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Abstract: Planewave density functional theory (DFT-PW91) calculations are employed to study 

the methanol synthesis through CO2 and CO hydrogenation, as well as the two side reactions: 

the water gas shift (WGS) reaction and the formic acid formation, on Ni(110). For the WGS 

reaction on Ni(110), we find that the redox mechanism is favored over the carboxyl-mediated 

mechanism. We show that the formate pathway is the dominant one for formic acid formation. 

For methanol synthesis through CO2 and CO hydrogenation on Ni(110), our results reveal that 

the formic-acid- and dioxymethylene-mediated pathways coexist, in contrast to methanol 

synthesis on Cu(111) where the formic-acid-mediated pathway dominates. We also find that on 

Ni(110), hydrogenation of CH2O* to CH3O* and that to CH2OH* both contribute to MeOH 

Page 1 of 52 Catalysis Science & Technology

mailto:manos@engr.wisc.edu


2

synthesis. Based on the derived energetics, we ascertain that CH3O* hydrogenation to CH3OH* 

is likely the rate-determining step along the CH3O* pathway on Ni(110). Remarkably, CH3O* 

hydrogenation can be facilitated by the presence of HCO*, demonstrating the promotional effect 

of CO. We further show that CO also participates in methanol synthesis directly via its 

hydrogenation to HCO* and further to CH2O*. Additional microkinetic modeling by considering 

feed composition and reaction conditions would provide further mechanistic insights into 

methanol synthesis on Ni(110).

Keywords: methanol synthesis, water-gas-shift, formic acid, density functional theory, nickel 

catalyst, reaction mechanism.

1. Introduction

Carbon capture and sequestration is of prominent importance due to the overwhelming scientific 

evidence that CO2 emissions have caused major climate changes. Direct utilization of CO2 as a 

raw material to synthesize useful chemicals, such as methanol (CH3OH) or formic acid 

(HCOOH), is thus of great interest for practical processes.1,2 On one hand, CO2 is an abundant 

carbon source. On the other hand, the removal of CO2 from industrial emissions can reduce its 

greenhouse effect. 
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       Methanol is an alternative energy carrier and can be used as a transportation fuel3 in either 

modified internal combustion engines or direct methanol fuel cells.4,5 Methanol is currently 

synthesized in industry from a mixture of CO2, CO, and H2 over Cu/ZnO/Al2O3 catalysts.6 Much 

experimental and theoretical work has been done on methanol synthesis over Cu catalysts.7-34 

There is still a debate on the main carbon source (CO2 or CO) for methanol synthesis. It is 

generally accepted that the CO2 hydrogenation path plays the major role,11,12,18 though Yang et 

al. reported a shift of primary carbon source from CO2 to CO at low reaction temperature.22 In 

an effort to explain experimental reaction kinetics data for MeOH synthesis over supported 

Cu/ZnO/Al2O3 catalysts, Grabow and Mavrikakis studied methanol synthesis  on Cu(111) using 

density functional theory (DFT) calculations combined with a detailed mean-field microkinetic 

model.35 They concluded that under the typical industrial methanol synthesis conditions, CO2 

hydrogenation contributes approximately 2/3 of the methanol produced while CO hydrogenation 

contributes the rest. A formic-acid-mediated pathway was found to be dominant for methanol 

synthesis on these Cu catalysts. It was proposed that CO is not only a promoter, but also a 

participant of methanol synthesis on Cu. A similar reaction pathway has been proposed on pure 

and Zn-modified Cu(211) stepped surfaces.19,23,24
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      Interestingly, it has been reported that on a Ni-modified Cu(001) model surface, the rate of 

methanol formation is significantly increased, with a turnover frequency on a Ni site ~ 60 times 

higher than that on a Cu site.36,37 This has been tentatively ascribed to a promotional effect by 

CO which leads to Ni segregation to the surface. More recently, Alharthi and coworkers 

synthesized zeolite-supported Cu-Ni alloys catalysts with varying composition and 

demonstrated the highest methanol synthesis activity with a Cu-to-Ni molar ratio of 2.38 Tan et 

al. also synthesized a Cu1Ni2 catalyst supported on CeO2 nanotubes with enhanced methanol 

synthesis activities over pure Cu catalysts.39 The potential for enhanced methanol synthesis 

activity is particularly attractive for industrial applications, as it offers a means to reduce the 

operating temperature (currently ~250 °C on industrial Cu/ZnO/Al2O3 catalysts), thus lowering 

the energy cost for the process. A lower reaction temperature is also desired if a Ni-containing 

catalyst is used for methanol synthesis, as Ni is known to also catalyze the methanation reaction 

for CO and CO2 at around 250 °C.40-42 Selective production of methanol on Ni therefore requires 

operating at a sufficiently low temperature to avoid activation of the O—C bond in CO/CO2 which 

eventually leads to methane formation.

      Insights into the reaction mechanism of CO2 and CO hydrogenation to methanol over model 

Ni surfaces could provide insights on the role of Ni in methanol synthesis. Among the low-Miller-
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index facets of Ni (Ni(111), Ni(100), and Ni(110)), Wang and co-workers demonstrated using 

DFT calculations that CO2 binds the strongest to Ni(110).43 Various experimental studies also 

evidenced the existence of stable CO2 adsorption structures on Ni(110) under ultrahigh vacuum 

(UHV) conditions.44,45 Vesselli et al. observed hydrogenation of CO2 to formate (HCOO) on 

Ni(110) under UHV conditions.46 These findings suggest that Ni(110) is a promising model 

surface for the study of methanol synthesis.

      Here, we systematically study methanol synthesis on Ni(110) through CO2 and CO 

hydrogenation using planewave density functional theory calculations. We consider all possible 

elementary steps for the WGS reaction, formic acid formation, and methanol synthesis from CO2 

and CO hydrogenation. We first discuss the WGS reaction and compare the redox and carboxyl-

mediated mechanisms. We then investigate formic acid formation via the formate and carboxyl 

pathways. After that, we systematically study methanol synthesis via CO2 hydrogenation along 

the formic-acid- and dioxymethylene-mediated pathways. Since our main focus is to explore the 

conversion of CO2 and CO to methanol, potentially at temperatures lower than the typical 

methanation temperature on Ni catalysts, we did not include any steps involved in the CO/CO2 

methanation reaction, which has been otherwise extensively studied in the literature.40-42,47-50 

Importantly, the role of CO as either a reactant in or a promoter of methanol synthesis is 

Page 5 of 52 Catalysis Science & Technology



6

examined in detail. Based on our DFT data, we construct the reaction network for the WGS 

reaction, formic acid formation, and methanol synthesis on Ni(110).

2.  Computational Methods

All calculations were performed using the Vienna ab-initio Simulation Package (VASP) code51,52. 

The projector augmented-wave (PAW) potentials53,54 were used for electron-ion interactions, 

and the generalized gradient approximation (GGA–PW91)55 was used to describe the 

exchange-correlation functional. The Ni(110) surface was modeled by a (23) surface unit cell 

in a seven-layer slab, separated from its successive images in the z-direction by a vacuum 

region ~12 Å thick. Adsorption is allowed on only one side of the metal slab, and the electrostatic 

potential was adjusted accordingly. The slab geometry and the high-symmetry sites on the slab are 

illustrated in Figure 1.56,57 The electron wave function was expanded using plane waves with an 

energy cutoff of 400 eV. The Brillouin zone was sampled with a (441) k-point mesh based on 

the Monkhorst-Pack scheme.58 The climbing-image nudged elastic band (CI-NEB) method59 

was used to calculate the activation energy barrier and the reaction coordinate for each 

elementary step considered. Seven intermediate images were interpolated between the initial 

and final structures for each CI-NEB calculation. The three bottom-most Ni(110) layers were 
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fixed during energy minimization; all other layers and the adsorbates were allowed to relax. 

Structures were fully relaxed until the Hellmann-Feynman forces acting on the atoms were 

smaller than 0.05 eV/Å. Transition states were verified by identifying a single imaginary 

frequency. The binding energy is defined as ads clean gasBE E E E   , where Eads, Eclean, and Egas 

are the calculated total energies of the slab with adsorbate, the clean slab, and the adsorbate 

species in the gas phase, respectively. All calculations were performed spin-polarized; the 

ferromagnetic phase was adopted for Ni(110). The calculated Ni lattice constant is 3.52 Å, in 

good agreement with the experimental value of 3.524 Å.60 

    The vibrational frequencies k  and normal coordinates kq  were determined by diagonalizing the 

Hessian matrix which was evaluated by displacing the atoms in x, y, and z directions by ±0.015 Å. The 

first-order infrared intensity of the kth normal mode was estimated by calculating the first 

derivative of the z-component of the dynamic dipole moments z with respect to the normal mode 

kq according to the formula61

2

z
k

k

dI
dq


 . 
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Figure 1. (a) Cross-section and (b) top views of the Ni(110) slab used in this study. The red dash 
lines indicate the (2x3) unit cell. The high-symmetry sites are marked on the top view: 1 – top; 2 
– short-bridge (SB); 3 – long-bridge (LB); 4 – pseudo three-fold (PT); and 5 – hollow (HL).

3.  Results and Discussion

3.1. Structure and Energetics of Adsorbed Intermediates

We first studied the adsorption of all relevant intermediate species on Ni(110). Shown in Figures 

2(a) – (v) are top and cross-section views of the atomic structures of the most favorable 

adsorbed states for the 22 intermediate species. The preferred adsorption site and the 

respective binding energies are summarized in Table 1. The calculated vibrational frequencies 

are listed in Table S1, where the calculated frequencies of gas-phase H2, CO, CO2, H2O, CH2O, 

HCOOH, CH3OH, and HCOOCH3 are also included.
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       H, O, OH, H2O, CO, and CO2. The calculated binding energies for H at PT (Figure 2a) and 

SB sites are very close to each other, -2.74 and -2.71 eV, respectively. LB, HL, and top sites 

are less stable, with calculated binding energies of -2.66, -2.51, and -2.44 eV, respectively. The 

binding of H on Ni(110) is slightly weaker than that calculated on Ni(111) at 1/9 ML overage (BE 

= -2.83 eV).62 Oxygen also prefers the PT site with a binding energy of -5.30 eV (Figure 2b), 

0.08 eV more stable than that at the SB site. OH binds to the surface through the oxygen atom; 

the SB site is the most favorable with a binding energy of -3.67 eV (Figure 2c). We note that at 

the SB site, OH is tilted away from the surface normal by an angle of 63°. H2O prefers to bind 

to the top site via its O with a binding energy of -0.46 eV (Figure 2d). H2O binding at the LB and 

HL sites is very weak with a calculated binding energy of -0.11 and -0.03 eV, respectively; the 

PT and SB sites are unstable. CO binds through its C atom with the molecule standing 

perpendicular to the surface. For CO adsorption, the most favorable binding site is the SB site 

with a binding energy of -1.92 eV (Figure 2e), which is approximately equal to the calculated 

binding energy of CO on Ni(111) at CO coverage of 1/3 monolayer.63 The calculated binding 

energies of CO at PT, top, and LB sites are -1.77, -1.75, and -1.56 eV, respectively. For CO2 

adsorption, the V-shaped CO2δ- configuration is the most stable (Figure 2f), with a calculated 

binding energy of -0.46 eV. 
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      HCOO, COOH, HCOOH, and H2CO2. Formate (HCOO) prefers the bidentate configuration, 

in which the center of the molecule sits over the SB site and the two O atoms bind to two adjacent 

top sites (Figure 2g), with a binding energy of -3.67 eV. Its isomer, carboxyl (COOH), prefers 

the SB site in the trans-configuration via its C end (Figure 2h; BE = -2.68 eV) and is 0.62 eV 

less stable in energy than HCOO*. Formic acid (HCOOH) adsorbs on the top Ni site via its O 

end (Figure 2i), with a binding energy of -0.72 eV. Dioxymethylene (H2CO2) prefers to bind 

through both O atoms to the SB-SB site across the surface trench (Figure 2j; BE = -5.14 eV). 

The strong binding between the two O atoms of H2CO2* with the surface Ni atoms results in 

H2CO2* being 0.59 eV more stable than HCOOH*, even though H2CO2 is 3.83 eV less stable 

than HCOOH in the gas phase.

      CH2O, CH3O, CH2OH, CH3O2, and CH3OH. Formaldehyde (CH2O) prefers the SB-SB site 

across the surface trench through both the C and O atoms (Figure 2k; BE = -1.32 eV). Methoxy 

(CH3O) binds via its O end to the surface; the SB site is the most favorable with a calculated BE 

of -2.92 eV (Figure 2l). In its preferred binding structure, the C-O bond tilts from the surface 

normal at an angle of 48º. The most stable adsorption site for hydroxymethyl (CH2OH) is the 

top-top site (bidentate) on the surface ridge (Figure 2m; BE = -2.07 eV); the molecule is 

adsorbed to the surface via both the C and O atoms. For hydroxymethoxy (CH3O2) adsorption, 
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the most stable configuration is the binding over the SB-top site via its O ends across the surface 

trench (Figure 2n; BE = -3.00 eV). Methanol (CH3OH) binds to the top site on the surface via its 

O end with a calculated BE of -0.47 eV (Figure 2o). This is similar to the binding configuration 

of methanol on Cu(111).

      CO3 and HCO3. For CO3 adsorption, the lying-down configuration above the surface trench 

is the most stable with two O atoms bound at top sites on one surface ridge and the third O atom 

bound at the SB site on the adjacent ridge (Figure 2p). The calculated binding energy of the 

lying-down configuration is -5.42 eV, which is 0.23 eV more stable than the perpendicular 

configuration at SB-SB site across the surface trench. HCO3 also prefers the lying-down 

configuration above the surface trench with a slightly different geometry than that of CO3: both 

O ends of the molecule bind to the SB sites on two adjacent ridges, and the OH group points 

upward, away from the surface (Figure 2q). For HCO3*, the lying-down configuration above the 

trench (BE = -3.30 eV) is more stable than the SB-SB site across the surface trench (BE= -2.95 

eV).

      HCOOCH3 and H2COOCH3. The most stable binding configuration of methyl formate 

(HCOOCH3) is the top site with the oxygen end of methyl formate bound to an atop Ni atom 

(Figure 2r; BE = -0.29 eV), similar to the binding geometry of formic acid. Our results find that 
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H2COOCH3 prefers the SB-SB site (via its two oxygen atoms) across the surface trench (Figure 

2s), similar to adsorbed state of H2CO2. The calculated binding energy of H2COOCH3 is -2.93 

eV.

      HCO, COH, and HCOH. The most stable HCO adsorption site is the SB-SB across the 

surface trench via both the C and O atoms (Figure 2t), with a binding energy of -2.67 eV. Its 

isomer COH prefers to bind through the C atom to the PT site with a binding energy of -4.17 eV 

(Figure 2u). Note that in the gas phase, HCO is 1.86 eV more stable than COH; while adsorbed 

on the Ni(110), HCO* is only 0.36 eV more stable than COH*. On the basis of total electronic 

energy, past DFT studies have shown that COH* is the preferred isomer over HCO* on Ni(111), 

Ni(100), and stepped Ni surfaces (e.g., Ni(211), Ni(321)).64,65 The unique preference for the 

HCO* isomer on Ni(110) could be due to the surface structure of the (110) facet, which allows 

for a particularly stable SB-SB adsorbate structure for HCO* across the surface trench (Figure 

2t). Such an adsorption structure is not possible on the other Ni surfaces. For HCOH*, the most 

stable adsorption site is the SB site via its C end with a binding energy of -3.33 eV (Figure 2v).
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Figure 2. Cross-section and top views of the most stable adsorbed structures on Ni(110) for (a) 
H, (b) O, (c) OH, (d) H2O, (e) CO, (f) CO2, (g) HCOO, (h) COOH, (i) HCOOH, (j) H2CO2, (k) 
CH2O, (l) CH3O, (m) CH2OH, (n) CH3O2, (o) CH3OH, (p) CO3, (q) HCO3, (r) HCOOCH3, (s) 
H2COOCH3, (t) HCO, (u) COH, and (v) HCOH. Blue, black, red, and gray spheres denote H, C, 
O, and Ni atoms, respectively.
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Table 1. Preferred adsorption sites and respective binding energies of adsorbed species on 
Ni(110). Notation on binding sites: PT for pseudo three-fold, SB for short bridge, and t for top. 

Species Preferred binding site BE(eV) Species Preferred binding site BE (eV)

H* PT -2.74 CH3O* SB -2.92

O* PT -5.30 CH2OH* t-t (ridge) -2.07

OH* SB (tilted) -3.67 CH3O2* SB-t (trench) -3.00

H2O* top -0.46 CH3OH* top -0.47

CO* SB -1.92 CO3* t-t-SB -5.42

CO2* V-shape -0.46 HCO3* t-SB -3.30

HCOO* t-t (ridge) -3.67 HCOOCH3* top -0.29

COOH* SB (trans) -2.68 H2COOCH3* SB-SB (trench) -2.93

HCOOH* top -0.72 HCO* SB-SBb -2.67

H2CO2* SB-SB (trench) -5.14 COH* PT -4.17

CH2O* SB-SB (trench) -1.32 HCOH* SB -3.33

3.2. Elementary Steps

Having calculated the structure and energetics of adsorbed intermediates, we now move on to 

investigate the energetics of methanol synthesis on Ni(110), including transition states 

structures for 51 elementary steps in total. Our results on the reaction energies and energy 

barriers for these elementary steps are summarized in Table 2. In the following, we discuss the 

most important steps in detail.
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3.2.1. WGS reaction and formic acid formation

    For industrial methanol synthesis, CO2, CO, and H2 are the reactants. Besides methanol, 

formic acid can also be formed from hydrogenation of CO2 (H2 + CO2  HCOOH). In addition, 

the WGS reaction (CO + H2O  CO2 + H2) may occur, which governs the conversion between 

CO and CO2. We thus first discussed the elementary steps for the WGS reaction and for formic 

acid formation. These relevant elementary steps are indicated by R9 to R20 in Table 2. 

   (1) Water activation 

   First H abstraction from H2O. The first H abstraction (R9, H2O*  OH* + H*) is exothermic by 

0.49 eV, and an energy barrier of 0.89 eV needs to be overcome.  During the reaction, one 

O—H bond of the adsorbed H2O at the top site is broken; the reaction ends up with OH and H 

sitting at neighboring SB sites. At the transition state, the reactive O—H bond is elongated to 

1.51 Å as compared with the O—H bond length of 0.98 Å in H2O*. Compared with that on 

Cu(111) (with Ea = 1.39 eV),7,35 the first H abstraction from H2O is easier on Ni(110).

    OH dissociation. The dissociation of hydroxyl (OH*) to O* and H* (R10, OH*  O* + H*) needs 

to overcome a barrier of 1.01 eV, and the reaction is endothermic by 0.37 eV. During the 

reaction, the O—H bond is elongated and finally broken, which brings the H* to the PT site of 

an adjacent row and leaves the O at the SB site. At the transition state, the O—H bond is 
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elongated to 1.50 Å compared to 0.98 A in OH*, and the distance between H and each of its 

three neighboring Ni atoms is 1.87 Å.  Similar to the first H abstraction, OH dissociation is much 

easier on Ni(110) than on Cu(111): the corresponding energy barrier of OH dissociation on 

Cu(111) is 1.68 eV.35 

    OH+OH disproportionation. OH* + OH* disproportionation to H2O* and O* (R11, OH* + OH* 

 H2O* + O*) is controlled by its thermochemistry. The disproportionation step itself requires an 

energy barrier of 0.49 eV. Starting from the initial state with two OH sitting at SB sites at two 

adjacent ridges, one OH moves close to the other, picks up the H to form H2O and leave an O 

behind. However, due to the strong attractive interaction between the H2O* and O* species 

formed, the subsequent diffusion of these two species to the infinitely separated state is 

energetically uphill by 0.39 eV. Overall, this step is endothermic by 0.86 eV. Since the 

endothermicity is larger than the calculated barrier, we consider the apparent barrier of this step 

to be equal to its reaction energy of +0.86 eV. Compared to the calculated barrier of 0.61 eV on 

Cu(111),35 the OH* + OH* disproportionation step is more difficult on Ni(110).

    (2) CO oxidation

    CO oxidation with atomic O. CO oxidation with atomic O* (R12, CO* + O*  CO2*) is 

endothermic (ΔE = 0.40 eV) and highly activated (Ea = 1.57 eV) on Ni(110). Initially, CO binds 
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to an SB site, and O binds to a nearby PT site. This step proceeds with the diffusion of O* to the 

SB site adjacent to the CO* species. O* then moves even closer to CO* to start forming a second 

C-O bond. At the transition state, the C—O distance is 1.77 Å. Compared with the same 

elementary step on Ni(111) (Ea = 0.83 eV)63 and on Cu(111) (Ea = 0.65 eV) 7,35, CO oxidation 

on Ni(110) is much more difficult. 

    Carboxyl formation. Carboxyl (COOH*) formation from CO* and OH* (R13, CO* + OH*  

COOH* + *) is endothermic (ΔE = 0.93 eV), with an activation energy barrier of 2.00 eV. We 

have discussed the reverse step on Ni(110), i.e., COOH* + *  CO* + OH*, in detail in our 

previous work.66 Compared with carboxyl formation on Cu(111), which needs a much lower 

barrier of 0.56 eV,35 carboxyl formation on Ni(110) is very difficult.

   Carboxyl decomposition. COOH* decomposition to CO2* and H* (R14, COOH*  CO2* + H*) 

is exothermic (ΔE = -0.17 eV) and is characterized by a moderate barrier of 0.95 eV. For further 

information, please refer to our prior work.66 We note that the barrier of Step R14 is smaller than 

the corresponding value (1.23 eV) on Cu(111), indicating that carboxyl decomposition is easier 

on Ni(110) than on Cu(111).

   Carboxyl disproportionation by OH. Spontaneous COOH* disproportionation by OH* to CO2* 

and H2O* was reported on Cu(111).7,35 Here, we consider the possibility of this step (R15, 
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COOH* + OH*  CO2* + H2O*) on Ni(110). The disproportionation process is nearly 

spontaneous with a small barrier of 0.06 eV. Subsequent diffusion of the CO2* and H2O* species 

to infinite separation is energetically uphill, which leads to an overall positive reaction energy of 

0.32 eV. Therefore, this step is controlled by its thermochemistry. The relative small 

endothermicity, though, indicates that this step can be facile on Ni(110).  

     (3) Formate formation  

      Formate (HCOO) formation by CO2* hydrogenation (R16, CO2* + H*  HCOO*) on Ni(110) 

is a two-step process. First, a bidentate structure at the LB site is formed, with an activation 

energy barrier of 0.37 eV and a reaction energy of -0.42 eV. The bidentate HCOO* at the LB 

site can transform to a slightly more stable bidentate configuration (by -0.03 eV) at the SB site, 

with a barrier of 0.60 eV. Overall, CO2 hydrogenation to formate is exothermic by 0.45 eV, and 

an effective barrier of 0.37 eV is required. By comparison, CO2 hydrogenation to carboxyl 

(COOH) (i.e., the reverse reaction of R14) is endothermic (ΔE = 0.17 eV) and is characterized 

by a higher barrier of 1.12 eV. For a more detailed discussion on formate formation, please refer 

to our previous work.66 As compared to that on Cu(111) (with the calculated barrier of 0.87 eV),35 

formate formation on Ni(110) is easier.
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      We also considered formate formation through the combination of CO2* and H* via a 

carbonate (CO3*) intermediate, which was experimentally observed on the step sites of Cu-

deposited Pt(111).67 Waugh proposed a mechanism in which CO3* can be further converted to 

formate through a disproportionation step with H* (H* + CO3*  HCOO* + O*).68 The availability 

of atomic O* on the surface is key to the formation of CO3*. Atomic O* can be provided by CO2* 

dissociation. Similarly as on Cu(111), we found that CO2 does not adsorb dissociatively on 

Ni(110). The dissociation of CO2* has a high activation energy barrier of 1.17 eV, and the 

reaction is exothermic by 0.40 eV (see the reverse reaction of step R12). Carbonate formation 

via CO2* and atomic O* (R17, CO2* + O*  CO3* + *) is exothermic (ΔE = -0.38 eV) with a 

modest barrier of 0.92 eV.  By comparing the formation of CO3* intermediate with formate 

formation directly from CO2* and H* (ΔE = -0.45 eV, Ea=0.37 eV), we can conclude that the 

direct CO2* hydrogenation by adsorbed H* is the favorable path for formate formation on Ni(110). 

    (4) Formic acid formation

    Formic acid (HCOOH) can be formed by hydrogenating either the HCOO or the COOH 

intermediate. Formation of formic acid by hydrogenation of HCOO (R19, HCOO* + H*  

HCOOH*) is endothermic by 0.93 eV and needs to overcome a barrier of 1.32 eV. HCOOH* 

formation via COOH* hydrogenation (R20, COOH* + H*  HCOOH*) has a reaction energy of 
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0.34 eV and an energy barrier of 0.89 eV. More detailed discussion of these two elementary 

steps can be found in our previous work.66

    (5) Potential energy diagram and reaction network 

      We plotted the potential energy diagram (PED) for the WGS reaction and formic acid 

formation on Ni(110) in Figure 3. The reaction network for the WGS reaction and formic acid 

formation is also illustrated in Figure 4. As we can see clearly from Figures 3 and 4, for the WGS 

reaction on Ni(110), the redox mechanism (black line) is energetically favored over the carboxyl-

mediated mechanism (red line), mainly because the formation of carboxyl from CO* and OH* is 

extremely difficult on Ni(110) (R13, Ea = 2.00 eV). This is in sharp contrast to the WGS reaction 

on Cu7,35 and Pd69 catalysts, where the carboxyl-mediated mechanism dominates. Although the 

OH* disproportionation step on Ni(110) requires a lower barrier (R11, 0.86 eV) than the direct 

OH* dissociation (R10, 1.01 eV), this step is thermodynamically uphill, which increases the 

apparent barrier of the subsequent CO2* formation step. Overall, the disproportionation pathway 

(purple line in Figure 3) is also unfavorable compared to the redox pathway. The formic acid 

formation from CO2 hydrogenation has been discussed in detail in our previous work.66 The first 

hydrogenation step prefers a formate path, as formate (Intermediate (22)) is 0.62 eV more stable 
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than its isomer carboxyl (Intermediate (11)), and a smaller energy barrier (R16, 0.37 eV) needs 

to be overcome. 

Table 2. Elementary steps of methanol synthesis from CO and CO2 hydrogenation on Ni(110). 
[a] 

Eint (eV)No. Reaction
IS FS

ΔE (eV) Ea (eV)

R1 CO2 + * → CO2* - - -0.46
R2 H2 + 2* → 2H* - - -0.94
R3 CO + * → CO* - - -1.92
R4 H2O + * → H2O* - - -0.46
R5 HCOOH + * → HCOOH* - - -0.72
R6 CH2O + * → CH2O* - - -1.32
R7 CH3OH + * → CH3OH* - - -0.47
R8 HCOOCH3 + * → HCOOCH3* - - -0.29
R9 H2O* + * → OH* + H* - 0.14 -0.49 0.89
R10 OH* + * → O* + H* - 0.12 0.37 1.01
R11 2OH* → H2O* + O* -0.27 -0.39 0.86 0.86 [b]

R12 CO* + O* → CO2* + * 0.06 - 0.40 1.57
R13 CO* + OH* → COOH* + * 0.15 - 0.93 1.90
R14 COOH* + * → CO2* + H* - -0.04 -0.17 0.95
R15 COOH* + OH* → CO2* + H2O* -0.03 -0.37 0.32 0.32 [b]

R16 CO2* + H* → HCOO* + * -0.04 - -0.45 0.37
R17 CO2* + O* → CO3* + * 0.18 - -0.38 0.92
R18 CO3* + H* → HCO3* + * 0.10 - 0.04 1.15
R19 HCOO* + H* → HCOOH* + * 0.00 - 0.93 1.32
R20 COOH* + H* → HCOOH* + * 0.08 - 0.34 0.89
R21 HCOOH* + H* → CH3O2* + * 0.00 - 0.02 0.66
R22 CH3O2* + * → CH2O* + OH* - 0.24 -0.35 0.84
R23 CH3O2* + * → CH2OH* + O* - -0.07 0.46 1.88
R24 CH2O* + OH* → CH3O* + O* 0.24 -0.07 0.33 0.92
R25 CH2O* + H* → CH3O* + * 0.09 - -0.04 0.69
R26 CH3O* + H* → CH3OH* + * 0.05 - 0.56 1.53
R27 CH2O* + H* → CH2OH* + * 0.09 - 0.44 1.07
R28 CH2OH* + H* → CH3OH* + * 0.13 - 0.06 0.82
R29 CH3O* +OH* → CH3OH* + O* -0.30 -0.46 0.90 0.90 [b]

R30 CH3O* + HCOO* → HCOOCH3* + O* 0.04 -0.13 1.59 1.94
R31 2CH2O* → HCOOCH3* + * 0.28 - 0.58 1.83
R32 HCOO* + H* → H2CO2* + * 0.00 - 0.30 1.20
R33 H2CO2* + * → CH2O* + O* - -0.02 0.64 1.45
R34 H2CO2* + H* → CH3O2* + * 0.08 - 0.63 1.34
R35 HCOOCH3* + H* → H2COOCH3* + * 0.30 - -0.01 1.13
R36 CH3O* + CH2O* → H2COOCH3* + * 0.24 - 0.42 0.90
R37 CO* + H* → HCO* + * -0.01 - 0.85 1.06
R38 CO* + H* → COH* + * -0.01 - 1.20 1.45
R39 HCOO* + * → HCO* + O* - 0.18 0.86 1.55
R40 HCOOH* + * → HCO* + OH* - 0.03 -0.42 0.45
R41 HCO* + H* → CH2O* + * -0.02 - 0.10 0.52
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R42 HCO* + H* → HCOH* + * -0.02 - 0.38 0.90
R43 HCOOH* + * → HCOH* + O* - 0.01 0.32 1.47
R44 HCOH* + H* → CH2OH* + * -0.04 - 0.16 0.48
R45 O*+ HCO* → OH*+ CO* 0.09 0.15 -1.20 -       [c]

R46 OH*+ HCO* → H2O*+ CO* 0.03 -0.20 -0.76 0.93
R47 HCOO* + HCO* → HCOOH*+ CO* 0.04 -0.08 0.08 -       [d]

R48 HCOO*+ HCO* → H2CO2*+ CO* 0.04 0.14 -0.51 -       [e]

R49 HCOOH* + HCO* → CH3O2*+ CO* -0.04 0.06 -0.90 1.04 [f]
R50 CH2O* + HCO* → CH3O*+ CO* 0.16 -0.03 -0.88 -       [g]

R51 CH3O*+ HCO* → CH3OH*+ CO* -0.07 -0.17 -0.45 0.90

[a] ΔE and Ea are the calculated reaction energies and energy barriers, evaluated with respect to species in the 
initial/final state at infinite separation. Eint describes the interaction between co-adsorbed species; a positive Eint 
value indicates repulsive interaction, and vice versa. Steps R1 – R8 are adsorption steps associated with zero 
energy barriers.
[b] The forward reactions of Steps R11, R15, and R29 are controlled by their thermochemistry, and the barriers are 
equal to the reaction energies. 
[c] Step R45 includes two sequential steps: the facile HCO* decomposition, HCO*  H* +CO* (inverse R37) and 
H* + O* OH* (inverse R10). 
[d] Step R47 involves two sequential steps: HCO* decomposition, HCO*  H* +CO* (inverse R37) followed by step 
R19, H* + HCOO*  HCOOH*. 
[e] Step R48 is sequential and includes two sub-steps: HCO* decomposition, HCO*  H* + CO* (inverse R37) and 
H* + HCOO*  H2CO2* (step R32). 
[f] This concerted step is not favorable over the sequential steps including inverse step R37, HCO*  H* + CO*, 
and step R21, H* + HCOOH*  CH3O2*. 
[g] This is not a concerted step. It is sequential and includes HCO* decomposition, HCO*  H* + CO* (inverse 
R37) and step R25, CH2O* + H  CH3O*.

Page 22 of 52Catalysis Science & Technology



23

Figure 3. Potential energy diagram of the WGS reaction and formic acid formation on Ni(110). 
The black, red, and purple lines denote the redox pathway, the carboxyl pathway, and the 
disproportionation pathway for WGS, respectively. The cyan line denotes the decomposition of 
COOH* through disproportionation with OH*. The blue and green lines denote the formic acid 
formation via the hydrogenation of HCOO* and COOH*, respectively. Intermediates are labelled 
as (1) – (23). Gas-phase and adsorbed species are denoted with (g) and *, respectively. Symbols 
+ and | indicate co-adsorbed species and species at infinite separation, respectively. TS-n 
denotes the transition state of reaction step Rn in Table 2. The total energy of gas-phase CO 
and H2O is set to zero.
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Figure 4. Reaction network for the WGS reaction and formic acid formation on Ni(110). The 
reaction energies (ΔE) and the activation energy barriers (Ea) for all the elementary steps are 
given in eV. Label Rn refers to the elementary step given in Table 2.

 3.2.2. Methanol synthesis via formic acid path 

    We now turn our attention to the elementary steps for methanol synthesis via the formic-acid-

mediated path. The relevant elementary steps are listed as R21 to R31 in Table 2. 

     (1) Hydroxymethoxy (CH3O2) formation via formic acid (HCOOH) hydrogenation. Along the 

formic-acid-mediated pathway for methanol synthesis, HCOOH is first hydrogenated to 

hydroxymethoxy (CH3O2). Shown in Figure 5(a) is the potential energy diagram of 

hydroxymethoxy formation via formic acid hydrogenation (R21, HCOOH* + H*  CH3O2* + *). 

During the reaction, HCOOH* is tilted towards the adsorbed H at the PT site in the adjacent row, 
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and the O bound on the surface moves from the top site to the SB site. At the transition state, 

the binding O has moved to the SB site, and the whole HCOOH* tilts away from the surface 

normal [see the inset in Figure 5(a)]; the adsorbed H moved upwards by 0.66 Å, resulting in a 

C—H distance of 1.57 Å. Further movement of HCOOH* and H* leads to the formation of a 

C—H bond and the binding of OH* to a top Ni atom in an adjacent row across the surface trench. 

As seen in Figure 5(a), the hydroxymethoxy formation via formic acid hydrogenation is nearly 

thermoneutral (ΔE = 0.02 eV) and has a barrier of 0.66 eV. Remarkably, compared with that on 

Cu(111) (Ea = 1.04 eV),35 the barrier of HCOOH hydrogenation to CH3O2 on Ni(110) is much 

lower. 

    Hydroxymethoxy (CH3O2) is one of the key intermediate species for methanol synthesis on 

Cu(111).35 Later, we show that this is also likely the case on Ni(110). We calculated the 

vibrational frequencies and simulated the infrared spectrum of CH3O2* on Ni(110). The 

calculated vibrational frequencies are tabulated in Table S1, and the simulated infrared 

spectrum is shown in Figure 5(b). We found a sharp peak associated with the stretching mode 

of CO2 in that intermediate at 1049 cm-1. Interestingly, the bending mode of CH2 at 1002 cm-1 

appears as a shoulder of the CO2 stretching mode. The intensity of the C—OH rotation mode at 

553 cm-1 is close to that of the stretching modes of CH2 and OH at 2946 cm-1 and 3441 cm-1, 
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respectively. The soft CO2 rocking mode at 448 cm-1 and the O—surface stretching mode at 317 

cm-1 also appear as small peaks in the simulated infrared spectrum.

Figure 5. (a) Potential energy diagram of hydroxymethoxy (CH3O2) formation via formic acid 
(HCOOH) hydrogenation on Ni(110). Top and cross-section views of the atomic structure of the 
initial state (IS), transition-state (TS), and final state (FS) are shown in insets. Blue, black, red, 
and gray spheres denote H, C, O, and Ni atoms, respectively. (b) Simulated infrared spectrum 
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of hydroxymethoxy (CH3O2) on Ni(110). A Lorentzian broadening of 20 cm-1 has been used. ν: 
stretch (νs, symmetric); δ: bend; ρ: rock.

  (2) Hydroxymethoxy (CH3O2) decomposition

     Hydroxymethoxy (CH3O2) decomposition to formaldehyde (CH2O) and hydroxyl (OH). Once 

CH3O2* is formed, the next step towards formation of the product methanol is the C—OH bond 

breaking in CH3O2* to form formaldehyde CH2O* and OH* (R22, CH3O2* + *  CH2O* + OH*). 

This step is exothermic (ΔE = -0.35 eV) with a barrier of 0.84 eV. At the transition state, the C—

OH bond is significantly stretched (the length of C—OH is 2.53 Å). Further movement leads to 

the formation of a C—Ni bond and brings OH* to the SB site. 

    Hydroxymethoxy (CH3O2) decomposition to CH2OH and O. We also considered a different 

step for CH3O2* decomposition, i.e., CH3O2*  CH2OH* + O* (R23).  This step is endothermic 

by 0.46 eV and has a higher energy barrier of 1.88 eV. Thus, it is clearly less favorable than 

Step CH3O2*  CH2O* + OH* (R22). 

   (3) Methoxy (CH3O) formation via formaldehyde (CH2O) hydrogenation. The next step toward 

the final product methanol is hydrogenation of CH2O* to CH3O* (R25, CH2O* + H*  CH3O* + 

*). This elementary step is slightly exothermic by 0.04 eV, and with a moderate barrier of 0.69 

eV. Alternatively, CH2O* can be hydrogenated to CH3O* using OH* as the source of H, leaving 

an atomic O* on the surface (R24, CH2O* + OH*  CH3O* + O*). This alternative step is 
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endothermic by 0.33 eV and has a barrier of 0.92 eV, 0.23 eV higher than that of the direct 

hydrogenation step (R25). Therefore, direct hydrogenation is the preferred path for CH2O* 

hydrogenation to CH3O*.

   (4) Methanol (CH3OH) formation via methoxy (CH3O) hydrogenation. Hydrogenation of 

methoxy CH3O* is the final step to methanol production (R26, CH3O* + H*  CH3OH* + *). This 

step was found to be the rate-determining step for methanol synthesis on Cu(111).35,70 Plotted 

in Figure 6 is the calculated potential energy diagram for methanol formation via methoxy 

hydrogenation. During the reaction, the CH3 moiety tilts towards the adsorbed H, followed by the 

movement of O from the SB site to the top site; the adsorbed H* moves up closer to O as well. 

At the transition state, the H—O distance is 1.47 Å. Further movement of CH3O* and H* ends 

up with the formation of an O—H bond, and the product CH3OH* binds to the top site. This step 

is endothermic (ΔE = 0.56 eV) with a barrier of 1.53 eV. As compared with the calculated barrier 

of 1.17 eV for the same step on Cu(111),35 methanol formation via methoxy hydrogenation is 

more difficult on Ni(110). This can be explained by the stronger binding of CH3O* on Ni(110) 

than on Cu(111): the calculated binding energy of CH3O* is -2.92 eV on Ni(110) while the 

corresponding value is -2.45 eV on Cu(111).35 As a result, more energy is required on Ni(110) 

to weaken the binding of CH3O* in order to bring it to the bond-making transition state.
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Figure 6. Potential energy diagram for methanol (CH3OH) formation via methoxy (CH3O) 
hydrogenation on Ni(110). Top and cross-section views of the atomic structure of the initial state 
(IS), transition-state (TS) and final state (FS) are shown in the insets. Blue, black, red, and gray 
spheres denote H, C, O, and Ni atoms, respectively.

   (5) Methanol (CH3OH) formation via CH2OH hydrogenation. Note that instead of the sequence 

of steps: CH2O* + H*  CH3O* + * (R25) and CH3O* + H*  CH3OH* (R26), an alternative route 

to methanol from CH2O* exists, that is, CH2O* + H*  CH2OH* + * (R27) followed by CH2OH* 

+ H  CH3OH* (R28). On Ni(110), hydroxylmethyl (CH2OH*) is 0.33 eV less stable than 

methoxy CH3O*. Compared with the exothermic reaction of R25 (ΔE = -0.04 eV, Ea = 0.69 eV), 

Step R27 is endothermic by 0.44 eV with a higher barrier of 1.07 eV. The CH2OH* formation is 

thus both thermodynamically and kinetically less favorable than the CH3O* formation. However, 
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we notice that further hydrogenation of CH2OH* to CH3OH* (R28) is slightly endothermic (ΔE = 

0.06 eV) with a barrier of Ea = 0.82 eV, which is easier than CH3O* + H*  CH3OH* (R26, Ea = 

1.53 eV). 

    (6) Methanol (CH3OH) formation from methoxy (CH3O) and hydroxyl (OH). We also 

considered hydrogenation of CH3O* using OH* as the H* source, CH3O* + OH*  CH3OH* + 

O* (R29). This step is controlled by its thermochemistry with an endothermicity of 0.90 eV. The 

bond-making/breaking process itself requires an energy barrier of 0.48 eV, which is smaller than 

the overall reaction energy. The endothermicity of this step is mainly caused by the large 

attractive interaction (Eint = -0.46 eV) between the two species, CH3OH* and O*, in the final 

state. The adsorbed O* can be hydrogenated to OH* with ΔE = -0.37 eV and Ea = 0.64 eV 

(reverse reaction of step R10). The path via CH3O* + OH*  CH3OH* + O* (R29, Ea = 0.90 eV) 

should compete with the path via CH3O* + H*  CH3OH* (R26, Ea = 1.53 eV). To close the 

catalytic reaction cycle, water formation from OH* is also needed. This step is the reverse of 

step R9 with ΔE = 0.49 eV and Ea = 1.38 eV. 

   (7) Methyl formate (HCOOCH3) formation. Methyl formate (HCOOCH3) is a major byproduct 

of methanol synthesis over Cu/SiO2 and was observed by in-situ Fourier transform infrared 

spectroscopy (FTIR).71 On Cu(110) predosed with O*, dissociation of HCOOCH3 to CH3O* and 
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HCOO* (HCOOCH3* + O*  CH3O* + HCOO*) was suggested.72 On Ni(110), HCOOCH3* 

formation (CH3O* + HCOO* → HCOOCH3* + O*, R30)  is endothermic by 1.59 eV and has a 

barrier of 1.94 eV. As a comparison, on Cu(111), this step is endothermic by 0.99 eV with an 

energy barrier of 1.24 eV.35 On Ni(110), formation of HCOOCH3* via two CH2O* (2CH2O*  

HCOOCH3*, R31) is endothermic (ΔE = 0.58 eV) with a high barrier of 1.83 eV. Since both R30 

and R31 steps are highly activated, it is unlikely for HCOOCH3 to form on Ni(110).

3.2.3. Methanol synthesis via dioxymethylene path

   In this section, we discuss the elementary steps of methanol synthesis via an alternative path 

mediated by dioxymethylene (H2CO2) instead of formic acid. The relevant elementary steps are 

listed as R32 to R34 in Table 2.

   (1) Dioxymethylene (H2CO2) formation. Instead of formic acid, formate can be hydrogenated 

at its C atom to dioxymethylene (H2CO2), which is a stable reaction intermediate for methanol 

synthesis on Cu and can be further hydrogenated to CH3O2*. We found that on Ni(110), H2CO2* 

is 0.59 eV more stable than HCOOH*. Note that on Cu(111), HCOOH* is more stable than 

H2CO2* instead.35 The relative stability of H2CO2* over HCOOH* is due to much stronger binding 

of H2CO2 on Ni(110): the binding strength of H2CO2 increases by 1.82 eV from Cu(111) to 

Ni(110), while the binding strength of HCOOH is enhanced by only 0.50 eV. Plotted in Figure 
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7(a) is the PED of formate (HCOO*) hydrogenation to dioxymethylene (H2CO2*) (R32, HCOO* 

+ H*  H2CO2* + *) on Ni(110). This elementary step is exothermic by 0.30 eV, and the reaction 

barrier is 1.20 eV. Along the reaction coordinate, the bidentate formate moves from the top sites 

towards the SB site, while the adsorbed H moves closer to formate simultaneously. At the 

transition state, one O of the formate has moved to the SB site; and the distance between the 

adsorbed H and C is 1.54 Å. After that, the other O atom transfers to the SB site, and the 

adsorbed H forms a bond with C.     

   As dioxymethylene is a key intermediate species, we calculated its vibrational frequencies 

(Table S1) and simulated its vibrational spectrum (Figure 7(b)). The frequencies are close to the 

values of dioxymethylene on Cu.35,73,74 As seen in Figure 7(b), the symmetric stretching mode 

in CO2 at 999 cm-1 has the highest intensity; the stretching mode in CH2 at 2937 cm-1 and the 

bending mode in CO2 at 533 cm-1 are also very strong. The stretching mode of O—surface at 

430 cm-1 shows a weak peak. This vibrational spectrum provides a fingerprint for 

dioxymethylene and could be useful to identify dioxymethylene in future infrared experiments.
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Figure 7. (a) Potential energy diagram of dioxymethylene (CH2O2) formation via formate (HCOO) 
hydrogenation on Ni(110). Top and cross-section views of the atomic structure of the initial state 
(IS), transition-state (TS), and final state (FS) are shown in the insets. Blue, black, red, and gray 
spheres denote H, C, O, and Ni atoms, respectively. (b) Simulated Infrared spectrum of 
dioxymethylene (CH2O2) on Ni(110). A Lorentzian broadening of 20 cm-1 has been used. νs: 
stretch (symmetric); δ: bend. 
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   (2) Dioxymethylene (H2CO2) decomposition.  The decomposition of H2CO2* breaks one C—O 

bond to form CH2O* and O* (R33, H2CO2* + *  CH2O* + O*). This step is endothermic by 0.64 

eV, with a large activation energy barrier of 1.45 eV. The O* species formed can be 

hydrogenated to OH* through the reverse reaction of step R10 as discussed earlier (ΔE = 0.37 

eV, Ea = 0.64 eV). 

   Once CH2O* is formed, it can be hydrogenated to the final product, methanol, via either CH3O* 

(R25 followed by one of the following two steps: R26 or R29) or CH2OH* (R27 and R28). These 

elementary steps are the same as those in the formic-acid-mediated path and have been 

discussed above.

   We note in passing that H2CO2* can be hydrogenated to CH3O2* (R34, H2CO2* + H*  CH3O2* 

+ *). This step is endothermic (ΔE = 0.63 eV) with a barrier of 1.34 eV. The difference in reaction 

energy and energy barrier in R21 (i.e., CH3O2 formation via formic acid hydrogenation) and R34 

is mainly because H2CO2* is 0.59 eV more stable than HCOOH* on Ni(110).

3.3. PED of Methanol Synthesis from CO2 Hydrogenation

   To summarize the elementary steps on Ni(110) discussed above, we plotted the potential 

energy diagram of methanol synthesis from CO2 hydrogenation in Figure 8. The overall reaction 
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can be divided into two parts: (1) formation of CH2O* (Intermediate (8)) and (2) hydrogenation 

of CH2O* to methanol. The first part proceeds through either the formic-acid-mediated path 

(black line) or the dioxymethylene-mediated path (red line). Comparing the two reaction paths, 

we notice that H2CO2* (Intermediate (16)) is 0.59 eV more stable than HCOOH* (Intermediate 

(5)). The energy barrier for formate hydrogenation to H2CO2* is 1.20 eV (R32), which is slightly 

lower than that for formate hydrogenation to formic acid (R19, Ea = 1.32 eV). Notice that 

HCOOH* decomposition to formate (reverse of R19) is facile with a small energy barrier of 0.39 

eV, while H2CO2* decomposition to formate is relatively difficult (reverse of R32, Ea = 0.90 eV). 

This indicates that H2CO2* may have a higher surface coverage than HCOOH*. Further 

hydrogenation of H2CO2* to CH3O2* (R34) requires a barrier of 1.34 eV, as compared with a 

barrier of 0.66 eV from formic acid HCOOH* to CH3O2* (R21). Note that on Figure 8, the 

transition state for H2CO2* hydrogenation (TS-34) and that for HCOOH* hydrogenation (TS-21) 

are comparable in energy. Starting from CH3O2* (Intermediate (6)), the remaining steps in the 

dioxymethylene-mediated path are the same as those in the formic acid-mediated path. We 

further notice that H2CO2* hydrogenation to CH3O2* is favored over H2CO2* decomposition to 

CH2O* + O* (R33, cyan line). The latter has a barrier of 1.45 eV and a reaction energy of 0.62 

eV. The higher surface coverage of H2CO2* and the comparable transition state energy may 
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suggest that the reaction probability via the H2CO2*-mediated path is higher than that over the 

HCOOH*-mediated path. This is in sharp contrast to methanol synthesis on Cu(111), where the 

HCOOH*-mediated path is favored over the H2CO2*-mediated path.35 

   Once CH2O* is formed, there are two different routes towards the formation of the final product, 

methanol: the CH3O route (blue and green lines) and the CH2OH route (purple line). For the 

CH3O route, the barriers are 0.60 eV and 1.48 eV for C—H (R25) and O—H (R26) bond 

formation, respectively; while for the CH2OH route, the barriers are 0.83 eV and 0.69 eV for O—

H (R27) and C—H (R28) bond formation, respectively. Note that CH3O* (Intermediate (10)) is 

0.49 eV more stable than its isomer CH2OH* (Intermediate (21) on Ni(110), suggesting that the 

probability to reach CH3O* is higher than that of CH2OH*. However, the subsequent O—H bond 

formation from CH3O* to CH3OH* (R26) needs a barrier as high as 1.48 eV, compared with a 

smaller barrier of 0.69 eV for C—H bond formation in CH2OH to form CH3OH* (R28). The 

transition state of O—H bond formation in CH3O*  CH3OH* (TS-26) is 0.23 eV higher in energy 

than the transition state of C—H bond formation in CH2OH*  CH3OH* (TS-28). For the CH3O 

route, we also considered the OH-assisted hydrogenation path (green line). The highest 

transition state along this path (TS-10) is of approximately the same energy as that of the direct 

hydrogenation (TS-26), indicating that these two paths coexist with similar energetics. The 
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combined thermodynamic and kinetic effect of CH3O and CH2OH routes suggests that they may 

compete with each other on Ni(110). This is different from the situation on Cu(111), where CH3O 

is the dominant route.35 The by-product, H2O*, is formed through the combination of OH* and 

H* (TS-9), with an activation barrier of 1.38 eV (reverse of R9).

   To complete the catalytic cycle, both products, CH3OH* and H2O*, need to be desorbed from 

the surface, with desorption energies of 0.47 eV and 0.46 eV, respectively (i.e., the absolute 

values of their binding energies shown in Table 1). For both product species, the desorption 

energy is much lower than the energy barriers for reactivating these species, which indicates 

that both species will readily be desorbed once formed on Ni(110). The desorption energy of 

CH3OH* is 0.47 eV, significantly lower than the activation energy barriers for CH3OH* 

dissociation to form both CH3O* (reverse of R26: CH3OH* + * → CH3O* + H*, Ea = 0.97 eV) and 

CH2O* (reverse of R28: CH3OH* + * → CH2OH* + H*, Ea = 0.76 eV). For H2O*, its desorption 

energy is 0.46 eV, which is 0.43 eV lower than the activation energy barrier for the H2O* 

dissociation step (R9: H2O* + * → OH* + H*, Ea = 0.89 eV). 

   To further elucidate the reason behind the different reaction pathways observed on Ni(110) and 

Cu(111), we compared all the DFT-derived energetics on Ni(110) with those values obtained earlier on 

Cu(111) (Figures S1 and S2 in Supporting Information).35 For all the adsorbed species, we observed much 

stronger binding on Ni(110) as compared to Cu(111) (Figure S1). This is expected due to the more reactive 
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nature of Ni than Cu as well as (110) being a more open facet than (111). On average, and among the 22 

adsorbed species studied, the adsorption on Ni(110) is more stable by 0.95 eV. The largest difference in 

binding energy (1.82 eV) was observed for dioxymethylene (H2CO2*), which was predicted to be 

involved in methanol synthesis on Ni(110). Stronger binding of surface intermediates generally leads to 

easier bond-breaking steps, while it makes bond-making and disproportionation steps more difficult due 

to the additional energy cost to bring both reactants to the transition state. With few exceptions, this 

prediction is in line with our calculated activation energy barriers on Ni(110) and Cu(111) (Figure S2). 

The barriers for bond-breaking steps are generally lower on Ni(110) than Cu(111) (Figure S2a), while 

those for disproportionation and bond-making steps are higher on Ni(110) than Cu(111) (Figures S2b and 

S2c, respectively). For example, the carboxyl formation step from CO* and OH* (R13: CO* + OH* → 

COOH* + *), a bond-making step, is more activated by 1.44 eV on Ni(110) than Cu(111), which explains 

why the WGS reaction cannot occur on Ni(110) through the carboxyl pathway, the preferred WGS 

pathway on Cu(111).7 One notable exception is the dioxymethylene formation step from HCOOH* (R32: 

HCOO* + H* → H2CO2* + *). Although it is a bond-making step, its activation energy barrier is 1.20 eV 

on Ni(110), 0.39 eV lower than that on Cu(111).35 This offers an explanation for the dioxymethylene 

pathway being a viable methanol synthesis pathway on Ni(110), but not on Cu(111). We caution readers 

that the DFT values on Cu(111) were obtained using a different software package (DACAPO),35,75,76 and 

therefore small discrepancies should be expected. However, due to the generally large differences between 

the calculated reaction energetics on Ni(110) and Cu(111), the qualitative trends observed from this 

comparison should still be valid.
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Figure 8. Potential energy diagram of methanol synthesis via CO2 hydrogenation on Ni(110). 
The black and red lines denote the CH2O* formation through the formic-acid- and 
dioxymethylene-mediated paths, respectively. The cyan line denotes the direct dissociation of 
hydroxymethoxy (CH3O2*) to CH2O*. The purple line denotes the hydrogenation of CH2O* to 
methanol via the CH2OH* intermediate. The blue and green lines denote the hydrogenation of 
CH2O* to methanol via the CH3O* intermediate through the direct and OH-assisted paths, 
respectively. Intermediates are labeled as (1) – (26). Gas-phase and adsorbed species are 
denoted with (g) and *, respectively. Symbols + and | indicate co-adsorbed species and species 
at infinite separation, respectively. TS-n denotes the transition state of reaction Rn in Table 2. 
The total energy of gas-phase CO2 and 3H2 is set to zero.

3.4. Effect of CO: Promoter or reactant 

   Finally, we studied the effect of CO on methanol synthesis. The CO effect has been partially 

addressed above in the WGS reaction. We further considered the CO effect by examining CO-
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assisted hydrogenation reaction steps using formyl (HCO*) as the source for H. Additionally, we 

examined the hydrogenation of HCO*, which eventually leads to the formation of methanol 

directly from CO. The relevant elementary steps are indicated as Steps R37 to R51 in Table 2.  

   (1) Formyl (HCO) formation. Our calculations show that on Ni(110), formyl HCO* is 0.36 eV 

more stable than its isomer COH*. Formyl formation via CO hydrogenation, i.e., CO* + H*  

HCO* (R37) is endothermic by 0.85 eV with an energy barrier of 1.06 eV. This indicates that the 

decomposition of HCO*, i.e., the reverse reaction of R37, is very facile with a small energy 

barrier of 0.21 eV. The formation of COH* via CO* + H*  COH* (R38) has a much higher 

barrier of 1.45 eV and a reaction energy of 1.20 eV. Therefore, CO hydrogenation to HCO* is 

favored over that to COH* on Ni(110). HCO* formation via formate decomposition, HCOO*  

HCO* +O* (R39), is highly activated with Ea = 1.55 eV and ΔE = 0.86 eV. HCO* can also be 

formed via formic acid decomposition, HCOOH*  HCO* + OH* (R40). This step is exothermic 

by 0.42 eV with an energy barrier of 0.45 eV. 

   (2) Formyl (HCO) as an alternative H source. With HCO* as an alternative source of hydrogen, 

O* could be hydrogenated to OH* in a concerted step (R45, O* + HCO*  OH* + CO*). 

Interestingly, our calculations indicate that step R45 is not a concerted step but involves HCO* 

decomposition (i.e., inverse of R37) first because HCO* decomposition is facile (reverse of R37, 
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Ea = 0.21 eV, ΔE = -0.85 eV) on Ni(110). This is also true for HCOO*, HCOOH*, and CH2O* 

hydrogenation using HCO* as an alternative H* source (R47-R50). Note that for formic acid 

hydrogenation to CH3O2*, we found a concerted path with HCO* as an alternative H source 

(R49). However, this concerted path has a higher barrier than the two-step sequential path with 

HCO* decomposition as the first sub-step.  

     Remarkably, with HCO* as an alternative H* source, we found that CH3O* hydrogenation 

becomes easier: a concerted step exists: CH3O* + HCO*  CH3OH* + CO* (R51), which is 

exothermic by 0.45 eV and has an energy barrier of 0.90 eV. Plotted in Figure 9 is the potential 

energy diagram for methanol formation via CH3O* hydrogenation with HCO* as the H* source. 

During the reaction, CH3O* moves from the SB site to the neighboring top site, and the O atom 

of HCO* rotates perpendicularly around C by breaking its O—Ni bonds. At the transition state 

(see inset of Figure 9), the two O—Ni bonds of CH3O* are broken; the distance between the H 

in CH3O* and the O in CH3O* is 1.92 Å; the H—C bond in CH2O* is elongated to 1.30 Å from 

1.17 Å. After the transition state, the H—C bond in CH2O* is broken, and an H—O bond is 

formed with CH3O*. In the final state, CH3OH* binds to the top site, and CO* binds to the SB 

site. Compared with Step R26, CH3O* + H*  CH3OH*, which is endothermic by 0.51 eV with 

an energy barrier of 1.48 eV, Step CH3O* + HCO*  CH3OH* + CO* (R51) is both 
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thermodynamically and kinetically more favorable. This indicates that in the presence of HCO*, 

CH3O* hydrogenation to the product CH3OH* is significantly promoted. 

     Here, we focus on the discussion of HCO* as an alternative H* source instead of its isomer 

COH* because: (1) on Ni(110), HCO* is 0.36 eV more stable than COH* (see discussion in 

Section 3.1); (2) from CO* and H*, the activation energy barrier for the formation of COH* (R38: 

CO* + H* → COH* + *, Ea = 1.45 eV) is 0.39 eV higher than that for the formation of HCO* (R37: 

CO* + H* → HCO* + *, Ea = 1.06 eV). It is also worth noting that because COH* decomposition 

is facile (reverse of R38: CO* + H* → COH* + *, Ea = 0.25 eV, ΔE = -1.20 eV), we were unable to 

observe any COH*-facilitated hydrogenation as a concerted step. Instead, COH* would be decomposed 

to CO* and H* first. For example, the reaction COH* + O* → CO* + OH* cannot occur as a single 

elementary step, but rather through a two-step process: COH* + * → CO* + H* and O* + H* → OH* + 

*.

   (3) Formyl (HCO) hydrogenation. HCO* can be hydrogenated to either CH2O* (R41) or HCOH* 

(R42). It turns out that the hydrogenation route to CH2O* is both thermodynamically and 

kinetically more favorable than the route to HCOH* on Ni(110): the CH2O* route has a barrier of 

0.52 eV and is slightly endothermic by 0.10 eV, while the HCOH* route has a higher barrier of 

0.90 eV and is endothermic by 0.38 eV. CH2O* can be further hydrogenated to the final product, 

methanol, through the reaction routes already discussed in Section 3.2. This is a possible route 
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for CO to participate directly in the formation of methanol. Our finding is in agreement with other 

recent DFT studies, where methanol formation from sequential hydrogenation of CO to HCO* 

and CH2O* on Ni(110) was reported.77,78

Figure 9. Potential energy diagram for methanol (CH3OH) formation via methoxy (CH3O) 
hydrogenation with HCO* as the H source on Ni(110). Top and cross-section views of the atomic 
structure of the initial state (IS), transition-state (TS) and final state (FS) are shown in the insets. 
Blue, black, red, and gray spheres denote H, C, O, and Ni atoms, respectively.

3.5.   Reaction Network for Methanol Synthesis       

   In Figure 10, we illustrated the reaction network for methanol synthesis on Ni(110) based on 

our DFT results. For CH2O* formation from CO2 hydrogenation, the HCOOH- and H2CO2-
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mediated paths co-exist. The H2CO2-mediated path (CO2*  HCOO*  H2CO2*  CH3O2*  

CH2O*) is likely preferred due to the higher stability of H2CO2*. Alternatively, CH2O* can be 

formed from the hydrogenation of CO (CO*  HCO*  CH2O*). The hydrogenation of CH2O* 

to the methanol product proceeds through either the CH3O or the CH2OH route. For the 

hydrogenation of CH3O*, a HCO-assisted path exists, which requires a lower energy barrier than 

the direct and the OH-assisted paths. We note that these results are based on DFT calculations 

only, and we have not considered experimental conditions such as temperature and partial 

pressure of CO2/CO/H2. Additional microkinetic modeling by considering feed composition and 

reaction conditions would provide further mechanistic insights into methanol synthesis on 

Ni(110). The microkinetic model could also be extended to include elementary steps in the CO/CO2 

methanation mechanism; such a model would enable the identification of reaction conditions under which 

the selectivity to methanol over methane is maximized on Ni catalysts. Another potential area for 

exploration is the possibility of adsorbate-induced surface reconstruction on Ni(110) under 

methanol synthesis conditions. Past scanning-tunneling microscopy (STM) studies have 

demonstrated H-induced reconstructions on Ni(110) under ultrahigh vacuum conditions.79,80 While 

our current study on the pristine Ni(110) surface should serve as a good initial estimate for the 

reaction energetics, in-situ studies, from both experiments and theory, for the catalyst surface 
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structure could provide valuable insights on the nature of active sites in the Ni-catalyzed 

methanol synthesis reaction.

   A key distinction between the methanol synthesis pathways on Ni(110) and Cu(111) is the 

presence of the H2CO2-mediated pathway on Ni(110). The adsorption properties and reactivities 

of the H2CO2* intermediate may serve as guiding criteria for improving methanol synthesis 

catalysts. It should be noted that the two key elementary steps involved in the H2CO2-mediated 

pathway (R32: HCOO* + H* → H2CO2* + * and R34: H2CO2* + H* → CH3O2* + *) are still notably 

activated (with Ea = 1.20 eV and 1.34 eV for R32 and R34, respectively) on Ni(110). Using the 

DFT results on Ni(110) as benchmark, one could design and engineer catalytic surfaces with 

sites that exhibit lower activation energy barriers for these elementary steps, which may 

eventually lead to the H2CO2-mediated pathway being the clearly dominant pathway over the 

HCOOH-mediated counterpart and potentially higher overall activity toward methanol synthesis.
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Figure 10. DFT-derived reaction network for methanol synthesis on Ni(110) derived by DFT. The 
reaction energies (ΔE) and the activation energy barriers (Ea) for all the elementary steps are 
given in eV. The label Rn refers to the elementary steps given in Table 2. 
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4.  Conclusions

In summary, we presented a planewave DFT-PW91 study of methanol synthesis, the WGS 

reaction, and formic acid formation on Ni(110). For the WGS reaction on Ni(110), we found that 

the redox mechanism is favored over the carboxyl-mediated mechanism, mainly because the 

formation of carboxyl from CO* and OH* is extremely difficult on Ni(110). This is in contrast to 

the WGS reaction on Cu(111) where the carboxyl-mediated mechanism dominates. For formic 

acid formation from CO2 hydrogenation, the formate pathway is favored over the carboxyl 

pathway on Ni(110). For methanol synthesis through CO2 and CO hydrogenation on Ni(110), 

our results showed that the formic-acid- and dioxymethylene-mediated pathways coexist, in 

contrast to the methanol synthesis on Cu(111) where the formic-acid-mediated pathway 

dominates. We also found that on Ni(110), the hydrogenation step of CH2O* to CH3O* and that 

to CH2OH* compete with each other. This is different from the situation on Cu(111), where the 

CH3O* pathway dominates. Similar to the case on Cu(111), CH3O* hydrogenation to CH3OH* is 

the likely rate-determining step along the CH3O pathway on Ni(110). Remarkably, on Ni(110), 

CH3O* hydrogenation can be facilitated by the presence of HCO* (as a source of Hydrogen), 

demonstrating the promotional effect of CO. Note that besides acting as a promoter, CO also 

participates in methanol synthesis directly as CO is hydrogenated to HCO* which is further 
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hydrogenated to CH2O*, and eventually to CH3OH* (through CH3O* or CH2OH*). Our results 

demonstrate the distinct behavior of Ni(110) in methanol synthesis as compared to the 

conventional Cu-based catalysts.
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