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A microkinetic model is constructed for the electrocatalytic alkaline
hydrogen oxidation reaction based on grand canonical density
functional theory calculations and linear relationships with the
adsorption energies of hydrogen and hydroxide as descriptors.
Using this model, activity trend suitable for efficient catalyst
screening has been identified.

The continuous combustion of fossil fuels has led to significant
detrimental impacts on the environment, encompassing the
release of greenhouse gases and the exacerbation of air
pollution. Consequently, there has been a pressing need for
humanity to actively seek cleaner and more efficient methods
for energy conversion.! In this context, hydrogen fuel cell
technology has emerged as a highly promising solution for the
generation of clean and renewable energy.2-* Within this field,
alkaline polymer electrolyte fuel cells have gained considerable
prominence owing to their capacity for economically viable
operation in mild alkaline conditions, thereby propelling the
advancement of clean energy production.>7

Notwithstanding the considerable potential of hydrogen fuel
cell technology, it continues to confront a range of obstacles in
its advancement. Of particular significance is the hydrogen
oxidation reaction (HOR), which serves as the pivotal anodic
reaction, exerting a substantial influence on the effectiveness
and sustainability of energy conversion. However, when
operating under alkaline conditions, the kinetics of HOR
become considerably constrained at the anode interface.® & °
Consequently, acquiring a more profound comprehension of
the kinetic characteristics of alkaline HOR and establishing
appropriate catalyst design criteria assume utmost importance
in advancing the practical applications of this technology.

At present, there exist several perspectives regarding the pH-
dependent nature of HOR,10-14 but achieving a consensus
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remains challenging. Early studies suggested a correlation
between the activity and hydrogen binding energy (HBE) over
the catalysts under acidic conditions.1>18 Certain researchers
have put forth a volcano-shaped relationship between
exchange current density and HBE,'® 20 positing HBE as the
exclusive descriptor for catalytic activity in both the hydrogen
evolution reaction (HER) and HOR under acidic conditions.
Recent studies increasingly suggested that catalyst surfaces
may not only host hydrogen adsorption but also hydroxyl
adsorption.1?. 2123 For instance, Koper and co-workers?2
elucidated the presence of adsorbed hydroxide ions (OH) within
the conventional hydrogen underpotential deposition (Hypp)
desorption potential range by quantifying the charge transfer
per Pt atom on Pt(110) and assessing the onset potential for CO
detachment from Pt(776). Consequently, hydroxyl binding
energy (OHBE) is also considered as a descriptor for describing
the kinetics of alkaline HER/HOR.

In light of the above, we employed the grand canonical density
functional theory (GC-DFT) ensemble to simulate the reactions
under constant potentials and established a microkinetic model
that could be used for calculating reaction rates of HOR. By
employing this approach, a three-dimensional activity map can
be constructed, correlating catalytic activity with descriptors,
i.e., HBE and OHBE.

The reaction processes considered in the current work are
presented in Fig. 1a. In the initial stage, known as the Tafel step,
molecular hydrogen undergoes dissociation over the metal
electrodes, leading to the formation of adsorbed hydrogen
atoms (H*). We considered the subsequent Volmer step
involves two distinct reaction pathways. The first pathway is
referred to as the Direct Volmer step, where H* reacts directly
with hydroxyl ion in the solution (OH-). The second pathway is
the Indirect Volmer step, in which OH- firstly adsorbs onto the
surface forming the adsorbed OH* species, then the H* and
OH* species on the surface combine to produce water
molecules. This delineates the reaction process into two distinct
pathways: Tafel-Direct Volmer and Tafel-Indirect Volmer. These
steps are summarized as follows:
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i. Tafel: H, dissociation
0.5H, +*— H”
ii. Direct Volmer: H* and OH- to form water directly
H*+ OH™ - H,0+e™ +*
iii. Indirect Volmer: H* and OH* to form water
H*+ OH" - H,0+ 2 *
A schematic free energy diagram depicting the above three
steps is illustrated in Fig. 1b. The activation free energy and
reaction free energy of the Tafel step are represented as AG{{S
and AGy-, respectively. Then the activation free energy of the
Direct Volmer process is denoted as AGys. The adsorption free
energy of OH- in the Indirect Volmer process is expressed as
AGoy-- The activation free energy of the subsequent formation
of H,0 in the Indirect Volmer process is approximated as —
(AGy~ + AGoy-), as suggested in the literature.?*

(b) AGrs

HyO+ 2% +e~

(AGy- + AGoy-)
H* +*+0H™
H 1 OH +e

Fig. 1. (a) The reaction processes considered in the current work; (b) A schematic
free energy diagram depicting the reaction steps. AGy+ and AGoy- represent the
adsorption energy of H and OH-, respectively. AG%"S and AGrs represent the
activation energy of H, dissociation and the Direct Volmer step. Blue, red, and white
balls indicate Pt, O, and H, respectively.

It should be noted that the Direct Volmer step involves electron
transfer, indicating that its activation energy is associated with
the electrode potential. Therefore, calculation of the activation
energy for the Volmer process at acceptable computational
efficiencies pose significant challenges. To address this issue,
the GC-DFT method was employed through dynamically
adjusting the electron numbers of the reacting system, allowing
for the maintenance of a constant electrochemical potential
throughout the simulations.

Fig. 2 illustrates the variation in system energy and the relative
charge during the simulation of the Direct Volmer step on
Pt(111) as an example, under the condition of a constant
electrode potential of 0 V relative to the Reversible Hydrogen
Electrode (RHE). The initial state of the reaction involves H* and
OH- in the solution, with an approximate H-O distance of 3 A,
while the final state depicts the formation of water molecules,
with the H-O distance reduced to approximately 1 A.

As presented in Fig. 2, it is evident that the energy of system
experiences an initial increase followed by a decrease while
shortening the H-O distance, where H represents the adsorbed
hydrogen atom, and O represents the oxygen atom in OH-,
giving rise to an energy barrier of 0.77 eV for the Direct Volmer
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Fig. 2. Variation in system energy and the relative charge during the simulation of
the Direct Volmer step on Pt(111) under the condition of a constant electrode
potential of 0 V vs RHE at different H-O distances.

step over Pt(111). Throughout this process, the system is
charged during simulations to maintain the electrode potential.
The variation in the charge number of this system is also
presented in Fig. 2. A notable observation in this figure is the
continuous decrease in the charge number throughout the
entire reaction process. This suggests that, as the reaction
progresses, the electrode potential can remain constant
without the addition of the same quantity of electrons as in the
initial state, indicating the migration of electrons from OH- to
the surface. This change in the charge number is essential to
maintain a constant electrode potential until the reaction is
complete. It is also noteworthy that at the transition state of
this step (at a H-O distance of approximately 1.77 A), the change
in charge number is around 0.15 |e| compared to the initial
state, constituting 0.4 of the change in the charge number for
the entire process from the initial state to the final state. This
observation reveals dynamic changes in electron transfer during
the Direct Volmer step, providing substantial insights into
understanding the reaction mechanism.

Given that H; dissociation is a non-electrochemical step, DFT
calculations were employed to calculate AG and AGy- .
Furthermore, our findings revealed a linear relationship
between AGY and AGy+ on different metals, as depicted in Fig.
3(a). This suggests the potential to express the barriers for H;
dissociation as a function of HBE, enabling the fast prediction of
H, dissociation barriers over diverse metal surfaces.

Using the GC-DFT method, we calculated the activation energies
for the Direct Volmer step (AGts) over Cu(111), Ag(111), Au(111)
Pt(111), Ir(111), Pd(111) and Rh(111) at O V and 0.2 V vs. RHE.
We employed the equationH,0 +%— OH* 4+ 0.5H, to calculate
OH adsorption energy (AGgoy+), which is independent of the
electrode potential. Furthermore, we established a relationship
between AGgy+ and AGgy- as introduced in the Electronic
Supplementary Information (ESI). Fig. 3(b, c) also revealed linear
relationships between the activation free energies and H
adsorption energies as well as OH adsorption energies at these
two electrode potentials of interest. This outcome holds great
promise, as it eliminates the need to calculate the activation
energies for the Direct Volmer step on each catalyst surface at
every electrode potential. Instead, by establishing a linear
relationship, predictions for the activation energies can be
made, significantly improving the computational efficiency.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. linear relationships between the activation energy of the primary reaction steps and descriptors. (a) The linear relationship between H, dissociation barrier and
H adsorption energy. (b, c) The relationship between the activation energy of the Direct Vomer step and the calculated adsorption energy of H and OH in (b) OV vs.
RHE and (c) 0.2V vs. RHE, the linear fit formula is expressed as the axis label, respectively.

When each of the three different elementary steps is to discernible catalyst screening effects. This approach offers
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considered as the rate-determining step (RDS), it leads to the
derivation of three distinct rate equations, assuming that the
other reactions in the process are quasi-equilibrated.
Subsequently, the true reaction rate can be estimated with
min(ri, max(ri, rii)), considering that the second and third steps
are competing in the system. Similar methods have been
introduced in our recent studies.?>-28 For further details, please
refer to the ESI file.

Based on the reaction rate expressions, we have successfully
established a functional relationship between the reaction rate
of HOR and the adsorption energies of H and OH. As shown in
Fig. 4(a), the logarithmic values of the reaction rate at OV vs.
RHE exhibit a prominent volcano-shaped relationship with H
adsorption energy and OH adsorption energy.

In  the three-dimensional activity map, the activity
characteristics of all pure metals, with the exception of Pd,
correspond to experimental measurements, such as Pt > Ir > Cu
and Au > Ag.?® However, it is important to note that
experimental reports have indicated that metal Pd has the
ability to store lattice hydrogen.30-33 Researchers believe that its
reaction mechanism is not simply based on surface hydrogen
and hydroxyl species, but involves H migration into the Pd
lattice, followed by detachment from the lattice to react on the
surface.3® This may explain why, in the experimental
observations, the surface activity of Pd is inferior to that of Pt,
but in the graph, Pd exhibits the best activity performance.
Moreover, as depicted in Fig. 4, the positioning of the catalysts
in the three-dimensional volcano activity plot yields valuable
insights into the RDS for different catalysts. The relationship
between the reaction rate and H adsorption energy, along with
its reliance on OH adsorption energy, naturally delineates
distinct regions, each corresponding to a different RDS. Notably,
our analysis of the location of Pt suggests that the Direct Volmer
step governs the RDS in HOR, which is consistent with previous
research results.1®

In order to validate the applicability of the three-dimensional
volcano plot for screening other catalysts, we conducted
calculations on the H and OH adsorption energies of 15 alloy
catalysts. Our analysis distinctly reveals that by adjusting the
types and proportions of catalysts, and subsequently fine-
tuning the H adsorption energy and OH adsorption energy, the
catalytic performance can be progressively enhanced, leading

This journal is © The Royal Society of Chemistry 20xx

robust support for achieving superior catalytic performance
through the careful selection of catalyst types and proportions.
Fig. 4 potentially illustrates the trends in catalytic performance
variation among different alloy catalysts.

The computational results for the MoNis and WNis catalysts
may not be optimal, as they fail to reach the high-activity region
despite demonstrating excellent catalytic performance in
experiments. However, upon closer examination of the results
for MoNi; and WNijg, it was observed that the Mo and W sites
on these catalysts exhibit significantly strong OH adsorption

Ig(r / site” s7)

(a)s

-0.5 0.0 0.5
AG | eV

DirectVolmer
RDS

-0.5 0.0 0.5
AG | eV

Fig. 4. Rate maps of HOR at (a) 0 V and (b) 0.2 V vs. RHE, constructed using H and OH
adsorption energies as descriptors. Hollow pentagrams represent the seven pure
metals, while green triangular markers denote additional computed alloy catalysts.
Purple dashed lines delineate the rate maps into two distinct regions corresponding
to different rate-determining steps.

energies. In essence, during reactions with clean Mo/WNi4
catalysts, OH strongly adsorbs to the Mo/W sites, leading to an

J. Name., 2013, 00, 1-3 | 3
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excessively high overall OH adsorption energy, making the
desorption difficult and positioning them below the three-
dimensional volcano activity plot. Nonetheless, when occupying
a single Mo/W site, the OH adsorption energy weakens,
resulting in an overall upward shift. Furthermore, when both
two Mo/W sites on the surface are occupied by OH, causing the
reaction to occur only at other Ni sites and they demonstrate an
appropriate OH adsorption energy, thus approaching the high-
activity region more closely (Fig. S3). Similarly, the PtRu is also
the case.

When considering the impact of electrode potential on the
active region, Fig. 4 (b) illustrates the volcano plot at 0.2 V vs.
RHE. Notably, under the 0.2 V vs. RHE condition, the reaction
rate is significantly higher than that under the OV vs. RHE
condition, as observed by enlarging the red region in the graph.
Despite certain variations in the active region under these two
electrode potential conditions, the positions of the activity
trends for both pure metal and alloy catalysts consistently align
with experimental observations. This suggests that the
transition from OV to 0.2 V (vs. RHE) in electrode potential does
not result in a significant change in the RDS, validating the
notion that an increase in potential leads to an elevation in
reaction rates. This outcome underscores the influence of
electrode potential modulation on catalytic activity, providing
crucial experimental support for theoretical investigations.

In summary, through microkinetic simulations of HOR pathway
under alkaline conditions, we initially established two
fundamental descriptors, the adsorption energy of H and OH.
Subsequently, by establishing linear relationships between the
activation energy of the primary reaction steps and these
descriptors, we predicted the activation energy barriers. The
construction of a three-dimensional volcano plot using
microkinetic rate equations vividly illustrates the activity trends
of pure metals and alloy catalysts. This enables the efficient
screening of highly active catalysts for alkaline hydrogen
oxidation, not only enhancing computational efficiency but also
conserving computational resources.
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