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Abstract

Density functional theory (DFT) simulations of the oxygen evolution reaction (OER) are
considered essential for understanding the limitations of water splitting. Most DFT calculations of
the OER use an acidic reaction mechanism and the standard hydrogen electrode (SHE) as reference
electrode. However, experimental studies are usually carried out under alkaline conditions using
the reversible hydrogen electrode (RHE) as reference electrode. The difference between the
conditions in experiment and calculations is then usually taken into account by applying a
pH-dependent correction factor to the latter. As, however, the OER reaction mechanisms under
acidic and under alkaline conditions are quite different, it is not clear a priori whether a simple
correction factor can account for this difference. We derive in this paper step by step the theory to
simulate the OER based on the alkaline reaction mechanism and explain the OER process with this
mechanism and the RHE as reference electrode. We compare the mechanisms for alkaline and
acidic OER catalysis and highlight the roles of the RHE and the SHE. Our detailed analysis
validates current OER simulations in the literature and explains the differences in OER calculations
with acidic and alkaline mechanisms.

1. Introduction

The oxygen evolution reaction (OER) is often regarded as the main bottleneck in water splitting due to its
slow kinetics, which limits the efficiency of the energy conversion [1, 2]. During the last few decades,
extensive studies have been devoted to the development and understanding of the OER [2—4]. Based on
density functional theory (DFT) calculations, the OER mechanism under acidic conditions has been widely
investigated [5—7]. However, most of the experimental studies are done in alkaline media instead of acidic
media [8-10]. Although some computational papers consider OFR calculations under alkaline conditions,
the underlying theory from reaction mechanism to free energy equations is not made transparent and not
derived explicitly [11-14]. Considering the dissimilarity between the computational and experimental
approaches, it is crucial to derive the equations for DFT calculations of the OER with an alkaline mechanism
explicitly and to compare the outcome to the acidic mechanism.

The widely accepted OER mechanism consists of four-electron/proton transfer steps in both acidic and
alkaline media [3, 4, 14]. The OER is highly pH-sensitive; under acidic conditions, water molecules (H,O)
are oxidized, and H" + e~ pairs and oxygen molecules (O,) are released [3, 4]. In contrast, under alkaline
conditions, hydroxyl groups (OH ™) are oxidized to H,O and O, with concomitant release of e~ [14, 15]. In
the literature, many theoretical studies assume an acidic mechanism for calculations of the catalytic activity
of the OER of typical catalysts, such as Fe, O3 [5, 6], Co304 [10, 16], and NizS, [17]. The catalytic activity for
OER is typically characterized by calculating the Gibbs free energies of the individual reaction steps using the
standard hydrogen electrode (SHE) as a reference electrode.

© 2021 The Author(s). Published by IOP Publishing Ltd
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The acidic mechanism involves the production of Ht + e~ pairs, and their Gibbs free energy is usually
calculated implicitly by assuming the equilibrium H* + e~ « 1/2H, at standard conditions (pH = 0,
pressure py, = 1 bar, and T' = 298.15 K) and using the Gibbs free energy of hydrogen gas [3, 4]. At a pH
different from 0, the Gibbs free energy of H' ions can be corrected by the concentration dependence of the
entropy, kg T x pH x In10 [3, 4]. The why and how of this correction factor has not been universally picked
up in the literature and the step from the acidic to the alkaline reactions is not taken explicitly.

The alkaline mechanism involves the oxidation of OH~ with concomitant release of e~. Therefore,
calculating the Gibbs free energies of OH™ and e~ is crucial in order to characterize the OER under alkaline
conditions. Some papers claimed that the calculation of the Gibbs free energies of OH™ and e~ can be
obtained from the Gibbs free energy of H" + e, but how to deal with the free energy of HY + e~ ata pH
different from 0 is not thoroughly discussed.

Using the computational hydrogen electrode (CHE) approach developed by Bagger et al [18], the
calculation of the free energy of H + ¢ at a pH different from 0 can formally be solved by taking the
reversible hydrogen electrode (RHE) as the reference electrode. Besides, in contrast to the SHE, the RHE is
also generally used as reference electrode in experiments [8, 15]. The main advantage of using the RHE as
reference electrode is that it equals the Gibbs free energy of H" + e~ to the energy of 1/2H, at arbitrary pH
(pu, = 1 barand T =298.15K) [19].

In this paper, we compare the OER mechanism under acidic and alkaline conditions starting explicitly
from the corresponding reactions and the species involved. We derive the theory required to couple the
results of DFT calculations to experiment (but actual DFT calculations are not discussed). The reaction steps,
their Gibbs free energies, and the overpotential are explained separately for both these cases. Besides, we
demonstrate the connection between the OER calculations that use the RHE and the SHE reference
electrodes and explain in detail how the correction to the Gibbs free energy of H' ions at a pH different from
0 enters in the energy balance and in the overpotential.

2. OER using an acidic reaction mechanism

We consider a four-electron reaction mechanism for OER. Under acidic conditions, the overall water
oxidation reaction is [3, 4, 20]

2H,O(l) = O, +4HT +4e7; AGy=4.92eV (1)

where (I) refers to the liquid phase. At p =1 bar and T = 298.15 K, the Gibbs free energy difference
AGy = 4.92 eV for this reaction. The reaction is generally believed to proceed in four steps [3, 4, 20]

H,O0(l) +* — *OH + H' +¢, (2)
*OH— *O +H' + e, 3)
H,0(l) + *O — *OOH + H' +¢7, (4)
*OOH — * + 0,(g) +HT +e, (5)

where * represents the active site of the catalyst, (g) refers to the gas phase, and *OH, *O, and *OOH
represent the species adsorbed on the active site. As explained in the previous section, at standard conditions,
the Gibbs free energy of H™ + e~ equals the Gibbs free energy of 1/2H,. The reaction Gibbs free energies,
which provide the binding strength between the catalyst and OER intermediates, are affected by the
electronic properties of the active site. The typical procedure widely used in the literature to calculate the
reaction Gibbs free energies, AG’, corresponding to equations (2)—(5) at standard conditions [6, 20], is
shown in equations (6)—(9); more details about the derivation can be found in [20].

1
AG'y = Evoy = Be = B0 + 5 En, + (AZPE — TAS), — eUsne, ©)
1
AG/Z =E., —Eiou + EEHZ + (AZPE - TAS)Z — eUsne, @
1
AGI3 = Eyoop — Exo — Emyo + EEHZ + (AZPE - TAS)S — eUsn, (8)

2
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3
AG’4 =E, —Eiooy + (ZEHZO — 2EH2> +4.92 4+ (AZPE — TAS)4 —eUsyg, (9)

where E,, E.,» Exy> E«oy are the total energies of the clean surface (*) and of surfaces with the single
adsorbed species OH, O, and OOH, respectively, and Ey,o and Eq, are the total energies of the H,O and O,
molecules, all obtained from DFT calculations. AZPE and AS are the changes in vibrational zero-point
energy and entropy from the initial state to the final state, respectively; T is temperature. In addition, AS
contains the contributions of the gas and liquid phases used in reactions (2)—(5). Usyg is the electrode
potential relative to the SHE. (AZPE — TAS), (n =1, 2, 3, 4) can be calculated as:

1
(AZPE — TAS), = (ZPE,y; — TSs0y) — (ZPEn,0 — TSh,0) + 5 (ZPEp, — TSw,), (10)
1
(AZPE — TAS), = (ZPE,, — TSs,) — (ZPE., — TSso) + 5 (ZPEy, — TSw,), (11)
1
(AZPE —TAS)y = (ZPE.oqy = TSuon) = (ZPEay — TS.) = (ZPEss,0 — TSii0) + 5 (ZPEw, — TSi,)
(12)
3
(AZPE — TAS), = — (ZPE.0y — TSsoo) + 2 (ZPEn,0 — TSh,0) — 3 (ZPEy, — TSw,), (13)
Therefore, the sum of change of the ZPE terms and the TS terms during the reaction cycle equals 0:
(AZPE — TAS), + (AZPE — TAS), + (AZPE — TAS), + (AZPE — TAS), =0, (14)
The reaction Gibbs free energies of equations (6)—(9) have to obey the sum rule.
AGll+AG/2+AG/3+AGI4:AG0—46USHE, (15)
The overpotential is then given by
1
n'=- max [AG',]- U,. (16)
en=1234

where Uy = AGp/4e = 1.23 V is the equilibrium potential, which is independent of pH and defined at

p = 1barand T = 298.15 K. Uj is the minimum potential required to run the reaction (1). Any reaction step
(2)—(4) that has AG’,/e > U, requires a higher potential to run it, and the maximum AG’ /e then defines
the overpotential required for the whole four-step reaction to proceed.

3. OER using an alkaline reaction mechanism

Unlike under acidic conditions, equation (1), the water oxidation reaction under alkaline conditions is given
by [14, 15]

40H™ — O, (g) +2H,0 (1) +4e™, (17)

This reaction is usually assumed to proceed in four elementary steps [11]

*+OH™ — *OH +e, (18)
*OH 4+ OH™ — "0 + H,O0()) +e, (19)
*O+OH™ — *OOH +e, (20)

*OOH + OH™ — " +0,(g) + H,O(l) + e, (21)

where the notation is the same as in equations (2)—(5). Different from the acidic mechanism, the Gibbs free
energies of equations (18)—(21) are not commonly discussed. Thus, we would like to derive the theory for the

3
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OER under alkaline conditions step by step. The reaction Gibbs free energies corresponding to equations
(18)—(21) can be expressed as

AG) = gy — px — (HoH~ — fe=) 5 (22)

AGy = fag + H,0(1) = Hoxon — (HoH~ — He—) 5 (23)
AG3 = oy — Mo — (HoH- — e ) 5 (24)

AGy = s+ 10, (g) + BH,0() = Broon — (Mo — He=) (25)

where p are the (electro)chemical potentials of the indicated species. These chemical potentials can be
obtained from [20]

s = Eu, (26)

Pon = Exon + ZPEoy — TSuoy, (27)
ftny = By + ZPE,, — TS, ., (28)
Poon = Exoon + ZPEuooy = TSxoon (29)
M,0() = En,0 + ZPEn,0 — TSh,0(1), (30)

where E, and E,x are the (DFT) total energies of the clean surface (*) and of surfaces with a single adsorbed
species X, respectively, and ZPE. x, S.x are the corresponding vibrational zero point energy and entropy. Ey,0
is the total energy of the H,O molecule, ZPEy,o and Sy,0(1) the corresponding vibrational zero point energy
and entropy contributions, where the latter also contains the free energy correction for the liquid state.

For O,, the chemical potential is obtained from the experimental formation energy of O, with respect to
water, since the O, molecule is not very well described within DFT. Assuming the equilibrium
0O, (g) +2H, (g) +» 2H,0 (1), the chemical potential of O, can be written as [20]

105 (5) = 2Gr,00) T AGo — 2G, (), (31)

The only unknowns remaining in equations (22)—(25) are now poy- and p,—, the chemical potentials of the
OH- species and the electron, respectively, where we actually only need the difference pioy- — .- To
calculate this difference, we assume the equilibrium

H,O(l) «++ HY +OH ™, (32)
which relates the chemical potentials as
Hou- + pu+ = pm,0()), (33)
Using the trick
HoH- — M= T Hu+ + flem = HH,0() (34)
one can rewrite this as
HoH- — Me— = 00y — (Mt + e ) 5 (35)

Here, /11,0y can be calculated according to equation (30) and (f4g+ + f.- ) can be calculated using the CHE
approach [4, 18], where one assumes the equilibrium

1
Ht+e EHZ (g). (36)

4
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We describe this equilibrium using the RHE as reference electrode, which operates under standard
conditions of hydrogen gas pressure py, = 1 bar and T'= 298.15 K (but with a pH of the actual experimental
conditions, which is different from zero), so

put = s (37)
The remaining electrochemical potential of the electrons can then be expressed as

fre— = per® — eUpyg, (38)

where Upyg is the potential of the electrode relative to the RHE [18].
Combining equations (36)—(38), the equilibrium can then be expressed as

RHE RHE

1
M+ + fle— = P+ + = — eUrne = ZH(g) ~ eUrng, (39)

Substituting the equation (39) into equation (35), we finally have
1
Hom= — He= = fimo() — | SHH:(g) ~ eUrsE | , (40)

Using equation (40) in equations (22)—(25) we get

1
AGL = flugy = s = 00 + 5 £, — €U, (41)
1
AG, = Mg — Moy + E:LLHZ — eUrs, (42)
1
AG3 = gy — Mo — HH,0(1) + E/"LHZ — eUrnk, (43)
1
AGy = e — Pooon + Ko, () T E'UHZ — eUrne, (44)

Applying equations (26)—(31) to equations (41)—(44), the final expressions for the reaction Gibbs free
energies using an alkaline reaction mechanism become

AG, =E,,, —E. —Eyo0+ %EHZ + (AZPE — TAS), — eUgu, (45)

AG, =E,, —E,, + %EHZ + (AZPE — TAS), — eUgg, (46)

AGs = E, o — Evy — Enyo + %EHZ + (AZPE — TAS), — eUgg, (47)
AGy=E, —E,, + <2EHZO(,) - ;EH) + AGy + (AZPE — TAS), — eUgg, (48)

The reaction Gibbs free energies of equations (45)—(48) obey the sum rule
AGl + AGZ + AG3 + AG4 = AGO — 4eURHEa (49)

and the overpotential is given by

n=—- max [AG,]— U, (50)
en=1,2734
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4. Comparison between the acidic and the alkaline reaction mechanism

Under acidic conditions, the Gibbs free energy of HT + e is linked to the Gibbs free energy of /2H, and the
reaction Gibbs free energies are calculated from equations (6)—(9). Under alkaline conditions, the Gibbs free
energy of OH™ — e~ can be related to the Gibbs free energy of H™ + e~ according to equations (35) and
(40). The reaction Gibbs free energies for the alkaline reaction mechanism can then be calculated from
equations (45)—(48).

Comparing the reaction Gibbs free energies of the acidic (equations (6)—(9)) and of the alkaline
(equations (45)—(48)) reaction mechanisms, it can be seen that the only difference lies in the electrode
potential. In the case of the acidic mechanism, the electrode potential is related to the SHE and in the case of
the alkaline mechanism, it is related to the RHE. Hence, the reaction Gibbs free energies can be calculated
with almost the same equations even though the reaction mechanisms for the acidic environment, equations
(2)-(5), and for the alkaline environment, equations (18)—(21), are different.

The equations used for calculating the overpotential, equations (16) and (50) are exactly the same. The
numerical results will of course be different, as two different reference potentials, SHE and RHE, are used to
calculate the Gibbs free energies in the acidic and the alkaline cases. The electrode potential of the two
reference potentials can be linked according to [18]

eURryg = eUSHE — kBTlnaH+ = eUSHE + kBT X pH x In 10. (51)

where ay;+ is the activity of the HT ions in solution. Substituting equation (51) into equations (45)—(48), one
obtains the reaction Gibbs free energies with the SHE as reference. At T = 298.15 K one has
kgT x pH x In10 = 0.059 x pH eV.

Substituting equation (51) into equations (45)—(48) for the alkaline reaction mechanism, one obtains the
same expression as given in [3, 4, 20] for the acidic reaction mechanism with the correction factor
ks T x pH x In 10. Therefore, at pH = 0, the reaction Gibbs free energies can be calculated according to
equations (6)—(9), with the overpotential given by equations (16). At a pH different from 0, the reaction
Gibbs free energy should be corrected with kg T x pH x In 10. Alternatively, using RHE as reference electrode,
the reaction Gibbs free energy can be calculated by equations (45)—(48) at arbitrary pH and the overpotential
can be calculated by equations (50).

5. Summary

The OER mechanism under alkaline and acidic conditions are discussed and key parameters for the OER,
such as the reaction Gibbs free energy and the overpotential, are derived for both reaction mechanisms. It is
shown that—even though the single reactions look quite different—the same equations can be used for
calculating these key parameters, provided the RHE is used as a universal reference. The effect of using
different reference electrodes, i.e. RHE or SHE, on the equations for the key parameters is discussed. We
suggest for the future to use for both acidic and alkaline mechanisms the RHE as a reference electrode. In
that case, equations (45)—(50) can be used for calculating the reaction Gibbs free energies and the
overpotential for the OER at all pH values for both acidic and alkaline mechanism.
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