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The Mo carbide has been widely studied as a promising catalyst system for reverse 
water-gas shift reaction (RWGS). In this study, a novel Cu-doped Mo carbide, denoted as 
Cu/αβ-MoxC, was synthesized through a resin-based carbothermal reduction method, and 
its structure was characterized using XRD, BET, SEM and TEM techniques. The cata-
lyst’s Mo carbide component consisted of α-MoC1–x and β-Mo2C phases, and the Cu/Mo 
molar ratios of 1/36, 1/22, 1/13, and 1/9 were considered. Among these catalysts,  
Cu/αβ-MoxC with a 1:22 Cu:Mo molar ratio exhibited the highest RWGS performance. 
It is worth noting that this catalyst also demonstrated significantly higher CO selectivity 
compared to previously reported Cu/β-Mo2C (97.6 % vs. 89.4 %) at lower temperatures 
(e.g., 250 °C), attributable to its reduced affinity with CO.
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Introduction

Global warming, primarily driven by anthropo-
genic emissions of CO2 resulting from the combus-
tion of fossil fuels in industrial processes, energy 
production, and transportation, has emerged as a 
serious challenge in the 21st century1. Consequent-
ly, there is an urgent need for the development of 
techniques for CO2 capture and storage, or catalytic 
conversion. To date, only a small fraction of emitted 
CO2 has been recycled through processes such as 
urea, polycarbonate synthesis, and salicylic acid 
production2. In the context of the carbon neutral 
concept, one pivotal aspect is the transformation of 
CO2 waste through catalytic conversion into a use-
ful feedstock. CO2 reduction to CO using H2 as a 
reducing agent, a reaction commonly known as the 
reverse water gas shift (RWGS) reaction (Eq. 1), 
stands out as one of the most promising CO2 con-
version processes for its ability to produce CO, 
which can further be converted into various liquid 
fuels and high-value oxygenates through methanol 
synthesis and downstream Fischer-Tropsch pro-
cess3. Notably, there are two main competing reac-
tions (Eqs. 2 and 3), that occur alongside the RWGS 
reaction. The RWGS and Bosch reactions (Eqs. 1 

and 3) are endothermic, and they become more 
prominent at higher temperatures. In contrast, the 
methanation reaction (eq. 2) is exothermic, making 
lower temperatures preferable4.

 CO2 + H2 D CO + H2O (1)
 CO2 + 4H2 D CH4 + 2H2O (2)
 CO2 + 2H2 D C + 2H2O (3)

However, catalysts can face deactivation due to 
coking and sintering under high reaction tempera-
tures. Additionally, elevated temperatures raise 
equipment requirements and energy consumption, 
increasing the production costs, and thereby limit-
ing the industrial application of the RWGS reac-
tion5. Therefore, the development of an economical 
catalyst with high activity and selectivity is a pre-
requisite for the large-scale application of the 
RWGS reaction. Cu-based catalysts have been ex-
tensively studied in the context of the RWGS reac-
tion owing to their excellent catalytic activity and 
low price. Some investigations have shown that the 
catalytic performance of copper-based catalysts was 
mainly determined by metal size6, promoters7, sup-
port type and size7–9. Pohar and co-workers synthe-
sized copper-based catalysts with various supports 
(Al2O3, CeO2, SiO2, TiO2, and ZrO2) and found that 
the choice of support affected the catalytic pathway 
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mechanisms7. Likozar and co-workers reported that 
the size of the active copper area on top of the  
SrTiO3 perovskite catalyst support can affect activi-
ty, selectivity, and stability9.

After molybdenum carbide catalysts were dis-
covered to exhibit unique catalytic performance 
similar to noble metals in CO2 reforming of CH4 
and water-gas shift reaction10–13, they have been em-
ployed as new catalysts for the RWGS reaction14–26. 
It was observed that monometallic Mo2C and bime-
tallic Co-Mo2C were more active and selective for 
CO2 conversion to CO than precious metal based 
bimetallic catalysts (PtCo/CeO2 and PdNi/CeO2)

23. 
In general, Cu-based oxide catalysts have been ex-
tensively studied in the context of the RWGS reac-
tion owing to their excellent catalytic activity and 
selectivity27–29. However, traditional Cu catalysts, 
such as Cu/SiO2, tend to deactivate dramatically un-
der working conditions due to the segregation of 
supported Cu particles at temperatures exceeding 
280 �C 30. Notably, a Cu/β-Mo2C catalyst exhibited 
excellent catalytic activity, with mass specific rate 
about 5 times higher than that of the commercial 
Cu/ZnO/Al2O3 catalyst16,24. Moreover, Cu/β-Mo2C 
demonstrated stability not only under steady-state 
conditions but also under start-up cool-down condi-
tions. This was attributed to the strong interaction 
between Cu and β-Mo2C, which effectively promot-
ed the dispersion of supported Cu and prevented the 
aggregation of Cu particles even at temperatures as 
high as 600 °C16. These results proved the superior 
stabilizing properties of β-Mo2C as a support mate-
rial compared to traditional supports. In this study, a 
type of Cu/αβ-MoxC catalyst was synthesized using 
a straightforward resin-based carbothermal reduc-
tion method. It was observed that the Cu/αβ-MoxC 
catalyst exhibited higher CO selectivity than  
Cu/β-Mo2C when subjected to similar CO2 conver-
sion conditions in the RWGS reaction.

Experimental

Materials

The raw resin used was a D201×1 cinnamic 
strong alkali anion exchange resin (purchased from 
HangZhou YongZhou Water Treatment Technology 
Co., Ltd.). (NH4)6Mo7O24∙4H2O (AR) and 
Cu(NO3)2∙3H2O (AR) were purchased from Sino-
pharm Chemical Reagent Co., Ltd.

Sample preparation

Firstly, the raw resin was washed with deion-
ized water and dried at 110 °C for 12 h. Subse-
quently, it was ground into a fine powder. The resin 
powder (2.0 g) was stirred in (NH4)6Mo7O24∙4H2O 

solution with a Mo atom concentration of 0.5 mol L–1 
for 5 h. Following this, the exchanged resin was 
washed with deionized water three times and dried 
at 110 °C for 12 h. The Mo content in the dry resin 
was determined by ICP-AES to be 28.4 wt%. The 
dry resin was then impregnated with Cu(NO3)2∙3H2O 
solution with a given Cu/Mo molar ratio of R 
(R=1/36, 1/22, 1/13, and 1/9), and subsequently 
dried overnight at 110 °C. The resulting precursors 
were heated from room temperature (RT) to 900 °C 
at a rate of 10 °C min–1 under Ar (50 mL min–1) and 
held at this temperature for 1 h. They were then 
cooled to RT under Ar, and then passivated in a 1 
%O2/Ar flow for 2 h.

Sample characterizations

X-ray diffraction (XRD) measurements were 
conducted using an X-ray diffractometer (X’Pert 
Pro MPD) equipped with a Cu Kα source. BET sur-
face area data were obtained from a surface area 
analyzer (NOVA4200). The morphologies of the 
samples were characterized using scanning electron 
microscopy (SEM, Hitachi S-4800) equipped with 
energy dispersive X-ray spectroscopy (EDX) and 
transmission electron microscopy (TEM, Philips 
Tecnal 10). The Mo content in the dry resin was 
determined by inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES). CO-temperature 
programmed desorption (CO-TPD) experiments 
were conducted in a quartz tube micro-reactor. Be-
fore the CO-TPD process, 0.1 g of catalyst was 
heated from RT to 900 °C in Ar and held at this 
temperature for 30 min. After cooling to RT, a 
stream of 1 %CO/He was introduced into the sys-
tem for 30 min. Subsequent to CO adsorption, the 
gas flow was switched to He (30 mL min–1) to re-
move physically adsorbed CO on the catalyst sur-
face. Finally, the sample was heated from RT to 900 
°C at a rate of 10 °C min–1 in He (30 mL min–1). The 
effluent gases were monitored using a GC thermal 
conductivity detector.

Catalyst performance tests

The catalytic activities of the catalysts for 
RWGS were evaluated in a micro-reactor with an 
inner diameter of 8 mm at atmospheric pressure. 
Prior to the reaction, the sample was preheated in 
Ar at 900 °C for 0.5 h. Following the pretreatment, 
a gas mixture (H2:CO2=2:1) was passed through the 
catalyst with a WHSV of 60000 cm3 g–1 h–1. The re-
action temperature range and time were 250–600 °C 
and 1 h, respectively. The exit gas stream from the 
reactor passed through a cold trap to remove water. 
The flow rates were measured with a soap bubble 
flow meter. The gas-phase products were analyzed 
on-line by gas chromatography (GC) equipped with 
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a thermal conductivity detector and a TDX-01 (60–
80 mesh) packed column (300 mm×2 mm i.d.). 
Quantitative analysis was performed using the ex-
ternal standard method. A linear relationship was 
established between the peak area values and the 
volume concentration of gases in the range of 0.1–
100 vol.%. The molar fractions for the products and 
reactants were determined based on the peak ar-
ea-volume concentration curve and were taken into 
account in the calculation of the conversion and 
product distribution. The conversion of CO2 and the 
selectivities of CO and CH4 were defined as fol-
lows16:

CO2 conversion (%)=([CO2]in–[CO2]out)/([CO2]in) ·100
CO selectivity (%)=([CO]out)/([CO]out+[CH4]out) ·100
CH4 selectivity (%)=([CH4]out)/([CO]out+[CH4]out) ·100

Results and discussion

Fig. 1 shows the XRD pattern of fresh Cu- and 
Mo-containing carbide catalysts prepared using the 
resin-based carbothermal reduction method. The 
main peaks at 2θ of 34.5, 38.1, 39.4 and 61.6° can 
be attributed to the (100), (002), (101) and (110) 
reflections of β-Mo2C (JCPDS 35-0787). Addition-
ally, the characteristic diffraction peaks associated 
with α-MoC1–x (JCPDS 65-0280) were observed at 
2θ of 36.6 and 42.4°, corresponding to (111) and 
(200) reflections, respectively. In addition to the 
patterns of Mo carbide, diffractions of metallic Cu 
crystallites appeared at 43.3, 50.4 and 74.1°, corre-
sponding to (111), (200) and (220) reflections, re-
spectively. It was evident that the peak intensity 
associated with Cu increased with an increase in 

Cu/Mo molar ratio ranging from 1/36 to 1/9. Based 
on the Cu/Mo molar ratio, these fresh catalysts were 
designated as Cu/αβ-MoxC (1/36), Cu/αβ-MoxC 
(1/22), Cu/αβ-MoxC (1/13), and Cu/αβ-MoxC (1/9), 
respectively. Subsequently, the textural properties 
of these Cu/αβ-MoxC catalysts were obtained and 
are listed in Table 1. It was evident that the SBET, DP, 
and VP of the catalysts decreased monotonically 
with an increase in Cu/Mo molar ratio. The ob-
tained high surface areas of Cu/αβ-MoxC were at-
tributed to the intimate contact between particles 
and carbon species formed during the resin carbon-
ization process31.

The morphologies of these Cu/αβ-MoxC cata-
lysts were investigated using SEM and TEM (Figs. 
2 and 3). It was apparent that these Cu/αβ-MoxC 
catalysts exhibited similar SEM or TEM images re-
gardless of Cu/Mo molar ratio. Irregularly shaped 
particles were observed on the supports, which 
should be assigned to carbon, as previously suggest-
ed31–33. The insets in Fig. 3 clearly depict the crystal 
lattices of Cu (111), α-MoC1–x (111) and β-Mo2C 
(002), confirming the presence of Cu, α-MoC1–x and 
β-Mo2C in these samples. These results are consis-
tent with the observations in the XRD patterns (Fig. 
1). Furthermore, EDX results (Table 2) indicated 
the presence of Cu, Mo, C and O elements in Cu/
αβ-MoxC (1/36), Cu/αβ-MoxC (1/22), Cu/αβ-MoxC 
(1/13), and Cu/αβ-MoxC (1/9), and their Cu/Mo 
atomic ratios were close to the expected ratios of 
1/36, 1/22, 1/13 and 1/9, respectively. The size dis-

F i g .  1  – XRD patterns of fresh Cu- and Mo-containing car-
bide catalysts (a) Cu/Mo=1/36, (b) Cu/Mo=1/22, (c) 
Cu/Mo=1/13, and (d) Cu/Mo=1/9

Ta b l e  1  –  Textural properties of the Cu/αβ-MoxC catalysts 
obtained in this study

Sample
SBET

(m2 g–1)
Dp

(nm)
Vp

(cm3 g–1)

Carbonized resin 2.3 14.80 0.009

Cu/αβ-MoxC (1/36) 218.4 6.58 0.29

Cu/αβ-MoxC (1/22) 207.2 5.60 0.27

Cu/αβ-MoxC (1/13) 198.9 4.35 0.24

Cu/αβ-MoxC (1/9) 190.6 4.17 0.20

SBET = BET surface area; DP = Average pore diameter; VP = Total 
pore volume.

Ta b l e  2  –  SEM/EDX surface elemental analysis results

Sample
Cu

(wt%)
Mo

(wt%)
C

(wt%)
O

(wt%)

Cu/Mo 
atomic 
ratio

Cu/αβ-MoxC (1/36) 1.25 70.22 20.52 8.01 1/37.2

Cu/αβ-MoxC (1/22) 2.16 69.56 19.58 8.71 1/21.3

Cu/αβ-MoxC (1/13) 3.15 62.78 25.12 8.95 1/13.2

Cu/αβ-MoxC (1/9) 4.95 65.13 21.31 8.61 1/8.7
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F i g .  2  – SEM images of (a) Cu/αβ-MoxC (1/36), (b) Cu/αβ-
MoxC (1/22), (c) Cu/αβ-MoxC (1/13), and (d) Cu/αβ-
MoxC (1/9)

F i g .  3  – TEM images of (a) Cu/αβ-MoxC (1/36), (b) Cu/αβ-
MoxC (1/22), (c) Cu/αβ-MoxC (1/13), and (d) Cu/αβ-
MoxC (1/9). The insets show the crystal lattices of 
Cu (111), α-MoC1–x (111), and β-Mo2C (002).
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tributions of these nanoparticles in the Cu/αβ-MoxC 
(1/36), Cu/αβ-MoxC (1/22), Cu/αβ-MoxC (1/13), 
and Cu/αβ-MoxC (1/9) samples were determined by 
measuring particle size directly from TEM images 
(Fig. 3). It can be observed from Fig. 4 that the av-
erage particle size varied with Cu/Mo molar ratio. 
Specifically, it was 17.9 nm in Cu/αβ-MoxC (1/36), 
27.8 nm in Cu/αβ-MoxC (1/22), 43.8 nm in  
Cu/αβ-MoxC (1/13), and 48.7 nm in Cu/αβ-MoxC 
(1/9), respectively.

The influence of Cu/Mo molar ratio on RWGS 
activity and selectivity is displayed in Fig. 5. Clear-
ly, the activity followed the order of Cu/αβ-MoxC 
(1/22) > Cu/αβ-MoxC (1/36) > Cu/αβ-MoxC (1/13) 
> Cu/αβ-MoxC (1/9) across the entire temperature 
range. On the selectivity side, Cu/αβ-MoxC (1/22) 
also exhibited the highest CO selectivity and the 
lowest CH4 selectivity. This can be attributed to the 
catalyst’s combination of an appropriate Cu content 
with larger surface area and smaller particle size 
(Table 1 and Fig. 4). Notably, the CO selectivity first 

F i g .  4  – Particle size distributions in (a) Cu/αβ-MoxC (1/36), 
(b) Cu/αβ-MoxC (1/22), (c) Cu/αβ-MoxC (1/13), and 
(d) Cu/αβ-MoxC (1/9) samples

F i g .  5  – Catalytic performance of Cu/αβ-MoxC catalysts in 
the RWGS reaction (CO2/H2 =1/2, WHSV=60000 
cm3 g–1 h–1, P= 1 atm, T=300–600 oC)
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decreased and then increased in the temperature 
range of 300–600 °C. This was due to the enhance-
ment of the side reaction (methanation) with a tem-
perature rise from 300 to 350 °C. However, in the 
higher temperature range (>350 °C), the thermody-
namic factors drove the decline in methanation ac-
tivity, and CO desorption became faster, preventing 

further hydrogenation to CH4 on the catalyst sur-
face20. Additionally, Cu/αβ-MoxC (1/22) also 
demonstrated excellent catalytic stability. Under 
conditions of WHSV=60000 cm3 g–1 h–1 at 400 °C 
(not shown), it maintained ~27 % CO2 conversion 
and ~99.5 % CO selectivity throughout the test pe-
riod of 30 h. Cu/αβ-MoxC (1/22) exhibited the car-
bon balance value of about 99 % throughout, indi-
cating minimal carbon deposition on the catalyst. 
Interestingly, there was no obvious increase in CO2 
conversion with the load at the starting period, like-
ly due to the catalyst’s induction period having con-
cluded within the first hour. A similar phenomenon 
was observed on Mo carbide clusters in a previous 
study14.

Finally, the catalytic performance of  
Cu/αβ-MoxC (1/22) obtained through the resin- 
based carbothermal reduction method in this work 
was compared with that of Cu/β-Mo2C (with an op-
timized Cu loading of 1 wt%16,24) under similar con-
ditions (Fig. 6). It is evident that they exhibited sim-
ilar CO2 conversion in the temperature range of 
250–550 °C, but Cu/αβ-MoxC displayed higher   
CO selectivity (lower CH4 selectivity)  compared to 
Cu/β-Mo2C. Furthermore, the RWGS performance 
of Cu/αβ-MoxC (1/22) was compared with other 
catalysts reported in the literature. As shown in Ta-
ble 3, the Cu/αβ-MoxC catalyst exhibited superior 
activity and selectivity compared to traditional Pt- 
and Cu-based catalysts.

Generally, RWGS selectivity is directly associ-
ated with the CO adsorption properties of the cata-
lyst37. The CO adsorption properties of Cu/αβ-MoxC 
and Cu/β-Mo2C catalysts were estimated through 
CO-TPD, as presented in Fig. 7. It is evident that 
both catalysts exhibited desorption peaks in the CO-
TPD curves. Clearly, the desorption peak tempera-
ture corresponding to Cu/αβ-MoxC (595 °C) was 
lower than that of Cu/β-Mo2C (730 °C), indicating 

F i g .  6  – Catalytic performance of Cu/αβ-MoxC and Cu/β-
Mo2C catalysts in the RWGS reaction (CO2/H2 =1/2, 
WHSV=60000 cm3 g–1 h–1, P= 1 atm, T=250–550 oC)

F i g .  7  – CO-TPD curves of Cu/αβ-MoxC and Cu/β-Mo2C cat-
alysts
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that Cu/β-Mo2C exhibited a stronger affinity with 
CO. In other words, during the RWGS reaction, the 
CO product adsorbed on Cu/β-Mo2C could dissoci-
ate more easily and be further hydrogenated to CH4. 
This likely explains why Cu/β-Mo2C exhibited low-
er CO selectivity compared to Cu/αβ-MoxC.

Conclusions

A series of Cu-doped Mo carbide catalysts with 
varying Cu/Mo molar ratios (1/36, 1/22, 1/13, and 
1/9) were synthesized using resin-based carbother-
mal reduction method. The resulting materials were 
characterized through XRD, BET, SEM, TEM and 
CO-TPD techniques. The SBET, DP, and VP of the cat-
alysts decreased monotonically with the increase in 
Cu/Mo molar ratio. The obtained high surface areas 
of Cu/αβ-MoxC were attributed to the intimate con-
tact between particles and carbon species. The cata-
lytic activities of these Cu/αβ-MoxC catalysts were 
assessed using RWGS as the reaction probe. Among 
these catalysts, Cu/αβ-MoxC (1/22) exhibited the 
best RWGS activity and selectivity, likely due to the 
fact that the catalyst combined an appropriate Cu 
content with larger surface area and smaller particle 
size. It is worth noting that Cu/αβ-MoxC (1/22) also 
demonstrated significantly higher CO selectivity 
than the previously reported Cu/β-Mo2C (97.6 % 
vs. 89.4 %) at lower temperatures (e.g., 250 °C), 
primarily owing to its weaker affinity with CO.
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