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Proton exchange membrane electrolysers are considered one of the most promising devices for storing the excess,
intermittent energy generated by renewable sources through water electrolysis. Hydrogen production by elec-
trolysis is currently facilitated by expensive noble metals that act as electrocatalysts. Therefore, the future
development of the hydrogen evolution reaction (HER) relies on sourcing relatively inexpensive materials that
can act as alternative catalysts to noble metals. Herein, we explore the catalytic activity of Mo3Sb; towards the
HER and the effect that tellurium doping has on the system. Mo3Sby showed a large overpotential of 570 mV at a
current density of 10 mA cm 2. However, the replacement of Sb with Te increased the stability of the catalyst and
in the case of Mo3Sbs 4Te; ¢ reduced the overpotential required to achieve 10 mA em 2 to 511 mV. This
improvement in performance is also mirrored in the Tafel slopes of the materials with Mo3Sbs 4Te; ¢ having a
Tafel slope of 136.2 & 0.5 mV dec™ compared to 167.5 & 0.6 mV dec™ exhibited by MosSby. Although the three
compounds tested are suboptimal HER catalysts, compared to state-of-the-art materials, they nevertheless pro-

vide an interesting system to observe the effects of tellurium doping on the catalytic performance.

Introduction

Renewable energy sources will play a key role in the transition to a
net zero emission economy, but one of the major challenges still asso-
ciated with these intermittent sources is our ability to successfully
manage the peaks and troughs in their supply and demand. In this re-
gard, using excess electricity generated by solar or wind sources to split
water into its constituent parts, hydrogen and oxygen, produces an
excellent fuel in the form of hydrogen, allowing the excess energy to be
stored for later use [1-3]. Of the technologies used for water splitting, it
is proton exchange membrane (PEM) electrolysers that are considered
the best option for integration with renewable energy sources. They
benefit from being light-weight and compact and their rapid start-up
and shut-down times are well suited to the intermittent nature of re-
newables [4]. A significant challenge facing PEM electrolysers is that
they operate under acidic conditions. This necessitates the use of Pt
group metals as catalysts as they can withstand the harsh operating
conditions and are still the best performing materials available [5].

The costs and scarcity associated with the Pt group metals has driven
a significant amount of research into finding earth-abundant, less
expensive alternatives. Various types of materials have been studied in
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the search for suitable replacements for Pt group metals, including but
not limited to; transition metal dichalcogenides (TMDs), ternary tran-
sition metal nitrides, traditional metal alloys and various nanostructured
composite materials have been studied heavily in the hopes of finding a
suitable replacement for Pt group metals [6-12]. In particular, the
molybdenum based TMDs (MoS3, MoSe;, MoTes) have been studied
heavily, owing to the favourable Gibbs free energy change of hydrogen
adsorption that was calculated for MoS; [13-19]. MoTe; has advantages
over the other two Mo TMDs, such as the stability of its metallic 1T’-
phase, which can be synthesised directly, which is not the case for 1T-
MoS; and 1T-MoSe;. Metallic conductivity in an electrocatalyst is
known to be beneficial to performance [20]. 1T’-MoTe; has also been
shown to exhibit some intriguing electrochemical properties. For
instance, McGlynn et al demonstrated that the catalytic activity of the
material improved over time. They attributed this to the adsorption of
hydrogen on specific Te sites, driving a lattice distortion in the MoTe;
structure resulting in a more active catalyst [17]. This work illustrated
that incorporation of Te into an electrocatalyst may be a promising way
to boost performance.

One Mo based compound that has not currently been investigated for
use as a HER catalyst is molybdenum antimonide, Mo3Sby. This material
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has mainly been studied for its thermoelectric properties and potential
application as an anode material for sodium- and lithium-ion batteries
[21-24]. An interesting feature of this compound is the ability to replace
up to 2 Sb atoms per formula unit with Te without changing the crystal
structure of the parent compound. The MosSby.4Tey system therefore
provides an interesting platform to study the influence of Te doping on
catalytic activity without having to be concerned over structural
changes. Mo3Sby is the only known compound in the Mo-Sb binary
system and exhibits a body-centred cubic Ir;Gey-type crystal structure
[25]. The incorporation of Te into the structure is reported to result in a
slight reduction in the length of the lattice parameter, a, as well as
causing a transition from metallic to semiconducting behaviour [21,24].

In this work four different compounds of the Mo3gSby 4xTey (x = 0, 1,
1.6, 2) series were synthesised via a solid-state procedure and studied
using powder X-ray diffraction (PXRD) and Rietveld refinement. Three
out of the four samples were confirmed to be phase pure, whilst an
MoTe; impurity was found in MosSbsTes. As such the three phase pure
materials were studied using scanning electron microscopy (SEM) to
ensure their morphologies were similar. The compounds were then
tested electrochemically to determine their catalytic activity. Overall,
the materials performed poorly, with large overpotentials and Mo3zSb;
exhibiting extremely poor stability. An interesting trend was observed
with the addition of Te into the structure, with the stability of the ma-
terials increasing and an increase in catalytic performance observed for
MosSbs 4Te; 6. This was evident in the lower overpotential of 511 mV
required to reach the benchmark current density of 10 mA cm 2
compared to 570 mV for Mo3Sby. This was also mirrored in the values of
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the Tafel slopes with a value of 136.2 + 0.5 mV dec! obtained for
Mos3Sbs 4Te; ¢ whilst Mo3Sby exhibited a Tafel slope of 167.5 + 0.6 mV
dec?

Results and discussion
Synthesis and characterisation of Mo3Sb; and Mo3Sby..Tey

Mo3Sb;, Mo3SbeTe, Mo3Sbs 4Te; ¢ and MosSbsTe; were synthesised
using a modified version of the solid-state procedure published by
Dashjav et al. [21] Stoichiometric amounts of the elemental powders
were mixed together, before being heated in evacuated quartz ampoules
for several days (see Methods section for full details). Subsequently, the
resulting grey powders were reground in a pestle and mortar before
being measured by PXRD and studied using Rietveld refinement based
on previously reported structural models for Mo3Sby and Mo3Sbs 4Te; ¢
[26,27].

The PXRD pattern of MosSby is shown in Fig. S1. The results of the
Rietveld refinement of the structural model (space group Im-3m) against
the PXRD data is shown in Fig. S2. The experimental profile is consistent
with the calculated one suggesting that the sample is a single-phase and
free from impurities. Furthermore, the unit cell parameter obtained a =
9.5651(1) A is similar to the value of a = 9.5692 A obtained by Okabe et
al. [26].

Regarding the tellurium doped materials, both Mo3SbgTe and
Mo3Sbs 4Te; ¢ were synthesised as phase pure materials as evidenced by
their PXRD patterns and subsequent Rietveld refinement (Figs. S3-S6).
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Fig. 1. A plot showing the relationship between the experimental unit cell parameter, a, and the Te doping level for Mo3Sb; <Tey (x = 0, 1, 1.6, 2) (a). The blue solid
line was obtained via a linear fit of the data. Also shown are SEM images of Mo3Sb; (b), Mo3SbeTe (c) and Mo3sSbs 4Te; ¢ (d). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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However, in the case of Mo3SbsTe, it is clear from the refinement per-
formed (Figs. S5 & S6) that not all of the tellurium has entered the
Mo3Sby; structure, demonstrated by presence of 2H-MoTe; as an impu-
rity. The formation of 2H-MoTe; as an impurity when trying to increase
the Te content beyond 1.8 has also been observed in other works on the
Mo3Sby.xTex system [24,28]. The unit cell parameters for the MosSby;.
xTex materials decreases with increasing Te content compared to
Mos3Sb;. For example, the a parameter for Mo3SbgTe is 9.5598(1) A
whilst it is 9.5579 (6) A for MosSbs 4Te1 ¢ and 9.5575 (3) A for
Mo3SbsTey, respectively. A plot of the unit cell parameter versus tellu-
rium content is shown in Fig. 1a. The decrease in the unit cell parameter,
a, with increasing Te content can be understood by comparing the
atomic radii of Sb and Te. Tellurium has a smaller atomic radius
compared to antimony and therefore incorporation of it into the struc-
ture will lead to a decrease of the lattice parameter [24].

The morphology of an electrocatalyst can have a huge impact on its
performance with nano-structuring a common technique used to
improve catalytic performance by increasing the surface area, increasing
the density of active sites or even improving electron transfer in the
catalyst material [29]. Therefore, SEM was used to image Mo3Sby,
Mo3SbgTe and MosSbs 4Te; ¢ to ensure there were no major discrep-
ancies in their morphologies. Mo3SbsTe; was not examined via SEM due
to the presence of the MoTe, impurity, meaning that the catalytic ac-
tivity of the material could not be solely attributed to MosSbsTes. 2H-
MoTe; has previously been shown to be an active electrocatalyst for the
hydrogen evolution reaction, albeit a poor one [30,31]. The three ma-
terials have broadly similar morphologies with cubic crystallites inter-
spersed in more agglomerated material (Fig. 1b-d). The cubic
microcrystals of MosSby (Fig. 1b) appear significantly larger than those
found in either of the Te doped materials (Fig. 1c & d) with an edge
length of ~20 um compared to 8-10 um. Although the morphologies are
similar; we could not exclude completely whether any the differences in
catalytic performance were attributed to solely to the compositional
variation in the three compounds.

Energy-dispersive X-ray spectroscopy (EDX) was used to determine
the elemental composition of the Mo3Sby 4Te, (x = 0, 1, 1.6) materials,
with three spectra obtained from each sample and averaged to give the
atomic percentages, which are summarised in Table 1.

It is evident from the EDX analysis that the compositions of Mo3Sb;
and MogsSbgTe are close to the ideal theoretical values within experi-
mental error. However, there is a clear tellurium deficiency in the case of
Mo3Sbs 4Te; ¢ with an atomic percentage of ~13 % compared to the
theoretical value of 16 %. Nevertheless, there is still a sufficient varia-
tion in tellurium doping concentration to determine the impact this has
on electrocatalytic performance.

Electrochemical behavior of Mo3Sb; and Mo3Sby.,Te,

In order to test the electrocatalytic performance of the materials they
were made into catalyst inks which were subsequently dropcast onto a
glassy carbon working electrode. Cyclic voltammetry (CV) was then
used to establish the overpotential required to achieve a current density
of 10 mA em ™2, which was taken as the figure of merit, for each material.
In the case of Mo3Sby, the material shows a veritable lack of stability,
with the current densities achieved dropping rapidly with an increasing
number of scans (Fig. 2a). For example, the overpotential required to
achieve 10 mA cm 2 on the 2nd CV scan is —570 mV, but by the 20th

Table 1
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scan this current density is not achievable. This poor performance is
perhaps to be expected from MosSb; due to the inactivity of Sb-sites
towards the hydrogen evolution reaction [32,33].

The addition of tellurium in the structure of MosSby leads to a change
in conductivity from metallic to semiconducting, which is typically not
ideal for hydrogen evolution catalysts [20]. However, the activity of
tellurium towards the HER has been previously reported and as such,
replacing inactive Sb with Te may compensate for the change in elec-
tronic behaviour [34]. The CV scans obtained for MosSbgTe (Fig. 2b)
suggest that this level of Te doping is not sufficient to increase the cat-
alytic performance with an overpotential of —595 mV required to reach
the target current density on the 2nd cycle. Although, the stability of the
material is much improved compared to Mo3Sb;, with an increase in
overpotential of only 4 mV observed between the 2nd and 20th cycles. A
further increase in the tellurium doping level does, however, lead to
improved catalytic performance (Fig. 2c). The overpotential required by
Mos3Sbs 4Te; ¢ to achieve the benchmark current density is —511 mV on
the 2nd cycle and —514 mV after 20 cycles, respectively. Furthermore,
the current densities reached by Mo3Sbs 4Te; ¢ are slightly higher than
those achieved by Mo3Sby, indicating that the level of Te doping in this
case is sufficient to overcome the limitations of its semiconducting
nature.

Tafel analysis was used to gain further insight into the catalytic ac-
tivity of the MosSby sTey materials. The values obtained for the Tafel
slopes (Fig. 2d) of the three materials mirrors their general catalytic
performance. For example, Mo3Sb; has the largest overpotential after 20
cycles and also the largest Tafel slope of 167.5 + 0.6 mV dec}, which is
higher than that of MosSbeTe (153.6 + 0.7 mV dec!) and Mo3Sbs 4Te1 6
(136.2 £ 0.5 mV dec™). The values of the Tafel slopes obtained for these
materials suggest that the kinetics of the HER are limited due to the
inefficient adsorption of hydrogen on the catalyst surface [35].

In the wider context of state of the art HER catalysts these materials
perform poorly compared to Pt, which only requires an overpotential of
~30 mV to reach 10 mA cm™2, with a Tafel slope of around 30 mV
decade™ [36]. However, when compared to TMD materials,
Mo3Sbs 4Te; ¢ performs somewhat reasonably. Despite its semi-
conducting nature it outperforms two metallic TMDs in the form of 2H-
TaSy and 1T’-WTey and the semiconducting 2H-MoTey, which require
overpotentials of 575, 692 and 650 mV to achieve 10 mA cm ™2,
respectively [17,37,38].

However, other metallic TMDs such as 1T°-MoTey, 1T-MoS, and 2H-
NbS; do outperform MosSbs 4Te; g, with lower overpotentials and Tafel
slopes [17,39]. A summary of the values obtained through the electro-
chemical testing of the Mo3Sby.4Tex compounds and the values for the
literature examples discussed above can be found in Table 2.

Conclusions

Four members of the Mo3Sb;4Tex (x = 0, 1, 1.6, 2) family were
synthesised via a simple solid-state procedure with the aim of testing
their electrocatalytic activity towards the hydrogen evolution reaction.
Through PXRD analysis and Rietveld refinement it was determined that
Mo3Sb;, Mo3SbeTe and MosSbs 4Te; ¢ were synthesised as phase pure
materials, whilst when x = 2 MoTe, was formed as an impurity, in line
with other literature reports. SEM imaging revealed that the synthesis
method resulted in the three phase pure materials having a similar
morphology. Therefore, any discrepancies in catalytic activity could be

EDX analysis showing the experimental atomic % composition of MosSb;, Mo3SbsTe and Mo3Sbs 4Te; ¢ compared to their theoretical values.

MosSb; at. % MosSbgTe at. %

Mo3Sbs 4Te; ¢ at. %

Element Mo Sb Mo Sb Te Mo Sb Te
Experimental 29.67 +£1.02 71.33 +£1.02 29.24 +1.07 59.88 +1.07 10.88 +1.07 29.87 £0.55 56.74 £ 0.55 13.39+£0.55
Theoretical 30 70 30 60 10 30 54 16
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Fig. 2. Cyclic voltammograms obtained for the 2nd and 20th cycles of Mo3Sb; (a), Mo3SbeTe (b) and Mo3Sbs 4Te; ¢ (c). The benchmark current density of 10 mA
cm 2 is highlighted with a dashed line. A plot of the Tafel slopes recorded for these compounds (d).

Table 2

A summary of the overpotentials for each material after 20 cycles and the value
of their Tafel slopes and a comparison to literature values for Pt and several
TMDs.

2

Material 1N (mV) at 10 mA cm™ Tafel Slope (mv Reference
(Cycled) decade™)
Mo3Sb, n/a 167.5 £ 0.6 This work
MosSbeTe —599 153.6 + 0.7 This work
MosSbs 4Te; s  —514 136.2 £ 0.5 This work
Pt —-30 30 36
2H-MoTe, —650 159 17
1T’-MoTe, —340 78 17
1T-MoS, —250 50 39
2H-NbS, —-290 140 39
2H-TaS, —-575 >100 37
1T-WTe, —692 169 38

attributed to compositional differences rather than a change in
morphology or structure, as the incorporation of Te into Mo3Sb; does
not alter the cubic structure of the material. EDX spectra of the materials
showed that the composition of MosSb; and Mo3SbgTe matched the
theoretical values, whilst Mo3Sbs 4Te; ¢ displayed a minor Te deficiency.
There was still sufficient variation in the Te content of the compounds to
determine the impact it had on their electrocatalytic ability, however.
The three phase pure materials were tested via cyclic voltammetry
and Tafel analysis to establish their catalytic activity. Despite its metallic
conductivity MosSb; performed poorly with a distinct lack of stability,
evidenced by the drop off in the current densities reached between the
2nd and 20th cycle. The addition of Te into the structure improves the
catalytic performance, with Mo3Sbs 4Te; ¢ requiring an overpotential of

—511 mV to achieve a current density of 10 mA cm ™2 compared to the
—570 mV required by Mo3Sb;. The addition of Te also greatly improves
the stability of the materials, with the overpotential of Mo3SbgTe and
Mos3Sbs 4Te; ¢ only increasing by 4 and 3 mV between the 2nd and 20th
cycles, respectively.

Although the Mo3Sb;.4Tey materials were found to be poor HER
catalysts when compared to Pt, Mo3sSbs 4Te; ¢ does outperform several
TMDs including 2H-TaSy, 1T°-WTey and 2H-MoTe; in terms of over-
potential and Tafel slope. This result highlights that as well as providing
an interesting system to study the impact of tellurium doping on cata-
lytic performance, MosSbs 4Te; ¢ performs at a similar level to other
earth-abundant materials that have been investigated as replacements
for Pt group metals.

Methods

Mo3Sb; and the Mo3Sby 4Te, compounds were synthesised using a
modified version of the literature procedure reported by Dashjav et al.
[21] Elemental powders of molybdenum (Sigma Aldrich, 99.95 %),
antimony (Alfa Aesar, 99.999 %) and tellurium (Alfa Aesar, 99.999 %)
were ground together in the correct stoichiometric ratios in a pestle and
mortar. The powders were sealed in quartz ampoules under a vacuum
pressure of 1 x 10°> mbar. MozSb; was heated in a Lenton furnace to
700 °C with a heating rate of 5 °C min " for 100 h before cooling to room
temperature naturally, whilst Mo3Sby.4Tex compounds were heated to
750 °C with a heating rate of 5 °C min ! for 100 h before cooling to room
temperature naturally.

PXRD measurements were performed on a PANalytical X’pert Pro
diffractometer with a monochromatic Cu Koo (A = 1.54178 10\) source
operating in Bragg-Brentano geometry. Rietveld refinements were
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carried out using GSAS-II software, with refined parameters including
sample displacement, strain, crystallite broadening, atomic position and
the unit cell parameters. In the Te-substituted samples, Te content was
not refined, the unit cell parameter, a, was used to monitor Te doping,
with a decrease in a observed for increasing Te content. The background
was fitted using a Chebyshev polynomial whilst the peak shapes were
described by a Pseudo-Voigt function.

Scanning Electron Microscopy (SEM) of MosSb; and Mo3Sby.4Tey
was performed on a Phillips XL.30 ESEM instrument coupled with an
Oxford Instruments X-act spectrometer for energy dispersive X-ray
spectroscopy (EDX) measurements. The EDX was calibrated using INCA
software with Cu as the calibration standard. To prepare samples for
SEM/EDX around 1 mg of each compound was dispersed in 1 ml ethanol
and sonicated for 10 min, before being dropcast onto copper foil and
allowed to dry.

Electrochemical measurements of MosSb; and MosSby 4Tey com-
pounds were performed using a glassy carbon working electrode (1J
Cambria) with a surface area of 0.071 cm?.

The materials were prepared as catalyst inks and deposited onto the
glassy carbon working electrode. This involved sonicating 10 mg of
catalyst powder in 0.8 ml dimethylformamide with 80 uL of Nafion,
which acts as a conductive binder to the substrate. 30 uL of the catalyst
ink was then drop-cast on to a glassy carbon electrode with a surface
area of 0.071 cm? before being allowed to dry for several hours,
resulting in a catalyst loading of 5.3 mg cm 2.

Cyclic voltammetry (CV) measurements were conducted with a
Biologic SP-150 potentiostat utilising a single cell, three-electrode setup
with 1 M H2SO4 as the electrolyte. Carbon felt (3.18 mm thick, 99.0 %,
Alfa Aesar) was used as the counter electrode with a Ag/AgCl (Saturated
NacCl, IJ Cambria) reference electrode whilst the glassy carbon electrode
with deposited catalyst was used as the working electrode. A scan rate of
100 mV s~ * was used for the measurements and internal resistance was
compensated for using the iR function of the potentiostat.

Electrode potentials were converted to the Normal Hydrogen Elec-
trode (NHE) scale using the following equation:

E(NHE) = E(Ag/AgCl) +0.197V
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