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ABSTRACT: The design of efficient and cost-effective platinum-based catalysts for the Pt Bulk /\‘ '
hydrogen evolution reaction (HER) is critical for energy sustainability. Herein, we report
high catalytic activity toward HER on the edges of platinum nanoclusters (NCs) supported
on single-layer molybdenum disulfide and provide a direct link between ab initio  ,, .  HER
calculations and electrochemical experiments. We determine the active catalytic sites usinga - {%WN
cluster expansion method in conjunction with an ab initio thermodynamic approach and o -0.05
show that the system is thermodynamically active at HER reversible potential under (aremy 10001 e
electrochemical conditions. We also show that the preferred HER mechanism is the

Volmer—Tafel pathway with the Volmer reaction as the rate-determining step. Using a Butler—Volmer kinetic model to simulate a
linear sweep voltammogram, we obtain an exchange current density of 107°—107> A/cm? which is in the same order as those
measured for Pt(111) and supported Pt NCs. Importantly, we show that, contrary to expectations, the enhanced HER mechanism is
only attributable to the edges of the supported Pt NCs but not due to metal—support interactions. Our findings are general and
applicable to NCs with different sizes and shapes on various supports as well as to different catalytic reactions.

3

MoS,/Pt NC

B INTRODUCTION There are several challenges associated with the under-
standing of the HER mechanism of supported or even
unsupported metal particles. For Pt bulk systems, the HER
mechanism is easily determined as their active sites are mostly
identical on a well-defined surface.'' In addition, the most
exposed surfaces (111) and (100)'*"® exhibit similar HER
rates, as evidenced by less than 1 order of magnitude difference
in exchange currents. "> However, different from the bulk
counterparts,' "' NCs are rich in edges and vertices, which
show a variety of active sites that dominate HER activity over
facets.'”'® Additionally, supporting substrates of the NCs can
also influence the HER activity either through exposing edge
sites or modifying charges in the basal plane'® or due to a
concerted interplay between the supports and NCs.”

The diminishing supply of fossil fuels and pollution problems
associated with combustion reactions led to the search for
sustainable and environmentally benign energy sources.
Hydrogen is one of the potential alternatives that can be
produced via the hydrogen evolution reaction (HER), a critical
reaction of water electrolysis by splitting water using electrical
energy from solar or wind power." While platinum (Pt) is the
most efficient catalyst for HER, its relatively high cost limits its
commercial applications.” This explains the huge interest in
reducing the content of Pt in HER electrodes or in finding
cost-effective and equally efficient alternative catalysts.”~>
Platinum nanoclusters (NCs) offer a very attractive route to

reduce Pt usage.(”7 Pt NCs are tiny building blocks of matter Experimentally, it is also challenging to infer the HER
containing a finite number of Pt atoms, which are often mechanism using conventional electrochemical analysis. First,
attached to substrates to prevent agglomeration. In contrast to most of the experimental methods can only provide an
bulk counterparts, the efficiency of metallic NC catalysts can ensemble assessment over different active sites.”’ For example,
be tuned by modifying their morphology or supports. For previous studies have shown that the HER activity on either Pt
example, Anderson et al. demonstrated that the size of Pt NCs atoms or Pt clusters cannot be clistinguished.7’21’22 Second,
affects oxygen reduction and carbon oxidation;" Nakajima et al. HER rates for high catalytic activity systems such as Pt are
showed that HER activity can be maximized for a certain size relatively fast, which results in the depletion of reactants near
of Pt NCs.” Recently, Huang et al. found that supported Pt the electrode surface. The concentration gradients in both
NCs on MoS, exhibit superior catalytic activity toward HER,
which is comparable to that of bulk Pt despite an ~70% Received: December 18, 2019
reduction in the Pt content.'” However, the atomistic HER Revised:  January 3, 2020
mechanism of supported Pt NCs on MoS, is lacking, thus Published: January 7, 2020
hampering further improvements and optimizations of the
catalysts.
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Figure 1. (a) Schematic of MoS,/Pt,, and hydrogen adsorption sites. Facets of the supported Pt,, labeled as f; (i = 1—4) correspond to the sides of
the cluster. f; and f; (not shown) are the top and the bottom facets, respectively. A few adsorption sites are labeled as white spheres, while the Pt

atoms at the top/bottom layer are represented by green/gray spheres. (b) Total adsorption energy, Z,n E!y, for different adsorption configurations

on MoS,/Pt,,. The most stable configurations are indicated by the red dots. The distortion of the supported Pt,, is measured by the displacement
of top Pt atoms for less than 0.5, between 0.5 and 1, and above 1 A/atom that are represented by blue, green, and yellow dots, respectively. The
number of adsorbed hydrogen atoms at bridge, corner, and top sites, which are represented respectively by magenta, blue, and yellow spheres in the

insets, are shown as triplets in parentheses.

oxidants and reactants make hydrogen mass transport the
dominant rate for HER. Sheng et al. argued that such a
limitation cannot be avoided using conventional rotating
electrodes.”” Additionally, the impendence from the electrolyte
can also affect current measurements on fast HER electrodes
even with highly conductive electrolytes such as 0.1 M
HClO,. >

First-principles calculations are attractive alternatives to
experiments that provide atomistic descriptions of active sites
and mechanisms of Pt systems. However, in comparison to
surfaces and periodic systems, supported metal clusters pose a
significant challenge in simulation due to the combination of
periodic (supports) and nonperiodic (Pt NCs) elements in the
hybrid systems. Thus, it is computationally daunting to find
equilibrium NC morphologies as well as optimum hydrogen
adsorption configurations on nonequivalent adsorption sites of
supported metal clusters”> under electrochemical conditions.

Herein, we investigate the HER activity of supported Pt NCs
on MoS, with a relatively small number of Pt atoms that
cannot be modeled using a periodic slab approach. We use
first-principles density functional theory (DFT) calculations in
conjunction with a cluster expansion method and an ab initio
thermodynamic approach to determine HER catalytic sites.
Electrochemical modeling is then used to quantify the
exchange current and simulate the linear sweep voltammo-
gram. Our main finding is that the HER current from the
supported Pt NCs is comparable to that from Pt(111) due to
the cluster’s catalytic edge sites. In addition, we show the
metal—support interactions do not affect the HER mechanism
and catalytic activity. This finding agrees with experimental
results, which reported that supported Pt NCs on MoS, have a
comparable efficiency to that of bulk Pt.'” However, our
computed current is higher than the experimental values in ref
10 but is in good a§reement with that of Pt nanoparticles on a
carbon support.””*® We argue that such a discrepancy with the
results in ref 10 is due to the limitation of diffusion and
electrode impedance that were not accounted for in standard
electrochemical measurements.

B METHODOLOGY

We use the CP2K” for first-principles density functional
theory (DFT) calculations employing revised Perdew—Burke—
Ernzerhof exchange—correlational functional to solve the
Kohn—Sham equations.”® More details are given in the
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Supporting Information (SI). Previously, we employed a self-
consistent, combined theoretical and experimental approach to
determine atom-by-atom the structures of supported Pt NCs
on MoS, with up to 38 Pt atoms. The atomic structures are
predicted using a genetic algorithm utilizing adaptive atomistic
force fields and DFT, which are then validated using
aberration-corrected scanning transmission electron micros-
copy.29 Herein, we investigate MoS,/Pt,, as a representative of
a supported Pt NC on MoS, but we argue later that our
findings are general and applicable to other NCs with different
morphologies. Pt,; is ~1 nm in diameter, 12 atoms are in the
bottom layer that is in contact with MoS,, and 8 Pt atoms are
in the top layer with an average Pt—Pt distance of 2.7 + 0.2 A,
in agreement with experimental high-resolution transmission
electron microscopy (HRTEM) analysis.'”*” To evaluate
hydrogen stability, we define the adsorption energy as

By = Eynya — By — 0.5Ey, (1)

where E(,,1)g+ and E, = are the DFT energies of the system
with n + 1 and n adsorbed hydrogen H* and Ey is the DFT

energy of H, in the gas phase.

We use a cluster expansion (CE) method, as implemented in
the TTK code pacl<age,30’31 to model the effective interactions
between H* at different coverages. We identify symmetry-
unique adsorption sites including hollow, bridge, corner, and
atop sites. For each site, k, we assign an occupation variable &;
with the value of 1(0) to represent a site occupied
(unoccupied) by H*.'® For a particular configuration o
arranged by small hydrogen clusters a, the cluster expansion

energy is written as
[l

Ecg(0) = ) Vyh, with ¢, =
a kea (2)

where V, is the effective cluster interaction (ECI). In practice,
a properly truncated Hamiltonian will predict the energies
accurately as V, is close to zero with increasing distances
between H*. Only the symmetrical ECls in the truncated
Hamiltonian are evaluated from a finite set of DFT
configuration energies as the training set. In an initial iteration,
random distributions of H* with their energies Ecp(o) are
obtained via Monte Carlo sampling across different coverages
as well as the optimal ECIs. Another round of Monte Carlo
sampling is required to obtain new low-energy structures to
compare with DFT structures. The DFT-verified structures are

https://dx.doi.org/10.1021/acs.chemmater.9b05244
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Figure 2. (a) Thermodynamic isotherm constructed using eq 4. At a given potential, the lowest line indicates the corresponding hydrogen
coverage. The corresponding AGy; values for each 6 are shown in parentheses. (b) 6 as a function of U extracted from (a). The inset shows the low-

energy hydrogen configurations at different U's.

then added to the training set for a subsequent round of cluster
expansion except for highly distorted structures at high
coverages. This process is repeated 3 times for finding low-
energy hydrogen adsorption configurations until no new low-
energy configurations are suggested by the Monte Carlo
simulations. We note that structural relaxations for Pt and H
atoms are allowed during DFT calculations. Because water has
only a small effect on hydrogen adsorption energies (see the
SI), it is excluded for determining H* configurations using the
cluster expansion method.

B RESULTS

Hydrogen mainly interacts with Pt NC but not with the MoS,
support.””** Figure la shows a schematic of the supported Pt
cluster with three main hydrogen adsorption sites, namely, the
atop sites (t) of Pt atoms, the bridge (b) sites in between two
Pt atoms, and the edge (e) sites associated near Pt atoms at the
edges of the cluster. The strongest adsorption is at the bridge
sites by, (—0.71 < Ejg, < —0.68 €V) located at the edges of side
facets f, and f,, while the weakest sites are the atop sites t,g
(—0.15 < Eljs < —0.10 eV) of the corner Pt at the edges of f,
and f;. The other strong adsorption sites are the bridge sites
bis/bs (—0.60 < El4 < —0.47 eV) at the top/bottom layer f/f;
and the edges/corners of two/three facets such as e, e;/e;s,
and ej5 (—0.45 < Eyy, < —0.28 eV), for any i and j with i # j.
There are a few moderate adsorption sites such as the bridge
sites on top of the Pt cluster, bs, and the top site at Pt terrace,
t; (—0.38 < Ely < —0.26 eV). Furthermore, the adsorption
strength is also found to be sensitive to the Pt cluster’s local
topology as identified by microfacets f. We find that the
adsorption strength near f, is relatively weaker, while it is
stronger near f;.

We have trained a CE effective Hamiltonian using 400
different configurations with up to 57 adsorbed hydrogen
atoms distributed among 47 adsorption sites on the Pt NC.
Figure 1b shows the total hydrogen adsorption energy, Y /Eiq,
for the configurations with n = 1, 2, -+ §7. For each n, we
identify the low-energy configurations with the lowest Y /E.y
as indicated by red dots.'® The inset in the figure depicts a few
of these low-energy configurations. The hydrogen coverage 0 =
1 corresponds to n = 47 at which Y ./E. has the lowest value
among all n. This indicates that the adsorption sites on the NC
are fully occupied. The definition of full occupation is chosen
to be consistent with periodic metal surfaces that undergo a
sharp weakening of hydrogen adsorption strength right above 6
= 1.>* As @ increases, the top layer of the Pt NC distorts to a
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less symmetrical form, while the bottom layer remains
relatively intact due to its strong affinity with MoS,.**

Hydrogen adsorption strength is highly affected by
adsorption configurations due to adsorbate—adsorbate and
adsorbate—surface interactions. In agreement with our
previous findings on f-Mo,C surfaces with nonequivalent
adsorption sites,” we show that the filling sequence follows the
adsorption strength of single H* as shown in Figure 1b; b5,
by, and b5 are occupied starting at @ = 0.06, followed by b,
bie) €is» €6 €5, and g up to 6 = 0.4. Moderate adsorption sites,
bs, are filled at 8 = 0.6 followed by t; up to 6 = 1.

B DISCUSSION

Hydrogen evolution reaction 2H* + 2e” — H,(g) is the
formation of hydrogen gas H,(g) from hydrogen ions. Parsons
argued that the HER rate is related to atomic hydrogen
adsorption ability on the surface,” which was quantified by
Norskov using the hydrogen adsorption free energy, AGy,
from first-principles calculations defined as™

AGy = Ejy, + AE,pp — TAS (3)

where Ejj is defined by eq 1 and AE,py and AS are
respectively the differences of zero-point energy and entropy
between H* and H,(g). Using experimental thermodynamic
results for H,(g), we determine TAS to be —0.2 eV at room
temperature when assuming the entropy of adsorbed hydrogen
to be approximately zero.”” We obtain AE,p; ~ 0.04 €V, which
is similar to that of Pt(111) and other metal surfaces.”> For
AGy = 0, HER achieves optimum activity as hydrogen
interacts neither too strongly nor too weakly with the catalytic
surface. Away from AGy = 0, the HER activity decreases as
hydrogen in the adsorbed state (gas state) is more favored than
that in the gas state (adsorbed state) for AGy < 0 (AGy > 0).

Figure 2a shows the hydrogen adsorption isotherm obtained
from evaluating the total adsorption free energy

A Gtot

D AGy — nleln
i 4)

where 57 = U — Ugyg is the overpotential.">*® For an applied
external potential, U, with respect to the standard hydrogen
potential Uy, the most stable coverage has the lowest value of
AG,,. Coverages at different potentials are summarized in
Figure 2b. As seen in the figure, hydrogen coverage is nearly
zero above 0.5 V vs SHE. At 0 V vs SHE where HER is
reversible, the HER activity approaches to optimum indicated
by AGy 0.08 eV, which is in line with a previous study''
showing AGy = 0 eV for Pt(111). Meanwhile, the corner and
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Figure 3. Reaction pathways at three selected overpotentials. Solid horizontal lines represent the reaction free energies calculated from eq S, and
dashed curves represent reaction paths with kinetic barrier, Ej, at the peaks.

edge sites are mainly occupied, whereas the site on top of the
NC remains empty, as shown in Figure 1b. This draws an
important conclusion that the high HER activity is due to the
edges of the Pt NCs.

In acidic solutions, there are two HER pathways, namely, the
Volmer—Tafel and Volmer—Heyrovsky with the elementary
reactions as

H,0" + e~ - H* + H,0 (Volmer)

H,0" + ¢~ + H* - H,0 + H, (Heyrovsky)

H* + H¥* - H, (Tafel)

The corresponding reaction free energies of the three
elementary steps can be written as (see detailed derivation in
the SI)

AGy + en (Volmer)

5G —AGy + en (Heyrovsky)

—2AGy,. (Tafel)

©)
To mechanistically understand the HER kinetics on MoS,/Pt,,
and quantify the HER rate in an acidic electrochemical
environment, we determine the minimum energy pathways for
the three elementary reactions using a standard setup for the
solid—liquid interface (see SI).*” We focus at 6 = 0.6 and 1,
which are the equilibrium coverages under 0 V and below —0.2
V, as shown in Figure 2. For the Volmer and Heyrovsky
reactions, we investigate several reaction sites focusing mainly
on t; and bs. For the Tafel reaction, we test several
combinations on t and b sites. In the real electrochemical
solid—water interface, the potential across the Helmholtz layer
does not change during redox reactions, while it is not the case
for finite-size solid—water interface models. To correct for this
finite-size supercell effect, we use an extrapolation scheme that
was recently employed for HER on the Pt(111) surface (see
the S1).*

Figure 3 shows the HER minimum energy pathways on
MoS,/Pt,, at three different applied potentials 0, —0.6, and
—0.8 V. The reaction free energy, 0G, obtained from eq 5 is
indicated by horizontal lines, and the kinetic barrier, E, is
indicated by the peaks of the curves. We show that the HER
mechanism is mainly dictated by the kinetic barrier as 6G
either decreases or increases only slightly along the pathways.
At 0 V vs SHE, the kinetic barrier 1.1 eV of the Heyrovsky
reaction is the highest, followed by the Volmer 0.7 eV, while
the Tafel 0.6 eV is the lowest. Thus, the HER follows the
Volmer—Tafel pathway with the Volmer as the rate-
determining step (rds). This pathway remains unchanged
until the applied voltage decreases to —0.6 V. At —0.8 V, the
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barrier of the Volmer reaction decreases below that of the
Tafel reaction; thus, the rds for the preferred Volmer—Tafel
pathway becomes the Tafel reaction. As the kinetic barrier of
redox reactions (the Volmer and the Heyrovsky) decreases
with increasing negatively applied potential, and as the barrier
of the Tafel reaction is independent of 7, we expect that the
Volmer—Heyrovsky route will eventually become the preferred
reaction pathway at a sufficiently large applied overpotential
below —0.8 V. Our result is consistent with bulk Pt where the
contributions of the Volmer—Tafel and the Volmer—
Heyrovsky pathway to the HER current are found to be
potential-dependent.*’ Further discussions on the comparison
between the HER reactions on MoS,/Pt,, and the periodic
Pt(111) system are given in the SI. While the investigation of
the HER pathways on all of the possible active sites is not
exhaustive, we do not expect the mechanism as well as the
kinetic barrier results to be appreciably underestimated given
that H* diffusion on the cluster is fast with barriers less than
0.1 eV (see the SI).

The Butler—Volmer relation is commonly used to study the
HER on Pt catalysts,””*>**~*" which describes the total
Faradaic current, j, as the sum of cathodic joe™®" and anodic
joe 1= currents

j=jy (e 6)

Here, f = F/kgT with F being the Faraday constant and kg
being the Boltzmann constant. « is the transfer coefficient that
implicitly describes charge-transfer kinetics from the water
layer to the electrode surface between the initial and transition
states. Experimentally, @ is determined to be 0.5 for Pt NCs.*
The exchange current density, j,, for the Volmer reaction as the
rds can be written as

_ e(l—a)ﬁ/)

Jo = nFC,, (1 — H)ICB—T exp[—i]
h kT (7)
where C,,, is the total concentration of H" and H* near the
electrode surface. Thus, we can define nFC,,, = eN./A, where
N is the number of active sites on the surface with area A.
The energy barrier, E,, corresponds to the rds (Volmer
reaction) determined at zero potential. Using the upper
(lower) limit of E, = 0.79 eV (0.70 eV) to account for the
variations in kinetic barriers at nonhomogeneous activation
sites, we find j, = 6 X 107%to 2 X 1072 A/cm>
Figure 4 shows a range of MoS,/Pt,, current in red using the
Butler—Volmer kinetic model of eqs 6 and 7 with the
minimum/maximum j,. We further compute the current of
Pt(111) for comparison. Note that the Pt(111) surface is one
of the most exposed termination on bulk Pt and is very stable
in electrochemical conditions.'*™"* In ref 10, the current of the
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Figure 4. Exchange currents of MoS,/Pt,, and Pt(111) computed
from the Butler—Volmer kinetic model are compared with
experimental results for MoS,, Pt—C, and MoS,/Pt NCs from ref
10 and for Pt NCs computed using j, from ref 22. The red shaded
region corresponds to the currents of MoS,/Pt,, computed by the
upper/lower limit of j.

MoS,-supported Pt cluster is smaller than our prediction for
MoS,/Pt,;. We believe that the origin of this discrepancy is
due to the slow mass diffusion of H" onto the surface and
solution impedance, which are well-known effects in catalysts
with fast HER redox rates.** To validate this, we compute the
Tafel slopes of Pt—C (commercial 10% Pt supported on
activated charcoal) obtained from the same experimental setup
and find the values of 40 and 300 mV/dec at 0 V and above
—0.15 V, respectively.'” These values are previously reported
for Pt NCs without correcting for solution impendence and
diffusion limits.** To further collaborate our arguments, we
show in Figure 4 that our computed currents are in excellent
agreement with the current of carbon-supported 2 nm Pt NCs,
which was obtained after correction for H, diffusion and
solution impedance.*”*°

Finally, we discuss the potential role of MoS, in the catalytic
activity of supported Pt NCs. Metal NCs are stabilized on
MoS, due to metal—support interactions.””~** However,
besides the beneficial role of MoS, in hindering NCs sintering
and introducing new active sites at the MoS, edges, the
substrate can also affect the activity of the metal cluster due to
charge-transfer effects.”>*°° To investigate this, we examine
an isolated Pt,, using a similar computational framework as
done for MoS,/Pt,,. To further aid in comparison, we keep the
morphology of Pt,, as that of the supported one, although this
configuration is clearly not optimum without the substrate.
Also, we block hydrogen adsorption on the bottom surface of
the Pty as it is in contact with MoS, for MoS,/Pt,,. Figure S5
shows that the isotherm of the unsupported Pt,; is very similar
to that of the supported MoS,/Pt,, one. At the HER reversible
potential, we obtain 6 = 0.69 with AGy = —0.08 eV for Pt,,
which is very close to € = 0.60 with AGy = —0.08 eV for
MoS,/Pty,. Therefore, we conclude that the MoS, support
does not have a significant effect on the catalytic activity of the
Pty, despite that the NCs adhere strongly to the support.”
Indeed, this is also corroborated by noting that our results are
in agreement with carbon-supported 2 nm Pt nanoparticles”>*°
that have weaker interactions with the substrates compared to
those of MoS,. The minimal impact of the substrate on the
HER activity concluded in our study is in contrast to previous
studies that showed that the HER activity of a single- or few-
atom-supported metal clusters has a strong dependence on
substrates.”' This can be explained by the difference in the
thickness of clusters; our study shows that only a single Pt layer
can shield the support interactions with reactants. Hence, this
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makes our findings general for metal NCs with different shapes
and sizes as well as for different substrates and different

. 52,53
reactions.

B CONCLUSIONS

We have carried out first-principles calculations to understand
the electrochemical hydrogen evolution reaction on MoS,-
supported platinum NCs. We use a cluster expansion method
in conjunction with thermodynamic analysis to show that the
HER adsorption free energy on MoS,/Pt,, is comparable to
that on Pt(111). We find that the preferred HER reaction
pathway for MoS,/Pt,, is the Volmer—Tafel pathway with the
Volmer as the rate-determining step at the HER reversible
potential, in agreement with experimental results for platinum
electrodes. To best explain the experimental findings, we
develop a kinetic Butler—Volmer model to study the
voltammograms of Pt systems. We find that the current—
potential characteristics of MoS,/Pt, with an exchange current
density ~6 X 107*=2 X 107> A/cm” are comparable to those
of Pt(111) as well as the experimental results of Pt NCs. We
also argue that the experimental HER currents on MoS,-
supported Pt NCs in ref 10 are underestimated due to solution
impedance or diffusion limitations in electrochemical environ-
ments. Finally, we show that substrate interactions have no
effect on the intrinsic HER activity of the NCs, which is
different from the behaviors reported for single- or few-atom
catalysts. The underpinning of this behavior is because the
metal NCs with at least two layers of thickness would be
exempted from the impact of substrates. Thus, our findings are
general and applicable to NCs with different sizes and shapes
on various supports as well as to different catalytic reactions.
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