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ABSTRACT: Scalable synthesis of one-dimensional molybdenum
chalcogenides with tunable electronic properties may be critical for
the development of nanoscale electronic device components as
well as functional energy-conversion catalysts. Herein, we report
the direct synthesis of one-dimensional potassium-intercalated
molybdenum chalcogenides in the pseudo-Chevrel−Phase family
[K2Mo6X6; X = S, Se, Te] through a rapid microwave-assisted
solid-state heating protocol. Interfacial capacitance as well as
charge transfer dynamics during aqueous proton reduction are
both explored as a function of chalcogen composition. We observe
a significant change in the anisotropic nucleation of these
structures as the chalcogen increases in size and decreases in
electronegativity from sulfur to tellurium, with the former
dramatically encouraging nucleation of well-defined nanomaterials in comparison to the latter. These anisotropic structures exhibit
increased specific capacitance from 2.25 F g−1 to 10.28 F g−1 as the electronegativity of the chalcogen increases (Te < Se < S).
Charge transfer kinetics for proton reduction follow a similar chalcogen-dependence, with the smallest charge transfer resistance
being 1.16 Ω for K2Mo6S6 at −0.6 V vs RHE, compared to 3.7 Ω for K2Mo6Te6 at the same potential. Results discussed herein
highlight interesting composition-dependent properties that could guide the future selection and development of molybdenum
chalcogenide materials.

■ INTRODUCTION
Evolving industrial applications for functional materials are
driving an increase in our need for precisely engineered
compositions that exhibit favorable physicochemical properties
for reactions of interest.1−3 One approach to establishing
transferrable design principles across material classes is to
identify compositionally flexible frameworks to study and
subsequently optimize.4,5 Such frameworks would ideally be
characterized by (i) tunable multinary compositions; (ii)
modular bonding landscapes that also lend themselves to
efficient synthetic protocols, allowing for fine control over
dimensionality and morphology;6 and (iii) quantifiable and
application-specific functionality criteria thatin the case of
heterogeneous electrocatalysis, for exampleinclude metrics
such as hydrogen adsorption affinity and interfacial resistance
to charge transfer.7−11 Identifying and investigating material
families that have requisite properties for any given application
will enable meaningful extraction of design principles that
inform optimizations of functional atomic configurations.
To this end, metal chalcogenides are exceptionally

promising, because of their readily interchangeable binary
and ternary compositions, their tendency to form well-defined
0D−3D dimensionalities at different composition thresholds,
as well as their proven applications in electronics,12−16 energy
conversion,15,17−21 and energy storage.16,19,22 While much

attention has been afforded to understand composition-
dependent properties in transition-metal dichalcogenides
(MX2; M = transition metal; X = S, Se, Te) in
particular,12,13,16,20,22,23 far fewer experimental investigations
have been dedicated to understanding ternary chalcogenides
such as the interesting one-dimensional (1D) M2Mo6X6 (M=
alkali metal; X = S, Se, Te) system, also known as pseudo-
Chevrel−Phases (PCPs).24−27 Besides the interesting proper-
ties associated with 1D systems due to electron confine-
ment,28−31 PCPs have been identified as alternative materials
for nanodevices, because of their predicted high elasticity,
stiffness, thermal stability, and conductivity.15,32 Furthermore,
properties that lend themselves to composites,33,34 sensors,35

and photovoltaic devices36 have also been explored for this
family of materials.
As shown in Figure 1, the PCP structure is characterized by

infinite Mo6X6 chains separated by chalcogen-coordinated
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metal intercalant ions that reside in hexagonal channels formed
between adjacent Mo6X6 chains. Intuitively, the wirelike
extended structure of these chains results in a high degree of
electrical anisotropy, which has made PCPs an excellent system
for studying the effect composition on electron transport in
their 1D structures and evaluating fundamental properties
pertinent to the design of novel nanomaterials.15,25,26,32,37

Furthermore, the electronic properties of this ternary system
can be easily tuned by changing chalcogen composition,
intercalant composition, or bothmaking this an ideal system
for studying composition−structure−function relationships.
Although a variety of PCP compositions have been successfully
synthesized using a various approaches,24,27,38−44 efforts to
elucidate the effect of chalcogen composition on their charge
transport properties and electrochemical performance remain
scarce.
Herein, we report the synthesis of potassium-intercalated

PCP chalcogenides (K2Mo6X6; X = S, Se, Te) through rapid
(10 min) microwave-assisted solid-state heating, and inves-
tigate their charge-storage and electron-transfer properties as a
function of changing chalcogen composition. Changes in
growth kinetics and charge transport properties are correlated
with anion composition in K2Mo6S6 (S-PCP), K2Mo6Se6 (Se-
PCP), and K2Mo6Te6 (Te-PCP), based on the results of our
integrated microscopic, spectroscopic, and electroanalytical
investigation. We highlight interesting performance trends in
proton reduction electrocatalysis that scale directly with anion
electronegativity and propose some additional elucidative
spectroscopic and computational studies that will further
support evolving design principles for these types of multinary
chalcogenide compositions.

■ EXPERIMENTAL SECTION

Materials. MoS2 powder (>95% purity, ∼325 mesh) and
MoSe2 powder (99.999%, ∼200 mesh) were used as purchased
from Alfa Aesar. Mo powder (99.995%, ∼250 mesh), graphite
rods (∼99.995%) Te powder (99.8%, ∼200 mesh), K ingot
(99.95%), graphite powder (<20 μm), and concentrated
H2SO4 acid (ACS grade) were used as purchased from
Sigma−Aldrich. K2S (>95%) was used as purchased from
Pfaltz and Bauer. Al2O3 microfiber was used as purchased from
Thermo Fisher Scientific. Fused-quartz tubes were purchased

from AdValue Technology and made into round-bottom tubes
with an in-house oxy-hydrogen torch. Gas diffusion media
(GDL 28BC) was purchased from Ion Power. Ag/AgCl
reference electrodes were purchased through ALS Japan. A
Selemion anion exchange membrane was purchased from AGC
Engineering and stored in ultrapure deionized (DI) water prior
to use in electrochemical experiments. Ultrapure water (18.2
MΩ) was obtained with a Barnstead E-Pure filtration system.

Synthesis. The PCPs studied here were synthesized via
high-temperature microwave-assisted solid-state heating, as
described in our previous work.27 Briefly, stoichiometric
amounts of precursors required to achieve a stoichiometry of
K2Mo6X6; X = S, Se, Te composition were weighed in a N2
glovebox and ball-milled under N2 to homogenize. K2S was
used as the potassium source for the PCP sulfide because of its
granular nature which facilitated the weighing process, while
metallic potassium was used for the selenide and telluride
phases, because of its high purity and the relative rarity of
commercially available K2Se and K2Te. The resulting mixed
precursor powders were then returned to a N2 glovebox and
pressed into pellets using a hydraulic press (Across Interna-
tional, 40-ton cold press). Pellets were placed in round-bottom
quartz tubes and packed under N2 using layers of Al2O3
microfiber and graphite. Samples were then removed from
the glovebox and transferred to a graphite bath inside an
alumina crucible and were irradiated in an Ar-filled conven-
tional microwave with inverter technology (Toshiba, Model
ML2EM45PAESS; 1250 W). The heating power was adjusted
appropriately to maintain a temperature of ∼750 °C for 10
min, which was sufficient for synthesizing pure-phase PCPs in
far less time than conventional solid-state methods.24 Samples
were then rapidly quenched in room-temperature water after
the heating time.

Structural and Elemental Characterization. PCP
crystal structures were evaluated via powder X-ray diffraction
(PXRD) using a Bruker D8 Advance diffractometer with Cu
Kα radiation (1.541 Å). Experimental lattice parameters were
obtained through Pawley refinement, using the TOPAS suite
from Bruker. Morphology was evaluated via scanning electron
microscopy (SEM) using an FEI Nova NanoSEM 430, and
bulk composition was analyzed via energy-dispersive X-ray
spectroscopy (EDX), using an FEI Scios Dual Beam FIB/SEM

Figure 1. (a) Structure of K2Mo6X6 depicting the 1D growth along the c-axis with potassium surrounding the Mo6X6 unit. (b) These elongated
units adjoin to form hexagonal channels which are occupied by potassium.
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system with an Oxford EDX detector. Surface composition was
analyzed via X-ray photoelectron spectroscopy (XPS), using a
Kratos Supra Axis spectrometer with an Al anode (1486.6 eV).
Scanning transmission electron microscopy (STEM). was
performed using an aberration-corrected JEOL Model JEM-
2100F system. Images were acquired using an accelerating
voltage of 200 kV. Raman spectra were recorded using a
Renishaw confocal Raman microscope that was equipped with
a 1800 lines/mm grating and a 785 nm laser.
Electrochemical Characterization. Electrochemical

measurements were performed using a Bio-Logic VSP-300
potentiostat in a three-electrode H-cell configuration, in which
the counter and working electrode were separated by a
Selemion ion exchange membrane. All measurements were
taken in an aqueous H2-sparged 0.5 M H2SO4 electrolyte, with
a Ag/AgCl (3 M NaCl) reference electrode and graphite rod
counter electrode. Potentials were converted to RHE scale
using the following equation:

= + + ×E E(Ag/AgCl) 0.210 0.059 pHRHE

Working electrodes were prepared by depositing 15 μL of
PCP ink onto a 1 cm × 2 cm microporous layer of carbon
paper, followed by drying under vacuum overnight. Deposited
inks consisted of the appropriate PCP powder, conductive
carbon black to improve electrical connectivity, polytetra-
fluoroethylene (PTFE) suspension as a binding agent, and
isopropyl alcohol as a solvent. Inks were sonicated for 20 min
prior to being drop cast onto the carbon paper. Blank
electrodes were prepared as controls through the same
method, albeit without including any PCP powder. The

H2SO4 electrolyte was deoxygenated prior to each experiment
by purging with H2 for ∼30 min.
Specific capacitance measurements were made via cyclic

voltammetry (CV) in a static solution by sweeping the
potential across a non-Faradaic region (∼100 mV potential
window centered around the open-circuit potential) at
progressively increasing scan rates. A plot of charging current
as a function of scan rate yields a linear response, from which
per-gram specific capacitance is obtained by dividing slope by
electrode mass loading. Subsequently, proton reduction
behavior was evaluated via linear sweep voltammetry (LSV)
at a scan rate of 5 mV/s under vigorous stirring to mitigate
mass transport limitations. Charge-transfer resistance was
measured via electrochemical impedance spectroscopy (EIS)
at different applied potentials, with a superimposed AC bias
oscillating at frequencies ranging from 1 MHz to 1 Hz with a
10 mV sinus amplitude. Charge-transfer resistance is taken as
the difference between x-intercepts of the resulting semi-
circular Nyquist impedance plots.

■ RESULTS AND DISCUSSION

We have expanded our previously reported synthetic protocol
for inducing direct, solid-state nucleation of alkali-intercalated
S-PCP27 to the potassium-intercalated Se-PCP and Te-PCP
also studied here. Figures 2a−c show the morphologies that
were obtained through our template-free microwave-assisted
approach, while the PXRD patterns for each phase are depicted
in Figures 2d−f below each corresponding SEM image. An
agglomeration of the crystalline structures is observed, which is
typical of template-free synthesis approaches for PCPs, because

Figure 2. SEM micrographs for as-synthesized PCP (a) sulfide, (b) selenide, and (c) telluride, alongside their corresponding PXRD patterns.
Experimental diffractograms are overlaid with literature patterns from the International Crystal Structure Database (ICSD) for (d) S-PCP, (e) Se-
PCP, and (f) Te-PCP.
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of intermolecular interactions between individual crys-
tals.27,45,46 High-resolution images of the 1D structures are
included in Figure S1 in the Supporting Information. Lattice
parameters obtained through Pawley refinement of the PXRD
patterns agree with the previously reported hexagonal crystal
structure and P63/m space group for each PCP (see Figure S2
and Table S1 in the Supporting Information). The unit-cell
parameters obtained from Pawley refinement show an
expansion of the unit cell in all directions, as a function of
chalcogen (S < Se < Te). Figure S3 in the Supporting
Information shows the typical unit cell of PCPs, which makes it
evident that the observed increases in the a and b lattice
parameters, as a function of chalcogen, are associated with
longer intercluster distances between Mo6X6. This, in turn,
agrees with the observed left shift of the prominent (010)
diffraction peak from S-PCP to Te-PCP (Figure S4 in the
Supporting Information). Similarly, the expansion of the unit
cell in the c-direction is associated with an increase in the Mo−
Mo and X-X intracluster distances. However, the smaller
change in the c lattice parameter, as a function of chalcogen,
corresponds to a more subtle change in intramolecular
distances, as compared to intermolecular distances.47

The Raman spectra of PCP chalcogenides show similar
vibrational modes for all of the materials studied (Figure S5 in
the Supporting Information). As shown in Table S2 in the
Supporting Information, most of the Raman-active modes
calculated for PCPs are associated with vibrations that involve
atoms in 6h Wyckoff positions (Mo, X). The similarity in
Raman shift for all PCPs studied here, in conjunction with
relatively small variations in Mo−Mo distances as a function of
chalcogen, could suggest that the observed Raman modes arise
from Mo−Mo breathing modes which have been assigned in
previous literature.43,44,48 Nevertheless, additional modeling is
needed to deconvolute the corresponding Raman vibration
modes.43,44,48 All the PCPs evaluated exhibit pronounced 1D
growth, which agrees with the predominance of exposed {010}
facets parallel to the hexagonal c-axis, as observed via STEM
(Figure 3). This agrees with computational lattice energy
calculations that were performed and evaluated in our previous
work for S-PCP,27 where facets parallel to the hexagonal axis
had significantly lower surface energies, relative to nonparallel

surfaces (Table S3 in the Supporting Information). Additional
lattice planes observed for the synthesized PCP chalcogenides
are included in Figures S6 and S7 in the Supporting
Information.
A significant morphology change is observed for Te-PCP,

compared to its sulfide and selenide analogues, as the telluride
exhibits far less preferential 1D growth. Figure S7c in the
Supporting Information shows a change in the exposed lattice
from {010} to {001} within Te-PCP at an ∼45° angle. The
change in exposed facets could be indicative of competing
growth orientations, which may explain the less well-defined
1D morphology of Te-PCP. However, the observed change in
morphology could also stem from changes in potassium−
chalcogen interactions, which have been identified to play a
role in the distance between adjacent Mo6X6 chains in ternary
PCPs.24,49,50 Based on this theory, the repulsive Mo6X6

− chains
are held together by ionic interactions with the ternary metal.
As shown in Figure S8 in the Supporting Information, there is
an overall increase in the Mo6X6K bonds in Te-PCP,
compared to the S-PCP, which could hinder the stabilization of
the 1D structure and lead to the less-defined chains observed
for Te-PCP.
Bulk PCP compositions were confirmed by EDX, where no

impurities were identified for any material studied (Figure S9
in the Supporting Information). Similar results were obtained
through XPS measurements, where only the corresponding
elements, a native oxide layer, and adventitious carbon were
identified at the surface of each PCP studied (see Figures S10−
S12 in the Supporting Information). The atomic percentages
obtained by EDX for Se-PCP and Te-PCP agree with the
expected 1:1 molybdenum-to-chalcogen ratio. For S-PCP, the
Mo L- and S K-edges overlap, convoluting quantitative
determination of Mo and S. Hence, reported atomic
percentages appear to deviate significantly from expected
values. Potassium quantification via EDX point scans yields
atomic percent compositions between 12.31% and 12.98%,
which is in good statistical agreement with a nominal
composition of K2Mo6S6.
Voltammetric characterization of the materials in their

respective non-Faradaic regions shows that their specific
capacitance is chalcogen-dependent and increases substantially

Figure 3. Bright-field STEM images for (a) S-PCP, (b) Se-PCP, and (c) Te-PCP. The observed lattice d-spacing for each PCP corresponds to the
Mo−X distance between adjacent 1D clusters along the {010} family of planes (see panels (d) and (e)).
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as the electronegativity of the chalcogen increases. S-PCP
exhibited the highest ability to store charge, with a specific
capacitance of 10.28 ± 0.89 F g−1, compared to Se-PCP and
Te-PCP at 4.20 ± 1.03 F g−1 and 2.25 ± 0.42 F g−1,
respectively (Figure 4). The electrochemical response of PCPs

in scanning from a non-Faradaic to a Faradaic region was
evaluated via EIS under progressively more reductive
potentials. Figure 5 shows the Nyquist plot for each PCP
acting as the working electrode material. A double-layer
charging response is observed at low potentials, as evidenced
by the lack of an observable second x-axis intercept, while
single-electron charge-transfer events along the proton
reduction reaction mechanism are observable by the semi-
circular Nyquist plots from −0.2 V to −0.6 V vs RHE. These
semicircular Nyquist plots also indicate that interfacial electron
transfer can be modelled by a simple Randle’s circuit involving
a double-layer capacitive element, a charge-transfer-resistance
element, and a circuit resistance element (see Figure S13 in the
Supporting Information).
Shown in the inset of Figure 5a, individual S-PCP Nyquist

plots at each negative potential are characterized by a small
potential-independent semicircle at high frequencies (left

semicircle) and a larger, potential-dependent semicircle at
low frequencies (right semicircle). The potential-independent
semicircle is associated with resistance at the interface between
the carbon paper electrode and the PCP layer.51,52 This
potential-independent semicircle is less pronounced for Se-
PCP and Te-PCP (Figures 5b and 5c), which indicates better
contact between the electrode and may be a result of their
increased lateral thickness. The potential-dependent semicircle
is characteristic of a charge-transfer process.53 An increase in
the ability to transfer charge to adsorbed H* is observed for all
PCPs at more reductive potentials, which is expected since
surface electrons are more energetic under these conditions
and are therefore more likely to transfer to unoccupied orbitals
of the adsorbed species. Figure 5d shows the charge-transfer
resistance (Rct) of all PCPs at different potentials. The Rct
value of all PCPs decreased as the reductive potential was
increased from −0.4 V to −0.6 V vs RHE, decreasing from
1.77 Ω to 1.16 Ω for S-PCP, 6.18 Ω to 2.16 Ω for Se-PCP, and
10.2 Ω to 3.7 Ω for Te-PCPC. S-PCP shows the highest
tendency to reduce protons, evidenced by its lower Rct
compared to Se-PCP and Te-PCP at every potential evaluated.
This trend in Rct may result from a gradual metal-to-
semiconductor transition for PCPs as chalcogen electro-
negativity decreases, as has been computationally pre-
dicted.54,55 In other words, intrinsic electrical conductivity
differences between S-PCP, Se-PCP, and Te-PCP appear to
contribute significantly to the observed interfacial reactivity for
proton reduction.
Rct values correlate with the lower onset potential of S-PCP

to generate H2, which is shown in Figure 6a. A steady increase
in the overpotential required to achieve a current density of 10
mA cm−2 is observed, across the series of alkali-intercalated
PCPs, with overpotentials of 203.3 mV, 316.8 mV, and 347.9
mV for S-PCP, Se-PCP, and Te-PCP, respectively. Tafel slope
analysis (Figure 6b) suggest that all PCPs follow a Volmer−
Heyrovsky mechanism, where electrochemical desorption via
proton-coupled electron transfer is the final step toward H2
production.56 Interestingly, the trend in increasing proton

Figure 4. Specific capacitance per gram of each PCP studied.

Figure 5. Nyquist plots for (a) S-PCP, (b) Se-PCP, and (c) Te-PCP at different potentials in a 0.5 M H2SO4 solution. (d) Charge-transfer
resistance for proton reduction over all three PCPs studied, extracted from Nyquist plots.
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reduction activity for the PCPs studied here as chalcogen
electronegativity increases is similar to that obtained by
evaluating the proton adsorption stabilization in binary
Mo6X8 (X = S, Se, Te) Chevrel−Phases in our previous
work,11 which indicates that a similar H* adsorption
configuration at Mo−X bridging sites may be stable within
the PCP framework. Combining computation with exper-
imentation in our previous work on binary Chevrel−Phases,
we showed that a more electronegative chalcogen stabilizes H*
adsorption more effectively due to improved X−H orbital
overlap interactions, which is likely to apply to PCP
chalcogenides as well.
Considering the observable change in PCP morphology

from a well-defined 1D sulfide to a pseudo-3D telluride, the
observed trend changes in proton reduction activity could also
be associated with a decrease in the relative number of exposed
active sites per unit of exposed surface area. Hence, it will be
beneficial to pinpoint the adsorption position of H* on each
PCP, so that exact active site densities per unit area can be
compared. However, this will require a detailed computational
analysis across several surface facets that also incorporates
biasing and solvation effects to ascertain adsorption geometries
and energetics; therefore, such an analysis is excluded from the
present work.
The results of EIS are consistent with the observed

performances of each PCP as a proton reduction electro-
catalyst, indicating that charge transfer is a critical factor
determining their interfacial reactivity. While S-PCP is the
most promising electrocatalyst from an energy-input perspec-
tive (203.3 mV overpotential), the higher interfacial Rct value
observed for Te-PCP (3.7 Ω at −0.6 V vs RHE) makes this
composition more promising as an aqueous capacitor or as a
component in systems wherein aqueous hydrogen generation
is undesirable.

■ CONCLUSION
In this work, we report the expansion of microwave-assisted
solid-state synthesis to 1D selenide- and pseudo-3D telluride-
based PCP chalcogenides. Template-free preferential growth
exposing the {010} surface was observed for all three ternary
compositions studied, while chalcogen-dependent morphology
changes are explained by the observation of competitive
stabilization of {010} and {001} facets in the Te-PCP, as well
as the reduction of chalcogen−potassium interactions in
telluride PCPs. The double-layer capacitance, charge-transfer
resistance, and proton reduction reactivity of three potassium-

intercalated PCP chalcogenides were all quantified in this
work. The sulfide PCP displayed the highest charge storage
capacity, as well as faster charge-transfer behavior during
proton reduction. Decreases in charge storage capacities and
Rct were observed as the electronegativity of the chalcogen
decreased, which agrees well with previous surface-proton
interactions over analogous Chevrel−Phase materials.11 In
future studies of this interesting 1D system to elucidate
electronic versus morphological driving forces for proton
reduction, fine control of particle size and shape should be
coupled with a rigorous computational evaluation of surface-
proton interactions. A similarly rigorous interrogation of
surface-localized electronic states in each PCP structure during
electrochemical analysis via ex-situ and operando X-ray
absorption spectroscopy will also illuminate the nature of
frontier orbitals that contribute to H* adsorption and
reduction. These avenues of future studies will compound on
the composition−structure−function relationships discussed
herein and will potentially unravel novel reactivity in this
underexplored, dimensionally reduced chalcogenide composi-
tion space.
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