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42 ABSTRACT

The introduction of light elements into interstitial sites of metals can significantly modify
47 their surface structure and electronic properties, and thus enhance the catalytic performance.
However, it is still unclear how the interstitial light elements promote the catalytic activity.
52 Herein, N atoms are incorporated into the bimetallic CoMo system to synthesize Cos;Mo;N as
55 a efficient catalyst for reverse water-gas shift (RWGS) reaction. Compared to CoMo, CosMosN
significantly promotes the catalytic performance, where the removal of O-containing

60 intermediates is identified as the rate-determining step. The enhanced activity is attributed to
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the dual functions of interstitial N atoms in CosMosN, which provide additional sites for
supplying H atoms to facilitate the hydrogenation of O-containing intermediates and accept
electrons from Mo to weaken the binding ability of Mo to O-containing intermediates. These
dual functionalized interstitial N atoms promote the redox cycle during the RWGS process and
thus improve the catalytic performance. Our work provides understandings of the interstitial

light elements-promoted catalytic performance relationship.

1. INTRODUCTION

Over the past century, catalysis technologies have revolutionized our production mode
and lifestyle, naturally leading to a long-term need for a set of newly-designed catalysts with
excellent performance.! The Sabatier’s principle provides a criterion for designing catalysts,
which indicates that a good catalyst should bind the reaction intermediates strongly enough to
activate the reactants but weakly enough to allow desorption of products.? It also represents a
challenge to finely tune the electronic structure of catalysts, because these binding energies are
in principle determined completely by the electronic structure of active metals. However, it is
difficult to achieve an optimal binding state for key intermediates as the intrinsic electronic
structure of active metals cannot be altered freely.>”

The introduction of light elements (H,310 B,!!-13 C,14-16 N,17-19 P 20-23 etc)) into the
interstitial site of metals can significantly modify the electronic properties of surface atoms,
and thus tune the catalytic performance. Transition metal carbides (carbon atoms are doped
into the interstitial sites of the transition metal) are a class of typical catalysts that exhibit

enhanced catalytic performance in various catalytic processes due to the unique electronic
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structure induced by the incorporation of C.24?° For example, it has been demonstrated that o-
MoC as a special catalyst or functional support exhibits outperformed performance in catalytic
processes related to low-temperature O-H activation, including ultralow temperature water-gas
shift reaction,’® methanol reforming,?'-34 etc. Moreover, the incorporation of light element
atoms into the transition metal lattice also leads to changes in the geometric properties of
surface atoms and thereafter affects the catalytic performance. Recently, He et al. used the
expansion and contraction of Pd nanocubes via the phosphorylation and dephosphorylation
process to induce strain in the Pt(100) lattice of the Pd@Pt core-shell structure and elucidated
the strain-activity correlation for the methanol oxidation and hydrogen evolution reactions.?’
In addition, it is also found that the light elements in the interstitial site of transition metals
could directly participate in reactions and enhance the catalytic performance. Wang et al. found
that the N atom in Co4N catalyst could directly interact with H, to form CoNH, during CO,
hydrogenation, and the amido-hydrogen atoms would directly interact with CO, to form
*HCOO species, and thus enhance the yield of methanol.!”” Furthermore, thanks to the
development of in-situ characterization techniques, it is also demonstrated that the light
elements might also be introduced into the metal lattice as a new active center during catalytic
processes.’ The C from the dissociation of CH4 could be introduced into NiGa to form
Ni3GaCy 5 during dry reforming of CHy, and the interstitial C is involved in the redox cycle of

the reaction and thus inhibits the generation of coke.3¢

The reverse water-gas shift (RWGS) reaction, a well-known CO, utilization reaction for
carbon capture, utilization and storage (CCUS) technologies, is critical to the overall CO,

hydrogenation performance as it is the initial step of CO, hydrogenation and a variety of
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subsequent products are derived based on the RWGS+X (e. g., CO hydrogenation) pathway.3>
37-40 For this process, the introduction of light elements has also been demonstrated to
significantly enhance the catalytic performance. It is found that the product selectivity of Ni-
based catalysts could be shifted from CH4 to CO due to the introduction of P.4!-42 Moreover,
the Mo,C and Fe,C;s catalysts are also used in the RWGS reaction and show excellent catalytic
performance.!> ¥ However, the origin of the interstitial light elements-promoted RWGS
process still remains unclear. It also encourages us to further explore the changes in structure-
activity relationships due to the introduction of interstitial light elements and thus obtain the

fundamental understanding for the RWGS process.

Herein, to accelerate the redox cycle during the RWGS reaction, the light element N is
introduced to CoMo to fine-tune its electronic structure and provide more sites for supplying
active H atoms during reaction. Firstly, N atoms were successfully introduced into bimetallic
CoMo catalysts to form bimetallic nitride CosMos;N over a typical nitridation process. A series
of structural characterization and temperature-programmed experiments results indicated that
the introduced N atoms could provide additional sites for the supply of H species during CO,
activation, leading to an enhanced RWGS activity. Further experimental results and DFT
calculations suggested that the introduced N atoms did not interact with Co, but accepted
electrons from Mo and thus induced the formation of the positive charged Mo (Mo®),
weakening the binding ability of Mo to O-containing intermediates. Both the two functions of
the introduced N atoms accelerate the removal of O from the surface by H,, contribute to the
enhanced redox cycle and consequently improve the RWGS activity. This work not only

identifies the origin of N-promoted RWGS performance for bimetallic nitride but also provides
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new insights into the understanding of the structure-performance relationship.

2. EXPERIMENTAL SECTION
2.1. Catalyst preparation

CoMoO, was synthesized by a hydrothermal method. Typically, 14 mmol
Co(NO3),-6H,0 and 2 mmol H3;Mo7NgO,g were dissolved in 180 mL deionized water. Next,
the solution was transferred into a Teflon-lined stainless-steel autoclave and then placed in an
oven at 160 °C for 6 h. The product was centrifuged and washed with deionized water, and then
dried at 100 °C overnight. Finally, the dried powder was calcined at 450 °C in air for 4 hin a
muffle furnace. The final product obtained is CoMo0QO,, denoted as CMO.

Cos;Mo;N (CMN) and CoMo (CM) were synthesized through the reduction of CMO in
different atmospheres. For the synthesis of CMN, the as-obtained CMO was annealed at 850 °C
with a heating rate of 10 °C/min in a N,/H; flow (5 mL/min N, with 15 mL/min H,) for 1 h.
CM was obtained through a similar treatment in an Ar/H, flow. Notably, after cooling in a
reduction atmosphere, a CO,/Ar mixture (5 mL/min CO, and 15 mL/min Ar) is necessary for
the passivation of CMN and CM at room temperature.

Si0,-supported Co catalysts were synthesized by the impregnation method for
comparison. Typically, 1 g commercial SiO, (Alfa Aesar) was mixed with an aqueous solution
of Co(NOs3); (9.94 mmol, 36.94 wt%). After evaporating the water at 80 °C, the powders were
collected and annealed at 450 °C for 4 h in a muffle furnace. Then, the as-annealed samples
were reduced in an Ar/H, flow (5 mL/min Ar with 15 mL/min H;) at 600 °C for 1 h in a tube

furnace and the sample was denoted as Co/SiO,.
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2.2 Structural characterization

Samples for transmission electron microscopy (TEM) were dropcasted onto carbon-
coated copper grids from H,O suspensions. TEM and energy dispersive X-ray spectroscopy
(EDX) elements mapping images were obtained with a FEI Talos F200X TEM operating at
200 kV. X-ray photoelectron spectroscopy (XPS) data were collected on a PHI Quantera II
instrument from Ulvac-Phi Inc. using monochromatic Al Ka radiation (A = 0.8339 A). The
binding energies for all spectra were corrected to the C Is peak at 284.8 eV. The surface area
of catalysts was evaluated through BET analysis using a Quantachrome Autosorb-iQ2-C. X-
ray absorption spectroscopy was performed at beamline 4B9A of the Beijing Synchrotron
Radiation Facility (BSRF). The powder samples were coated onto the 3 M tapes examined in
a transmission mode, and the data were collected from 7516 eV to 8519 eV. Data processing
of XANES and EXAFS was carried out using the Athena software package.
2.3 Catalytic performance evaluation

CO; hydrogenation experiments were carried out using a flow reactor under atmospheric
pressure. Firstly, 30 mg catalyst was loaded into a quartz tube with an inner diameter of 4 mm
and held in place by quartz wool. Before each CO, hydrogenation experiment, the catalyst was
reduced in a 5 mL/min N, or Ar with 15 mL/min H, flow (N, for CMN and Ar for CM) at 600
°C for 1 h to remove the surface passivation layer. Next, the reactor was cooled down to 400 °C
in an Ar flow (30 mL/min), and then the inlet flow was switched to the reactants (i.e., 10
mL/min CO,, 10 mL/min H,, and 20 mL/min Ar) for CO, hydrogenation.

Furthermore, the step temperature CO, hydrogenation test from 300 to 400 °C was also
performed under the same experimental conditions, in which the reaction time for each
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temperature step is 80 min. According to the Arrhenius equation, the activation energy (£,) of
CMN and CM catalysts for the RWGS reaction was also obtained. Notably, to reduce the
impact of catalyst deactivation on E, evaluation, the stepwise cooling and heating treatments
(400-300-400 °C) were evaluated using the method suggested in the literature (Figure S1).44
The gas chromatograph (Agilent 7890B) equipped with a flammable ionization detector
(FID) and a thermal conductive detector (TCD) was 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 CO, (X¢o,) is defined as:

F CO(outlet) F CHg(outlet) CCO(outlet) + CCH4(outlet)

Xco, = 1
’ Fcos(inlet) Cco(inlet) M
The selectivity of CO (Sco) is defined as:
F CO(outlet) CCO(outlet)
Sco = = (2)
F CO(outlet) T F CHz(outlet) CCO(outlet) + CCH4(outlet)
The carbon balance was calculated according to the following equation:
CCO(Outlet) + CCOz(outlet) + CCH4(0utlet)
Carbon balance = 3)

Cox(inlen)

where F is the flow rate of reactants or products (mol/min), C is the concentration of reactants
or products (%). All catalytic performance data were calculated by averaging data points in
cooling and heating sections at the same reaction temperature.
2.4 Temperature-programmed experiments

CO; hydrogenation temperature-programmed surface reaction (TPSR), CO, temperature-
programmed oxide (TPO), and temperature-programmed H/D (TP-H/D) exchange experiments
were carried out in a flow reactor. 20 mg catalyst was loaded into a quartz tube with an inner
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diameter of 4 mm. Before each experiment, the catalyst was reduced in a 5 mL/min N, or Ar
with 15 mL/min H, flow (N, for CMN and Ar for CM) at 600 °C for 1 h to remove the surface
passivation layer. Next, the reactor was cooled down to room temperature in an Ar flow (30
mL/min), and then the inlet flow was switched to the reaction gas (CO,: Hy: Ar = 10: 10: 20
mL/min for CO, hydrogenation TPSR; CO,: Ar = 10: 10 mL/min for CO, TPO; D;: Hy: Ar =
2: 2: 16 mL/min for TP-H/D exchange) and the reactor was heated to 600 °C with a heating
rate of 10 °C/min. The gas products were detected online using an FTIR spectrometer (Thermo
Nicolet iS50).

H, temperature-programmed reduction (H,-TPR) of CM and CMN catalysts after CO,
hydrogenation for 1 h was carried out in a flow reactor. 20 mg catalyst was loaded into a quartz
tube to perform the CO, hydrogenation reaction for 1 h. After cooling down to room
temperature, the inlet flow was switched to a 20 mL/min 10 vol% H,/Ar flow and the reactor
was heated to 800 °C with a heating rate of 10 °C/min. The H, consumption was detected online
using a TCD (Agilent 8860).

2.5 Transient response experiments

CO; activation transient response experiments were performed in a flow reactor. 50 mg
catalyst was loaded into a quartz tube with an inner diameter of 4 mm. Before transient response
experiments, the catalyst was reduced in a 5 mL/min N, or Ar with 15 mL/min H, flow (N, for
CMN and Ar for CM) at 600 °C for 1 h to remove the surface passivation layer. Next, the
reactor was cooled down to 400 °C, and then the inlet flow was switched to an Ar/H, flow (10
mL/min Ar and 10 mL/min H,) and maintained for 10 min. Finally, the inlet flow was switched
to an Ar/CO; flow (10 mL/min Ar and 10 mL/min CO,). The gas products were detected online
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using an FTIR spectrometer (Thermo Nicolet i1S50).
2.6 In-situ characterization

In-situ X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance
diffractometer equipped with an Anton Paar XRK-900 furnace operating at 40 kV with CuKa
radiation (A = 1.5406 A) within the range of 22.5-52.5° with a scanning rate of 0.85°/min. The
CMO was exposed to a No/H; flow (5 mL/min N; with 15 mL/min H,) for reduction. After the
first XRD collection at room temperature, the temperature was sequentially increased to 100 °C,
200 °C and 300 °C with a ramp of 5 °C/min for XRD measurements. Then, the XRD collection
was performed every 10 °C from 300 °C to 850 °C.

Quasi-in-situ Raman spectra were obtained using a laser Raman spectrometer with the
exciting line at 325 nm (Horiba LabRAM HR Evolution). 10 mg catalyst was loaded into a
quartz tube with an inner diameter of 4 mm. Notably, as shown in Figure S2, a plane on the
quartz tube was constructed to reduce laser scattering. After the first Raman spectra collection
at room temperature, the catalyst was exposed to a 5 mL/min N, or Ar with 15 mL/min H, flow
(N, for CMN and Ar for CM) and reduced at 600 °C for 1h. The reduced catalyst was sealed
in the quartz tube under N,/Ar+H, atmosphere to collect Raman spectra at room temperature.
Next, the same catalyst in the quartz tube was treated sequentially under CO, hydrogenation
atmosphere for 1 h and 10 h, and then the spent catalysts were sealed in the quartz tube under

CO,+H,+Ar atmosphere to collect Raman spectra at room temperature.

2.7 Computational Methods
Density functional theory (DFT) calculations were performed using the Vienna ab initio

simulation (VASP) package. The frozen-core all-electron projector augmented wave (PAW)
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method was used to describe the electron-ion interaction, in which the generalized gradient
approximation with the Perdew-Burke-Ernzerhof (PBE) functional was used to simulate the
exchange-correlation energy. During the calculation, an energy cutoff of 450 eV was used. The
(001) surface of rhombohedral Co;Mog structure and (111) surface of cubic CosMosN structure
were modeled with a 2 x 2 slab for CM and CMN catalysts, respectively, in which the top two
layers of atoms and the coordination H and O were relaxed. 447 In the relaxation, the force
convergence criterion was set to 0.03 eV/A, and the energy convergence criterion was 104 eV.
The crystal orbital Hamilton population (COHP) method was used to analyze the strength of
chemical bonds based on the LOBSTER package. Binding energy was also calculated using
the following equation:

Blndlng energy = Eiotal - Estab - Eadsorbate 4)

where Fi, 1s the total energy of adsorbate and catalyst surface, Egy,p, 1S the total energy of

catalyst surface, E,4somate 1S the total energy of adsorbate.

3. RESULTS AND DISCUSSION
3.1 Catalyst synthesis and characterization

Cos;Mo;N catalysts, denoted as CMN, were synthesized by the nitridation of CoMo0O,
(CMO) under N,/H, atmosphere. The CMO precursor was first prepared using a hydrothermal
method followed by a post-annealing treatment, then the in-situ X-ray diffraction (XRD)
experiment was executed to monitor the phase structure evolution from CMO to CMN during
the nitridation process. The as-prepared CMO shows a rod-shaped morphology with a diameter
of ~1 um (Figure S3) and a pure monoclinic phase structure (PDF-#21-0868). As shown in

Figure 1a and Figure S4, CMO remains stable at low temperature but is reduced to Co,Mo3;0g
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(PDF-#89-7093) and CoO (PDF-#70-2855) when the temperature exceeds 400 °C. As the
nitridation temperature is further increased to 500 °C, the peak of metallic Co near 44.2° is
found while no N-containing species are identified, suggesting that N, cannot be effectively
dissociated at this time. Above 600 °C, O atoms in the sample could be thoroughly removed by
interacting with H, and N atoms begin to be introduced into the sample, in which only the
diffraction peaks of CosMo (PDF-#29-0488) and Mo,N (PDF-#75-1150) are found in the XRD
patterns. Further elevating temperature to 680 °C, the target Co;Mo;N (PDF-#89-7953) phase
with a small fraction of Co,MosN (PDF-#04-010-6426) appears. Until 810 °C, the diffraction
peaks of Co,MosN disappear and a pure CosMosN phase is finally obtained, which is consistent
with previous reports.*®4° TEM images show that the as-obtained CMN preserves the rod shape
but becomes porous, exhibiting a Brunner-Emmet-Teller (BET) surface area of ~6 m?/g
(Figure 1b). Notably, the high-resolution transmission electron microscopy (HRTEM) image
shows a thin oxide layer on the surface of CMN, which is formed during the passivation after
the nitridation process (Figure 1c). This passivation treatment is necessary to prevent the
excessive oxidation of CMN when exposed to air as CMN is highly reactive.’% 3° Moreover,
the energy dispersive X-ray spectroscopy (EDX) elemental mapping results reveal the
homogeneous distribution of Co, Mo, and N in CosMos;N nanorods (Figure 1d-g). Therefore,
through the nitridation treatment under N,/H, atmosphere, N atoms can be successfully

introduced into CoMo bimetallic system to form a cubic CosMos;N phase.
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Figure 1 (a) In-situ XRD patterns during the nitridation process of CoMoQO, to CosMosN. (b) TEM image,

(c) high-solution TEM image, and (d)-(g) EDX elemental mapping images of Co;Mo3N.

3.2 Catalytic performance evaluation

To understand the effect of introduced N atoms on CO, hydrogenation performance, CM
was prepared as a control sample through a similar synthesis process under Ar/H, atmosphere
instead of N,/H, atmosphere. As shown in Figure S5, the as-prepared CM shows a mixed phase
of a large fraction of Co;Mog alloy (PDF-#29-0489) and a small fraction of metallic Mo (PDF-
#42-1120). Moreover, CM also shows a similar porous rod morphology, surface oxide layer,
and BET surface area (~5 m?/g) to CMN (Figure S6). Figure 2a and Table S1 show the steady-
state catalytic performance of CM and CMN for CO, hydrogenation at 400 °C with a space
velocity (SV) of 80000 ml-h!-g-!. It is found that both catalysts exhibit ~100% selectivity
towards the RWGS reaction while CMN (~8.8%) shows a higher CO, conversion than CM
(~5.6%). CO, hydrogenation experiments over CM and CMN at various temperatures (300-
400 °C) were also carried out. As shown in Figure 2b, the CO, conversion for both the two

catalysts increases with increasing temperature, while the product selectivity is almost
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unchanged. CM shows a similar CO, conversion at low temperatures, while the CO, conversion
of CMN obviously exceeds that of CM with elevating the reaction temperature. Moreover, the
CO space-time yield (STY) normalized based on metal compositions also reveals that CMN
exhibits higher activity than CM, the higher the temperature, the greater the difference (Figure
S7). This means that CMN is with a higher apparent activation energy (£,) for the RWGS
reaction and thereafter shows better catalytic performance at high temperatures (Figure 2c).
Therefore, it could be safely concluded that the introduced N atoms into CoMo bimetallic
system could effectively enhance its RWGS activity. The over 30 h steady-state flow reaction
results also indicate that this enhanced effect caused by introducing N atoms is stable during
CO; hydrogenation (Figure 2d), suggesting that CMN could be a potential catalyst for the
RWGS reaction. Notably, a short induction period is observed in the early stages of the stability
test for the CMN catalyst, which might be attributed to the depletion of adsorbed active H

species from well-known NH, species in the pretreatment process.”
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Figure 2 CO, conversion and product selectivity of different catalysts for CO, hydrogenation at (a) 400 °C
and (b) temperatures from 300 to 400 °C. (c) Arrhenius plots and (d) catalytic performance in the long-term

stability test at 400 °C. (30 mg catalyst, CO»/Hy/Ar = 10/10/20 mL/min for all tests).

3.3 Electronic structure characterization

It is well known that the catalytic performance of a catalyst is in principle determined by
its electronic structure.> Here, to unravel the origin of the enhanced RWGS activity for CMN,
X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)
experiments were performed to investigate the electronic structure of CM and CMN. Figure
3a shows the XPS spectra of Co 2p region for both catalysts, in which the XPS peaks at 777.8
eV, 780.8 eV, 792.8 eV and 796.9 eV are assigned to Co® 2ps/, Co%" 2ps/, Co® 2p,, and Co®*
2p1 ), respectively (Table S2). It is found that the peak positions corresponding to Co® and Co%*
remain consistent for both catalysts, indicating the electronic structure of Co is not significantly
affected by the introduction of N atoms. In contrast, the peak positions corresponding to Mo®
3ds), Mo®" 3ds),, and Mo? 3ds), for CMN slightly shift to higher binding energy, implying that
there is an electron transfer from Mo to N and the positive charged Mo (Mo%") is formed
(Figure 3b and Table S2). This could be explained by the coordination geometry of N atoms
in CMN. According to the standard crystal structure of CMN, the N atom is only coordinated
to the Mo atom rather than the Co atom, thus it only accepts the electron from Mo but Co. The
N-Mo coordination is also observed at the binding energy of 398.9 eV in the N 1s region for
the CMN catalyst (Figure 3c). Furthermore, the electronic and fine structure of Co atoms in
CM and CMN were further revealed through the Co K-edge X AFS spectra. As shown in Figure

3d, both the Co K-edge X-ray absorption near-edge structure (XANES) spectra of CM and
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CMN show the weak white-line intensity and similar absorption edge position to Co foil,
suggesting that the Co species in CM and CMN exist in metallic state. Further comparisons
with the XANES spectra of Co foil, CoO, and Co,05 also confirm that Co in CM and CMN is
almost in zero valence state (Figure 3e). These results demonstrate that the introduction of N
atoms does not change the valence state of Co, which is consistent with the XPS results.
However, there are still distinct differences in Co K-edge features between CM, CMN, and Co
foil, implying the difference in the coordination geometry of Co atoms in the three samples,
which is also demonstrated by the EXAFS results (Figure 3d inset). As shown in Figure 3f, a
broad peak at 2.07 A is observed for CM, which originates from the fusion of Co-Co (5)
coordination and Co-Mo (7) coordination. In contrast, the EXAFS spectra of CMN show two
well-defined peaks at 1.95 A and 2.53 A, corresponding to Co-Co (6) and Co-Mo (6)
coordination, respectively. Compared to the standard structures, it is found that CM and CMN
show a similar Co-Co bond length of 2.38 A but different Co-Mo bond lengths, indicating that
the difference in the coordination geometry of Co atoms in CM and CMN should be attributed
to the different coordination numbers and Co-Mo bond lengths. Therefore, it could be
reasonably inferred that the introduction of interstitial N atoms mainly tunes the electronic

structure of Mo rather than Co, thus enhancing the catalytic performance of CMN.
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Figure 3 XPS spectra of (a) Co 2p, (b) Mo 3d for CM and CMN and (c) N 1s and Mo 3p regions for
CMN. (d) Co K-edge XANES spectra (inset is the zoom of whiteline and pre-edge region), (¢) oxidation

state of Co and (f) Co K-edge EXAFS spectra of CM, CMN and CMO.

3.4 Rate-determining step identification

To better clarify the origin of the enhanced RWGS catalytic performance due to the
introduction of N atoms, it is critical to identify the rate-determining step for both CM and
CMN catalysts. As previously reported, the first step for the RWGS reaction is CO, activation
including direct CO, dissociation and H,-assisted CO, dissociation.?®3!-32 To identify the CO,
dissociation pathway, CO, temperature-programmed oxidation (TPO) and CO, hydrogenation
temperature-programmed surface reaction (TPSR) experiments were carried out for CM and
CMN catalysts. As shown in Figure 4a, the CMN catalyst shows a lower onset temperature
(~310 °C) for direct CO, dissociation than CM (~375 °C) in the absence of H,, representing a
stronger CO, dissociation ability for CMN. In comparison, the introduction of H, lowers the

onset CO, dissociation temperature for both catalysts, suggesting that CO, is more likely to be
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activated with the assistance of H, through formate (*HCOO) or carbonyl species (*COOH)
during CO, hydrogenation (Figure 4b). Moreover, it is noteworthy that the CMN catalyst with
a stronger direct CO, dissociation ability exhibits a lower onset temperature for H,-assisted
CO, dissociation than that of the CM catalyst (~180 °C for CM and ~207 °C for CMN), implying
that the introduction of H, greatly enhances the CO, dissociation ability of CM (even better
than CMN). However, these results bring a contradiction that the CM catalyst with a stronger
H,-assisted CO, dissociation ability but shows a poorer RWGS activity at high temperatures.
To explain this contradiction, the H, activation ability of both CM and CMN catalysts was
evaluated by temperature-programmed H/D (TP-H/D) exchange experiments. As shown in
Figures 4c and 4d, compared to CM (171 °C), CMN shows a lower onset temperature (135 °C)
for the consumption of H, and D,, which suggests that the incorporation of N atoms
significantly enhances the H, dissociation ability. Notably, it is also observed that CMN shows
a higher onset temperature (280 °C) for the production of HD than CM (215 °C), implying that
the dissociated H species interact more strongly with CMN. As reported in the previous
literature, this might be attributed to the formation of amido groups (NH,).!° The formation of
NHy species on CMN is further confirmed by a transient response experiment. As shown in
Figure 4e, after switching the gas from Ar/H, mixture to Ar/CO, at 400 °C (i.e., the reaction
temperature), a small amount of ammonia (NH;) is detected, providing direct evidence for the
existence of NHy species on CMN. Therefore, it could be inferred that the higher desorption
barrier of active H species on CMN makes it more difficult for providing active H atoms to
participate in the H,-assisted CO,; activation process, and consequently exhibits a lower RWGS
activity compared to CM in low-temperature conditions (Figure 2b and Figure 4b). However,
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at high temperatures (e.g., 400 °C), the dissociation of H, and desorption of active H species
are easier for both CM and CMN catalysts, thus the additional NH, species in CMN could
provide more active H atoms to participate in the reaction, improving its RWGS activity. The
results of transient response experiments also indicate that H,O and CO could be detected for
both CM and CMN with pre-adsorbed hydrogen after switching gas from Ar/H, to Ar/CO, at
400 °C, suggesting that the active H species adsorbed on the surface could participate in the
RWGS reaction in time. Meanwhile, it is observed that the CMN catalyst shows a higher yield
of H,O and CO, which directly confirms that the CMN catalyst has more adsorbed H species
involved in the RWGS reaction. These results demonstrate that introducing N atoms into CoMo
bimetallic catalysts increases the sites to increase the supply of H species during the CO,

hydrogenation reaction and ultimately improves the catalytic performance.
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and CMN catalysts during transient response experiments after switching the reaction gas from Ar/H, to

Ar1/COs.

Based on the above results, it is reasonable to speculate that the N-promoted RWGS
performance might originate from the enhanced hydrogenation ability of key intermediates
instead of CO, activation or H, dissociation. To this end, H, temperature-programmed
reduction (H,-TPR) after CO, hydrogenation was performed to evaluate the hydrogenation
ability of absorbed species during the reaction. As shown in Figure 5a, to exclude the possible
effects of exposing catalysts to air, the H,-TPR test was in-situ performed after CO,
hydrogenation treatment. Briefly, after the activation process under Ar/H, or N,/H, atmosphere,
the CO, hydrogenation reaction was carried out to accumulate surface intermediates and then
the H,-TPR test was performed after cooling down. Figure 5b shows the in-situ H,-TPR curves
of CM and CMN after CO, hydrogenation for 1 h. Interestingly, it is found that the
intermediates adsorbed on CMN show much lower hydrogenation temperatures (250 °C) than
those adsorbed on CM (512 °C), indicating that CMN is with an enhanced hydrogenation ability.
Furthermore, to identify the intermediates, in-situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) experiments were carried out. No signals of *HCOO or *COOH
species are found in the spectra, implying that the *HCOO or *COOH species might be rapidly
decomposed to gaseous CO and *OH that could be further hydrogenated to H,O (Figure S8),
which is consistent with the previously reported associative mechanisms.33->3 Moreover, quasi-
in-situ Raman spectra were also obtained to detect the evolution of the surface structure of
catalysts during the reaction. When the surface *OH species are not hydrogenated to H,O or

desorbed in time, it might oxidize the catalyst. As shown in Figures 5c¢ and 5d, a peak at 938
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cm! corresponding to the Mo-O stretching vibration of CoMoQy is observed in the Raman
spectra of fresh CM (CM-fresh) and CMN (CMN-fresh) catalysts due to the passivation
treatment.’*>® For quantification analysis, the areas of Mo-O peak at ~938 cm™! (Apo.0) and
the quartz peak at ~805 cm! (Aquar,) as a reference were integrated. The ratio of Ayo-0 t0 Aquar
(Amo-0/Aquartz) can be considered as an indicator to describe the change of the Mo-O bond
during the reaction. After the activation process under Ar/H, or N,/H, atmosphere, the Mo-O
peak disappears for both CM (CM-red) and CMN (CM-red) catalysts due to the removal of the
surface oxide layer. After being exposed to the CO, hydrogenation atmosphere at 400 °C for 1
h, the Mo-O peak appears again in the Raman spectra of CM (CM-rec-1h) and shows a Ay,.
0/Aquar, 0f 0.12, but it is not observed for CMN (CMN-rec-1h). Extending the reaction time to
10 h, it is found that the intensity of the Mo-O peak for CM (CM-rec-10h) is further enhanced
(0.38 for Apo-0/Aquarz) compared to that of CM-rec-1h and a weak Mo-O peak is also observed
in the Raman spectra of CMN (CMN-rec-10h, 0.10 for Ay.0/Aquariz) (Table S3). Based on
these results, it is suggested that *OH species could oxidize the catalytic surface of both CM
and CMN catalysts to CoMoO, during CO, hydrogenation. Compared to CM, CMN is less
easy to be oxidized. This means that the O species binding to the surface of CMN is much
easier to be removed by H,, which is consistent with the in-situ H,-TPR results. Therefore, it
can be reasonably inferred that the removal of O-containing intermediates is a rate-determining
step during CO, hydrogenation for CoMo bimetallic catalysts, while the introduced N atoms
promote the supply of H species and thus improve the hydrogenation ability of surface Mo-O
species, accelerating the redox cycle in CO, hydrogenation and ultimately enhancing the
RWGS activity. Notably, the accumulation of surface Mo-O species could lead to deactivation
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as the formed CoMoQ, is inactive either for CO, activation or for H, dissociation. Although

both CM and CMN catalysts do not show significant deactivation in the 30-h stability test

(Figure 2d), the N-promoted removal of O species will delay the deactivation during long-

term catalytic applications.
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Figure 5 (a) Schematic diagram of H,-TPR experiment for spent catalysts. (b) H,-TPR curves of CM and

CMN catalysts after CO, hydrogenation at 400 °C for 1 h. Quasi-in-situ Raman spectra of (c) CM and (d)

CMN after reduction and reaction with a 325 nm laser.

3.5 Structure-performance relationship determination

So far, it is clear that the introduced N atoms in CoMo bimetallic catalysts increase the

sites for increasing the supply of H species during the CO, hydrogenation reaction, promoting

the removal of surface O intermediates and accelerating the redox cycle in CO, hydrogenation.

However, according to the electronic structure characterization results of CMN and CM, it is

found that the introduced N atoms could accept electrons from Mo and thus lead to the

formation of positive charged Mo species (i.e., Mo®"). Meanwhile, the removal of O
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intermediates from the surface of catalysts is essentially a process of H,-assisted Mo-O bond
cleavage. Combining these results, it can be inferred that the introduced N atoms could change
Mo-O binding energy, which in turn affects the redox cycle in CO, hydrogenation. To further
demonstrate this inference, the structure stability of O on the CM and CMN catalysts under a
reduction atmosphere was evaluated using density functional theory (DFT) calculations. As
shown in Figures 6a and 6b, the H atom is coordinated to two Mo atoms and one Co atom for
both CM and CMN catalysts. Meanwhile, the O atom is coordinated to two Mo atoms and one
Co atom for CM, while the O atom is coordinated to three Mo atoms for CMN. According to
the results of crystal orbital Hamilton populations (COHPs) analysis, H-metal bonds for both
CM and CMN show more positive integrated projected COHPs (ICOHPs) values than O-metal
bonds, indicating that the migration of H after H, dissociation is not the rate-determining step
for the O removal process (Figure S9, Figures 6¢ and 6d). For the O-metal coordination, the
O-Co bonds also show more positive ICOHPs values than O-Mo bonds, implying that the
removal of ligand O on Mo atoms is the key step in the removal of O on CM and CMN catalysts.
Furthermore, it is found that the O-Mo bonds on CM (-2.75 eV ~ -2.93 eV) show more negative
ICOHPs values than those on CMN catalysts (-2.30 eV ~ -2.33 eV), demonstrating that the
introduced N weakens the binding strength of Mo to O. The binding energies (BEs) of H and
O on CM and CMN were also calculated, in which the CM and CMN catalysts show a similar
BE of H atom (-3.23 eV for CM and -2.99 for CMN) but quite different BEs of O atom (-17.88
eV for CM and -7.00 eV for CMN), which is also consistent with the ICOHP results and quasi-
in-situ Raman results. These results indicate that the origin of the N-promoted RWGS activity
is enhancing the redox cycle in CO, hydrogenation, which is due to that: (1) the introduced N
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atoms increase the sites for supplying more H species during CO, hydrogenation; (2) the
introduction of N atoms induce the formation of Mo®" and weaken the binding strength of Mo

to O intermediate species.
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Figure 6 The top view of (a) (001) surface of CM and (b) (111) surface of CMN catalysts for adsorption
geometry of H and O. Crystal orbital Hamilton populations (COHPs) analysis for three coordinate bonds

of oxygen atoms in (¢) CM and (d) CMN.

4. CONCLUSION

In summary, CosMo;N synthesized by introducing N atoms into CoMo can be employed
as a efficient catalyst for the RWGS reaction. The removal of O-containing intermediates is
identified as the rate-determining step in the RWGS reaction over Co;MosN. The introduced
N atoms are revealed to play a dual role in enhancing the catalytic performance: (1) forming
NH; species to provide additional sites, increasing the supply of H species to facilitate the CO,
hydrogenation reaction. (2) accepting electrons from coordinated Mo atoms to form positive

charged Mo species (Mo®"), weakening the binding ability of Mo to key reaction intermediates.
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The dual functions improve the hydrogenation ability of surface O-containing intermediates,
promote the redox cycle in the hydrogenation of CO,, and ultimately enhance the RWGS
performance. The unraveled origin of the interstitial N atoms promoted RWGS activity for
bimetallic nitride provides new insights into the interstitial light elements-promoted catalytic

performance relationship.
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