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Basal plane activation of two-dimensional
transition metal dichalcogenides via alloying for
the hydrogen evolution reaction: first-principles
calculations and machine learning predictionfy
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Two-dimensional transition metal dichalcogenides (2D TMDCs) show promise as potential inexpensive
electrocatalysts for the hydrogen evolution reaction (HER). However, their performance is bottlenecked
by the inertness of the basal plane. The present study demonstrates alloying as a viable route to address
such limitations. A machine learning workflow based on density functional theory (DFT) calculations has
been established to predict the HER activity and stability for a series of 2D cation-mixed TMDC alloys of
various compositions. The results showed that alloying exhibits a substantial effect in reducing the Gibbs
free energy of hydrogen adsorption (AGy) on the basal plane, able to render optimal AGy for the HER
for certain TMDC alloys. The stability prediction of these TMDC alloys further showed their potential to
be synthesized in experiments. The mechanism underlying this alloying induced basal plane activation
originates from the electronic effect, in particular the p-band shifting, resulting from the chemical
composition variation. The findings are expected to serve as guidance for the rational design and
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1. Introduction

Hydrogen is the cleanest fuel and is considered an ideal energy
carrier for future energy systems." The scalable H, production
through water splitting requires efficient catalysts for the
hydrogen evolution reaction (HER).> Conventionally, platinum
(Pt) group metals are regarded as the most active catalysts for
the HER; nevertheless, the high cost and material scarcity
hinder their large-scale application.>* As a result, developing
alternative, non-Pt catalysts with low cost and high performance
is of great importance.’

Of many different candidates, two-dimensional transition
metal dichalcogenides (2D TMDCs) have received substantial
attention.®® For example, MoS,, WS,, and WSe, have been
intensively studied by both experimental® and computational
methods™ as potential HER electrocatalysts. However, the HER
performance of these 2D TMDCs is still limited by the low
density and poor reactivity of active sites. Consequently, there
have been great efforts attempting to overcome such limita-
tions. One route towards further enhancement in the catalytic
activity of 2D TMDCs is through structural modification."** As
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discovery of TMDC alloys for catalytic applications.

an example, by exposing a high fraction of edge sites, 2D MoS,
can catalyze the HER at a moderate overpotential of 0.1-0.2 V
with Gibbs free energy of adsorption close to zero (<0.1 eV).**
Another popular method is the introduction of defects in
TMDCs. By introducing sulfur vacancies and strain, the HER
performance of MoS, has been greatly improved, yielding the
optimal AGy; close to 0 eV."

In addition to structural modification, it was also reported
that substantial enhancement of HER activity can be achieved
through composition modification, that is, via tailoring the
chemical composition of 2D TMDCs by alloying at the metal or
chalcogen sites.’*° For example, substituting a high concen-
tration of W to Mo in MoS, is known to promote the electro-
catalytic performance of MoS,.”* Many 2D TMDCs have
a structure analogous to that of graphite, where transition metal
atoms are sandwiched between chalcogen atoms in a configu-
ration of a triangular prism.** The similar geometry of various
2D TMDCs enables the fabrication of ternary cation-mixed
alloys.'”****>% These studies suggest alloying in 2D TMDC
catalysts as a promising means for tuning reactivity and
producing new active sites for the HER. Unlike most previous
theoretical and experimental studies on the HER of 2D TMDCs
where the performance enhancement was achieved via exposed
edge sites or localized defect sites, alloying involves activation of
the basal plane. The 2D nature of TMDCs makes the basal plane
activation particularly attractive as it can provide a high density
of active sites on the tendentiously exposed surface while
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retaining the structural integrity."> However, to date basal plane
activation of 2D TMDC alloys in the context of the HER has not
been systematically explored. Thus, it is crucial to develop
a fundamental understanding of this aspect to guide the
rational design of 2D TMDC alloys for highly active electro-
catalysts for the HER.

With the help of theoretical surface science developed over the
last few decades, the density functional theory (DFT) method has
become an accurate and efficient computational approach
towards the investigation of adsorption and reaction processes
on material surfaces.”® Nonetheless, computational exploration
of 2D TMDC alloys with multiple transition metal and/or chal-
cogen constituents by DFT is non-trivial. The complexity of 2D
TMDC alloys arising from the multitudinous variations in
chemical composition and combinations of various metals
necessitates several orders of magnitude more calculations than
those needed for pristine single transition metal 2D TMDC
structures. This renders it a formidable challenge to model 2D
TMDC alloys using the traditional brute-force computational
approach. Recently, it has been demonstrated that such chal-
lenges may be partially addressed by the application of machine
learning (ML) techniques.””** ML techniques can greatly reduce
the computation need compared to the traditional approach,
particularly for alloy or other complex material systems, prom-
ising a solution to bypass the computational bottleneck for in
silico materials design and exploration. They have found great
success in predicting material properties, such as adsorption
energies, d-band centers, bandgaps, vibrational free energies,
and melting temperatures, among others.**** With adequate
input data collected and the ML framework properly devised, the
trained ML models have demonstrated high accuracy at
a reasonable computational cost.>****

In this work, first-principles density functional theory (DFT)
calculations combining machine learning models were
employed to study the basal plane activation of cation-mixed 2D
TMDC alloys for the HER. Based on the DFT results, an ML
workflow was developed to successfully predict the Gibbs free
energy of hydrogen adsorption (AGy) on basal planes and the
stability of 2D TMDC alloys. The significant effect of alloying in
reducing AGy has been demonstrated, and the analysis of
stability for those alloys has been provided. The alloy formation
process and possible factors leading to such reduction were
investigated to reveal the underlying mechanism. Our findings
were then summarized and their implications for the TMDC
alloy-based catalysts were discussed.

2. Computational methods
2.1 Enumeration of hydrogen adsorption configurations

The ternary cation-mixed TMDC alloy system used in this study
contains 9 MX, units (i.e., 3 x 3 supercell) with the hydrogen
atom adsorbed on top of a certain chalcogen site. With the
hydrogen atom fixed, atomic simulation environment (ASE)*>*¢
was then used to generate all symmetrically inequivalent
adsorption configurations by enumerating each transition
metal site in the supercell. In total, 8496 alloy configurations
were generated from 72 cation-mixed alloys based on 18 MX,
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pristine structures (M = Cr, Mo, W, V, Nb, Ta, Ti, Zr, Hf, X = S,
Se). For each type of cation-mixed alloy, to avoid strain on the
structures, a pristine structure (i.e. MX,) with the larger unit cell
size was chosen as the template for enumeration.

2.2 Density-functional theory (DFT) calculations

After enumeration, a set of more than 1140 adsorption configu-
rations were randomly selected to perform DFT calculations. On
top of the random selection, it is also ensured that at least two
configurations per concentration per alloy was selected to make
sure the data can correspond to various TMDC alloys in the whole
concentration range. First-principles DFT calculations were then
performed on those adsorption configurations selected. All
calculations were carried out employing the Vienna ab initio
simulation package (VASP)**® using the projector-augmented
wave method.* The exchange-correlation functional was
described by generalized gradient approximation (GGA) param-
etrized by Perdew, Burke, and Ernzerhof.*>** A kinetic cutoff
energy of 500 eV was set for the plane-wave basis functions, and
the k-points for the Brillouin-zone integration are sampled on
a mesh grid of 4 x 4 x 1 and 12 x 12 x 1 for geometry optimi-
zation and electronic structure calculation. All structures were
relaxed until the atomic forces are less than 0.02 eV A" and total
energies were converged to 107> eV. To avoid interactions
between repeated images along the layer direction within the
periodic boundary condition, a vacuum with 20 A thickness was
introduced to the supercell. The effect of van der Waals (vdW)
interactions was considered using the DFT-D3 method.*>*

The activity trend of the catalyst towards the HER can be
described by the Gibbs free energy of hydrogen adsorption on
the surface. According to the Sabatier principle, it is desirable
for hydrogen adsorption to have a Gibbs free energy of hydrogen
adsorption close to the thermoneutral value near zero.** The
Gibbs free energy of hydrogen adsorption, denoted as AGy in
the following, can be calculated as:

AGy = AEy + AEzpg — TASH (1)

where AGy is the hydrogen adsorption energy, defined as:

1
AEy = Ealloy—H - Ealloy - EEHZ [2)

where Eqj0y—p is the total energy of a hydrogen-adsorbed alloy
structure, Eqjioy is the total energy of an alloy structure without
a hydrogen atom, and Ey, denotes the energy of an isolated
hydrogen gas molecule. AE,pg is the difference in zero-point
energy of hydrogen in the adsorbed state and the gas phase.
ASy is the entropy term approximated as half of the entropy of

1 .
the gas phase H, as ASy = ESHZ'SS T is the room temperature of

298.15 K.

To ensure the predicted 2D TMDC alloys are synthesizable,
the stability of these alloys was evaluated by their miscibility,
i.e., their ability to avoid phase segregation, at a certain
temperature. The miscibility of an alloy at temperature T with
concentration x can be evaluated by its free energy of mixing
Gmix(%, T), which is defined as:
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Gmix(xa T) = AH(X) - TAS(X) (3)

where AH(x) is the formation enthalpy, which can be calculated
from DFT. AS(x) is the entropy and was estimated by mean-field

approximation:***’

AS(x) = —kg[xInx + (1 — x)In(l — x)] (4)

Here, kg is the Boltzmann constant. Negative and positive
Gmix(x, T) correspond to miscible and immiscible alloys,
respectively. Since the entropy AS(x) is always positive, Guix(x, T)
can be lowered by increasing the temperature T until complete
miscibility in alloys is achieved. We here used the critical
temperature for complete miscibility (Tcy) of alloys to deter-
mine the stability of 2D TMDC alloys. Since we should consider
the complete miscibility of alloys under experimentally achiev-
able temperatures, we set Tom < 1000 K as the criteria for stable
alloys, while alloys with Ty = 1000 K are regarded as unstable
alloys. It is noted that when calculating Ty for some of the 2D
TMDC alloys, such as Mo _yW,S,, due to the limitation of
calculations, their Ty can exhibit negative values because
those alloys are already stable at 0 K. But these unphysical
values do not affect the results because they can also be cate-
gorized into stable alloys.

Analyses of the electronic structures of the alloys were per-
formed. We examined the density of states (DOS) associated with
the adsorption sites to understand the interaction between
hydrogen and the adsorption site on the alloy configurations.
According to the widely employed d-band center model of
Hammer and Nerskov,* the AGy of hydrogen adsorption can be
analyzed using the d-band center (&4) of the catalyst. Also, previous
studies demonstrate that the p-band center of chalcogen atoms in
TMDCs can be used as a descriptor for AGy."** In our case, since
H interacts directly with the chalcogen atoms, a p-band center
should be considered and is calculated as follows:

[T ED,(E)dE

? T 7D (E)ME ©)

where E is the energy level and D(E) refers to the p states in
catalysts.

To analyze the changes in ¢, during the formation process of
TMDC alloys, we decomposed the formation process into three
steps (volume deformation (VD), charge exchange (CEX), and
structural relaxation (SR)) and the composition-weighted
average of ¢, for alloy M1(;_yM2,X, at each step is calculated
as follows:

&=(1 — X)&;mix, + Xeimox, (6)

where x, i are the concentration of alloy and i represents step
VD, CEX, or SR. & m1x, and & m2x, are the ¢, of two base lattices at
step 1.

2.3 Construction of the machine learning (ML) model

The selection of the ML model is a key process to achieve high
efficiency of the predictions. In this study, we used an auto-
mated machine learning package, TPOT,* to evaluate the
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performance of different machine-learning algorithms and to
find the best modeling pipeline for the dataset. The generation
size and population size for running TPOT were set as 5 and 20,
respectively. 5-Fold cross-validation was used when evaluating
pipelines. We used regression to predict the AGy of 2D TMDC
alloys, while classification was chosen for the prediction of their
stabilities. For AGy prediction, as recommended by TPOT, we
chose the pipeline using gradient boosting regression as
implemented in the Scikit-learn Python library.®* For stability
prediction, the pipeline suggested by TPOT contains three
estimators, ie., stacking estimator, recursive feature elimina-
tion, and random forest classifier.®® Detailed information of the
ML models can be found in the code provided in this work.

3. Results

3.1 Machine learning (ML) workflow

A typical monolayer TMDC contains metals in groups IV (Ti, Zr,
Hf), V (V, Nb, Ta), and VI (Cr, Mo, W) and chalcogens (S, Se).®> In
this study, we first explored HER activity of the basal plane of
a series of 2H-MX,, alloys (M = Cr, Mo, W, V, Nb, Ta, Ti, Zr, Hf; X
= S, Se). The template of hydrogen adsorption configuration
was constructed by putting one hydrogen atom on top of the
chalcogen site, as shown in Fig. 1a. After enumeration at each
transition metal site, we obtained 8496 unique adsorption
configurations of cation-mixed ternary alloys based on 72 alloy
combinations across 18 TMDC pristine structures. Aiming at
solving the complexity of these calculations, a ML workflow was
developed to predict the hydrogen adsorption energies of
TMDC alloys, as shown in Fig. 1b. First, DFT calculations were
performed on more than 1140 adsorption configurations. For
each alloy, at least two configurations were randomly selected
per concentration to ensure that the data set can represent the
properties of TMDC alloys in the whole concentration range.

Generate All Possible
Adsorption Configurations

|

Assign Feature Vector to
Adsorption Configurations

l

Train Machine Learning

M = Cr, Mo, W, V, Models

¢ Nb, Ta, Ti, Zr, Hf l

' Amdiee Use Models to Predict HER

Activity and Thermodynamic
O H Stability

Fig. 1 (a). Template adsorption configuration of hydrogen on a 2D
TMDC sheet, where transition metal (M = Cr, Mo, W, V, Nb, Ta, Ti, Zr or
Hf) and chalcogen atoms (X = S, Se) are indicated by cyan and yellow
spheres, while the hydrogen atom is shown in white. (b) Workflow for
predicting AGH and thermodynamic stability via machine learning.
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Fig. 2 (a). The normalized distribution of the DFT-calculated AGy for hydrogen adsorption on MS; and MSe; respectively. Dashed lines indicate
the 0.1 eV range around the optimal AGy value of 0 eV. (b) Prediction performance of the training set and the test set for AGy prediction. (c) The
fraction of the DFT-calculated stable and unstable alloys for MS, and MSe, respectively. (d) Prediction performance of the training set and the test

set for stability prediction.

The normalized distribution of the DFT-calculated Gibbs
free energy (AGy) values of hydrogen adsorption is plotted in
Fig. 2a, from which some initial understanding of the HER
performance of TMDC alloys can be obtained, as elaborated
below. Generally, to achieve good catalytic performance towards
the HER, hydrogen adsorption should exhibit AGy close to the
thermoneutral value near zero. As seen from Fig. 2a, a good
portion of sites offered by TMDC alloys exhibit AGy; values close
to the optimal AGy = 0 eV. Here, we select the range of |AGy| =
0.1 eV to represent the close vicinity of AGy = 0 eV, as the ideal
region for effective HER. As demonstrated by the DFT results in
Fig. 2a, there is a notable proportion of sites falling into this
AGy range. Meanwhile, we can see that these sites are
predominantly from the transition metal disulfide alloys (MS,),
rather than the transition metal diselenide alloys (MSe,). This
indicates better potential for the HER from MS, than MSe,. We
also note from Fig. 2a that the shape of the AGy distribution of
MS, is similar to that of MSe,. This similarity suggests that
alloying may induce a similar effect on the HER activity of MS,
and MSe,.

We then assigned a feature vector to each TMDC alloy to
represent the alloy structure numerically, thus relating the
physical and chemical properties to the corresponding struc-
tures and using the data we collected to train the ML model.

This journal is © The Royal Society of Chemistry 2023

Informed by previous material informatics studies,****%>% three
of the most relevant properties for predicting AGy of TMDCs
were selected, i.e., the atomic number (Z), the Pauling electro-
negativity (x), and the Gibbs free energy of hydrogen adsorption
on pristine MX, (AGy_wmx»)- Here, Z represents the atom type
and accounts for the steric effect, and x accounts for the elec-
tronic affinity effect, and its value was obtained from the
Mendeleev database.®® AGy_mxe Serves as the benchmark
reference and was used to estimate the variation in the Gibbs
free energy. The AGy_mx» of 18 pristine TMDCs were calculated
by DFT calculations (see Table S1 in ESIt). Transition metal
sites in the supercell were numbered and each site was
described by these three properties. In addition, to account for
the effect of the chalcogen atoms, Z and x of S or Se were
appended at the end of the feature vector. Since our supercell
has 9 transition metal sites and each transition metal has 3
descriptors, a 29-dimensional (27 for transition metals and 2 for
chalcogen atoms) vector was created to represent each TMDC
alloy (see Section S4 ESIt for more details).

We created our ML model using gradient boosting regres-
sion, as selected by the automated ML package, TPOT.* All the
available DFT data were used to train the ML model. The whole
data set was randomly split as training and testing sets
according to a 7:3 ratio. The distribution of the data in the
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training and testing set is presented in Fig. S1 (see the ESIt). To
ensure that we have sufficient data for good prediction, the
learning curves of our ML model are also presented, in Fig. S3
(see the ESIT). The accuracy of our model prediction is illus-
trated in the prediction performance plot Fig. 2b, where the
error in prediction is indicated by the deviation from the X =Y
line. We see that the training set of our model is well fitted, and
the test set shows slightly larger deviations than the training set,
but still small. As demonstrated, our model successfully
predicts AGy values of the HER on TMDC alloys, with a mean
absolute error of 0.1 eV for the test set.

Additionally, to discover whether the abovementioned alloy
configurations are synthesizable, we further investigated the
thermodynamic stability of those 2D TMDC alloys using the ML
workflow, similar to that of AGy prediction. However, unlike the
AGy prediction workflow which used a regression model to
predict continuous valued output, we used a classification
pipeline suggested by TPOT to determine whether the alloy
configuration is stable or not (see details in the Methods
section). The criterion of a stable 2D TMDC alloy is the critical
temperature for complete miscibility Ty < 1000 K. Fig. 2c plots
the distribution of the stability of MS, and MSe, alloys based on
the DFT-calculated data, showing that 49.2% of the MS, alloys
and 52.7% of the MSe, alloys are regarded as stable. We then
did the feature vector assignment to each TMDC alloy, similar
to the AGy prediction process, except that we switched one
material property, i.e., AGy_mx2, to the total energy of pristine
MX, (Emxz) (see Section S4 ESIT for more details) considering
the physical properties of our target. During ML training, again,
the whole data set was randomly split as training and testing
sets according to a 7: 3 ratio, with data distribution plots pre-
sented in Fig. S2.1 The learning curves of the ML model show
that we have enough data to reach the desired accuracy of the
stability prediction (see Section S2 in the ESIt for details). From
the prediction performance plot presented in Fig. 2d, we see
that our model successfully predicts the stability of TMDC
alloys, with an accuracy of 89.3% for the testing set.

3.2 Predictions of electrocatalytic activity of TMDC alloys

The HER activities of various TMDC alloys have been predicted
by the ML framework (see Fig. 3 and Fig. S5-S10 in the ESIf}).
Among these TMDC alloys, only a small fraction has been
investigated in experiments,'”*>%” notably the Mo, _yW,S, and
Mo, _yW,Se, groups. Experimentally, these two groups of
TMDC alloys have been shown to be active for the HER at the
edge sites, while it was believed that the basal planes of
Mo(;_»yW,S, and Mo(;_W,Se, stay inert.'”*>**?% As shown in
Fig. 3a and b, all adsorption sites at basal planes of Mo(; _xyW,S,
and Mo, _,)W,Se, alloys have AGy values much higher than the
ideal range for the HER (i.e., |AGy| = 0.1 eV) and can be
regarded as inert, in good agreement with the experimental
findings. Nonetheless, despite the overall basal inertness of
Mo(; WS, and Mo(; _yW,Se,, we see obviously lower AGy for
some alloy configurations compared to those of the corre-
sponding pristine TMDCs. This illustrates an apparent effect of
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alloying in reducing AGy below those values from a simple
interpolation of the AGy of their pristine structures.

Moving to other TMDC alloy groups, a similar effect of
alloying-induced reduction in AGy is also observed, which to
the best of our knowledge has not yet been studied previously in
experiments. Representative plots are shown in Fig. 3c-h. Some
of the MS, alloys, such as Mog_xV.S;, W_»HfS,, and
Ti(_x)Z1,S,, have AGy lies in the ideal region for the HER over
a wide range of concentrations, outperforming their pristine
structures in electrocatalytic activities (see Fig. S5-5S10 in ESI{
for other TMDC alloys). For example, as the AGy vs. concen-
tration plot is shown in Fig. 3c, Mogy_,V,S, with the V
concentration in the range of 0.4-0.8 yields AGy close to zero.
Particularly worth noting (see Fig. 3c) is that the introduction of
a small fraction (e.g., 11%) of V atoms into MoS, results in
a significant drop in AGy, showing a similar effect in enhancing
the HER performance at the basal plane as the single-atom
catalysis.®® Meanwhile, the MSe, alloys are showing quite
similar behaviors to their MS, counterparts but exhibiting
relatively higher AGy values, resulting in less favorable results
for the HER in most cases. In addition, we also note from the
results that in general the effect of alloying tends to be more
significant for a TMDC alloy when the difference of AGy values
of its corresponding pristine TMDCs is more pronounced (see,
e.g., Fig. 3e where MoS, and VS, respectively have AGy values of
2.00 eV and 0.27 eV), possibly because of more significant
charge redistribution between atoms in those alloys as elabo-
rated later.

We also compared the electrocatalytic performance of
various TMDC alloys by calculating their respective fractions of
enumerated adsorption sites that have optimal AGy values
(JAGH| = 0.1 eV) over the whole concentration range, with the
mapping presented in Fig. 4a and Fig. S11a (see the ESIf) for
MS, and MSe, alloys, respectively. By comparing two active site
mappings, we see that the sites of optimal AGy values are
predominantly from MS, alloys, while HER active sites on MSe,
alloys are negligible. This observation agrees well with the DFT
calculated results in Fig. 2a. Therefore, we narrow down our
exploration for HER catalysts to only MS, alloys. Also noted
from Fig. 4a is that MS, alloys with metal atoms exclusively from
group-VI elements provide no effective adsorption sites, thus
predicted to be undesirable toward the HER. For cases involving
elements from group-IV and/or group-V, some MS, alloys show
promising performance towards the HER. As seen in Fig. 4a,
a number of alloys exhibit a high fraction of effective adsorption
sites, with a fraction value close to or beyond 50%. Examining
these alloys in detail, we note that some high fraction values,
e.g., those of Hf(;_Nb,S, (71%) and Tij V.S, (69%), may be
attributed to their base metal disulfides, i.e., NbS, and TiS,,
being active towards the HER. Nonetheless, there are also cases
among those where their base metal disulfides are inactive, e.g.,
Zr(1-x)VsS, (62%) and Zr(;_,yTa,S, (47%). It is also interesting to
note that the benefit of alloying in enhancing HER activity in
general is most significant when there are mixtures of metal
elements from different groups.

We further screened the MS, alloys by considering their
stability, with the fractions of stable active sites for each MS,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3ta01361h

Published on 13 April 2023. Downloaded by Northwestern University on 6/10/2024 11:19:17 PM.

Paper
a
[
20p
e 0 0 0 ' ' ' ]
15
S
2 10
x
0]
< 05
0.0 === == e
=05 MO“_X)WXS-‘,
0.0 02 0.4 06 0.8 1.0
X
(o]
20p
15
S
L 10
X
3
05
t | l -
o
00f=mmmmmmmmee - B W N
P M0(1_x)vxSZ
0.0 0.2 0.4 06 0.8 1.0
X
e |
20
15
s
2 10
T e
sl *vyl b
05 $ o )
o R R R
00 ------------- i‘-‘ o el ----.-_-“
-05 W(1-x)fo82
0.0 02 0.4 06 0.8 1.0
X
20
15
s
2 10
r
0]
< 05
SRR B K
ol Ti10Zr,S,
0.0 0.2 0.4 06 0.8 10
X

View Article Online

Journal of Materials Chemistry A
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0.0 0.2 04 0.6 08 1.0

Fig. 3 (a—h) Machine learning predictions for AGy of 8 representative TMDC ternary alloys at different concentrations. Black dash lines indicate

the optimal AGy to achieve the best HER performance.

alloy presented in Fig. 4b. We see that around half of the active
adsorption sites have been filtered, with the number of active
adsorption sites on MS, dropping significantly from originally
1133 to only 448. This observation agrees well with the DFT-
calculated results presented in Fig. 2c. Although from Fig. 4a
we have learned that MS, alloys with metal atoms from different
groups result in enhanced HER activities, those alloys may
suffer from low stability probably due to the large lattice
mismatch between their base metal disulfides. For the extreme

This journal is © The Royal Society of Chemistry 2023

cases, i.e., alloying between elements from group-IV and group-
VI, almost all MS, alloys are found to be unstable, leading to
nearly no effective adsorption sites in this region as shown by
the mapping from Fig. 4b. Combining the effects of both basal
plane activation and stability, in general, alloying between
metal elements from group-IV and group-V is found to be most
effective towards the HER. In addition, in order to guide the
synthesis of MS, alloys, the fractions of stable active sites for
each MS, alloy at different concentrations are provided (see
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Fig. 4 HER activity heatmaps for MS, alloys showing (a). The fraction
of adsorption sites of AGy within the optimal range of (—0.1, 0.1) eV for
each alloy, and (b). The fraction of adsorption sites that are both stable
and have optimal AGy for each MS; alloy. The number indicates the
fraction value an alloy exhibits, which is also reflected by the color.

Fig. S12 in the ESI{). Previous studies on TMDCs mostly focus
on alloying within group-VI elements while other cation-mixed
alloys have been largely neglected. The results we presented
here clearly suggest the necessity of expanding the exploration
into other element groups in the design and development of
TMDC alloys towards the HER.

3.3 The origin of alloying in enhancing HER activity

The results in Fig. 3 and 4 have clearly demonstrated the
promising role of alloying in enhancing HER activity. To better
utilize the information for rational TMDC alloy design towards
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the HER, it is important to understand the underlying mecha-
nism. As suggested by previous studies,*>”® the influence of
alloying on surface adsorption properties may be described by
either electronic (or ligand) and/or geometrical (or ensemble)
effects. Since hydrogen always adsorbs on the chalcogen atom
(S or Se) in a nearly identical geometrical fashion, effectively
there is no geometrical effect in our study (see Fig. S16 in the
ESIT). Therefore, it is expected that the influence of alloying on
TMDCs would be dominated by the electronic effect resulting
from the variation in chemical composition.

The electronic effect can be analyzed by examining the
intrinsic electronic structures. In particular, we found that
variations in chemical composition in TMDC alloys can signif-
icantly modify the p states of chalcogen atoms. One good metric
to quantify such modification in the p state is the p-band center
(denoted as ¢, in the following) of the chalcogen atom (see
details in the Methods section). The band centers, e.g., d-band
and p-band centers, have also been used by previous
studies™* in describing characteristics of electronic structures.
In Fig. 5a, we plotted the AGy values of 140 randomly selected
TMDC alloys versus their corresponding e, values. Overall we see
a good linear correlation between AGy and &, for both the MS,
and MSe, alloy groups, despite some outliers. Those outlier data
points might be partially attributed to the fact of the p bands of
chalcogen atoms are broad and in irregular shapes,” which
consequently causes variation in e,. Nevertheless, the overall
trends observed in Fig. 5a confirm that the electronic effect is
related to the electronic structure of the adsorption (chalcogen)
site, and a chalcogen site with a higher (lower) p-band center
exhibits stronger (weaker) affinity to hydrogen. Meanwhile, we
see that the linear fitting of the AGy — ¢, data yields similar
slopes for both MS, and MSe, alloy groups. Since the slope is
indicative of the strength of the electronic effect,”* this suggests
that alloying results in a similar degree of electronic effect for
both MS, and MSe,, consistent with our previous observations
in Fig. 2a. In addition, to consider the influence of configura-
tion changes on the electronic structures, using W _yV,Se,
alloy as an example, we plotted the AGy values of all the
possible alloy configurations of W(;_,)V,Se, versus their corre-
sponding ¢, values, as shown in Fig. S13 (in the ESIT). It is found
that the variations in &, by the configuration changes still follow
the trend observed in Fig. 5a. In accordance with the results
shown in Fig. 5a, we then proceeded to examine how alloying
modifies the p-band center. Fig. 5b plots the ¢, of the adsorp-
tion sites with the best (lowest) AGy at each concentration for
two representatives, i.e., Mo V.S, and W(;_,V,Se, (see &, vs.
x plots for all adsorption sites in Moy VxS, and W(;_)V,Se, in
Fig. S14t). Alloying is observed to have the apparent effect of
enhancing &, from that of the pristine base metal disulfide/
diselenide. The increased ¢, indicates the shifting of p bands
to the Fermi energy, which stabilizes hydrogen adsorption and
therefore leads to the enhanced HER activity of alloys.

As suggested by previous studies,”””>”® a more in-depth
understanding of the effect of alloying on ¢, can be obtained
by analyzing the changes in the properties of TMDC alloys
during their formation processes. In particular, the formation
process can be decomposed into three steps, namely (i) volume

This journal is © The Royal Society of Chemistry 2023
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deformation (VD), where the corresponding pristine TMDC was
compressed or expanded from its equilibrium lattice constant
to the alloy lattice constant, (ii) charge exchange (CEX), where
mixing of atoms takes place and introduced into the unrelaxed
alloy lattice constructed in step (i), and subsequently (iii)
structural relaxation (SR) where the alloy lattice obtained in step

was calculated (see the Computational methods section for
details) at each step for different TMDC alloys. Fig. 6a shows the
evolution of ¢, for six representative alloys, considering
different concentrations, transition metals, and chalcogen
types. We note that the changes in ¢, in the VD and SR steps are
negligible in some cases, e.g., Wy .2,Vo.78S,, but significant in

(ii) was fully relaxed. The composition-weighted average of ¢, other cases, e.g., Wy,,V755€,. However, an interesting
a
-0.9
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Fig. 6 (a). The evolution of composition-weighted average of ¢, at

w0.78v0.2282

the VD, CEX, and SR steps. (b) Representative hydrogen adsorption

configurations on Wy 2,Vo 78S, and Wq7gV022S, alloys, with related charge density difference maps of metal atoms at the vicinity of the
adsorption site. Atoms are colored with V (red), W (grey), S (yellow), and hydrogen (pink). The black cross symbols in charge density difference

maps indicate the center of the metal atom (W or V).
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observation from the ¢, evolution results is that in the cases
where the changes in ¢}, in the VD and SR steps are significant,
the changes in the two steps are always in the opposite direc-
tions and thus cancel each other, e.g., the cases of W 5,V 7gS€,
and Cry »,Zr, 75€,. As a result, the CEX step effectively becomes
the critical step responsible for the overall change in ej,. Addi-
tionally, we investigated the changes in &, in the CEX step
(Aecex) with the concentration x using the adsorption sites with
the best (lowest) AGy at each concentration for Mo _ V.S, and
W(1_x)ViSe,. As shown in Fig. S15,1 Aecex varies with the x, and
this trend is similar to that shown in Fig. 5b, further proving
that the CEX step is indeed the critical step responsible for the
overall change in e,

With a more focused analysis of the CEX step, we found that
the change in ¢, during this step is strongly correlated with the
charge transfer around the adsorption site. In particular,
depending on the charge transfer direction, negative or positive
change in ¢, is expected. Such correlation is elaborated below
using Wy 5,V 7852 and Wy 75V 2,5, systems as examples, where
the Bader™ charge transfer analysis and charge density differ-
ence mapping (see Fig. 6b) were performed. In the case of
Wy .22Vo.78S2, ONn average each Vatom has a charge accumulation
of about 0.02e while each W atom shows a charge depletion of
about 0.06e. The electron depletion and accumulation
around W and V atoms, respectively, are also clearly revealed in
the charge density different map shown in Fig. 6b, indicative of
the electron transfer from W to V. The electron gain at V shifts
its d-band center away from the Fermi level to lead to weaker
interaction between V and S atoms,*’® which in return shifts
the p-band center of the S atom towards the Fermi level and
therefore strengthens the H-S bond.” That is, charge gain at
a transition metal would lead to an increased ¢, for the nearby
chalcogen atoms. For instance, if we consider the case of
hydrogen adsorption on the chalcogen atom surrounded by
three V atoms, as shown in Fig. 6b, the chalcogen atom
undergoes a substantial increase in e, (i.e., A, = 0.38 eV).

2.4
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[+ Xe20 7R Wi1.9VxS2
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Fig. 7 Lowest AGy values for hydrogen adsorption on W(;_V,S, as
the composition (x) varies. The insets illustrate sample adsorption
configurations yielding the lowest AGy. V, W, S, and hydrogen atoms
are shown in red, grey, yellow, and pink respectively.
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Similar charge transfer and redistribution behaviors are also
observed for the Wy, 75V 2,5, system, where each V atom and W
atom on average show charge gain and depletion of 0.04e and
0.02e, respectively. If we examine the case of hydrogen
adsorption on the chalcogen atom surrounded by three W
atoms, the chalcogen atom exhibits a decrease in ¢, (i.e., Aep, =
—0.19 eV) due to charge depletion from the surrounding W
atoms. Since in Wy 5,V 78S, and Wy 75V 2,S,, the hydrogen
adsorbed chalcogen is more likely to be surrounded by V (with
charge gain) and W (with charge depletion) respectively, the
composition-weighted average of ¢, is expected to increase and
decrease during the CEX step, respectively, in agreement with
the trends shown in Fig. 6a.

From the above, we see that charge transfer is a critical factor
affecting HER activity. Consequently, it also plays a large role in
prescribing the local chemical ordering of adsorption sites
yielding optimal HER activities. Taking W(;_,V,S, as an
example, since local charge transfer occurs from W to V, it can
thus be hypothesized that hydrogen adsorption would prefer
a chalcogen site with more V presence in its surrounding to
achieve a charge accumulation center for maximized e,
enhancement, and thus lower AGy. Fig. 7 shows several repre-
sentatives of the adsorption configurations offering the lowest
AGy at different compositions, alongside the corresponding
AGy values as the composition x varies, obtained from DFT
calculations, which corresponds quite well with our hypothesis.

4. Conclusions

In summary, first-principles DFT calculations in conjunction
with ML were performed to investigate the possibility of basal
plane activation in 2D TMDCs via alloying for the hydrogen
evolution reaction (HER). An ML workflow was created based on
the results from 1000+ DFT calculations, and feature vectors
were then assigned accounting for the physical and chemical
properties of both transition metals and chalcogen atoms. The
Gibbs free energy of hydrogen adsorption AGy and the stability
of a series of 2D cation-mixed TMDC alloys of various compo-
sitions were shown to be accurately predicted by the ML model.
Our results demonstrated that alloying leads to a substantial
reduction in AGy on the basal plane of TMDCs. For a sizable
fraction of the TMDC alloys examined, alloying was found to
render AGy in the ideal range for the HER. Moreover, for those
TMDC alloys exhibiting good HER activity, half of them were
found to be stable, confirming the thermodynamic feasibility of
the alloying route for basal plane activation.

The alloying effect was found to be mostly dependent on the
transition metals, while not much affected by the chalcogen
atom type. It was then further revealed to mainly originate from
the electronic effect resulting from the chemical composition
variation. In particular, the electronic effect comes from p-band
center shifting of the adsorption sites, attributed to the alloying
produced local charge exchange. The present study provides
essential mechanistic insights for a new route towards basal
plane activation of 2D TMDCs for enhanced electrocatalytic
performance. The insights coupled with the ML model will
enable machine-derived suggestions, crucial for developing an

This journal is © The Royal Society of Chemistry 2023
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efficient roadmap of rational design and exploration of 2D
TMDC alloy catalysts for the HER.
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