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ABSTRACT

The bifunctional mechanism for the oxygen evolution reaction (OER) involving two distinct reaction sites is studied through the
computational hydrogen electrode method for a set of catalyst materials including rutile TiO,(110), anatase TiO»(101), SnO>(110),
RuO3(110), IrO,(110), NiP(0001), and BiVO4(001). The calculations are performed both at the semilocal level and at the hybrid
functional level. Moreover, anodic conditions are modeled and their effect on the OER free energy steps is evaluated. The free ener-
gies of the reaction steps indicate that for specific combinations of catalysts, the limitations due to the linear scaling relationship
can be overcome, leading to smaller overpotentials for the overall OER. At the same time, a detailed analysis of the results reveals
a strong dependence on the adopted functional. For both functionals, it is shown that the energy level of the highest occupied elec-
tronic state can serve as a descriptor to guide the search for the optimal catalyst acting as a hydrogen acceptor. These results sup-
port the bifunctional mechanism as a means to break the linear scaling relationship and to further reduce the overpotential of
the OER.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143235

. INTRODUCTION H,O(p) — OHa + H +e7,

.-
Photoelectrochemical water splitting is instrumental in achiev- OH, — 0. +H +e,
ing a clean, hydrogen-based fuel economy in the future."” Water
splitting can be separated into the hydrogen evolution reaction tak-

ey
04 +H,0(p) — OOH, +H" +e,

ing place on the cathode and the oxygen evolution reaction (OER)
taking place on the anode. A suitable catalyst must, among other
things, efficiently catalyze the OER so that no extra potential bias
needs to be applied to drive the reaction. Given the plethora of
possible anode materials, it is of interest to use computational meth-
ods to screen potential water splitting materials for their catalytic
properties.

Such screenings have been performed for several classes of
materials in the past.” A four proton-coupled electron trans-
fer (PCET) mechanism is proposed for the OER in acidic

conditions,’

OOH, — O, +H" +¢7,

where all the reaction steps occur at a single active site a on the sur-
face of the catalyst. The free energy differences associated with these
reactions are then calculated using the computational hydrogen
electrode (CHE) method developed by Nerskov et al.”
Comprehensive studies of both metallic and non-metallic OER
catalysts have uncovered the existence of linear scaling relationships
between the free energy steps.”"” These linear scaling relationships
manifest themselves as a limit on the catalytic efficiency of a wide
range of materials. In particular, it was found that the sum of the
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free energies corresponding to the second and third steps of Eq. (1)
evaluated at metal and metal-oxide surfaces is equal to 3.2 eV." Since
the ideal height of each OER free energy step is 1.23 eV, this leads to
an overpotential on at least one of these two steps. The existence of
these scaling laws is related to the fact that only a single active site is
present.

In a recent work by Song et al., a novel catalyst is observed to
exhibit activities at variance with the existence of the linear scaling
laws.” To explain these observations, a bifunctional OER mechanism
has been proposed,”

H,O(y) — OH,+H" +e¢7,

OH, — O, +H" +e¢7,
. 2
Ou+H20(Z)—>Hh+Oz+H +e ,

H, — H'+e,

where a and b refer to two different but close active sites. Song
et al. suggested a catalyst composed of a y-NiOOH substrate act-
ing as a hydrogen acceptor (site b) and of y-FeOOH nanoparti-
cles hosting the other reaction intermediates (site a). The inclusion
of the hydrogen acceptor effectively sidesteps the problem associ-
ated with a single active site and, thus, allows overcoming the lim-
itation associated with the linear scaling of the OER free energy
steps.

In this work, we investigate the potential of the bifunctional
mechanism in Eq. (2) to reduce the overpotential of the OER for a
variety of possible catalysts. We consider the reaction involving both
a single and two different sites taking into consideration the follow-
ing interfaces as model systems: rutile TiO,(110), anatase TiO,(101),
Sn0,(110), RuO,(110), IrO,(110), NiP(0001), and BiVO4(001).
In addition, we also address to what extent the free energy steps
depend on the adopted theoretical framework and, thus, per-
form calculations at both the semilocal and hybrid-functional lev-
els of theory. Our calculations demonstrate that it is theoreti-
cally conceivable that the bifunctional mechanism leads to the
breaking of the scaling relationships for a suitable combination of
catalysts.

Il. METHODS

A. Computational details

All material surfaces are modeled by slabs with rectangular
repeat units, separated by 20 A of vacuum in the direction per-
pendicular to the interface (see Table I). We determine the lattice
parameters by performing a lattice optimization of a bulk super-
cell, except in the case of SnO, where we use experimental lattice
parameters following Guo et al.” The latter choice is motivated by
the fact that small deviations in the lattice parameters strongly affect
the calculated energy levels due to the large deformation potential
of Sn0,."’ The number of layers is chosen so as to achieve bulk-like
properties in the center of each slab. All calculations are carried out
with the cpax suite of codes.'' The cutoff for the density is set to 600
Ry. The geometry optimizations are carried out without constraints
on the positions of the atoms.

The semilocal calculations are carried out with the revised
Perdew-Burke-Ernzerhof (RPBE) functional'” and yield optimized

ARTICLE scitation.org/journalljcp

TABLE |. From left to right: supercell sizes Ly and Ly in the x and y directions chosen
to lie perpendicular to the surface normal, surface repeat unit, number of layers, and
total number of atoms used in the slab model for each material.

Ly (A) L, (A) Periodicity = Layers  Atoms
Sn0,(110) 13.405 12.740 2x4 5 240
IrO,(110) 12.870 12.709 2x4 5 240
Ru0,(110) 12.978 12.467 2x4 5 240
r-TiO,(110) 13.286 12.054 2x4 5 240
BiVO4(001) 10.592 10.351 2x2 3 144
a-TiO,(101) 10.522 11.431 2x3 6 180
Ni,P(0001) 11.744 10.250 2x3 6 196

geometries and binding energies of the reaction intermediates.
Triple-{ MOLOPT basis sets and Goedecker-Teter-Hutter pseu-
dopotentials'” are used for all elements. The hybrid functional calcu-
lations employ a modified PBEO(«) functional * for the semiconduc-
tors and a modified HSE06(a) functional' ™' for the metals (IrO,,
RuO;). In the hybrid functional calculations, the structural opti-
mization is carried out consistently with the adopted functional. We
use fractions of Fock exchange « = 0.29 for PBEO(«) and a = 0.305
for HSE06(«). These values are chosen to ensure that the calculated
free energy of the OER (AGogr) corresponds to its experimental
value (see Sec. II B). Due to the increased computational cost with
respect to the semilocal functional, only double-{ basis sets are used.
Total energy differences in selected cases are found to be modified
by less than 0.01 eV due to the smaller basis sets. To speed up the
calculations, the auxiliary density matrix method is employed.'’

B. Computational hydrogen electrode

In the framework of the CHE method,’ the chemical potential
of the proton-electron pair is taken to be one half of the chemical
potential of the gaseous hydrogen molecule in standard hydrogen
electrode conditions. Thus, the free energy corresponding to the
reaction,

AH — A+H'+e7, (3)

is calculated as
AGdh = y[AH] - /A[A] + %[J[Hz (g)]' (4)
The chemical potentials y are given by

u=E" £ ZPE - TS+ AU, (5)

where EPFT

is the total energy of the system, ZPE is the vibrational
zero point energy, T is the temperature, S is the entropy, and AU’ 7
is the vibrational internal energy. For adsorbed species, all degrees
of freedom are assumed to be vibrational. For free species, rota-
tional and translational entropies are also taken into account. The
changes in the vibrational spectrum of the slab upon the adsorp-
tion of a molecule are neglected.'* Numerical values are given in the
supplementary material.

When using the semilocal RPBE functional'” for the free energy
of the OER reaction,
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2H20(g) —> 02 (2) + 2H2 (g)> (6)

we find a value of AGorr = 4.00 eV, considerably lower than the
experimental value of AGGh, 4.92 eV. The commonly made
assumption is that this is due to a limitation of the semilocal den-
sity functional in describing the O, species.” The conventional
workaround consists in modifying the total energy of (gas phase)
O,. Hence, a correction of 0.92 eV is added to the free energy
steps in Eq. (1) or (2) that involve O,. In this way, the over-
all reaction free energy is consistent with the experimental value
of AGogr. However, it is well known that semilocal functionals,
such as RPBE, fail at accurately describing the electronic structure
and the charge localization in the case of semiconductors. Fur-
thermore, the use of an ad-hoc correction for the O, energy is
unsatisfactory and it is unclear how this correction might affect
the achieved results. To address these issues, we have set out to
repeat all RPBE calculations in this work using hybrid function-
als. The parameters in the adopted hybrid functionals have been
set so as to achieve the experimental value for the OER free energy
AGogr. When proceeding with the same rationale as in the case
of the semilocal RPBE functional, this implies that no further ad-
hoc correction is needed to account for the O, molecule with these
hybrid functionals. While this does not signify that the energy
of the O, molecule is perfectly captured within such a scheme,
it, nevertheless, provides us with the possibility of examining the
robustness of our RPBE results through the use of more advanced
functionals.

lll. RESULTS
A. Regular mechanism

For each material, we first calculate the free energy steps cor-
responding to the regular OER mechanism in Eq. (1). When the
comparison with the previous calculations is possible, our results
show good agreement.”'”™* For illustration, we show in Fig. 1 the
free energy steps obtained using RPBE and hybrid functionals for a
selection of the materials in the studied set. As one can see, the results
achieved with the two theoretical schemes differ quite noticeable in
quantitative terms. For instance, AG3 of Ni,P changes from ~1.8 eV
with RPBE to ~2.4 eV with the hybrid functional. In the case of
IrO,, we even observe a qualitative change with the rate limiting step
shifting from AG4 with RPBE to AG, with hybrid functionals. The
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FIG. 1. Free energy steps AG, i € {1, 2, 3, 4} corresponding to the regular OER
mechanism in Eq. (1) for four materials. Results obtained using RPBE and hybrid
functionals are shown in blue and red bars, respectively.

calculated values for all materials are provided in the supplementary
material.

The overpotential of the full OER is defined as
7 = max;{AG; — 1.23} for i € {1, 2, 3, 4}. Figure 2 shows the cal-
culated overpotentials as a function of the second free energy step.
As found in the previous work’ and to the extent that the dominant
overpotential is found in the second or third reaction step, the data
can well be interpreted in terms of the linear scaling relationship,
AG; + AGs = 3.2 eV. This gives calculated overpotentials showing a
volcano behavior, in which the overpotential is generally dominated
by AGs for AG; < 1.6 eV and by AG; for AG, > 1.6 eV. Accord-
ing to this linear relationship,” the lowest overpotential is found for
AG; = 1.6 €V and amounts to 0.37 eV.

The changes between RPBE and hybrid functional results also
reflect in Fig. 2, leading to noticeable differences in both the val-
ues of AG, and # found for the individual materials. In particu-
lar, the order of the materials according to AG; is not preserved.
For the hybrid functional results in Fig. 2(b), all materials except
Ni;P, RuO;,, and BiVOy are limited by the second free energy step
AG; and, thus, lie on the right slope of the volcano [dotted line for
AG; > 1.6 eV in Fig. 2(b)]. Out of these three exceptions, only Ni, P is

(a) (b)
0.01 <O 0.0
s & <O = FIG. 2. Volcano plot highlighting the linear scaling relation-
3 & Q-,\fgf?’ 3 ship between the OER free energy steps corresponding
2051 'onwxl%? - = 0.51 & to the regular mechanism. The dotted line is defined by
© o (0'?,’* o o .. max{AG; — 1.23, 3.2 - AG, — 1.23}. The free energy
€ 101 Ore \ .. & = 101 e N steps are calculated with (a) the RPBE functional and (b)
8 ’ " O - o s o the hybrid functionals. The black dots correspond to the reg-
g o% o g & o5 o ular mechanism. The red dots correspond to the bifunctional
3 1.51 o, 3 1.51 o %, & mechanism and are only shown when this mechanism leads
054.,‘ to a lower overpotential.
20750 1.0 2.0 3.0 2075% 1.0 2.0 3.0
AG; (eV) AG; (eV)
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limited by AGs. Nevertheless, the calculated overpotentials for both
RPBE and hybrid functionals are consistent with the linear scaling
relationship.

The present approach of evaluating the free energy steps in
neutral conditions is consistent with the previous work in the lit-
erature.”'” >’ In reality, the OER takes place under anodic con-
ditions. To model these conditions, we remove an electron from
the catalyst and perform calculations for the charged systems.
Figure 3(a) draws a comparison between the results obtained for
the neutral and charged simulation cells in the case of the RPBE
functional showing only minor modifications. All reaction inter-
mediates in Eq. (1) are electronegative and will attract electrons
from the valence band of the bulk substrate. The binding energy
of the reaction intermediates is then only slightly modified upon
the introduction of a delocalized valence band hole, in agree-
ment with our results. The small differences between the neu-
tral and charged calculations give a mean absolute error (MAE)
of 0.11 eV and should be attributed to finite size effects associ-
ated with the finite charge density of the delocalized valence band
hole.

B. Bifunctional mechanism

Next, we focus on the free energy steps corresponding to the
bifunctional mechanism in Eq. (2). For every material associated

AG(Hag4s) neutral + gap (eV)

with a binding site a, we consider the possibility that H,g; in the third
reaction step be adsorbed at a surface site b of any other material,
including itself. In all cases, an undercoordinated surface metal atom
serves as site a and a surface oxygen atom serves as site b, except in
the case of Ni,P, where a surface phosphorus atom is considered
instead. Denoting by N the number of catalysts that we investi-
gate, this approach yields a N x N array of OER free energy steps,
each element belonging to a specific combination of catalysts for the
respective reactions on sites a and b.

The bifunctional OER mechanism in Eq. (2) involves the
adsorption of a hydrogen atom. The hydrogen atom, being only
weakly electronegative, gives up its electron upon adsorption. In the
case of a neutral system, this electron accommodates in the lowest
unoccupied electronic state, which corresponds to the conduction
band edge or a shallow defect state in the case of a semiconduc-
tor and to the Fermi energy in the case of a metal. Under anodic
conditions, i.e., in the presence of valence band holes, the electron
accommodates close to the highest occupied electronic state instead.
This indicates that under anodic conditions, the hydrogen is stabi-
lized with respect to the neutral case by an amount corresponding to
the bandgap. Hence, while the regular mechanism in Eq. (1) is unaf-
fected upon the introduction of anodic conditions, the bifunctional
mechanism in Eq. (2) should be strongly affected due to the extra sta-
bilization of the hydrogen intermediate. To verify this, we calculate

(a)

Sn0O,
IrO,
RuO,
r-TiO,
BiVO,
a-Tio,

Active site a

SnO,
IrO,

RU02
BiVO,
a-TiOy
NiyP

. r-TiO,

Ni,P

Active site b

3.0
2.0
1.0

0.02

-1.0
-2.0
-3.0

s 8§83 ¢
by o sgRSEx _
nw = o L m o Z 6.0 FIG. 4. The third OER free energy step
Sno, ‘ AG; for the bifunctional mechanism with
ro 4.0 respect to the regular mechanism as
o 102 calculated with (a) the RPBE functional
2 RuO, 2.0 L and (b) the hybrid functionals. The active
wo v sites a and b refer to those appearing in
-Tio 0= St
_02’ r. 2 0.0 < Eq. (2). The green boxes indicate that
g BiVO, 209 the corresponding combination of cata-
a-TiO, lysts leads to a reduction in the third OER
. —4.0 step in the bifunctional mechanism.
Ni,P
T T —6.0
Active site b

J. Chem. Phys. 152, 104712 (2020); doi: 10.1063/1.5143235
Published under license by AIP Publishing

152, 104712-4


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

ARTICLE scitation.org/journalljcp

NP NP
¢ ~ 48 9 0o @ ¥ 48 9 0o @
@ 9592 (b) g sgRSEx
n £ L m o 2 n £ L m o 2 X
$no 15 $no 3.0 FIG. 5. The OER overpotential # for
noz | 1.0 no2 2.0 the bifunctional mechanism with respect
Iro, ' Iro; : to the regular mechanism as calculated
i RUO, | 05 o RUO, 1.0 with (a) the RPBE functional and (b) the
A > 5 2 hybrid functionals. The green box indi-
g rTiO| 002 o rTiO 0.0 cates that the corresponding combina-
£ BiVO, _053 T BiVO, 109 tion of catalysts leads to an OER overpo-
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Ni,P Ni,P
-1.5 -3.0
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the hydrogen binding free energy using the RPBE functional under
both neutral and anodic conditions. Figure 3(b) shows that by sub-
tracting the bandgap from the hydrogen adsorption free energy in
the case of neutral simulation cells, we obtain values close to those
achieved in the presence of a valence band hole. Given the limited
effect of anodic conditions on all the reaction intermediates except
Hads> as evidenced by the data shown in Fig. 3(a), we henceforth
retain neutral conditions for all calculations and subtract the value
of the bandgap from the adsorption free energy of H,qs to effectively
model anodic conditions.

The differences in the third OER free energy step as calcu-
lated for the bifunctional mechanism and for the regular mechanism
are shown in Fig. 4. The green boxes indicate that the bifunctional
mechanism yields lower AG3 values, whereas the red boxes indi-
cate the opposite. The grading of the intensity reflects the size of
the difference. Numerical values for all cases are provided in the
supplementary material. At the semilocal level of theory, we find
that all materials except Ni,P lead to a reduction in AGs when used
as hydrogen acceptors (reaction at site b) in conjunction with spe-
cific other catalysts for the reaction at the site a. However, only
when the third step is the potential limiting step, a correspond-
ing reduction in the OER overpotential is observed, i.e., for RuO,
and Ni,P. This can be seen in Fig. 5(a), where the overpotential of
the full reaction for the bifunctional mechanism is compared with
that of the regular reaction. Within our set of investigated cata-
lysts, the bifunctional mechanism leads to a lower overpotential only
for the particular combinations involving RuO,/BiVO,, RuO,/a-
TiO,, and Ni,P/a-TiO,, where the first material hosts site a and
the second one acts as a hydrogen acceptor. These favorable com-
binations have been added in the volcano plot of Fig. 2(a). More
specifically, the pairing of RuO, and TiO, shows an overpotential
reduction of 0.4 eV, but none of the combinations studied here leads
to overpotentials above the top of the volcano in Fig. 2(a). However,
our calculations suggest that such favorable pairings of materials are,
indeed, possible.

In the case of hybrid functionals, we compare in Fig. 4(b)
the free energy steps AGs of the two competing mechanisms. We
again find that all materials except Ni;P bind hydrogen strongly
and, thus, can lead to the reduction in the third free energy step
when paired with a suitable catalyst. However, except for the case
of Ni,P, the third free energy step AGs does not correspond to
the reaction limiting step. Hence, the reduction in this step does
not affect the overpotential, as conveyed by the majority red boxes

in Fig. 5(b). On the contrary, the reduction in AG; is associated
with a corresponding increase in AGy, which generally becomes
the rate limiting step and, hence, determines the overpotential of
the full reaction. No combination of the catalysts investigated here
leads to an overpotential reduction at the hybrid functional level of
theory.

Hence, this investigation demonstrates that there exist specific
combinations of catalysts for which the overpotential of the OER
following the bifunctional mechanism can, indeed, be reduced with
respect to the regular mechanism. These combinations exhibit lower
overpotentials than imposed by the linear scaling relationship and,
thus, indicate that this relationship can be broken. Even though none
of the cases studied here surmounts the top of the volcano, our cal-
culations suggest that such advantageous pairings are, indeed, within
reach. These are the important results that support the search for
the ideal combination of materials catalyzing the OER through the
bifunctional mechanism.

C. Band edge alignment and descriptor

In order to guide the search toward the optimal catalyst, it is
important to identify relevant physical descriptors characterizing

Energy (eV)

v
\QO

3N S
FIG. 6. Band edge alignment with respect to the vacuum level. The RPBE results
are shown in blue bars, and the hybrid functional results are shown in red bars.
Where available, the experimental reference is shown in gray bars. The exper-
imental bandgap is added to the electron affinity in order to obtain the position
of the valence band edge. The references are the following: SnO,, Refs. 25-27;
RuO,, Ref. 28; rutile TiO,, Refs. 29 and 30; and BiVOy, Refs. 31 and 32.
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the performance of a catalyst. In the bifunctional mechanism, the
third OER step decreases with an increasing hydrogen adsorption
free energy, which can be defined as the opposite of AG4 pertaining
to the mechanism given in Eq. (2). At the same time, the hydro-
gen binding energy for the ideal hydrogen acceptor should not
be too large since otherwise the fourth step would turn unfavor-
able. For instance, SnO;, TiO,, and BiVOy are examples of mate-
rials with strong hydrogen adsorption free energy leading to large
reductions in AG3 when used as hydrogen acceptors. The hydrogen
binding energy could, thus, be used as a descriptor of the suitabil-
ity of a material as a hydrogen acceptor within the bifunctional
scheme.

The case SnO,, which is characterized by a deep position of
the valence band edge when the material is exposed to an aqueous
solution,” suggests that the hydrogen adsorption free energy can be
associated with the energy level of the highest occupied electronic
state. Indeed, a similar correlation between hydrogen adsorption and
the lowest unoccupied electronic state has been studied in the case
of oxidative dehydrogenation catalyzed by vanadia and ceria.”

To verify this connection, we calculate for all materials in the
studied set the alignment of the band edges with respect to the vac-
uum level. We proceed as follows. First, we establish the energy level
of the highest occupied electronic state with respect to the average
electrostatic potential by modeling the bulk material in a periodic
simulation cell. Next, we consider a slab of the material in vac-
uum and calculate the line-up of the average electrostatic potential
between the bulk-like central region of the slab and the vacuum
region. By combining these results, we can position the highest occu-
pied electronic level with respect to the vacuum level. This level
corresponds to the valence band edge in the case of semiconductors
(ionization potential) and to the Fermi level in the case of metals
(work function). All these calculations are carried out in neutral
charge conditions.

The calculated values obtained with RPBE and hybrid function-
als are shown in Fig. 6 in comparison with available experimental
values. We find that the hybrid functionals lead to a better agree-
ment with the experiment for the lowest unoccupied electronic level,
except for RuO,. The data shown in Fig. 6 result in a mean abso-
lute error (MAE) of 0.49 eV in the case of RPBE, as compared to
0.27 eV in the case of hybrid functionals. Both functionals perform
poorly when it comes to determine the position of the highest occu-
pied electronic level. The RPBE functional gives a MAE of 0.63 eV

Lowest unoccupied electronic state (eV)

due to the systematic tendency of placing this level too high. The
hybrid functionals perform even worse pushing the highest occu-
pied level well below the experimental value, with a corresponding
MAE of 1.64 eV. This shortcoming of the hybrid functionals should
be attributed to the rather high fractions of Fock exchange « used
here. Indeed, for most of the studied materials, the fraction « that
reproduces the experimental bandgap is lower than the one adopted
here. The overestimation of « leads to an excessive opening of the
bandgap and consequently to a deeper energy level for the highest
occupied electronic state. The numerical values shown in Fig. 6 are
provided in the supplementary material.

Figure 7 shows a clear correlation between the hydrogen
adsorption free energy and the highest occupied electronic level
aligned with respect to the vacuum level: the lower the energy level,
the stronger the hydrogen binding energy. The correlation holds for
both levels of theory considered here despite their inherent errors.
The energy level of the highest occupied electronic state can, thus,
be used as a valid descriptor of the potential of a material for act-
ing as a hydrogen acceptor within the framework of the bifunctional
mechanism. More specifically, because of its association with AGy, a
suitable hydrogen binding free energy in the bifunctional OER path-
way should not be much higher than 1.23 eV to avoid disfavoring the
last OER step. The correlation in Fig. 7 indicates that the ideal hydro-
gen acceptor should exhibit a valence band edge lying at ~6.5 eV
below the vacuum level. This condition suggests that typical oxide
insulators such as SnO;, BiVOy, and TiO; generally bind hydrogen
too strongly, while Ni,P shows the opposite behavior. In our set of
materials, the middle region around 6.5 eV is occupied by the metals
IrO; and RuOy, albeit the two adopted levels of theory show notice-
able variation in the results. In this respect, one should remind that
the use of hybrid functionals results in the opening of a bandgap
for these metals and might, thus, be less reliable than RPBE in these
cases.

IV. DISCUSSION AND CONCLUSION

Both the semilocal and hybrid-functional results suggest that
the bifunctional mechanism could, indeed, lead to a reduction in
the OER overpotential with respect to the regular mechanism. Our
study allows us to establish that the bifunctional mechanism is more
favorable when the following criteria are met. First, the potential
determining step in the regular mechanism must correspond to the
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third one, i.e., the formation of the OOH,q4, intermediate. Second,
the hydrogen acceptor should bind the hydrogen strongly, resulting
in a sizable reduction in the third step in Eq. (2) as compared to the
third step in Eq. (1). Third, the magnitude of the reduction should at
the same time not be excessive to prevent the fourth step in Eq. (2)
from becoming the reaction limiting one. Since the reduction in the
overpotential is generally limited by the linear scaling relationship
involving the second and third steps, the fulfillment of these criteria
opens the way to a competitive bifunctional mechanism, as proposed
by Song et al.”

To be more specific, the correlation between the hydrogen
adsorption free energy and the position of the highest occupied
electronic level suggests that the ideal hydrogen acceptor (repre-
senting site b in the bifunctional mechanism) exhibits a valence
band edge at around ~6.5 eV below the vacuum level. In this way,
the hydrogen adsorption free energy, which corresponds to —AG,
in the bifunctional scheme, achieves a value close to the optimal
1.23 eV and does not lead to any extra overpotential. In regard to
the optimal catalyst providing the active site a, the first and sec-
ond reaction steps should exhibit free energy steps close to 1.23 eV
with the rate limiting step being the third one. In such a scenario,
the bifunctional scheme could ideally lead to an arbitrarily low OER
overpotential.

Our calculations show a strong influence of the adopted
exchange and correlation functional. We evaluate all energies using
both the semilocal RPBE functional and modified hybrid functionals
in which the fraction of exact exchange is chosen in order to recover
the overall OER free energy. The use of hybrid functionals allows
us to avoid ad-hoc corrections, which are necessary at the semilocal
level of theory. However, this leads to fractions of Fock exchange
o that result in severe overestimations of the bandgap for several
materials in the set under consideration. By consequence, the hybrid
functionals generally result in overvalued binding free energies of
hydrogen. This point of contention can presently not be settled with
available functionals. Nevertheless, the comparison between semilo-
cal and hybrid functional free energies allows one to infer the degree
of uncertainty in the theoretical predictions.

We remark that the detailed reaction mechanism has not been
addressed in this work. It, therefore, remains an open question to
what extent the two active sites a and b can be brought in prox-
imity in order to promote the reaction through the bifunctional
mechanism. The charge states of the active sites and the electronic
configuration of the catalyst can have a considerable effect on the
catalytic activity. The detailed free energy steps can be very sensi-
tive to the particular atomic configuration. For instance, the size of
the nanoparticles, their stoichiometry, the way they are bound to
the substrate, the presence of spectator defects, the surface modifi-
cations of the substrate, and the proximity of the two active sites are
all critical aspects to be considered when building a suitable combi-
nation of catalysts for the bifunctional mechanism. In the absence
of any detailed structural description of an experimental realization,
it is presently untimely to address the reaction pathway in a realis-
tic modeling approach. In particular, all such structural details are
known to significantly affect the binding energies of the OER inter-
mediates and, consequently, the associated free energy in the regular
mechanism. Nevertheless, general properties such as the linear scal-
ing laws remain largely unperturbed overall.”” In the same way, we
expect that the insight provided by our study of model surfaces is
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of value when searching for suitable catalysts for the bifunctional
mechanism.

Along the same line, realistic catalyst surfaces may also present
a variety of surface polarons affecting the calculated free energy
steps. In particular, several theoretical investigations have high-
lighted the role of such polarons in water-splitting processes.”*’ In
the specific case of rutile TiO,, hole polarons have been found to
play a critical role in initiating the water splitting reaction’’ and in
modifying the OER free energy steps.””*' The stability of polarons
and their effect on the OER activity are material specific and
should be considered in future investigations of detailed reaction
pathways.

Likewise, our present work does not include the explicit treat-
ment of the solvent. The effect of the solvent on the OER free
energies has been investigated in detail in the specific case of rutile
TiO,. 2" Cheng et al. have considered neutral OER intermediates
and have found the effect of the solvent on the OER free ener-
gies to be limited.”” Subsequent studies have shown that charg-
ing effects due to the solvent affect the second and third OER
steps by up to 0.5 eV but do not invalidate the linear scaling rela-
tionship.”’ Similarly, the consideration of solvation effects in the
case of IrO; results in a marginal effect on the OER overpoten-
tial.”’ Therefore, the linear scaling relationships are expected to
hold even when the solvent is explicitly considered. Regarding the
effect of the solvent on the binding energy of H,4s, which assumes
a critical role within the bifunctional mechanism, comprehensive
calculations on platinum suggest a solvent effect on the order of
~0.1 eV." Based on these considerations, we expect the general con-
clusions drawn from the trends observed in this work to remain
valid.

To sum up, we studied the energetic viability of the bifunc-
tional mechanism for the oxygen evolution reaction for a variety
of catalyst materials, at both the semilocal and hybrid functional
levels of theory. We found that the bifunctional mechanism may
lead to the reduction in the OER overpotential for specific combi-
nations of catalysts. At the same time, we observed that the partic-
ular functional used is critical for the identification of such favor-
able pairings of catalysts. Irrespective of the adopted functional,
we, nevertheless, highlight a correlation between the energy level of
the highest occupied electronic state and the hydrogen adsorption
free energy. In this way, the present work provides a descriptor to
guide the search for suitable hydrogen acceptors within the frame-
work of this mechanism. Overall, our work provides support to the
bifunctional mechanism as a means to break the linear scaling rela-
tionships, which otherwise hinder further reductions in the OER
overpotential.

SUPPLEMENTARY MATERIAL

The supplementary material contains calculated values for the
thermodynamic corrections, for the free energy steps in the regular
and the bifunctional mechanisms, and for the bandgap and the band
edges.
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