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Preparation of nano Cu-Mo,C interface G

supported on ordered mesoporous biochar
of ultrahigh surface area for reverse water gas
shift reaction
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Abstract

High conversion rate and selectivity are challenges for CO, utilization through catalytic reverse water gas shift (RWGS)
reaction. Herein, a novel mesoporous biochar (MB) supported Cu-Mo,C nano-interface was prepared by consecu-
tive physical activation of coconut shells followed by carbothermal hydrogen reduction of bimetal. As compared
with traditional carbon materials, this MB exhibited ultra-high specific surface area (2693 m? g~') and mesopore
volume of mesopore (0.81 cm’ g”) with a narrow distribution (2-5 nm), responsible for the high dispersion of binary
Cu-Mo,C sites, CO, adsorption and mass transfer in the reaction system. Moderate carbothermal reduction led

to the sufficient reduction of Mo ion with carbon matrix of MB and dispersive growth of nano Cu-Mo,C binary sites
(~6.1 nm) on the surface of MB. Cu* species were formed from Cu® via electron transfer and showed high dispersion
with simultaneous boosted bimetal loading due to the strong interaction between nano Mo,C and Cu. These were
advantageous to the intrinsic activity and stability of the Cu-Mo,C binary sites and their accessibility to the reactant
molecules. Under the RWGS reaction conditions of 500 °C, atmospheric pressure, and 300,000 ml/g/h gas hour space
velocity, the CO, conversion rate over Cu-Mo,C/MB reached 27.74x 107> mol,/g.,,/s at very low H, partial pres-
sure, which was more than twice that over traditional carbon supported Cu-Mo,C catalysts. In addition, this catalyst
exhibited 99.08% CO selectivity and high stability for more than 50 h without a decrease in activity and selectivity. This
study offers a new development strategy and a promising candidate for industrial RWGS.

Highlights

Coconut shell derived ordered mesoporous biochar with ultra-high Sz and mesopore volume was fabricated.
Mesoporous biochar facilitates nano Cu-Mo,C interface formation, CO, adsorption and mass transfer.

Strong interaction between Mo,C and Cu leads to electron transfer and anchoring of Cu.

CO, conversion rate over Cu-Mo,C/MB was twice that over Cu-Mo,C/traditional carbon.

The catalyst exhibited 99.1% CO selectivity and high stability for more than 50 h.
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1 Introduction

In the twenty-first century, climate change and ocean
acidification due to excessive CO, emissions have posed a
serious threat to the biological environment and mankind
of the entire planet (Tawalbeh et al. 2023). The economi-
cal and efficient utilization of CO, remains an urgent task
for addressing the challenge of climate change (Len et al.
2023; McLaughlin et al. 2023). The CO, hydrogenation
and emerging electroreduction approaches could con-
vert the CO, to other useful products, which turn CO,
from a terminator of fossil energy usage into value-added
chemicals and energy carriers as well as a participant in
carbon recycling (Ahmadi Khoshooei et al. 2024; Li et al.
2022). It offers significant economic value and potential
for industrial application in addressing the issues of CO,
emissions and energy scarcity (Song et al. 2023; Wu et al.
2022).

Compared with high-pressure conversion processes
such as CO, to methanol, the reverse water gas shift
(RWGS) reaction is one of the most promising meth-
ods for large-scale transformation of CO, with high
selectivity and low operating pressure. Meanwhile, CO
is an intermediate in hydrothermal processes (Fischer—
Tropsch synthesis or other syngas technologies) for the
production of various high-value added chemicals like
methanol, olefins, fuels, and polymers (Liu et al. 2022,
2020; Wang et al. 2023a, 2023b).

At present, the catalysts used in the RWGS reaction
mainly include Cu-based catalysts (Kunkes et al. 2015),
Ni-based catalysts (Mejia et al. 2018), noble metal-based
catalysts, and composite metal catalysts (Posada-Perez
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et al. 2016). Among them, Cu-Mo,C-based catalysts
exhibit excellent catalytic activity and selectivity (Reddy
et al. 2019; Zhang et al. 2021). The existing preparation
methods of Mo,C composite catalysts generally use
molybdenum oxide as precursors, and CH,, CO, or other
low-carbon gases as carbon sources to carry out reduc-
tion carburizing reactions in the hydrogen atmosphere
(Juneau et al. 2020; Liu et al. 2016). However, the coke
generated from the pyrolysis of low carbon gas at low
temperature will be deposited on the surface of carbides,
and the specific surface area of Mo,C is reduced. Xiong
et al. used sodium alginate as a carbon source for carbur-
izing to improve the specific surface area of Cu-Mo,C
based-catalysts. However, its specific surface area and
space time conversion of CO, hydrogenation to CO still
need improvement (Xiong et al. 2018). Moreover, owing
to the low mechanical strength of Cu-Mo,C-based cata-
lysts, additional high-pressure molding for the catalysts is
required before the continuous fixed bed reaction.
Compared with hydrocarbon organics, porous bio-
char prepared from forest processing residues has the
dual functions of carbon source and support, and its
high thermochemical stability can avoid the formation of
polymerized carbon coke that blocks the pore and cov-
ers the active center. At the same time, it also has the
advantages of large specific surface area and pore vol-
ume, adjustable surface groups, pore size distribution
and strength, controllable surface metal distribution, and
easy recovery (Chen et al. 2021; Gawande et al. 2020). In
our past work, commercial mesoporous biochar powder
was utilized as a carbon source to prepare mesoporous
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biochar-based Mo,C by carbothermal hydrogen reduc-
tion method, which can increase the specific surface area
of the catalyst to 337 m?g~! and promote the dispersion
of Mo,C active sites, thus improving the density of the
effective active sites and accessibility of reaction mol-
ecules (Wang et al. 2019). However, the simultaneous
formation mechanism of Cu and Mo,C on the surface of
mesoporous biochar support and the interaction between
them remain to be further studied, as well as the specific
surface area and mesopore volume of mesoporous bio-
char still need to be promoted.

It is well known that hard coconut shell residues are
useful for the preparation of granular biochar-based cat-
alysts with controllable pore structure and high perfor-
mance (Borghei et al. 2017; Sun et al. 2021). Therefore, a
coconut shell-derived granule mesoporous biochar (MB)
with high mechanical strength, ultrahigh specific surface
area, and narrow-mesopore volume was designed by a
consecutive physical activation method. Utilizing excel-
lent support and carbon source function for MB, the
Cu-Mo,C/MB catalyst was simultaneously synthesized
by a carbothermic hydrogen reduction. The dispersion
growth mechanism and interaction of nano Mo,C and
Cu on MB surface were revealed under various carburiz-
ing temperatures and bimetal ratios. Moreover, the rela-
tionship between the structure and catalytic performance
of the RWGS reaction was further investigated.

2 Experimental

2.1 Materials
Copper nitrate trihydrate (Cu(NOj3),-3H,0), ammonium
molybdate tetrahydrate ((NH,)¢Mo,0,,-4H,0), and

hydrogen peroxide (H,0,) were purchased from Macklin
Inc. Coconut shells were collected in Hainan Province.
All chemical solutions were prepared using deionized
(DI) water.

2.2 Catalyst preparation
Catalyst support preparation: MB granule was prepared
by three consecutive physical activation with steam
(Sun et al. 2022). The coconut shells were carbonized at
550 °C for 2 h, and then the activation process for coco-
nut shell charcoal was carried out at 900 °C under stream
for 1 h. After three consecutive activations, the resulting
sample was washed with acid and deionized water until
pH=6-7. Before the introduction of metal sites, MB
was pretreated with 30 wt.% of H,O, under stirring at
50 °C for 5 h. The solid was further dried in a vacuum
oven at 80 °C for 12 h. For comparison, the biochar with
one activation and with two consecutive activations were
denoted as BC-1 and BC-2.

Cu-Mo,C/MB  catalysts preparation: Cu-Mo,C/
MB precursor was synthesized using an incipient
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impregnation method. Typically, the aqueous solutions of
(NH,)¢Mo,0,,-4H,0 and Cu (NO;),-3H,0 were mixed
under stirring at room temperature, and then pretreated
MB granule was immersed into the prepared mixture.
This mixture was further impregnated at room tem-
perature for 24 h and then dried at 80 °C for 12 h under
vacuum. In order to determine the optimal Cu-Mo ratio,
the Mo loading was 20 wt.% in all cases, while Cu loading
was varied in the range of 0.6 to 1.4 wt.%. The suitable
Cu-Mo ratio of 0.8:20 was obtained according to the test
of RWGS catalytic performance over Cu-Mo,C/MB-800
catalysts. Then the metal content was adjusted synchro-
nously to obtain the optimal metal utilization rate. Sub-
sequently, Cu-Mo,C/MB granule catalysts were prepared
by the carbothermal hydrogen reduction method. The
resultant samples were placed into a tube furnace under a
10% H,/N, flow at 800 °C for 2 h. Finally, the sample was
cooled down to room temperature and passivated with
1% O,/N, for 2 h. In this way, samples were prepared and
labeled according to the metal loading amount and car-
burization temperatures: ywt.%Cu-zwt.%Mo,C/MB-X (y
and z represent the amount of loaded metal, X represents
the carburizing temperature). The Cu-Mo,C/MB is used
for general representation of catalysts prepared at differ-
ent carbonization temperatures and bimetal contents.

2.3 Catalyst characterization

The surface area and pore volume were measured on an
ASAP 2460 (Micromeritics, America) volumetric adsorp-
tion apparatus at 77 K using liquid N,. Micropore volume
(Vimicro)» mesopore volume (V,..,), and macropore vol-
ume (V, ,.0) Were obtained according to the non-local
density functional theory (NLDFT). The total surface area
(Sger) and pore volume (V) were obtained according
to Brunauer—Emmett—Teller (BET) method and vol-
ume absorbed at P/P;=0.99, respectively. X-ray diffrac-
tion (XRD) patterns were recorded on a Rigaku Ultima
(Japan) using Cu Ka radiation at 40 kV. The 26 range was
between 5° and 90°, with a step of 5°/s. Transmission elec-
tron microscope (TEM) images were recorded on a Tec-
nai G2 (FEI, America) microscope operating at 200 kV,
equipped with energy dispersive x-ray energy spectros-
copy (EDX). The morphology of catalysts was observed
by scanning electron microscope (SEM) on Regulus 8230
(HITACHI, Japan). X-ray photoelectron spectroscopy
(XPS) analysis was performed with a K-Alpha spectrom-
eter (Thermo Scientific, America), using Al Ka radiation
as an excitation source, and all binding energies were ref-
erenced to C 1 s of 284.8 eV. H, temperature programmed
reduction (H,-TPR) and H, temperature programmed
desorption (H,-TPD) were recorded on AutoChem II
2920 chemical adsorption instrument (Micromeritics,
America) to analyze the properties of the active sites.
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Fig. 1 a NLDFT pore size distribution and b XRD patterns of MB and 0.8wt.%Cu-20wt.%Mo,C/MB catalysts

Before analysis, 50 mg catalyst was placed in a U-shaped
quartz tube and purged with He for 60 min at 300 °C.
Then, the catalyst was cooled to 50 °C. After reaching a
stable baseline, the temperature rose from 50 °C to 800 °C
at a rate of 10 °C min~! in 10% H,/Ar atmosphere.

2.4 Catalytic performance

The catalyst performance was evaluated in a fixed-bed
reactor. 40 mg granule catalyst (40-80 mesh) was loaded
into a stainless-steel reaction tube with an inner diam-
eter of 8 mm. After in-situ reduction in hydrogen atmos-
phere, the temperature of catalyst bed was adjusted
to 400-500 °C, and the specific flow rate for of H, and
CO, gases was controlled according to the set gas hourly
space velocity (GHSV) (CO,:H,=1:2). The gas products
were heated at the outlet of the reactor and then entered
SHIMADZU GC-2014C gas chromatograph for online
analysis, with nitrogen as internal standard. The area nor-
malization method was used for quantitative detection.
The calculation formulas of CO, conversion rate, CO
selectivity, and the reaction rate are shown in Egs. (1), (2),
and (3), respectively.

NCOy,in — NCOy,0ut
Xco, (%) = (1)
nCO2,iVl
nCo,out
Sco(%) = (2)
nco,out + NCHy,0ut
Fco, x Xco
Rateco, = —_z (3)
Meat

where:
NcE oyt 18 the flow rate of CO in the outlet reformate;
NCo,,out is the flow rate of CO, in the outlet reformate;
NCH,,out is the flow rate of CH, in the outlet reformate;

NCO,,in is the flow rate of CO, in the feed;
Fco, is the mole flow rate of CO,;
m,,, is the mass of the catalyst.

3 Results and discussion

3.1 Characterization of catalysts

The N, adsorption—desorption isotherms of pristine MB
and Cu-Mo,C/MB catalysts are shown in Fig. S1a, and all
samples showed an obvious H4 loop curve in the relative
pressure range of 0.4-0.9, indicating that both MB and
catalysts present developed mesoporous structures. The
NLDEFT pore size distributions of MB and catalysts fur-
ther depicted narrow mesopore diameter distribution of
2-5 nm (Fig. 1a). As can be seen from Table S1, the BET
surface area, total pore volume, and mesopore volume of
coconut shells-derived ordered MB reached 2693 m’g~",

1.56 cm®g™!, and 0.81 cm’g™!, respectively. The specific
surface area, total pore volume, and mesoporous volume
of Cu-Mo,C/MB catalysts were decreased due to the for-
mation of metal sites on the surface of MB (Wang et al.
2020).

As shown in Fig. 1b, it can be observed that carbur-
izing temperatures influenced the XRD pattern of Cu-
Mo,C/MB catalysts. The broad peaks at around 26.0°
and 42.5° can be indexed to the (002) plane of the graph-
ite structure and (100) plane of interlayer condensation,
respectively. No Mo,C peak were observed when the
carburizing temperature was 750 °C. As the carburizing
temperature reached to 800 °C, the peaks at 20 of 34.4°,
38.0°, 39.4°, 52.1°, 61.5°, 69.6°, 74.6°, and 75.5° were con-
tributed to the (100), (002), (101), (102), (110), (103),
(112), and (201) planes of B-Mo,C (JCPDS 35-0787),
respectively (Nagakura et al. 1966). In addition to the pat-
terns of Mo,C, the peaks at 43.3° and 50.4° are assigned
to Cu sites generated in all samples. The XRD patterns of
the Cu-Mo,C/MB-800 and Cu-Mo,C/MB-850 catalysts
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confirm the effective formation of Cu-Mo,C sites owing
to the carbon framework and reducibility of MB.

With the Cu loading varying from 0.6 to 1.6 wt.% with
20 wt.% Mo,C, Cu and Mo,C peaks were clearly observed
for Cu-Mo,C/MB-800 catalysts with high content as
shown in Fig. S1b. In addition, Fig. S1c shows the results
of different amounts of Cu and Mo,C in a fixed propor-
tion. It is clear that when the bimetallic content rose,
the typical peak strength rose. However, as the loading
reached 1.6 wt.% Cu and 40 wt.% Mo,C, the molybdenum
oxide diffraction peak appeared. It could be challeng-
ing to entirely carburize molybdenum oxide to generate
Mo, C in the case of high molybdenum concentration.

The Raman patterns and SEM images in Fig. S2 reveal
that Cu-Mo,C/MB catalysts exhibited similar ordering of
the carbon and surface morphology at different carburiz-
ing temperatures. According to XRD analysis, Mo,C and
Cu active sites could be formed on the surface of MB only
when the reduction carburizing temperatures reached
800 and 850 °C. Therefore, in order to accurately study the
morphology, distribution, and mean size of the desired
active sites on the surface of MB, Cu-Mo,C/MB-800 and
Cu-Mo,C/MB-850 were selected in the study for TEM
and EDS, and the mapping of these materials are shown
in Fig. 2.

With the increase of carburizing reduction tempera-
ture, it can be observed from Fig. 2a and b that the aver-
age diameter of metal nanoparticles on the surface of
the catalyst distinctly increased from 6 to 13 nm, which
is consistent with the enhanced diffraction intensity in
XRD analysis. The EDS spectra exhibited that the surface
Cu, Mo, and O elements of Cu-Mo,C/MB-800 catalyst
were evenly dispersed as shown in Fig. 2d. The species of
bimetal nanoparticles on the Cu-Mo,C/MB-800 catalyst
surface were further analyzed by HRTEM, and Fig. 2e
and f show that the nanoparticles primarily displayed
crystal plane spacing of 0.201 nm and 0.230 nm, which
are attributed to Cu (111) crystal plane and Mo (101)
crystal plane of p-Mo,C, respectively (Xiong et al. 2018).
These results reveal that highly dispersed nano Cu-Mo,C
interfaces were presented on the surface of Cu-Mo,C/
MB-800.

XPS analyses provided some additional information,
such as the element composition and chemical state of
various compounds. As shown in Fig. 3a, the Mo 3d XPS
spectra for the Cu-Mo,C/MB catalysts contained three
doublets. Doublets with Mo 3d;,, peaks at 232.3+0.2 eV
were characteristic of Mo®" suggesting the presence of
MoO; (Cheekatamarla et al. 2005; Choi et al. 1996; Geng
et al. 2017; Schaidle et al. 2010; Wei et al. 1998). The
peaks at 229.2+0.2 eV are ascribed to Mo*" in MoO,,
while the peaks at 228.5+0.1 eV are assigned to Mo*"
in Mo,C (Ledoux et al. 1992; Mamede et al. 2002). The
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fitting compositions of Mo and Cu phases were calcu-
lated and are summarized in Table S2. The Mo,C spe-
cies of catalyst was distinctly enhanced as its carburizing
temperature increased from 750 to 800 °C, and enhanced
slightly when the temperature was increased from 800 to
850 °C, which was consistent with XRD patterns.

Cu 2p spectra of Cu-Mo,C/MB catalysts are shown in
Fig. 3c. Among these, a peak splitting of 933.8 eV was
detected, indicating the possible presence of Cu® or/and
Cu' (Zhang et al. 2019). In order to distinguish the Cu®
and Cu* species, the AES results of catalysts are displayed
in Fig. 3d. Two diffraction peaks of 570.2 and 572.8 eV are
ascribed to the emission peaks of Cu’ and Cu* respec-
tively, indicating that Cu species in the form of Cu® and
Cu* simultaneously exist on the surface of the catalyst
(Tian et al. 2014, 2015). As summarized in Table S2, the
Cu™ contents of Cu-Mo,C/MB catalysts increased with
the enhancement of Mo species. This phenomenon
further confirms that the strong interaction between Cu
and Mo,C leads to the Cu™ species generation from Cu’
via electron transfer, which is in good line with TEM
observations. The regulated electronic structure of the
Cu species enables the catalyst to exhibit excellent ability
to dissociate CO, and H, molecules, which is conducive
to the hydrogenation of CO, (Figueras et al. 2021; Zhang
etal. 2017)

The redox properties of catalysts are important for CO,
hydrogenation. Figure 4a displays the results of H,-TPR
investigation into the reducibility of the catalysts. Dur-
ing the reductive process, the H, consumption peak of
H,-TPR is related to the reducibility of the correspond-
ing species. The reduction of MoO; into MoO, and fur-
ther reduction into Mo,C caused peaks centered at about
400-500 °C (Liang et al. 2003; Liu et al. 2017). It can be
concluded that molybdenum oxide was effectively trans-
formed into Mo,C with the increase in catalysts carburiz-
ing temperature, which is consistent with XRD and XPS
investigations. It can be seen from the H,-TPR results
that the catalytic activity of Cu-Mo,C can be tested effec-
tively by in-situ reduction of the catalyst with H, at 500
°C after exposure to air (Xiong et al. 2018). In addition,
the higher the H,-TPR peak temperature, the more dif-
ficult to reduce the reducible species. The peaks around
740 ‘C may be attributed to the decomposition of non-
graphitic carbon, suggesting the high stability of MB dur-
ing the RWGS reaction.

Besides adsorbing and activating CO, molecules, an
excellent CO, hydrogenation catalyst should have an
ideal trade-off between the binding and release of H,
molecules. As shown in Fig. 4b, the H,-TPD curves of the
catalysts exhibited that two main H, desorption peaks («
and B) were formed in the temperature range of 50-550
°C. The peak at 50 °C indicates the desorption of active
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Fig. 2 (a-b) TEM images of 0.8wt.%Cu-20wt.%Mo,C/MB-800 and 0.8wt.%Cu-20wt.%Mo,C/MB-850 at 50 nm (The insets are distributions
and mean diameters (< d>) of nanoparticles), (c) TEM image of 0.8wt.%Cu-20wt.%Mo,C/MB-800 catalysts at 200 nm, (d) EDS spectra
of 0.8wt.%Cu-20wt.9%Mo,C/MB catalyst, (€) HRTEM image of 0.8wt.%Cu-20wt.%Mo,C/MB-800, (f) the analysis of lattice fringes

H species by chemisorption on catalyst surfaces owing
to the metallic Cu sites (Xu et al. 2021). The big broad
peak with a temperature range of 350 to 550 °C sug-
gests the H, desorption on the Cu-Mo,C interface due to
the chemically dissociated H species. The additional H,

desorption peak (y) for Cu-Mo,C/MB-750 catalyst may
be due to the presence of molybdenum oxide species.
When the carburizing temperature increased to 800 and
850 °C, there was only the corresponding H, desorption
peak of Cu-Mo,C, indicating that the high carburizing
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Fig. 3 The XPS spectra of (a) Mo 3d, (b) C 1's, (c) Cu 2p, and (d) Cu AES spectra of 0.8wt.%Cu-20wt.%Mo,C/MB catalysts

reduction temperature can convert molybdenum oxide to
Mo,C, which is consistent with the results of XRD and
XPS. The lower temperature of the H, desorption peak
for Cu-Mo,C than Cu-MoO, reveals that the Cu-Mo,C
species present high activity for chemically dissociating
H, (Zhang et al. 2022). However, as the carburizing tem-
perature increased from 800 to 850 ‘C, the B desorption
peak slightly increased to a higher temperature. Consid-
ering the TEM results, this might be due to the decrease
of Cu-Mo,C dispersion for Cu-Mo,C/MB-850. In addi-
tion, since the temperature of the H, desorption peak for

the Cu-Mo,C interface is lower than the RWGS reaction
temperature, it is reasonable to speculate that H, could
be activated on the surface of Cu-Mo,C/MB catalysts
(Ding et al. 2016).

3.2 Catalytic performance

3.2.1 Evaluation of the catalytic activity

The catalytic performance in RWGS over 0.8wt.%Cu-
20wt.%Mo,C/MB catalysts with different carburizing
temperatures was evaluated under the space velocity of
60,000 ml/g/h, Vcoy:Vi,=1:2, and the results of CO,
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conversion rate as well as CO selectivity are shown in
Fig. 5a. It is noteworthy that the CO selectivity over these
prepared Cu-Mo,C/MB catalysts in this study were all
higher than 99.5%. The CO, conversion increased with
the increase of reaction temperature over Cu-Mo,C/
MB catalysts. This is consistent with the thermody-
namic characteristics of RWGS reaction. Meanwhile, the

conversion of CO, over Cu-Mo,C/MB catalyst increased
with enhancing the carburizing temperature from 750
to 800 °C. Combined with the above characterization
results, the interaction between Mo,C and Cu is stronger
than that between MoO, and Cu, which improves the
electron transfer from Cu to Mo (M02C—Cu+/Cu0) and
generates more electron-deficient states of the Cu species
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(Cu™). This nano Cu-Mo,C interface exhibited higher
adsorption and dissociation of CO, and H,, leading to
a promoted RWGS activity over Cu-Mo,C/MB-800.
However, the catalytic activity significantly decreased as
carburizing temperature further increased from 800 to
850 °C. This might be due to the distinct agglomeration
of Cu-Mo,C sites on the surface of Cu-Mo,C/MB-850,
resulting in the decrease of accessibility to active sites,
reaction molecule adsorption and dissociation, and cata-
lytic activity. It is concluded that moderate carbothermic
hydrogen reduction at 800 °C plays a very important role
in the formation and high dispersion of Cu-Mo,C nano-
interface on the surface of MB, which further improves
its catalytic CO, hydrogenation performance.

The Mo,C content in Cu-Mo,C/MB-800 catalyst was
fixed at 20 wt.% and different Cu loadings were prepared
to catalyze the RWGS reaction. The variation of CO,
conversion and CO selectivity under the reaction condi-
tions of CO,:H,=1:2 and 60,000 ml/g/h volumetric air
velocity are shown in Fig. 5b. At 400-500 °C reaction
temperature, the CO, conversion rate increased with
increasing reaction temperature and its variation was as
follows:  0.8wt.%Cu-Mo,C/MB-800 > 1.0wt.%Cu-Mo,C/
MB-800 > 1.2wt.%Cu-Mo,C/MB-800 > 1.4wt.%Cu-Mo,C/
MB-800> 0.6wt.%Cu-Mo,C/MB-800. The hydrogenation
products of each catalyst were concentrated in CO, and
the CO selectivity showed a slight change as Cu loading
increases. The catalytic performance of catalysts is cor-
related with their active sites. The activation of the CO,
and H, reactants is effectively facilitated by the Cu transi-
tion metal, which serves as the primary active center of
the CO, catalytic reduction reaction. It is indicated from
XRD analysis that the metallic Cu on the catalyst surface
still maintained a high dispersion with increasing the Cu
loading from 0.6 to 0.8 wt.%. Thus, the improved Cu sites
and interaction between Mo,C and Cu of 0.8wt.%Cu-
Mo,C/MB-800 catalyst promoted the reachability of
reactive molecules to the catalytic site and resulted in a
high CO, conversion rate. It is expected that the acces-
sibility of reactive molecules and active sites as well as
their efficiency are improved as the Cu metal loading
increases. However, possibly due to the agglomeration of
active sites and decreased accessibility of Cu to reactant
molecules (Fig. S1b), the catalytic CO, conversion rate
was reduced as Cu content rose over 1.0 wt.%. Therefore,
the 0.8wt.%Cu-Mo,C/MB-800 catalyst with suitable Cu
loading and high dispersion exhibited the best catalytic
activity.

It should be noted that the CO, conversion achieved
over the 0.8wt.%Cu-Mo,C/MB-800 catalyst at the
condition of GHSV=60,000 ml/g/h was extremely
close to the reaction equilibrium at 500 °C (Fig. 0.5a).
Thus, the impact of increased Cu-Mo,C bimetal
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content on the RWGS reaction was confirmed at GHSV
of 300,000 ml/g/h, with an ideal Cu-Mo ratio of 0.8wt.%-
20wt.%. This GHSV is a very high condition relative to
the operation of the industry (Zhang et al. 2017). Fig-
ure 5¢ demonstrates the link between the activity of the
RWGS reaction and the change in bimetal content as
follows: 1.4wt.%Cu-35wt.%Mo,C/MB-800 > 1.6wt.%Cu-
40wt.%Mo,C/MB-800 > 1.2wt.%Cu-30wt.%Mo,C/
MB-800 > 1.0wt.%Cu-25wt.%Mo,C/
MB-800 > 0.8wt.%Cu-20wt.%Mo,C/
MB-800> 0.6wt.%Cu-15wt.% Mo,C/MB-800. The experi-
mental findings showed that the CO, conversion rate
was further improved after an increase in bimetal con-
tent, reaching its optimal level at 1.4wt.%-35wt.%. The
ultra-high specific surface area and developed mesopore
structure of MB can be beneficial to the high metal load-
ing. In addition, through XPS analysis, it was found that
the formation of suitable Cu-Mo,C interaction could be
confirmed by the generation of Cu*. This interaction is
responsible for ensuring the high dispersion of surround-
ing Cu sites while simultaneously elevating Cu-Mo,C
loading, which contributes to the improvement of cata-
lytic performance. Nevertheless, it was discovered that
the catalytic activity diminished as the load was increased
further. This might be ascribed to the excessive metal
load distinctly blocking the pore surface of MB and the
formation of molybdenum oxide species revealed from
XRD results (Fig. S1c), which reduced catalytic accessi-
bility and activity for the bimetallic interface. In sum up,
the 1.4wt.%Cu-35wt.%Mo,C/MB-800 catalyst exhibited
the expectable catalytic activity, with a CO, conversion
rate of 27.74x 107> molco, /g.,./s and 99.1% CO selectiv-
ity at 500 °C.

In order to further investigate the promotion of the
porous structure of carbon materials for their catalytic
RWGS performances, the catalysts were prepared from
BC-1, BC-2, and MB under optimized bimetal load-
ing, and their catalytic results are shown in Fig. 5d. It
can be seen that CO, conversion rate over Cu-Mo,C/
MB was more than twice that over Cu-Mo,C/BC-1. The
specific surface area, total pore volume, and mesopore
volume of BC-1, BC-2, and MB are shown in Fig. 6a
and b, and they were distinctly enhanced with consecu-
tive activation. The pore structure of BC-1 after the first
stream activation step was mainly micropores and very
few mesopores owing to chemical etching of biochar to
generate micropores via reaction between H,O and car-
bon in the biochar matrix. During the second and third
activation processes, the existing micropores of biochar
were expanded to create relevant mesopores, and new
micropores developed at the same time. Moreover, the
content and composition of oxygen-containing func-
tional groups on the surface of BC-1, BC-2, and MB were



Page 10 of 13

Pan et al. Biochar (2024) 6:93
B 1200 3000
—a—Cu-Mo,C/MB
()5 e, (b)
= 1000{ - Cu-Mo.C/BC2 <2500 Sasr

.V,
2000 Wl V.n,,

=3
=3
=1

1500

o
o
o

1000

BET surface area (m’ g'')

(=]

o
w
=
=3

Quantity adsorbed (cm® g
o+
3

00 02 04 06 08 10
Relative pressure (p/p,)

® (h)

>=15.858 nm

L5 1500 038
(c) m(alystsl
o~ o~ ~
0 "o 1200 Sset K
Y B Viiero F0.6
5 8 ; g

108 & V... 8
@ s 900 »n
{i ] i L
2 3 "
8 & 600 B

05 v = o
g =2 g
G 5 3004 Z
» M =

0

Cu (111) 0.201 nm

X
g

Fig. 6 (a) N, adsorption—-desorption isotherms, (b—c) the specific surface area, total pore volume, and mesopore volume of BC-1, BC-2, MB,
and corresponding catalysts, TEM images (The insets are distributions and mean diameters (< d >) of nanoparticles) at 50 nm of (d) Cu-Mo,C/BC-1,
(e) Cu-Mo,(/BC-2, and (f) Cu-Mo,C/MB, HRTEM images at 5 nm of (g) Cu-Mo,C/BC-1, (h) Cu-Mo,C/BC-2, and (i) Cu-Mo,C/MB

similar according to the O 1 s and C 1 s XPS results (Fig.
S3). After the loading of 1.4 wt.% Cu and 35 wt.% Mo,C,
the Cu-Mo,C/MB catalyst still exhibited much higher
specific surface area and mesopore volume than Cu-
Mo,C/BC-1 and Cu-Mo,C/BC-2 catalysts (Fig. 6¢c). As
depicted in Fig. 6d-i, the mean particle size of Cu-Mo,C
bimetal sites on the surface of BC-1, BC-2, and MB were
5.307, 15.808, and 9.058 nm, respectively. This result sug-
gests that high microporosity benefits the metal disper-
sion due to the confinement effect (Luo et al. 2020), as
well as ultra-high specific surface area and pore volume.
However, owing to the much lower specific surface area
and pore volume of Cu-Mo,C/BC-1, the CO, conver-
sion rate over Cu-Mo,C/BC-1 was lower than that over
Cu-Mo,C/MB-800. According to the results of Fig. 5d

and Fig. 6, it is obvious that the ultrahigh specific surface
area and mesopore volume of MB greatly facilitate the
dispersal of high bimetal loading, CO, adsorption, unob-
structed pore for mass transfer and accessibility of active
sites to reaction molecules, resulting in the excellent
CO, conversion rate of RWGS reaction over 1.4wt.%Cu-
35wt.%Mo,C/MB-800 catalyst (Wen et al. 2024).

As listed in Table S3, the catalyst created in this work
had a much higher CO, conversion rate at very low H,
partial pressure than recently reported Cu-Mo,C and
other metal-based catalysts. This may be owing to the
prepared coconut shell derived MB support, whose high
surface area and mesopore volume are beneficial for the
dispersion of nano Cu-Mo,C interface, CO, adsorp-
tion, and diffusion rate of reactant molecule. Under the
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condition of low CO,/H, ratio and ultrahigh GHSV, the
catalytic conversion of CO, into CO at atmospheric can
be achieved with high efficiency and selectivity.

3.2.2 Stability of the catalyst

Only a catalyst with high reactivity and stability can
be applied in industry. The 1.4wt.%Cu-35wt.%Mo,C/
MB-800 catalyst was tested for 50 h under the conditions
of Vco,Vh,=1:2, GHSV=300,000 ml/g/h and 500 C
reaction temperature. The Fig. S4a demonstrates that the
CO, conversion rate stayed constant at about 27.7x 107
molco,/g.,./s without decrease of activity. This sug-
gests that the interaction between Mo,C and Cu on the
MB surface prevents the leaching and agglomeration of
the active site. Meanwhile, the CO selectivity remained
stable over 99.1%. In order to delve into the structural
evolution of used Cu-Mo,C/MB-800 catalyst, the XRD,
TEM, Raman, and XPS (Mo 3d, C 1 s, Cu2p and Cu AES)
characterizations for the spend catalyst after 50 h reac-
tion were further carried out ((Fig. S4b-c, Fig. S5, and Fig.
S6)). The XRD diffraction peaks of used catalyst exhib-
ited similar Cu and Mo,C crystalline phases as observed
on the fresh catalyst (Fig. S4b). The maintained Ip/Ig
according to the Raman patterns suggested the fixation of
carbon ordering of biochar support (Fig. S4c). The com-
parison of Mo, C, and Cu species in the used and fresh
Cu-Mo,C/MB-800 catalyst also showed the stability of
biochar support and Cu-Mo,C bimetal sites, which was
determined by XPS results (Fig. S5a-d). Meanwhile, as
shown in TEM images and elemental mapping images
(Fig. S6a-c), the used Cu-Mo,C/MB-800 catalyst showed
the homogeneous distribution of Cu and Mo through-
out the entire MB surface, and constant nano Cu-Mo,C
interfaces of about 9 nm mean diameter compared with
the fresh catalyst (Fig. 6f). These results indicate Cu-
Mo,C interfaces and MB support were in good stability.
In conclusion, the 1.4wt.%Cu-35wt.%Mo,C/MB-800 cat-
alyst exhibited remarkable catalytic activity, selectivity,
and stability.

4 Conclusion

A coconut shell derived ordered MB with ultrahigh sur-
face area and mesopore volume (2—-5 nm) was designed
and utilized as the carbon source of carburization reduc-
tion and support for Cu-Mo,C bimetal sites. This MB
promoted the construction of dispersed nano Cu-Mo,C
interface and molecule diffusion on the surface of the
catalyst. The carburization reduction of MoO, to dis-
persed Mo,C strengthened the interaction between Cu
and Mo,C, which improved the electron transfer from Cu
to Mo (Cu*/Cu’-Mo,C) and increased electron-deficient
states of the Cu species (Cu™). This fabricated Cu-Mo,C
nano-interface exhibited superb adsorption and selective
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activation of reaction molecules and high anchoring of
Cu sites. Overall, coupling nano Cu-Mo,C interface with
MB favored the exceptional activity, selectivity, and sta-
bility of RWGS over Cu-Mo,C/MB-800 catalyst at very
low H, partial pressure.
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