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In this study, we found that -Mo,C prepared at different carbonization temperatures exhibited significantly
different catalytic activities for the reverse water gas shift (RWGS) reaction. The 3-Mo,C synthesized at 600 °
C demonstrated notably higher activity compared to those prepared at 700 °C and 800 °C. This enhanced

R 419th D ber 2024 activity was likely attributed to its improved redox properties, which were primarily driven by a smaller
eceive th December . ) . . .
Accepted 12th March 2025 crystallite size and the presence of Mo,OC, species. Therefore, we proposed that the crystallite size and
Mo,OC, content were the key factors governing the RWGS activity of B-Mo,C. Clearly, both factors were

DOI: 10.1035/d4ra08875a strongly influenced by the carbonization temperature. Notably, the B-Mo,C prepared at 600 °C even
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1 Introduction

The heightened levels of carbon dioxide (CO,) in the atmo-
sphere are widely acknowledged as a key contributor to climate
change and ocean acidification." Consequently, there has been
considerable interest in capturing CO, and converting it into
fuels and vital chemicals. The reverse water gas shift (RWGS)
reaction is a promising pathway for CO, utilization, as the
product CO can be directly utilized as a feedstock in the
Fischer-Tropsch process, enabling further conversion into fuels
and chemicals.>?

Molybdenum carbide, in particular, has received much
attention due to its capacity to facilitate both H, dissociation
and C=O0 bond cleavage.* It was reported that Mo,C exhibited
even higher activity and selectivity for the RWGS reaction
compared to noble metal-based bimetallic catalysts such as
PtCo/CeO, and PdNi/CeO,.> Since then, the molybdenum
carbides have been widely studied as catalysts in the RWGS
reaction and these studies mainly focus on the following
aspects.® (i) The effect of crystal phase. To date, various phases
of molybdenum carbide (e.g., @-MoC;_,, B-Mo0,C and o-Mo,C)
have been investigated for the RWGS reaction.”® It was found
that B-Mo,C showed higher CO, conversion compared to o-
MoC;_, below 500 °C, but the latter exhibited higher CO
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outperformed Cu-doped B-Mo,C prepared at 700 °C under similar reaction conditions.

selectivity.® Very recently, a-Mo,C had been discovered to be
highly efficient and selective for the RWGS reaction.”** This
cubic molybdenum carbide can achieve equilibrium conversion
and 100% CO selectivity at 600 °C for 500 h.** Additionally, Sun
et al. had recently identified a unique Mo oxycarbide (Mo,OC,)
structure that formed in situ on the surface of Mo oxide during
the RWGS reaction. This structure was demonstrated to be more
active than Mo carbide in the process.* (ii) The effect of
support. Various common supports, such as y-Al,O3, SiO,, SBA-
15, CN and CNTs, had been utilized for supporting Mo,C in the
RWGS process.'>* It was suggested that these supports gener-
ally offered surfaces for Mo,C dispersion and contributed to its
stabilization against high-temperature sintering during the
reaction.”® (iii) The effect of metal promoter. Promotion of
molybdenum carbides with other metals (e.g. Co, Cu, Na, K and
Cs) also significantly modified the activity, selectivity and
stability in the RWGS reaction.>'***** Zhang et al. demonstrated
that the strong interaction between Cu and B-Mo,C played
a pivotal role in enhancing Cu dispersion and preventing
agglomeration.” This phenomenon contributed significantly to
the remarkable activity and stability. Additionally, Cs-doped
Mo,C catalysts can exhibit higher CO selectivity than non-
doped one.”” The authors suggested that the electropositive
nature of Cs facilitated electron transfer from Cs to Mo,
resulting in a surface enriched with electrons, thereby favoring
CO production.

Among these research strategies, modifying -Mo,C with
a metal, particularly Cu, has been regarded as one of the most
effective methods to enhance catalyst's performance. However,
the key factors influencing the RWGS activity of B-Mo,C
remained unclear. In this study, for the first time, we found that
B-Mo,C prepared at different carbonization temperatures
exhibited significantly different RWGS activities. Interestingly,
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the carbonization temperature had a greater effect on RWGS
activity than the Cu promoter. Herein, the key factors governing
the RWGS activity of B-Mo,C were clarified.

2 Experimental
2.1 Sample preparation

B-Mo,C was synthesized using the traditional CH,/H,-
temperature-programmed reduction method. Ammonium par-
amolybdate ((NH4)sMo0,0,,4-4H,0; purchased from Aladdin
Biochemical Technology Co. Ltd) was heated to 500 °C at 10 °©
C min~" and held at this temperature for 4 h to prepare
precursor MoO; in a muffle furnace. Initially, 1.0 g of MoO;
precursor was loaded into a micro-reactor. A flow of 20%CH,/H,
(300 ml min~') was then introduced into the system. The
temperature was raised from room temperature (RT) to 300 °C
over 30 min, followed by a further increase to a specified
temperature at a rate of 1 °C min '. Subsequently, the
temperature was maintained at this level for 2 h before rapid
cooling to RT under a 20%CH,/H, flow. Finally, the material
underwent passivation in 1%0O,/Ar for 2 h prior to exposure to
air. Samples obtained from heating at 600, 700, and 800 °C were
labeled as B-Mo,C-600, B-Mo,C-700, and B-Mo,C-800, respec-
tively. The precursor for the Cu/B-Mo,C catalyst was synthesized
via a coprecipitation method. A mixed aqueous solution con-
taining (NH,)¢Mo0,0,4-4H,0 and Cu(NOs),6H,0, with a Cu
content of 1 wt% relative to MoO;, was stirred at RT for 4 h.
Subsequently, it was dried using a water bath at 80 °C, followed
by overnight drying at 110 °C, and then calcination at 500 °C for
4 h to obtain the precursor. The carbonization and passivation
processes followed a similar approach to the temperature-
programmed reaction method described above. The samples
synthesized at 600 and 700 °C were designated as 1 wt%Cu/f-
Mo,C-600 and 1 wt%Cu/B-Mo,C-700, respectively.

2.2 Sample characterizations

X-ray diffraction (XRD) analysis was conducted employing an X-
ray diffractometer (X'Pert Pro MPD) featuring a Cu Ko source.
The average crystallite size of B-Mo,C was calculated using the
Scherrer equation d = 0.91/(B-cos §), where A was the X-ray
wavelength (0.15406 nm), B was the peak width at half peak
height in radians, and ¢ was the angle between the incident and
diffracted beams in degrees. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
were obtained using Hitachi S-4800 instrument and Philips
Tecnal 10 microscope, respectively. The BET surface area of the
samples was determined using a Nova 4200e instrument from
Quantachrome. X-ray photoelectron spectroscopy (XPS) was
conducted utilizing a Kratos Axis ultra (DLD) instrument
equipped with an Al Ka X-ray source. The binding energies
(£0.2 eV) were calibrated to the C 1s peak at 284.8 eV, attributed
to adventitious carbon. H,-TPR experiments were conducted in
a quartz tube micro-reactor, with effluent gases monitored
using a thermal conductivity detector. Prior to each H,-TPR run,
the samples (0.1 g) were subjected to heating from RT to 300 °C
in a He atmosphere and maintained at this temperature for
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30 min. Subsequently, the sample was cooled back to 100 °C
before undergoing further heating from 100 to 900 °C at a rate
of 10 °C min~ " in a gas mixture of 5%H,/Ar (30 ml min~"). CO,-
TPO was conducted using a flow of 6%CO,/Ar (50 ml min™").
Prior to the reaction, the -Mo,C-600, 3-Mo0,C-700, and B-Mo,C-
800 samples were preheated in H, at temperatures of 600, 700
and 800 °C, respectively, for a duration of 30 min. Subsequently,
they were cooled to RT under Ar before being heated under the
reactant gas from RT to 900 °C at a rate of 4 °C min~". The gas-
phase product evolution during the reaction was monitored
using gas chromatography (GC). CO-TPD experiments were
carried out in a quartz tube micro-reactor. Prior to the CO-TPD
process, 0.1 g of catalyst underwent the same pretreatment
procedures as those employed for the CO,-TPO.

After being cooled to RT in He flow, a stream of 10%CO/He
was introduced into the system for 20 min. After CO adsorp-
tion, the gas flow was switched to He (30 ml min~") to remove
physically adsorbed CO on catalyst surface 30 min. Finally, the
sample was heated from RT to 900 °C at a rate of 10 °C min~' in
He (30 ml min—"), and then was held at 900 °C for 30 min. The
effluent gases were monitored by means of a GC thermal
conductivity detector.

2.3 Catalyst performance tests

The catalytic performance of the catalyst for the RWGS reaction
was evaluated using a micro-reactor with an inner diameter of 8
mm. Prior to the reaction, the 3-Mo,C-600, 3-Mo,C-700, and -
Mo,C-800 samples were preheated in H, at temperatures of 600,
700 and 800 °C, respectively, for a duration of 30 min. Subse-
quently, a gas mixture consisting of H, and CO, in aratioof2:1
was introduced into the catalyst bed. The gas-phase products
were continuously monitored using online GC. The conversion
of CO,, the selectivities of CO and CH, as well as carbon balance
were determined as follows:

CO; conversion (%) = ([COs)in — [COs]ou)/([COs)in) x 100
CO selectivity (%) = ([COJou)/([COJout + [CH4lour) x 100
CHy selectivity (%) = ([CHalou)/([COJout + [CHalou) x 100

Carbon balance (%) = ([COs]out + [COlout
+ [CH4]ou)/([CO2]in) %100

3 Results and discussion

The XRD patterns of the f-Mo,C catalysts obtained at different
carbonization temperatures of 600, 700 and 800 °C are shown in
Fig. 1. The diffraction peaks at 34.5, 38.0, 39.6, 52.3, 61.9, 69.8,
75.0 and 76.0° were corresponded to the (100), (002), (101),
(102), (110), (103), (112) and (201) reflections of p-Mo,C (JCPDS
65-8766). As the carbonization temperature increased from 600
to 800 °C, the diffraction peaks became sharper and more
intense, indicating the enhanced -crystallinity of B-Mo,C.
Therefore, it was reasonable to estimate the crystallite size of B-
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Fig. 1 XRD patterns of the B-Mo,C catalysts obtained at different
carbonization temperatures of 600, 700 and 800 °C.

Table 1 BET surface area and crystallite size of the -Mo,C catalysts
obtained at different carbonization temperatures of 600, 700 and 800
°C

BET surface Crystallite size

Sample area (m> g™ ") (nm)
B-M0,C-600 34.0 20
B-M0,C-700 30.3 34
B-Mo0,C-800 17.9 45

Mo,C-600, B-Mo,C-700, and B-Mo,C-800 samples using the
Scherrer method as 20, 34 and 45 nm, respectively (see Table 1).
The increase in crystallite size corresponded to a decrease in
surface area. It was well known that the complete synthesis
process involved reduction-carbonization of MoO; precursor by
20%CH,/H, mixture via the pathway of MoO; — MoO, —
Mo,OC, — B-Mo0,C.** This process was strongly influenced by
temperature and contact time, with the formation of the Mo,-
OC, phase typically occurring between 500 and 650 °C. Due to
the broad XRD peaks (26 = 37 and 44°) associated with Mo,-
0OC,,* they can easily be masked by the 3-Mo,C peaks, making it
difficult to exclude the presence of this phase in the f-Mo,C-600
sample.

The crystallite size of B-Mo,C was calculated by Scherrer
equation according to (101) plane.

The morphologies of these B-Mo,C catalysts were observed
using SEM and TEM (refer to Fig. 2). All three samples exhibited
similar irregular particle aggregates. Detailed analysis of
primary particle sizes using TEM was not easy due to significant
agglomeration. Therefore, it must be taken into account the
average size measured from XRD. The insets in Fig. 2a displayed
EDX element mapping images, confirming the presence of Mo,
C, and O elements in the f-Mo,C samples, and those in Fig. 2b
clearly showed the B-Mo,C (002) crystal lattices, proving the
existence of B-Mo,C phase in these samples. It was worth noting
that the MoOC (111) crystal lattice, as reported by Sun et al.,*
was also observed in multiple regions (more than three) of the p-
Mo,C-600 sample (Fig. 2 and S1t), providing strong evidence for
the coexistence of $-Mo,C and Mo,OC,, phases. Moreover, the
H,-TPR result (Fig. 3) demonstrated an obvious hydrogen
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Fig. 2 (a) SEM images and (b) TEM images of B-Mo,C-600, B-Mo,C-
700, and B-Mo,C-800 catalysts. The insets in the SEM images show
the Mo, O and C element mapping images and those in the TEM
images show the B-Mo,C (002) and MoOC (111) crystal lattices.

consumption peak when non-passivated f-Mo,C-600 was sub-
jected to further treatment in a 5% H,/Ar atmosphere, thereby
confirming the presence of Mo,OC, species. In contrast, the
non-passivated p-Mo,C-700 and B-Mo,C-800 samples showed
no H,-TPR signal, further confirming that they contained only
the B-Mo,C phase.

Subsequently, further information regarding these B-Mo,C
surfaces was obtained by XPS. Fig. 4 shows the XPS spectra of
Mo 3d for the -Mo,C-600, -Mo0,C-700, and B-Mo,C-800 cata-
lysts. Based on the curve fitting of Mo 3d levels, Table 2
summarizes the Mo 3d;, binding energy, distribution of Mo

B-Mo2C-600
3
©
~
>
=
2 3-Mo2C-700
(0]
=
£
3-Mo2C-800
T T T T T
100 200 300 400 500 600 700

Temperature /°C

Fig.3 H,-TPR profiles of non-passivated B-Mo,C-600, 3-Mo,C-700,
and B-Mo,C-800 catalysts. The non-passivated samples were directly
subjected to H,-TPR experiment, where they were heated from 100 to
700 °C at a rate of 5 °C min~! in a gas mixture of 5%H./Ar (60
ml min™Y).
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Fig. 4 XPS spectra of Mo 3d region of B-Mo,C-600, $-Mo,C-700,
and B-Mo,C-800 catalysts.
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species and Mo** content. Because the as-prepared metal
carbides were usually passivated before exposure to air, the
surface regions of all the samples should be dominated by
oxidized species and the underlying (oxy)carbide species. As
shown in Fig. 4 and Table 2, four Mo 3ds/, binding energy peaks
were observed on the B-Mo,C-700 surface at 228.7, 229.1, 229.9
and 232.6 eV. These peaks were assigned to Mo®* (carbide),***
Mo’" (oxycarbide),***” Mo*" (oxide)*®* and Mo°" (oxide),*
respectively. However, unlike f-Mo,C-700, the surfaces of B-
Mo,C-800 and B-Mo,C-600 showed only two (Mo>" carbide and
Mo’" oxycarbide) and three Mo species (Mo®* oxycarbide, Mo*"
oxide and Mo®" oxide), respectively. The Mo”>* contents of the B-
Mo,C-600, B-M0,C-700, and B-Mo,C-800 samples estimated by
quantitative XPS analysis (Table 2) were 0, 32.0 and 63.2%,
respectively. This indicated that the oxophilicity ranked in the
order of B-Mo,C-600 > -Mo,C-700 > -Mo,C-800.

The RWGS performance variation of the B-Mo,C-600, -
Mo,C-700, and f-Mo,C-800 catalysts with temperature is shown
in Fig. 5a, b and S2.t A clear correlation was observed between
the carbonization synthesis temperature and the RWGS activity,
with B-Mo,C-600 exhibiting the highest activity, followed by B-
Mo,C-700 and B-Mo0,C-800 in the entire temperature range.
Arrhenius curve is presented in Fig. 5c. The Ea values followed
the order of B-Mo,C-800 > 3-M0,C-700 > -M0,C-600, which was
just the opposite of their ranks in RWGS activity. To compare
the influence of carbonization synthesis temperature and Cu
doping on the RWGS activity of B-Mo,C, a Cu-doped B-Mo,C
catalyst was synthesized at 700 °C (XRD pattern shown in
Fig. S31). The crystallite size of B-Mo,C in this Cu doped catalyst
was estimated to be 31 nm. Noticeably, the B-Mo,C-600 even
displayed slightly higher RWGS activity compared to Cu-doped
B-Mo0,C-700 under similar reaction conditions. In terms of
selectivity, although CO selectivities increased with carboniza-
tion synthesis temperature, they can remain above 95%
throughout the entire temperature range. The main side
product was CHy, resulting from the methanation of CO,. And
the carbon balances ranged from 0.98 to 1.00 (see Fig. S21). The
errors in CO, conversion, CO/CH, selectivity as well as carbon
balance were all within +2%, which was consistent with previ-
ously reported results and deemed acceptable.* Finally, the
catalytic stability of the B-Mo,C-600, f-Mo,C-700, and f-Mo,C-
800 catalysts at 600 °C was depicted in Fig. S4.7 It was evident
that all three catalysts exhibited excellent stability throughout
the 10 h test period. Given the superior performance of the B-
Mo,C-600 catalyst, Cu/B-Mo,C-600 was subsequently synthe-
sized (XRD pattern shown in Fig. S3t) and its RWGS perfor-
mance shown in Fig. S51 was compared with those of other

Table 2 Mo 3ds,, binding energies and Mo?* contents measured by XPS for B-Mo,C-600, B-Mo,C-700, and B-Mo,C-800 catalysts

Mo 3ds, (eV)

Sample Mo** carbide Mo’ oxycarbide Mo*" oxide Mo°* oxide Mo** content (%)
B-Mo0,C-600 — 229.2 229.9 232.7 0

B-Mo0,C-700 228.7 229.1 229.9 232.6 32.0

B-Mo,C-800 228.6 229.3 — — 63.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) CO, conversion and (b) CO selectivity over B-Mo,C-600, B-
Mo,C-700, and B-Mo,C-800 catalysts in the RWGS reaction as well as
1 wt%Cu/B-Mo,C-700 catalyst for comparison (reaction conditions:
CO,/H, =1/2, WHSV =150 000 cm® gt h~, T=300-600 °C) and (c)
Arrhenius plots and Ea values below 15% of CO, conversion.

mainstream catalysts (Table S1f and ref. 41-45). It was clear
that the Cu/B-Mo,C-600 catalyst exhibited superior activity to
traditional Pt and Cu-based as well as Mo,C-based catalysts.
The CO adsorption properties of -Mo,C-600, -Mo,C-700,
and B-Mo,C-800 catalysts were estimated by CO-TPD, as pre-
sented in Fig. 6. The CO-TPD profiles revealed an obvious
desorption peak at around 870 °C for all samples, consistent
with previously reported data.”> The amount of CO desorption
ranked in the order of 8-M0,C-600 (69.4 pmol g~ ') > B-Mo0,C-700

8350 | RSC Adv, 2025, 15, 8346-8353
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(35.5 pmol g~') > B-M0,C-800 (13.1 pmol g ). The observed
order showed an opposite trend to their crystallite size varia-
tion. The results suggested an inverse relationship between CO
affinity and B-Mo,C crystallite size, with smaller crystallite size
demonstrating stronger CO affinity. In the RWGS reaction, the
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Fig. 7 (a) CO,-TPO and (b) H,-TPR profiles of passivated B-Mo,C-
600, B-Mo,C-700, and B-Mo,C-800 catalysts.
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Table 3 The summarized data for the H,-TPR in Fig. 7b
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Peak temperature (°C)

Sample Mo,0C, — Mo,C, MoO; — MoO, MoO, — Mo Total H, consumption (umol g~ ")
B-Mo,C-600 260, 320 445 800 1344.1
B-Mo0,C-700 280, 350 500 860 934.7
B-Mo,C-800 330, 360 — — 13.1

higher the CO affinity was, the easier the CH, formation via CO
hydrogenation. This was probably the reason why the CO
selectivity followed the order: B-Mo,C-800 > B-Mo,C-700 > f3-
Mo0,C-600.

Compared to the associative routes that involved the
formation of formate and carboxyl, the redox pathway, Mo,C, +
CO, = Mo,0C, + CO and Mo,OC,, + H, = Mo,C,, + H,0, had been
identified as the key steps for achieving high RWGS activity of
Mo carbide.'>** Therefore, it became evident that the redox
ability of B-Mo,C predominantly influenced its RWGS activity.
Subsequently, the oxidizability and reducibility of f-Mo,C were
characterized using CO,-TPO and H,-TPR techniques, respec-
tively. As depicted in Fig. 7a, all three samples exhibited
a consistent increase in CO, consumption accompanied by CO
generation as the temperature was elevated. It was noteworthy
that significant increases in CO, dissociation and CO formation
rates were observed above 550, 600, and 650 °C for 3-Mo,C-600,
-Mo0,C-700, and B-Mo0,C-800, respectively. These results
suggest that severe bulk oxidation occurred in these samples
under high-temperature conditions.***” This trend clearly
indicated that the catalyst's oxidizability followed the sequence:
-Mo,C-600 > B-Mo,C-700 > -Mo0,C-800, which corresponded
with the sequence of their oxophilicity estimated from XPS data.
Fig. 7b shows the H,-TPR profiles for the passivated p-Mo,C-
600, B-Mo,C-700, and B-Mo0,C-800 samples and the H,-TPR
data are summarized in Table 3. The H, consumption peaks
corresponding to the reduction of these Mo species were
evident in the H,-TPR profiles. According to XPS results, the -
Mo,C-600 and B-Mo,C-700 exhibited three oxygen-containing
Mo species (Mo,OC,, MoO, and MoOj;), whereas the B-Mo,C-
800 showed only one oxygen-containing Mo species (Mo,OC,).
Therefore, the peaks below 360 °C were assigned to the reduc-
tion of Mo,0C,.”** Reduction of MoOj; to MoO, could contribute
to H, consumption at temperatures above 400 °C,” and the
reduction of MoO, to Mo was expected at temperatures above
800 °C.* These reduction peaks associated with Mo,OC, shifted
to higher temperatures in the sequence B-Mo,C-600, B-Mo,C-
700, and B-Mo,C-800, indicating a trend of decreasing reduc-
ibility: B-Mo,C-600 > B-Mo0,C-700 > -Mo0,C-800. Moreover, the
total H,-consumption values in Table 3 provide additional
confirmation of the sequence of oxophilicity determined by
XPS. Correlating CO,-TPO and H,-TPR results with crystallite
size analysis suggested that reducing crystallite size can
enhance the redox ability of B-Mo,C, thereby improving the its
RWGS activity through the redox pathway.

It was obvious that both Mo,C, and Mo,OC, phases served as
active sites in the redox pathway, with this unsaturated Mo,OC,,

© 2025 The Author(s). Published by the Royal Society of Chemistry

phase being reported to be more active than Mo,C,."* It was
reasonable to deduce that the presence of incompletely
carbonized Mo,OC, in B-Mo,C would enhance its RWGS
activity. The TEM and H,-TPR results (Fig. 2 and 3) revealed that
only f-Mo,C-600 contained the incompletely carbonized Mo,-
OC, species before the reaction, which might contribute to its
superior activity compared to B-Mo,C-700 and B-Mo,C-800.
Finally, the B-Mo,C-600, B-Mo0,C-700, and B-Mo0,C-800 cata-
lysts after the reaction were characterized by XRD and H,-TPR
(see Fig. S6 and S77). It can be seen from Fig. S61 that the XRD
patterns of used samples resembled those of fresh samples,
indicating these B-Mo,C catalysts can keep their bulk structure
well at 600 °C in RWGS. Note that the H,-TPR results indicated
H, consumption below 400 °C for all three used samples. The
H, consumption values followed the order of -Mo,C-600 > B-
Mo,C-700 > B-M0,C-800, suggesting that the amount of Mo, OC,,
decreased in the same sequence. This finding further confirmed
the correlation between the Mo,OC, content in B-Mo,C and its
RWGS activity. Therefore, in addition to crystallite size, the
Mo,OC, content was proposed to be another key factor influ-
encing the RWGS activity of B-Mo,C catalyst.

4 Conclusions

A clear correlation was observed between the carbonization
synthesis temperature and the RWGS activity, with the activity
following the order: f-Mo,C-600 > $-Mo,C-700 > B-Mo,C-800.
Even B-Mo,C-600 showed slightly superior RWGS activity
compared to Cu-doped B-Mo,C-700 under similar reaction
conditions. It was proposed that crystallite size and Mo,OC,
content were key factors influencing the RWGS activity of (-
Mo,C. These factors can effectively regulate the redox properties
of B-Mo,C catalyst, thereby affecting its catalytic activity in the
RWGS reaction. This study underscored a strategy to enhance
the RWGS activity of B-Mo,C catalysts by reducing crystallite
size or increasing the Mo, OC, content.
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