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ABSTRACT

The catalytic performance of Co3Mo3N for dry reforming of methane (DRM) was investigated 

using periodic Density Functional Theory (DFT). The full mechanism revealed that 

Co3Mo3N(111) activates both CH4 and CO2 at different catalytic regimes, which also facilitate 

CO production proceeds via COH and CHO intermediates. Aided by linear scaling relationships, 

steady-state microkinetic modeling confirms promising DRM reactivity thanks to the unique 

dual-site configuration on monolithic Co3Mo3N(111) when compared to monofunctional 

transition metals. Efficient for C–H bond activation, Co3Mo3N(111) is also effective at carbon 

residual removal due to facile CO2 dissociation, and thus, tolerate surface C species. In synergy, 

the presence of moderate C and CH coverages help control surface O species. This work 

provides the insights into catalyst systems that contain two beneficial bifunctionalities for 

effective and durable DRM operations.   

Page 2 of 31Catalysis Science & Technology



3

1. Introduction

Dry reforming of methane (DRM), as described by Eqn. (1), converts methane (CH4) and 

carbon dioxide (CO2) into a range of value-added chemicals including syngas,1-4 methanol,2 

and sulfur-free diesel fuels;5, 6 and thus engenders environmental and economic benefits. For 

DRM, however, carbon formation results in rapid catalyst deactivation, and remains a 

technological obstacle that hinders large-scale processes to realize its beneficial potentials.7-

9

,    𝐶𝐻4 +  𝐶𝑂2 → 2𝐶𝑂 +  2𝐻2 ∆𝐻°
298 = 247 𝑘𝐽/𝑚𝑜𝑙 (1)

Scheme 1. Parallel CH4 and CO2 conversion pathways (indicated by respective green and 

blue arrows) in the DRM reaction network. Potentially relevant intermediate steps and 

species are also presented. The hydrogenation/dehydrogenation steps are not explicitly 

labeled. CO and H2 productions are also indicated by purple arrows.

The reaction network derived from transition metal DRM catalysts based on various 

reviews on this topic is summarized in Scheme 1.1, 10, 11 Akin to most C1 chemistries related 

to CH4, the initial C–H bond activation is a rate-limiting step (RLS), where the CH4 turnover 

frequency is often a reliable metric for the catalyst efficacy.1 Specifically, Rostrup-Nielsen and 

Hansen 12 showed that the DRM rates on transition metals follow an order of: Ru > Rh > Ir > 
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Pt > Pd in a low-to-medium temperature range (773-923 K) and at the ambient pressure. For 

earth abundant metal catalysts such as nickel (Ni) and cobalt (Co), Ferreira-Aparicio and 

coworkers 13 demonstrated that supported Ni catalysts may outperform noble-metal Rh and 

Ru catalysts. However, Ni-based catalysts are notoriously susceptible to coke-related 

deactivation,12 doping atoms like Sn may slow down carbon deposition at 1000 K.14 Chen et 

al.15 showed that coking on Co(111) at high temperatures.

Methane decomposition yielding H2 at the metallic sites, according to Eqn. (2), can be 

presented in a stepwise sequence (green arrows in Scheme 1).12, 16 In parallel, CO2 activation 

(indicated by blue arrows in Scheme 1), supplies O or OH to manage surface carbonaceous 

(C, CHx) intermediates. 

Methane decomposition: , 𝐶𝐻4 → 𝐶(𝑠) +  2𝐻2 ∆𝐻°
298 = 75 𝑘𝐽/𝑚𝑜𝑙 (2)

Reverse Boudouard: ,  𝐶(𝑠) +  𝐶𝑂2→2𝐶𝑂 ∆𝐻°
298 = 171 𝑘𝐽/𝑚𝑜𝑙 (3)

The reverse Boudouard reaction is able to convert solid-state carbon into CO via Eqn. (3). 

As such, higher temperatures (above 1000 K) generally favor carbon removal.9 In addition, 

reverse water-gas shift (RWGS) reaction plays a role in DRM to produce H2O as a side product. 

CO2 chemisorption and dissociation are sensitive to surface structures, and can be enhanced 

by surface defects.17, 18 To some extent, the C–O bond activation in CO2 competes for the 

same active sites against CH4 activation. Hence, there is a constraint on monofunctional 

transition metal catalysts to maintain a balance between C–H activation and C/CH conversion 

into CO.

There is plenty of evidence that DRM benefits from bifunctional catalysts. Commonly, CH4 

activation occurs at the metal sites, while CO2 activation may take place on either acidic or 

basic oxide supports.11 For instance, noble metal Pt catalysts supported on ZrO2 promote CO2 

conversion during DRM while suppressing the carbon residue.19, 20 The insights revealing what 

DRM mechanisms are enabled by specific metal-support functionalities can be leveraged to 

overcome the limiting DRM performance issues in future catalyst design endeavor.10, 11

Transition metal nitrides are metalloids with characteristic hybridization between the d- 

and 2p-orbitals of respective metal and N elements. These materials are less expensive and 

intrinsically coke resistant, and thus, have long been employed as alternatives to transition 

metal catalysts in many applications.21 Many ternary metal nitrides exist as stable multi-
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component monolithic materials, and add one more compositional parameter for fine-tuning 

of their catalytic properties. One notable example is Co3Mo3N, which has been long 

recognized as an outstanding material for ammonia synthesis.22, 23 Recently, Fu et al. 24 

demonstrated that Co3Mo3N exhibits promising reactivity toward DRM at temperatures 

below 873 K, and remains functional at up to 1073 K without significant catalyst deterioration. 

This appealing behavior has been attributed to the synergistic effects between Mo and Co 

components, high active site density, and the ability to balance CH4 and CO2 consumption 

rates. 

Without a consensus on the DRM mechanism catalyzed by Co3Mo3N, in this work, periodic 

Density Functional Theory (DFT) was employed to reveal the origin of the DRM reactivity and 

coke resistance based on a close-packed Co3Mo3N facet that exposes coexisting Co and 

molybdenum nitride functional regimes, as geometric configurations among actives sites 

could play significant roles in directing the occurrence of RLS to mitigate site crowding and 

competition. With DFT calculations, we were also able to draw contrast between the 

Co3Mo3N ternary nitride and individual single crystalline Co(0001) and Mo2N(110) surfaces to 

show that the superior performance indeed results from the synergistic effects stemming 

from the dual-site configuration. Moreover, the DRM kinetics on Co3Mo3N is quantified using 

a newly developed microkinetic model that accommodates the dual-site functionalities. 

2. Methods

2.1 Catalyst models

The x-ray and neutron diffraction revealed that Co3Mo3N has a cubic 𝐹𝑑3𝑚 lattice 

structure.25 The bulk ternary Co3Mo3N nitride can be dissected into Co8 octameric clusters 

and a Mo3N framework with bridging nitrogen species (Fig. 1a). 

The Co3Mo3N(111) surface exhibits patterned Co and molybdenum nitride (MoxN) 

domains (Fig. 1d). The neighboring Co domains are connected via a single corner Co2 atom, 

while the Mo domains are isolated and bounded by three Co domains. Such alternating 

patterns help break up continuous active site domains that would be susceptible to the 

establishment of large-area carbon structures. Indeed, Rostrup-Nielsen et al.26-28 suggested 

that interruptions of continuous domains help suppress coking because the size of active-site 

ensemble for coke formation is typically larger than what is needed for reforming. Cleavage 

along the (111) orientation may yield a number of possible close-packed configurations. Here, 
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the chosen facet represents the highest density of active sites; and was employed by 

Zeinalipour-Yazdi et al.29 for the modeling of N2 and H2 adsorptions. 

Fig. 1. (a) Dissection of the molybdenum nitride (Mo3N) and cobalt in bulk ternary Co3Mo3N 

single crystal.  (b-d) Top views the cleavage close-packed (111) orientation of Co3Mo3N, 

Co(0001), and (d) Mo2N(110) surfaces, respectively. Accessible adsorption sites are also 

labelled. The Co, Mo, and N atoms are depicted in dark blue, pink, and light blue, 

respectively. The supercell boundaries are depicted with solid lines.

The Co domains in Fig. 1d exhibit a 3-fold symmetry. The center of the 3-fold site is 

denoted as hcp1. Three distinct Co sites can be identified, denoted as , , and . In 𝐓𝐂𝐨𝟏 𝐓𝐂𝐨𝟐 𝐓𝐂𝐨𝟑

the top layer, the Co1 atom is bonded to one Co2, two Co3, and two Mo atoms. The Co2 species 

is bonded with three Co1 atoms and three Mo atoms. The Co3 species is bonded to two Co1, 

two Co3, and two Mo atoms. All three Co sites are located at the boundary with the Mo 

domain, and the Co1 species are undercoordinated relative to the other two Co sites in 

Co3Mo3N(111). Due to the varying numbers of coordination and ligand, each Co site is 

considered electronically distinct, corroborated by the d-band centers listed in Table 1. The 

d-band centers for all Co sites shift toward the Fermi level relative to Co atoms in Co(0001) 

(Fig. 1c) following an order of Co3 > Co2 > Co1. Also, all Co sites are negatively charged (Table 

1), indicating there is charge transfer from Mo to the nearest Co.
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Table 1. The calculated d-band center (in eV) and Bader charge (in e) for Co(0001), 

Co3Mo3N(111), and Mo2N(110). Surface site notations are consistent with Fig. 1d.

Surface Atomic site d-band center Bader charge

Co(0001) Co -1.27 0

Co1 -1.14 -0.10

Co2 -1.09 -0.37

Co3 -0.92 -0.26

N - -1.17

Co3Mo3N(111)

Mo 0.00 0.88

N - -1.44Mo2N(110)

Mo -0.04* 0.32*

* Such labeled values represent an average of the d-band center or Bader charge of different 

Mo atoms in the surface layer.

The Mo domains also exhibit 3-fold symmetry, consisting of three equivalent Mo atoms 

(labeled as ) and one bridging N in the top layer. The boundary sites are denoted as B1 TMo

(Mo-Co1), B2 (Mo-Co2), and B3 (Mo-Co3) for the Mo atoms bounded with different Co, 

respectively. The exposed bridging N, carrying a net charge of -1.17 e, is designated as TN. 

We also included the close-packed facets of respective Mo2N (Fig. 1b) and Co (Fig. 1c) 

single crystals to represent the pure components of Co3Mo3N for later comparisons. The 

selection of Mo-terminated Mo2N(110) facet is because this surface exhibits a similar atomic 

arrangement to the Mo domain of Co3Mo3N(111).

2.2 Density functional theory

All periodic DFT calculations were performed using the Ab initio Simulation Package 

(VASP).30, 31 The generalized gradient approximation with the Perdew-Burke-Ernzerhof 
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functional (GGA-PBE) was used to account for the electron exchange and correlation.32 The 

interactions between valence electrons and ion cores were described by the projector 

augmented wave (PAW) method,33 with a cutoff for the expanded plane wave basis set up to 

400 eV. The Brillouin-zone was sampled using the Monkhorst-Pack k-point mesh.34 The 

convergence criterion for self-consistent iterations is 1.0×10−6 eV, with a residual force 

smaller than 0.02 eV/Å for ionic relaxations. 

The binding energies (  reported in Table 2 are defined according to Eqn. (4): 𝐵𝐸)

,𝐵𝐸 = 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 (𝑔) ― 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (4)

where  , , and  represent the total energies of the adsorbed surface 𝐸𝑡𝑜𝑡𝑎𝑙 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 (𝑔) 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒

species, adsorbate in gas phase, and clean surface, respectively. Furthermore, the energy 

barriers ( ) and reaction energies ( ) for each elementary step reported in Table 3 were 𝐸𝑎 ∆𝐸

obtained according to Eqns. (5-6):

,𝐸𝑎 = 𝐸𝑇𝑆 ― 𝐸𝐼𝑆 (5)

,∆𝐸 = ∑
𝑖𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑖 ― ∑

𝑗𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,𝑗 (6)

where , ,  , and  are the total energies of the transition state (TS), 𝐸𝑇𝑆 𝐸𝐼𝑆 ∑
𝑖𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑖 ∑

𝑗𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,𝑗

the initial state (IS), and the summation of total energies for all product and reactant species, 

respectively. The total energies for the TS were obtained from the Climbing Image-Nudged 

Elastic Band (CI-NEB) and the dimer methods.35, 36 All TS structures were confirmed with only 

one imaginary frequency.

All Gibbs free energies were estimated at 973.15 K and 1 bar by employing the standard 

statistical mechanical approach.37 Under such conditions, the rate constants on 

Co3Mo3N(111), Co(0001), Mo2N(110), and Ni(111) were evaluated based on the transition 

state theory (TST), see Table S3 in ESI. Based on the order-of-magnitude analysis of the rate 

constants, a reduced DRM mechanism - consisting of 10 elementary steps, five gas phase 

species (CH4, CO2, CO, H2, and H2O), and eight surface intermediates (*, C, CH, CO2, CO, O, H, 

and OH) - was proposed to obtain the turnover frequencies (see Appendix 1 of ESI). The rate 
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constants and equilibrium constants on Co3Mo3N(111) and Ni(111) are summarized in Table 

S4 in ESI.

The effective charges were obtained based on the Bader charge analyses 38. The d-band 

centers (εd) were calculated as the first moment of the projected density of states (PDOS) 

relative to the Fermi level ( ) according to Eqn. (7):39𝜀𝑓

where  represents the PDOS. 𝜌𝑑

3. Results and discussion

3.1 DRM intermediates on Co3Mo3N(111) and site preference

The optimized surface bound intermediates CH4, CO2, H2, CO, and H2O at their preferred 

locations on Co3Mo3N(111) are shown in Fig. 2. The binding energies ( ) and their preferred 𝐵𝐸

binding sites are listed in Table 2, along with the  values on Co(0001) and Mo2N(110). The 𝐵𝐸

optimized structures on Co(0001) and Mo2N(110) are illustrated in Fig. S1-S2 in ESI.

ε𝑑 =
∫𝜀𝑓

―∞ε𝜌𝑑(𝜀) d𝜀

∫𝜀𝑓

―∞𝜌𝑑(𝜀) d𝜀
. (7)
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Figure 2. Optimized structures of the DRM intermediates on Co3Mo3N(111). Atomic 

distances (in Å) are shown in dashed lines. The C, O, H, Co, Mo, and N atoms are depicted 

in brown, red, white, dark blue, pink, and light blue, respectively.

Table 2. Binding energies (  in eV) and the preferred binding sites on Co3Mo3N(111), 𝐵𝐸

Co(0001), and Mo2N(110).

Co3Mo3N(111) Co(0001) Mo2N(110)

Species Binding 

site
𝐵𝐸

Binding 

site
𝐵𝐸

Binding 

site
𝐵𝐸

CH4 TCo1 -0.08 NP -0.06 NP -0.01

CH3 TCo1 -1.93 fcc -1.98 fcc -3.01
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CH2 B2 -4.49 hcp -4.04 fcc -5.22

CH B2 -7.07 hcp -6.39 fcc -7.41

C hcp1 -7.97 hcp -7.04 hcp -8.33

H2 TCo1 -0.39 - - - -

H B2 -2.87 fcc -2.82 fcc -3.31

O B2 -6.22 hcp -5.77 fcc -7.71

OH B1 -3.80 fcc -3.48 fcc -4.78

H2O TCo1 -0.67 top -0.30 top -0.77

CO TCo3 -1.99 hcp -1.69 hcp -2.54

CO2 TCo3 -1.50 hcp -0.05 bridge -0.82

COH B2 -4.70 hcp -4.33 fcc -5.13

CHO B2 -3.04 bridge -2.21 hcp -3.17

COOH TCo3 -2.82 bridge -2.29 hcp -3.47

CHOH TCo3 -4.27 fcc -3.77 hcp -4.52

Molecular CH4 prefers the  site, with a binding energy of -0.08 eV. This value is on a TCo1

similar order of magnitude to the adsorption of closed-shell, nonpolar species on metal or 

metalloid surfaces. Still, as shown in Table 2, CH4 binds slightly stronger than on Co(0001) and 

Mo2N(110). At the  site, the distance (2.52 Å) between CH4 and the surface (a surface Co TCo1

site) is the shortest. Electronically, the stronger CH4 binding can be associated with the 

negatively charged, undercoordinated Co1 site that facilitates electron back donation to the 

CH4 anti-bonding orbitals. 

CO2 prefers the  site and also binds stronger (-1.50 eV) than on both Co(0001) and TCo3

Mo2N(110). The chemisorbed CO2 structure is bent; as illustrated in Fig. 2, its C atom is located 

at the  site, and the two O atoms bind at the two neighboring  sites. TCo3 TCo1
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Molecular H2 prefers the  site with a binding energy of -0.39 eV. The dissociation of TCo1

H2 is facile, then the dissociated H atom migrates to the B2 site. Similar to CO2, CO also prefers 

the site, with a binding energy of -1.99 eV. However, unlike CH4 and CO2, both H and CO TCo3

bind stronger than on Co(0001) but weaker than on Mo2N(110). 

The carbonaceous CHx intermediates (i.e., CH3, CH2, CH, and C) prefer the , B2, B2, and TCo1

hcp1 site, respectively. In fact for CHx, a similar pattern has been observed elsewhere by Kua 

and Goddard on Pt(111).40 The geometric interpretation of such site preferences is that CHx 

(x = 0 – 3) favors the site that would satisfy the valence of the central C atom in CHx. As to H 

and CO, CHx (except for CH3) species continue a trend where the binding energies are weaker 

on Co(0001), but stronger on Mo2N(110). 

The O, OH, and H2O species prefer the respective B2, B1, and  site. For the oxygenated TCo1

carbon species, CHO prefers the B2 site, whereas the primary binding sites for COH, COOH, 

and CHOH are B2, and , respectively. The binding energies of all above species also TCo3, TCo3

follow the order of Mo2N(110) > Co3Mo3N(111) > Co(0001).

Based on their site preferences (Table 2), it is evident that DRM intermediates (except for 

C) predominantly occupy two types of active sites: (1) the negatively charged Co sites (  or TCo1

) for CH4, CH3, H2, CO, CO2, H2O, CHOH, and COOH; and (2) the boundary sites (B1 or B2) TCo3

for H, O, OH, CH, CH2, COH, and CHO. Interestingly, we observed that all the reactants and 

products prefer one of the two Co sites: CH4, H2O, and H2 on the  site, while CO and CO2 𝑇𝐶𝑜1

on the  site. On the other hand, the reaction intermediates are more likely to occupy 𝑇𝐶𝑜3

along the Co and Mo domain boundaries. Hence, the variety of Co3Mo3N(111) surface sites 

enables the fine differentiation of the site preference that potentially benefit DRM in terms 

of mitigating active site competition blockage.  

The tuning of binding energies due to the electronic effects in alloys (including Co3Mo3N) 

is well-known and also crucial in catalytic applications such as NH3 synthesis.22 As reported in 

Table 2, we noted a familiar alloying effect for DRM catalysis as well, that is, a majority of 

DRM intermediates bind stronger on Mo2N(110) but weaker on Co(0001) relative to 

Co3Mo3N(111), except for CH4, CH3, CO2. In this case, stronger adsorptions of CO2 ( ) and 𝑇𝐶𝑜3

CH4 ( ), particularly the latter, will favor the conversions of both chemically inert molecules 𝑇𝐶𝑜1

thermodynamically.
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Last, the binding energies of reaction intermediates on Co3Mo3N(111) are also put to 

comparison with Ni(111), Ni(100), and Ni(211) as the benchmark systems.41 Again, the 

stronger adsorptions of CH4 and CO2 on Co3Mo3N(111) are considered as an enhancement 

favoring DRM. Among the reaction intermediates, only the atomic O binds notably stronger 

on Co3Mo3N(111) than on all three Ni facets. The remaining CHxO, CHx, and OH bind similarly 

to the most active sites among all facets. Overall, we anticipate that the energetics the 

reaction routes will unlikely be very different from Ni. For the products, the bindings of H2 

and CO are also comparable to those on Ni;41 thus, CO poisoning will not be a serious concern. 

However, H2O, a side product of DRM, does bind stronger on Co3Mo3N(111).

3.2 Elementary DRM steps on Co3Mo3N(111) 

A total of 25 elementary steps can be adapted from Scheme 1 to characterize DRM. The 

associated reaction energies ( ) and energy barriers ( ) from DFT calculations are ∆𝐸 𝐸𝑎

summarized in Table 3, with the TS structures depicted in Fig. 3. In addition, TS structures on 

Co(0001) and Mo2N(110) are shown in Figures S3 and S4 in the accompanying ESI.

Table 3. Reaction energies (  in eV) and energy barriers (  in eV) on Co3Mo3N(111), Co(0001), ∆𝐸 𝐸𝑎

and Mo2N(110).

Co3Mo3N(111) Co(0001) Mo2N(110)
Elementary step

∆𝐸 𝐸𝑎 ∆𝐸 𝐸𝑎 ∆𝐸 𝐸𝑎

R1 CH4 (g) + 2* ↔ CH3* + H* -0.08 0.65 0.01 1.02 -1.60 0.51

R2 CH4 (g) + O* + * ↔ CH3* + OH* 0.60 0.97 0.36 1.60 -0.08 1.89

R3 CH3* + * ↔ CH2* + H* -0.46 0.51 0.13 0.72 -0.12 0.85

R4 CH2* + * ↔ CH* + H* -0.63 0.16 -0.33 0.22 -0.66 0.40

R5 CH* + * ↔ C* + H* -0.02 0.96 0.40 1.13 -0.14 1.11

R6 CO2 (g) + * ↔ CO2* -1.52 - -0.05 - -0.82 -

R7 CO2* + * ↔ CO* + O* -0.50 0.69 -1.03 0.46 -3.13 0.10
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R8 C* + O* ↔ CO* + * 0.72 2.11 -0.57 1.84 1.14 2.76

R9 H* + O* ↔ OH* + * 0.67 1.38 0.35 1.27 1.51 1.99

R10 C* + OH* ↔ COH* + * 0.86 1.38 -0.14 1.75 0.99 2.26

R11 COH* + * ↔ CO* + H* -0.81 0.71 -0.79 0.99 -1.36 1.27

R12 CH* +O* ↔ CHO* + * 1.34 1.65 0.90 1.59 1.95 2.13

R13 CHO* + * ↔ CO* + H* -0.64 0.40 -1.08 0.14 -0.96 0.76

R14 CH* + OH* ↔ CHOH* + * 1.57 1.95 0.93 1.51 2.17 2.56

R15 CHOH* + * ↔ CHO*+ H* -0.91 0.54 - - -1.73 0.41

R16 CHOH* + * ↔ COH*+ H* -0.73 0.23 - - -1.32 -

R17 CO2* + H* ↔ COOH* + * 1.28 1.43 0.23 1.38 0.37 0.93

R18 CO2* + OH* ↔ COOH* + O* 0.61 0.98 -0.12 1.06 - -

R19 COOH* + * ↔ CO* + OH* -1.11 0.44 -0.98 0.24 -1.99 0.28

R20 CO2* + C* ↔ 2CO* 0.21 1.80 -1.68 1.78 -1.99 1.42

R21 CO* ↔ CO (g) + * 1.99 - 1.69 - 2.54 -

R22 2H* ↔ 2* + H2 (g) 1.26 - 1.09 - 2.13 -

R23 H* + OH* ↔ H2O (g) + 2* 1.29 - 0.85 - 2.71 -

3.2.1 CH4 activation 

Both direct and O-assisted C–H bond activation of CH4, as the RLS for DRM, were 

considered for DFT calculations. Xing et al. 42 reported that CH4 dissociation can be promoted 

on O-covered IB group metals (e.g., Cu, Ag, Au). Most recently, the C–H bond activation were 

extended over transition metal-based facets, clusters, complexes, and oxides by Latimer and 

coworkers,43 who revealed a linear correlation between the C–H bond activation energies and 

the cohesive energies of respective materials.
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Direct CH4 activation ( : In R1, CH4 was treated as a loosely bound 𝑪𝑯𝟒 + 𝟐 ∗ →𝑪𝑯 ∗
𝟑 + 𝑯 ∗ )

molecule, due to its weak binding (-0.08 eV), prior to activation. The  and  are -0.08 eV ∆𝐸 𝐸𝑎

and 0.65 eV, respectively, producing CH3 ( ) and H (B2). As illustrated in Fig. 3 (TS1), the TCo1

C–H bond activation occurs at the site, also preferred by the initial CH4 adsorption. Also TCo1

in Fig. 3 (TS1), the C–H bond length in the TS is stretched to 1.66 Å. This barrier is significantly 

higher than on Mo2N(110), but much lower than on Co(0001), as well as Pt (1.01 eV),44 Ni(111) 

(0.91 eV),41, 45 and Ni bimetallic alloys.46 

O-Assisted CH4 activation ( ): The pre-adsorbed O species may 𝑪𝑯𝟒 + 𝑶 ∗ →𝑪𝑯 ∗
𝟑 + 𝑶𝑯 ∗

participate in the abstraction of H from hydrocarbons to assist C–H bond activation (R2). As 

illustrated in Fig. 3 (TS2), the participating O needs to move closer to the H by migrating from 

its preferred B2 site to the B1 site. The O–H distance decreases from 2.55 Å in the IS to 1.15 Å. 

DFT calculations showed that the O-assisted step is more endothermic (0.60 eV) than R1, with 

a barrier of 0.97 eV. A comparison between the direct and O-assisted C–H activation is also 

displayed in Fig. 4a. The higher C–H bond activation barrier can be attributed to the nonacidic 

nature of the C–H bond, and the energy compensation to displace O from its preferred site in 

the TS structure.  
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Fig. 3. Optimized transition state structures (corresponding to the notation in Table 4) on 

Co3Mo3N(111). Side views are shown as the inset figure. The C, O, H, Co, Mo, and N atoms 

are depicted in brown, red, white, dark blue, dark pink, and light blue, respectively. Atomic 

distances (in Å) are shown in dashed lines.

CHx decomposition ( ): The decompositions of CH3 and CH2 (R3 and R4) 𝑪𝑯𝒙→𝑪𝑯 ∗
𝒙 ― 𝟏 + 𝑯 ∗

occur with quite modest energy barriers at 0.51 and 0.16 eV, respectively. Facile CH3 and CH2 

dissociation following the initial CH4 activation is common, e.g., on Ni catalysts.44-47 The 

energy barrier for CH decomposition (R5), however, increases substantially to 0.96 eV. 

Therefore, we anticipate that the CH could be a relevant species to CO formation. From the 

above analysis, a lumped CH4 activation step was used in lieu of an explicit CH4 decomposition 

sequence, with the overall kinetics determined by the energy barrier for the first C–H bond 

dissociation (see Appendix 1 in ESI). 
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Fig. 4. Potential energy profiles for (a) direct (black) and O-assisted (red) C–H bond 

activation; (b) direct (black), H-assisted (blue), and C-assisted (red) CO2 activation pathways 

on Co3Mo3N(111). The energy barriers are labeled in parentheses.

3.2.2 CO2 activation

Three CO2 activation pathways, the direct, H-assisted, and C-assisted, were considered.  

Direct CO2 activation ( ): On Co3Mo3N(111), R7 is moderately 𝑪𝑶 ∗
𝟐  +  ∗  →𝑪𝑶 ∗ + 𝑶 ∗

exothermic (-0.50 eV) with an energy barrier of 0.69 eV, with the C–O bond elongated to 1.75 

Å (TS7). This barrier (0.69 eV) is similar to that (0.67 eV) on Ni(111),41, 45 but lower than on 

Pt(111) (1.81 eV44, 48) and on NiSn 49.

H-Assisted CO2 activation ( ): The H-assisted CO2 𝑪𝑶 ∗
𝟐 + 𝑯 ∗ →𝑪𝑶𝑶𝑯 ∗ → 𝑪𝑶 ∗ + 𝑶𝑯 ∗

activation (R17) is a critical step in RWGS,50-52 in which H species (originating from CH4 

decomposition) is utilized to convert CO2 into a carboxyl (COOH). However, on Co3Mo3N(111), 

the R17 step is quite endothermic (1.28 eV in Table 3). In addition, an energy barrier of 1.43 

eV is required to enable the O–H bond formation. This barrier is much higher than that on 

Ni(111) (1.13 eV41, 45) and on Pt(111) (0.75 eV 44), respectively. Once COOH is formed, the C–

O bond cleavage (R19) is rather exothermic (-1.11 eV) with a modest barrier of 0.44 eV. 

Reverse Boudouard reaction ( ): The reverse Boudouard process (R20) 𝑪𝑶 ∗
𝟐 + 𝑪 ∗ →𝟐𝑪𝑶 ∗

converts solid carbon into CO using CO2 as the co-reactant. On Co3Mo3N(111), R20 is 

moderately endothermic (0.21 eV), versus Eqn. (3). Nevertheless, the energy barrier is 

prohibitively high at 1.80 eV when compared to Ni(111), i.e., 1.13 eV.53 
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The potential energy profiles depicting the three routes are summarized in Fig. 4b. The 

direct reaction pathway is clearly is the most competitive route for C–O bond cleavage and 

will be adopted to represent for CO2 activation in the microkinetic model. 

C and CH oxidation by O and OH. The oxidation pathways of C and CH species are less 

straightforward than CH4 and CO2 dissociations. Here, four pathways converting C and CH into 

CO were considered. 

Direct C oxidation ( ): CO formation via the combination of atomic C and O 𝑪 ∗ + 𝑶 ∗ →𝑪𝑶 ∗

(R8) takes place at the  site and requires both atoms to migrate from their respective hcp1 TCo3

and B2 sites to  for C–O bond formation. This process is quite endothermic (0.72 eV) with TCo3

a high energy barrier of 2.11 eV. 

C oxidation via COH ( ): An alternative path is to 𝑪 ∗ + 𝑶𝑯 ∗ → 𝑪𝑶𝑯 ∗  +  ∗  →𝑪𝑶 ∗  +  𝑯 ∗

enable the C–O bond formation via the COH intermediate (R10), which then decomposes into 

CO and H (R11). The  and  are 0.86 eV and 1.38 eV, respectively. The O−H bond cleavage ∆𝐸 𝐸𝑎

is exothermic (-0.81 eV) with an energy barrier of 0.71 eV. The only limitation to this oxidation 

route is the surface concentration of OH species, which is produced from R9, with  and  ∆𝐸 𝐸𝑎

being 0.67 eV and 1.38 eV, respectively.

CH oxidation via CHO ( ): CH from incomplete CH4 𝑪𝑯 ∗ + 𝑶 ∗ →𝑪𝑯𝑶 ∗ + ∗  →𝑪𝑶 ∗ + 𝑯 ∗

decomposition can be oxidized by O via the formyl (CHO) intermediate as in R12. This step is 

quite endothermic (1.34 eV) and will need to overcome an energy barrier of 1.65 eV for C–O 

bond formation. Still, the energy barrier related to CHO formation is lower than R8. The 

dissociation of CHO into CO and H is an exothermic step (-0.64 eV), with an energy barrier of 

0.40 eV. 

CH oxidation via CHOH (𝑪𝑯 ∗ + 𝑶𝑯 ∗ →𝑪𝑯 ― 𝑶𝑯 ∗ + ∗  → 𝑪𝑯𝑶 ∗ (𝑪𝑶𝑯 ∗ ) + 𝑯 ∗ →𝑪𝑶 ∗ +

): Like C, CH can also be oxidized by OH via R14. However, the formation of CHOH is 𝟐𝑯 ∗

highly endothermic (1.57 eV), with a prohibitive energy barrier of 1.95 eV. The subsequent 

CHOH decomposition forming CHO is exothermic (-0.91 eV) with a moderate energy barrier 

of 0.54 eV. Alternatively, CHOH can form COH and H via C–H bond scission (R16), which is 

exothermic (-0.73 eV) with a low energy barrier (0.23 eV). 

Based on DFT calculations, the RLS for all oxidation elementary steps involve the C–O bond 

formation. 

3.2.3 Coke formation
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The sources of coke formation are frequently attributed to CH4 cracking and Boudouard 

reaction.54 According to Nikoo and Amin,55 CH4 cracking is favored over the Boudouard 

reaction between 900 K and 1273 K. On Co3Mo3N(111), the Boudouard reaction (reverse of 

R20 in Table 3) proceeds with a very high energy barrier 1.80 eV. Here, we focused on CH 

dissociation (R5) and CO decomposition (R8), both of which have lower energy barriers (0.96 

eV and 1.39 eV) than that in the Boudouard pathway. With the CO desorption energy of 0.13 

eV on Co3Mo3N(111), the likelihood of CO decomposition (R8) is much diminished, as CO is 

more likely to desorb. Hence, CH4 decomposition will be considered as the main mechanism 

for coke formation on Co3Mo3N(111).

According to Bradford and Vannice,1 carbon diffusion resulting in coke formation is 

sensitive to catalyst structures, especially the presence of large ensemble of metallic sites. 

Because the Co3Mo3N(111) facet is dominated by interspersed Co and Mo3N domains, large 

and continuous metallic domains for coke formation are absent. The electronic structures 

modulated by the interactions between the Co and Mo3N domains also suppress coke 

formation. On Co3Mo3N(111), the most preferred binding site for C is hcp1 with a binding 

energy of -7.97 eV. A stronger carbon binding on Mo2N(110) indicates that, on Co3Mo3N(111), 

C atom likely prefers the Mo3N over the Co domain. However, the top layer N species at the 

Mo hcp site blocks the access of carbon, hence, C binds at a secondary binding site (hcp1).  As 

a result, carbon binding is weakened on Co3Mo3N(111). Fig. 5 illustrates four possible carbon 

removal pathways on Co3Mo3N(111) versus C–C bond formation producing the C2 aggregates. 

We observed that the oxidation of C by OH should be the most competitive against C–C bond 

formation with the lowest energy barrier (1.38 eV versus 1.90 eV). 
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Figure 5. Coke formation pathway versus carbon removal pathways on Co3Mo3N(111).

3.2.4 DRM pathways on Co3Mo3N(111)

Fig. 6. The free energy profiles depicting DRM on Co3Mo3N(111) - generated at 973.15 K 

and 1 bar. Gas phase CO2 and CH4 and clean surfaces are used as zero energy references. 

The main DRM routes are highlighted by thick lines including CO2 (and subsequent OH 

formation) and CH4 dissociation; C, CH oxidation via respective COH and CHO 

intermediates; and CO, H2 formation that are illustrated in gold, purple, pink, blue, and 
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black, respectively. The less competitive pathways (e.g., CHOH formation and subsequent 

C–H and O–H bond dissociation) are represented in thin dashed or dotted lines. 

 Fig. 6 graphically depicts the free energy profile (at 973.15 K and 1 bar) of the DRM 

processes on Co3Mo3N(111) based on the above analysis of DFT calculations. By adopting 

Scheme 1, we emphasize the parallel CH4 and CO2 conversion pathways (distinguished by 

respective solid purple and dashed gold lines) at the initial stage. It is evident that the initial 

CH4 C–H bond activation is the RLS. In comparison, subsequent CHx decompositions follow 

free energy downhill upon the initial activation, while the CO2 dissociation free energy profile 

is much lower. The release of CO and H2 as the gas phase products also follow steep free 

energy downhill due to significant entropy gains. The multiple CH or C oxidation pathways are 

also displayed.  According to Fig. 6, indeed, the CH  CHO  CO (blue) and C  COH  CO 

(pink) routes are more competitive than the direct C oxidation and CHOH pathways. In fact, 

the conversions of C and CH, as the most abundant carbonaceous species, still resemble the 

oxidation pathways proposed on transition metal DRM catalysts.1

DFT calculations revealed that the sites in the Co3Mo3N Co domain can support parallel 

activations of CH4 and CO2 at two distinct sites; meanwhile, the bridge (Co-Mo) and hcp1 sites 

permit C/CH oxidation to proceed without interference. Hence, the dual-site configuration in 

Co3Mo3N(111) not only mitigates the site crowding and competition, but also allows both C–

H activation and C–O bond formation to occur at their favoured sites.

The performance of DRM on Co(0001) and Mo2N(110) surfaces was also evaluated to 

better understand the synergy effect in Co3Mo3N(111). In Fig. S5, the DRM consisting of only 

CH4 activation and the most competitive CH oxidation pathways were shown, with the 

activation of CO2 shown in a separate inset figure. On Co(0001) and Mo2N(110), the C–H bond 

activation occurs at the TMo and TCo sites, respectively. The C–H bond activation on Mo2N(110) 

is more exothermic (-1.60 eV), with a lower energy barrier (0.51 eV) than on Co3Mo3N(111). 

Still, the O-assisted C–H activations of CH4 on Co(0001) and Mo2N(110) are not as competitive 

according to DFT calculations. This actually coincides with prior theoretical works, which 

already suggested that the C–H activation can sometimes be inhibited by the O and OH 

intermediates.51, 56, 57 
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The direct CO2 dissociations on both Co(0001) and Mo2N(110) proceed with lower energy 

barriers. This process is particularly facile on Mo2N(110) with a barrier of only 0.10 eV. 

Morales-Salvador et al. 58 also suggested that Mo2N is highly reactive toward CO2 activation. 

In contrast, Co(0001) is more inert with an energy barrier of 0.46 eV. The binding energy of 

CO2 on Co obtained by Wang and co-workers is -0.04 eV,59 in good agreement with this work 

(-0.05 eV in Table 3). Wang et al. 60 stated that the CO2 binding strength correlates with the 

corresponding d-band center of on transition metal surfaces. By extrapolating this behavior 

to the  site in Co3Mo3N(111), the d-band of Co3 atom on Co3Mo3N(111) is closer to the TCo3

Fermi level. Also, Co3 is more negatively charged than the Co atoms in Co(0001). Both factors 

result in more active Co sites in Co3Mo3N(111) than Co(0001) for CO2 activation, and will 

ultimately favor DRM. 

Facile CO2 and CH4 activations occur on Mo2N(110) based on DFT calculations. In principle, 

this surface may be susceptible to either coking related to strong C and CH binding,24 or the 

hindrance of O passivation. The most probable oxidation pathway on Co(0001) proceeds via 

the CH oxidation by OH, with a relatively low energy barrier of 1.51 eV, while all oxidation 

pathways are hindered on Mo2N(110) due to the high reaction barriers ( > 2 eV). Conclusively, 

as illustrated in Fig. S5, Mo2N is predicted to lose its activity much more rapidly than Co and 

Co3Mo3N. 

3.3 Microkinetic modeling of DRM on Co3Mo3N

The microkinetic model consists of 10 chemical species (i.e., CH4, H2, C, O, H, CH, OH, CO, 

H2O, and CO2) in 10 elementary steps (see Appendix 1 in ESI). CHx (x = 2-3) dissociations 

following the initial CH4 activation are quasi-equilibrated and were lumped into a single CH4 

decomposition step, producing CH, C, and H2; while CO2 activation produces CO and O directly. 

The carbonaceous species (CH and C) are converted into CO coupled with O and OH, 

respectively. A Mathematica script was developed according to Appendix 1 to obtain the TOF 

for CH4 activation and surface coverage values at 1 bar and 973.15 K.  The initial feed consists 

of equimolar CH4 and CO2 (i.e.,  = 0.5 bar) at a molar flow rate of 1 mol/s. The 𝑝𝐶𝐻4 = 𝑝𝐶𝑂2

composition for the exiting gas stream consisting of CO, H2, and H2O, and the unreacted CH4, 

CO2, is determined by the equilibrium constant for Eqn. (1). The predicted TOFs were 

estimated based on a 55% CH4 conversion as the function of and .𝐵𝐸C 𝐵𝐸O
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As shown in Fig. S7(a-d), a series of linear scaling relationships were established to 

estimate , , , and  for H, CH, CO, and OH, as the key intermediates of the 𝐵𝐸𝐻 𝐵𝐸𝐶𝐻 𝐵𝐸𝐶𝑂 𝐵𝐸𝑂𝐻

developed DRM microkinetic model. The qualities of linear scaling relationships and BEP are 

indicated by MAE, MAX values as discussed by Zaffran and coworkers.61-63 The binding 

energies of H ( ) exhibit a high degree of correlation simultaneously with  and  𝐵𝐸𝐻 𝐵𝐸𝐶 𝐵𝐸𝑂

(Fig. S7a), with a standard error of 0.11 eV. The corresponding parameters associated with 

 and  are 0.16±0.09 and 0.12±0.10 (both are unitless), respectively. Conventional 𝐵𝐸𝐶 𝐵𝐸𝑂

linear scaling forms were adopted based on respective  and  for CH an OH according 𝐵𝐸𝐶 𝐵𝐸𝑂

to Ref. [64].64 Unlike other transition metal surfaces, the binding sites for C and O are uniquely 

distributed in different Co3Mo3N(111) regimes, i.e., the Co and the boundary sites. The 

acquired slopes of 0.76±0.07 (Fig. S7b) and 0.63±0.09 (Fig. S7d) for the 12 surfaces are in 

reasonable agreement to the values of 0.75 and 0.50,64 and thus remain faithful to the 

empirical formulation , where  and  represent the maximum H atoms (𝑛𝑚𝑎𝑥 ―𝑛)/𝑛 𝑛𝑚𝑎𝑥 𝑛

bonded to C and O to fulfill their valency and the actual H atoms attached these central atoms. 

Because CO prefers to bind with its carbon end on transition metal and metalloid surfaces;65 

and thus, a correlation between  and  was attempted. As shown in Fig. S7c, a linear 𝐵𝐸𝐶𝑂 𝐵𝐸𝐶

scaling relationship does exist between  and , with a slope of 0.52±0.11 and a R2 𝐵𝐸𝐶𝑂 𝐵𝐸𝐶

value of 0.92. Thus far, all key DRM intermediates appearing in the microkinetic model can 

be related to  and .𝐵𝐸𝐶 𝐵𝐸𝑂
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Fig. 7. Predicted Log10(TOF) (s-1) for CH4 activation according to Eqn. S34, as a function of 

 and . The volcano heat map was generated using the linear correlations presented 𝐵𝐸𝐶 𝐵𝐸𝑂

in Eqns. (S54-S58) as described in the Supporting Information. Reaction conditions used in 

the microkinetic model: T = 973.15 K, P = 1 bar, 55% CH4 conversion, CH4/CO2 ratio = 1:1 at 

a molar flow rate of 1 mol/s. The transition metals are represented by white squares, while 

nitrides and phosphide are represented by yellow circles. The data point for Ni2P was 

estimated based on Ref. [68].

A descriptor-based microkinetic model based on  and  adopts both the linear 𝐵𝐸𝐶 𝐵𝐸𝑂

scaling and Bronsted-Evans-Polanyi (BEP) relationships derived for the initial C–H bond 

activation (see Fig. S8 in ESI). As indicated in Fig. 7, a rather broad range of  and  𝐵𝐸𝑂 𝐵𝐸𝐶

values were covered with the chosen surfaces. Detailed reaction mechanism and the kinetic 

rate formulations are described in Appendix 1 in ESI.  

The catalyst reactivities for both dual-site Co3Mo3N and single-site surfaces are 

characterized by the turnover frequencies (TOFs) of CH4 C–H bond activation. The trend 

describing the DRM rates is illustrated by the heatmap in Fig. 7. The estimated Log10(TOF) 

values (in s-1) on 15 close-packed surfaces (including those of Co3Mo3N, Mo2N, and Ni2P) are 
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explicitly identified on the heat map. The peak region encompasses Ru and Co3Mo3N. The 

majority of transition metals (e.g., Fe, Co, Ni, Rh, Ir, Pt, Pd) are dispersed in an area bounded 

by  (1.0~2.8 eV) and  (-0.9~1.5 eV). Au, Cu, and Mo2N are located much further away 𝐵𝐸𝐶 𝐵𝐸𝑂

corresponding to either much weaker or stronger  and  values. The microkinetic 𝐵𝐸𝑂 𝐵𝐸𝐶

model predicts that Ru is among the most active single-site transition metals, followed by Co, 

Ni (both the 211 and 111 facets), and Rh; the next tier includes Ir, Pt, Pd, Ni(100), and Fe, with 

Cu and Au among the least active surfaces. This trend is reasonably consistent with the 

findings from Rostrup-Nielsen and Hansen, among other studies.12, 66, 67 

The two metalloid catalysts, Mo2N and Ni2P, were also considered as single-site catalysts. 

Mo2N, located in the lower left corner of Fig. 7, is also significantly less active than most 

monofunctional transition metals, as well as Co3Mo3N according to Fig. S5. Ni2P, reportedly 

an effective DRM catalyst resistant to carbon coking,68 displays a competitive Log10(TOF), 

similar to that of Pd or Pt thanks to moderate  and  on Ni2P(0001). 𝐵𝐸𝐶 𝐵𝐸𝑂

Co3Mo3N(111) is adjacent to Ru on the heatmap in a close proximity to the activity peak 

of the volcano. The high Log10(TOF) exhibited on Co3Mo3N(111) can be attributed to the 

unique dual-site configuration. From literature, conventional DRM catalysts often rely on 

functional metal oxide supports (e.g., TiO2,19, 20 ZrO2,69 Ce/ZrO2
70) to acquire the key 

functionality for CO2 activation for carbon residual removal.10 Relative to Ru on the heat map, 

 and  are both stronger on Co3Mo3N(111). On Co3Mo3N(111), the C and CH 𝐵𝐸𝐶 𝐵𝐸𝑂

intermediates preferentially occupy the Co site, while the O and OH occupy the Co-MoN 

boundary site. Hence, CH4 activation and carbon oxidation kinetics proceed at the respective 

Co and Mo3N domains simultaneously, which is an advantage for a catalyst consisting of a 

natural dual-site configuration. 
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Fig. 8. Predicted surface coverage for (a) , (b) , (c) , (d) , and (e)  based on the 𝜃C 𝜃𝑂 𝜃 ∗ 𝜃𝐶𝐻 𝜃𝐻

same condition as in microkinetic modeling: T = 973.15 K, P = 1 bar, 55% CH4 conversion, 

CH4/CO2 ratio = 1:1 at a molar flow rate of 1 mol/s. The transition metals are represented 

by white squares, while nitrides and phosphide are represented by yellow circles.

The predicted coverages of key DRM intermediates (i.e., C, O, CH, H, and *) from 

microkinetic modeling are summarized in Fig. 8. Atomic C and O are shown to be the most 

abundant surface intermediates (aka. MASIs). In Fig. 8a,  is relevant mainly in the bottom-𝜃𝐶

right corner, i.e., the strong C binding regime (  < 1.5 eV). The absence of carbon coverage 𝐵𝐸C

(in the lower left corner) suggests that strong O binding is able to counteract the dominance 

of C by occupying these active sites against C. This way, high  values are located on the left-𝜃𝑂

hand side of the heatmap (  < 0.2 eV, see Fig. 8b), a strong O binding region. Similarly, 𝐵𝐸O

deep in the strong C binding region,  retreats and eventually yields to high  (Fig. 8a) due 𝜃𝑂 𝜃𝐶

to the competition from surface C species. The remaining area (Fig. 8c) bounded at   > 1.5 𝐵𝐸C

eV and  > 0.2 eV corresponds to surfaces that are mostly adsorbate-free.  𝐵𝐸O

Based on  and , the Sabatier principle dictating DRM suggests that too strong C 𝐵𝐸𝐶 𝐵𝐸𝑂

or O binding may hinder the C–H bond activation due to active site blockage by C or O; while 

weak C or O binding results in intrinsically high activation barriers. For instance, when coupled 

with the predictions shown in Fig. 7, the cause underlying low TOFs associated with Mo2N 

and Fe - due to the excessively high  (Fig. 8a) - becomes evident. On clean Au(111) and 𝜃𝑂
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Cu(111), the high C–H activation energy barriers reduce the TOF despite high open-site 

availability.

In fact, DRM rates on most close-packed surfaces shown in Fig. 8a are not severely 

interfered by C species. Then, we focused on three Ni single crystal facets - (111), (100), and 

(211) - to validate the performance of the established DRM mechanism, as coking is a well-

known issue specially on the low-coordinated Ni sites.53 Using Fig. 8a,  indeed follows a 𝜃C

decreasing order of Ni(100) > Ni(211) > Ni(111), suggesting that, under current modeling 

conditions, coking only becomes a serious issue in the presence of low-coordination sites. We 

also noted that, as  increases in the order of Ni(111) < Ni(211) < Ni(100), the TOFs of all 𝐵𝐸𝐶

three Ni facets can be projected onto the opposite sides of the volcano plot along the vertical 

direction (Fig. 7). Hence, despite similar magnitudes of TOF, low coordination Ni sites benefits 

from higher C—H activation rates while Ni(111) benefit from less hindrance of coke formation.

Due to stronger C binding on Co3Mo3N(111) than on Ru, Co, Ni(111), as indicated in Fig. 

8a and 8d, there are small fractions of C and CH on Co3Mo3N(111) surface. Nevertheless, 

Co3Mo3N appears to tolerate such C presence. A plausible explanation is that: (i) C does not 

bind as strongly as on Ni(100); (ii) atomic O  binds stronger than Ni, Ru, and Co. The left-shift 

of Co3Mo3N on the heatmap due to the latter is necessary to maintain sufficient active sites 

and sustain a high level of CH4 conversion. 

Lastly, this work also suggests that a moderate  or  will not necessarily be detrimental 𝜃C 𝜃O

to catalyst performance; and may even be beneficial to sustain the progression of DRM on 

the surface. However, the optimal surface conditions and the potential of co-catalyst related 

to reaction intermediates on catalyst surface should be more thoroughly and systematically 

explored.

4. Conclusions

DFT calculations were performed to elucidate the molecular mechanisms of DRM on 

Co3Mo3N(111) so that the origins of its catalytic reactivity and coke resistance character can 

be understood. The proposed mechanism emphasizes initial parallel CH4 and CO2 activations, 

followed by oxidation and conversion of carbonaceous species into CO and H2. The full 

mechanism revealed that Co3Mo3N(111) is capable of activating both inert molecules 

efficiently; and the dominant CO formation pathways proceed via the COH or CHO 
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intermediates. DFT calculations revealed the varying site preferences for reaction 

intermediates at different catalytic regimes of Co3Mo3N(111). Generally, CH4 and CO2 

activation favors the Co regime, while C oxidation and removal favor the boundary sites.

Trend analysis based on  and  (the catalytic descriptors) and linear scaling 𝐵𝐸𝐶 𝐵𝐸𝑂

relationships confirmed that Co3Mo3N exhibits a superior DRM reactivity that is comparable 

to Ru. Also, Co3Mo3N performs significantly better than either of its single-site analogs (i.e., 

Mo2N and Co). Steady-state microkinetic modeling revealed that the electronic properties 

and a unique dual-site configuration collectively enable a high turnover rate for C–H bond 

activation on Co3Mo3N(111) and higher tolerance for surface C species due to facile CO2 

dissociation. It is also likely that the presence of moderate C and CH species help manage a 

moderate O coverage on the surface as well. The synergistic interactions between the Co- 

and Mo nitride regimes make Co3Mo3N a promising candidate for durable DRM.
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