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Graphical Abstract 

 

 

N-doped biochar supported Cu-Mo2C cluster (Cu-Mo2C/EPBC) was constructed via an Enteromorpha 

prolifera-derived strategy. Unlike traditional Cu-Mo2C/AC (activated carbon), Cu-Mo2C/EPBC 

presents the better graphitization degree and larger specific surface area, while can firmly anchors Cu-

Mo2C clusters due to riched pyridine-N. Cu-Mo2C/EPBC shows an improved CO selectivity of 99.95% 

at 500 °C compared with Cu-Mo2C/AC (99.60%), and about 3-fold CO2 conversation rate. 
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Abstract: CO2 conversion to CO via the reverse water-gas shift (RWGS) reaction is limited by a low 

CO2 conversion rate and CO selectivity. Herein, an efficient RWGS catalyst is constructed through 

Enteromorpha prolifera derived N-rich mesoporous biochar (EPBC) supported atomic-level Cu-Mo2C 

clusters (Cu-Mo2C/EPBC). Unlike traditional activated carbon (AC) supported Cu-Mo2C particles 

(Cu-Mo2C/AC), the Cu-Mo2C/EPBC not only presents the better graphitization degree and larger 

specific surface area, but also uniformly and firmly anchors atomic-level Cu-Mo2C clusters due to the 

existence of pyridine nitrogen. Furthermore, the pyridine N of Cu-Mo2C/EPBC strengthens an 

unblocked electron transfer between Mo2C and Cu clusters, as verified by X-ray absorption 

spectroscopy. As a result, the synergistic effect between pyridinic N anchoring and the clusters 

interaction in Cu-Mo2C/EPBC facilitates an improved CO selectivity of 99.95% at 500 °C compared 

with traditional Cu-Mo2C/AC (99.60%), as well as about 3-fold CO2 conversion rate. Density 

functional theory (DFT) calculations confirm that pyridine N-modified carbon activates the local 

electronic redistribution at Cu-Mo2C clusters, which contributes to the decreased energy barrier of the 

transition state of CO*+O*+2H*, thereby triggering the transformation of rate-limited step during the 

redox pathway. This biomass-derived strategy opens perspective on producing sustainable fuels and 

building blocks through the RWGS reaction. 

 

Keywords: Enteromorpha prolifera; N-doped biochar; Cu-Mo2C clusters; Electronic interaction; CO2 

hydrogenation 
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1. Introduction 

The ecological and environmental issues associated with CO2 emission from fossil fuels are 

driving the discovery and implementation of renewable and sustainable energy technologies [1-4]. One 

promising conversion route is the catalytic hydrogenation of CO2 using a renewable energy-based 

“green hydrogen” source. Controlling the conversion rate, selectivity and stability of reverse water gas 

shift (RWGS) reaction for CO production or syngas (H2 + CO) is regarded as one of the most promising 

reactions to mitigate the further rise of atmospheric CO2 levels but remains a great challenge owing to 

low reaction kinetics [5-8]. 

Until now, the Cu-Mo2C catalysts with fabricated Cu+ sites exhibit higher catalytic activity and 

stability for the RWGS compared with other metal-based catalysts [9-13], owing to the strong 

interaction between Cu and β-Mo2C. The Mo2C support not only promotes the dispersion and prevents 

aggregation of Cu+ sites, but also assists the hydrogen dissociation and C=O bond scissoring [1, 14, 

15]. However, the contribution of atomic Mo2C with modified electronic structure to the Cu sites and 

RWGS performance was rarely studied. It is demonstrated that N-doped carbon could act as a carbon 

support for highly dispersed formation of Mo2C with flexible electron modulation through the strong 

metal-support interaction (SMSI) effect [16-22], while the traditional preparation of carbon supports 

with mesopores and N-functional groups requires complicated procedures and large amounts of 

additional nitrogenous reagents [10, 23, 24]. It is interesting that the utilization of nitrogenous biomass 

to prepare N-doped carbon appears as a promising approach without the introduction of nitrogen 

sources [25]. The Enteromorpha prolifera (EP) is an alga containing abundant cellulose and protein, 

which are excellent raw materials candidates for synthesis of N-doped mesopore carbon. Meanwhile, 

the excess EP in the ocean has been causing the green tide and inducing severe ecological damage and 

huge economic loss around the world, and there are more than 1 million tons/year of EP need dispose 

of in China. 

Herein, the EP derived biochar (EPBC) with abundant pyridine N and mesoporous structure was 

prepared as the support to anchor atomic-level Cu-Mo2C clusters. The enhancement of the SMSI effect 

between EPBC and β-Mo2C induced by nitrogen anchoring facilitates the formation of abundant Mo2C 

clusters with electron-deficient states, thus leading to the subsequent atomic-level Cu-Mo2C clusters 

interface on the surface of EPBC. X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy (XAS) verified the nitrogen anchoring effect and a stronger electronic interaction and 

unblocked electron transfer between Mo2C and Cu clusters in Cu-Mo2C/EPBC. Those effects were not 

observed for activated carbon supported Cu-Mo2C particles (Cu-Mo2C/AC). The constructed Cu-

Mo2C/EPBC exhibits an improved CO selectivity of 99.95% at 500 °C compared with traditional Cu-

Mo2C/AC catalyst (99.60%), as well as about 3-fold CO2 conversion rate. Density functional theory 
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(DFT) calculations demonstrate that the modification of nitrogen can significantly alter the rate-limit 

step and decrease the energy barrier of intermediate, and accordingly boost the catalytic performance 

of Cu-Mo2C/EPBC in CO synthesis.  

 

2. Results and discussion 

2.1. Preparation and characterization of Cu-Mo2C/EPBC 

Fig. 1 demonstrates the synthesis evolution of Cu-Mo2C/EPBC derived from the EP. Specifically, 

the EPBC was first prepared via a simple carbonization process under N2 atmosphere at pre-

carbonization temperatures of 800 ℃. The impregnation method was then used to anchor the Cu and 

Mo species, and further calcined under H2/N2 atmosphere to obtain the Cu-Mo2C/EPBC-800 catalyst. 

If not otherwise specified, the Cu-Mo2C/EPBC-800 was denoted as Cu-Mo2C/EPBC. For comparison, 

the traditional activated carbon without N functional groups was also selected as carrier to load Cu-

Mo2C sites. To investigate the properties of EPBC, a series of experiments were conducted including 

X-ray diffraction (XRD), Raman spectra and N2 adsorption-desorption isotherms. XRD pattern of 

EPBC (Fig. S1a) shows the diffraction peak of graphitized carbon [26, 27]. A lower ID/IG ratio was 

observed in EPBC than that of traditional AC (Fig. S1b), suggesting a larger average size of the sp2 

carbon structural domain, indicative of improved graphitization degree [28, 29]. With respect to 

traditional AC support, the EPBC shows a typical type IV isotherm with H4 hysteresis loop and an 

increase in mesopore volume, indicating a potential structure advantage in EPBC (Fig. S2). As 

illustrated by N 1s XPS spectra (Fig. S3), the EPBC has sufficient N-functional groups, which is 

favored to the dispersion of Cu-Mo2C sites. The corresponding various nitrogen content were 

summarized in Table S2. As a comparison, EPBC at different pre-carbonization temperatures (850 ℃ 

and 900 ℃) were also prepared and corresponding structure feature were detected (Fig. S4-6, Table 

S1-2). These EPBCs exhibit similar mesoporous structure and graphitization degree, while the EPBC-

800 presents the highest total N, pyridinic N and pyrrolic N contents. 

 

Fig. 1. Schematic illustration of the synthesis evolution from EPBC to Cu-Mo2C/EPBC. 

 

We utilized the aberration-corrected transmission electron microscopy (AC-TEM) to reveal the 

fine atomic-scale structure of the Cu-Mo2C/EPBC catalyst. As depicted in Fig. 2a-b, the Aberration-
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corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

images show uniformly distributed bright spots on the Cu-Mo2C/EPBC, which correspond to the 

presence of nanocluster and do not agglomerate into large particles. Linear energy-dispersive spectra 

(EDS) results show that the clusters are Mo atoms (Fig. 2c), and the lattice spacings of 0.26 and 0.23 

nm are respectively ascribed to the (100) and (101) planes in the β-Mo2C (Fig. 2d), which reveals the 

Mo2C clusters formation on the surface of EPBC. However, the Cu sites is hardly discerned owing to 

its low concentration. To clarify the Cu site tend to be more dispersed on the surface of Mo2C clusters 

rather than EPBC, Cu/EPBC with equivalent Cu species was prepared and investigated. It is notable 

that Cu species are aggregated into larger Cu particle in the absence of Mo2C species (Fig. S7a-c). This 

reveals the atomic-level Cu sites of Cu-Mo2C/EPBC are anchored on the surface of Mo2C clusters. 

DFT calculations were further conducted to investigate the adsorption tendency of Cu clusters. The 

plane (100) of Mo2C, pyridinic-N and graphite carbon of EPBC were chosen as the support surface. It 

can be found that the representative Cu clusters with four atoms (Cu4) exhibits the lowest value of 

chemisorption energy at Mo2C with respect to other two support surface, revealing that Cu clusters 

tend to be more dispersed on the surface of Mo2C clusters rather than EPBC (Fig. S7d, Table S3). 

Combined with the above results, it is reasonable speculated that the existence of N in EPBC matrix 

promotes preferential anchoring of β-Mo2C clusters, thus leading to the subsequent high dispersion of 

atomic-level Cu-Mo2C clusters on the surface of EPBC [30]. The Cu-Mo2C bimetal on EPBC display 

a uniform distribution according to the result of energy-dispersive spectra (EDS) elemental mapping 

(Fig. 2e). The cluster size distribution of Cu-Mo2C/EPBC presents an average particle size of 0.79 nm 

(Fig. 2f). Transmission electron microscopy (TEM) analysis of the other catalysts including Cu-

Mo2C/AC, Cu-Mo2C/EPBC-850 and Cu-Mo2C/EPBC-900 reveal the Cu-Mo2C species in Cu-

Mo2C/AC without nitrogen doping were aggregated into large particles with average particle size of 

5.31 nm (Fig. S8), indicating the synergistic effect between N anchoring and the clusters’ interaction 

is responsible for the anchor of high disperse Cu-Mo2C clusters [31]. The presence of noticeable metal 

nanoparticles for Cu-Mo2C/AC were observed in Fig. S9a-b, in which the Mo and Cu shows more 

obvious particle aggregation phenomenon than that of Cu-Mo2C/EPBC (Fig. S9c), and a distinct Mo-

Cu interaction. These results confirm the synergistic effect between N anchoring and the clusters 

interaction accounts for the excellent dispersion of Cu-Mo2C sites in Cu-Mo2C/EPBC. 
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Fig. 2. The dispersed state of Cu-Mo2C metal at different matrix. (a) AC TEM; (b) HAADF-STEM at 

5nm; (c) Linear EDS spectra alone the yellow line in the (b); (d) HAADF-STEM at 2 nm; (e) EDS 

elemental mapping of Cu-Mo2C/EPBC; (f) Particle size distribution from (d). 

 

To further demonstrate the synergistic effect between pyridinic N anchoring and the clusters’ 

interaction, the obtained Cu-Mo2C/EPBC and Cu-Mo2C/AC were characterized by XRD for structural 

determination (Fig. 3a). XRD diffraction peaks of Cu-Mo2C/AC at 34.4°, 38.0°, 39.4°, 52.1°, 61.5°, 

69.6°, 74.6° and 75.5° are assigned to the (100), (002), (101), (102), (110), (103), (112), and (201) 

plane of β-Mo2C (JCPDS 35-0787), and the diffraction peaks at 2θ of 43.3° and 50.4° are ascribed to 

Cu [32, 33]. For Cu-Mo2C/EPBC, no β-Mo2C and Cu diffraction peaks were observed at Fig. 3a, 

indicating the atomic phase or cluster dispersion of Cu-Mo2C on the EPBC surface. This phenomenon 

is likely attributable to the fact that the existence of pyridinic N in EPBC matrix promotes preferential 

anchoring of β-Mo2C clusters, thus leading to the subsequent high dispersion of atomic-level Cu-Mo2C 

clusters. C 1s XPS pattern displays that the Cu-Mo2C/EPBC possesses a strong signal of C-N bonds 

in 286.74 eV compared with Cu-Mo2C/AC (Fig. S10), verifying the absence of N-functional groups 

in Cu-Mo2C/AC. An increase in the intensity of Mo2C diffraction peak was observed in Cu-

Mo2C/EPBC-850 and Cu-Mo2C/EPBC-900 (Fig. S11). The observation further suggests the relatively 

high content of pyridinic N (52.84%) in Cu-Mo2C/EPBC is favored to preferential anchor abundant β-

Mo2C clusters [34]. This result can be supported by TEM, the N 1s XPS spectra and corresponding N 

proportion (Fig. S12-13 and Table S2). The Cu-Mo2C/EPBC with sufficient pyridinic N anchoring and 

clusters interaction shows the high dispersion of Cu-Mo2C clusters. Since pyridinic N-bridged metal 

sites are usually utilized as basic sites for CO2 chemisorption through acid–base interaction, the CO2 
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temperature programmed desorption (CO2-TPD) experiments was also conducted. As expected, the 

Cu-Mo2C/EPBC displays the larger α and β peak, representing the enhanced adsorption in CO2 species 

in metal active sites with assistance of abundant pyridinic N [24, 26, 35] (Fig. S14 and Table S4). 

Compared with Cu-Mo2C/AC, Cu-Mo2C/EPBC possesses an obvious H4 loop curve with a larger 

specific surface area (SBET) of 603.43 m2 g-1 (Fig. 3b and Table S5), a mesoporous structure distributed 

in the range of 2-20 nm (Fig. 3c), as well as a better graphitization degree (Fig. 3d). These excellent 

structure features in Cu-Mo2C/EPBC are favored to adsorb/activate CO2 and further switch into CO 

through RGWS reaction [36-38]. The high-resolution XPS spectra for the Mo 3d and Cu 2p regions 

were added to investigate the impact of pyridinic N on electronic structure of Mo and Cu in Cu-

Mo2C/EPBC. As depicted in Fig. 3e and 3f, the existence of pyridinic N results in positive shift in the 

binding energies of Mo 3d and Cu 2p XPS of Cu-Mo2C/EPBC by 0.30 eV and 0.42 eV, respectively, 

due to the enhanced SMSI effect induced by pyridinic N. Such a shift promotes more electron transfer 

from Mo to nonmetal (C and N), and thus generating more Mo2C clusters with electron-deficient states 

(Mo4+ and Mo6+). The enhancement of SMSI effect induced by pyridinic N anchoring facilitates the 

Cu species absorbed on the special Mo2C clusters with electron-deficient states, thus preventing the 

aggregation of Cu particles and formatting atomic-level Cu-Mo2C clusters interface [39]. More 

importantly, the highly dispersed Cu species on the special Mo2C facilitates the formation of unblocked 

electron transfer channel between Mo2C and Cu clusters, where Cu species is in the electron-deficient 

state [40, 41]. Considering the absence of pyridinic N in AC matrix, the synergistic effect between 

pyridinic N anchoring and the clusters’ interaction accounts for the perfect dispersion and electron 

transfer of Cu-Mo2C in Cu-Mo2C/EPBC. 

 

Fig. 3. The structure difference of Cu-Mo2C metal sites loaded on EPBC and AC matrix. (a) XRD 

patterns; (b) N2 adsorption-desorption isotherms; (c) pore size distributions; (d) Raman spectra; (e,f) 
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XPS spectra of Mo 3d (e), Cu 2p (f). 

 

To clarify the clusters interaction between Cu and Mo2C, XPS was applied to gain insights into 

the surface chemical constituent of Cu-Mo2C/EPBC, Mo2C/EPBC and Cu/EPBC catalysts. Fig. 4a 

displays the Mo 3d XPS in Cu-Mo2C/EPBC and Mo2C/EPBC catalysts, where three states (Mo2+, Mo4+, 

and Mo6+) can be clearly observed after the peak deconvolutions of Mo2C/EPBC sample [42, 43]. 

Notably, the Cu-Mo2C/EPBC shows a larger content of Mo4+ species as a comparison with that of 

Mo2C/EPBC sample, demonstrating that the existence of N anchored Cu-Mo2C cluster interface can 

induce the interfacial electron reconstruction thereby providing more Cu-MoOxCy active species. The 

Cu LMM AES exhibits two peaks at ~ 568.3 eV and ~ 573.2 eV, assigning to Cu0 and Cu+ states (Fig. 

4b). The existence of a larger Cu+ species in Cu-Mo2C/EPBC further confirms that there was a strong 

interaction between Cu and Mo2C, and some of the electrons have transferred from the Cu to Mo2C 

species, forming special MoOxCy-Cu+/Cu0 species [34]. To deeply assess the N anchored Mo2C 

clusters’ interaction in Cu-Mo2C/EPBC, we carried out XAS measurements at the Mo K-edge and Cu 

K-edge. The Cu-Mo2C/AC was also used as a comparative analysis. The fingerprint effect of X-ray 

absorption near edge structure (XANES) ascertains the valence state of the absorption atom. Fig. 4c 

shows Mo K-edge XANES spectra for Cu-Mo2C/EPBC, Cu-Mo2C/AC and corresponding standard 

samples. The Cu-Mo2C/EPBC and Cu-Mo2C/AC exhibit the absorption edge between that of Mo foil 

and MoO3, implying that their medium oxidation state. The absorption edge of Cu-Mo2C/EPBC is 

slightly higher energy than for the Cu-Mo2C/AC, indicating that the valence state of Mo is slightly 

higher than that of Cu-Mo2C/AC, which is consistent with the XPS results shown in Fig. 3e. This 

disparity in valence state of Mo might stem from the distinctive regulation effects by the Mo-N charge 

transfer and stronger clusters interaction in Cu-Mo2C/EPBC [31]. Meanwhile, we then resorted to 

extended X-ray absorption fine structure (EXAFS) spectra to investigate the local structure. As 

illustrated in Fig. 4d, the Cu-Mo2C/EPBC exhibits two peaks at ca. 1.47 Å and ca. 2.76 Å, which comes 

from Mo-C and Mo-Mo path, respectively. Notable, the increaser bond length of Mo-C bond confirms 

the electron-deficient states of the Mo species caused by more electrons transfer from Mo to C or N. 

Furthermore, as demonstrated by the XANES of Cu-Mo2C/EPBC and Cu-Mo2C/AC of Cu K-edge, 

the pre-edge centroids slightly shift to higher values compare with Cu-Mo2C/AC, further implying that 

a stronger Cu-Mo2C interaction of Cu-Mo2C/EPBC compared to Cu-Mo2C/AC (Fig. 4e). Obviously, 

the Mo2C clusters with electron-deficient states induced by pyridinic N triggered the Cu atoms/clusters 

electron transfer, leading to Cu+/Cu0-Mo2C active species [30]. Furthermore, the Cu K-edge FT-

EXAFS spectra were depicted in Fig. 4f. The Cu-Mo2C/EPBC and Cu-Mo2C/AC demonstrate a 

predominant path at around 1.53 Å and a weak peak at 2.2 Å, corresponding to Cu-O and Cu-Cu 
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scattering path, respectively. A weaker peak of Cu-Cu band in Cu-Mo2C/EPBC indicates that Mo2C 

loaded on rich-N EPBC facilitate Cu atoms to homogeneous distribute on the surface of Mo2C clusters 

in the form of clusters, rather than Cu-Mo2C particles-particles interface in the case of AC. We further 

performed the wavelet transform (WT) EXAFS analysis to distinguish back-scattering atoms in the k-

space (Fig. 4g-i). The WT-EXAFS of Cu-Mo2C/EPBC shows the maximum intensity values at 4.8 and 

10.0 Å–1 corresponding to the Mo-C and Mo-Mo contributions, respectively. The above changes in 

valence states for Mo and Cu corroborate the stronger electronic interactions at the Cu-Mo2C interfaces 

in Cu-Mo2C/EPBC, and such interactions is considered sensitive for the size of the anchored metal 

active sties. 

 

Fig. 4. (a) XPS spectra of Mo 3d in Cu-Mo2C/EPBC and Mo2C/EPBC; (b) Cu LMM AES of Cu-

Mo2C/EPBC and Cu/EPBC catalysts; (c) Mo K-edge XANES and corresponding standard samples; (d) 

Fourier-transformed k2-weight EXAFS of Mo K-edge; (e) Cu K-edge XANES and corresponding 

standard samples; (f) Fourier-transformed k2-weight EXAFS of Cu K-edge; (g-i) Mo K-edge WT-

EXAFS spectra of Mo foil, Cu-Mo2C/AC and Cu-Mo2C/EPBC, respectively. 

 

2.2. Catalytic performance of RWGS reaction  

The catalytic performance of Cu-Mo2C/EPBC and contrastive catalysts for RWGS reaction at low 

temperature was evaluated in a fixed-bed reactor (Fig. 5a). The catalytic activity of the Cu-

Mo2C/EPBC catalyst was first associated with the bimetal loading. As demonstrated by Fig. 5b, the 
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samples with 0.8 wt.% Cu loading showed optimal CO2 conversion and CO selectivity when Mo2C 

content in the Cu-Mo2C/EPBC catalyst was fixed at 20 wt.%, suggesting that suitable Cu/Mo2C ratio 

in Cu-Mo2C/EPBC paly an importance role in the catalytic performance for RWGS reaction. 

Considering the synergistic effect between pyridine N anchoring and cluster interactions as the main 

reason for the good dispersion of metal active sites on the catalyst surface, it may lead to metal sintering 

that produces larger metal particles and weakens catalytic reactivity when Cu loading exceeds the 

threshold for synergistic effects [44]. Further, the threshold effect remains even when Mo2C content in 

Cu-Mo2C/EPBC was not fixed. As shown in Fig. 5c, the 1.0 wt.%Cu-25 wt.%Mo2C/EPBC catalyst 

showed a slight decrease in the CO2 conversion rate and CO selectivity than that of 0.8 wt.%Cu-20 

wt.%Mo2C/EPBC.  

To experimentally demonstrate the positive contribution of the synergistic effects to RWGS 

reaction, the catalytic performance of Cu-Mo2C/EPBC, Cu-Mo2C/AC, Cu/EPBC and Mo2C/EPBC 

were measured (Fig. 5d). It was discovered that Cu/EPBC has no clear catalytic performance, while 

the Mo2C/EPBC shows better performance. The Cu-Mo2C/EPBC displays an improved CO selectivity 

of 99.95% at 500 °C compared with Cu-Mo2C/AC (99.60%), as well as about 3-fold CO2 conversion 

rate per catalyst mass. Optimal catalytic performance even presents at lower reaction temperatures 

(400 °C and 450 °C). In addition, the Cu-Mo2C/EPBC-850 and Cu-Mo2C/EPBC-900 also exhibit much 

better catalytic performance than that of Cu-Mo2C/AC (Fig. S15). The above results indicate that the 

synergistic effect between pyridinic N anchoring and the clusters contributes to excellent RWGS 

reaction performance of Cu-Mo2C/EPBC, which may promote the hydrogenation of CO2 species to 

form CO*+OH*+H* species and subsequently selective composition into CO and H2O [45], matching 

with the low apparent activation energy (Ea) for Cu-Mo2C/EPBC (Fig. 5e). Long-term evaluation of 

the Cu⁃Mo2C/EPBC catalyst was conducted and displayed in Fig. 5f. It is demonstrated that this 

catalyst exhibits excellent stability and maintained more than 99% of its initial activity after 50 h test. 

Meanwhile, the CO selectivity remained stable over 99.95%. Importantly, the used Cu⁃Mo2C/EPBC 

presents neither bimetal sintering nor change of metal valence state and binding energy after the 

stability test as revealed by the XRD, XPS, HRTEM results (Fig. S16-18), considering the potential 

deactivation mechanisms for the catalyst. Moreover, among the as-prepared and literature reported 

metal support catalysts, the reaction rate (based on the metal sites) of Cu-Mo2C/EPBC was as high as 

1354 μmolCO2/gmetal/s at 500 °C and very low H2 partial pressure, which was at least two times higher 

than that of other reported non-noble metal-based and even noble metal-based catalysts (Fig. 5g and 

Table S6). These observations strongly confirm the synergistic effect between pyridine N anchoring 

and cluster interaction facilitates the realization of an excellent RWGS reaction [30]. 

Jo
urn

al 
Pre-

pro
of



11 

 

Fig. 5. (a) Schematic illustration of the thermal CO2 hydrogenation to CO; (a,b) Conversion rate and 

CO selectivity over Cu-Mo2C/EPBC with different Cu loading (b) and Cu-Mo2C loading (c); (d) 

Catalytic performance between EPBC and AC supported catalysts; (e) Apparent activation energy (Ea) 

determined by Arrhenius plots based on CO2 hydrogenation; (f) Catalytic stability of Cu-Mo2C/EPBC; 

(g) Comparison of Cu-Mo2C/EPBC with the reported RWGS catalysts. Reaction condition: 

atmospheric pressure, CO2:H2=1:2, T = 500 °C, GHSV=300000 ml/g/h for EPBC and AC supported 

catalysts; CO2:H2=1:2-1:3, T=350-500 °C, GHSV=13000-400000 ml/g/h for the others. 

 

DFT calculations were performed to gain a better understanding of the electron transfer processes 

occurring at the interface between metal clusters (Cu-Mo2C) and carbon or nitrogen doped carbon. 

Two models were built and optimized to simulate the structure of Cu-Mo2C/AC and Cu-Mo2C/EPBC, 

as shown in Fig. 6a-b. The charge density difference comparison reveals that the charge redistribution 

is localized in a limited region near the interface between metal particles and N or C site of support. 

Bader charge analysis predicts increased charge accumulation (+3.90 qe) between Cu-Mo2C cluster 

and N site (Fig. 6a) compared to C site (+2.78 qe, Fig. 6b), indicating that the electron transfer from 

Cu-Mo2C to N site is enhanced compared to electron transfer from Cu-Mo2C to C site. This indicates 

the doping of N effectively promotes the charge transfer between Cu/Mo2C and carbon. To further 

prove the electronic interaction between pyridine N-modified carbon matrix and Cu-Mo2C clusters 
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sites, the DFT calculations were also conducted to simulate the path of the mechanism on the Cu-

Mo2C/EPBC and Cu-Mo2C/AC. Fig. 6c shows the energy profiles of CO formation via the redox 

pathways [46, 47]. The whole CO2 conversion path on the interface of Cu-Mo2C/EPBC and Cu-

Mo2C/AC remains energetically favorable, especially Cu-Mo2C/EPBC. DFT calculations reveal that 

the adsorption of CO2 and H2 on the surface of Cu-Mo2C/EPBC is energetically favorable firstly, with 

a negative free energy of −2.13 eV. Then, the adsorbed CO2 dissociation into CO* and O* by 

overcoming a highest transition state barrier of 0.61eV which is the rate-limit step. While the rate-limit 

step of Cu-Mo2C/AC model is CO*+O*+2H*, forming CO*+O*+H* with the transition state barrier 

of 1.52 eV. Therefore, the transition of the rate-limiting step and the decrease of the energy barrier over 

Cu-Mo2C/EPBC benefits from the interaction between pyridine N and Cu-Mo2C cluster interface, 

resulting a superior catalytic performance to the Cu-Mo2C/AC [48]. This study provides a low-energy-

consuming strategy for establishing nitrogen-doped carbon-based Cu-Mo2C as efficient way for the 

application of a Cu-Mo2C system for CO2 utilization. 

 

Fig. 6. (a,b) Charge density difference plots and Bader charge distributions for Cu-Mo2C/EPBC (a) 

and Cu-Mo2C/AC (b); (c) Calculated energy profile and intermediate structures for CO formation on 

Cu-Mo2C/EPBC and Cu-Mo2C/AC. The orange, green, black, red, and pink spheres represent Cu, Mo, 

C, O, and H, respectively. 

 

3. Conclusion 

In summary, we have developed a highly efficient and stable Cu-Mo2C/EPBC catalyst via 

biomass-derived strategy for RWGS reaction. Experiments and DFT calculations show that a 

significant electron transfer occurs after nitrogen doping, that is, the synergistic effect between 
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pyridine N anchoring and cluster interaction in Cu-Mo2C/EPBC improves the interfacial electronic 

structure, which regulates the size and distribution of metal clusters, exposes more active sites on the 

catalyst. Meanwhile, the mesoporous structure of EPBC enhances the dispersion of Cu-Mo2C clusters 

and facilitates the CO2 and H2 adsorption and mass transfer. The constructed Cu-Mo2C/EPBC displays 

an improved CO selectivity of 99.95% at 500 °C compared with Cu-Mo2C/AC catalyst (99.60%), as 

well as about 3-fold CO2 conversion rate. The theoretical calculations suggest that the synergistic 

catalysis arising from the Cu-Mo2C location adjacent to N sites in EPBC enhances the adsorption of 

substrate molecules and reduces the energy barrier of reactants dissociation. This work can provide a 

new insight for the designing and fabricating high CO2 conversion rate and CO-selective RWGS 

catalysts at low temperatures. 

 

4. Experimental  

4.1. Synthesis of catalysts 

EP was cleaned and dried naturally after collection. The dried EP containing abundant cellulose 

and protein was directly carbonized at a target pyrolysis temperature (800, 850, and 900 ℃) for 2 h 

under N2 atmosphere. The biochar product was continuously washed three times with 1 M HCl, and 

with DI water until the pH of the supernatant was neutral. After drying at 110 ℃ for an overnight 

period, the EP-derived biochar was obtained. For simplicity, the resultant sample is denoted as EPBC-

T, where T stands the pyrolysis temperature. For comparison, the coconut shells derived AC was 

prepared by steam physical activation method according to our previous study [49]. 

Cu-Mo2C/EPBC precursor was synthesized using the impregnation method. Typically, the 

aqueous solution of (NH4)6Mo7O24·4H2O and Cu(NO3)2·3H2O were employed with the calculated 

weight to obtain the target metal loading and mixed under stirring at room temperature, then prepared 

EPBC was immersed into the prepared mixture. This mixture was further impregnated at room 

temperature 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 loadings was 20 wt.% in all cases, while Cu was loading by impregnation of 

different concentrations of Cu(NO3)2 (0.6-1.4 wt.%). Then the metal load was adjusted synchronously 

to obtain the optimal metal utilization rate. Subsequently, Cu-Mo2C/EPBC catalysts were prepared by 
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carbothermal hydrogen reduction method. The resultant samples were placed into a tube furnace under 

a 10% H2/N2 flow at 800 °C for 2 h. Finally, the sample was cooled down to room temperature and 

passivated in a O2/N2 mixture at 200 mL/min for 2 h. 

In this way, the samples were prepared and labelled according to the metal loading amount: 

x%Cu-y%Mo2C/EPBC (x and y represent the amount of loaded metal). The metal content of all 

characterized samples is 0.8 wt.%Cu-20 wt.%Mo2C without special explanation. Otherwise, the 

Cu/EPBC and Mo2C/EPBC were prepared with single metal Cu and Mo2C with loads of 0.8 wt.% and 

20 wt.%, respectively. Cu-Mo2C/AC was synthesized by a method similar to that of Cu-Mo2C/EPBC, 

except that AC was chose as a carbon material.  

4.2. Physical characterization 

The surface areas and pore volumes were measured on an ASAP 2460 (Micromeritics, America) 

volumetric adsorption apparatus at 77 K using liquid N2. The catalyst was degassed under a vacuum 

at 150 °C for 10 h. Micropore volume (Vmicro), mesopore volume (Vmeso) and macropore volume (Vmacro) 

were obtained according to the non-local density functional theory (NLDFT). The SBET and pore 

volume (Vtotal) were obtained according to Brunauer-Emmett-Teller (BET) method and volume 

absorbed at P/P0=0.99, respectively. XRD patterns were recorded on a Rigaku Ultima (Japan) using 

Cu Kα radiation at 40 kV. The 2θ range was between 20° and 80°, with a step of 5°/min. TEM images 

were recorded on a Tecnai G2 (FEI, America) microscope operating at 200 Kv. HAADF-STEM images 

were recorded on a ARM200F (JOEL, Japan) microscope. The Cu, Mo, N identification and relative 

distribution were mapped by EDS coupled with TEM. XPS analysis was performed over a K-Alpha 

spectrometer (Thermo Scientific, America), using Al Kα radiation as an excitation source and all 

binding energies were referenced to C 1s of 284.8 eV. The XAS measurements for the Cu K-edge and 

Mo K-edge were conducted at BL14W1 beamline station of Shanghai Synchrotron Radiation Facility 

(SSRF). X-ray absorption fine structure (XAFS) measurements at Cu K-edge and Mo K-edge were 

performed with the Si(311) double-crystals monochromater (SSRF, 3.5 GeV, 250 mA in maximum). 
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XAFS data were processed by Demeter and EXAFS data were fitted using least-squares refinment by 

Artemis. Wavelet transform (WT) of Cu K-edge and Mo K-edge EXAFS oscillations were 

implemented using hamaFortran [50].  

CO2-TPD was also recorded on AutoChem Ⅱ 2920 chemical adsorption instrument 

(Micromeritics, America). 50 mg catalyst was placed in U-shaped quartz tube and purged with He for 

1 h for 110 °C at 50 ml/min. After the catalyst was cooled to 50 °C, 10% CO2/He mixture was vented 

for 1h to saturation, then He air flow was switched to purge for 1h to remove the weakly physically 

adsorbed CO2 on the surface, and finally desorption was carried out at a temperature rise of 5 ℃ /min 

to 800 ℃ under He atmosphere. 

4.3. Catalytic performance of CO2 hydrogenation to CO 

The catalyst performance was evaluated in a fixed-bed reactor. Catalyst (40-60 mesh) was loaded 

into a stainless-steel reaction tube with an inner diameter of 8mm. After in-situ reduction in hydrogen 

atmosphere, the temperature of catalyst bed was adjusted to control the flow rate of raw gas for reaction 

(CO2:H2=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 

normalization method was used for quantitative detection. The calculation formulas of CO2 conversion 

rate, CO selectivity, and the reaction rate of CO2 according to catalyst and metal are shown in below 

respectively. Each test point is subjected to three parallel measurements. 

𝑋CO2
(%) =

𝑛CO2,in − 𝑛CO2,out

𝑛CO2,in
                          (1) 

𝑆co(%) =
𝑛CO,out

𝑛CO,out + 𝑛CH4,out
                             (2) 

Ratecatalyst−CO2  =
𝐹CO2

× 𝑋CO2

𝑚𝑐𝑎𝑡
        (3) 

Ratemetal−CO2
=

𝐹CO2
× 𝑋CO2

𝑚metal
           (4) 

Where: nCO,out, is the flow rate of CO in the outlet reformate; 

nco2,out, is the flow rate of CO2 in the outlet reformate; 
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𝑛CH4,out is the flow rate of CH4 in the outlet reformate; 

nco2,in  is the flow rate of CO2 in the feed; 

Fco2 is the mole flow rate of CO2;  

𝑚𝑐𝑎𝑡 is the mass of catalyst;and 𝑚metal is the mass of metal.4.4. DFT calculations 

The Vienna Ab initio Simulation Package (VASP) software was used for the DFT calculations 

[51]. The generalized gradient approximation in the form of Perdew-Burke-Ernzerh (PBE) for the 

exchange-correction potential and a cutoff energy of 500 eV for the plane-wave basis were adopted. 

To consider long-range van der Waals (vdW) interactions, Grimme’s DFT-D3 method was employed. 

Cu4 cluster (Table S3), Mo16C8 cluster from Mo2C (100), and single layer 4×4 nitrogen modified 

graphite structures were employed with 15 Å vacuum space in the vacuum-direction to avoid image 

interactions. A Gaussian smearing of 0.05 eV to the orbital occupation was applied during the geometry 

optimization and for the total energy computations. The 2 × 2 × 1 Monkhorst-Pack k-meshes were 

used to sample the Brillouin zone for geometry relaxation, whereas a denser mesh of 11 × 11 × 1 used 

to calculate the electronic structures. In charge density difference map, the isovalue of the isosurfaces 

is 3.0×10-3 eÅ-3, and yellow (cyan) represents the charge accumulation (deletion). The convergence 

criteria of structure optimization were chosen as the maximum force on each atom less than 0.03 eV/Å 

with an energy change less than 10-5 eV. To calculate the kinetic energy barrier of chemical reactions, 

the climbing image nudged elastic band (CI-NEB) method with 6 images was used to search for the 

transition states (vibrational frequencies were evaluated to confirm minima and transition states), in 

which all of the force components perpendicular to the tangent of the reaction path were relaxed to be 

less than 0.05 eV/Å [52]. 

The adsorption energies (Eads) were calculated as the follow:  

𝐸ads = 𝐸(gas/slab) − 𝐸(gas) − 𝐸(slab)        (5) 

Where: E(gas/slab) is the energy of H2 or CO2 adsorption in the different surfaces; E(gas) and E(slab) 

are the energies of isolated reaction molecular and clean catalyst slab, respectively. 
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Highlights 

 

► Enteromorpha prolifera-derived mesoporous biochar supported Cu-Mo2C catalyst was prepared. 

► The existence of pyridine N in EPBC facilitates the formation of atomic-level Cu-Mo2C clusters. 

► Cu-Mo2C/EPBC exhibits the high conversation rate for selective CO2 hydrogenation to CO. 
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