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ABSTRACT

The oxygen-evolution reaction (OER) is pivotal in many energy-conversion technologies as it is an impor-
tant counter reaction to others that convert stable chemicals to higher-value products using electrochem-
istry. The local microenvironment and pH for the anode OER can vary from acidic to neutral to alkaline
depending on the system being explored, making definitive mechanistic insights difficult. In this paper,
we couple experiments, first-principles calculations based on density functional theory, microkinetics, and
transport modeling to explore the entire pH range of the OER. At low current densities, neutral pH values
unexpectedly perform better than the acidic and alkaline conditions, and this trend is reversed at higher
current densities (> 20 mA cm~2). Using multiscale modeling, this switch is rationalized by a change
from a dual-reaction mechanism to a single rate-determining step. The model also shows how the alka-
line reaction rates dominate in the middle to high pH range. Furthermore, we explore that the local pH
for near-neutral conditions is much different (e.g., 2.4 at the reaction surface vs. 9 in the bulk) than the

pH extremes, demonstrating the criticality that transport phenomena plays in kinetic activity.

© 2022 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

As renewable-energy generation grows, it is predicted that
there will be an excess of inexpensive electrical energy, and storing
this excess electricity in chemical bonds provides a viable pathway
for long-duration storage and decarbonizing various energy sec-
tors [1-5].The key and often limiting reaction in this process is the
oxygen-evolution reaction (OER), which is required as water is the
traditional proton source. The OER occurs in multiple environments
across the pH range depending on the specific cell and applications
[6-12]. Of particular interest is the near-neutral range as it avoids
corrosive solutions (strong acids and bases), and is compatible with
photoelectrochemical water splitting among other technologies [1,
13-16]. Although the OER has been studied in various pH condi-
tions, there is still missing mechanistic understanding of how it
proceeds, especially when not under highly acidic or alkaline con-
ditions.
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The OER is shown in acidic and alkaline conditions in
Egs. (1) and (2), respectively.

2H,0 — 0, + 4H* +4e~ 1.23 vs. SHE (1)

4HO~ — 0, +2H,0 +4e~ 0.40 vs. SHE 2)

Electrochemical and photoelectrochemical systems have studied
the OER by investigating catalyst nanoparticles (films and single-
and poly- crystals) [7,9,10,17,18] in half-cell (rotating disk elec-
trode) [10,11,19,20] or full-cell (membrane electrode) experiments
[21,22]. These types of studies are used to elucidate the effect of
either the electrocatalyst or the electrolyte composition (identity
of cations, anions, and pH) on the OER rate. Conventionally, prod-
uct or reactant transport limitations to or from the reaction site
are assumed to be negligible, and experiments are typically con-
ducted at extreme pHs (low and high), where there is significant
concentration of either H* and OH~. However, there is a dearth of
work at near-neutral pHs, which are especially relevant to photo-
electrochemical water splitting and electrosynthesis.

To understand the OER mechanism, density functional theory
(DFT) has often been used to determine reaction free energies for
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different surface states, which provides insight into surface cover-
age and transition states [23,24]. DFT calculations provide informa-
tion of reactions on specific catalyst surfaces, but, due to compu-
tational complexity, are carried out for small system sizes, ideal
crystals and conditions that might not adequately represent exper-
imental conditions. In addition, existing DFT calculations largely
focus on providing the energy and free energy between different
states, while neglecting other important effects, such as adsorbate
coverages by different species at the electrode.

Microkinetic analysis can be used to identify limiting steps
and evaluate mechanisms. This approach can be combined with
DFT and thermodynamic analyses tuned by experimental data for
the energy-barrier predictions, since direct measurements of these
multi-step processes remains inaccessible. Rates of reaction and
surface coverages can be determined by microkinetic analysis and
several studies have shown how the rates change with potential
and, in some cases, with pH [12,25]. The recent study by Nishi-
moto et al. [25] examined how the kinetics change over the entire
pH range based on an in-depth kinetic analysis for the OER us-
ing an IrOx electrocatalyst. Their work suggests the O-O bond for-
mation step is the rate-determining step and examines how anode
potential impacts the kinetics for acidic, alkaline, and neutral con-
ditions up to a current density of 20 mA cm~2 [25]. While many
studies have shown the fundamental interactions of adsorbates and
ions on catalyst surfaces, based upon theory, modeling, and experi-
ments, the effects of transport are often neglected in these studies
[12,25]. Furthermore, the length scales involved in the OER from
the ions approaching the surface and undergoing reaction are very
different and concomitantly modeled with different approaches;
minimal work has been done to bridge the gap between these phe-
nomena, particularly in the neutral to near-neutral range. An ini-
tial effort towards this end demonstrated the importance of trans-
port phenomena, in that it shifted the dominant reaction pathway
under operation from the lowest energy one predicted by the re-
action barriers alone [26]. For the mid-pH range, transport is ex-
pected to perhaps be more important due to the lack of high pro-
ton and hydroxide concentrations in the bulk, especially at higher
current densities.

In this study, we investigate the OER under controlled pH using
a rotating-disk electrode half-cell and interpret the results using a
microkinetic model, as illustrated in Fig. 1. Free energies of the dif-
ferent states were calculated using DFT and the barriers from com-
bined thermodynamic, DFT, and experimental studies. The model-
ing also examines the effects of ionic transport, to obtain a more
complete picture of the OER for different pH regimes. The results
of this work provide insight into the effects of kinetics and trans-
port and data of the OER across the entire pH range that will aid
the design of better electrolytic and photoelectrolytic devices.

2. Experimental
2.1. Rotating-disk-electrode measurements

The iridium oxide catalyst (Alfa Aesar) were suspended in a sol-
vent mixture to make an ink and deposited onto a ChangeDisk Tip
(Pine Research Instrumentation) for electrochemical testing. The
inks were composed of 3.49 mg catalyst (metal basis) in 7.6 ml of
18.2 mS2 distilled, deionized water (<5 ppb organic carbon con-
tent, TOC), 2.4 ml isopropyl alcohol, and 40 pl Nafion ionomer
(5 wt%, Sigma-Aldrich). The catalyst was first added to the water
and IPA, placed in an ice bath for 5 min, and then the ionomer
dispersion was added. The ink was horn sonicated for 30 s, bath
sonicated for 20 min, and then horn sonicated for another 30 s.
10 wl of ink was then deposited on the electrode tip rotating at
100 RPM to achieve a catalyst loading of 17.8 gy cm~=2 with an
ionomer to catalyst mass ratio of 0.1 U&nafion mgCatalyst—l, which
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Table 1

The mechanism steps and the net reaction rate for all eight steps. Acidic steps
shown by reactions 1 thru 4 (Eqs. 3 thru 6) and alkaline steps shown by reactions
5 thru 8 (Eqgs. 7 thru 10).

Mechanism Step Net Reaction Rate

*OH < *0+ H" + e r1 = kp16.0n — ke 0s0 (3)
H;0 + *0 < *O0H + H* + e~ r2 = Kp000.0 — kr2au+ 6,000 4)
*OOH < * + 0, + HF + e~ 3= k[ge*ooy — k,—3aH+aoze* (5)
H,0 + * <*OH + H* + e~ Iy = Kps000. — kratp-O.0n (6)
OH~ + *OH <*0 + Hy0 + e~ 15 = kpsaon- 0.0 — kisdobo (7
*0 + OH-« *OOH + e~ 6 = Kseon-0.0 — krsO.o0m (8)
*O0H + OH < * + H,0 + 0, + e r7 = Kky7001- 0,001 — k70000, 0. (9)
OH™ + * <*OH + e~ I3 = Kygon-0. — krsOion (10)

was shown previously to produce reasonable inks and RDE activi-
ties for nanoparticle catalysts intended for PEM fuel cells and elec-
trolyzers [18,19]. The speed was then increased to 700 RPM and
the electrodes were allowed to dry in air at room temperature.

Prior to testing, the electrodes were conditioned by cycling (50
cycles) the working electrode in the potential range 1.2 to 1.8 V
vs. RHE at 100 mV s~! and a rotation speed of 2500 rpm in a
nitrogen-saturated electrolyte. Activities were taken during linear-
sweep voltammograms (LSVs) at 20 mV s~! and 2500 rpm, with
one voltammogram taken to cover the kinetic region (1.2 to 1.65 V)
and another to cover the full potential range (1.2 to 2.0 V). Voltam-
mograms were corrected for internal resistance (reference elec-
trode Lugin tip to working electrode) during the measurement as
opposed to during post-processing. These values were taken with
a built-in current interrupter at 1.65 V.

Rotating-disk-electrode (RDE) testing was conducted using a
three-electrode system in a polytetrafluoroethylene cell (Pine Re-
search Instrumentation). The cell was equipped with a catalyst-
coated gold working electrode (or polycrystalline Ir electrode), a
gold wire/mesh counter electrode, and a reversible hydrogen refer-
ence electrode. The working electrode, which has a surface area of
0.196 cm?, was rotated with a modulated speed rotator (Pine Re-
search Instrumentation) and electrochemical measurements were
taken with an Autolab potentiostat (Eco Chemie, Metrohm Autolab
B.V.). The electrolytes that were tested consisted of perchloric acid
(ACS grade), potassium perchlorate (Sigma Aldrich), and potassium
hydroxide (Suprapur, EMDMillipore). The electrolytes were titrated
to reach desired pH values, ranging from 1 to 13, and were used to
avoid contaminants and other interference effects associated with
buffers [27]. pH and electrolyte conductivity (shown in Table S1
and Figure S2) were continually monitored and logged to tune ex-
perimental conditions and assess electrolyte changes during indi-
vidual experiments. The magnitude of bulk pH changes depended
on the initial electrolyte pH and experiment parameters and could
be severe with repeated voltammograms to higher current density.
When focusing on the kinetic region (up to 1.65 V) at an initial pH
7, the bulk pH could change up to 0.3 during the evaluation. At
high or low bulk pH (1, 13), the change was negligible.

3. Theoretical
3.1. Microkinetics

Table 1 shows the eight-step kinetic mechanism used for all
simulations. The reaction mechanism is based on Ngrskov’s OER
mechanism for both H* and OH~-elementary steps [28,29]. All
eight steps were considered simultaneously throughout the poten-
tial range (1.2 - 2.0 V vs. RHE) and the pH range (0 to 14). In
equations 3 thru 10, the net rate of formation of species i (r;) is
defined by the differences in the rates of the forward and reverse
reactions for each of the eight elementary steps. The activity for
water (ag) is assumed to be 1 and the activity for the H* (ay+)
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Fig. 1. A schematic showing the catalyst and the active species for the various pH conditions (counterions are ignored). The structure of the catalyst is determined by DFT
and then is fed into the microkinetics, qualitatively depicted here. The preexponential factor and activation energy was calculated based on theory and experimental data.

[29].

is calculated using the bulk pH of the given simulation. The activ-
ity for OH™ (agy-) was calculated based on the water dissociation
constant, using the standard Gibbs free energy of reaction, and the
activity for H*.

The surfaces coverages were calculated by

a0,

op = Tat T - Tsty (11)
a0,

atOH= rg— T +Tg— Ts (12)
a0,

8t0 =r— T+ Is— Tg (13)
9* + Q*OH + 9*0 + Q*OOH =1 (14)
where 0,04, 0.0, 6.00n and 6, denote surface adsorbed species

or empty sites. The initial conditions for these ordinary differential
equations are 6, =1, and the activity of oxygen (ap,) is zero, as
there is no reaction at the t = 0.

Rate coefficients, free energies, and activation energies are re-
quired to define the system. The forward reaction rate coefficients
in Table 1 can be written as

kfi — Aexp (AEOVk_BT,BnleV)

where A is the pre-exponential factor, § is the transfer coefficient,
kg is the Boltzmann constant, T is the absolute temperature, n; is
the number of electrons in the reaction, eV is the applied volt-
age, and AE gy is the activation energy (AE gy) assuming 0 V free-
energy change. The transfer coefficient describes the activation en-

(15)

ergy dependence on applied potential, which in theory can be ob-
tained from first-principles simulations. However, in these simula-
tions, the various rate parameters for each reaction were obtained
from an analytical model developed by Exner et al. that combines
DFT calculation and experimental data [30], and the reaction free
energies were computed by first-principles thermodynamics as de-
scribed below.

The reverse reaction rate coefficient is obtained from our DFT
calculation and the equilibrium constant,

kg - n
h_ K = exp (AG”‘”’ o "‘ev), (16)

where AG, ov is the Gibbs free energy of reaction at 0 V calcu-
lated using DFT.

To solve the system of equations, the reaction rate constants
Egs. (15) and ((16)) were substituted into the reaction rate expres-
sions (equations 3 thru 10) and then into the differential equations
for species’ coverage (equations 11 thru 14), where were solved si-
multaneously using MATLAB to predict the current density for the
OER given the bulk pH value, the calculated rate constants, and the
operating potential.

3.2. Density functional theory

As noted above and in Fig. 1, the various reaction step free en-
ergies are derived from DFT simulations, with the rate constants
taken from the combined experimental and theoretical study of
Exner et al. [30]. All of the DFT calculations were performed using
the Quantum Espresso code [31]. The IrO,(110) surface was mod-
eled using a 2 x 1 orthorhombic cell with the lattice parameter
ofa =634 A b =638A c= 4000 A and five Ir atomic lay-
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ers (Fig. 1 inset, SI Figure S3). In addition, the vacuum slab thick-
ness was set to 20 A to avoid the periodic interaction along the
z axis. The Perdew-Burke-Ernzerhof the exchange-correlation func-
tional with van der Waals corrections proposed by Grimme (DFT-
D2) was used for all DFT calculations [32,33]. A plane-wave ba-
sis set was used to expand the wavefunction and electron density
with energy cutoffs of 40 and 320 Ry, respectively. Spin polariza-
tion along the z direction was included in all the simulations. We
used a6 x 6 x 1 k-mesh for Brillouin zone sampling. The con-
vergence criteria of structure relaxation and single point calcula-
tion were set as 10~3 Ry/bohr and 10~ Ry, respectively.

Thermodynamics of OER for the four intermediates involved
in the OER were computed using a four proton-coupled-electron-
transfer (PCET) reaction process, shown in Egs. (17)-(20), where “*”
refers to the oxygen vacancy on the oxide surface. The voltage-
dependent reaction free energy (AG(U)) can be computed using
the computational hydrogen electrode method (CHE) [29],

AGy

G("0) + %G(Hz) — G(*OH) —eU (17)

AG, = G(*OOH) + %G(Hz)— G(*0) — G(H,0) — eU (18)

AGs = G(* )+ G(02)+%G(H2)f G(*O0H) —eU (19)

AGy G(*OH) + %G(Hz) — G(*)— G(H;0)—-eU (20)
where G is the free energy of individual species or surface site, and
U is the applied electrode potential referenced to the reversible hy-
drogen electrode (RHE). The free energy of each reaction interme-
diate was obtained from the DFT total energy and thermal energy
correction:

G = Egec + Ezpe + SCpdT—TS (21)

where Eg.. is the DFT total energy and Ezpg is the zero-point-
energy correction, which are directly available by performing sin-
gle point calculation and normal mode calculation. The latter two
terms are the thermal energy correction and the entropy contri-
butions, respectively. Here, the heat capacity can be obtained by
either using a simple ideal gas model, such as monoatomic or di-
atomic molecule ansatz, or by using the standard thermodynam-
ics database. The entropy contribution can also be obtained in the
similar ways, noting that this is zero order gas-phase prediction
that ignores specific solvation effects. In our work, the thermal en-
ergy correction and entropy of H, and H,O was introduced from
early study by Peterson et al. [34]. We note that the free energy of
single oxygen molecule O, was computed by the standard forma-
tion free energy of H,0 (—2.46 eV) at the standard condition and
G(H,). The calculated reaction free energies (U = 0.00 V vs. RHE)
of steps 1 thru 4 (see Table 1) are listed in Table S2.

Beyond the thermodynamics of OER intermediates, we adopted
the strategy proposed by Exner et al,, to construct the full free en-
ergy diagram of OER that also includes information of transition
states (TS) [30]. Specifically, the number of electrons transferred
and TS free energy of the rate-determining reaction step were de-
termined from experimental Tafel plots and exchange current den-
sity, respectively [30]. They are then combined with DFT-based sur-
face phase diagram to determine the initial state of OER reaction
(Figure S4) and thermodynamics of reaction intermediates to con-
struct the OER free energy diagram at different potentials (Figure
S4 and S5). As noted in [30], such an approach is validated by com-
parison to previous experimental data.

Electrochimica Acta 405 (2022) 139810
3.3. Transport model

To simulate mass-transport phenomena within the RDE, a two-
dimensional, transient, isothermal transport model was used. The
model domain consists of the electrolyte with a boundary of bulk
conditions and a rotating disk as shown in Figure S6a. The gov-
erning equations consists of the species (H*, O,, ClO4~, K+, OH™)
mass balances with the Nernst-Planck equation describing the var-
ious transport equations. For the convective velocity to the rotating
disk, in both the z and r directions, a von Karmen and Cochran ex-
pression is used. Finally, the rate of reaction for the OER is given
based on the local current density as determined from the microki-
netic model. All governing equations and associated boundary con-
ditions are in Tables S3 and S4. The model was solved using COM-
SOL Multiphysics.

4. Results and discussion

The OER performance via LSV was evaluated across the pH
range on commercial IrO, nanoparticles as shown in Fig. 2. These
half-cell experiments were accomplished while holding the bulk
pH constant, which was achieved through titrating the electrolyte.
It should be noted that the bulk electrolyte conditions, which are
monitored through titration, are taken as the RHE baseline. In the
acidic and neutral range, Figs. 2a and b, increasing pH seemingly
results in worse performance in terms of a lower current density
at a given potential. For higher pH shown in Fig. 2¢, however, the
trend is not as monotonic. Fig. 2d shows the comparison more eas-
ily in terms of overlaying three different polarization curves at a
neutral (pH = 9), acidic (pH = 1), and alkaline (pH = 13) pH. From
that figure, it is readily apparent that at low current densities the
more neutral pH demonstrates more current for a given poten-
tial, although this better performance disappears at higher current
density, where the high and low pH yield more current than the
pH = 9 case. This trend of superior performance of Ir-based cat-
alysts for the OER under conditions of intermediate pH was also
observed for polycrystalline Ir and Ir-metal nanoparticles (see Fig-
ure S1).

Fig. 3 provides a different perspective on this unexpected out-
come by displaying the experimental and the simulation results
for four different scenarios: (a) low current density, (b) high cur-
rent density, (c) low potential, (d) high potential. Interestingly, in
all of curves, the performance (either current density at fixed po-
tential or potential at fixed current density) demonstrate a seem-
ing discontinuity around pH = 6. This result is particularly seen
when examining performance at fixed potential (Fig. 3¢, d) where
the current density initially decreases with increasing pH, then ex-
hibits an increase around pH = 6 followed by a decrease again. As
discussed later, this pH results in ideal conditions for both acidic
and alkaline reactions mechanisms to occur. As shown in Fig. 3a,
at 2 mA cm~2, and in Fig. 3c, it is clear that the more neutral
pH range demonstrates increased performance compared to either
pH extreme. The seemingly large increase in performance at pH 6
is notable, and was consistent throughout these experiments (see
Figure S1). Further experiments, perhaps with buffers, is required
to understand fully the reasons for this value, which may stem
from the sensitivity to logarithmic nature of pH and near neutral
conditions. However, at higher current density (Fig. 3b) or higher
potential (Fig. 3d), this trend is reversed with the extreme pH'’s
outperforming the middle pH range, which is somewhat consistent
with literature [35, 36], although in that case the alkaline provided
the highest current density for a given potential. This discrepancy
can perhaps be related to the way in which those systems used
buffers instead of titration to maintain pH, as is done here. Al-
though beyond the scope of the current study, the use of buffers
could lessen the impact of the pH changes during operation, al-
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Fig. 2. Linear-sweep voltammograms shown for (a) acidic pH (1 thru 5), (b) neutral to near neutral pH (6 thru 10), and (c) alkaline pH (11 thru 13). The most acidic and
alkaline pH’s, 1 and 13, respectively, and pH 9 are shown in comparison (d) and are investigated as representative cases in the modeling sections throughout this paper.
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at current densities of (a) 2 mA cm~2 and (b) 12 mA cm~2. The current densities were reported at corresponding voltages of (c) 1.5 V and (d) 1.65 V. The pH’s ran in the
simulation are pH 0, 2, 9, and 13. The red star indicates the pH at the surface of the electrode, 2.34, determined by the transport model, when the bulk pH is 9.
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though this will depend on device design, buffer concentrations,
current density, etc.; surface pH would still vary due to interplay
between buffer reaction rates and capacities and generation rates,
as seen in simulations for CO, electrolysis in RDEs [37]. Finally, it
should be noted that the low current-density comparison (Fig. 3a,
¢) aligns nicely with the expected low current densities and shows
the need for near neutral pH (to avoid degradation) in photoelec-
trochemical water-splitting and related solar-fuel technologies [38].

To further interpret the data, simulations were carried out for
several different pHs at low and high current densities (applied po-
tentials). As shown in Fig. 3, decent agreement was realized with
the model except for pH 9 at 1.65 V (>20 mA cm~2) (see Fig. 3d).
To ascertain the cause of the discrepancy, a transport model of
the RDE was run to explore how the local pH at the reaction site
varies as a function of bulk pH, especially since the bulk pH was
held constant by titration. As shown in Fig. 4a, the local pH at 13
and 0 is the same as the bulk, but at pH 9 it deviates quite sig-
nificantly, changing by orders of magnitude as the current density
(applied potential) increases. Fig. 4b shows that virtually all of this
change occurs within the mass-transfer boundary layer near the
anode, which can be varied to modulate the pH (see Figure S7).
Accounting for this concentration-polarization effect shifts the sim-
ulation at pH 9 to be in better accord with the experimental data,
as shown in the translated point in Fig. 3d following the arrow
from the square to the star.

To understand the trends in Figs. 2 and 3, the microkinetic sim-
ulation results are used to ascertain the rate-determining step(s)
via a perturbation analysis. The analysis entails perturbing each in-
dividual reaction rate constant by a small amount (~0.1%) and cal-
culating the net change in the overall reaction rate or current den-
sity (see Figure S8 for the individual reaction rate plots). Fig. 5a-c
shows the results from the perturbation analysis at three differ-
ent pHs: 0, 9, and 13, respectively. For pH 0, two different rate-
determining steps are identified at low applied voltages, namely
*OO0H formation (eq. 4) and O, formation (eq. 5). However, at
higher potentials (> 1.6 V), only one rate determining step oc-
curs, *OOH formation (eq. 4), which is related to the change in the
surface coverages at higher potential, which agrees with previous
studies [30,39]. For pH 13, shown in Fig. 5c, the rate-determining
step is clearly *OOH formation (eq. 8). It is interesting to note that
this rate-determining step persists to relatively low pH, owing per-
haps to the use of converting OH~ and not needing to break a
H-0-H bond in water. We do note that to agree with the alka-
line pathways, the DFT predicted activation energy had to be in-
creased from that of Exner et al. [30], as noted in Figure S9 for the
example case of pH 13, but was within the DFT error. This differ-
ence in activation energy may be due to the underlying ideal IrO,
(110) surface used for the DFT calculations, as opposed to poly-
crystalline nanoparticle IrO, used in the experiments. The changes

in the Gibbs free energy along the reaction pathway for the acidic
and alkaline mechanisms presented in Table 1 are given in Fig. 6,
and comprise the main drivers for the results in Fig. 5. Together,
these results help explain the differences in Fig. 3.

At neutral pH, both acidic and alkaline mechanisms may occur,
with the alkaline pathway slightly dominating due to the lower
barrier from the DFT for the second step (Eq. 4 and 8) as shown
in Fig. 5b and Figure S10 from perturbation analysis and extent of
reaction analysis, respectively. This finding also helps to rationalize
the enhanced low current-density performance at neutral pHs. It is
also consistent with the change in Tafel slope at middle pHs (see
Figure S11), which suggest a mechanistic change is occurring. Al-
though the Tafel slope does increase for the middle pH range, the
onset potential is lower than at the extreme pHs, thereby agree-
ing with the above rate-limiting step changes. Furthermore, at low
overpotential for near-neutral pH, it is also believed that in ad-
dition to having both types of charge carriers, there may also be
altered adsorption/desorption, as suggested by the increased re-
sponse at low potential (< 1.5 V) in the cyclic voltammograms (see
Figure S12) and in Fig. 5d. This influence goes away at higher cur-
rent densities where the local microenvironment changes to much
more acidic. This increased response may result in differences in
intermediate binding, the rate-determining step, or transition-state
energy, and are not reflected in the DFT or microkinetics herein,
and to verify such surface coverages operando requires careful am-
bient pressure X-ray photoelectron spectroscopy measurements in
conjunction with more detailed theoretical calculations [40-42] in
which a more detailed DFT simulation is required since the pre-
dicted surface Pourbaix does not show substantial coverage differ-
ences as a function of pH (see Figure S4a). Finally, it should be
noted that for these comparisons, the local pH is being examined
and as mentioned above, deviates to lower pH values for near neu-
tral bulk pH due to transport phenomena.

5. Summary

In this paper, DFT, microkinetics, and transport modeling, show
a multiscale picture of the oxygen-evolution reaction (OER) over
a large pH range. This analysis provides informative findings for
acidic and alkaline electrolyzers and near-neutral photoelectro-
chemical systems at operating current densities (<100 mA cm~2).
For near-neutral pH systems at low current densities or applied po-
tential, enhanced performance is witnessed due to the availability
of both acid and alkaline reaction pathways, as shown through the
perturbation analysis. However, at higher current densities trans-
port dominates and the local pH rapidly drops at the electrode sur-
face as shown via transport modeling. We determined that the lo-
cal pH deviates significantly from the bulk pH for cases of interme-
diate pH, and decreases significantly near the anode. Additionally,



J.C. Fornaciari, L.-C. Weng, S.M. Alia et al.

a) o
100 ®
<- 1l e
o T e
Ed (1 .
g™ 60 &
A A =
S e- -40 %
[ (0]
s¢- 1 -20 2
<l . &
4‘?‘- B )
1 o o =
1.5 16 1.7 18 19 20
Voltage (V vs RHE) R
c) - 100 :\
x 5
o- 80 2
2w i
& 60 £
Se- 40 -
o 1]
;v NNENE ) :
- g
&~ 0 g
-

I I | I I I
1.5 16 1.7 1.8 19 20
Voltage (V vs RHE)

Electrochimica Acta 405 (2022) 139810

b)
. 100 X
x = =
o= 80 3
2 2= 3
g x 60 T
c - <
o X =
B - il
- o
1]
¢ - HHENEN -20 2
< - o
2- 0z
R T T S
15 16 17 18 19 20
Voltage (V vs RHE)
d) 10
) e *OH
o 0.8F . — *O
g “"“ e *O0H
o 06 | .
o —
Q
O 04|
[}]
@
£ 0.2
= |
w /
_ s 1 1
0037 6 T8 2.0
V vs RHE

Fig. 5. The percent change in current density relative to that of the perturbation (0.1% change of the forward rate coefficient) on each of the eight forward rate coefficients
at different applied potentials, 1.5 to 2 V vs. RHE, for a) pH 0, b) pH 9, and c) pH 13. 100% change represents that the overall current density (rate) changed by the same
amount as that of the 0.1% perturbation. d) Surface coverage from 1.3 to 2.0 V vs. RHE for all pHs.

a)

Nogr =00V 1.46 &V TS2 (¢=0.20)
— 1 \
3 1251 — : 1
> 1 ! I \
o
§ 1.00 1 " 14,0438
w 1 ! 0.91eV!
o 0.75- ! |
o 4 e |
w 0.66 eV |
c 0.50 “O0H+2¢ I
S ] :
6 |
§ 0251 «Or1e! ,

1 , 1017 eV 1.
0004 - SH, i/OH+4e

Reaction Coordinates

b)
Nogr = 0.0V

1501 pH=12.9

1.25+
1.00 ‘ ¢

0.75 /

1

1

\

0.66 eV 1

0.50 *O0H+2e’ \
1

| ]
*O+1e’ \
/ 1
of_y s

0.251

Reaction Free Energy (eV)

0.004- LALOE

Reaction Coordinates

Fig. 6. OER free energy diagram in a) acidic and b) alkaline conditions at 0.0 V potential. « refers to the charge transfer coefficient of the individual elementary step (0 < «
< 1). To clarify the difference between « and f, we should note that the § refers to the overall charge transfer coefficient that reflects the degree of voltage effect on the

free energy of TS. More details can be found in SI.

for low (1) and high (13) pH perform similarly at higher applied
potentials and current densities. Through the perturbation analy-
sis and evaluating the surface coverage, we show that there is only
one rate determining step for the three pHs at these higher poten-
tials. The findings of this paper will assist in designing more ef-
ficient electrochemical and photoelectrochemical systems that can
address the transport limitations.
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