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ABSTRACT: In this work, we implement a facile microwave- <
assisted synthesis method to yield three binary Chevrel-Phase
chalcogenides (MogXg; X = S, Se, Te) and investigate the effect of
increasing chalcogen electronegativity on hydrogen evolution
catalytic activity. Density functional theory predictions indicate
that increasing chalcogen electronegativity in these materials will
yield a favorable electronic structure for proton reduction. This is
confirmed experimentally via X-ray absorption spectroscopy as well
as traditional electrochemical analysis. We have identified that
increasing the electronegativity of X in MogX, increases the |
hydrogen adsorption strength owing to a favorable shift in the p-
band position as well as an increase in the Lewis basicity of the chalcogen, thereby improving hydrogen evolution reaction energetics.
We find that Mo4Sg exhibits the highest hydrogen evolution activity of the MogX; series of catalysts, requiring an overpotential of
321 mV to achieve a current density of 10 mA cm gy, a Tafel slope of 74 mV per decade, and an exchange current density of 6.01
X 107" mA cm™%gcgs. Agreement between theory and experiment in this work indicates that the compositionally tunable Chevrel-
Phase chalcogenide family is a promising framework for which electronic structure can be predictably modified to improve catalytic
small-molecule reduction reactivity.
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1. INTRODUCTION

Renewable hydrogen production has become an attractive
alternative to transition away from fossil fuels and reduce
carbon dioxide emissions." In addition to its high gravimetric
energy density as well as the environment friendliness of its
combustion product, hydrogen is attractive due to its role in

upon noble metals is hindered by high production costs
78 .

engendered by elemental scarcity.”” Many cases in nature (e.g.,

hydrogenase and nitrogenase enzymes) have succeeded in

achieving favorable AGy with earth-abundant catalyst

compositions that often include non-precious transition-metal

chalcogenides with Fe, Ni, and Mo at their active sites.?

industrial processes such as ammonia synthesis, hydrogenation
reactions, crude oil refining, and biogas processing.z_4
Currently, hydrogen gas is predominantly generated via
steam methane reforming, which leads to substantial
anthropogenic CO, emission.” Alternatively, hydrogen can be
generated via electrochemical water splitting—a process that
leaves virtually no carbon footprint when coupled to renewable
sources of electricity such as wind and solar energy.”® This
electrochemical process occurs according to the half-reaction

2H" +2¢” = H, (1)

Following Sabatier’s principle for heterogeneous catalysis,
the Gibbs free energy for hydrogen adsorption of a maximally
efficient hydrogen evolution reaction (HER) catalyst will be
thermoneutral (AGy ~ 0). While Pt is currently championed
as the most efficient HER catalyst owing to its nearly
thermoneutral H adsorption, scalability of systems based

© 2020 American Chemical Society
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These revelations highlighted the promise of inorganic
analogues such as MoS,, where H adsorption at edge sites
indeed approaches the AGy of Pt.'"'* This observation is
consistent with the popular d-band center model which
suggests that HER reactivity correlates with the density of
transition-metal d states near the Fermi level of the catalyst."”
Recent advances have identified a range of transition-metal
dichalco§enides such as WS,,"*"* FeS,,'>"” CoS,,"*"'” WSe,,*’
MoSe,,”""** CoSe,,”*** and CoTe,”>*® as active catalysts for
HER. It is believed that the HER activity of this family of
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compounds relies on the negatively polarized chalcogenide
anions, which results in lower free-energy barriers for proton
adsorption.”’”

To investigate the effect of electronic structure and active-
site coordination on chemically analogous earth-abundant
catalysts, we examined Chevrel-Phase (CP) chalcogenides with
the generic formula M,MoX; (M = alkali, alkaline, transition
or post-transition metals, y = 0—4; X = S, Se, Te), specifically
focusing on the binary MogXg. This chalcogenide family is
especially attractive due to its interconnected cluster frame-
work (Figure 1) and its tunable composition that affords fine
control over the electronic structure, which has led to
previously observed catalytic activity for hydrodesulfuriza-
tion,zj:() oxygen reduction,” ™ and CO, reduction reac-
tions.”

(a)

Figure 1. Structure of the binary CP chalcogenides depicting (a)
MogXg unit cell with the metallic Mo—Mo bonds of the octahedra
shown within the chalcogenide cage, as indicated by the dashed lines,
and (b) four MogX; units illustrating the ionic Mo—X bonds within
and between the clusters, and the large cavities formed between
clusters.

Metal-intercalated CP frameworks have been shown to be
stable and relatively active HER catalysts over a range of
operating conditions;>"*"~*’ however, the effect of chalcogen
composition on HER reactivity in CPs is not well understood.
We hypothesized that the electronegative chalcogenide surface
sites would bond with adsorbed hydrogen and that varying the
chalcogen identity would directly affect the strength of this
bond, as well as shifting the position of the Mo d-states relative
to the Fermi level. Density functional theory (DFT)
calculations support this hypothesis and provide additional
insight into the contributions of both the local coordination
environment and the bulk electronic structure to H adsorption
and suggest that the p-band center provides a useful descriptor
for bond strength. To confirm the results of DFT calculations,
we implemented a time- and energy-efficient synthetic method
to yield all three binary CP chalcogenide compositions.
Predicted changes to CP electronic structure were confirmed
experimentally via X-ray absorption spectroscopy (XAS) and
were correlated to changes in catalytic HER reactivity under
acidic operating conditions. The results presented herein offer
insights into the tunability of electrocatalytic reactivity
exhibited by CP chalcogenides, and our integrated theoretical
and experimental effort represents a promising route toward
rational and iterative material design driven by reliable
computational prediction.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. MoS, powder (99%, ~32S
mesh), Cu powder (99.995%, ~100 mesh), MoSe, powder (99.999%,
~200 mesh), and Pt mesh (99.99%) were used as purchased from
Alfa Aesar. Mo powder (99.99%, ~100 mesh), Te powder (99.8%,

~200 mesh), and concentrated H,SO, acid (ACS grade) were used as
purchased from Sigma-Aldrich. Fused quartz tubes (2 mm thick) were
purchased from AdValue Technology and made into round-bottom
tubes with an in-house oxy-hydrogen torch. Ultrahigh purity grade H,
(99.999%) was used as purchased from Praxair Direct. Toray Carbon
Paper (060 with Micro Porous Layer) and 20% Pt/C on Vulcan
Carbon Cloth were purchased from Fuel Cell Store. Ag/AgCl
reference electrodes were purchased through ALS Japan. Selemion
anion exchange membrane was purchased from AGC Engineering and
stored in ultrapure deionized water prior to use in electrochemical
experiments.

2.2. Catalyst Synthesis. The CP chalcogenides studied here were
synthesized using a high-temperature heating method described in
detail in our previous work.**** Briefly, appropriate precursor
powders were mixed via ball-milling and pressed into pellets,
transferred into quartz tubes under N, under tightly packed Al,O;
microfiber, then submerged in a bath of ~325 mesh graphite powder
in a conventional microwave oven under Ar where the samples were
irradiated for multiple minutes at a power of up to 1000 W. As the
electronegativity of the chalcogen decreases, the number of electrons
per Moy cluster increases up to a limit of 24 electrons for a completely
filled valence shell.*' The increase in valence electron count when less
electronegative chalcogens are incorporated leads to an increase in
cluster stability and decreases the heating time required to obtain
phase-pure CPs. This is particularly important for MoSg, where—
owing to the electron-withdrawing strength of S—the Mog
octahedron is slightly electron-deficient at 20e”, making the cluster
metastable and prone to decomposition under the high-temperature
conditions of this synthetic method. To mitigate the destabilizing
effects of this electron deficiency, a metallic Cu precursor was
included to stabilize the Moy octahedron in a Cu,MoSg framework.
The heating time required to produce MosTe;, MogSeg, and
Cu,MoSg varied from S, 8, and 10 min, respectively. To obtain de-
intercalated Mo4Sg, Cu was chemically etched in O,-bubbled 6.0 M
HCl according to the literature methods.*

2.3. Structural and Electronic Characterization. The phase
purity of CPs was analyzed via powder X-ray diffraction (PXRD)
using a Bruker D8 Advance diffractometer with Cu Ko radiation
(1.541 A). Catalyst morphology and bulk composition were analyzed
before and after electrolysis using a FEI (Hillsboro, OR) 430
nanoSEM scanning electron microscope and a FEI Scios DualBeam
scanning electron microscope with an Oxford energy dispersive X-ray
(EDX) detector, respectively. Surface composition analysis before and
after electrolysis was completed using a PHI Versaprobe 3 X-ray
photoelectron spectrometer.

2.4. XAS and Data Analysis. CP chalcogenides were all scanned
at their respective Mo Ls-edge. All XAS scans were taken at the
Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC
National Accelerator Laboratory. Mo4Seg scans were taken at
beamline 14—3, while Mo4Sg and MogTeg scans were performed at
beamline 4—3. All edge scans were performed under He with a
chamber O, content <0.04% in order to minimize interactions
between tender X-rays and the gas inside the sample chamber. Energy
calibration of the beam was performed using elemental Mo foil. For
each sample, fluorescence data were collected using a Lytle detector
over the course of three scans which were averaged together to
improve the signal-to-noise ratio.

2.5. Electrochemical Characterization. Electrochemical meas-
urements were performed in a custom three-electrode H-shaped cell
(Figure S1) where the working-electrode and counter-electrode
compartments were separated by an anion-exchange membrane.
Working electrodes were fabricated using powder-based inks for each
catalyst prepared using 3.0 mL of isopropanol, S0 uL of
polytetrafluoroethylene (PTFE) suspension, S mg of carbon black,
and 6.01 X 107> mol of each respective catalyst. The PTFE serves as a
binding agent while the carbon black increases conductivity. The
PTFE/carbon black mixture facilitates the transport of the evolving
hydrogen from the reaction site through hydrophobic pores and
provides robust mechanical properties to the electrode.*”** Inks were
sonicated for 20 min and then drop cast onto conductive carbon
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Figure 2. (a) PXRD patterns for MosSs comparing experimental (red) and calculated pattern based on published data (black) and (b) SEM

micrograph detailing the faceted morphology of polycrystalline MogSs.

paper (Figure S2). The working (CP), reference (Ag/AgCl), and
counter (Pt mesh) electrodes were submerged in 0.5 M H,SO,
electrolyte that was purged with H, gas for 30 min to remove any
dissolved O,. All electrochemical experiments were performed using a
Bio-Logic VSP-300 multichannel potentiostat with potentials
converted to RHE scale using the following equation

Epu = E(Ag/AgCl) + 0210 + 0.059 x pH )

Hydrogen evolution activity was evaluated via linear sweep
voltammetry (LSV) at a scan rate of S mV s™'. During these
experiments, a H, flow was maintained over the electrolyte and the
electrolyte was stirred at 1200 rpm to remove hydrogen gas bubbles
from the working electrode surface and maintain consistent local pH.
Catalyst stability was observed in two different experiments for each
catalyst: (1) chronopotentiometry experiments where a specific
current density was maintained over time while observing changes
in overpotential and (2) LSV experiments performed both before and
after 500 and 1000 cyclic voltammograms. Electrochemically active
surface area (ECSA) for each electrode was determined by measuring
their double-layer capacitance (Cy), whereas cyclic voltammograms
(CVs) were acquired at various scan rates in a non-Faradaic region
where observable current could be attributed strictly to capacitive
charging.” The current at a chosen potential near open circuit in
these CVs was plotted as a function of scan rate, and the slope of this
graph gives Cy. Figures S3 and S4 show the representative CVs and
linear plots used to calculate Cy. The intrinsic Cy of each catalyst was
taken as the difference of the Cy of the electrode (PTFE/carbon
black/catalyst) and the Cy of the blank (PTFE/carbon black). The
ECSA was then calculated by dividing Cy by the specific capacitance
(C,) of the sample

C
ECSA = 2%
C, (3)

where a specific capacitance of 60 uF cm™ was chosen based on the
reported capacitance for a flat MoS, sample in 0.5 M H,SO,.*
Charge-transfer resistance was measured via electrochemical impe-
dance spectroscopy (EIS) at —0.27 V versus RHE with a
superimposed AC bias oscillating at frequencies from 1 MHz to 1
Hz with a 10 mV sinus amplitude.

2.6. Computational Methods and Models. DFT calculations
were performed using the Vienna ab initio Simulation Package
(VASP).*” The Revised Perdew—Burke—Ernzerhof (RPBE)*® gener-
alized gradient approximation exchange—correlation functional was
used to compute structures and zero-point energies, while the
Strongly Constrained and Appropriately Normed (SCAN) semilocal
density functional*” was used to compute enthalpies, charge densities,
and densities of states (DOS). All calculations were performed with a
plane-wave cutoff of 520 eV and a I'-centered Monkhorst—Pack k-
point grid with a density of 1000/N where N is the number of atoms

35997

in the unit cell. All calculations were performed using the implicit
water solvation model as implemented in VASPsol>° Zero-point
energies were calculated using the dynamical matrix approach within
Henkelman’s VTST Tools package. Charge densities were calculated
using DDEC6 atomic population analysis.”"

Adsorption energies at 298.15 K are calculated using

AGacls = AHacls + AEZPE - TASads (4)
Adsorption enthalpies are calculated with

A}Iads = Hads - Hsurf - I/ZHH2 (5)

where H,q, H,s and Hy, are the computed total enthalpies of the
surface with an adsorbate, the bare surface, and H,, respectively. The
change in zero-point energy is calculated using

1

AEypp = EZPE,H* - EEZPE,HZ (6)

where Ejpg g+ is the zero-point energy of adsorbed hydrogen (H*),
and Ezpgy, is the experimental zero-point energy of H, (0.27 ev).>?
We make the approximation that

1
TAS,4 & =~ Sy 2t 29815 K )
because the vibrational entropy of H* is negligibly small relative to
hydrogen in solution.”* Sp,sa = 04038 eV is obtained from the
National Institute of Standards and Technology Joint Army—Navy—
Air Force (NIST JANAF) thermochemical database.** Periodic slab
models of the surfaces included a 1 X 1 X 2 supercell model of the
MogX; surface and a 2 X 2 X 3 supercell model of the (111) Pt
surface due to its smaller unit cell size to reduce adsorbate—adsorbate
interactions. All models for adsorption on MogX; include one H* per
supercell due to the unfavorable adsorption of H* on these materials.
Additionally, these calculations included one H,O adsorbed at the Mo
surface site due to the favorable adsorption of H,O on these surfaces.
The Pt surface was modeled at 1/4, 1/2, 3/4, and full surface
coverages of H*. Slab calculations included 20 A of solvent above the
slab in the z-direction to avoid interactions between periodic images.

3. RESULTS AND DISCUSSION

3.1. Microwave-Assisted Solid-State Synthesis. Poly-
crystalline MoS;, MosSes and MogTeg were all synthesized
with high phase-purity through aforementioned methods. This
work presents for the first time microwave-assisted high-
temperature methods extended to MogSeg and MogTe,. In
contrast to conventional heating, which relies on slow heat
transfer through evacuated quartz ampules, the microwave
heating method employed here allows for rapid conversion of
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microwave radiation into thermal energy,55 and the N,
atmosphere within the reaction vessel itself allows for virtually
instantaneous heat transfer to the sample. Because of the rapid
nature of this microwave heating, reaction times to obtain CPs
are reduced from days to minutes, resulting in significant time
and energy savings despite the required high temperatures
(>900 °C). Furthermore, the yield of this solid-state synthesis
method is 100%, making it advantageous compared to many
solution-based methods where unreacted precursors and
product loss during separation often reduces overall yield.

The PXRD pattern for Mo4Sg shown in Figure 2a indicates a
rhombohedral crystal phase with an intense (101) signal that is
characteristic of CPs, while the scanning electron microscopy
(SEM) image in Figure 2b details the faceted polycrystalline
morphology that is representative of the CPs studied in this
work. The PXRD patterns, X-ray photoelectron spectroscopy
(XPS) spectra, and EDX spectra (Figure SS5) obtained before
and after chemical etching confirm the complete removal of Cu
from the Mo4Sg framework. PXRD and SEM of CP selenides
and tellurides (Figure S6) show similar characteristic
diffraction peaks and polycrystalline morphology. Lattice
parameters obtained by PXRD refinement for CP chalcoge-
nides are shown in Table S1 and are consistent with literature
values for the R-3H unit cell. Bulk CP composition was
confirmed via EDX, as shown in Figures S7—S9. For MogSs,
the Mo L- and S K-edges overlap, convoluting quantitative
determination of Mo and S, hence the reported atomic %
deviates significantly from expected values; although it is
apparent from the EDX spectra presented in Figure S7 that
there is no compositional impurities.

3.2. Electronic Structure and Theoretical H* Inter-
action. The Mo L;-edge X-ray absorption near edge structure
(XANES) for all three CPs are shown in Figure 3 and reveal

1 T T I
LA\ Mo,S,
—_ : : : M06398
= : | ——MogTe,
< ! ——Mo foil
>
=
2
c
() o
o 1 1
E [
[T
[ R
[ R
I I I I
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Energy (eV)

Figure 3. Mo L;-Edge XANES for binary CP chalcogenides along
with a Mo foil for reference, illustrating a pronounced red-shift as

chalcogen electronegativity decreases from MogSg (red) to MogTeg
(blue).

that as the electronegativity of the chalcogen species decreases,
the photon energy required to induce a 2p — 4d transition
similarly decreases, suggesting a less oxidized Mo center which
is the result of weaker electron withdrawal from Mo by the X
cage. This is indicative that a more electronegative chalcogen
strongly decreases the valence electron count of the Mog
octahedron, which makes the chalcogen a stronger Lewis

base that will stabilize the absorbed proton more effectively
during HER because H" is a hard Lewis acid. DFT calculations
support this explanation.

Calculated Gibbs free energies for proton adsorption (AGy)
on CP chalcogenides are shown in Figure 4a along with Pt for
reference. As expected, Pt exhibits the most favorable H*
binding interaction, while for CP chalcogenides, Mo,Sg is
predicted to possess the most favorable AGy, followed by
MogSes and MogTeg with AGy of 0.48, 0.56, and 0.58 eV,
respectively. The lower AGy obtained for Mo4Sg corroborates
our hypothesis that a stronger Lewis base adjacent to Mo
stabilizes H* more effectively, thereby facilitating HER
reaction kinetics. Furthermore, our calculations indicate that
the most favorable adsorption site for all three CP surfaces is
the bridge site between Mo and X, which can be seen in the
slab images of Figure S10 where H¥ is stabilized closest to X in
MoS; (X—H distance = 1.40 A) and farthest from X in
MogTeg (X—H distance = 1.81 A).

To further examine how the electronic structures of the CPs
influence their reactivity, projected DOS were calculated for
each material and are plotted in Figure 4b. As the
electronegativity of the chalcogen increases, the d-band center
energy decreases, suggesting a weaker interaction between H*
and the Mo d-states. This result is consistent with the longer
Mo—H bond calculated for Mo4Sg. Conversely, the X—H bond
strengthens as chalcogen electronegativity increases, and to a
greater extent than the Mo—H bond weakens. This results in
stronger overall adsorption of H* predicted for MogSs. We
attribute the stronger X—H bond for the more electronegative
chalcogens to both local and bulk electronic effects. The local
contribution to the X—H bond strength results from orbital
overlap which decreases with orbital size mismatch between
the chalcogen and the H* 1s orbital (e.g, large mismatch
between Te Ss and H 1s). The bulk contribution results from
the charge density localization on the chalcogen atoms which
increases with the electronegativity of X and is manifested in
the electronic structure as a lower p-band center. The
increased charge density on X leads to stronger bonding
with H* and concomitantly decreases the charge density on
Mo, weakening the Mo—H bond. To assess the influence of
the local and bulk contributions on the strength of the X—H
bond, we studied the effect of substituting only the chalcogen
involved in the X—H bond with a different chalcogen. Three
substitutions were considered: Se into Mo4Sg, S into MogSes,
and S into MogTeg. The calculated AH,4 for these
substitutions are shown in Figure S11. We report calculated
bond lengths, band centers, charge densities, and AH,4 in
Table S2. These substitutions change the local bonding
environment, yet have a minimal effect on the bulk electronic
structure, exhibited by the negligible change in the d-band and
p-band centers (<0.05 eV), as well as by the negligible change
in Mo charge densities. The Se substitution into Mo4Sg
increases AH_ 4, by 0.08 eV resulting in an adsorption enthalpy
that is only 0.03 eV lower than that of bulk MogSes.
Additionally, the Se—H bonds of both structures differ by
only 0.01 A, indicating that the local bonding environment
influences the X—H bond strength more than the bulk
electronic structure.

The S substitutions into MogSeg and MogTeg decrease
AH,4 by 0.03 and 0.02 eV, respectively. The difference
between AH,4 for the S substitution into MogSeg and the Se
substitution into MogSy is less than 0.01 eV. However, the S—
H bond is 0.14 A shorter than the Se—H bond, further
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Figure 4. (a) Calculated adsorption energies of H* (AGy) on all surfaces discussed herein; (b) computed DOS which indicate a significantly larger
d-DOS at the Fermi level for MogSg than for MogSes and MogTeg; (c) HER polarization curves for CP chalcogenide electrodes in 0.5 M H,SO,,
along with 20% Pt/C on Vulcan carbon cloth and a blank (carbon paper with PTFE/carbon black/IPA ink) for comparison; and (d) corresponding

Tafel plots for each CP catalyst, with Pt for comparison.

confirming that the local bonding environment contributes
more substantially to the X—H bond strength, although the
overall proton adsorption strength is comparable. Nonetheless,
when comparing Mo4Sg against the two S substitutions into
MogSeg and MogTes, AH,4, increases by 0.07 and 0.12 €V,
respectively, indicating that the bulk electronic structure
moderately affects the adsorption strength of the proton,
which can be stabilized by decreasing the p-band center. The
individual tunability of the local bonding environment and
bulk electronic structure suggests that the ternary CP space
may include promising HER catalysts with optimal properties
for H adsorption. Furthermore, of the three chalcogenides S
provides the best local bonding environment and bulk
electronic structure for stabilizing H*, in agreement with our
calculations that MogSg exhibits the lowest AGy of the binary
CPs.

3.3. Electrochemical HER Activity. Polarization curves in
0.5 M H,SO, and Tafel slopes for all three CP chalcogenides
are shown in Figure 4c,d along with curves for 20% Pt/C on
Vulcan Carbon Cloth and a blank for reference, while
numerical figures of merit are shown in Table 1. Current
densities were normalized with respect to ECSA to account for

Table 1. Compiled figures of Merit for all Three Binary CPs
Studied Herein

j at Exchange current
—10 mA cm™%cg,  Tafel slope density R,
Material (mV) (mV dec™!)  (mA em %gcgy) (Q)
MogSs 321 74 6.01 x 107* 32
MogSes 432 81 9.57 x 107 154.4
MogTe, 634 77 3.01 x 107 446.0

35999

any slight differences in particle sizes of the catalysts that were
evaluated. Because of the ease with which tellurium
compounds oxidize in air, MosTeg electrodes were treated
prior to electrolysis to ensure that the catalytic activity
recorded came from MogTeg and not the oxide. The MogTeg
electrodes were submerged in 0.5 M H,SO, for 30 min. Under
these acidic conditions, TeO, spontaneously dissolves in the
form of the telluryl ion, HTeO,*.***” This ion further reduces
to elemental tellurium under negative applied potential;
therefore, following this 30 min dissolution period the
electrolyte was replaced while continuously purging the cell
with hydrogen to prevent re-oxidation of the electrode surface.
The overpotential required to achieve a current density of 10
mA cm™? g, follows the trend: MogSy < MogSey < MogTey,
with values of 321, 432, and 634, respectively, indicating that
on an energy-input basis, MoSg is the most efficient of the
three catalysts studied. In addition, an overpotential of 265 mV
is required to achieve 10 mA cm™ on a geometric basis for
MogSg, which is consistent with many commonly reported bulk
and nanostructured earth-abundant HER catalysts for which
current density is normalized with respect to geometric surface
area, as shown in Table §3.2%46,58-61 Considering that the
HER activity of MogSg was measured using bulk polycrystalline
catalyst material, considerable opportunity exists to improve
the overpotential required to achieve a current density of 10
mA cm~® through dimensional reduction, as has been
successful in many other HER catalyst materials such as
MoSZ.46

The observed HER behavior agrees with the measured trend
in Mo L-edge position across the three binary CPs, as
coordination of Mo to an increasingly electronegative X
species will yield a harder X; cage that favors H* stabilization.
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Catalytic activity also agrees with calculated AGy, confirming
the effect AGy plays on reaction kinetics. The Tafel slopes
obtained for CP chalcogenides are all significantly higher than
the Tafel slope for platinum, which suggests that the reaction
proceeds via a Volmer—Heyrovsky mechanism that involves
electrochemical desorption during a concerted proton-coupled
electron transfer as the final step toward H, production.’” The
endergonic AGy for all three CPs suggests low H* surface
coverage, further supporting a Volmer—Heyrovsky mechanism.
The lower AGy; obtained for Mo4Sg agrees with its lower Tafel
slope, which indicates fast proton adsorption followed by a
sluggish desorption step,”’ while the CP selenides and
tellurides undergo faster desorption due to their higher
adsorption free energy.

To further investigate HER kinetics over CP electrocatalyst
surfaces, EIS was performed to measure charge-transfer
resistance (R,) at —0.27 V versus RHE as shown in Figure
S12. The considerable increase R, from MogSs (40.2 Q) to
MogTeg (436.0 Q) suggests significantly more sluggish kinetics
as the electronegativity of the chalcogen decreases, which is to
be expected based on previously discussed trends in the
electronic structure.

Cycling stability as shown in Figures 5a and S13 indicates an
increase in overpotential to achieve 10 mA cm™> after 1000
cycles of S mV for MogSg, 15 mV for MogSeg, and 16 mV for

(a)

0
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10
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Figure 5. (a) HER polarization curves for Mo,Sg recorded before
(black) and after 500 (red) and 1000 (blue) potential sweeps from
0.0 to —0.4 V vs RHE in 0.5 M H,SO, with current normalized with
respect to geometric surface area and (b) chronopotentiometry
experiment with an Mo4S; electrode illustrating a steady time-
dependent overpotential at a current density of 10 mA cm™> over 48

h.

MogTeg; hence, MogSg appears to be the most robust of the
three CP compositions studied. EDX spectra for the binary
CPs reveal consistent bulk composition of the catalysts after
cycling, while SEM images indicate no significant changes to
the morphology or distribution of catalyst on the surface over
the course of electrolysis for the sulfides and selenides (Figures
S7 and S8). In the case of the tellurides, SEM images show a
significant decrease in the surface coverage over the course of
electrolysis (Figure S9). We hypothesize that this is a result of
weaker interactions between MogTeg and the PTFE binding
agent, making it less mechanically robust under the electrolysis
conditions. XPS spectra shown in Figures S14—S16 indicate
the presence of a native oxide layer that is significantly smaller
after electrolysis on MogSg and MoySeg but slightly larger for
MogTeg as a result of the ease with which tellurium is oxidized
under ambient conditions. However, it appears that the surface
Mo and X composition is relatively consistent over the course
of electrolysis, and because of the pre-treatment used for the
CP tellurides, it is unlikely that any native oxide persists under
electrolysis conditions.

In order to confirm the apparent stability of the MogSg
composition, chronopotentiometry experiments were per-
formed where current density was maintained at 10 mA
cm™? for 48 h in order to observe overpotential as a function of
electrolysis time. Figure Sb shows that the overpotential for
MogSg was steady even over the course of extended periods of
electrolysis. The PXRD pattern for the MogSg electrode before
electrolysis (Figure S17) reveals the characteristic (101) signal
of CPs, which remains after 48 h of electrolysis without any
significant changes in the diffraction pattern. Figures S18 and
S19 show XPS spectra and SEM images of the electrode,
respectively, which further confirm consistent catalyst
composition and morphology over the course of prolonged
electrolysis.

It is clear from the electrochemical and spectroscopic
analyses presented here that MogSg is the most promising
binary CP catalyst composition, owing to its increased X site
basicity that promotes favorable HER kinetics. This was also
found to be the most stable composition of all three CPs and
is, therefore, a promising candidate for systematic electronic
structure and electrocatalytic evaluation following ternary
element intercalation between MogXg units. Furthermore, CP
sulfides have also been shown to be stable under reductive
applied bias in basic conditions,””*” which extends the range of
conditions in which ternary phases can be evaluated.

4. CONCLUSIONS

This work represents the first systematic study of the effect of
chalcogen substitution on HER activity in acidic conditions for
CP chalcogenide catalysts. It is also the first extension of
microwave-assisted solid-state heating to molybdenum selenide
and telluride materials. The result of Mo L-edge XAS for the
three binary catalysts studied here reflects an expected increase
in chalcogen basicity as the electron-withdrawing nature of the
chalcogen increases, which leads to increased HER reactivity,
in good agreement with fundamental hard—soft acid—base
theory. The CP catalysts with more electronegative chalcogen
species stabilized H* at HER-active Mo—X bridging sites more
effectively, resulting in greatly improved HER activity for
MogSg compared to MogSeg and MogTeg. DFT calculations
indicate that this stabilization is due to a stronger X—H bond,
which results from improved orbital overlap and a lower bulk
p-band center. Furthermore, our calculations indicate that the
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position of the p-band center can be independently tuned to
stabilize H* adsorption. Therefore, we conclude that for the
binary CPs, the position of the p-band center is a useful
descriptor of the catalytic activity for HER which may provide
critical insights for identifying ternary CP compositions with
improved HER activity, and for investigating more complicated
catalytic reactions where H adsorption is an important
elementary step (e.g., electrochemical CO, and CO reduc-
tion). The p-band center may also prove to be a useful
descriptor for catalytic activity of other transition-metal
chalcogenides.

Experimental characterization confirmed predictions from
theory, indicating that HER activity decreases as the
electronegativity of the chalcogen decreases. Mo4Sg exhibited
an overpotential of 321 mV at 10 mA cm™%;cg, compared to
432 and 634 mV for MogSeg and MogTeg, respectively. Tafel
slopes in the range of 74—82 mV dec™" for all CPs indicate that
the rate-limiting step for all three compositions is electro-
chemical desorption as part of the Volmer—Heyrovsky
mechanism. It is apparent from the strong agreement between
our theoretical predictions and experimental characterization
that HER activity in CP chalcogenides can be predictably
affected by catalyst composition. This observation paves the
way for future studies on the effect of ternary element-
intercalation into CPs on catalytic activity and may ultimately
lead to an effective method for predicting and analyzing new
compositions of optimally reactive CP catalyst materials.
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