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ABSTRACT

Electrocatalytic water splitting is currently one of the most promising reactions to produce “green” hy-
drogen in a decarbonized energy system. Its bottleneck reaction, the oxygen evolution reaction (OER), is
catalysed by hydrous iridium, a stable and active catalyst material. Improving the OER requires a better
and especially quantitative understanding of the reaction mechanism as well as its kinetics. In this work,
we present an experimentally validated microkinetic model that allows to quantify the mechanistic path-
ways, emerging surface species prior and during the OER, the reaction rates for the single steps and
essential thermodynamic properties. Therefore, two mechanisms based on density functional theory and
experimental findings are evaluated on which only simulation results of the theory-based one are found
to be in full accordance with cyclic voltammograms even at different potential rates and, thus, able to
describe the catalytic system. The simulation implies that oxygen is evolving mostly via a fast single
site pathway (*O0 — * + O,) with an effective reaction rate, which is several orders of magnitude faster
compared to the slow dual site (2*0O — 2* + 0,) pathway rate. Intermediate states of roughly 7% Ir(IlI),
25% Ir(IV) and 63% Ir(V) are present at typical OER potentials of 1.6 V vs RHE. We are able to explain
counterintuitive experimental findings of a reduced iridium species during highly oxidizing potentials by
the kinetic limitation of water adsorption. Although water adsorption is in general thermodynamically
favourable, it is kinetically proceeding slower than the electrochemical steps at high potential. In the
lower potential range from 0.05 to 1.5 V vs RHE the stepwise oxidation of the iridium is accompanied
with van der Waals like ad- and desorption processes, which leads in comparison to Langmuir-type ad-
sorption to a broadened peak shape in the cyclic voltammograms. Overall, our analysis shows that the
dynamic microkinetic modelling approach is a powerful tool to analyse catalytic microkinetics in depth
and to bridge the gap between thermodynamic calculations and experiments.

© 2021 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

tion (OER). In acidic environment, anodically grown hydrous irid-
ium is revealed as highly active and has been widely studied con-

On the quest for a sustainable energy supply based on renew-
able technologies, such as wind and solar energy, efficient con-
version and storage strategies are needed [1]. A key technology is
the electrocatalytic splitting of water into hydrogen and oxygen.
While the hydrogen evolution reaction can be performed smoothly
by platinum based catalysts, the mayor challenge is to understand
and develop active and stable catalyst materials to reduce the
high overpotential of its counterpart, the oxygen evolution reac-
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cerning its electrochemical characteristics [2-4]. The stability dur-
ing the OER seems promising: hydrous Ir [5] but also metallic Ir
[6] and the oxide IrO, [7] exhibit lower dissolution rates compared
to their highly active competitors based on Ru [7]. In direct com-
parison, metallic Ir is more active but less stable than IrO,. Hy-
drous Ir is even more active, since also sites in the near surface
structure catalyse the OER [8]. Knowledge of the microkinetics of a
reaction allows to identify slow and fast steps and to deduce possi-
ble improvements. To study the microkinetics, a valid mechanism
assumption based on good understanding of the surface changes
is needed. The present understanding of processes during OER is
briefly summarised in the following paragraph.

During the OER, electrocatalytically active catalysts are known
to form adsorbed hydroxide and oxygen at its catalyst-electrolyte
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interface [9]. The appearance of faradaic currents at anodic poten-
tials before the onset of the OER is either attributed to adsorp-
tion of additional hydroxy groups [10-13] on the hydrous iridium
surface or to deprotonation steps [14-16]. X-ray emission spec-
troscopy allowed to detect increasing overall oxygen content in the
hydrous Ir material and the electron diffraction pattern suggests
formation of pseudo-rutile IrO, [17]. This finding matches with in-
situ X-ray absorption (XAS) measurements, since in acid media it
is concluded that the intermediate state at approximately 1.05 V
vs RHE fits the Ir-O distance of crystalline IrO, [18]. According to
in-situ X-ray photoelectron spectroscopy (XPS) analysis in different
binding energies of the O 1s level, there is a decreasing hydroxy
and an increasing oxide content with increasing potential in the
range of approximately O V up to 1.5 V vs RHE [16]. In the near
surface region, the observation of adsorbed hydroxide and oxygen
is additionally confirmed using atom probe tomography and could
furthermore be correlated to a metastable state with an IrO and
OH ratio of roughly 1 [8].

XPS analysis reveals the co-existence of +III and +IV oxidation
states [19-21]. The picture of the surface transformation process
is complemented by XAS analysis, which allows to differentiate
three main potential regions: (i) between 0.2 V and 0.7 V vs RHE,
multiple studies agree on an oxidation state of +III [20,22,23]. (ii)
The potential range ongoing from 0.7 V up to approximately 1.1 V
shows mainly Ir(IV) [23,24]. (iii) At potentials higher than 1.1 V vs
RHE, an increasing oxidation state up to +V and even higher can be
obtained [22,23]. During the OER different oxidation states, namely
+III, + IV and +V were detected [23,25]. Based on experimental re-
sults one is able to formulate reaction mechanisms for the ad- and
desorption processes [16,26] as well as for the OER [9,27] (details
see Section 2.2).

To complement this experimental findings, modelling methods
are used to extend the analysis by identifying the mechanism,
quantify its kinetics and prove thermodynamic consistency. En-
ergetically favourable intermediate states on metals [28] and ox-
ides [29,30] are extensively postulated using calculations based on
density functional theory (DFT). This method is limited to distinct
states and not able to describe reaction kinetics and its behaviour
under experimental conditions. In contrast, microkinetic modelling
based e.g. on Butler-Volmer theory and including surface cover-
ages, uses multiple rate equations of reactions and processes to
calculate performance relevant values (e.g. current, surface cover-
ages and rates) and their behaviour. A direct validation with the
experiment is possible. This method was applied on Ir oxide to
study the OER mechanism [31], dissolution pathways [32], to simu-
late electrolyzers [33] on a multiscale or to describe the OER mech-
anism in general [34]. To simplify the calculation either one of the
assumptions was and is commonly taken into account [35]: (i) non
rate determining steps are expected in quasi-equilibrium or (ii) rel-
evant variables, mostly the concentration of intermediates, are re-
quired to remain constant over time and fixed at steady-state. But
a lot of downsides are reported recently e.g. the underestimation
in number of unique tafel slopes [36] or a lack of identifiability of
kinetic parameters [37] and the rate determining step [34], espe-
cially if it is similarly slow to a second last rate or it is substituted
due to shift in potential [35].

As obviously quasi-equilibrium and steady-state assumptions
lead to problems in microkinetic analysis, a more complex full
dynamic analysis is advisable. Such models will then also al-
low to simulate and quantitatively analyse the experimentally fre-
quently used dynamic measurements. Modeling without quasi-
equilibrium and steady-state assumptions is crucial to perform
simulations with dynamic input values with no further restrains.
Resulting models can reproduce multiple dynamic experiments
such as cyclic voltammetry (CV) [38-40] and potentiostatic mass
transfer responses [41,42], electrochemical impedance spectroscopy
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[43-45] or nonlinear frequency methods [46,47]. They allow more
precise interpretation of measurements through detailed analysis
of processes at the surface. Such analyses would also be benefi-
cial for understanding the OER, but have not been conducted so
far. A first study of such kind is presented for OER at hydrous irid-
ium in this manuscript. We present carefully conducted CV experi-
ments, the deduction of two most likely reaction mechanisms from
literature and a model-based study on the microkinetics. This in-
cludes changes in surface coverage with multiple adsorbed species
and the formation of reduced species at highly oxidative poten-
tial. The results resolve how the potential affects the reaction rates
and changes the rate limiting steps. Further, the thermodynamic
properties are derived from the model, which allows to bridge the
gap between experiments and ab initio calculations such as density
functional theory and molecular dynamics based simulations.

2. Method
2.1. Experimental setup

All electrochemical experiments were carried out in a PTFE cell
combined with a rotating disc electrode (RDE) setup from PINE Re-
search Instrumenation Inc., conntected to a Gamry Reference 600+
potentiostat. Deionized water (Merck MilliQ, 18.2 M) was used as
solvent and for extensively rinsing the cell prior to the measure-
ments. Sulfuric acid ROTIPURAN®Supra 95% from Carl Roth GmbH
+ Co. KG was purchased to produce the 0.1 M H,SO4 electrolyte
solution. The working electrode consisted of a polycrystalline irid-
ium cylinder produced and pre-polished by Mateck GmbH and em-
bedded planar into a PEEK electrode holder. A PTFE shroud assures
sealing and backsided gold pin electrical conductivity with the RDE
rotator shaft.

The experiments were performed as follows: prior to the mea-
surement the available circular electrode area A = 0.1963 cm? was
polished with 0.05 pm Aluminium containing polish media to re-
move remaining hydrous film. The cell was filled with 200 ml elec-
trolyte solution and purged with Argon (> 99,996%) for 10 min be-
fore and during the complete experiments. Platinum wire counter
and HydroFlex reversible hydrogen reference electrode (RHE) from
Gaskatel mbH were inserted directly in the cell. The hydrous irid-
ium film was produced by cycling the polycrystalline iridium elec-
trode 100 times in the potential scan range from Egyg = 0.05 V to
1.55 V with a potential rate of dE/dt = 500 mV s~!. This method
is widely used in multiple studies [15,48,49]. Once the film has
been established, potential driven electrochemical impedance spec-
troscopy (EIS) was performed at open circuit potential with fre-
quencies ranging from f = 10° Hz to 10~! Hz with an amplitude
of E = 10 mV. Subsequently, three consecutive cylic voltammo-
gramms (CV) were measured with potential rates dE/dt = [500,
200, 100, 50, 20, 10] mV s~! in between potentials of Egyg = 0.3 V
and 1.6 V. All potentials are given versus RHE, if not otherwise
stated.

2.2. Mechanistic assumptions

In order to establish a micro kinetic model for the OER at hy-
drous iridium, the assumption of at least one mechanism is re-
quired. Fig. 1 provides an overview of literature-proposed mech-
anisms including the respective pathways and oxidation states.
While 1 a) to 1 c) are formulated based on experimental findings
on hydrous iridium [7,16,23,50,51], mechansim 1 d) is widely used
in DFT calculations of the OER on metal and oxide catalysts e.g. on
rutile IrO, [29,30,52].

Since the output of a microkinetic model depends strongly on
the assumed mechanism, a careful validation of the reaction mech-
anisms provides the basis to set up the model successfully. There-
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Fig. 1. Mechanisms proposed for surface oxidation reaction steps and OER for hydrous Ir by a) K6tz et al. [16], b) Cherevko et al. [7], Minguzzi et al. [23] and Steegstra et al.
[50], c) Kasian et al. [51] and d) for rutile IrO, by Rossmeisl et al. [29] and Klyukin et al. [52]
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Fig. 2.
Kasian et al. [51] based on experimental results of hydrous iridium.

fore, an evaluation is done by comparing the mechanisms with
four major experimental findings. (i) CV results from literature
[7,12,16,17] and own experiments (see Section 3.1) exhibit at least
two distinct electron transfer reactions in addition to the expo-
nential onset of the OER. This requires a minimum of three dis-
tinguishable electrochemical reactions to be present in the over-
all mechanism. (ii) In situ XPS and XAS studies [16,22,23] im-
ply oxidation states ranging from +IIl up to at least +VI. Addi-
tionally, XAS findings [23] state the occurrence of reduced oxida-
tion state +III even at high potentials of approximately 1.6 V. (iii)
XPS measurements [16,25] reveal an increasing amount of cova-
lent oxygen bindings with increasing potential. Iridium hydroxide
bonds are present at several potentials and even in the OER re-
gion. (iv) Atom probe tomography detected the material composi-
tion to contain IrO and OH with a ratio of roughly 1:1 [8]. Accord-
ing to these results, the hydrous Ir consists of the species IrO(OH)
initially.

In the following, we formulate reaction mechanisms that take
the various theories and findings into consideration. As the experi-
mental and DFT-derived mechanisms deviate significantly, we con-
sider it proper to evaluate and compare both concepts. We firstly
setup a reaction mechanism inspired by the DFT studies 1 d) on
rutile IrO, that takes into account the findings (i) to (iv). All re-
actions are adopted accordingly, but instead of Ir(IV) = IrO,, the
initial species is defined as Ir(Ill) = IrO(OH), the hydrous iridium
(Fig. 2 a)). Species with oxidation states of +III are oxidized step-
wise up to +VII or +V and reduced back to +III while oxygen is re-
leased as a single site or a dual site step. Herewith, one is able to
formulate a first mechanism (M1) which can be described by eight
reaction steps (eq. 1-8) and is closely related to the mechanism
widely used in DFT calculations for several oxides (Fig. 1 d)).

Additionally, to respect the studies that experimentally derived
OER mechanisms 1 a) - 1 c¢), a second mechanism was taken into
account for our kinetic modelling. The mechanism in Fig. 1 a) con-
tradicts with finding (iii), since the reduced +III oxidation state is

\\H+ +e

Mechanism M2

0 Ir(1n) H* + e
Y, 05 Ir(IV)Hzo
72 0y \(
Ir(IV)-H,0
Ir(v1) Ir(V) H+ + e
HY + e”

a) Visualization of the reaction mechanism M1 based on assumptions published for DFT calculations on several oxides. b) Scheme of mechanism M2 derived by

not present in the OER circle. Mechanism 1 b) contains only two
electrochemical steps and, therefore, might be able to describe the
OER, but not the potential range prior to the OER completely. In
principle, the mechanism in Fig. 1 c) is a combination of the two
previous ones and, thus, is in line with all major experimental find-
ings. We therefore choose the mechanism written down by Kasian
et al. [51] as the second evaluated mechanism (M2). It is displayed
in Fig. 2 b) and can be described by six reactions (eq. 9-14).

Since H,O adsorption on oxides was found to be energetically
favourable [30,53], it is implemented as an individual chemical
step, decoupled from further electrocatalytic proton coupled elec-
tron transfer (PCET). Both mechanisms, M1 and M2, are visualized
in Fig. 2, starting with the initial hydrous iridium species Ir(Ill) =
IrO(OH) found by atom probe tomography. They provide a sound
basis for formulating the kinetic models presented in the follow-
ing.

Mechanisms M1 and M2 are converted into a form consisting
of active catalyst sites, denoted with *, on which single surface
species can adsorb, desorb and react. This enables microkinetic
modelling and balancing of the species.

Mechanism M1
* = IrO(OH) = Ir(III)

Mechanism M2
* = Ir0(0) = Ir(1V)

* 4+ Hy0 = *H,0 1) *H=*+Ht +e (9)
*H,0 = “OH + H* + e~ 2) * + H,0 = *H,0 (10)
*OH = 0 + H* + e 3) *H,0 = *OH + H* + e~ (11)
0 + H,0 = *OH,0 (4) *OH = *0 + H+ + e~ (12)
*OH,0 = *O0H + H* + e~ (5) 2705 2¢ + 0, (13)
*00H = *00 + H* + e~ (6) 2'OH % 2*H + 0, (14)
220 % 2¢ + 0, (7)

*00 & * + 0, (8)
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2.3. Microkinetic model equations

The reaction kinetic modeling of mechanisms M1 and M2 is
methodically inspired by previous studies [39,44,54,55| and based
on rate equations for chemically rc and electrochemically rg driven
reactions Eq. 15 - (18).

fesi=kesi [ ] (a}’w '9;“7 f1(@)) (15)
jes

TE4i = Kg i - l_[ (a})+U 49}4” f+(9)) - €Xp <€§f ‘E> (16)
jeS

rei=kei-[(aj"-6;7- f(0)) (17)
jes

rg—i=ke i [] (a]”.*” .eij'f f-(0)) -exp (“RT’?)ZF ~E) (18)
jes

Forward r; and backward r_; rates are calculated separately, with
the use of reaction rate constants k,; and k_;, the activities a;,
surface coverages 6; for the species j e {H,0, OH, O, OH,0, OOH,
00} and the electrode potential E. Adsorption functions f, and
f— account for non-idealities of adsorption processes that affect
the kinetics. As in all assumed electrochemical reactions rg, only
one electron is transferred, the symmetry factor § is assumed to
be 0.5 and the electron transfer number set to z = 1. Stoichio-
metric coefficients v;; define the contribution species j in reaction
i. The electrode coverage 0; of surface-bound intermediates j is
taken into account and since for hydrous iridium the broadened
peak behaviour [50] implies surface coverage dependent adsorp-
tion energies with species interaction, a van der Waals adsorption
isotherm is assumed [56-58]. This considers an areal spacing of
surface sites and the interaction of adsorbed species [58]. For an
in-depth discussion see Appendix A. The adaptation of this adsorp-
tion behaviour into the reaction equations, which was done in an
analogous manner for Frumkin/Temkin adsorption [59,60], results
in the functions f, and f_ for forwards and backwards reactions
respectively:

Viij ‘9”4]'

fr=exp|B|g-0"—g-0"+ 9@,,,. - 9]% (19)
j j

Vij 9‘14]‘

f-=exp|-(1-8)|g;- 9}4” & 0})7”' + 9]?41' B 9]%’1‘ (20)
J J

The dynamic behaviour during a CV is arising by the single poten-
tial dependent reaction and sorption processes, which trigger the
change in surface coverage 6; [0, 1] of the intermediate species
over time t. To account for this, a species balance for all adsorbed
species is formulated which contains besides the reactions r; also
the density of active sites p of the catalytic surface:

do;, 1 Ve Vi

@) &)

1
The charge at the surface is balanced using a dynamic charge bal-
ance containing charge accumulation in the double layer dq/dt
with its capacitance Cp;, charge transport j and sources and sinks
due to electrochemical reactions:
dq dE .
g = o gp =IO —2F D (resi(®) =15 (1)) (22)
Potential drop in the electrolyte layer is accounted for by correct-
ing the externally applied potential Eexs with the current density j,
geometric electrode area A and electrolyte resistance Rg:

E= Eext —jAREL (23)
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The overall equation system can be solved for dynamic potential
Eext = Eext(t). Appendix B contains the full set of reaction kinetic
equations and species balances for mechanisms M1 and M2.

The formal mean oxidation state OS;, is calculated by summing
up the coverage weighted oxidation states of all assumed species
j:

OSm = 0;-0S; (24)
i

2.4. Performing simulation and model parameter identification

The electrochemical model of Section 2.3 equations were imple-
mented in MATLAB and the respective set of ordinary differential
equations solved using the ode23s algorithm with a given set of ki-
netic parameters over time. Simulations were performed by apply-
ing a constant input potential rate within the same voltage range
as in the experiment.

Parametrisation of the model equations is done based on val-
ues directly gained from experiments and by optimizing the model
output on experimental CV curves. Easily accessible parameters
temperature T= 298.15 °C and geometrical electrode area A =
0.1963 cm? are inserted directly in the model. Electrolyte resis-
tance Rg; = 19 2 was gained by measuring with impedance spec-
troscopy and quantifying the real component at high frequency of
10° Hz. We assume a constant double layer capacitance of Cp; =
25 pF following experimental findings in literature [7]. The activity
of liquid species at the interface is assumed to be equalised with
its respective bulk values due to fast transport. In addition, their
concentrations in the electrolyte are very high compared to con-
sumption and production, so that the steady state assumption is
plausible. Therefore, relevant electrolyte activities are set to a con-
stant value of ay,0 = 1 and ay+ = cy+/c® = 0.1 with the standard
concentration ¢® = 1 mol/L to replicate the experimental speci-
fications of the 0.1 M aqueous solution. Proton activity, reported
with values of 0.078 [61] and 0.132 [62], might deviates from the
assumed value and, thus, influences the parametrized kinetic rate
constants of the protonation steps. The constants correlate linearly
and perfectly negative with a possible deviation in proton activity
as one proton is transferred each step. Nevertheless, further results
such as reaction rates and coverages are unaffected. Standard Gibbs
free reaction energy values are as well unaffected due to the cor-
rection with respect to electrochemical standard conditions.

The kinetic rate constant of the oxygen adsorption steps for M1
k_7 and k_g and for M2 k_s and k_g are set to zero since the oxy-
gen evolution is assumed to be irreversible due to its high reaction
energies. The remaining rate constant values k;, the dimensionless
adsorption parameter g; and the density of active sites p are iden-
tified with a optimization algorithm using the third experimental
CV curve at dEex/dt = 200 mV s~!. This scan rate was chosen as
it gives well pronounced and clearly distinguishable features in the
experimental data (see Section 3.1). The algorithm modifies all pa-
rameters successively by a defined value +m in case the variation
results in a decrease of the root mean square error (RMSE, Eq. 25).
This was performed repeatedly until RMSE reaches its minimum
and iterated for several modification values m € {10~1, 10—2, 103,
104} for g, 10™ for k; and 100%™ for p.

RMSE = Zn (](En) — jexp(En))2

, (25)

Since the amount of kinetic parameters is very high, the algorithm
for parameter identification uses a two step procedure. First, the
rate constants and adsorption coefficients of reactions ie {1, 2}
for M1 and reaction i € {1} for M2 as well as the density of ac-
tive sites were identified by minimizing the RMSE in the potential
range 0.45 V < Eq < 1.1 V. This is applicable since the reactions
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are assumed to occur in this region and be responsible for the ob-
served current peaks. Hence, its parameters are sensitive in this
potential region. In a second step, the rest of the rate constants
and adsorption coefficients of reactions i € {3, 4, 5, 6, 7, 8} for M1
and reaction i € {2, 3, 4, 5, 6} for M2 were identified by minimiz-
ing the RMSE at potentials E > 1.3 V. With this procedure a set of
parameters was obtained, which is able describe the experimental
data at dEey/dt = 200 mV s~! with sufficient low RMSE.

3. Results & discussion

In the following, we will firstly discuss the experimentally
recorded CV curves and highlight the characteristic features. Then,
the results of the parametrisation processes will be given and
explained. Simulation results and the quantification of microki-
netic insights such as reaction rates and coverage of intermediate
species are described and discussed. At the end of this chapter, we
deduce thermodynamic parameters from the simulations and com-
pare them with literature.

3.1. Experimental results

Cyclic voltammograms on hydrous Ir films were recorded in the
potential range between E = 0.35 V and 1.6 V vs RHE in 0.1 M
H,S04. The results for each 3™ cycle are given in Fig. 3. They ex-
hibit four features in current (Ag, Aq, A, and OER) that arise from
different electrocatalytic processes: (i) the first anodic peak Aq at
E= 0.6 V is related to the oxidation of the underlaying metallic
bulk Ir [63]. (ii) Hydrous film oxidation from Ir(Ill) to Ir(IV) via
a proton coupled electron transfer step results in the broadened
peak A; with an anodic maximum at approximately E = 0.95 V
[16,64]. (iii) A further proton coupled electron transfer (PCET), re-
sulting in a change of oxidation state from Ir(IV) to Ir(V) [16,23],
takes place at E = 14 V and is seen in the feature A, prior to
(iv) the OER, which is identified with the exponential increase in
current at E = 1.5 V. Sufficient peak separation and the correla-
tion with a change in oxidation state by one of each of the fea-
tures A; and A, are observed. This allows for the conclusion that
the present features are not linked to different oriented surfaces.
The results are, therefore,in agreement with the widely accepted
assumption of a porous and amorphous structured material [8,65].
As can be seen, the different scan rates do not cause a qualitative
change in the spectrum; all peaks are still visible in the same po-
tential area. The most pronounced peaks are obtained at 200 mV
s~1. Analysis of electrochemical impedance spectra at open circuit

6 |—200 mV/s
- -100 mV/s OER
--------- 50 mV/s

4---20 mV/s A 1

current density j / mAcm™2
N

0.4 0.6 0.8 1 1.2 1.4 1.6
potential E vs RHE / V
Fig. 3. Experimentally recorded cyclic voltammogram of hydrous Ir in 0.1 M H,SO4

for various scan rates. The third cycle is displayed, respectively. Characteristic fea-
tures Ag, Ay, A, and OER are marked.
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potential and high frequency of f = 10° Hz reveals an electrolyte
resistance of R = 19 Q. There is no impact or limitation due to
diffusion in the electrolyte, since rotation of the electrode shows
no significant change in current density over the full CV potential
range.

3.2. Model parameter results

As explained above, several model parameter are gained from
experiments via model based identification with an input potential
rate of dE/dt = 200 mV s~!. CV simulations using the identified pa-
rameter set for M1 and the parameter set for M2 and are in good
agreement with the experimental data, as they reproduce the main
features observed in the experiment shown in Fig. 4 a) and b). We
will firstly discuss the simulation with a scan rate of 200 mV s,
The RMSE values of the first adsorption process A; (0.75 < E < 1.1
V) equals 0.14 mA cm~2 for M1 and 0.13 mA cm~2 for M2 and dis-
plays the high accuracy. At the second adsorption peak A, and OER
(1.3 V < E) the respective values for both mechanisms 0.31 (M1)
and 0.41 (M2) mA cm~2 are slightly higher. Major discrepancies are
visible at E < 0.7 Vand 11 <E < 1.3 V leading to RMSE values of
0.27 (M1) and 0.37 mA cm~2 (M2) for the full CV. The features in
the low potential region around and below Ay are known to cor-
relate with the reduction of the bulk metallic Ir [63]. This process
is not considered in the model, leading thus to the discrepancy at
E < 0.7 V. The second potential region (1.1< E < 1.3 V) might cover
either a non-faradaic influence or an additional adsorption process,
the model fails to reproduce this feature and, to the best of our
knowledge, neither does any experimental report have an explana-
tion for the behavior observed in this region. Regardless, the dis-
crepancy is comparably small. Both models are also similarly able
to reproduce the experimental CV features when changing the scan
rate shown Fig. 4 c) and d). Overall we conclude that both mech-
anisms can reproduce the dynamic experimental electrochemical
data very well at different potential rates. Thus a discrimination
needs additional analysis, as discussed in Section 3.3.

In the following, we discuss the identified parameters for mech-
anism M1 and M2 listed in Table 1. The obtained density of ac-
cessible and active sites is roughly 2 orders of magnitude higher
compared to the value reported in literature for a (110) oriented
surface of Ir0y pio,(110) = 8.3:10°% mol m~2 [66]. The value is
plausible as hydrous Ir is forming multiple electrochemically ac-
tive layers during the cyclic treatment [17] prior to the measure-
ment. Although the three-dimensional film is continuously grow-
ing with each cycle and with this the number of active sites, the
changes during one cycle are rather small. With respect to a pre-
ceding study [67] the thickness of the experimentally produced
film is estimated to be 3.7 nm after 100 cycles. This results in a
volumetric density of active sites in the film of 0.13 mol cm~3. Fur-
ther it is found, that the adsorption parameter g does influence the
van der Waals adsorption terms quite significantly. In some reac-
tions r; (M1: i e {2, 3}; M2: i€ {1, 2, 3}), high g values lead to flat-
tened, but broader faradaic current peaks A; and A, in the poten-
tial region prior to the OER onset. As shown in Appendix A, neither
Langmuir nor Volmer adsorption allow for a broad peak. Thus, the
assumption of a van der Waals isotherm seems to be justified in-
cluding the underlying assumption of areal spacing of surface sites
and the interaction of adsorbed species.

Kinetic rate constants k of the electrochemical deprotonation
steps follow a clear tendency: forward reaction rate constants are
lower by more than 20 times the order of magnitude compared
to their backward counterparts. This is plausible due to the fact,
that potential is given versus reversible hydrogen reference elec-
trode and not to the equilibrium potential of each process. As the
reaction rate of chemical reaction are rather independent of the
electrochemical potential, consequently, the respective rate con-
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Fig. 4. Simulated CV curves resulting from the parameter identification process at potential rate of 200 mV s~! of a) mechanism M1 and b) mechanism M2 in comparison to
the third cycle of the experimental results. Using the identified parameters at 200 mV s~', simulation of CV curves at different potential rate dE/dt = [200, 100, 50, 20, 10]
mV s~! of ¢) mechanism M1 and d) mechanism M2 are conducted (line) and plotted with the respective experimental data (dashed line).

Table 1

Parameter values identified from cyclovoltammogram for mechanisms M1 and M2.

Mechanism M1

Mechanism M2

index k; k_; gj k; k_; gj
mol m~2 s! - mol m—2 mol m~2 s! - mol m—2
1 1.0.10~ 6.3.10-28 0.9 46104 94.10-12 1.1-10° 3.9 5.0.104
2 1.0.10°1 7.1-10° 3.6 1.9.10* 1.3-10% 4.0
3 1.3.10" 1.5.10%2 3.6 14.10°1B 2.7-10" 6.5
4 1.0.-10-1 1.9-108 0.3 2.0.10°16 3.7.101 1.2
5 7.8.10-1 8.8.101 0.1 1.0-10° 0.0
6 1.6.10-12 1.8.10" 0.3 2.4.10°6 0.0
7 7.8-10712 0.0
8 4.4 0.0

stants deviate from this trend. The impact of the parameter on the
microkinetics and detailed discussion about the reaction rates the
coverages and the thermodynamics of the system is given in the
following for both mechanisms M1 and M2 separately.

3.3. Microkinetic insights of mechanism M1

Fig. 5 a) shows the surface coverages and b) the reaction rates
calculated for mechanism M1. The first and second PCET steps, i.e.
the oxidation resulting to adsorbed species *OH and *O dominate
the pre OER potential region. Both can be assigned to define the re-
spective current peaks A; and A, reaching effective reaction rates
rj=ry—r_j of r =019 and r3 = 0.24 mmol m~2 s~!. In this re-
gion all other reactions are slow with effective rates below 0.05
mmol m~2 s~!. At potentials E > 1.5 V, O, is predominantly form-

ing via the single site pathway (*OO By 0,). The effective oxy-
gen production rate reaches its maximum of rg = 0.36 mmol m—2

s~1 at the highest simulated potential. Production rate via the dual

site reaction pathway 2*O 1oy 0, in which two oxygen atoms
from neighboring sites form one oxygen molecule as assumed in
reaction step 7 is calculated to r; < 0.29-10-6 mmol m~2 s~! and
thus multiple orders of magnitude slower. Whereas during lower
potentials prior to the OER, rates of reactions occur individually,
the increase to potentials in the OER region comes with an in-
crease of multiple reaction rates. This is clearly visible in the in-
set of Fig. 5 b). Except for the dual site step, all other reactions
in the cycle converge to the same curve, which allows a continu-
ous oxygen evolution under participation of all oxidation states. In

the potential range from 0.4 V < E < 1.2 V, reaction *H,0 ré *OH +
H* + e~ is predominant, which results in a high amount of present
*OH = Ir(IV) of 25.1 %. At higher potentials above 1.2 V, the second

-
deprotonation reaction rate *OH 2*0 +H* + e increases signifi-
cantly and produces considerable amount of adsorbed *O. This is
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Fig. 5. Simulation results of mechanism M1. a) Coverage of intermediate sur-
face species with dynamically upwards (bold lines) and downwards (dotted lines)
sweeping potential on the left axis. The mean iridium oxidation state value is in-
dicated by the bold black line with respect to the right axis. b) Effective reaction
rates during the forward scan of a CV.

additionally supported by the fact, that chemical H,O adsorption

via step *O + H,0 ;4 *OH,0 is balanced heavily towards the side
of the educt. The resulting availability of *O gives rise to r; and
the OER. The minor extent of the oxygen production via this path-
way might be explained by high activation barriers as there are
two sites involved. At potentials above 1.45 V the rate of this dual
site pathway rapidly decreases because the competing pathway in-
cluding the steps r4, 15, 15 and rg become favourable. The inset of
Fig. 5 b) shows all four reaction rates converging and ascending ex-
ponentially. The increase in potential accelerates especially the ef-

.
fective rates of both deprotonation steps *OH,0 = *00H + H* + e~

and *OOH ;6 *00 + H* + e~. In consequence the chemical adsorp-
tion rate r4 follows to compensate for the depletion of *OH,0 and
oxygen is chemically evolving with a rate rg directly linked to the
amount of produced *0O0.

Regardless of the increase in reactions r4, 15, 15 and rg, *O =
Ir(V) remains the mayor available intermediate species and covers
63.4% of the surface sites. This is explained only by a limitation of
the overall cyclic process by the chemical H,O adsorption r4. H,O
adsorption, therefore, is a crucial step. This becomes additionally
visible in the slight increase in the amount of free surface sites *
at potentials above 1.5 V up to a total amount of 7.0 % at 1.55 V.
In Fig. 5 a) slow H,0 adsorption r; forces the first deprotonation
reaction rate r, to undercut the single site OER rate rg. As r; tends
to converge rg from below and the reduced intermediate species
* = [r(Ill) is produced, this H,O step is limiting at high potentials.

Overall, for mechanism M1 one can conclude, that the defini-
tion of the rate determining step becomes challenging in the dy-
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namic context. An accumulation of three species Ir(Ill), Ir(IV) and
Ir(V) is occurring at high potentials > 1.5V relevant for electroly-
sis. This is a clear sign, that the subsequent reactions ry, r4 and
rs, which use these species as reactants are slow and define the
overall turnover.

3.4. Microkinetic insights of mechanism M2

For mechanism M2, suface coverages and reaction rates are
shown in Fig. 6 a) and b) respectively. In analogon to mechanism
M1, there are distinctive regions in the pre OER potential region
in which one or two reactions are dominant. At potentials be-

low 1.2 V, deprotonation via reaction *H AN +H* + e~ describes
the feature Al, and the slow H,O adsorption leads to an accu-
mulation of * = IrO, = Ir(IV) species. Above 1.2 V, H,0O adsorption
*+Hy0 r:Z *H,0 and the deprotonation *H,0 ré *OH + H' + e~ in-
crease significantly and are the major observed reactions. Hence,
the amount of present *OH = Ir(V) rises with higher potentials
and enables oxygen to evolve chemically via the dual site pathway

2*0H 2 2*H + 0,. The oxygen evolution via this pathway reaches
its highest rate of r5 < 0.25 mmol m~2 s~! at the highest simu-
lated potential. The second OER pathway 2*0 18 g« + 0, becomes
dominant at potentials above 1.52 V, since potential driven depro-

tonation *OH - *0 +HT + e~ provides sufficient amount of *O =
Ir(VI). Both rates r4 and rg converge at highest potential at a value
of 0.43 mmol m—2 s~! and are comparably faster then rs. At OER
potentials each of the processes of H,O adsorption r, and deproto-



J. Geppert, E Kubannek, P. Rose, U. Krewer

nation r3 equal the total oxygen evolution rate, i.e. the sum of both
oxygen evolving steps, r5 and rg. Since species * = Ir(IV) accumu-
lates and covers 45.0% of the surface sites, even at high potentials,
the H,0 adsorption step is mainly limiting both OER pathways. Ad-
ditionally, both oxygen evolution pathways are determined by the
chemical desorption of oxygen rs and rg, since they converge from
below and both of the reactants Ir(V) and Ir(VI) are present with
quite high amount of 35.5% and 9.8% respectively.

In conclusion, the oxygen evolution in mechanism M2 is, as
well as in mechanism M1, limited due to H,O adsorption and due
to dual site desorption of oxygen. An accumulation of three species
Ir(IV), Ir(V) and Ir(VI) is occurring and the respective subsequent
reactions r, r3 and rg define the overall turnover.

3.5. Surface coverage of intermediate species and oxidation states

With the change in the intermediate states over the whole po-
tential range, the mean oxidation state increases monotonously
from +3 to approximately +4.7. The ascending trend matches x-ray
spectroscopy results at the Ir L; and L; edge quite well [22,23].
At an OER potential of 1.6 V vs RHE, the surface species Ir(V) cov-
ers 63.4% and 35.5% of the surface for the mechanisms M1 and
M2 respectively, which also is found to be present experimentally
by x-ray spectroscopy measurements [23]. Ir(IV) covers 25.1% (M1)
and 45.0% (M2). Interestingly, in mechanism M1 the fraction of the
reduced species Ir(Ill) increases with high potentials, starting from
its minimum of 0.01% at 1.35 V vs RHE to a coverage of 7,0% at the
highest simulated potential. This species arises due to a limitation
of the non-electrochemically driven adsorption reaction of H,0, as
discussed above. A reported analysis of x-ray spectroscopy results
matches these findings as it suggests the presence of a species
with low oxidation state of +3.3 +0.2 [23]. In contrast, the sim-
ulation of mechanism M2 exhibits Ir(Ill) to decrease strictly mono-
tonic to a value of 2.7% at OER potentials.

Thus, one may conclude the following: both mechanisms
strongly differ in the adsorbed species and oxidation states, and
only M1 shows some more reduced species at very high poten-
tials. Further, M1 matches and also explains experimental findings
of low oxidation states at high potentials. They are attributed to
a slow water adsorption process. This suggests that the theory-
derived mechanism, M1, seems to be the more likely mechanism
and that accelerating OER requires better water adsorption at the
catalyst.

3.6. Thermodynamic analysis

The presented microkinetic models use the transition state the-
ory. This allows the calculation of thermodynamic Gibbs free reac-
tion energies AG right away from the simulation results for each
reaction i:

AG,’ = —kBT -In (llz-H) (26)
—1

In the experimental setup, the reversible hydrogen electrode serves
as reference at pH ~ 1. In consequence, all parameters are identi-
fied with respect to this special condition. To allow an appropriate
comparability with other studies, we correct the energy value with
respect to the generally accepted electrochemical standard condi-
tions. This is conducted by using the following equation (for fur-
ther details see B.1):

AG? = AG; + zeg n(ag+) (27)

The results of the PCET and H,O adsorption steps are given in
Fig. 7 for a) mechanism M1 and b) mechanism M2. Additionally,
the standard Gibbs free energy of 1.23 eV of the overall oxygen

Electrochimica Acta 380 (2021) 137902

2

2 1.5}
o 1F

O

<05

&

c O

®

o 05

o

TR

-1.5 - . . . : .
1 2 3 4 5 6
Reaction step
2 : : : :
b) 1.67

%1.5-_ ______ 1.38 ]
o 1L 095 ]
O

<05 .
> 0.29

g O

®

o 05 1
o

w1t :

-1.5

1 2 3 4
Reaction step

Fig. 7. Gibbs free energy for the electrochemical deprotonation reactions (green)
and H,0 adsorption steps (light blue) at the hydrous Ir surface under standard con-
ditions for mechanism M1 a) and mechanism M2 b).

formation is represented by the dotted line. In M1 the overall cat-
alytic process is limited mainly by the highest energy value, which
is AG(S) = 1.60 eV. Step 6 is following without further thermody-
namic limitation, since AGg < AGg. Values gained for the electro-
chemical steps in mechanism M1 are qualitatively in good agree-
ment with DFT based calculations for rutile (110) IrO, surface [52].
This suggests the hydrous iridium mechanism M1 to be related
with IrO, DFT results not only from a mechanistic point of view
but as well backed in the thermodynamic analysis. In M2, most
unfavourable and, hence, limiting step is AG? = 1.67 eV. No com-
parable values are found in literature for M2.

Specific H,O adsorption energies are calculated to AG? =
—135.4 k] mol~! at Ir(lll) and AGY = 114.5 kJ mol~! at Ir(V) for
mechanism M1 and AG) = 31.4 k] mol~! at Ir(IV) for mechanism
M2. In comparison, calculation for (110) and (011) surfaces of ru-
tile IrO, by ab initio molecular dynamics [68] obtain energy values
of AE(110) = —211.5 k] mol~! and AE gy = —145.9 k] mol~! for
dissociative H,0 adsorption. This shows for AG? of M1 good agree-
ment with ab initio results.

Only taking the thermodynamics into account reveals a simpli-
fied description: the energy values are directly correlated to the
potentials, above which the oxidation product of the respective
reaction is energetically favorable. Thermodynamic energies are
widely gained ab initio with DFT [29,52] and used to calculate CV
curves with the generalised computational electrode method [69].
But since the OER is a highly dynamic reaction cycle, an analysis
purely based on energy values might be oversimplified. The energy
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diagram of mechanism M1 claims the formation of Ir(VI) via reac-
tion r5 to be energetically favorable at potentials higher than 1.60 V
and with this the overall OER. In contrast the results of the kinetic
study suggests Ir(V), Ir(IV) and Ir(Ill) to be present in descending
order and give evidence that oxygen is already produced. Such de-
tails need to be taken into account while analysing complex cat-
alytic systems. Still, the energy diagrams provide an outstanding
way to compare DFT based calculations with kinetic modeling.

Overall one can conclude that energy values provide an elegant
way to validate microkinetic models or compare the results with
other methods, such as molecular dynamics or DFT based calcu-
lations. A study approach purely based on thermodynamics sim-
plyfies the occurance of multiple surface species and misses out
important insights regarding the kinetics.

4. Conclusion

Within this study, we present a systematic model-assisted ap-
proach to evaluate mechanistic reaction pathways and underlying
blocking species and limiting reactions and to quantify essential
microkinetic parameters based on CVs. For the first time, elec-
trocatalytic surface adsorption and deprotonation steps prior and
during the OER on hydrous Ir are analyzed based on microkinetic
modelling. Two reaction mechanisms were compared: while mech-
anism M1 is inspired by DFT studies and mechanism M2 is pro-
posed based on experimental insights, both are able to describe ex-
perimental CV data properly. But findings of reduced Ir(Ill) species
at typical OER potentials and low water adsorption energy indicate
clearly that only the DFT-inspired mechanism M1 is able to de-
scribe the catalytic system to the full extent. Simulations based on
this mechanism give potential-dependent reaction rates for indi-
vidual electrocatalytic steps. Oxygen is predominantly forming via

a single site pathway *00 s + O,. Dual site evolution although
occurring at a less oxidised Ir state is negligible. Stepwise depro-
tonation by consecutive PCET processes reveals an increasing mean
oxidation state ranging from +III at 0.45 V up to approximately +4.7
at 1.55 V. This goes along with the formation of higher oxidized in-
termediate states, which results in a surface covered by roughly 7%
Ir(11I), 25% Ir(IV) and 63% Ir(V) species at 1.55 V. During the OER,
non-electrochemically driven and therefore comparably slow H,0
adsorption was found to be a crucial step in the electrocatalytic cy-
cle. This explains experimental findings of reduced Ir(Ill) species at
high potentials and further, water adsorption is also identified as a
slow step at lower potentials. Furthermore, the Gibbs free energies
and the H,0 adsorption energy were found to be equivalent to val-
ues calculated by DFT and ab initio molecular dynamic simulations.
By considering these findings, mechanism M1 and the presented
kinetics are able to describe all major aspects of the OER. The re-
sults suggest, that the search for catalysts and process conditions
which favors or supports the adsorption of water at the surface
might be a promising subject for further investigations to increase
the activity of the oxygen evolution reduction.
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Appendix A. Adsorption processes

In this section we give a brief description about the adsorption
function we take into account in our model. There are several com-
mon adsorption isotherms, so the first step is to evaluate which
one is describing the present electrocatalytic system best. There-
fore three isotherms are selected from literature, which are based
on work of Langmuir (L) [70], Temkin/Frumkin (F) [71] and van der
Waals (W) [56,57]. The theory and derivation is given in literature
in detail [58]. While Langmuir adsorption is restricted to the total
number of adsorption sites, Frumkin adsorption takes into account
interaction of adsorbed species, and van der Waals, additionally,
the area occupied by each species. We show the notation of the
respective isotherms given elsewhere [72]:

Kia= (A1)
r 2T

Kr-a= T exp <_kBT) (A.2)
r 2bT r

Ky -a= ﬁexp <_kBT+Foo—F> (A.3)

In these equations I' is the surface concentration of the adsorbed
species, a is the activity and K is the adsorption equilibrium con-
stant and b the parameter accounting for the interaction between
adsorbed species. We further simplify the term with g(T) = fé—l’r,
as typically done for Frumkin or Temkin isotherms. The conversion
of the equation into a form, which takes forward and backwards
sorption into account, is done following the work of Laviron [59],
who conducted this explicitly for Frumkin adsorption. The imple-
mentation into the kinetic equations used in the model (Eq. 15-18)
was deduced from work of Vidakovi¢ [60]. This gives the adsorp-
tion functions of a forward f, and backward f_ reaction for each
respective adsorption process with the surface coverages 6 and the
symmetry factor 8:

fre=1 (A4)
fo=1 (A5)
fr =exp (B[g;0;" — ;6] (A8)
fro=exp (-1 - B)[gib)" — ;6] (A7)
Vij V_jj ]‘vx.j 9]")711.
fW,+ = exp /3 gjgjj _gjgj iy QY—U — 91.)1'1' (AS)
J J
v gl
fW’, —exp —(1 _ ﬁ) gje}ﬂu _gjg;hij + J J (A.9)

EETET
Qi 9]


https://doi.org/10.13039/501100001659

J. Geppert, F. Kubannek, P. Rose, U. Krewer

Table A.2
Parameter values identified with the assumption of different adsorption types.
Adsorption type k. k_ 8red  Sox RMSE
mol m2 s~! - mol m™?  mA cm~?
Langmuir 1.0-10° 4.0.10° - - 1.6.10* 6.2
Frumkin 52.107°  20.10° 47 48 34.10% 20
van der Waals 16-107° 77.108 33 35 50-10*% 09
3 T T N T
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Fig. A.8. Simulation of Langmuir, Frumkin/Temkin and van der Waals adsorption
currents of an one electron proton transfer reaction in comparison to experimental
data. Kinetic parameters (ki, k_, Zgeq, Sox and p in Eq. 15 - 22) are identified in
order to gain lowest RMSE values (Eq. 25) for each of the simulations separately.

To evaluate, which of the adsorption terms describe our elec-
trocatalytic system best, we assume a single electron PCET step of

a reduced to an oxidised adsorbed species (Red < ox + e~ ). The
reaction is implemented and simulated as described in Section 2.3.
The parameters given in Table A.2 are optimized onto the feature
A; (06 V < E < 11 V) of the experimental data shown in Fig. 3.
The simulation results of modeling several adsorption isotherms
in comparison with experimental data in the range 04 V < E <
1.4 V are shown in Fig. A.8. Quantification of best optimization re-
sults gain RMSE values of 6.2, 2.0 and 0.9 mA cm~2 for Langmuir,
Frumkin/Temkin and van der Waals adsorption respectively. Lang-
muir fails to describe the experimentally observed broad adsorp-
tion peak, as it assumes a surface coverage independent adsorp-
tion energy, and thus leads to a narrow peak. This is in agreement
with studies reporting, that the broad adsorption peak in the cy-
clovoltammetric data can not be explained by Langmuir adsorption
[7,50]. Temkin shows a broader peak as adsorption energy depends
already on coverage but it is not in line with the experimental data
at potentials E < 0.8 V and E > 1.1 V. In best agreement is the ki-
netic simulation using van der Waals adsorption as it fits the data
over a wide potential range with low RMSE value. With these re-
sults we conclude van der Waals, also known as Hill-de Boer, ad-
sorption to be present at the electrode electrolyte interface. This
is plausible as its theoretical derivation is based on two mayor as-
sumptions [58], which both are in agreement with our electrode
system: the defined areal spacing and the interaction of adsorbed
species. Hence, we use van der Waals adsorption f = fiy in the
model Eq. 20.

Appendix B. Set of reaction kinetic equations and species
balances

The set of model equations used to calculate reaction rates and
coverage of species j € {*, H,0, OH, O, OH,0, OOH, 00} of mech-
anism M1 as well as the change in coverage are given in the

10
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following.
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The set of model equations used to calculate reaction rates and
coverage of species je {H, *, H,O, OH, O} of mechanism M2 as
well as the change in coverage are given as follows.
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oo _ 1

dt = ;(r+4 —T_4—Ty5)

B1. Consistency with nernst potential

In this section we demonstrate that the microkinetic formu-
lations in Eqs. 15 - 18 are consistant with the basics of electro-
chemical theory. This is done by assuming equilibrium of the elec-
trochemical forward (Eq. 16) and backward (Eq. 18) reaction rates
g i =g _; and compare the outcome to the Nernst potential.

() BT

E jes
SRR
jes
The kinetic equilibrium constant K; = k_;/k_; is related to the Gibbs
free energy of reaction K; = exp [—AG;/(kgT)].

(B.1)

Voij  gVoij
_AG BT o (1T a,v@# (82)
ze  ZF jes | @07 s

As stated in the main paper, potential E is given versus the
reversible hydrogen electrode RHE. Conversion to standard con-
ditions with respect to the standard hydrogen electrode (SHE)
is done by taking changes with pH into account Egyp + E%0 =
E +E% 4 RT/F -In(ay,) with the standard reference potential
E® —ovV.

E R ‘In(ans) + — = AG | RTy, I1 40" 1
SHE = — H+ el PRITER rra—
zF ies ajl.Qj J.f+
(B.3)
AGY RT a0 f
Espp = — + —= 44— (B.4)
ze T ZF H PRI

In the last step the Gibbs free energy of the reaction is also cor-
rected with respect to the pH value to gain the standard Gibbs free
energy AGEJ = AG; + zeRT/F - In(ay+ ). The resulting Eq. B.4 can di-
rectly identified with the Nernst equation, by excluding the func-
tion of the adsorption f, which is not taken into account in the
Nernst theory. This calculation shows the consistency of the model
equation with standard conditions and the fundamental Nernst
equation.
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