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ABSTRACT: Synthetic fuels produced from CO2 show promise in combating climate
change. The reverse water gas shift (RWGS) reaction is the key to opening the CO2
molecule, and CO serves as a versatile intermediate for creating various hydrocarbons.
Mo-based catalysts are of great interest for RWGS reactions featured for their stability
and strong metal−oxygen interactions. Our study identified Mo defects as the intrinsic
origin of the high activity of cluster Mo2C for CO2-selective hydrogenation.
Specifically, we found that defected Mo2C clusters supported on nitrogen-doped
graphene exhibited exceptional catalytic performance, attaining a reaction rate of 6.3
gCO/gcat/h at 400 °C with over 99% CO selectivity and good stability. Such a catalyst
outperformed other Mo-based catalysts and noble metal-based catalysts in terms of
facile dissociation of CO2, highly selective hydrogenation, and nonbarrier liberation of
CO. Our study revealed that as a potential descriptor, the atomic magnetism linearly
correlates to the liberation capacity of CO, and Mo defects facilitated product
desorption by reducing the magnetization of the adsorption site. On the other hand, the defects were effective in neutralizing the
negative charges of surface hydrogen, which is crucial for selective hydrogenation. Finally, we have successfully demonstrated that
the combination of a carbon support and the carbonization process synergistically serves as a feasible strategy for creating rich Mo
defects, and biochar can be a low-cost alternative option for large-scale applications.
KEYWORDS: Mo2C nanoparticle, synthesized fuels, RWGS reaction, atomic magnetism, selective hydrogenation

1. INTRODUCTION
CO2 hydrogenation to produce synthetic fuels is an important
strategy to realize the goal of “net zero” emission based on
existing energy infrastructures.1 CO is an important
intermediate from CO2 hydrogenation and can be used
directly as fuel or as feedstock in tandem reactions for a
diverse range of fuel products.2 A variety of noble metal-based
catalysts have been developed for reverse water gas shift
(RWGS) reactions in recent years,3−8 but their high cost poses
insurmountable challenges for commercial implementation.
Non-noble metals for the RWGS reaction normally have poor
activity and selectivity, especially at low temperatures, but
there are exceptions, being highly dependent on the fine
regulation of the local electronic structures for the active
sites.9−13

For example, Co-based catalysts are always deemed to fail to
catalyze the RWGS reaction,14 but the nitrogen coordinated
single atom Co performed almost 100% selectivity to CO with
over 50% conversion during CO2 hydrogenation, with a gas
hourly space velocity (GHSV) of 6000 mL/(g h) and a
carbon-to-hydrogen ratio of 4:1, providing a new strategy for
designing base metal-based RWGS catalysts.15 CeO2 with
surface regulation also exhibited a high activity in the RWGS
reaction. Dedicated oxygen defects on the catalysts realized a
balance between CO2 dissociation and surface hydrogenation,

delivering the best activity.16 Native point defects in vanadium
carbide strengthened the electronic interactions between the
reactant and the catalyst, facilitating the RWGS reaction.17

Tailored multicomponent catalysts, including Cu and Fe alloys,
were also commonly seen to promote the RWGS perform-
ance,18 where Cu promotes CO2 activation, and normally leads
to the formate mechanism for the hydrogenation, while Fe
improves the thermal stability and was found to favor redox
mechanism for hydrogenation. Alkali metals were frequently
doped to improve CO2 adsorption and suppress excess
adsorption of H2, leading to methanation.19,20

Mo-based catalysts have shown outstanding performance in
the RWGS reaction among non-noble catalysts. Molybdenum
carbides (Mo2C), nitrides (Mo2N), phosphides (MoP), and
metallic molybdenum (Mo) are of particular interest for the
selective hydrogenation of CO2. They are favored due to their
ability to form strong metal−oxygen bonds and stability, which
are crucial for the RWGS reaction.21 Nanoparticles have been
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shown to have better catalytic performance compared to
extended surfaces in terms of adsorption and dissociation of
CO2, as well as hydrogen diffusion.22,23

MoP supported on SiO2 has shown fully CO-selective
capability at 450 °C and was shown to remain stable for over
22 h.24 Hexagonal 2D-Mo2C catalysts exhibited higher activity
than β-Mo2C for CO formation by a rate of roughly 1180 mg/
h/gcat at 230 °C, with a H2 to CO2 ratio of 3:1. This was
benefited from the unsaturated surface attained during the
preparation from Mo2CTx with abundant surface termination
groups of O, OH, and F.25 Mo2N has also been found to be
active and outperform W2N and NbN for CO2 hydrogenation
with high CO selectivity. The interstitial vacancies in the
crystal could be reversibly filled with the oxygen, facilitating
CO2 dissociation and hydrogenation through the redox
mechanism.26 With the addition of Pt, MoO3 was found to
form MoOx-rich O vacancies over Mo2N, and the metal-
vacancy synergistic sites were much more active for the RWGS
reaction. The catalyst realized nearly 20% conversion in a high
GHSV of 3,000,000 mL/g/h with a carbon-to-hydrogen ratio
of 1:3.27 The insertion of N into the interstitial site of CoMo
alloy was also observed to promote the catalytic performance
for the RWGS reaction. H2 experiences dissociative adsorption
on N, and Mo becomes more electron deficient, such that it is
beneficial for CO desorption.28 A single-atom catalyst of Mo
coordinated by N demonstrated very high selectivity to CO
due to the lack of an atomic ensemble. It gives rise to
exothermic desorption of product molecules even at low
temperature of 300 °C, and the conversion of CO2 reached
24% at 500 °C with a C/H ratio of 1:3.29,30

Mo-based catalysts, including their alloys, have attracted
significant interest in recent years due to their high
performance in selective hydrogenation. However, the origin
of their activity, especially for cluster catalysts, has not been
fully understood, despite numerous efforts to establish more
efficient low-temperature catalytic systems for the RWGS
reaction. This study proposed that Mo defects are the decisive
factor for the superior activity of Mo2C cluster in the selective
hydrogenation to CO2. Based on this, a facile strategy is
demonstrated to improve the intrinsic catalytic activity. We
also report on the mechanisms underlying the high activity of
the defected Mo clusters, including defect-induced neutraliza-
tion of surface H charges to promote selective hydrogenation,
and the affinity between product desorption capacity and
defect-induced atomic magnetization. These mechanisms are
supported by multiscale modeling results and experimental
evidence.

2. RESULTS AND DISCUSSION

2.1. Performance of Mo-Based Catalysts under RWGS
Conditions

The catalytic performance of a variety of Mo-based catalysts
was evaluated at 300, 400, and 500 °C in a sequential test.
Specifically, we compared Mo-based cluster catalysts prepared
in the atmosphere of argon and hydrogen (reduction, Mo),
nitrogen and hydrogen (nitrogenation, Mo2N), and methane
and hydrogen (carbonization, Mo2C), respectively. Supports of
nitrogen-doped graphene (NGn), nitrogen-doped biochar
(NBiochar), and SiO2 were tested to reveal their effects on
the catalytic performance, as shown in Figure 1a.

We observed that the conversion of CO2 generally increased
with temperature, and the catalysts pretreated by carbonization

always gave rise to better catalytic activity. The conversion of
CO2 reached 24.3% over Mo@SiO2-CH4 at 500 °C, 29.2%
over Mo@NGn-CH4 at the same temperature, and 16.0% at
400 °C and 4.9% at 300 °C. The peak conversion for the
nitrogenized Mo@NGn was 26.1% at 500 °C and only 17.0%
for the reduced catalyst. The selectivity of CO in the RWGS
reaction was almost 100% at 500 °C and not much affected by
the catalyst preparation atmosphere. Only slight changes
caused by temperature were observed for the nitrogenized
catalysts and carbonized catalysts. In contrast, we observed the
non-negligible effects of the support on catalytic activity;
carbon support gave rise to better catalytic activity compared
to SiO2, wherein the nitrogen doping may play a key role in
stabilizing the metal-based nanoparticles.31−33 By comparing
the nitrogenized Mo@NGn and Mo@SiO2, a 10.0% higher
conversion was observed at 500 °C and a 6.3% rise at 400 °C.
For the catalysts prepared in methane, the conversion over the
carbon support was about two-fold of that over Mo@SiO2 at
300 °C. We concluded from the experimental data that the
Mo-based catalysts prepared under the carbonization con-
ditions result in the best catalytic performance for the RWGS
reaction, and carbon supports would further promote the
catalytic activity.

Figure 1. (a) Conversion of CO2 and selectivity of CO for the
catalysts of the Mo support on carbon and SiO2 pretreated under
reduction, nitrogenation, and carbonization, respectively, at 300 °C/
400 °C/500 °C (GHSV = 140,000 mL/g/h, molCOd2

/molHd2
= 1:2).

(b) Summary of the performance under RWGS conditions for the
reported catalysts.
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The normalized catalytic performance of reported metal-
based catalysts under the low-temperature RWGS conditions
was compared with Mo@NGn-CH4 and is shown in Figure 1b
and Table S1. We observed that Mo@NGn-CH4 is especially
outstanding in terms of catalytic activity and CO selectivity
among recently reported single-metal-based catalysts and even
noble metal-based catalysts,25,34 and its low-temperature
performance is superior compared to other Mo family catalysts
including α/β-Mo2C, 2D-Mo2C, and porous Mo2C, attaining a
CO2 reaction rate of 69 mmol/g/h and a CO selectivity of 98%
(yield rate of 1904 mgCO/g/h) at 300 °C, and a reaction rate
of 227 mmol/g/h and selectivity of 99.6% (yield rate of 6331
mgCO/g/h) at 400 °C, and 415 mmol/g/h for reaction rate
and 99.9% for selectivity (yield rate of 11,620 mgCO/g/h) at
500 °C, indicating high atom usage efficiency of Mo2C@NGn.
We also prepared biochar as an alternative carbon support,
which has been found to give rise to CO2 conversion as NGn.
Despite slightly lower selectivity of CO at 300 °C, biochar
finds its preponderance of benefit in terms of economy.

To clearly identify the active species on the catalysts, we
implemented X-ray diffraction (XRD) tests on the above
catalysts. The results in Figure 2a reveal that no matter what
treatment atmosphere was applied during catalyst preparation
over the NGn support, Mo2C is the actual active site for all the
catalysts supported on carbon, as evidenced by the character-
istic peaks at 34.3, 37.7, 39.3, 51.9, 61.5, 69.1, 72.4, 74.5, and
75.5° for (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2
0 0), (1 1 2), and (2 0 1) facets for C1.02Mo1.98, respectively
(PDF#65-8364).35−37 Besides, the results also reveal that
longer treatment and higher temperature contributed to a

higher peak intensity of Mo2C, implying that the interaction
between the carbon support and Mo is strengthened with a
larger size of clusters. To verify the carbon support−metal
interaction, we implemented additional XRD tests to the SiO2-
supported catalysts of Mo@SiO2-N2 and Mo@SiO2-Ar. Not
surprisingly, we merely observed the characteristic peaks at
37.7 and 43.0° for Mo2N (1 1 2) and (2 0 0) for Mo@SiO2-N2
(PDF#75-1150), and the peaks at 40.5, 58.7, and 73.7° are of
metallic Mo (1 1 0), (2 0 0), and (2 1 1), respectively, for
Mo@SiO2-Ar (PDF#89-5023),38,39 as shown in Figure 2a.
Considering the surface reaction results, we confirm that Mo2C
has superior catalytic behavior over Mo2N or Mo in the RWGS
reaction and that the carbon support is vital for Mo2C
formation in the carbonization process. We then carried out an
in situ XRD test to Mo@NGn-CH4 (known as Mo2C@NGn)
to reveal its full-life evolution, as shown in Figure 2b, and the
corresponding species for the main peaks are labeled. During
the carbonization period, main characteristic peaks of the
catalyst precursor were found, namely, the peak at 26.0° for
MoO2 (1 1 0) and 36.9° for MoO2 (0 2 0), together with some
other small peaks at 31.7, 41.3, and 49.4° (PDF#73-1249).40
Besides, the peaks of 29.4, 45.4, 46.6, and 48.9° are identified
as MoO3 (PDF#21-0569).41 After Mo2C formation, it was
identified with the same peaks as those identified in the ex situ
XRD test. Besides, some constant tiny peaks at 25.6, 35.1, 42.7,
and 43.2° were also noticed, and they are identified to be the
component material (Al2O3) of the crucible exposed to the X-
ray during the text (PDF#75-1864 & PDF#34-0493).42,43
During the two-stage carbonization process in the CH4 and H2
atmosphere, we observed an intensity increase for the

Figure 2. (a) XRD spectra of the Mo-based catalysts. (b) In situ XRD spectra of Mo@NGn during carbonization, RWGS reaction, and reductive
treatment. HAADF images and EDS elemental mapping images of (c) fresh Mo@NGn-CH4 and (d) Mo2C@SiO2-CH4. HD-TEM images for fresh
and spent catalysts (e) Mo2C@NGn-CH4 and (f) Mo2C@SiO2-CH4.
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precursor peaks before being fully eliminated, indicating
growth of the particle size of the metal oxide particles which
may experience a redispersion during the carbonization
process.44 A constant signal for Mo2C appeared at nearly
700 °C at the end of the heating up stage. The results also
revealed that Mo2C active site remained stable throughout the
RWGS reaction conditions at 500 °C, without any oxidation or
phase changes.45 When applying only H2 and Ar instead of the
reactive atmosphere, we found that Mo2C@NGn would still
remain stable in such a reductive atmosphere, further
confirming the stability of the active site. From the above
tests, we can also confirm that Mo2C was the sole active site in
our experiments with CO2 hydrogenation. Transmission
electron microscopy (TEM) was adopted to reveal the
appearance of the as-obtained Mo2C-based catalysts and
spent catalysts. The high-angle annular dark-field (HAADF)

image in Figure 2c demonstrated film-like structure of the
graphene-supported catalyst. Mapping images by energy-
dispersive X-ray spectroscopy (EDS) for Mo2C@NGn show
the homogeneous distribution of Mo on NGn. Figure 2d
shows the global appearance and EDS mapping images of
Mo2C@SiO2. Similar distributions of Mo species were
observed on the SiO2 support. Besides, high-resolution (HD)
TEM images in Figure 2e,f show Mo2C species on the
respective NGn and SiO2 support before and after the RWGS
reaction, indicating the chemical stability of the active species
throughout the reaction. We also observed that the Mo2C
particles over NGn show diameters ranging from 1 to 5 nm,
smaller than those over SiO2 (Figure S2).

As the most active catalyst, the stability of Mo2C@NGn was
directly evaluated by respective DFT modeling and catalytic
performance under RWGS conditions. The cluster model (as

Figure 3. (a) Stability of the active site for Mo2C@NGn evaluated by AIMD at 800 °C. (b) Stability of the Mo2C@NGn catalyst under RWGS
reaction conditions at 500 °C. The performance of Mo2C@NGn with various (c) temperatures (GHSV = 16,000 and 12,000 mL/g/h for Mo2C@
NGn and Mo2C@SiO2 respectively, molCOd2

/molHd2
= 1:2). (d) Hydrogen to carbon ratios in hydrogenation (GHSV = 318,000 mL/g/h). (e),

Loading ratios. (f) VIB metal carbides under RWGS conditions (GHSV = 140,000 mL/g/h, molCOd2
/molHd2

= 1:2 for e,f).
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shown in Figure S3a) was established and simulated at 800 °C
by ab initio molecule dynamics (AIMD) for 7 ps, and the total
enthalpy and temperature were monitored and are demon-
strated in Figure 3a. The results indicate that the cluster active
site remains dynamically stable under the high temperature
throughout the modeling period, where doped nitrogen may
play a key role in stabilizing the cluster particle.46,47 The fresh
catalyst was tested in an experiment under the RWGS reaction
conditions at 500 °C for over 10 h. Results reveal that CO
selectivity and conversion of CO2 could both keep steady at
nearly 100 and 30%, respectively. Besides, we also found from
the test that the cluster supported on biochar could retain the
same stability as the graphene-supported catalyst (Figure 3b).
The stability of the catalyst is also confirmed by the strong
interaction between the Mo2C cluster and NGn observed in
the DFT modeling (Figure S3c), as well as the highly dispersed
small particles observed in the TEM images.

We then implemented further reaction studies to clearly
demonstrate the effect of the active site−support interaction
on the low temperature catalytic performance. The results in
Figure 3c indicate the conversion of CO2 over Mo2C@NGn
reached 15.3% at 300 °C (38.2% at 500 °C and 27.6% at 400
°C) with a GHSV of 16,000 mL/h/g, approaching the
conversion of chemical equilibrium, and the selectivity of CO
is all above 98%. The same conversion needed 30 wt % more

Mo2C@SiO2 with lower selectivity, indicating the superior
synergistic effect between the carbon support and Mo. More
experiments were carried out to reveal the effects of the H2 to
CO2 ratio on the hydrogenation over Mo2C@NGn (Figure
3d), where the GHSV was kept constant for these three tests.
The results show that the catalyst maintains a high CO
selectivity of 97% at 300 °C even under a H-to-C ratio of 8:1,
implying the outstanding capacity of the catalyst in selective
hydrogenation in RWGS reactions. We have also probed the
effects of the metal loading ratio on the NGn support. Figure 3
confirms that the catalytic performance is in positive
correlation with the loading ratio of Mo before 50 wt %.
Other group-VIB-metal-based catalysts of Cr3C2 and WC were
tested under identical RWGS reaction conditions (Figure 3f).
The corresponding nitrogenized catalysts were also inves-
tigated in a variety of working conditions (Figure S4). The
results confirm the exceptional catalytic performance of
Mo2C@NGn in all of the tested RWGS conditions.
2.2. Mechanism for Efficient RWGS Reaction over
Mo2C@NGn

The underlying mechanism of the selective hydrogenation over
Mo2C@NGn was investigated with DFT modeling. The intact
cluster model is demonstrated in Figure 4a. Potential
adsorption sites to the electrophilic attack on intact clusters
(labeled in green) were identified by Kukui analysis (Figure

Figure 4. a) Models of the intact cluster and adsorption configurations of CO on Mo2C@NGn with various types of Mo defects (in blue dashed
line circles). (b) Adsorption configurations of CO2 on the defected Mo2C@NGn and intact catalyst. (c) Summary of the adsorption energy of CO2,
CO, and H2O. (d) Magnetization (net spin) of the adsorption site atom as a function of and desorption energy of CO.
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S5). The adsorption energies of CO2 and the desorption
energies of CO and H2O on the potential active sites were
calculated. The adsorption energies for the most stable
configuration on each site are shown in Figure 4c. The results
reveal CO desorption energy on intact Mo2C cluster ranging
from 2.05 to 2.94 eV, and the corresponding CO2 adsorption
energy ranging from −2.08 to −2.81 eV, indicating these sites
have strong binding with the product molecule and hamper the
RWGS reaction, which was also observed in recent study.48,49

We then introduced defects into the adsorption cluster,
namely, one C defect and one Mo defect, respectively, on
Mo2C (Figure 4a), the binding of the CO molecule and the
cluster is slightly reduced, with a desorption energy of 2.42 and
2.17 eV, respectively. When two Mo defects were introduced
to the cluster (Mo5 and Mo10, Figure 4a), we surprisingly
observed a sharp decrease of the desorption energy from 2.57
to 1.76 eV for CO on the identical site (Mo9), and the site
becomes the most vulnerable site to the electrophilic attach
based on the prediction by Fukui analysis (Figure S6).
Similarly, the desorption energy of H2O on such a site has also
been decreased to 0.72 eV. In addition, our DFT results also
predicted the CO desorption on an intact metallic Mo@NGn
had a similarly small energy of 1.75 eV. These results imply
that Mo2C with dual Mo defects as well as Mo cluster would
potentially benefit products escaping during the RWGS
reaction.

To reveal the underlying mechanism for the positive effects
of the dual Mo defects on CO desorption, the bond strengths
between adsorbate and various active sites were first
considered, and Mo2N_vMo@NGn and Mo2C_vMo@SiO2
with dual Mo defects were included in the analysis.
Surprisingly, the results in Figure S7 reveal that desorption
energy has little correlations with the Mo−CO bond strength.
Nevertheless, we observed significant changes of the local

electronic spin (magnetization) before and after the CO
adsorption onto Mo2C_vMo@NGn, although the net spin for
the whole system is negligible throughout the desorption, and
the magnetization for the adsorption site (Mo9) is also nearly
zero during the interaction. In a stark contrast, Mo2C_vMo@
SiO2 was nonmagnetic but the magnetization reached 1.340
μB after the CO adsorption, in which the magnetization for
Mo9 saw an obvious rise to 0.123 μB as shown in Figure S8.
Density of states analysis to atom Mo9 in the defected cluster
and C in the CO molecule firmly verifies the origin of magnetic
characteristic of Mo2C_vMo supported on NGn and SiO2,
respectively, after CO adsorption (Figure S8). We then
performed more magnetic analysis toward other structures,
and the results in Figure 4d point out a positive linear
correlation between the desorption energy of CO with the
total magnetization density of the binding components of Mo9
and CO, where the major spin is indeed contributed by Mo.

Significantly, our findings reveal that the net spin for M9 is
virtually negligible in all of the fresh catalysts, as is the case
with the CO molecule. However, varying extents of spin
polarization are introduced by the adsorption process. We
posit that this is related to the charge transfer from Mo to CO,
albeit in small quantities,50 as suggested by the partial density
of states for C and Mo depicted in Figure S8, indicating that
the adsorption energy is predominantly contributed by ionic-
like binding. We discovered that the magnetization density at
the adsorption site effectively characterizes these interactions
and aligns well with the CO desorption energy.51,52 The dual
Mo defects of Mo5 and Mo10 are found to facilitate the release
of CO, with a corresponding decrease in net spin.

The effects of Mo defects on the CO2 adsorption were
further investigated. Two different dual Mo defects (v5 and 10,
v9 and v10) were compared with the intact Mo2C cluster, as
shown in Figure 4b. It was found that all three clusters have

Figure 5. a) Mo K-edge XANES for the Mo-based catalysts. (b) Averaged valence of Mo in the specimens of Mo2C@SiO2, Mo2C@NGn (fresh),
and Mo2C@NGn (spent) estimated with standard samples of Mo2C and metallic Mo. (c) Models of the intact and defected cluster of Mo2C
supported on NGn. (d) Averaged coordination numbers of central Mo in the specimens of standard Mo2C, Mo2C@SiO2, Mo2C@NGn (fresh),
and Mo2C@NGn (spent).
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obvious activation effects on CO2, wherein the bond angle of
CO2 on the intact Mo2C sites was 118° and the C�O bond
was 1.37 Å. On the cluster with dual-defects of Mo9 and
Mo10, the C�O bond was more stretched to 1.40 Å. When it
was on the cluster with dual-defects v5 and v10, the molecule
was the most polarized with the smallest bond angle of 112°.
This indicates the dual-defected Mo2C@NGn outperforms the
intact cluster catalyst for CO2 activation as well.22 More
interestingly, we observed that dissociation of CO2 on Mo9_v5
and 10 would give rise to the facile desorption of CO, while in
other two circumstances, the CO molecule would stay binding
with adjacent Mo atoms. The above results have clearly
indicated that Mo defects create the original activity for the
Mo2C@NGn cluster in the RWGS reaction. The above
conclusion is further evidenced by experimental data. Figure
5 shows the results of X-ray absorption spectroscopy (XAS) for
the catalyst samples of Mo2C@NGn (fresh), Mo2C@NGn
(spent), and Mo2C@SiO2, as well as standard samples of Mo
foil, MoO3, and Mo2C as references. XRD tests were
implemented to the sample of Mo2C@NGn and Mo2C@
SiO2 to confirm that the bulk species are entirely Mo2C, as
shown in Figure S9. Figure 5a shows the X-ray absorption

near-edge structure (XANES) spectra of the Mo K-edge for the
investigated Mo-based catalysts. Figure 5b shows an average
valence estimation for the Mo element in the catalysts and
standard samples based on their edge positions. The valence of
Mo in Mo2C@SiO2 was +1.17, close to that of Mo2C
(standard sample), and the valence of Mo was +1.33 in both
fresh Mo2C@NGn and spent Mo2C@NGn. The results imply
a lower stoichiometric number of Mo molecules in the NGn-
supported Mo2C catalysts.

We further analyzed the nearest coordination environment
for all three samples in comparison with the Mo2C standard
sample, based on the extended X-ray absorption fine structure
(EXAFS) data. The detailed fitting paths and results are shown
in Figure S10. Figure 5d shows the averaged coordinated
number of adjacent elements for the Mo atom. As can be seen,
for the Mo2C standard sample, one central Mo atom had three
carbon atoms and 12 Mo in the first nearest neighbor, and
when it was loaded on SiO2, the coordination number of C
slightly increased, while the coordination number of Mo saw a
slight decrease, implying the existence of Mo defects. When it
was over the carbon support of NGn, the increase of C
coordination number and the decrease of Mo coordination

Figure 6. (a,b) Plausible catalytic reaction pathways of CO2 hydrogenation over Mo2C@NGn, Mo@NGn, Mo2N@NGn, and Mo2C@SiO2. (c)
Apparent activation energy determined by experiments (molCOd2

/molHd2
= 1:2, the peak conversion of CO2 was adjusted under 10%). (d) Atomic

charges of the surface H atoms during the hydrogenation reaction.
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number became more obvious, indicating that rich Mo defects
have been created on the Mo2C@NGn during carbonization
and that the carbon support is effective to creating more
defected sites, which is decisive to the catalytic activity toward
the RWGS reaction.
2.3. Reaction Kinetics of Selective Hydrogenation over the
Defected Mo-Based Catalysts

Regarding the hydrogenation of CO2 over Mo2C_vMo@NGn,
we considered the Mars−Van Krevelen (MVK) mechanism
and the Eley−Rideal (ER) mechanism. Modeling results show
that the reaction at the beginning could hardly proceed
through the ER mechanism (Figure S11). Figure 6
demonstrates various hydrogenation pathways of CO2 and
the corresponding potential energy barriers based on MVK
mechanisms. We observed that CO2 experienced a small
energy barrier of 0.28 eV before the direct dissociative
desorption of CO. Three different pathways have been
observed for hydrogenation to the surface *O, based on
different configurations of adsorbed H2. The most favorable
path had an energy barrier of 0.65 eV to produced *OH. The
following step of hydrogenation with the only one surface *H
needs to overcome energy barriers of at least 1.72 eV for both
pathways. However, with additional hydrogen molecules
coverage, the energy barrier was decreased by 0.87 eV to
generate *H2O, which would further experience an endother-
mic desorption with the energy of 0.72 eV. In contract, one
step hydrogenation of *O to produce *H2O under the ER
mechanism had a much higher energy barrier of 2.01 eV. The
hydrogenation pathways of CO2 over other catalysts of
Mo2C_vMo@SiO2, Mo_vMo@NGn, and Mo2N_vMo@
NGn were also modeled and are compared in Figure 6b.
Over the defected Mo2C supported on SiO2, the dissociation
of CO2 and hydrogenation to *O were facile, but hydro-
genation to*OH had an energy barrier of 1.49 eV. Over the
defected metallic Mo cluster supported on NGn, we found that
the dissociation of CO2 was not difficult, while the CO
desorption was the potential rate-determining step with an
endothermic energy of 1.79 eV. The defected Mo2N supported
on NGn gave rise to smaller energy barriers of 0.28 and 0.72
eV for the two steps hydrogenation, respectively, compared to
those over Mo2C_vMo@NGn; however, the desorption
energy of CO was 1.13 eV in the presence of *O.

The DFT modeling results confirm Mo2C_vMo@NGn to
be the best catalyst candidate for the RWGS reaction, with the
peak energy barrier of 0.85 eV for the most favorable pathway,
and the result has been validated by the apparent activation
energy of 0.79 eV determined by the experimental data, as
shown in Figure 6c. The results in this study indicate that the
peak energy for the RWGS reaction is 0.3 eV lower than that
over the single-atom catalyst Mo1@NGn.29 Besides, we also
carried out kinetic analysis for the experiments based on
Mo2C@NBiochar, despite its slightly smaller turn over
frequency (TOF) compared to Mo2C@NGn (Table S12). It
demonstrates a lower activation energy in experiments,
implying biochar as an alternative carbon support for large-
scale applications instead of NGn.

In addition, the above modeling results also reveal that
increasing hydrogen coverage would benefit the hydrogenation
reaction, and this phenomenon was also observed in other
hydrogenation circumstance53 and had been thoroughly
investigated in our recent work;29 additional H2 adsorption
is able to adjust the valent electrons of Mo atom and tends to

neutralize the charge of surface *H atoms, promoting the
hydrogenation. The conclusion was again verified by the
hydrogenation in this study, where we found that only charge-
neutral *H atoms were able to launch the hydrogenation, as
shown in Figure S13. Interestingly, we noticed that Mo defects
also contribute to the selective hydrogenation by neutralizing
the *H charge. To clarify this, we carried out further
comparative studies regarding the net charge of surface
hydrogens over both intact Mo2C@NGn and Mo2C_vMo@
NGn. Figure 6 reveals that the defected catalyst always leads to
the charge neutrality of the surface *H. In contrast, over the
intact cluster, the *H carried obvious negative charges in both
circumstances, which would directly hinder the consequent
hydrogenation reaction. We therefore conclude that Mo
defects in Mo2C not only contribute to the CO2 activation
and CO liberation but also benefit the following hydro-
genations by proper charge adjustment of the surface
hydrogen.

3. CONCLUSIONS AND THE PERSPECTIVES
In summary, we have demonstrated the outstanding perform-
ance of Mo2C@NGn in the low-temperature RWGS reaction.
The catalyst achieved a CO yield rate of 6.3 gCO/gcat/h and
>99% CO selectivity at 400 °C with good stability. Mechanism
studies revealed that Mo2C@NGn outperformed other Mo-
based catalysts by facilitating the dissociation of CO2 with
nonbarrier liberation of CO, and the peak activation energy for
the hydrogenation was around 0.8 eV, superior to the single-
atom catalyst of Mo. We conclusively proved that Mo defects
in Mo2C played a key role in driving the catalytic RWGS
reaction. We observed that the atomic net spin was a potential
descriptor for CO desorption based on a revealed linear
correlation. The Mo defects facilitated product desorption by
decreasing the magnetization of the adsorption site atom. On
the other hand, the defects also neutralized the surface
hydrogen charge, which was crucial for selective hydro-
genation, in line with the function of increasing H coverage.
Moreover, we have demonstrated that a combination of carbon
support and carbonization process is an effective strategy for
creating rich Mo defects to promote the selective hydro-
genation of CO2 at low temperatures. Biochar, as an alternative
support, gains much potential for large-scale applications, given
its low cost and wide accessibility.

4. METHODOLOGY

4.1. Materials and Preparation of Catalysts

Mater ia ls of ammonium molybdate tetrahydrate
[(NH4)6Mo7O24·4H2O], chromium(III) nitrate nonahydrate
(CrN3O9 ·9H2O), ammonium tungs ta te [(NH4)-
10H2(W2O7)6], nitrogen-doped graphene (NGn), and SiO2
were supplied by Aladdin Reagents Co., Ltd. The NBiochar
was prepared by lignin, urea, and NaHCO3 with the ratio 1/4/
3 of each component; in each batch of preparation, 30 g of
mixed feedstock was pyrolyzed in a graphite crucible at 700 °C
for 2 h with a ramp of 3 °C/min in N2. The naturally cooled
solid products were then washed by 1 M HNO3 solution and
then with water several times until the pH of the solution was
7. The as-obtained Nbiochar was dried at 60 °C for 24 h
before being used as the support in catalyst synthesis. The
other batch of Nbiochar was prepared in the same process
except the pyrolysis temperature of 800 °C. SiO2 was milled
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and sieved to 0.125−0.250 mm before being used as the
support.

50% Mo2C@NGn catalysts were synthesized by wet
impregnation with 50 mg of NGn with aqueous solutions of
92.1 mg of the metal precursor of (NH4)6Mo7O24·4H2O. The
impregnation mixtures were stirred within a shaker for 24 h at
room temperature (∼25 °C). Water was removed by
evaporation at 80 °C, and the impregnated support was then
dried at 60 °C for 24 h. The sample was then calcined in pure
N2 for 2 h at 500 °C. The metal loading ratio was verified by
the inductively coupled plasma (ICP) technique on the
Thermo IRIS Intrepid II ICP−OES equipment. Specific
surface area and porous information were investigated in the
Brunauer−Emmett−Teller test. Relevant physical parameters
are summarized in Table S14.

For carbonization before each experiment, the catalysts were
pretreated in situ with 20 vol % CH4/H2 (total flow rate of 25
mL/min), with a ramp of 10 °C/min to 300 and 2 °C/min to
700 °C, and the temperature was stabilized at 700 °C for an
additional 2 h. For reduction, the catalysts were pretreated in
situ with 50 vol % H2/Ar (total flow rate of 20 mL/min)
before each experiment, with a ramp of 10 °C/min to 700 °C,
and the temperature was held at 700 °C for an additional 2 h.
For nitrogenation, the catalysts were pretreated in situ with 50
vol % H2/N2 (total flow rate of 20 mL/min) before each
experiment, with a ramp of 10 °C/min to 700 °C before the
temperature was held at 700 °C for an additional 2 h. Catalysts
with various metal loadings and metal species were prepared in
an analogous procedure, except that the carbonization
temperature for Cr3C2 was 850 °C. The as-obtained catalysts
are denoted as x% M@NGn, where M is the active species and
x is the loading ratio (x = 10, 20, or 50).
4.2. Structural Characterizations

In situ XRD patterns were recorded on a Bruker D8 Advance
diffractometer equipped with an Anton Paar XRK-900 furnace
operating at 40 kV with Cu Kα radiation (λ = 1.5406 Å) within
the range of 20.0−50.0°, using a scanning rate of 0.85°/min.
30 mg of 50% Mo@NGn was exposed to a CH4/H2 flow (5
mL/min CH4 with 20 mL/min H2) for reduction. After the
first XRD collection at room temperature, the temperature was
sequentially increased to 300 °C with a ramp of 10 °C/min
and then to 700 °C with a ramp of 2 °C/min, during which the
XRD measurements were performed every 100 °C before 500
°C and every 20 °C afterward. The temperature was then held
at 700 °C for another 6 h, and the XRD measurements were
performed every 30 min. When the specimen was cooled to
500 °C, the XRD collection was then performed every 30 min
in the reaction flow (5 mL/min of CO2, 10 mL/min of H2, and
5 mL/min of N2) for 3 h. The inlet gas was then switched to
10 mL/min H2 and 10 mL/min Ar for XRD measurements at
constant 500 °C at the final 3 h. Ex situ XRD patterns were
recorded on a RIGAKU SmartLab X-ray diffractometer with a
scanning rate of 2°/min in the range of 20.0°−80.0°.

High-resolution transmission electron microscopy and EDS
element mapping images were obtained with a Talos F200S
field-emission high resolution TEM operating at 200 kV, and
the information resolution was 0.12 nm. Specimens were
prepared by ultrasonic dispersion of catalyst samples in ethanol
before the suspension was dropped onto a copper grid. Images
of the microstructures of the specimens were acquired. EDS
elemental mapping was performed using SUPER-X to
determine the existing elements on the sample surface.

XAS was performed at beamline 07 A of the Taiwan photon
source (TPS) with the edge energy ranging from 5 to 22 keV.
The data of standard samples were provided by TPS. Data
processing of XANES and EXAFS was carried out using the
Athena software package.

The CO temperature-programmed desorption (CO-TPD)
experiments were performed on an Agilent 8860 instrument
equipped with a thermal conductivity detector (TCD). Prior to
the measurement, 10 mg of the catalyst precursor was loaded
in a quartz tube, pretreated at 200 °C under Ar flow (20 mL/
min) for 1 h to remove the adsorbed species on the catalyst
surface, and then cooled to 30 °C in pure Ar flow. The
catalysts were kept in a CO flow (20 mL/min) for 30 min to
ensure saturated adsorption. Afterward, the adsorbed CO on
catalysts was removed by pure Ar flow at 30 °C, and then, the
CO-TPD process was carried out from 30 to 600 °C at a
heating rate of 10 °C/min. The output signal was detected
with a TCD. A similar TPD test was carried out from 80 to
600 °C. The difference of the amount for the desorbed CO in
above two tests was regarded as weakly adsorbed CO and used
for evaluation of the number of active sites on 50% Mo@NGn
for the RWGS reaction.
4.3. Catalytic Performance Tests
CO2 hydrogenation experiments were carried out in a flow
reactor under atmospheric pressure, in which the thermocou-
ple was sleeved by a quartz tube to prevent the additional
catalytic effects of the thermocouple on the reactions. In a
typical batch, 10 mg of the catalyst precursor was loaded into a
quartz tube with an inner diameter of 4 mm and held in place
by quartz wool. Before each CO2 hydrogenation experiment,
the catalyst was pretreated under the aforementioned
conditions. The reactor was then cooled to 300 °C in the
pretreatment flow, and the inlet flow was switched to the
reactants (i.e., 5 mL/min CO2, 10 mL/min H2, and 5 mL/min
N2) for CO2 hydrogenation. The temperature would remain
constant at 300, 400, and 500 °C for reaction at each
temperature in sequence with a ramp of 10 °C/min. The
activation energy (Ea) was determined according to the
Arrhenius equation, based on the CO2 hydrogenation data
between 300 and 400 °C with 20 °C intervals, and the GHSV
was adjusted to keep a low conversion of no more than 10%.
The gas chromatograph (Agilent 7890B) equipped with a
flammable ionization detector (FID) and a TCD were used to
analyze the concentration of gas products. The response factor
of each reactant and product was calibrated using standard
curve methods. The conversion of CO2 (XCOd2

) is defined as
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where F is the flow rate of reactants or products (mol/min)
and C is the concentration of reactants or products (%).

For each temperature test, an averaged value of 5 GC-FID/
TCD data was used in this study. Exclusion of the reverse
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Boudouard reaction was confirmed by detection of the CO
yield with an inactive catalyst, as shown in Table S16.
4.4. DFT Calculations

The first-principles density functional theory plus dispersion
calculations were implemented in the Vienna Ab initio
Simulation Package (VASP) with dispersion corrections by
the D3 method of Grimme. The generalized gradient corrected
approximation54 treated by the Perdew−Burke−Ernzerhof
exchange−correlation potential was used to calculate the
exchange−correlation energy.55−57 The Projector-Augmented-
Wave (PAW) pseudopotential was employed as the scheme in
the representation of reciprocal space for all the elements.58,59

The plane-wave cutoff energy was set to 450 eV for all the
calculations. The Brillouin zone was sampled using a 2 × 2 × 1
and 4 × 4 × 1 Monkhorst−Pack k-point with a smearing of 0.1
eV for respective geometry optimization and static electron
structures calculation. Independence tests of both cutoff energy
and k-points were carried out, as shown in Figure S17. Spin
polarization has been considered, and the self-consistent field
tolerance was set to 10−4 eV/atom. All the modeling was
performed with a convergence threshold of 0.03 eV/Å on
maximum force. No symmetry constraint was used for any
modeling. The computational method is believed to give high
precision results and has been validated by experimental data
in describing graphene-based materials in our recent work and
Mo lattice.29 In this work, the model predicted the lattice
constant of the Mo2C lattice to be a = 4.72 Å, b = 5.20 Å, and c
= 6.02 Å, in agreement with the experimental data of a = 4.74
Å, b = 5.21 Å, and c = 6.03 Å,60 as shown in Table S18.

All the models were based on a three-layer p(4 × 4)
supercell of four nitrogen-doped graphene (100) facet. A 15 Å
vacuum region was created above the top layer of the graphite
facet. MedeA 3.1.0 was used for model establishment and
pseudopotential assembly for the calculation. Geometry
optimization was implemented to each model before the
energy was calculated. Energy of all of the geometries was
calculated at 0 K in the DFT investigation with corrections of
zero point energy based on frequency analysis. Bader charge
was calculated for atomic electron analysis.61,62 The adsorption
energy (Ead) and desorption energy (Edes) are determined by
eqs 3 and 4, where Ecatalyst, Eadsorbate, and Eadsorbate/catalyst are the
total energies of clean catalyst, free adsorbate molecule, and
catalyst with adsorbed molecule, respectively. The transition
state (TS) was completely determined by the algorithm of
climbing image nudged elastic band combining with the dimer
method and confirmed by sole imaginary frequencies (Figure
S15). The energy barrier of a reaction (Ebarrier) was determined
by the difference between the energies of the TS and reactant,
as shown in eq 5, where the Etransition state and reactant are the
total energies of the TS and reactant of a reaction, respectively.

= +E E E E( )ad adsorbate/catalyst catalyst adsorbate (3)

= +E E E E( )des catalyst adsorbate adsorbate/catalyst (4)

=E E Ebarrier transitionstate reactant (5)

The electron density difference was determined by eq 6.

= +( )adsorbate@NGn adsorbate NGn (6)

where ρadsorbate@NGn is the electron density of the whole
adsorbate + adsorbent system, and ρadsorbate and ρNGn are the

unperturbed electron densities of the adsorbate and the
adsorbent structure, respectively.
4.5. AIMD Modeling

The AIMD modeling was implemented to confirm the stability
of the catalyst unit, within the canonical (NVT) ensemble in
VASP 5.4.4, using the model established in this work. The time
step was 0.5 fs, and the testing temperature was 1000 K.
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