plane wave representation of the electron density uses
a cutoff of 700 Ry. In all cases, the lowest possible total spin pro-
jection is considered for the unrestricted Kohn-Sham calculations.
This choice was found to minimize the total energy in the case of a
benchmark lepidocrocite FeOOH layer system.

During the geometry optimization, all atoms are allowed to
move. Within this approach, the free energy of the overall OER
is found to be AGorr = 4.22 eV. This value underestimates the
experimental value of AG,F, = 4.92 eV. It is commonly assumed
that this is due to a limitation of the semilocal density functional
in describing the O, molecule.”’ Hence, a correction of 0.70 eV is
added to the total energy of the Oz (g species. In this way, the over-
all reaction free energy is consistent with the experimental value of

The OER is taking place at the anode, where valence band holes
are present. Following Ref. 31, we model effective anodic conditions
by subtracting the bandgap of the substrate from the total energy of
the H,q intermediate when evaluating the binding energy of hydro-
gen. This procedure is rationalized in terms of the electron donated
by H,gs to the substrate upon adsorption. In neutral conditions, the
additional electron populates the closest available unoccupied level,
which is found above the bandgap in the case of a semiconducting

TABLE I. The thermodynamic corrections for all adsorbed and free species consid-
ered in this work. From left to right: zero point energy ZPE, entropy contribution TS,
internal energy change AUY—T and the total correction given by Ecorr = ZPE — TS
+AUP=T Al values are in eV.

System ZPE TS AUT Econr
OH,s 0.37 0.06 0.04 0.35
Oads 0.08 0.04 0.03 0.06
OOH,4s 0.47 0.14 0.08 0.41
Haas 0.30 0.01 0.01 0.29
Hy) 0.19 0.42 0.09 —0.13
H,0() 0.55 0.65 0.10 —0.00
Oxg 0.07 0.59 0.09 —0.42
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slab. At variance, in anodic conditions, i.e., in the presence of valence
band holes, the electron occupies a state near the valence band max-
imum. The binding energy of the OH,gs, Oags, and OOH,g;s inter-
mediates has been found to be unaffected by the adoption of anodic
conditions, and hence, no further modification is required in these
cases.

I1l. RESULTS AND DISCUSSION

This section is organized as follows. First, the FeOOH and
NiOOH catalysts are addressed separately, and appropriate compu-
tational models are constructed. FeOOH is studied as a potential
OER catalyst, whereas NiOOH is evaluated as a potential hydrogen
acceptor in the bifunctional OER scheme.

A. Computational models for FeFOOH and NiOOH

In regard to FeOOH, two polymorphs are investigated. Both
exhibit a layered structure of edge-sharing FeOg octahedra. The first
is p-FeOOH, or lepidocrocite, and exhibits an orthorhombic crys-
tal structure.”” The second studied polymorph is the one adopted
in the computational models of Song et al,'" in which the octa-
hedra are arranged in layers consistent with a trigonal symmetry.
Both supercells are relaxed in order to obtain the optimized lat-
tice parameters and the corresponding total energies. We find that
lepidocrocite is more stable than the other polymorph by 0.04 eV
per atom, neglecting entropic effects. Hence, only the lepidocrocite
structure is considered in all further calculations.

To assess the performance of y-FeOOH in the context of the
OER, we use the CHE method to calculate the free energy steps cor-
responding to the regular mechanism, which proceeds through the
OH.,ds> Oads, and OOH,q4, intermediates. Several possible y-FeOOH
configurations are studied. All the systems studied present exposed
surface iron atoms and are thus suitable to act as catalysts. The
experimental evidence points toward small FeOOH nanoparticles
as the main catalytically active systems.'""’ Hence, many different
facets are expected to be present in a realistic model. Moreover, the
relative stability of the various possible surface terminations needs
to be addressed under realistic conditions, i.e., in the presence of
solvent and under potential bias. Besides, given the finite size of
the simulated systems, different surface terminations may strongly

(a) (b) (©
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affect the overall stoichiometry of the model system and, in this
way, introduce errors in the evaluation of the relative surface phase
stability.

In light of the resulting complications, both technical and con-
ceptual, we here investigate how the overpotential # could vary for a
selection of FeOOH models. First, a slab model is built by exposing
the (100) facet of the bulk supercell to 20 A of vacuum. This model
is adopted on account of the exposed Fe atoms along edges of the
FeOOH layers. The (001) facet has been found to lead to high OER
overpotentials in previous studies and is thus not considered here.”
Three possible surface terminations are considered: a surface with
all Fe atoms being bare, an O covered surface, and an OH covered
surface. In the latter two cases, the active site for the OER cataly-
sis is created by exposing a single surface iron atom through the
removal of a surface O atom or OH group, respectively. The stud-
ied structures are shown in Figs. 1(a)-1(c). Second, a layer model
is obtained by isolating a single lepidocrocite layer from the slab
model with adjacent layers being separated by 20 A of vacuum due
to the periodicity of the simulation cell. Again, three edge termina-
tions are investigated. In the first, the edge consists of exposed Fe
atoms. In the second and third, the edge is terminated by O atoms
and OH groups, respectively. In the case of the bare-edged layer,
we find that the topology of the structure is not preserved upon
relaxation. The sizable structural reorganizations prevent the mean-
ingful evaluation of the binding energies of the reaction intermedi-
ates, which are central to the CHE method. Therefore, the layered
model with a bare edge is disregarded. Third, a nanocluster model
is considered. Due to the large configuration space, we limit our-
selves to clusters consisting of four FeOg octahedra extracted from
the lepidocrocite structure. Figure 1(d) shows one of the consid-
ered y-FeOOH nanoclusters. Three cluster models are investigated
in total: the first with all surface oxygen atoms covered with hydro-
gen [Fe4O(OH);5], the second with a single hydrogen atom removed
[Fe4O2(OH)14], and the third with two hydrogen atoms removed
[Fes03(OH)13].

All structures corresponding to the slab, the layer, and the nan-
ocluster models are relaxed. A surface iron atom is exposed by design
unless already bare and is considered as the active site in the regu-
lar OER mechanism. The binding energies of the OH,4s, Oads, and
OOH,, intermediates are evaluated, and the OER free energy steps
are calculated. Given the similar configurations of the adsorbates,
we assume the thermodynamic corrections in Table I to be identical

FIG. 1. The FeOOH structures consid-
ered in this work. (a) Bare y-FeOOH

(d)
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in all studied models. The final free energy steps for each studied
model are given in Table II. Some of the present structures turn
out to be favorable candidates within the bifunctional OER scheme
on account of the first and second free energy steps being approx-
imately equal to 1.23 eV, with the third reaction step being the
limiting one.”' In particular, the O terminated lepidocrocite layer
and the fully hydrogen covered nanocluster [Fe4O(OH);s] show
promise.

We study NiOOH as a potential hydrogen acceptor in order to
evaluate the free energy steps following the bifunctional OER mech-
anism. Two polymorphs are generally studied in connection with
the OER: B-NiOOH and y-NiOOH.'******" Both exhibit a trigonal
symmetry and consist of NiO, layers. In 3-NiOOH, the interlayer
spacing is small, and one half of the oxygen atoms in the NiO, lay-
ers are hydrogenated, forming OH groups. In the case of y-NiOOH,
the distance between the layers is large enough for water molecules
to intercalate the NiO, sheets. Apart from water molecules, elec-
trolyte ions are presumed to be present as well, with concentrations
of up to 33%.”""® The y-NiOOH phase is often considered as the
active phase during the OER."”*” However, in this work, NiOOH
is assumed to only act as a substrate and as an H acceptor. Given
that both the 8 and y phase consist of the same layers, and in light
of the complexity and the absence of a detailed characterization of
the y-NiOOH structure, we focus solely on S-NiOOH. It is believed
that Ni ions with an average oxidation number of at least 3.5 are
present at OER conditions. "’ Therefore, in computational models
of y-NiOOH, one third of the intercalated neutral water molecules
is often replaced by positively charged ions, such as Na, in order to
achieve the desired Ni oxidation state.'”’*"' In contrast, the effec-
tive Ni charge state in the adopted 8-NiOOH model can be tuned
by changing the stoichiometry of the slab through the addition or
removal of hydrogen atoms. In this sense, the simpler f-NiOOH
model adopted here captures the main features of the more complex
y-NiOOH phase.

Orthorhombic slab models consisting of one, two, three, four,
and five layers are built exposing the (001) facet of NiOOH. For each
choice of slab thickness, we consider two possible surface termina-
tions: (i) a bare outermost NiO; layer and (ii) a partially hydro-
gen covered surface layer. In the latter case, the overall stoichiom-
etry of NiOOH is preserved. The NiOOH systems will from now
on be designated with an integer specifying the number of layers.

TABLE II. The free energy steps AG; corresponding to the regular OER mechanism
in Eq. (1) for all studied FeOOH systems. All values are in eV.

System AG; AG, AG; AGy
Slab 0.76 0.90 1.92 1.30
O covered slab (slab O) 0.00 1.92 0.81 2.16
OH covered slab (slab OH) 0.78 1.61 1.22 1.27
O terminated layer (layer O) 0.97 1.09 1.86 0.96
OH terminated layer (layer OH)  0.00 1.47 1.48 1.94
Fe4O(OH)15 1.27 0.98 2.52 0.11
Fe,0,(0H)14 139 167 140 041
FesO3(OH)13 095 204 153 035

ARTICLE scitation.org/journalljcp

FIG. 2. Three-layer thick slab model of NIOOH with a bare surface (3NiOOH, left)
and a partially hydrogen covered surface [3NiOOH(s), right] such that the overall
NiOOH stoichiometry of the system is preserved.

Configurations with a partially hydrogen covered surface exhibiting
the stoichiometry of bulk NiOOH are further designated with (s).
Figure 2(a) illustrates the two surface terminations studied here in
the case of the three-layer thick NiOOH slab.

In all cases, an exposed surface oxygen atom is assumed to be
the hydrogen acceptor. All structures are relaxed, and the hydro-
gen binding energy is calculated. Anodic conditions are modeled
by subtracting the calculated bandgap from the total energy of the
hydrogen adsorbate H,g,."' The hydrogen adsorption free energies
are given in Table III.

The stoichiometric NiOOH configurations are found to bind
hydrogen more weakly than the configurations with bare surfaces,
and the corresponding binding energies show an increasing trend
with the number of layers. In contrast, the calculated binding
energies calculated at the slabs with bare surfaces decrease with
increasing slab thickness, and the observed trend is much larger in
magnitude. This can be understood in terms of the average oxidation
state of Ni, which decreases with every additional slab layer for the

TABLE Ill. The hydrogen adsorption free energy AG[H,qs] for each NiOOH config-
uration. To model anodic conditions, the bandgap of the dehydrogenated system is
subtracted from the total energy of the hydrogenated system in the calculation of the
adsorption free energy.®’ All values are in eV.

Number of layers Bare surface Stoichiometric
1 —1.94 —0.81
2 —1.49 —1.00
3 —1.41 —1.04
4 —1.32 —1.09
5 —1.28 —1.10
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non-stoichiometric bare surface models. For the larger slabs, the dif-
ference between the models with the bare and the partially hydrogen
covered surface is smaller due to the fact that the bare surface model
approaches the bulk NiOOH stoichiometry with every additional
layer. The last step of Eq. (2) represents the removal of the hydro-
gen atom. Hence, the associated free energy difference AGy is the
opposite of the hydrogen adsorption free energy AGs = —~AG[H,gs]-
The closer AG[H,4,] is to the water splitting potential of 1.23 eV,
the more promising the material as a hydrogen acceptor within the
bifunctional scheme. Ultimately, out of the studied systems, the five-
layer NiOOH system with the bare surface is the most favorable,
indicating that thicker layers are generally more suitable for this
reaction mechanism.

B. Bifunctional NiOOH/FeOOH catalyst

First, the catalytic performance of the NIOOH/FeOOH cat-
alysts in the bifunctional scheme is studied by considering the
FeOOH system associated with site a and the NiOOH system asso-
ciated with site b in separate computational cells. The hydrogen
adsorption free energy in Table III represents the negative of AG
in the bifunctional mechanism. The first two steps, AG; and AG,,
of both the regular mechanism and the bifunctional mechanism
in Eq. (2) are identical. Finally, given that the overall OER free
energy is AGogr = 4.92 €V, the third step AG; can be calculated as
AGs = 4.92 — AG) — AG; — AG;. Hence, combining the results for
FeOOH listed in Table IT and for NiOOH in Table III, we obtain
the free energy steps corresponding to the bifunctional mechanism
for all combinations of the studied systems. The reaction over-
potential # for each pairing of FeFOOH and NiOOH is shown in
Fig. 3(a). Figure 3(b) draws a comparison between the overpotential
achieved with the regular mechanism and the overpotential in the
bifunctional scheme. Some combinations of a FeOOH system and a
NiOOH substrate exhibit overpotentials above the volcano imposed
by the linear scaling relationships. In particular, the combination of
the fully hydrogen covered FeOOH nanocluster [Fe;O(OH);s5] and
the four-layer thick bare slab of NiOOH exhibits an overpotential of
only 0.11 V. The best performing pairings of the bifunctional cata-
lysts are shown in a two-dimensional volcano plot in Fig. 3(c). Here,
the calculated overpotential is shown as a function of the oxygen
AG[O,4s] and the hydrogen AG[H,4,] binding energies. Assuming
the linear scaling relationships AG, + AG3 = 3.2 eV and AG[Oy;]
= 2AG[OH,q;], the theoretically achievable overpotential within the
bifunctional scheme can be parametrized using only AG[O,4s] and
AG[H,g;] and is given as background in Fig. 3(c). The most favorable
pairings identified here can be found near the top of the bifunc-
tional volcano, and the corresponding overpotentials calculated here
are generally in good agreement with the theoretical overpotential
plotted in the background.

The study of the three cluster models, which only differ in the
number of hydrogen atoms, shows how sensitive these systems are
to the oxidation states of the iron atoms. The presence of hydrogen
atoms has a twofold effect. First, the extra electron of each additional
hydrogen atom affects the oxidation state of the active iron site. Sec-
ond, the hydrogen atoms participate in the formation of hydrogen
bonds with nearby oxygen atoms, including the OER intermedi-
ates. It appears that decreasing the number of hydrogen atoms (and
thereby increasing the oxidation state of the active site) leads to the
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FIG. 3. (a) The OER overpotential # for each combination of a FeOOH config-
uration acting as active site @ and a NIOOH system acting as site b within the
bifunctional OER scheme. The green color signifies a pairing of systems with a
very low overpotential. (b) Volcano plot of the OER overpotential # as a func-
tion of AG,. The black dots correspond to the regular mechanism, and the labels
refer to the respective FeOOH system. The red dots correspond to the bifunc-
tional mechanism, and the labels are only shown for the NIOOH system that leads
to the lowest #. The open black (red) symbols correspond to # achieved for the
joint FeOOH/NiOOH systems following the regular (bifunctional) mechanism. The
dotted lines represent the linear scaling relationships AG, + AG; = 3.2 eV and
AG[04g5] = 2AG[OHa].> () A two-dimensional volcano plot of 1 following the
bifunctional mechanism. Only the best performing pairings of catalysts are shown.
The background colors represent the theoretical overpotential achieved from the
linear scaling relationships.

increase of the second AG, and to the reduction of the third AGs
free energy step, shifting the position of the cluster from the left
side of the volcano to the right side in Fig. 3(b). While Fe4O2(OH)14
exhibits the lowest overpotential in the regular OER mechanism, it
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is Fe4O(OH);5, the nanocluster with all surface O atoms covered by
hydrogen, which proves to be the most favorable in the bifunctional
scheme.

Given the impressive performance of some pairings of FefOOH
and NiOOH when considered separately, the next question that
arises is how these catalysts perform when explicitly interfaced.
The five-layer thick NiOOH slab with bare surfaces shows a near
optimal hydrogen binding energy of 1.28 eV (see Table III) and
is hence considered as the substrate. The lepidocrocite layer with
oxygen terminated edges and the fully hydrogen covered nanoclus-
ter [Fe4O(OH);s5] are taken as the potential FeOOH nanoparticle
models. In the first case, we build a joint model consisting of the
five-layer thick NiOOH slab and of the O-terminated FeOOH layer
physisorbed on its surface. The interface with the NiIOOH sub-
strate can be formed in a straightforward manner on account of
the match between the lattice parameter of lepidocrocite and the
dimensions of the orthorhombic NiOOH supercell. However, cova-
lent bonds between the layer and the NiOOH substrate are not
possible due to incompatible crystal structures. The optimized con-
figuration of the physisorbed layer model is shown in Fig. 4(a). In
the second case, a covalent bond between the NiIOOH substrate and
the FeOOH nanocluster is considered, as suggested in the work of
Song et al.'' The cluster is adsorbed through a single bond between
an iron atom in the cluster and a NiOOH surface oxygen atom.
The optimized structure is shown in Fig. 4(b). Following the sug-
gestion by Song et al., we consider the iron atom bound to the
surface as the active site.'’ The OER free energy steps are calcu-
lated from the binding energies of all reaction intermediates and
are given in Table IV. The reaction overpotentials corresponding
to both the regular and bifunctional mechanisms are shown in
Figs. 3(b) and 3(c).

In the case of the physisorbed FeOOH layer [Fig. 4(a)], the free
energy steps corresponding to both reaction mechanisms are similar
to those achieved for the FeOOH layer and NiOOH substrate taken
separately. The OER overpotential # in the bifunctional scheme is
found to be as low as # = 0.16 V. First, this result suggests that the
proximity of the two van der Waals bound catalysts may lead to only
a minor modification of the free energy steps achieved with sepa-
rate computational cells for each material [see Fig. 3(b)]. Second, the
overpotential of 0.16 V is well above the volcano in Fig. 3(b), which
lends further support to the bifunctional mechanism as a means of

FIG. 4. Interfaces between the five-layer thick NiOOH slab and the studied FeOOH
configurations: (a) lepidocrocite layer with oxygen terminated edges physisorbed
on NiOOH (referred to as the joint layer) and (b) covalently bound FeOOH nan-
ocluster (referred to as the joint cluster). The iron atoms are shown in pink, the
oxygen atoms are shown in red, the nickel atoms are shown in blue, and the
hydrogen atoms are shown in white.
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TABLE IV. The free energy steps AG; following the regular and the bifunctional OER
mechanism, as well as the OER overpotential #, for both studied NiOOH/FeOOH
interfaces. All free energy values are in eV.

System AG1 AGy AGs AGy n (V)
Joint layer regular 1.16 139 201 033 0.78
Joint layer bifunctional 1.16 139 095 139 0.16
Joint cluster regular 1.17 148 097 127 025
Joint cluster bifunctional 1.17 148 1.07 1.16 0.25
Joint cluster fixed regular 1.07 150 127 1.04 027

Joint cluster fixed bifunctional 1.07 1.50 1.17 1.14 0.27

overcoming the limitations imposed by the linear scaling relation-
ship. Despite exhibiting a slightly higher overpotential, the cova-
lently bound p-FeOOH nanocluster [Fig. 4(b)] is of interest in rela-
tion to the work of Song et al.'' There, an iron atom attached to the
NiOOH substrate was identified experimentally as the active site of a
novel bifunctional catalyst for the OER. The y-FeOOH nanocluster
covalently bound to a NiOOH substrate studied here may therefore
reproduce the main structural features of the unconventional cata-
lyst observed in the aforementioned work. In particular, the active
site is indeed an iron atom covalently bound to the (001) facet of
the NiOOH substrate. This iron site is part of an FeOg octahedron,
which is tilted at an angle of 50° with respect to the NiOg octahedra
of the substrate, in good agreement with the experimental value of
52° reported in Ref. 11. Moreover, while the distance between the
active iron atom and the closest Ni atoms of the substrate is around
3.5 A, the next nearest neighbors can be found at a distance of about
4.5 A. This is in line with the EXAFS spectra corresponding to a dry
sample under neutral conditions reported in Ref. 11. The present
system also leads to an overpotential of just 0.25 V in both the regular
and bifunctional mechanisms. While this value is larger than in the
case of FeFOOH and NiOOH treated in separate computational cells
[0.15V, see Figs. 3(a) and 3(b)], it nevertheless is in good agreement
with the experimental overpotentials reported in Ref. 11. Studies of
similar systems have achieved overpotentials following the regular
OER mechanism comparable to the value of # = 0.25 V obtained
here."”” However, this does not rule out the bifunctional reaction
scheme in Eq. (2) as the OER mechanism at the NiOOH/FeOOH
electrode.

Song et al. suggested that the FeOOH nanoparticles in their
experiments are 1 nm-2 nm in size, at least twice as large as the
nanoclusters studied here. The small size of the studied clusters
may lead to an unphysically large reorganization of the atoms upon
adsorption of the reaction intermediates. This, in turn, may affect
the binding energies and the observed trends in the free energies. In
order to estimate this effect on the calculated free energies in the
case of the covalently bound FeOOH nanocluster, we re-evaluate
the geometry optimizations with all metal atoms kept fixed, with
the sole exception of the iron atom acting as the active site. In this
way, the size, the orientation, and the structure of the nanocluster
remain largely unchanged during the OER. Hence, this procedure
allows us to model the conditions of a larger cluster, which would
undergo a more limited reorganization. This system is referred to as
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joint cluster fixed, and the resulting OER free energy steps are given
in the last two rows of Table IV. The free energy steps following
the regular OER mechanism are affected by at most 0.3 eV, while
the bifunctional OER steps obtained for the fixed model are within
0.1 eV of the results obtained for the fully relaxed one. However,
for both mechanisms, the second free energy step AG; is the reac-
tion limiting one, and the calculated overpotential is nearly identical
between the fixed (0.27 V) and fully relaxed (0.25 V) models. Hence,
the effect of the reorganization related to the small size of the cluster
is found to be negligible.

Finally, we discuss the effect of the solvent. A recent com-
putational study on a related Fe doped NiOOH catalyst high-
lights the critical importance of explicitly modeling the water sol-
vent when considering the bifunctional mechanism.'” The observed
effect is twofold. First, the water facilitates the transport of hydrogen,
enabling the third reaction step of the bifunctional mechanism, “ie.,
the inclusion of the solvent facilitates the transfer of the H atom from
the OOH,g4, intermediate to the second active site on the hydro-
gen acceptor, where H,qs is formed. Second, the presence of water
molecules can stabilize or destabilize the OER intermediates and, in
this way, affect the calculated free energy steps. This aspect deserves
attention as it questions the CHE method used in this work. The
inclusion of explicit water in static calculations has been observed
to greatly modify the calculated binding energies of OER interme-
diates. However, this effect is usually overestimated on account of
the frozen nature of the water and the absence of entropic effects.”’
In a study focusing on TiO», the effect of liquid water on the OER
free energy steps was found to be more modest.”" Moreover, the
observed effect was rationalized in terms of an electrostatic stabiliza-
tion of the charge distributions localized at a dielectric interface. In
the case of the regular mechanism, a sizable effect was only observed
for AG; and AGs3 due to the doubly charged nature of the O,g; inter-
mediate present in both reaction steps. Meanwhile, reaction steps
that involve solely singly charged intermediates were found to be
only weakly affected by the presence of the solvent. Focusing on the
bifunctional mechanism, we assume that the effect of the solvent is
mainly dictated by the same electrostatic considerations. In partic-
ular, the Wannier center analysis of the calculated wave functions
corresponding to the NiOOH system with the covalently bound
FeOOH nanocluster shows that only O,gs is doubly charged (attract-
ing two electrons from the bulk), whereas both OH,q4; and H,qs are
singly charged, localizing a single electron and hole, respectively.
This is in line with the findings obtained for the intermediates of
the regular mechanism, indicating that both the regular and bifunc-
tional mechanisms can be treated in the same fashion. Finally, in
order to assess how relevant the results obtained in the case of TiO,
are for the NiIOOH/FeOOH systems studied here, a model dielec-
tric system is built representing the five-layer thick NiOOH slab. We
determine the dielectric constant of the slab to be e » 30 through
the use of a finite electric field."” This value is slightly higher than
that of rutile TiO; (e »~ 24).  Hence, in the case of NiOOH, the elec-
trostatic effect of the solvent on the OER free energies is expected
to be similar, or even smaller, than in the case of TiO. As a conse-
quence, AG; and AG4 should remain unchanged upon the inclusion
of the solvent. The steps involving the doubly charged intermediate
O,ds» namely, AG, and AGs, should be affected to a similar degree,
as observed in the case of TiO,."* Moreover, AG, and AG; in both
the regular and bifunctional mechanisms are expected to be equally
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affected by the presence of water. Hence, the relative performance of
the two mechanisms as described by our results should be reliable
even in the absence of the solvent.

IV. CONCLUSION

In conclusion, we have studied a selection of NiOOH and
FeOOH systems in order to assess their performance in the bifunc-
tional catalysis of the OER. We have identified several promising
models both for the FeOOH catalyst and for the NiOOH substrate
acting as the hydrogen acceptor. Explicit interfaces between these
materials have been constructed. Calculations carried out within the
CHE scheme showed overpotentials as low as 0.16 V for some of
these interfaces. Our thermodynamical study supports the bifunc-
tional mechanism as a possible explanation of the low overpotentials
observed for NiOOH/FeOOH catalysts during the OER.
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