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Mechanism of CO2 hydrogenation over a Zr1–Cu
single-atom catalyst

Lingna Liu,ab Xujia Wang,a Shuwei Lu,a Jiawei Li,a Hui Zhang,a Xuanyue Su,a

Fan Xue, *a Baowei Caoa and Tao Fangc

The effects of Zr single atom modification on the hydrogenation mechanism of CO2 to methanol on the

Cu(111) surface were investigated by density functional theory (DFT). In the HCOO pathway, 11

elementary steps were involved, which were analyzed from the aspects of kinetics and thermodynamics

of each elementary reaction. bi-HCOO*, HCOOH*, H2COO*, H2COOH*, H2CO* and H3CO* are the key

intermediates that are most likely to be generated. The elementary reactions of H2COO*, H2CO* and

H3CO* hydrogenation have relatively high activation barriers of about 1 eV, and they are the rate-limiting

steps in this pathway. The desorption barriers of HCOOH* and H2CO* are much higher than the energy

barriers required for continued hydrogenation; therefore, the formation of by-products is inhibited

on the Zr1–Cu single atom catalyst surface. In the COOH pathway, the hydrogenation product trans-

COOH* of CO2 can further hydrogenate to t,t-COHOH* through the formation of O-H bonds; then, it

facilely dissociates into COH*, and COH* continues to hydrogenate into HCOH*, H2COH* and the final

product of CH3OH. The last step is the rate-limiting step, with an activation energy of 1.48 eV. In the

RWGS pathway, trans-COOH* transforms to cis-COOH*, and its continued hydrogenation is more

favorable than dissociation in terms of kinetics and thermodynamics. The generated HCOOH is

incorporated into the HCOO pathway. The results show that the HCOO pathway is more likely to occur

and has higher selectivity on Zr-modified Cu-based catalysts.

1. Introduction

Carbon dioxide (CO2) is an abundant and inexpensive C1
resource. Reduction and conversion of CO2 into small organic
molecules or hydrocarbons can not only alleviate global warming
caused by the greenhouse effect, but also provide a new way to
meet future energy demand.1 Hydrogenation products of CO2

mainly include methanol (CH3OH),2–5 methane (CH4),6,7 formic
acid (HCOOH),8–10 dimethyl ether (CH3OCH3),11–13 and CO.14–18

CO is used to produce liquid fuels such as olefin and polyol
through the Fischer–Tropsch (FT) process and other mature
processes.19–24 Methanol is a liquid solar fuel, and it is highly
significant to realize the hydrogenation of CO2 to methanol.25

The hydrogenation process of CO2 to methanol is complex.
The intermediate species, elemental reaction and rate-limiting
steps involved vary with the catalysts and reaction conditions.
The initial hydrogenation of CO2 can generate the intermediate

formate (HCOO), by forming a C–H bond, or COOH, by forming
an O-H bond. It was found with XPS and TPD methods that
HCOO, which is a key intermediate in methanol synthesis, is
abundant on the Cu surface.26 Yang et al.27 investigated the
hydrogenation reaction of CO2 on Cu(111) and Cu nanoparticles
or in the presence of a ZnO(0001) carrier by experiments and
theoretical calculations. Their results indicate that methanol is
synthesized via the HCOO pathway on Cu(111) and Cu29. The
reaction intermediates involved are HCOO, dioxymethylene
(H2COO), formaldehyde (H2CO) and methoxy (H3CO), and the
reaction rates are affected by HCOO and H2COO hydrogenation.
CO is generated via the reverse water-gas-shift route (RWGS).
Due to the instability of the formyl group (HCO) generated from
CO hydrogenation, CO is easily generated by the reverse reaction.
Therefore, CO accumulates on the surface of the catalyst as a
by-product without subsequent hydrogenation reactions.

The introduction of Pd, Rh, Pt and Ni enhances the inter-
action between the intermediate species and metal surfaces,
especially the adsorption of CO and HCO, promoting the
formation of methanol via the RWGS pathway. The hydrogenation
of CO2 to carboxylate (COOH), which is then decomposed into CO
and OH, and CO hydrogenation to HCO and H2CO in turn,
follows the same elemental reaction in the HCOO path.28 Grabow
and Mavrikakis29 used DFT (GGA-PW91) calculations and micro-
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dynamics to investigate the reaction mechanism of the hydro-
genation of CO and CO2 to methanol on the traditional commer-
cial catalysts Cu/ZnO/Al2O3. They found that hydrogenation of the
HCOO group is more conducive to the formation of HCOOH
species than hydrogenation of the H2COO group. HCOOH can
continue hydrogenation to generate H2COOH, and then the C–OH
bond breaks to generate H2CO. Under industrial conditions,
CH3OH is mainly obtained by hydrogenation of CO2. When the
concentration of CO2 is low, the reaction rate is controlled by
H3CO formation. In contrast, H3CO hydrogenation controls the
reaction rate.

Kattel et al.,30 using DFT and KMC simulations combined
with DRIFTS and steady-state flow reaction tests, found that
titanium dioxide and zirconium dioxide can promote methanol
synthesis on Cu via the RWGS pathway, while the HCOO
intermediate acts as a bystander. The higher activity of ZrO2

is associated with the synergistic effect between Zr3+ and Cu
formed at the interface, which can appropriately enhance the
adsorption of CO2, CO, HCO and H2CO. not only promoted the
occurrence of RWGS pathway but also prevented the poisoning
of the active site. This not only promoted methanol synthesis
via the RWGS pathway but also prevented the poisoning of the
active sites. However, Larmier et al.31 studied the hydrogenation
of CO to methanol over Cu/ZrO2 by kinetics, FTIR and NMR
analyses combined with isotope labeling and DFT calculations.
They found that HCOO is the key intermediate species in the
reaction process. Austin et al.32 constructed copper nanoparticles
containing 55 copper atoms. By zirconium atom modification,
they found that Zr-modified Cu nanoparticles not only have a
chemisorption effect on CO2 but also have a strong activation
effect on CO2. Compared with Cu55, Cu54Zr is more efficient for
the dissociation of CO2 to CO. The doping of single atom Zr has
excellent catalytic activity for the reduction of CO2 to methanol,
increasing the adsorption stability of CO2, CHO and CO, facilitating
the dissociation of H2, and reducing the energy barrier for the
generation of HCO.33 Based on d-band center and chemical
hardness analysis, it was found that the adsorption energy of
CO2 could be changed through adjusting the ratio of Zr atoms in
the Cu–Zr bimetallic clusters, and the adsorption stability of CO2

was enhanced by the growth of Zr atoms.34

To further clarify the reaction mechanism of CH3OH synthesis
by CO2 hydrogenation on the surface of a Zr–Cu catalyst, the
Zr-single atom-doped Cu(111) surface was chosen as the catalyst
in this work. The adsorption stability of the reactants, products
and intermediates was studied by DFT theoretical calculations
to obtain the basic kinetic and thermodynamic data of the
elementary reactions in the HCOO, RWGS and COOH pathways.
By comparing the activation energy of each elementary step and
pathway, the most preferable pathway for hydrogenation of CO2 to
methanol was obtained.

2. Computational details

The DMol3 module35,36 in the Materials Studio software package
(Accelrys Inc.) was used in this study. The valence electron wave

function was expanded by the double numerical basis plus
polarization (DNP) base group.37 The effective nuclear potential
(ECP) was used to freeze and replace the internal electrons of the
metal atoms.37 The Perdew–Burke–Ernzerhof (PBE) exchange
correlation function was calculated using the generalized gradient
approximation (GGA).38,39 The Brillouin integral Monkhorst–Pack
grid parameter was set as 3 � 3 � 1.40 Smearing was set to
0.002 Hartree. The convergence tolerances of the energy, max-
imum force and displacement were set as 2 � 10�5 Hartree, 4 �
10�3 Hartree Å�1 and 5 � 10�3 Å, respectively. The transition
states were calculated using the complete linear synchronous
transit/quadratic synchronous transit (LST/QST).41 The conver-
gence criterion was set as 0.01 eV Å�1 for the root mean square
force on the atom. In addition, the rationality of the transition
state structure was confirmed by frequency analysis, and the
corresponding vibration mode should connect the required reac-
tants and products.

CuZr bimetallic catalysts have been synthesized for CO2

adsorption and activation in previous experiments. The results
of energy dispersive X-ray spectroscopy showed small particles
composed of Cu and Zr. The adsorption and activation of CO2

are strongly enhanced by Zr-doped Cu catalysts. Based on these
experiments, we chose Zr-single atom-doped Cu(111) as the
catalyst model in this study.42 The bond lengths of CH3OH
molecules in the gas phase were calculated, and the corres-
ponding values were C–O = 1.425 Å, C–H = 1.096 Å, and O–H =
0.969 Å, consistent with the previously observed experimental
values of 1.43 Å, 1.09 Å and 0.95 Å, respectively.43 The lattice
constant of Cu(111) in this study was 3.61 Å, which was close to
the experimental value of 3.62 Å.43

On the surface of Cu(111), CO2 activation plays a key role in
the hydrogenation of CO2 to methanol. The experimental
results show that the formation of Zr-doped Cu-based catalysts
can be promoted by the synergistic effect. In order to explore
the reaction mechanism, the surface was constructed with a
four-layer slab of a p(3 � 3) unit cell to model the Zr1–Cu
surface (Fig. 1), and a vacuum layer thickness of 15 Å was used
to separate the supercells. The adsorption species were relaxed
with the top two layers of the slab, and the bottom two atomic
layers were fixed.

The activation energy (Ea) and reaction energy (DE) on the
Zr1–Cu surface were calculated as follows:

Ea = ETS � EIS

Fig. 1 Top and side views of the Zr1–Cu surface (Cu: yellow, Zr: blue).
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DE = EFS � EIS

where EIS, ETS and EFS denote the total energies of the initial
state (IS), the transition state (TS), and the final state (FS),
respectively.

3. Results and discussion

HCOO, COOH and RWGS + CO-Hydro are the three reaction
pathways for the hydrogenation of CO2 to CH3OH. The initial
and final states involved in the elementary step are the most
stable adsorption configurations, as depicted in Fig. 2, 4 and 6.
The activation energies and reaction energies involved are
listed in Tables 1–3.

3.1 HCOO pathway

For H2 dissociation, the initial state of H�2 is located above
the Zr atom, and the distance between Zr and H2 is 2.298 Å.
The H–H bond length of 0.775 Å is fractured by TS1-1, and the
two H atoms in the final state are adsorbed at the Zr–Cu
interface by the H–Zr bond. The energy barrier of this step is
0.64 eV on the Zr1–Cu surface, which is thermally neutral.

Geometrical parameters such as the bond length of the C–O
bonds and the bond angle of CO2 have been used to identify
CO2 activation.44,45 The formation of the bent structure of CO2

is the initial step in the photoreduction.46 CO�2 prefers to
adsorb at the bridge site on the Zr1–Cu surface with an

adsorption energy of �1.35 eV, consistent with the previous DFT
and experimental results of�1.29 and 1.23 eV, respectively.42,47 The
Zr–C, Cu–C and Zr–O bond lengths of the adsorbed CO�2 are 2.456,
2.097 and 2.111 Å, respectively. A bent configuration of CO2

adsorption was found by a decrease in the O–C–O bond angle
from 1801 to 127.7721, in good agreement with the previously
reported value of 1261.42 The calculation results indicate that the
substitution of Zr atom has a positive effect on CO2 activation.

H* atom attacks C in CO2 to form bi-HCOO*. In the initial
structure of CO�2=H

�, CO2 adsorbs on the Zr1–Cu surface by an
O-Zr bond, where the bond angle of OQCQO is 172.2161 (Fig. 2).

Fig. 2 Most stable adsorption configurations of the key intermediates
involved in the HCOO pathway on the Zr1–Cu surface. H, C and O atoms
are represented as white, gray, and red spheres, respectively.

Table 1 Elementary reactions involved in the HCOO pathway on the Zr1–
Cu surface together with the activation energies (Ea/eV) and reaction
energies (DE/eV)

No. Elementary step Ea DE

R1-1 H�2 ! H� þH� 0.64 �0.08
R1-2 CO�2 þH� ! bi-HCOO� 0.60 �0.86
R1-3 bi-HCOO* + H* - HCOOH* 0.79 0.33
R1-4 bi-HCOO* + H* - H2COO* 0.80 �0.32
R1-5 H2COO* - H2CO* + O* 0.75 �0.53
R1-6 H2COO* + H* - H2COOH* 1.04 �0.07
R1-7 HCOOH* + H* - H2COOH* 0.96 �0.51
R1-8 H2COOH* - H2CO* + OH* 0.80 �0.61
R1-9 H2COO* + H* - H2CO* + OH* 1.46 0.39
R1-10 H2CO* + H* - H3CO* 1.12 �0.78
R1-11 H3CO* + H* - CH3OH* 1.08 0.49

Table 2 Elementary reactions involved in the COOH pathway on the Zr1–
Cu surface together with the activation energies (Ea/eV) and reaction
energies (DE/eV)

No. Elementary step Ea DE

R2-1 CO�2 þH� ! trans-COOH� 0.63 �0.19
R2-2 trans-COOH* + H* - t,t-COHOH* 1.41 0.89
R2-3 t,t-COHOH* - COH* + OH* 0.68 �1.28
R2-4 t,t-COHOH* - t,c-COHOH* 0.53 0.09
R2-5 t,c-COHOH* - c,c-COHOH* 0.67 0.60
R2-6 c,c-COHOH* - COH* + OH* 0.83 �0.09
R2-7 COH* + H* - HCOH* 0.45 �0.28
R2-8 HCOH* + H* - CH2OH* 0.43 �0.28
R2-9 H2COH* + H* - CH3OH* 1.48 �0.51

Table 3 Elementary reactions involved in the RWGS + CO-Hydro path-
way on the Zr1–Cu surface together with the activation energies (Ea/eV)
and reaction energies (DE/eV)

No. Elementary step Ea DE

R3-1 trans-COOH* - cis-COOH* 0.84 0.24
R3-2 trans-COOH* + H* - HCOOH* 0.94 �0.04
R3-3 cis-COOH* + H* - HCOOH* 0.52 �0.38
R3-4 cis-COOH* - CO* + OH* 1.42 0.85
R3-5 CO* + H* - COH* 1.57 0.65
R3-6 CO* + H* - HCO* 1.24 �0.58
R3-7 HCO* + H* - H2CO* 0.63 �0.90
R3-8 HCO* + H* - HCOH* 0.78 �0.75
R3-9 H2CO* + H* - CH2OH* 1.12 0.71
R3-10 O* + H* - OH* 1.64 �0.68
R3-11 H* + OH* - H2O* 1.28 0.79
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H* locates at the top site, and the distance between C and H* is
2.611 Å. In TS1-2, C and H* are close to each other, and the
distance is shortened to 1.771 Å. An activation barrier of 0.60 eV
must be overcome, and the heat released is 0.86 eV.

bi-HCOO* hydrogenation can form HCOOH* and H2COO*.
In the initial state, bi-HCOO* adsorbs on the Zr1–Cu surface by
Zr–O bonds, and H* binds on the hollow sites of Cu atoms with
a distance between O and H* of 2.986 Å. In TS1-3, the H–Cu
bond cleaves, and the length of the O–H bond is shortened to
1.544 Å. The activation energy of HCOOH* formation is 0.79 eV
on the Zr1–Cu surface, with a reaction heat of 0.33 eV. In TS1-4,
H* approaches bi-HCOO*, and the distance between H* and C
is 1.646 Å. The activation energy of H2COO* formation is
0.80 eV, and the exothermic heat is 0.32 eV; then, a new C–H
bond is formed in the final state. By contrast, the O–H bond
is almost as difficult to form as the C–H bond (Fig. 3).
The activation energy of dissociation of H2COO* to H2CO*
and O* via TS1-5 is 0.75 eV. The following step of O* hydro-
genation is as high as 1.64 eV; thus, it is difficult for this step
to occur.

H2COOH* is the product of HCOOH* and H2COO* hydro-
genation. H2COO* and H* co-adsorb, and the distance between
O and H* is 2.881 Å in the initial state. In TS1-6, the distance
between H* and O is shortened to 1.343 Å by overcoming an
energy barrier of 1.04 eV with a reaction heat of �0.07 eV.
HCOOH* and H* co-adsorb on the top site of Zr and the bridge
site of Cu near Zr in the initial state, respectively. In TS1-7, the
distance between the C atom in HCOOH* and H* is reduced
to 1.854 Å, and a C–H bond is formed with a bond length of
1.100 Å in the final state. A reaction heat of 0.53 eV is released.
The activation barrier of C–H bond formation is similar to that
of O–H bond formation (Fig. 3).

H2COOH* can be further dissociated into H2CO* to form
OH*. In TS1-8, the C–O bond cleaves and the distance between
C and O increases from 1.403 Å to 3.919 Å. OH* adsorbs on the
Zr1–Cu surface through an O–Zr bond. This process overcomes
the energy barrier of 0.80 eV with a large exothermic reaction
energy of 0.61 eV. H2COO* adsorbs on the Zr1–Cu surface by an
O–Zr bond in the initial state. H* and O are close to each other
when the C–O bond breaks through TS1-9. Compared with

Fig. 3 Potential energy profiles of the HCOO pathway in the process of methanol synthesis from CO2 hydrogenation on the Zr1–Cu surface.

Fig. 4 Optimized structures of the intermediates in the COOH pathway of methanol synthesis from CO2 hydrogenation on the Zr1–Cu surface.
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direct dissociation of H2COOH*, it is obvious that this reaction
is inhibited due to the very high activation barrier of 1.46 eV
and endothermic reaction energy of 0.39 eV (Fig. 3).

Subsequently, H3CO* is produced via H2CO* hydrogenation. In
the initial state, H2CO* adsorbs on the bridge site by C–Zr and
C–Cu bonds on the Zr1–Cu surface; this is the most stable co-
adsorption structure of H2CO*/H*, where the distance between H*
and C is 2.731 Å. In TS1-10, the distance between H* and C is
shortened to 2.045 Å. The reaction is activated by the highest energy
barrier of 1.12 eV in this path and releases a large heat of 0.78 eV.

H3COH* is formed by hydrogenation of H3CO*, which is the
last step of the CO2 hydrogenation reaction. For the initial
H3CO*/H*, H3CO* adsorbs at the top site by its O atom, while
H* binds at the hollow site. However, in TS1-11, H3CO* tends to
occupy the top site of the Zr atom through O, while H* locates
at the top site of Cu adjacent to the Zr atom. The reaction is not
facile due to the endothermic energy of 0.49 eV and the
substantial energy barrier of 1.08 eV, which is 0.23 eV lower
than that found in prior DFT results.48

3.2 COOH pathway

The O–H bond can also be formed by CO2 hydrogenation to
obtain trans-COOH*. In the initial state, the distances between
H*, O and C are 2.700 Å, 3.798 Å and 2.715 Å on the Zr1–Cu
surface, respectively. In TS2-1 (Fig. 4), the distance between H*
and O is shortened to 2.227 Å, and CO�2 adsorbs on Zr1–Cu
surface via Zr–C and Zr–O bonds. The O–H bond forms with a
bond length of 0.996 Å in the final state. The reaction requires
an activation energy of 0.63 eV and releases heat of 0.19 eV.

H* attacks O of trans-COOH* to obtain t,t-COHOH*. trans-
COOH*/H* co-adsorbs on the Zr1–Cu surface in the initial state,
and the length of the Zr–O bond is 2.15 Å. In TS2-2, the Zr–O
bond fractures and the distance between trans-COOH* and H*
decreases to 1.917 Å. The formation of t,t-COHOH* is kinetically
and thermodynamically inhibited due to the high activation
energy barrier of 1.41 eV and reaction heat of 0.89 eV (Fig. 5).
Its final state is similar to the transition state, and it forms an
O–H bond with a bond length of 0.987 Å. When the elemental
step takes place on the Zr1–Cu surface, there are three isomers of

COHOH*, which are t,t-COHOH*, t,c-COHOH*, and c,c-
COHOH*. The t,t-COHOH* - t,c-COHOH* reaction overcomes
the energy barrier of 0.53 eV, and this step is thermally neutral.
The activation energy of t,c-COHOH* - c,c-COHOH* is 0.67 eV,
and the reaction energy is 0.60 eV. Then, c,c-COHOH* decom-
poses into OH* and COH*. In TS2-6, OH* breaks away from c,c-
COHOH* by the cleavage of the C–O bond. COH* absorbs on the
Zr1–Cu surface via a C–Cu bond and C–Zr bond, while OH*
occupies the bridge site via an O–Cu bond. It is thermally neutral
(�0.09 eV), with an activation energy of 0.83 eV.

The product of COH* hydrogenation is HCOH*. H* locates
at the bridge site, and COH* adsorbs on Zr and Cu atoms in the
initial state, where the distance between C and H* is 2.519 Å.
In TS2-8, H* bonds with Zr on the Zr1–Cu surface and gradually
approaches C, by which the length is decreased to 1.759 Å.
HCOH* adsorbs on the Zr1–Cu surface at the hollow site via C
atom in the final state. The activation energy of the reaction is
0.45 eV, and the exothermic energy is 0.28 eV.

HCOH* is consecutively hydrogenated to form H2COH*.
In the initial configuration of HCOH*/H*, HCOH* locates near
Zr and H* adsorbs at the bridge site on the Zr1–Cu surface. The
distance between C and H* is 2.713 Å. In TS2-8, H* and HCOH*
are close to each other, and the distance between C and H* is
shortened to 1.939 Å. In the final state, the length of the C–H
bond is 1.183 Å, and the reaction activation energy is 0.43 eV,
giving off a heat of 0.28 eV. The final product is obtained by
H2COH* hydrogenation. H* adsorbs at the hollow site and
H2COH* occupies the Zr atom in the initial state. In TS2-9,
H* is close to H2COH*, and the distance between C and H* is
1.755 Å. The reaction heat was calculated to be �0.51 eV in the
COOH path with a very high energy barrier of 1.48 eV, which is
0.54 eV higher than that on Pd–Cu catalyst.49 The calculated
results indicated that the formation of the C–H bond is
kinetically unfavorable (Fig. 5).

3.3 RWGS + CO-Hydro pathway

Trans-COOH* isomerizes into cis-COOH* and the direction of
the H atom changes in TS3-1 (Fig. 6). The energy barrier and the
reaction heat are 0.84 eV and 0.24 eV, respectively. Both trans-

Fig. 5 Potential energy profiles of the COOH pathway in the process of methanol synthesis from CO2 hydrogenation on the Zr1–Cu surface.
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COOH* and cis-COOH* hydrogenation can form HCOOH*. The
corresponding energy barriers required are 0.94 and 0.52 eV,
which are exothermic by �0.04 and �0.38 eV, respectively.
HCOOH* adsorbs at the top site via an O–Zr bond with an
adsorption energy of �1.82 eV. In addition, HCOOH* can be
formed from bi-HCOO* hydrogenation in the HCOO pathway.
Compared to the desorption barriers of HCOOH*, the subse-
quent hydrogenation is facilitated over desorption on the Zr1–Cu
surface, indicating that the production of HCOOH is suppressed.

cis-COOH* dissociates into OH* and CO*. The C–O bond
length is 1.334 Å in the initial state, which is extended to 1.446 Å
by TS3-4. In the final state, OH* adsorbs on the Zr1–Cu surface at
the hollow site, and the reaction overcomes an extremely high
energy barrier of 1.42 eV and has a very high endothermic energy
of 0.85 eV (Fig. 7). Compared to the desorption barriers of CO*
(�1.57 eV), CO* hydrogenation is easier than desorption on the
Zr1–Cu surface, indicating that the production of CO is
suppressed.

CO* hydrogenation can generate HCO* and COH*. In the
initial state of CO*/H*, the most stable structure of CO* is

located at the top site of Zr, and H* is stable at the hollow site
on the Zr1–Cu surface. At TS3-6, the bond angle of O–C–Zr
changes from 168.4441 to 107.3201. In the final state, C bonds
with H* to form HCO* and then adsorbs on the Zr1–Cu surface,
which requires an energy barrier of 1.24 eV and an exothermic
heat of 0.58 eV. In TS3-5, CO* adsorbs stably on Zr and its
adjacent Cu, and the distance between O and H* is shortened
to 2.487 Å. The substantial energy barrier of COH* is calculated
to be 1.57 eV, with a reaction heat of 0.65 eV.

The HCO* species undergoes continuous hydrogenation
reactions to form H2CO* and HCOH*. In the initial configuration
of HCO*/H*, HCO* adsorbs at the bridge site on the Zr1–Cu
surface, and the distance between C and H* is 3.406 Å. At TS3-7,
H* gradually approaches C with a length of C–H bond of 2.064 Å.
In the final state, the H–C bond forms to generate H2CO*, which
can also be produced by the decomposition of H2COO* and
H2COOH* in the HCOO route. It adsorbs at the bridge site
through C–Cu and O–Zr bonds, with a calculated adsorption
energy of �2.68 eV. This step gives off heat of 0.90 eV, with an
activation energy of 0.63 eV. For HCOH* formation (TS3-8), the

Fig. 6 Optimized structures of the intermediates in the RWGS + CO-Hydro pathway of methanol synthesis from CO2 hydrogenation on the Zr1–Cu
surface.

Fig. 7 Potential energy profiles of the RWGS + CO-Hydro pathway in the process of methanol synthesis from CO2 hydrogenation on the Zr1–Cu
surface.
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activation barrier is slightly higher than that of C–H bond
formation (Fig. 7).

H2CO* may be hydrogenated to H2COH*. In the initial state,
H2CO* adsorbs on Zr and its adjacent Cu on the Zr1–Cu surface,
and H* stably occupies the hollow site of Cu. At TS3-9, O and H*
are close to each other, and the final H2COH* forms an O–H
bond with a bond length of 0.985 Å. The activation energy was
calculated to be 1.21 eV, and the endothermic energy is 0.71 eV.
The calculated results show that H2CO* hydrogenation is easier
than desorption on the Zr1–Cu surface.

H2COO* can be decomposed into H2CO* and O* groups,
which subsequently produce OH* species. The initial state of
O*/H* co-adsorbs at the adjacent hollow sites on the Zr1–Cu
surface. In TS3-10, H* occupies the top site, and the distance
between the H* and O atoms is reduced to 1.702 Å. The bond
length of O–H is 0.963 Å in the final state. The step is
exothermic (�0.68 eV), with an extremely high reaction energy
barrier of 1.64 eV. OH* can generate H2O* through further
reaction with the adsorbed H*. In the initial state, OH* binds at
the top site and H* binds at the bridge site on the Zr1–Cu
surface. At TS3-11, H* attacks the O atom of the OH* inter-
mediate and adsorbs at the top site. The distance between O
and H* atoms decreases from 3.878 Å to 1.326 Å. Subsequently,
H2O* binds at the top site on the Zr1–Cu surface, which is
highly endothermic (0.79 eV) and has an energy barrier of
1.28 eV.

As discussed above, methanol is produced by the lowest
energy HCOO pathway, which involves the intermediates of bi-
HCOO*, HCOOH*, H2COO*, H2COOH*, H2CO* and H3CO*.
The adsorption energies of bi-HCOO* and H3CO* are �4.64 and
�5.01 eV, respectively. In experiments, it has been observed that
bi-HCOO* strongly binds and forms large amounts of H3CO* on
zirconia-supported copper even after evacuation under high
vacuum.31 This work provides a bridge between experiment
and theory, which paves the road to designing efficient catalysts
for CO2 hydrogenation.

4. Conclusions

In this research, the mechanism of hydrogenation of CO2 to
methanol over a single-atom Zr-doped Cu-based catalyst has
been systematically explored by DFT calculations. Three possible
paths of CO2 + H2 - CH3OH are discussed. Along the HCOO
pathway, the most likely elementary reactions are CO�2!
bi-HCOO�!HCOOH� H2COO

�ð Þ!H2CO
�!H3CO

�!H3COH
�.

The rate-limiting step for the reaction is H2COO*, H3CO* and
H2CO* hydrogenation, for which the activation energies are all
about 1 eV. The desorption energies of HCOOH* and H2CO* are
higher than the activation energy of continued hydrogenation;
therefore, no by-products are formed in this path. In the COOH
pathway, COH* is easily dissociated through t,t-COOH* to gen-
erate COH*, and COH* continues to hydrogenate to generate
HCOH*, H2COH* and the final product CH3OH. The rate-limiting
step in the reaction process is H2COH* hydrogenation, for which
the activation energy is 1.48 eV. In the RWGS path, cis-COOH*

dissociation needs to overcome an energy barrier of 1.42 eV, while
its hydrogenation only needs an energy of 0.52 eV. Therefore, this
path preferably generates HCOOH* through the hydrogenation of
cis-COOH* and merges with the HCOO path. The results show
that the HCOO pathway is more likely to occur on Cu-based
catalysts with single atom doping and no by-product formation.
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