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Conversion of carbon dioxide into a hydrogen-evolution electrocatalyst is an ideal protocol to promote

carbon neutrality by eliminating emissions of carbon dioxide and producing carbon-free hydrogen

energy. Electrochemical fixation of carbon dioxide in molten salts by using a Mo-plate cathode and a
Ni—Cr anode is herein demonstrated to produce a cathodic Mo,C film and anodic oxygen. The molten
salt electrochemical method offers an efficient modulation of thickness, adhesion and more importantly,
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interfacial confinement between the Mo,C film and Mo. The resulting Mo,C—-Mo binder-free electrode
hence shows enhanced electrocatalytic activity towards hydrogen evolution, as rationalized by the lower
hydrogen adsorption energy at the Mo,C-Mo interface. The electrochemical reduction of carbon

dioxide over a metal substrate is therefore a generic method integrating fixation of carbon dioxide and

rsc.li/frontiers-materials

Introduction

Carbon neutrality has become a worldwide consensus.'™ For
example, the Chinese government recently announced that
nation-wide carbon neutrality must be achieved by the year 2060.
Reducing carbon dioxide emissions and developing carbon-free
clean energy are therefore in urgent need.>®

Electrochemical conversion of CO, in molten salts to valu-
able chemicals is an emerging technology, which is capable of
using intermittent renewable energy and achieving efficient
CO, fixation.®*° The solubility of CO, in molten salts is several
orders of magnitude higher than that in aqueous electrolytes,
enabling a high-throughput capture and conversion process.” ™!
Moreover, the chemical reactions could proceed much easier in
molten salt due to superior reaction kinetics in high-temperature
molten salts compared to room-temperature media.® However, in
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surface carbonization of a metal to functional films.

molten salts, CO, is mainly electrochemically converted to car-
bonaceous materials, whose functionality needs to be substan-
tially improved.’

Another route for curbing the greenhouse effect is to develop
sustainable carbon-free clean energy to supplement fossil
fuels.">*® Electrolytic production of hydrogen using solar/wind
electricity as energy sources is one of the promising alternatives
due to the high-energy density, carbon-free characteristics, and
resource abundance of hydrogen.'>® However, the application
of electrolytic hydrogen energy relies on the development of
noble-metal-free catalysts for the hydrogen evolution reaction
(HER).'*'#*741 Molybdenum carbides are promising candidates
as HER catalysts due to the platinum-like d-band electronic
structure.'®>>*¥% The preparation of molybdenum carbides
based on thermal combination between Mo and carbon is
challenged by inadequate modulation of the microstructure of
the Mo-C, with the HER activity being yet to be exploited.>*
Besides, the prepared powdery catalysts are commonly immobilized
onto conductive substrates using organic binders. This electrode
configuration tends to increase resistance and block active sites,
causing performance degradation.”**”?® Such catalyst powders
probably fall off from the substrate due to the hydrogen-evolution-
induced turbulence on the electrode-electrolyte interface,
particularly in industrial applications with a high current
density. In situ growth of a binder-free Mo,C film on conductive
substrates is an effective way to mitigate the above problems.*’

Herein, a Mo,C film is in situ generated from the metallic
Mo substrate during electrochemical splitting of CO, in molten
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Fig. 1 Schematic illustration on electrochemical fixation of CO, in molten
salts over a Mo substrate to prepare functional Mo-C films.

salts. As illustrated in Fig. 1, gaseous CO, is firstly captured by
0®" in molten carbonate salts to generate soluble CO3~,%1%3°
which is then electro-reduced to carbon on the metallic Mo
plate cathode (CO3™ + 4e~ = C + 30°7). The deposited carbon
particles simultaneously react with the Mo substrate, resulting
in the in situ growth of a surface Mo,C film (C + 2Mo = Mo,C,
and AG’ = —56.378 k] mol ! at 900 °C).>***"** Correspondingly,
deposition of carbon from electroreduction of CO3~ is accom-
panied by the release of O*~, which then diffuses to the inert
anode to be discharged as O, (20>~ — 4e~ =0,).***° As a result,
CO, is electrochemically split to facilitate the in situ growth of a
Mo,C film on the metallic Mo cathode, with O, being released
on the inert anode simultaneously. The as-prepared structure
possesses the merits of being free of binder, strong adhesion
and well-defined interface, endowing the Mo,C layer with
enhanced electrocatalytic activity toward the HER and long-
term stability.>* The interfacial confinement between Mo,C and
Mo is rationalized based on density-functional theory (DFT)
simulations. This strategy of electrochemical fixation of CO,
over a metallic substrate to prepare functional films of metal
carbides is also extended to prepare other films of metal carbides.

Experimental
Synthesis of catalyst

Pure Li,CO; (98% purity, Sinopharm Chemical Reagent Co.
Ltd), 300 g, was weighed and used as the electrolyte, which was
filled into an alumina crucible (80 mm in diameter, and
150 mm in length) and then put in a vertical tubular reactor.
The salt was kept at 400 °C for more than 24 h to remove the
moisture and then heated up to 900 °C at the rate of 5 °C min "
under the protection of a high-purity argon (Wuhan Huaerwen
Industrial Co. Ltd) gas atmosphere. A Mo plate (14 mm X
14 mm x 0.2 mm) was polished using silicon carbide papers
with different grit sizes to make it smooth, then washed with
deionized water and alcohol, and finally dried at 60 °C in an
oven. After that, using Ni-Cr alloy (20 wt% Cr, 80 wt% Ni, and
1 mm in diameter, Taizhou Xinai electrothermal alloy material
Co. Ltd) as an inert anode and a Ni plate as a cathode, pre-
electrolysis was conducted at a constant cell voltage of 1.6 V for
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8 h to remove impurities and residual moisture. Afterwards the
cathode was changed to the polished Mo plate and constant-
voltage electrolysis was carried out at 3.1V for different times to
obtain the Mo,C-coated Mo plate, with high-purity CO, being
injected into the molten salts at 50 mL min~ " during the whole
process. After electrolysis, the Mo plate cathode was lifted out
from the molten salt and cooled to room temperature. Finally,
the Mo,C-coated Mo plate (denoted as Mo,C/Mo-t, in which
¢t means the electrolysis time in minute) was obtained after
thoroughly washing with deionized water and alcohol to
remove the excess salt. For example, Mo,C/Mo0-60 means the
sample obtained at 3.1 V for 60 minutes. To investigate the
versatility of the method, the electrochemical treatment of a
tungsten substrate was also conducted at 3.1 V for 2 h at 900 °C
in molten Li,COs;.

Characterization

Phase compositions of the electrode surfaces were measured by
using X-ray diffraction (XRD) patterns on a Rigaku Miniflex600
instrument at 40 kV and 15 mA with Cu Ko radiation, and the
diffraction data in the 20 range from 5° to 90° were analysed at
a scan rate of 5° min~'. The morphology and elemental
distribution were obtained by using scanning electron micro-
scopy (a Tescan Mira3 SEM equipped with an energy dispersive
X-ray spectroscopy instrument (EDS, Oxford Instruments X-Max
20)) at an accelerating voltage of 20.0 kV and working distance
of 15.05 mm. X-Ray photoelectron spectroscopy (XPS) was
performed on a Thermo Fisher Scientific ESCALAB250Xi spectro-
meter with a monochromatic Al Ko X-ray source. The recorded XPS
spectra were calibrated according to the C 1s peak at 284.8 eV. The
tail gases from the reactor were measured using a gas chromato-
graph (Shimadzu, GC-2014) equipped with a flame ionization
detector (FID) and a thermal conductivity detector (TCD).

Electrochemical measurements

The electrochemical performance values for the HER tests were
collected on a multichannel electrochemical workstation
(Solartron Analytical 1470E) using a three-electrode system in
0.5 M H,SO, solution. The obtained Mo,C-coated Mo plate (0.5 x
0.5 cm?) served as the working electrode, with a KCl-saturated
Ag/AgCl electrode (Tianjin Aida Hengsheng Technology Devel-
opment Co. Ltd) and a graphitic rod (10 mm in diameter,
Dongguan Zehui New Material Technology Co. Ltd) as the
reference electrode and counter electrode. All the obtained
potentials were calibrated to a reversible hydrogen electrode
(RHE) according to the formula Ergg = Eag/agct + 0.059 V x pH +
0.1989 V. For comparison, a bare Mo plate was also measured.
The commercial Pt/C (20 wt% Pt, Sigma-Aldrich) catalyst loaded
on the polished Mo plate (the Pt loading was 0.4 mg cm™>) was
also tested for the HER. All the HER data were obtained by
linear sweep voltammetry (LSV) at a scanning rate of 5 mV s~ .
Electrochemical impedance spectra (EIS) were obtained at
0.15 V (vs. RHE) between 100 kHz and 0.01 Hz with an AC
(alternating current) potential amplitude of 5 mV. All the LSV
polarization curves, referring to previous work,>> were obtained
by resistance compensation (iR) (85%) using the internal
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resistance (R;) obtained from the EIS plots. The catalyst durability
test was assessed by cyclic voltammetry (CV) at a scanning rate of
100 mV s~ * for 1000 cycles. The electrochemical surface areas
(ECSASs) of the samples were estimated by using capacitance (Cq;)
according to the CV curves at scanning rates from 10 to 50 mV s~ .
Turnover frequency (TOF) is estimated from the pseudo-capacitance
of the Mo-based catalysts and obtained using eqn (1):

TOF = (J x A)/(n x F x m) (1)

where J (A cm™?) is the current density at a specific potential,
A (em?®) is the surface area of the electrode (0.196 cm?), n is the
number of electrons transferred per molecule, 2 for the HER,
F is Faraday’s constant (96 485 C mol ), and m is the number
of Mo atoms in Mo,C by weighing the mass of Mo sheet before
and after the reaction.

Theoretical calculations

The HER process on Mo (110), Mo,C (121) and Mo (110)-Mo,C
(121) was investigated by the Vienna ab-initio simulation pack-
age (VASP). The revised Perdew-Burke-Ernzerhof (RPBE) of the
generalized gradient approximation (GGA) was used to calculate
the hydrogen adsorption energy. The PAW pseudo-potential was
used to describe the interaction between valence electrons and
ions. Four Mo layers and four Mo-C layers were used to simulate
the Mo (110) and Mo,C (121) surfaces, respectively. The energy
convergence of 1.0 x 10~> eV and the cut-off energy of 400 eV at
the gamma point were adopted in the geometry optimization.
Gibbs free energy changes (AG) were calculated by the standard
hydrogen electrode (SHE) model at U = 0 V vs. SHE at pH = 0.
After geometry optimization, the projected density of states
(PDOS) plots of active sites in Mo (110), Mo,C (121) and Mo
(110)-Mo,C (121) were calculated with the energy convergence
of 1 x 107° eV and the Monkhorst-Pack mesh of 2 x 2 x 1.

Results and discussion

Surface carbonization of the Mo plate cathode is realized by
electrolysis of CO, over a Mo cathode at 3.1 V in Li,CO; molten
salt at 900 °C. The bare Mo plate shows a smooth surface
(Fig. 2a). After electrolysis for 60 minutes, spherical particles
appear, showing a highly interconnected configuration between
adjacent particles (Fig. 2b). Formation of a film is also revealed by
the apparent colour change of the Mo plate surface after electro-
lysis (Fig. 2c). The details of the layer are further revealed by the
cross-sectional analysis. Compared to the bare Mo plate (Fig. 2d),
an outer layer closely attached to the Mo substrate was obviously
observed (Fig. 2e), with a thickness of ~4 pum. Fig. S1 (ESIt)
shows the boundary between the (110) plane of Mo and (100)
plane of Mo,C. The elemental distribution of the molybdenum
plate after electrolysis was further investigated by EDS linear
sweep analysis (Fig. 2f). The corresponding mappings are listed in
Fig. 2g-i. The results demonstrate the homogeneous distribution of
Mo and C in the surface layer and also indicate the interface
between the film and substrate. A good adhesion exists between
the Mo,C film and Mo substrate, as reflected by the robustness
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Fig. 2 Typical SEM images for the surfaces of the Mo plate (a) and
obtained Mo,C/Mo-60 (b). (c) Digital photos of Mo plates before and after
electrolysis. Cross-sectional SEM images of Mo (d) and Mo,C/Mo-60 (e).
Corresponding EDS results of linear sweep analysis (f) and elemental
distribution mappings (g-i) for Mo,C/Mo-60.

of the film even upon rigorous rinsing or ultrasonication in
water. Such a stable integration originates from the strong
Mo-C bond in the interface, which is important to HER applica-
tions, especially in high-current operations.

The phase and surface compositions were characterized by
XRD and XPS. As presented in the XRD results (Fig. 3a), the
additional diffraction peaks for Mo,C (JCPDS No. 65-8766) can
be detected after electrolysis in molten salt. The existence of
Mo,C is also confirmed by the fitting of the Mo-C XPS peaks in
the C 1s and Mo 3d regions (Fig. 3¢ and d). The Mo 3d XPS
spectrum also presents the peaks of Mo®" and Mo*", originating
from inevitable oxidation when exposed to air.*® Mo®" and Mo**
species were proved to be inactive for the HER, while Mo*"
species were believed to be the active centers for electrocatalytic
HER, which is reported in previous studies.** The generation of
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Fig. 3 (a) XRD patterns of Mo,C/Mo-60 and Mo film. (b) XPS survey
spectrum of the Mo,C/Mo-60. High-resolution C 1s (c) and Mo 3d
(d) XPS spectra for Mo,C/Mo-60. (e) Gas chromatogram of oxygen flowing
out from the experimental system at different times. (f) Variation of oxygen
concentration during electrolysis at 3.1 V.
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cathodic Mo,C is accompanied by anodic oxygen evolution, as
revealed by the sharp increase in oxygen concentration upon
electrolysis (Fig. 3e and f). Thus, electrochemical splitting of
CO, in molten salts results in cathodic Mo,C films over the Mo
cathode and anodic oxygen.

The thickness of the Mo,C layer is dependent on the
electrolysis time. A 10 minute electrolysis generates a thin Mo,C
layer being only 0.7 pm (Fig. 4a), which increases to 5.8 pm after
prolonging the electrolysis time to 120 minutes (Fig. 4b). Extend-
ing the electrolysis time offers a stronger penetration of electro-
deposited carbon into Mo, facilitating a deeper Mo-to-Mo,C
conversion (Fig. 4c). There is a linear relationship between the
square of thickness and the electrolysis time (not shown), and the
correlation coefficient is higher than 0.99. Such a linear correlation
between the square of thickness and the electrolysis time indicates
that the generation of Mo-C film is governed by diffusion.

Too short an electrolysis time leads to insufficient surface
coverage of the Mo plate by active Mo,C, while excessively pro-
longed electrolysis induces a thick Mo,C layer, causing increased
electrical resistance between the Mo substrate and reaction inter-
face. Electrolysis time also affects the morphology of the generated
Mo,C particles. Electrolysis for a short time results in a loosened
structure in the Mo,C layer (10 min. in Fig. 4d and 30 min. in
Fig. 4e), with the inner substrate being partially exposed due to the
insufficient coverage. Prolonging the electrolysis time results in
partial sintering and coalescence between adjacent particles,
generating less-porous structures (60 min. in Fig. 2b and
120 min. in Fig. 4f, and also illustrated in Fig. 4g). Mo,C particles
are interconnected, but still maintain partial independence and
relative isolation with obvious outlines of every single Mo,C
particle (Fig. 2b and Fig. 4f). Such a special integration in
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Fig. 4 Cross-sectional SEM images of Mo,C/Mo-10 (a) and Mo,C/Mo-
120 (b). (c) Thickness change of the Mo,C layer vs. electrolysis time. SEM
images of Mo,C/Mo-10 (d), Mo,C/Mo-30 (e) and Mo,C/Mo-120 (f).
(g) lllustration of the changes of thickness and morphology of the Mo,C
film by prolonging the electrolysis time.
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coalescence and independence between Mo,C particles of dense
structure contributes to the exposure of active sites, electron-
transfer and stability, indicating the appealing performance as a
HER electrocatalyst.

As a generic protocol, electrochemical fixation of CO, on a
metallic substrate to prepare a metal-carbide film is extended
to generate tungsten carbide. As shown in Fig. S2 (ESIt), molten
salt electrolysis of CO, in molten salts over the tungsten
substrate results in WC films over the W substrate. The generation
of metal (Mo or W) carbides is via combination of electrodeposited
carbon and metal substrates. The generation of Mo-C and W-C via
combination is thermodynamically spontaneous at 900 °C. In
contrast, formation of Fe-C via combination is thermodynamically
uphill. Hence, the protocol can be used to generate Mo-C and
W-C, but can hardly be used to generate Fe-C. The attempt at
using Fe as a cathode appears to have failed in terms of
preparation of Fe-C films over an Fe substrate, under similar
experimental conditions.

The electrocatalytic performance of the Mo,C/Mo plates for
the HER was tested by recording polarization curves in a three-
electrode system in 0.5 M H,SO, solution, using bare Mo plate
and commercial Pt/C for comparison. As shown in Fig. 5a, the
bare Mo plate exhibits a relatively low electrocatalytic activity
for the HER, and needs an overpotential of 375 mV to provide
10 mA cm~>. The overpotential is only 149 mV at 10 mA ecm™>
for the Mo,C/Mo-60 obtained by electrolysis at 3.1 V for
60 minutes. The Mo,C/Mo-60 presents the lowest overpotential
(Fig. 5b) and the highest electrochemically active surface area
(Fig. 5¢ and Fig. S3 (ESIY), as suggested by the largest value of
Cal), as well as the highest turnover frequency (Fig. S4, ESIT),
implying that the optimized electrolysis time is 60 minutes for
Mo,C-coated Mo plates. Correspondingly, the optimized thickness
of the Mo,C layer obtained after 60 minutes is 4 um, as shown in
Fig. 4c. The optimized sample of Mo,C/Mo-60 also presents a
much lower Tafel slope (77.89 mV dec ') than that for bare Mo
(321.64 mV dec "), as shown in Fig. 5d. The enhanced activity
originates from much lower charge transfer resistance of Mo,C/
Mo-60 than that of the bare Mo, as revealed by the smaller
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Fig. 5 (a) Polarization curves of the prepared Mo,C/Mo-60, bare Mo plate
and Pt/C catalysts at 5mV s~1in 0.5 M H,SO, at 25 °C. (b) Overpotentials at
10 mA cm™2. (c) Linear relationship between the capacitance current
density and scan rate. (d) Corresponding Tafel plots and (e) EIS Nyquist
plots of different samples. (f) Polarization curves of Mo,C/Mo-60 before
and after 1000 cycles.
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Fig. 6 (a—c) Optimized geometry structures of (a) Mo,C (121), (b) Mo
(110), and (c) Mo (110)-Mo,C (121). (d) The calculated energy profiles for
the HER on Mo (110), Mo,C (121), and Mo (110)-Mo,C (121). (e) The
calculated energy profiles for the HER on different reaction sites of
Mo,C (121): the reaction sites of C, Mol, and Mo2 are denoted as Mo,C
(121)/C, Mo,C (121)/Mo1, and Mo,C (121)/Mo2, respectively. (f) The calculated
energy profiles for the HER on different surface catalytic sites of M o(110)—
Mo,C (121): the reaction sites of C, Mol, and Mo2 are denoted as Mo (110)—
Mo,C (121)/C, Mo (110)-Mo,C (121)/Mol, and Mo (110)-Mo,C (121)/Mo2,
respectively. (g) Projected density of states (PDOS) plots of surface catalytic
sites in Mo (110), Mo,C (121), and Mo (110)-Mo,C (121).

semicircle diameter (Fig. 5e and Table S1, ESIt). The Mo,C layer
consists of highly interconnected particles, resulting in both
efficient electron-transfer networks and full exposure of active
sites. The Mo,C/Mo-60 also shows appealing long-term stability,
as evidenced by the neglectable change of the LSV curve after 1000
cycles (Fig. 5f). After the stability test, the SEM images and XRD
patterns of the products hardly changed (Fig. S5, ESIt). Such a
superior stability is attributed to the strong adherence of the Mo,C
layer to the substrate because of its in situ generation from the
substrate in molten salts. The performance of the obtained Mo,C-
coated Mo plate is comparable with or superior to that of the
recently reported Mo,C-based catalysts for the HER in acid solu-
tions (Table S2, ESIY).

In addition to the strong adhesion of Mo,C film to the Mo
substrate and well-defined microstructure of interconnected
Mo,C particles, another factor contributing to the enhanced
activity of Mo,C/Mo is the synergic effect between the Mo
substrate and Mo,C film, as revealed by DFT calculations
(Fig. 6). Fig. 6a-c present the optimized structures of Mo,C
(121), Mo (110), and Mo (110)-Mo,C (121), respectively, with the
proton-adsorbed structures presented in Fig. S6 (ESIt).

As shown in Fig. 6d, the Mo (110)-Mo,C (121) surface
possesses a lower free energy (—0.21 eV) for the HER than that
of both the Mo,C (121) surface (—0.26 eV) and Mo (110) surface
(—0.69 eV). This result suggests that the synergy between Mo,C
and Mo is beneficial to the enhancement of the HER activity.
The activity enhancement is attributed to the transformation of
active sites of the Mo (110)-Mo,C (121) heterostructure for hydrogen
adsorption. Both the Mo,C (121) and Mo (110)-Mo,C (121)
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surfaces contain three kinds of surface catalytic sites (C, Mol
and Mo2, see Fig. 6a), while the Mo (110) surface contains only
one catalytic site (the Mo atom site). The preferential catalytic
site for hydrogen adsorption is the Mo2 site on the Mo,C (121)
surface, as revealed by the lowest free energy of Mo,C (121)/Mo2
in Fig. 6e. However, the lowest free energy for the HER trans-
forms to the C site on the Mo (110)-Mo,C (121) surfaces, denoted
as Mo (110)-Mo,C (121)/C in Fig. 6f. Therefore, the main active
site for the HER changes from the Mo2 site on Mo,C (121) to the
C site on the Mo (110)-Mo,C (121) heterostructure. The higher
HER activity of the C site on the Mo (110)-Mo,C (121) surface is
also manifested by the PDOS files (Fig. 6g), which show that the
C 2p state of the Mo (110)-Mo,C (121) heterostructure is located in
the more negative region compared to the electronic states of other
surface sites. The higher reducing state of the C site on Mo (110)-
Mo,C (121) hence facilitates reduction of protons and results in
enhanced activity towards the HER.

Conclusions

In summary, electrochemical fixation of carbon dioxide in molten
salts is demonstrated as an efficient surface carbonization method
of metallic substrates. This electrochemical route couples value-
added conversion of CO, with fabrication of advanced materials,
contributing to upgraded utilization of CO,. The resulting Mo,C
film in situ generated from the Mo plate substrate upon CO, fixation
shows a good adhesion with the substrate and well-defined micro-
structure. The strong synergic effect between the Mo,C film and the
Mo substrate contributes to lower free energy for the adsorption of
protons. When tested as the electrocatalyst for the HER, the
optimized Mo,C-coated Mo plate presents enhanced performance.
The strategy herein provides a generic protocol for curbing the
greenhouse effect by facilely converting carbon dioxide into
functional films for renewable energy applications.
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