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Metastable molybdenum carbide («¢-MoC), as a catalyst and an excellent support for metal catalysts,
has been widely used in thermo/electro-catalytic reactions. However, the selective synthesis of «-MoC
remains a great challenge. Herein, a simple one-pot synthetic strategy for the selective preparation of
metastable @-MoC is proposed by electrochemical co-reduction of CO, and MoOs in a low-temperature
eutectic molten carbonate. The synthesized «-MoC shows a reed flower-like morphology. By controlling
the electrolysis time and monitoring the phase and morphology of the obtained products, the growth pro-
cess of -MoC is revealed, where the carbon matrix is deposited first followed by the growth of o-MoC
from the carbon matrix. Moreover, by analyzing the composition of the electrolytic products, the for-
mation mechanism for «-MoC is proposed. In addition, through this one-pot synthetic strategy, S-doped
a-MoC is successfully synthesized. Density functional theory (DFT) calculations reveal that S doping en-
hanced the HER performance of a-MoC by facilitating water absorption and dissociation and weakening
the bond energy of Mo-H to accelerate H desorption. The present work not only highlights the valuable
utilization of CO, but also offers a new perspective on the design and controllable synthesis of metal
carbides and their derivatives.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition metal carbides (TMCs), owing to their high electri-
cal conductivity, excellent durability as well as wide pH applica-
bility, have attracted great attention in the materials science com-
munity [1-4]. Among them, molybdenum carbides possess similar
d-band electronic structures to platinum [5,6], which makes them
widely used in catalytic reactions such as ammonia preparation
and decomposition [7-9], steam reforming of methanol [10,11],
water-gas shift (WGS) reaction [12-14], and electrochemical hydro-
gen evolution reaction (HER) [15-19]. Besides, molybdenum car-
bides can also be used for energy storage [20,21]. The hexagonal-
close-packed B-Mo,C and the metastable face-centered-cubic «-
MoC are the most studied molybdenum carbide phases. Compared
with B-Mo,C, @-MoC has a d-band center closer to the Fermi
level, which is favorable for the adsorption and dissociation of wa-
ter molecules, thus, «-MoC-based catalysts exhibited higher ac-
tivity than B-Mo,C-based catalysts in methanol steam reforming,
WGS reaction, and alkaline HER [11,12,22]. In addition, «-MoC ex-
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hibits stronger interactions with metals than B-Mo,C, so it has
been used as a support for metal species with catalytic activity.
A series of high-performance M/o-MoC (M =Pt, Ry, Ir, Au, and Ni)
heterogeneous catalysts have been established. Due to the strong
metal-support interaction, «-MoC not only facilitated the stabiliza-
tion of metal single atoms and/or metal clusters but also promoted
the catalytic activity of the metal centers via optimizing adsorp-
tion/desorption of the reactants and intermediates on the catalysts
surface [10-13,17,23,24].

Nevertheless, compared with the thermally stable B-Mo,C
phase, the selective synthesis of the pure metastable o-MoC
phase remains challenging because of the complex procedures,
noble metal requirement, and high energy input [22,25-27].
The current synthesis method for o-MoC mainly relies on the
high-temperature carbonization/carburization of Mo-containing
precursors, which often cause the aggregation and coked sur-
faces of «-MoC to prevent the exposure of active sites [17,28-31].
Moreover, the usage of combustible/explosive gas reductant, i.e.
CH4/H, for «-MoC is highly dangerous [26,27,32-34]. In addi-
tion, the carbon sources for the preparation of «-MoC are usually
environment-unfriendly organic compounds [23,24,35]. Thus, given
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Scheme 1. Schematic illustration for the synthesis of @-MoC or S-doped «-MoC in
molten salts.

the highly valuable applications of «-MoC and the present harsh
synthetic conditions, a simple low-temperature process to selec-
tively synthesize the o-MoC phase is urgently needed.

Carbon dioxide (CO,) is a predominant greenhouse gas but is
also an abundant and cost-effective carbon feedstock for produc-
ing high-value carbon materials. In molten salt media, CO, can be
efficiently captured [36,37] and electrochemically converted into
highly valuable nanocarbons [38-44] and metal-carbon compos-
ites [45-48]. Molten salts bear low toxicity, low cost, and high
ionic conductivity. Moreover, molten media has wide electrochem-
ical and temperature windows (200-1000 °C), which can be tuned
by changing the composition of the molten salts as well as the pro-
portion of the salts. Therefore, using CO, as the carbon source for
the selective synthesis of «-MoC in the low-temperature molten
salt is a low-cost sustainable approach, which is expected to ad-
dress the aforementioned issues associated with the low-selectivity
and harsh synthesis conditions. In addition, the growth process
and formation mechanism of «-MoC in molten media are rarely
studied. Understanding the reaction process and kinetics is impor-
tant for the design and synthesis of ®-MoC-based/supported mate-
rials.

In this work, we propose a simple method for selective syn-
thesis of metastable o-MoC phase by electrochemical co-reduction
of CO, and MoOj3 in molten carbonates at low temperatures (500-
600 °C). The as-synthesized «-MoC shows a reed flower-like mor-
phology composed of ultrafine MoC particles. The growth process
for «-MoC was revealed by controlling the electrolysis time and
monitoring the as-obtained samples by ex-situ XRD and TEM. The
formation mechanism was unraveled by analyzing the composition
of the electrolytic products. In addition, by introducing Li;SO,4 into
the molten carbonate electrolyte, S-doped a-MoC was synthesized
in one step. S-doped o-MoC exhibits enhanced alkaline HER activ-
ity relative to «-MoC, which was rationalized by density functional
calculations (DFT). The present work not only provides a new per-
spective for understanding the formation of w-MoC but also of-
fers an alternative approach to the synthesis of metal carbides and
their derivatives.

As illustrated in Scheme 1, the eutectic carbonate (Li,COs3,
Na,C0Os3, and K,CO3) and molybdenum source (MoOs) are melted
at different temperatures (500 °C, 550 °C, and 600 °C) to serve as
the electrolyte. A graphite rod and a galvanized steel with a spring-
like shape are used as the anode and the cathode (see photographs
of the cathode before and after electrolysis in Fig. S1 (Supporting
information), respectively. After a constant current of 0.5 A is ap-
plied for 1 h, w-MoC is deposited on the surface of the cathode.
The corresponding electrolysis curves are shown in Fig. S2 (Sup-
porting information). The electrolytic products are washed with
acid and deionized water to obtain the «-MoC products. «-MoC
obtained at different temperatures are named «-MoC-500, «-MoC-
550, and «-MoC-600, respectively.

The structures of the synthesized samples were first character-
ized by X-ray diffraction (XRD). As shown in Fig. 1a, four peaks
located at 36.4°, 42.3°, 61.4°, and 73.5°, respectively correspond
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to the (111), (200), (220), and (311) planes of a-MoC (PDF# 89-
2868) [28], indicating the successful synthesis of «-MoC. To ana-
lyze the surface chemical constituent of the samples, X-ray pho-
toelectron spectroscopy (XPS) was performed. The survey spectra
(Fig. S3 in Supporting information) show that o-MoC obtained at
different temperatures consists of C, Mo, and O elements. The high-
resolution XPS spectra of Mo 3d can be deconvoluted into eight
peaks (Fig. 1b and Table S1 in Supporting information), which rep-
resent the four valence states (+2, +3, +4, and +6) of the Mo el-
ement. The peaks of Mo?* and Mo3+ are associated with the Mo-
C bond, and the peaks of Mo*" and Mo®t correspond to MoO,
and MoO3 due to the surface oxidation of the samples in the air
[47,48], which accounts for the presence of O element in the full
XPS survey (Fig. S3). Besides, the C 1s spectra of «-MoC were also
analyzed, and there are four peaks in the C 1s spectrum, repre-
senting the C-Mo, C-C, C-0, and C=0 bonds (Fig. 1c and Table S2
in Supporting information) [49,50].

The morphology of the samples was examined by scanning
electron microscopy (SEM). @-MoC prepared at different tempera-
tures showed a reed flower-like morphology (Figs. 1d-f). TEM anal-
ysis of the representative -MoC-550 indicated that each branch of
reed flowers consists of many small particles with a size distribu-
tion of 1.91 4+ 0.34 nm (Fig. 1g). The lattice fringes of the parti-
cles have an interplanar spacing of 0.246 nm, corresponding to the
(111) plane of w-MoC (Fig. 1h), which indicates that «-MoC parti-
cles are well crystallized at 550 °C. Moreover, a uniform distribu-
tion of ¢-MoC nanoparticles was observed from the HAADF-STEM
and the corresponding EDS elemental mapping images of o-MoC-
550 (Figs. 1i-1). As the electrolysis temperature increases to 600 °C,
«-MoC-600 presents larger grains with a size of 2.23 4+ 0.27 nm
(Figs. S4a and b in Supporting information). Whereas, o-MoC-500
obtained at a low temperature of 500 °C mainly shows an amor-
phous structure with only crystallization in local areas (Figs. S4c
and d in Supporting information).

In order to study the growth process of -MoC, we conducted
control experiments by controlling the electrolysis time and mon-
itored the reaction by ex-situ XRD and TEM. The electrolysis was
carried out at 550 °C Li,CO3/Na,C0O3/K,CO3 electrolyte for 5 min,
10 min, 15 min, and 20 min, and the corresponding products are
named «-MoC-550-5, «-MoC-550-10, a-MoC-550-15, and «o-MoC-
550-20, respectively. XRD patterns for the products were plot-
ted in Fig. 2a. When the electrolysis time is controlled at 5 min,
the XRD pattern of o-MoC-550-5 is mainly the diffraction peaks
of carbon. With the extension of electrolytic time from 5 min
to 10 min, 15 min, and 20 min, the carbon peaks gradually de-
creased and the characteristic peaks of o-MoC are correspond-
ingly enhanced, indicating the gradual conversion of carbon into
MoC.

SEM images of the products obtained at different times are
shown in Figs. 2b-e. The carbon obtained by 5 min electrolysis
is amorphous (Fig. 2b), and then some spherical particles start
to grow out from the carbon matrix (Fig. 2c). Interestingly, when
the electrolysis time was extended to 15 min, some branches start
to grow out from the surface of spherical particles (Fig. 2d). At
20 min, a-MoC with reed-flower like morphology was formed
(Fig. 2e). To identify the structure of the spherical particles in
Fig. 2c, TEM analysis was performed, which showed that the spher-
ical particles attached to the carbon substrate (Fig. 2f). HR-TEM and
the corresponding selected-area electron diffraction pattern (SAED)
revealed that the spherical particle is composed of smaller o-MoC
crystalline grains with a lattice space of 0.246 nm, corresponding
to the (111) plane of «-MoC (Figs. 2g-i). The diffraction rings from
inside to outside represent the (111), (200), (220), and (311) planes
of a-MoC, respectively (Fig. 2i). Based on the above analysis, we
proposed the formation process of «-MoC as follows: The carbon
substrate was first deposited on the cathode surface, and then the
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Fig. 1. (a) XRD patterns, (b, c) the high-resolution XPS spectra of Mo 3d and C 1s, (d-f) SEM images of the synthesized «-MoC at different temperatures. (g, h) HR-TEM
images, (i-1) HAADF-STEM and the corresponding EDS elemental mapping images of «-MoC-550.

spherical «-MoC grains are grown out from the carbon substrate
and served as the nucleation sites for «-MoC growth.

To unravel the formation mechanism of «-MoC, we analyzed
the composition of the electrolytic products which were treated
with different washing conditions. The cathodic product without
washing presents a color grey (Fig. S5 in Supporting information)
and an irregular morphology (Fig. S6a in Supporting information)
since the electrolyte is wrapped around the product. The XRD pat-
tern of the unwashed product showed the characteristic diffraction
of LiNaCO3; and (Ligs5Kgs5),CO3 (Fig. 2j) due to the formation of
new carbonates by melting, cooling, and recrystallization of Li,COs3,
Na,C03, and K,CO3. Notably, the diffraction peaks of K3Na(MoQO,),
were also observed in the XRD spectrum and K3Na(MoQO,), served
as the Mo source for the formation of o-MoC. Unfortunately, due
to the strong diffraction peaks of the electrolyte, the signals of
a-MoC were masked. When the electrolytic product was washed
with deionized water, the sample appeared black (Fig. S5), indi-
cating that most of the carbonate electrolytes were eluted, but its
morphology remained heterogeneous (Fig. S6b in Supporting infor-
mation). Consistent results were obtained from its XRD analysis.
The diffraction peaks of LiNaCOs, (Lig5Kg5)2CO3, and K3Na(MoOy ),
disappeared and the diffraction peaks of ®-MoC and Li,MoO3; were
observed in this water-washed product (Fig. 2k). The appearance of
Li;MoO5 is owing to the cathodic reduction of MoO42~ to MoO32-,
which combines with LiT in the electrolyte to form the water-
insoluble LiMoOs. Further, when the electrolytic product is treated

with acid, the product showed black color (Fig. S5) and a ho-
mogeneous reed-flower morphology (Fig. S6¢c in Supporting infor-
mation), indicating that the carbonate electrolyte was completely
removed. Consistent results were obtained from the XRD spec-
trum, in which only the diffraction peaks of «-MoC were presented
(Fig. 21).

Notably, K3Na(MoO4), was detected in the electrolytic prod-
uct (Fig. 2j). To understand the formation of Mo0O42-, tail gases
evolved from MoOs-mixed Li/Na/K carbonates (without electroly-
sis) at room temperature and 550 °C (without electrolysis) were
analyzed under Ar gas flow. As displayed in Figs. S7a and b
(Supporting information), the volume of O, collected at room tem-
perature (0.44%) and 550 °C (0.48%) was almost the same. As the
temperature increased from room temperature to 550 °C, the CO,
content sharply increased from 0.27% to 13.02%, which indicated
that the MoO42~ came from the spontaneous reaction between
MoO5 and carbonate (MoOs5 + CO32~ — Mo042~ +C0,) at 550 °C.
Furthermore, the composition of tail gases before and after the
electrolysis under CO, atmosphere at 550 °C was analyzed (Figs.
S7c and d in Supporting information). The O, content increased
from 0.72% to 2.42%, and the CO, content decreased from 90.83%
to 87.14%, suggesting the capture and conversion of CO, as well as
the formation of O, during the electrolysis process.

Based on the above results, the formation mechanism of «-
MoC by molten salt electrolysis can be proposed as follows: MoO5
reacted with CO32~ to form MoO42~ and CO, (Eq. 1). CO, was
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Fig. 2. (a) XRD patterns of the samples obtained at electrolysis times of 5 min, 10 min, 15 min, and 20 min, respectively. (b-e) SEM images of o-MoC-550-5, -MoC-550-10,
o-MoC-550-15, and -MoC-550-20. (f) TEM image of «-MoC-550-10. (g, h) HR-TEM images and (i) the corresponding selected-area electron diffraction pattern (SAED) of
«-MoC-550-10. XRD patterns of the electrolytic products (j) without washing, (k) with water washing, and (1) with acid washing.

captured by 0%~ generated from the electroreduction of MoO42~
(Eq. 2) and/or CO32~ splitting (Eq. 3) to regenerate the CO52~
(Eq. 4). The electroreduction of MoO42~ also produced the MoO32~
(Eq. 2), which was co-reduced with C generated from CO52~ reduc-
tion (Eq. 3) to form a-MoC (Eq. 5). The generated 02~ ions (Egs. 2
and 3) played two roles in this conversion process. Part of 0~ was
oxidized to O, by losing electrons at the anode (Eq. 6), and the rest
of 0%~ captured CO, to regenerate CO32~ (Eq. 4) [36,37]. Thus, the
net reaction is the co-reduction of MoO3; and CO, to form the «-
MoC and release the O, (Eq. 7). The detailed reaction process can
be found in Fig. S8 (Supporting information). The electrolytic effi-
ciency for a-MoC synthesized at 500, 550, and 600 °C is 63.18%,
66.40%, and 72.56%, respectively (Table S3 in Supporting informa-
tion).

Mo0Os 4 C032~ — M00,42~ + CO, 1)
Mo042~ +2e~ — Mo0032%~ + 0%~ (2)
C032~ +4e~ — C+30%" (3)
2C0, 4202~ — 2C03%~ (4)

Mo032~ +4e~ + C — MoC + 302~ (5)

502 — 10e~ — 5/20, (6)

2Mo03; +2C0; — 2MoC+ 50, (7)

In addition, we also performed the electrolysis in
Li,CO3/Na,C03/K,C0O3 electrolyte without adding MoOs, where
a Mo anode was used instead of a graphite rod anode (Fig. S9
in Supporting information). As expected, the XRD pattern of the
electrolytic product is consistent with that of o-MoC (Fig. S10 in
Supporting information). The SEM images of the obtained product
also show a reed flower-like morphology (Fig. S11 in Supporting
information), indicating the formation of «-MoC. These results
suggested that during the electrolysis, the Mo anode was in-situ
oxidized to MoOs3 and served as the Mo source. Thus, «-MoC can
be synthesized from CO, and in-situ generated MoO3 in one step.

Molybdenum carbides have been applied as electrocatalysts in
hydrogen evolution reactions (HER), and heteroatom doping is con-
sidered to be effective to promote catalytic performance [28,51,52].
Therefore, based on the preparation method of «-MoC, we also
synthesized heteroatom-doped «-MoC. By adding Li;SO,4 into the
550 °C molten Li,CO3/Na,CO3/K,C03, S-doped «-MoC-550 was
successfully obtained by one-step electrolysis. The XRD pattern
(Fig. 3a), SEM (Fig. 3b), and TEM images (Fig. 3c) showed that the
structure and morphology of S-doped «-MoC-550 are similar to
that of @-MoC-550. Namely, S-doped «-MoC-550 shared the same
reed flower-like morphology as a-MoC-550. S-doped «-MoC-550
is also composed of small crystalline o-MoC particles with a size
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Fig. 3. (a) XRD pattern, (b) SEM, (c) HAADF-STEM, and (d, e) HR-TEM images of the synthesized S-doped o-MoC-550. (f-i) HAADF-STEM and the corresponding EDS elemental
mapping images of S-doped a-MoC-550. The high-resolution XPS spectra of (j) Mo 3d, (k) C 1s, and (1) S 2p for S-doped r-MoC-550.

distribution of 1.87 + 0.27 nm (Figs. 3d and e). The successful dop-
ing and uniform distribution of S element in S-doped o-MoC-550
was confirmed by its HAADF-STEM and the corresponding EDS el-
emental mapping (Figs. 3f-i). Element contents of S-doped «-MoC-
550 according to EDS spectra were listed in Table S4 (Supporting
information), where the content of S is ca. 3.49 wt%. The Mo 3d
spectrum (Fig. 3j and Table S5 in Supporting information) of S-
doped a-MoC-550 was also similar to that of «-MoC-550 (Fig. 1b).
The C 1s spectrum (Fig. 3k and Table S6 in Supporting informa-
tion) of S-doped w-MoC-550 can be split into five peaks, and the
peak at 285.5 eV represents the C-S bond [53]. The S 2p spectrum
(Fig. 31 and Table S7 in Supporting information) could be deconvo-
luted into five peaks, and the peak at 161.9 eV is associated with
the S-Mo bond [54]. The peaks located at 163.2 eV and 164.5 eV
were assigned to the C-S-C bond, and another two peaks at 168.2
eV and 169.2 eV were ascribed to the presence of sulfone [55,56].
The presence of the C-S bond (Fig. 3k) and the S-Mo bond (Fig. 31)
further elucidated the successful doping of S into o-MoC.

To assess the electrocatalytic performance of «-MoC and S-
doped «-MoC toward HER, linear sweep voltammetry (LSV) was
performed in 1 mol/L KOH (Fig. 4a). S-doped «-MoC performed
better than «-MoC-550 for HER by showing a lower overpoten-
tial relative to w-MoC-550 at the same current density, which
demonstrated the positive effect of S-doping on HER. Moreover,
S-doped «@-MoC-550 and «-MoC-550 show lower overpotentials

than Pt/C at current densities larger than 133 and 149 mA/cm?,
respectively. The kinetics of HER was evaluated by calculating
the Tafel slope (Fig. 4b), where the Tafel slope of S-doped «-
MoC-550 is 80.2 mV/dec, smaller than that of «-MoC-550 (83.6
mV/dec), indicative of the fast HER kinetics of S-doped «-MoC-
550 and a Volmer-Heyrovsky process [57]. The transport kinet-
ics of electrodes was studied by electrochemical impedance spec-
troscopy (EIS). The Nyquist plot of S-doped a-MoC-550 shows a
smaller semicircle than «-MoC-550 (Fig. 4c), representing a fast
electron transfer process in the 1 mol/L KOH electrolyte. Addition-
ally, the time-dependent current density curve of S-doped «-MoC-
550 showed an ignored decline after the 10 h test compared with
«-MoC-550 and Pt/C (Fig. 4d), indicating that S-doped «-MoC-550
has excellent stability. The enhanced activity of S-doped «-MoC-
550 was rationalized by density functional theory (DFT) calcula-
tions. The models of MoC (111) and S-MoC (111) (Fig. S12 in Sup-
porting information) were constructed based on the TEM and XPS
results (Figs. 1h, 3e and 1). Compared with MoC (111), S-MoC (111)
has higher absorption energy and lower dissociation energy for
water molecules (Fig. 4e) as well as an H absorption energy closer
to zero (Fig. 4f), which is beneficial to water absorption, dissocia-
tion, and H desorption [58]. In addition, compared with MoC (111),
the charge density around the Mo atom of S-MoC (111) is signif-
icantly reduced (Fig. S13 in Supporting information), which is at-
tributed to the higher electronegativity of the S atom relative to
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Fig. 4. (a) Polarization curves at a scan rate of 5 mV/s with a 90% iR-compensation
in 1 mol/L KOH. (b) Tafel slopes. (c) Nyquist plots at the overpotential of 150 mV.
The inset is an electrical equivalent circuit model. (d) The time-dependent current
density curve. (e) Adsorption and dissociation energy of the H,O molecule on the
surface of «-MoC (111) and S-doped «-MoC (111). (f) Gibbs free energy diagrams of
H adsorption on «-MoC (111) and S-doped «-MoC (111).

the Mo atom, leading to the charge transfer from Mo to S, thus
weakening the bond energy of Mo-H [29] and facilitating the re-
combination of reactive hydrogen intermediates to produce H,.

In summary, a low-temperature synthesis method for a-MoC
was presented, in which CO, and MoO3; were electrochemically co-
reduced in 500-600 °C molten carbonates. The growth process of
o-MoC suggested that the carbon substrate formed first followed
by the growth of o-MoC. The in-situ formation of MoO42~ and
the coupling reduction with CO, account for the formation of «-
MoC. Understanding the growth of o-MoC will guide the design
and synthesis of «-MoC-based materials. In addition, based on the
preparation method for «-MoC, S-doped o-MoC was synthesized
in one step by simply introducing Li,SO,4 into the electrolyte. The
S doping enhanced the HER performance of o-MoC by facilitating
water absorption and dissociation and weakening the bond energy
of Mo-H. This work not only demonstrated a facile way to prepare
undoped/doped «-MoC but also provided in-depth insight into the
formation mechanism of a-MoC. We propose that the strategy pre-
sented here could serve as a sustainable platform for the synthesis
of other metal carbide materials.
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