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ABSTRACT: To date, the understanding of reactions at solid—liquid interfaces has proven
challenging, mainly because of the inaccessible nature of such systems to current
experimental techniques with atomic resolution. This has meant that many important
features, including free energy barriers and the atomistic structure of intermediates, remain
unknown. To tackle these issues, we construct and utilize a high-dimensional neural network
(HDNN) potential for the simulation of hydrogen evolution at the HCl(aq)/Pt(111)
interface, taking into consideration the influence of adsorbate—adsorbate, adsorbate—solvent
interactions, and ion solvation explicitly. Long time scale MD simulations reveal coadsorbed

H.4/H,0,4 on the surface. The free energy profiles for the Tafel and Heyrovsky type

hydrogen coupling are extracted using umbrella sampling. It is found that the preferential

mechanism can change depending on the surface coverage, highlighting the dual mechanistic nature for HER on Pt(111). Our work
demonstrates the importance of controlling the solvent—substrate interactions in developing catalysts beyond Pt.

With increasing energy demands, emphasis has been
placed on carbon-neutral technologies as alternatives to
fossil fuels because of their reduced environmental footprint
and to mitigate greenhouse gas emissions into the atmos-
phere."”” One potential candidate is molecular hydrogen (H,),
which has been known for decades to be the cleanest possible
energy carrier, boasting zero carbon dioxide emissions and
possessing the largest energy density of known combustible
fuels.”™ The most attractive route for H, production is the
electrocatalytic splitting of water (H,O = H, + %02)6’7 in
electrical cells, amounting to two individual half-cell reactions.
The most extensively examined reaction is the hydrogen
evolution reaction (HER), which occurs at the cathode.”
Under acidic conditions HER proceeds via two possible
mechanisms, and each is composed of an adsorption and
desorption elementary step:”"°

H,0" + " = Hy + H,0 (Volmer) (1)

H,, + H4 = H, (Tafel) (2)

H, + H,0' + e = H,0 + H, (Heyrovsky) (3)
The first is the combination of eqs 1 and 2, which is known as
the Volmer—Tafel mechanism, whereby an initial proton
adsorption from the solution onto the surface is followed by
surface coupling and subsequent desorption of molecular
hydrogen. The second mechanism differs only in the process of
desorption; the surface coupling is replaced with a charge-
transfer step, eq 3; the overall process is known as the
Volmer—Heyrovsky mechanism. It is worth noting that HER is
also a central reaction in the photocatalytic splitting of
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water,"' ¢ in which adsorbed metal nanoparticles (e.g, Pt, Pd,

and Ni) act as cocatalysts on support surfaces. It is clear that
understanding the H, coupling step is of critical interest for
catalyst design.

Despite significant efforts to move away from platinum (Pt),
the outlook of HER on Pt remains the most promising,
because of its exceptional catalytic activity compared with that
of other transition metals and materials.'” However, while a
great deal is known regarding HER on Pt, experimental
investigations reveal a chemically complex solid—liquid
reaction environment.'*”*’ For instance, from Tafel slope
measurements a clear mechanistic preference for HER is found
on Pt(110) and Pt(100) surfaces, while the mechanism on
Pt(111), the most stable Pt surface, is still being debated in the
literature.”* "
understanding HER. Experimentally, the low resolutions
obtained from spectroscopic analyses are inadequate for
analyzing the complicated solid—liquid interfacial structure;
the exact nature of weakly bound adsorbates on (111) surfaces
cannot be directly identified using current experimental
methods because of high surface mobilities and diffusion

** To this end, theoretical modeling of solid—liquid

There is a good reason for the slow progress in

rates.
interfaces has been extensively used.”*” Notable progress has
been made, showcasing the inherent value of ab initio
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Figure 1. Schematic representation of how the high-dimensional neural network potential is generated. Electronic structure calculations (ESCs) are
used as the initial inputs (IN) before being fed through the artificial neural network architecture, outputting (OUT) a high-dimensional neural
network potential (HDNN) for further molecular dynamics (MD) simulation.

molecular dynamics (AIMD) and related methods in under-
standing experimental findings.”*~** However, several pitfalls
emerge depending on the choice of method, while extracting
free energy profiles at the solid—liquid interface with explicit
solvent remains a formidable task. Additionally, more open
challenges remain, such as determining the extent to which the
solvent environment and surface adsorbed hydrogen species
influence the reactivity. Of particular importance is deciphering
the effects of interactions at the interface such as ion solvation,
solvent—surface, solvent—adsorbate and adsorbate—adsorbate.

In this work, we aim to tackle several of these
aforementioned questions using a combined machine learning
and DFT approach to model the H,0/Pt(111) interface in the
presence of solvated chlorine (Cl) ions, giving a quantitative
interpretation of the structure and associated reactivity based
on long time scale MD simulations. This is achieved by
adopting a carefully optimized high-dimensional neural
network (HDNN) potential along with first-principles ab initio
calculations. Using DFT calculations, we find that a balance
between solvent—adsorbate and adsorbate—adsorbate inter-
actions dictates the adsorption site and the reactivity. Finally,
the energetic barriers for hydrogen coupling are examined
using the stochastic surface walk reaction sampling (SSW-RS)
method and umbrella sampling (US). Whereby, we arrive at a
coherent mechanistic explanation for HER on Pt(111) which
is dictated by coadsorbed H,4/H,0,4.

Methodology. Simulating solid—liquid interfaces using AIMD
allows for an accurate description of the electronic structure
and chemical interactions between the surface and solvent
molecules. However, AIMD is hindered by the prohibitively
long time scales and large system sizes often required to
equilibrate the solvent dynamics. To circumvent this, machine
learning (ML) and other artificial intelligence (AI) method-
ologies have been recognized as an immediate front runner. In
particular, artificial neural network (NN) training techniques
have demonstrated great promise in generating potentials that
have several distinct advantages over AIMD and traditional ab
initio electronic structure calculation (ESC) methods.””™>*
First, fitting the potential energy surface (PES) generated from
high-level ESCs for the prediction of bond breaking/making
mechanisms™™>° has shown promise for reaction pathway
sampling of complex catalytic systems.””*’ Second, NNs
exhibit a distinct mark-up in computation speed due to the
scaling no longer being dependent on the number of electrons,
compared with DFT calculations.”® When properly trained, the
generated potential can predict the system energy within a
close range of DFT accuracy, coupled with MD time scales
typically reserved for classical force field simulation.””®*
These features of NN-trained potentials make them an

effective tool for investigating solid—liquid interfaces. The
general process of generating the HDNN potential is
schematically summarized in Figure 1.

Specifically, in this work we use the high-dimensional neural
network molecular dynamics simulation (HDNN-MD) carried
out using the Large-scale Atomic Simulation with neural
network Potential (LASP) code.”* To develop a well-
converged potential for the prediction of reaction energetics
at the solid—liquid interface, it is necessary to obtain an initial
training set that can cope with the numerous configurations
associated with the complexities of the liquid ad-layers. Here,
the initial data training set is obtained using the stochastic
surface walking (SSW) global optimization method®® based on
DFT schemes, which by design, fully explores the PES.°® The
high-dimensional NN (HDNN) potential is itself generated
using a modification of the pioneering Behler—Parrinello
method,”” where the input layer utilizes a unique set of power-
type structure descriptors (PTSD) developed by Liu and co-
workers®® (eqs S4—S9). Here, the total energy (E ) is
expressed as the sum of the individual atomic contributions

(E), eq 4:

Etotal = Z Ei,p
i (4)

The energy of each atom i of element type p is calculated,
which can be output from the standard NN for this element.

The applicability of our HDNN potential is tested to ensure
consistency with the PES generated from ESCs, thus allowing
for simulations of much larger systems, with the additional
benefit of predicting energies of previously unknown
configurations. Once generated, it becomes possible to modify
the atomic interactions to correct for environment-dependent
van der Waals (vdWs) interactions, such as the Grimme’s D3
correction.”” VdWs are critically important when simulating
water, having recently been shown to be of fundamental
importance in describing key properties, such as the anomalous
density of liﬂuid water compared to ice under ambient
conditions’*~"* and for an accurate description of the cohesive
properties of species on metal surfaces.””

Our NN potential has been extensively tested to assess its
applicability for characterizing the structure of water on a p(4
X 4) layer Pt(111) slab, consisting of 44 H,O molecules with
two solvated Cl atoms, shown in Figure S1. A 202-atom unit
cell permits validation with DFT at several levels of theory.
However, it should be noted that the transferability of the
generated NN potential to system sizes several orders of
magnitude larger exists. The final Pt—O—H—CI training data
set consists of 77 120 structures; the root-mean-square (RMS)
errors for the energy and the force of the HDNN potential are
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Figure 2. (a) Surface coverage of H,y4 and H,0,4 from a 400 ps high-dimensional neural network potential molecular dynamics (HDNN-MD)
simulations. (b) Surface coverage with additional D3 correction to HDNN. Snapshots after 300 ps are shown on the right along with the total
coverage. (c) AIMD calculated g(r) highlighting the adsorbate—adsorbate and adsorbate—solvent separation distance.

2.964 meV/atom and 0.072 eV/A, respectively. The final Pt—
O—H-CI potential and training data set is openly accessible
from the LASP Web site (www.lasphub.com). More details
regarding the generation and testing of the HDNN potential
are provided in the Supporting Information along with details
on the stochastic surface walk reaction sampling (SSW-RS)
method. Unless otherwise stated, we have confirmed all energy
minima and pathways by umbrella sampling coupled with DFT
calculations.

Examination of Adsorbate—Adsorbate and Adsorbate—Solvent
Interactions. To assess the stability of hydrogen on the Pt(111)
surface, we begin by covering all fcc-hollow site positions with
adsorbed hydrogen (H,4) and run a 400 ps HDNN-MD
simulation with and without D3 vdW correction, as shown in
Figure 2a,b. Configurations from the last 100 ps of our
HDNN-MD simulations were further equilibrated and
validated using S ps AIMD simulations at the PBE-D3 level
of theory. Three striking features can be found from our
simulations. First, a steady-state coverage occurs after ~300 ps
within the canonical ensemble, resulting in a surface coverage
of 0.44 ML for the uncorrected HDNN potential and 0.56 ML
with D3 vdW correction. This result is in good agreement with
experimental results by Markovi¢ et al.”® who reported a partial
coverage of ~0.66 ML. Second, in addition to H, g4, there exist
some water molecules coadsorbed on the surface. More
specifically, for water to adsorb, hydrogen must first be
displaced from the surface, where water can interact with bare
Pt(111) top sites. Adsorbed water has been found to be of
critical importance in describing the negative capacitive
response of Pt(111) in aqueous solvent.”* Third and perhaps
more importantly, H, 4, and H,O,4, form patches on the surface

resulting in regions of high and low H,4 coverages (Figure
2a,b).

Careful examination of H_ 4/H,0,q4, patches shows that the
adsorption of H,O is strictly localized on the Pt(111) top site
via the 1b, molecular orbital and the Pt d-band.”>’® This
observation is supported by classical MD simulations by
Limmer et al.’”” on the pure water—Pt(111) interface.
However, on a hydrogen-covered surface, water adsorption is
found to occur rarely throughout the simulation time frame
(~20—100 ps) and proceeds only with displacement of
neighboring hydrogen atoms by H,0,4. Considering that
hydrogen and water have a comparable binding energy’””* on
Pt(111), it could be the combination of both species that
contributes to the observed experimental surface coverage.
Furthermore, the displacement of H, by H,0,4 may be
expected to be a unique feature of the (111) crystallographic
interface. Chandler and co-workers® carried out classical MD
simulations and suggested that the 6-fold coordination on
Pt(111) creates additional interfacial disorder and can facilitate
molecule exchange. Additionally, Kronberg and Laasonen®’
exemplified, via extensive AIMD calculations, how this type of
H/H,0 molecular exchange can result in solvent fluctuations
and a modulation of the interfacial electrostatics.

To understand the above results, the interfacial region is
analyzed and several key structural descriptors, such as radial
pair distribution functions (g(r)), have been calculated at
several levels of theory. On calculating g(r) to characterize
H,4—H,4, and H, 4—H,O separation density, it is found that
the adsorbed hydrogen species interacts repulsively with
neighboring solvent and coadsorbed hydrogen on the surface
of ~2.9 A (Figure 2c). The separation distance for H,g—H,g4;
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Figure 3. (a) Calculated total energy states for the Tafel reaction, highlighting the energy change between the initial (IS), transition (TS) and final
states (FS) using the stochastic surface walk reaction sampling methodology (SSW-RS) within the HDNN+D3 level of theory. (b) Free energy
profile for surface coupling of adsorbed hydrogen species (Tafel mechanism) calculated using umbrella sampling with HDNN+D3. (c) Snapshots
of our proposed pathway for hydrogen coupling on the surface, extracted from the HDNN simulation trajectories. (The hydrogen species are
shown in blue and yellow, while additional solvent species have been removed for clarity.)

and H,43,—H,O can be attributed to the balance of interaction
between the frontier molecular orbitals of water
((2a;)*(1b,)*(3a;)*(1b,)?), adsorbed hydrogen and the
Pt(111) d-electrons. This observation is consistent with
findings from our recent paper”’ on the topic; a dipole
repulsion effect of a single hydrogen species with the
surrounding water molecules (maintained at ~2.95 A) is
found to be critical in describing the adsorption behavior of
hydrogen on Pt(111) via diffusion from the top site to the
hollow site.

This is an important issue to consider because it is of
fundamental importance for the mechanism of H, formation
on Pt. The effect itself is attributed to the Pauli type repulsion
exhibited by the accumulation of a small negative charge in the
vicinity of the H,4 species and the lone pair belonging to the
water. Furthermore, this repulsion also exists between
neighboring H_4 which, interestingly, is maintained at the
same repulsive radius. At greater surface coverage, it is the
balance of these repulsive forces at the Pt(111) interface that
allows for the fcc-hollow sites to be occupied by H,q4 in the
presence of liquid water. The aforementioned accumulation of
H,4 with the repulsive sphere ensures a stable area of
hydrogen which is maintained by the accumulation of H_ 4.
Only hydrogen species close to the edge of such domains can
readily desorb into the solution where H,O can come within
close froximity to displace such species. Recently, Sakong and
GroR™ performed AIMD simulations, in which they modeled a
1 ML hydrogen coverage for 40 ps, and observed that water is
repelled by an additional 1.0 A from the Pt(111) surface. Their
work is consistent with our results.

10640

Next, to assess the influence of solvated ions on the structure
and dynamics of the solvent layer, we calculated the first
solvation shell around Cl, as n§y = [0 47r* 0gci_oym(r) dr,
where ¢ is the periodicity constant and g¢_o/(r) is the radial
distribution function for CI-O/H with the first minimum at ry
(see Figure S3c). The resulting values of nS'=52and n{ = 5.5
are indicative of an ion-induced perturbation of the
tetrahedrality of neighboring water molecules (n3 ~ 4.0—5.0
for pure water). This finding is in agreement with recent
photoelectron spectroscopy and theoretical study by Pohl et
al.¥® who found that solvated sodium (Na*) and iodide (I7)
have little effect on the electronic structure of water, while ion-
induced perturbations of the ideal tetrahedral configuration of
water molecules were observed.

Furthermore, by measuring the bond and structural
relaxation lifetimes we can assess the extent to which hydrogen
bond dynamics is influenced by solvated CI** (see the
Supporting Information for details). The overall dynamics of
the hydrogen-bond structural relaxation is found to be an order
of magnitude slower than that of hydrogen-bond breaking,
occurring in the subpicosecond time scale, because of a
reduction of the effective strength of hydrogen bonds in the
presence of solvated chloride ions. The hydrogen-bond
structural relaxation occurs at a longer time scale (10.2 ps)
because of additional interaction of water molecules with
chloride ions resulting in a lengthening of the reorientational
diffusion of water molecules (D, & 1.64 X 107 m?/s). This
observed strengthening of the hydrogen bond relaxation time,
coupled with the pseudo-octahedral arrangement of water
molecules surrounding Cl, suggests that solvated ions act to
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Figure 4. Free energy profiles for the coupling of an adsorbed hydrogen and a solvated hydrogen species (Heyrovsky mechanism) calculated using
umbrella sampling with HDNN+D3 with (a) a high coverage of 0.56 ML and (b) a lower coverage of 0.33 ML (c) Snapshots of the proposed
pathway for hydrogen coupling on the surface, extracted from the HDNN simulation trajectories.

distort the tetrahedrality of the water network resulting in
weaker water—water interactions which could facilitate hydro-
gen transfer to the Pt(111) surface.

Tafel Mechanism Free Energy Profile. In an effort to
determine the lowest-energy pathway for hydrogen coupling,
we calculated both the total energy profile using the SSW-RS
method and the free energy profile with umbrella sampling
(US). The main objective of the SSW-RS method is to obtain a
minimum-energy reaction trajectory, hi§hlighted in Figure 3a
(see also Figure S5). The SSW method"™ generates a number
of reaction microstates in the form of reactant and product
pairs (R/P), while the double-ended surface walk (DESW)
method®® is employed to locate the transition state for all
generated R/P pairs. This ensures the configuration for the
lowest-energy reaction barrier to be calculated.

To further analyze our trajectory and to assess the influence
of solvent dynamics, we used the generated HDNN potential
coupled with the US method, and the free energy profiles for
hydrogen adsorption/desorption are obtained and summarized

in Figure 3b,c. Starting from two H, at neighboring fcc-
hollow sites, we applied harmonic constraints to acquire the
population along the H 4—H,4, collective variable, driving H
to couple along a series of simulation windows. Figure 3b
represents the lowest-energy pathway for H desorption from
the Pt(111) surface to the aqueous solution. Snapshots from
the sampled trajectories are shown in Figure 3¢, which have
been selected under the guidance of calculated free energy
values. It should be noted that the structural nature of the
transition state species for both AIMD and HDNN are
virtually indistinguishable.

From our simulations of the free energy profile, we can see
that the reaction proceeds as follows: The initial state (IS) is at
2.85 A between the hydrogen atoms, where the hydrogen
species occupy neighboring fcc-hollow sites. A small diffusion
barrier of 0.25 eV must be overcome from the IS to an
intermediate state (IMS) located at the H—H distance of 1.70
A, where one species experiences both adsorbate—adsorbate
interaction and adsorbate—solvent interactions by relocating to

https://doi.org/10.1021/acs.jpclett.1c02998
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the top site position, while the other H 4, remains on the fcc-
hollow site. Finally, the most energetically demanding process
is when both H,4 atoms come into close proximity for H,
formation, where the fcc-hollow site species diffuses to the
same top site position. This process proceeds with a barrier of
0.67 eV to overcome the transition state (TS) located at an
H—H separation distance of 1.05 A. Our calculated barrier is in
excellent agreement with recent constrained-AIMD calcula-
tions by Kronberg and Laasonen,*® in which the barrier for the
Tafel mechanism exhibits a coverage dependence, decreasing
from 0.80 eV (0.66 ML) to 0.53 eV (1.00 ML). To validate the
reliability of our calculated free energy, we compare the
HDNN with AIMD simulations, resulting in a mean averaged
error (MAE) of ~0.1 eV between the two calculation methods,
as shown in Figure S6 and Table S2 (Supporting Information).

Heyrovsky Mechanism Free Energy Profile. To determine
which mechanism is favored for HER on Pt(111) at PZC, the
Heyrovsky mechanism (H, + H;0" + e"= H, + H,0)
should be analyzed in terms of free energy. The free energy
profiles are obtained using the US approach, and the results are
shown in Figure 4a—c. Here, one H,4 is located in the fcc-
hollow site while the other is solvated in solution, and
harmonic constraints are applied to acquire the population
along the H_ 4—H;0" collective variable. Snapshots from the
sampled trajectories are shown in Figure 4c. Similarly to the
Tafel mechanism, the reliability of the calculated HDNN free
energy is compared with AIMD simulations, shown in Figure
S7 and Table S3 (Supporting Information).

From these simulations, it is found that the reaction
proceeds without an initial diffusion barrier: At the IS, the
distance between a hydrogen species in the fcc-hollow site and
in the solvated Zundel cation (H;0,") is 2.95 A. The reaction
process proceeds with a barrier of 0.89 eV to overcome the TS
located at 1.12 A, whereby the H,q4, species couples with the
solvated proton above the Pt top site. Our calculated barriers
are in a_greement with theoretical studies by Liu and co-
workers®” (0.92 eV) using static DFT calculations coupled
with a continuum solvation model and Yang et al.*® (~0.77
eV) who used constrained AIMD at the aqueous Pt(111)
interface. Interestingly, the barrier can be reduced to 0.82 eV
under conditions of low H,4 coverage or edge sites (shown in
Figure 4b,c). It is found that in areas with lower hydrogen
coverage, a hydrated proton can come within a closer
proximity to react with H,4,, suggesting that at high coverage
a “blanket” of repulsion is exhibited toward neighboring
solvent molecules, resulting in a more hydrophobic surface
which disfavors Eley—Rideal type reaction mechanisms.

Implications for HER. From our calculated free energy
profiles, we can see that the Volmer—Tafel mechanism is
favored over the Volmer—Heyrovsky mechanism on Pt(111) at
high H coverage. The Tafel mechanism proceeds with an initial
diffusion barrier of 0.25 eV from the fcc-hollow site to the top
site position, followed by a coupling barrier of 0.67 eV (the
effective barrier is 0.83 eV), while the repulsive nature toward
water species inhibits a proton reacting with adsorbed species,
resulting in the Heyrovsky mechanism proceeding with a larger
barrier of 0.89 eV. Interestingly, our calculated free energy
barrier is in agreement with the experimentally measured
activation energy (0.5-0.6 eV) by Schmickler and co-
workers.”” However, the barrier of the Heyrovsky mechanism
can be reduced when lower-coverage domains are sampled.
The inverse behavior is predicted for the Tafel mechanism
barrier, which has been shown to increase at lower coverage.”®
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This is significant, as it suggests the dual mechanistic nature for
HER on Pt(111) which is highly coverage-dependent.

We suggest that the influence of combined hydrogen/water
coverage at varying potential is critical in describing the rate-
determining step for the HER on Pt(111). At the center of the
hydrogen-rich areas, where the adsorbate—adsorbate repulsive
interaction is at its greatest, hydrogen is seen to be stabilized.
This is indicated by the narrow probability distribution of the
H,4,—H,4 peaks shown in Figure 2c. The Tafel mechanism is
favored under these conditions, as a solvated proton in
solution is sterically disfavored from reacting with such species,
allowing for top site positions to be available for hydrogen
coupling. These free reaction centers at the top sites are
dictated by the interaction between the solvent and adsorbates
at the interface.

On conducting a potential sweep, the surface coverage has
been shown to inherently change,”” resulting in the rate-
determining mechanism also changing because of decreased
adsorbate—adsorbate and adsorbate—solvent interactions. Our
analysis could give insight into the mechanistic efficiency of H,
formation on Pt(111), whereby both mechanisms can occur
simultaneously depending on the surface coverage, with the
ideally situated top site positions remaining free for hydrogen
coupling to occur. Our analysis is consistent with the observed
indistinguishability of the Tafel (H, + H, = H,) and
Heyrovsky (H,g, + H;O" + e”= H, + H,0) mechanism from
experimental cyclic voltammetry studies.”””” It should be
noted that despite our findings being of general importance for
pristine metal surfaces, the transferability of our findings to
stepped or defect-containing surfaces remains unknown.

In conclusion, we have performed extensive HDNN-MD
sampling methodologies and DFT calculations to study the
reaction efficiency of hydrogen coupling at the H,0/Pt(111)
interface and obtained an atomistic picture of how the aqueous
medium effects the structure and reactivity of HER. Based on
our calculations and analyses, the following conclusions can be
drawn:

(1) The high-dimensional neural network (HDNN),
coupled with Grimmes D3 vdWs corrections, provides
an efficient way for calculating the free energy barriers
for surface reactions. Long time scale molecular
dynamics simulations are required before a steady state
of adsorbed hydrogen is found at the interfacial region,
giving rise to H, 4/H,0,4 patches on the surface.

(2) The interaction of hydrogen atoms with their surround-

ings in the form of adsorbate—adsorbate and adsorbate—

solvent interactions is critical in describing the
preference for H,4, at the fcc-hollow site and the
interactions of H,4, with its surrounding environment

dictates the preferential reaction mechanism for H,

formation.

(3) The energetics obtained from our calculations point to
two distinct mechanisms for H, formation depending on
the surface coverage: the Volmer—Tafel mechanism is
preferred in areas of high coverage, while the repulsive
forces dictate that the Heyrovsky mechanism is hindered
and permitted only at low coverage. Thus, the
simulations could give an explanation for the efficiency
of HER on Pt(111) via the availability of both reaction

pathways depending on the surface coverage.
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