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Abstract 

The catalytic CO methanation reaction is an ideal model reaction for the fundamental 
understanding of catalysis on the gas-solid interface and is crucial for various industrial processes. 
However, the harsh operating conditions make the reaction unsustainable, and the limitations set 
by the scaling relations primarily between the energy barrier for CO dissociation and CO 
dissociative adsorption energy further increase the difficulty in designing high-performance 
methanation catalysts operating under milder conditions. Herein, we proposed a theoretical 
strategy to achieve both facile CO dissociation and C/O hydrogenation on a catalyst containing a 
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confined dual-site, which provides an elegant approach to circumvent the limitations introduced by 
the scaling relations. Our DFT-based microkinetic modeling reveals that a Co-Cr2/G dual-site 
catalyst introduced in this work could provide 4-6 orders of magnitude higher turnover frequency 
(TOF) for CH4 production than the cobalt step sites at the same reaction conditions. We believe 
that the proposed strategy in the current work will provide essential approaches for designing state-
of-the-art catalysts for methanation under mild conditions. 

Significance Statement 

Achieving milder operation conditions is important for the thermal-catalytic methanation 
process. Unfortunately, the inertness of CO signified through the scaling relation between the CO 
dissociation energy barrier and CO dissociative adsorption energy makes it very difficult to design 
high-performance catalysts that can produce methane from CO at low temperatures. In this work, 
we have shown using DFT how a  4-6 orders of magnitude increase in CH4 production rate 
compared with the cobalt step sites can be achieved through facile CO dissociation and C/O 
hydrogenation on a Co-Cr2/G dual-site catalyst. This work provides an elegant strategy for fine-
tuning bond-breaking and bond-making reactions on confined sites to achieve better catalysts for 
complex reactions. 

Introduction 
Since it was discovered by Sabatier and Senderens in 1902, the catalytic COx hydrogenation 

to methane (methanation) has served as an ideal model reaction for the fundamental understanding 
of catalysis on the gas-solid interface (1). This reaction plays an essential role in various industrial 
processes such as CH4 production, COx removal in hydrogen purification for fuel cells and ammonia 
synthesis processes (2). Due to the advancements in the exhaust gas recirculation infrastructure 
(see Figure 1A) (3, 4), further development of a sustainable CH4 synthesis from CO2 or CO derived 
from CO2 provides a meaningful addition to the global energy system. With the rapid development 
of sustainable energy-driven water electrolysis (5, 6) and an economically viable reduction of CO2 
to CO (7–9), the green H2-based CO methanation cycle shown in Figure 1A holds the potential to 
close the carbon cycle and therefore impact the roadmap towards carbon neutrality. 

The conversion of CO to methane is mainly limited by challenges associated with the breaking 
of the strong C-O bond and thus the reaction runs at high temperatures to overcome this barrier. 
Like the Haber-Bosch process, the methanation reaction is an exothermic reaction (1, 10) and 
hence the increased total pressure is needed to shift to higher equilibrium conversion at elevated 
temperatures as seen in Figure 1B (11). Altogether, this will increase the energy consumption of 
the reaction, introduce higher demands on the pressure resistance of the reactor, the temperature 
resistance of the catalyst, and also require efficient solutions for heat transfer properties of the 
reactor (12, 13). Therefore, developing a low-temperature solution for the methanation reaction is 
one of the key scientific challenges to be resolved and this clearly requires a more energy efficient 
catalyst.  

The search for better catalysts for the methanation reaction has been ongoing since its 
discovery in 1902 (1). In the work by Vannice et al. (14) an experimental CO to methane activity 
trend was established across the transition metals Ru, Fe, Ni, Co, Rh, Pd, and Pt, where the metals 
are arranged in descending order according to activity. Industrially, Co- and primarily Ni-based 
formulations are the catalyst of choice for the methanation reaction due to their abundance, 
acceptable activity, and lower cost than Ru, and for that reason also the most thoroughly studied 
(15, 16). Even though Fe is identified as a high-activity material, it suffers from poor selectivity (17). 
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One of the challenges with Ni-based catalysts is that they experience fast deactivation via sintering 
under the high-temperature conditions of the methanation reaction (18, 19). Achieving a suitable 
Ni-support interaction to avoid sintering and developing a low-temperature methanation strategy is 
an active area of research (20, 21). Different supports including Al2O3 (22), ZrO2 (23), CeO2 (24), 
SiO2 (25), Y2O3 (26), metal-organic frameworks (27) have been systematically evaluated, while 
CeO2 and ZrO2 were identified as good supports for the methanation reaction at 613.15 K and 
573.15 K (28). A Ni/ZrO2-CP (29) catalyst was reported to have 100% CH4 selectivity at 493.15 K 
for 100 h in CO methanation and a bimetallic NiCo/SiO2 (30) catalyst showed stable operation for 
100 h at 653.15 K with superior CO conversion and CH4 selectivity.  

Many research groups have reported theoretical simulations providing an essential 
mechanistic understanding of the methanation reaction, which combined with extensive modeling 
of rates has guided the catalyst design. For example, Nørskov and coworkers (31) established a 
computational framework combining DFT and micro-kinetics modeling (MKM) to screen optimal 
methanation catalysts and the group successfully identified a Fe-Ni alloy as a promising candidate. 
Studt et al. (32) found that the methanation activity trends of transition metals could be preserved 
when including the interaction effects in the MKM. A mechanistic study of methanation by 
Chorkendorff et al. (33) revealed the importance of step sites in dissociating the CO molecule, while 
the presence of H could change the dissociation path and greatly reduce the energy barrier. Li et 
al. (34) reported a more favorable H-assisted CO dissociation pathway than CO direct dissociation 
on Co(0001) surface. Wang et al. (35) demonstrated that Zr-modified Ni(211) has a better 
methanation performance than pure Ni(211), which is attributed to the higher d-state of step Zr and 
stronger interactions with HCO, CH2OH, and CH3OH. Francis et al. (36) computationally 
investigated the CO dissociation and methanation on strained Ni(211), Ni3Fe(211) and NiFe(112) 
surfaces, and identified strain engineering as an alchemical tool to properly tune catalyst activity. 
More recently, Andersen et al. (37) used advanced data science and machine learning methods to 
achieve accurate screening of CO methanation catalysts at a very low computational cost.  

Strategies to achieve higher rates of methane production under milder conditions is one of the 
grand challenges in catalysis but facing severe difficulties since most catalysts still require 
temperatures above 550 K to effectively activate the strong bond in CO. Clearly, designing a stable 
catalyst capable of breaking the C-O and simultaneously forming the C-H bond with low energy 
barriers represents an effective approach. Recently, we proposed a model catalyst with a dual 
active site capable of activating the inert N≡N bond under mild conditions (38), an approach that 
also appears suitable to address the challenge in CO methanation. As indicated in Figure 1C, the 
C-O bond will be activated by the dual-site catalyst through the enhanced 𝜋 back-donation. 
However, the optimal composition of the dual-site catalyst for CO methanation is still elusive.  

In this work, we have set up model structures for dual-sites on twelve different transition metal 
(Ag, Au, Co, Cu, Ir, Ni, Os, Pd, Pt, Re, Rh, and Ru) catalysts as shown in Figure 1D and have 
evaluated the intermediates in the CO methanation mechanism. The goal is to identify the optimal 
metal pairs capable of breaking the C-O bond and simultaneously hydrogenating *C/*O with low 
energy barriers, which is required for achieving high methanation rates under mild operation 
conditions. For comparison, we have performed calculations on the reaction network for CO 
hydrogenation to CH4 and CH3OH on the stepped model surfaces of several transition metals. Our 
results show that a much lower energy barrier for CO dissociation can be achieved on the catalysts 
with dual sites than on step sites. We eventually identify based on our DFT-based microkinetic 
modeling a Co/Cr-based dual-site catalyst that shows a 4-6 orders of magnitude higher turnover 
frequency (TOF) for CH4 than the step sites on a Co catalyst at the same reaction conditions. We 
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believe that the site engineering strategy proposed in the current work will provide guidelines for 
designing state-of-the-art catalysts for CO methanation and other related chemistries. 
 
Results 
CO Hydrogenation Reaction Mechanism on Undercoordinated Step Sites. In Figure 2, the 
mechanisms studied for the CO hydrogenation to methane and methanol are shown. The 
dissociative CO pathway leads to methane only whereas the associative CO pathway can lead to 
both methane and methanol. In the dissociative pathway, CO firstly dissociates into surface C (*C) 
and O (*O) species, followed by the subsequent hydrogenation to CH4 and H2O. However, the high 
energy barrier for C≡O bond breaking makes it difficult and it usually represents the rate-
determining step (RDS) (39). For the associative pathway, CO hydrogenation occurs prior to any 
dissociation, and it produces intermediate *COH or *CHO depending on the location of the first 
hydrogenation. Starting from the *COH intermediate, subsequent hydrogenation of the C-side will 
produce the formaldehyde isomer *CHOH, hydroxymethyl *CH2OH, and finally methanol. The C-O 
bond breaking could happen for any of the intermediates *COH, *CHOH, and *CH2OH followed by 
the hydrogenation of CHx and OHx to form methane and water. Starting from the *CHO species, 
one more hydrogenation on the C end will lead to the formation of formaldehyde and the 
consecutive hydrogenation steps produce methoxy and finally methanol. Methane formation is also 
possible if the C-O bond breaking occurs within the *CHO, *CH2O, and *CH3O intermediates. 
Clearly, this reaction is very complex and the design of a catalyst with high selectivity to a single 
product represents a grand challenge.  

We have performed systematic DFT calculations of the above reaction networks on stepped 
model surfaces of 12 transition metals (TMs=Ag, Au, Co, Cu, Ir, Ni, Os, Pd, Pt, Re, Rh, and Ru). 
The energies are summarized in Table S1 of the supporting information and the cartesian 
coordinates of all optimized structures are provided in the supporting dataset. For the CO 
methanation reaction, the dissociative pathway is not competitive on most metals due to the high 
energy barriers for CO dissociation, ranging from 1.85 eV for the reactive metal Rh to 6.43 eV for 
the least reactive metal Ag. Despite the facile CO dissociation on Re, the very high energy barriers 
for the hydrogenation of intermediates *CHx and *O greatly limits the rate and increases the energy 
consumption of the reaction. We note that CH4 formation via the H-assisted associative pathway 
generally has lower energy barriers but for some of the late transition metals it competes with the 
production of CH3OH making the control of selectivity very challenging. 
Microkinetic Modeling (MKM) and the Sabatier Principle. Based on the calculated energetics, 
we established a mean-field microkinetic model to analyze the activity and selectivity of each 
metallic catalyst at 523 K, pCO = 1 bar, pH2 = 2 bar (for details on the MKM we refer to the supporting 
information). As seen in Figure 3A, metallic Ag, Au, and Cu mainly produce methanol, Pd and Pt 
show competitive production of CH4 and CH3OH, while the more reactive metals mainly produce 
CH4. Through a compromise between capital cost and reactivity, catalysts based on Co and Ni 
have proven to be the best choices for the production of CH4 from CO among the 12 metals. The 
selectivity of Co is found to be slightly better than Ni, but of the two Ni is more competitive in terms 
of price. The Sabatier principle best illustrates how the CO methanation activity of metallic catalysts 
is restricted by a balance between CO dissociation and further hydrogenation of the intermediate 
surface *C/*O species (31). In Figure 3B, we show that there is a clearly linear scaling relation 
between the calculated CO dissociation barriers (EC-O) and CO dissociative adsorption energies 
(∆EC_O) (40) on the (211) step sites. When combined with a mean-field MKM, a volcano-shaped 
relationship between the calculated TOF of methane production (TOFCH4) and ∆EC_O can be plotted. 
This is seen in Figure 3C, which shows how reactive metals are limited by the hydrogenation of 
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surface species whereas less reactive metals are limited by the breaking of the strong C-O bond 
as represented by the Sabatier principle (41). Evidently, Co and Ni with moderate C and O binding 
strengths are very close to the top of the activity volcano, indicating their good performance for CH4 
production which also agrees well with experimental results (42, 43).  
Activation and Hydrogenation of CO on Confined Dual-Site Catalysts. Based on previous work 
focusing on N2 activation (38), the dual-site catalysts have the prospect of dramatically decreasing 
the energy needed to break strong chemical bonds via an enhanced 𝜋 back-donation. This would 
provide an elegant strategy to circumvent linear scaling relations, which per definition are tied 
entirely to one surface. To evaluate reaction barriers for the CO methanation reaction we modeled 
the dual-site catalysts like the structures shown in the schematics of Figure 1D for the 12 different 
transition metals. Subsequently, we identified the optimal distance between dual sites through 
systematic calculations of the barriers for the CO dissociation as well as the following 
hydrogenation steps towards methane (Figure S1). The TOFCH4 was then calculated using the 
mean-field MKM based on the energetics on the dual sites. As shown in Figure 3B, the dual-site 
catalysts have much lower CO dissociation energy barriers than the step sites, which significantly 
enhances the CH4 production for transition metals where the methanation reaction is limited by the 
C-O bond breaking step. The dual-site catalysts are seen to obey a different linear scaling relation 
than the step sites, thus resulting in a new volcano, shown in Figure 3C, where strong binding 
materials are limited by desorption rates that more resembles the close-packed (111) surface and 
weaker binding metals which are boosted by the higher rates of CO dissociation. Generally, we find 
that the dual sites have higher TOFCH4 than the step sites, which suggests that the proposed 
strategy of activating inert chemical bonds by separating the active site components participating 
in the reaction is valid. Among all the dual-site catalysts, Ir is identified as the catalyst material with 
the highest TOFCH4, but it is less attractive due to its scarcity. The confined Co and Ni dual-site 
catalysts are also both very close to the top of the volcano, displaying 2 and 4 orders of magnitude 
higher TOFCH4 than their stepped model surfaces, respectively. In addition to the enhancement in 
activity, the CH4 selectivity was significantly improved owing to the favorable dissociative 
mechanism on such confined dual-site catalysts. Evidently, confined dual-site – e.g. on a Co 
catalyst structure are theoretically predicted to be promising candidates if one wants to achieve 
active catalysts for the methanation reaction operating under milder conditions.  
Catalyst Design by Tuning the C and O Binding Energies on Confined Dual-site. As shown in 
Figure 3C, there is still enough space to further optimize the Co-based dual-site catalyst to reach 
the peak of the volcano. Considering this, we further analyzed the potential energy diagram of the 
confined Co dual site catalyst for CO methanation shown in Figure S2 and Table S2. It is found 
that the hydrogenation of CHx on the Co site with low energy barriers is very smooth, while the OH 
hydrogenation to H2O with the highest energy barrier is the rate-limiting step. Therefore, if we could 
identify an active center (AC) with a slightly weaker O binding that simultaneously retains the 
capability of breaking the C-O bond with a low energy barrier, then such an integrated Co-AC dual-
site system should result in a further increase in CO methanation activity. Clearly, the close-packed 
surfaces of the early transition metals such as Fe, Mn, Cr, Mo, and W with very strong O binding 
are unsuitable to represent the active center despite the high rates of dissociating CO and 
abundance of these metals. Nevertheless, achieving both facile CO dissociation and C/O 
hydrogenation by tuning the coordination environments of the active center should be possible. We 
studied the metal-doped graphene as a candidate for the active center of the Co-AC dual-site 
catalysts. First, the right metal to achieve the aforementioned goals needs to be identified, where 
Cr, Mn, Fe, Mo, and W with strong metallicity were chosen to represent the single active site on 
graphene and paired with the Co(111) surface to form the Co-M1/graphene dual-site catalyst (Co-
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M1/G) shown in Figure S3. Unfortunately, our calculated energy barriers for CO dissociations on 
these five Co-M1/G dual-site catalysts are 2.72 eV (Fe), 2.29 eV (Mn), 1.22 eV (W), 1.87 eV (Cr), 
and 1.71 eV (Mo), indicating the difficulties in breaking the C-O bond when the site ensemble is too 
small and therefore unable to accommodate the electronic structure changes associated with the 
bond breaking. We thus constructed another model catalyst with a larger active site ensemble by 
anchoring two metal centers on the graphene (Co-M2/G) as shown in Figure 3D. The calculated 
CO dissociation energy barriers on these larger active sites are 2.53 eV (Fe), 2.13 eV (Mn), 1.16 
eV (W), 1.12 eV (Cr), and 1.41 eV (Mo). In addition, we calculated the binding energies of *O and 
*H2O as well as the energy barriers for the hydrogenation of O/OH on these five metals to ensure 
the facile production of water (Table S3). Among the five considered Co-M2/G catalysts, the Co-
Cr2/G was identified as the structure with the lowest barrier for CO dissociation (Ea=1.12 eV) and 
suitable oxygen chemistry *O (Ea=0.82 eV) and *OH (Ea=0.84 eV) thus representing a very 
promising candidate for achieving higher methanation activity.  

To quantify the enhanced activity of the proposed catalyst, we calculated and compared the 
TOFCH4 on the stepped Co(211) surface, the confined Co dual-site catalyst, and the Co-Cr2/G 
system. As shown in Figure 4, the different structures represented by the three catalysts show very 
distinct activities for the methanation reaction. At the same reaction conditions, the Co-Cr2/G 
catalyst show 4-6 orders of magnitude higher TOFCH4 than the stepped Co surface. Evidently, the 
introduction of confinement effects can lead to significant improvements in activity and thus provide 
essential approaches for designing state-of-the-art catalysts operating under milder reaction 
conditions. 

 
Conclusion  

In summary, we did systematic DFT calculations for the CO hydrogenation mechanism to 
methane and methanol on model stepped surfaces and confined dual-site for 12 transition metals. 
Based on the comprehensive dataset, a microkinetic model was established which revealed that 
for a given metal the confined dual sites generally have more than 2 orders of magnitude higher 
methane turnover frequency than undercoordinated step sites. This indicates that confinement can 
stabilize the transition state for bond breaking of otherwise inert reactants effectively and thereby 
enhance the activity of materials limited by dissociation. The duality of the confined site enables us 
to integrate two distinct active components to tune the activity even further – the proposed Co-
Cr2/G catalyst is designed to achieve both facile CO dissociation as well as C/O hydrogenation, 
thus allowing us to circumvent the restrictions set by the linear scaling relations for CO methanation. 
The theoretically calculated TOFCH4 for the Co-Cr2/G dual-site catalyst is 4-6 orders of magnitude 
higher than what can be achieved for the Co(211) step sites. Clearly, such improvement in activity 
allows us to operate the methanation reaction under milder conditions and still achieve a similar 
TOF. The proposed confined dual-site strategy will help guide the design of new catalysts capable 
of activating inert chemical bonds at milder conditions, thus leading to more sustainable process 
solutions in heterogeneous catalysis. 
Materials and Methods 
Computational details. All DFT calculations were performed using the plane-wave based Vienna 
ab initio simulation package (VASP) (44) within the Atomic Simulation Environment (ASE) (45). 
The Bayesian error estimation functional with van der Waals correlation (BEEF-vdW) (46) was used 
to describe the exchange-correlation functional because of the reasonable ability to describe 
chemical adsorption on metal surfaces (47). The projected augmented wave (PAW) (48) method 
was used to describe the interaction between ion cores and valence electrons, combined with the 
plane wave at an energy cutoff of 400 eV. The stepped surface [the (211) facet for FCC metal] was 
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simulated with 8-layer (2 × 2) supercells with the topmost four layers relaxed and the bottom four 
layers constrained. A 4 × 4 × 1 Monkhorst–Pack k-point grids were applied for describing the 
Brillouin zone. A vacuum of 12 Å is set between two periodic repeated slabs for the normal metal 
surfaces without confinement. To construct the confined dual-site catalysts with metals, the close-
packed surface (the (111) facet for FCC metal, the (110) facet for BCC metal, and the (0001) facet 
for HCP metal) is used and different values of distance ranging from 12 Å to 4 Å were considered 
to identify the optimal distance of each metal to form effective bindings with both C and O end of 
CO molecule, i.e., 4.2 Å for Au, 4.4 Å for Os and Ru, 4.5 Å for Ni, Pt and Re, 4.6 Å for Ag, Cu and 
Pd, 4.7 Å for Rh, 4.8 Å for Ir, and 4.9 Å for Co. The confined dual-site catalyst shown in Figure S1 
was simulated using a 7-layer (2 × 2) supercell with the topmost and bottom two layers relaxed, 
and the middle three layers constrained. The 4 × 4 × 1 Monkhorst–Pack k-point grids were applied 
to describe the Brillouin zone. For the Co-M2/G dual-site catalyst shown in Figure S4, a 4-layer-(4 
× 4) supercell of Co (111) was used for the one substrate, and the bottom two layers were fixed 
during the optimization, while the (4 × 4) supercell of graphene was used as the other substrate of 
the dual-site catalysts, and the lattice mismatch between these two supercells is less than 2%. For 
geometry optimization, the force and energy convergence criteria were set to 0.05 eV/Å and 10−5 
eV, respectively. Spin polarization was applied for calculation on Fe, Co, and Ni systems to 
correctly describe magnetic properties. The transition state (TS) energies for the intermediates and 
target products were calculated by the climbing-image nudged elastic band (CI-NEB) method (49). 
The vibration frequencies for all species were calculated to analyze thermodynamic contributions 
to free energies. The Gibbs free energy (ΔG) at different temperatures is calculated with ΔG = ΔE 
+ ΔZPE – TΔS, where ΔE refers to electric energy difference, and ΔZPE is zero-point energy 
difference. T and ΔS are temperature and entropy differences, respectively. The enthalpy and 
entropic contributions are calculated within the harmonic approximation for surface species and the 
ideal gas approximation for gas-phase species. The formation energies (ΔE) of all the species 
(*CxHyOz) are calculated relative to gaseous energies of H2, H2O and CH4 as ΔECxHyOz = ECxHyOz – 
Eslab – [x*(ECH4 – 2EH2) + y*(EH2)/2 + z*(EH2O – EH2)], where ECxHyOz, Eslab, ECH4, EH2, and EH2O denote 
the electronic energies of the adsorbed intermediate over the surface, clean surface slab, methane, 
hydrogen molecule, and water, respectively. 
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Figures 

 

 
Figure 1. Key factors and challenges in CO methanation. (A) Carbon recycling through green 
hydrogen-based methanation, (B) Equilibrium conversion of stoichiometric CO and H2 to methane 
and water at different temperatures and total pressures, (C) Molecular orbital model for the CO 
activation mechanism on dual sites, (D) Schematic structure of the ideal dual-site catalyst. 
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Figure 2. The complex reaction network of CO hydrogenation to methane, methanol, and water. 
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Figure 3. Comparative analysis of key properties. (A) Methane vs methanol selectivity on stepped 
(211) transition metal surfaces for CO hydrogenation at 523 K, pCO = 1 bar, pH2 = 2 bar. (B) DFT 
calculated transition state energies of CO dissociation as a function of the dissociative adsorption 
energies of CO on the step sites (black circle) and dual sites (red triangles) on 12 transition metals. 
(C) Theoretically calculated TOFCH4 as a function of the dissociative adsorption energies of CO at 
523 K, pCO = 1 bar, pH2 = 2 bar. (D) The barrier for CO dissociation and the binding energies of 
*O/*H2O on five Co-M2/graphene dual-site catalysts. 
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Figure 4. Schematic structures of (A) a stepped Co(211) surface, (B) a confined Co dual-site 
catalyst, and (C) a Co-Cr2/G dual-site catalyst. Figures D, E, and F show the calculated TOF of 
CH4 as a function of temperature and total pressure (pCO:pH2 = 1/2), on the Co(211) surface, the 
Co dual-site catalyst, and the Co-Cr2/G dual-site catalyst, respectively. 

 
 


