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Abstract: The conversion of CO2 with high activity and high selectivity to 

methanol remains challenging because of both the kinetics and 

thermodynamics difficulties associated with the chemical reactivity of 

CO2. Herein, we report a new catalyst of Cd/TiO2 enabling 81% methanol 

selectivity at 15.8% CO2 conversion with the CH4 selectivity below 0.7%. 

The combination of experimental and computational studies show that the 

unique electronic properties of Cd cluster supported on TiO2 are 

responsible for the high selectivity for CO2 hydrogenation to methanol via 

a HCOO* pathway realized at the interface catalytic sites. 
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1. Introduction 

Carbon dioxide capture and utilization (CCU) using renewable 

energy is an effective way to achieve carbon neutrality, thus drawing 

increasing attention from industry and academia worldwide. A promising 

route for CO2 utilization is methanol production (CO2 + 3H2 → CH3OH + 

H2O) since methanol can be used as an easily transportable fuel, an 

H2-storage molecule, or a precursor for the production of olefins and 

aromatics [1-2].  

Heterogeneous catalysts are commonly available for CO2 

hydrogenation to methanol by using a fixed bed reactor, which is capable 

for scale-up industrial applications [3-7]. Until now, CuZnO catalysts have 

been widely investigated for CO2 hydrogenation to methanol [8-15]. 

However, the methanol selectivity reported so far hardly exceeds 60% 

under the optimal operation conditions because of the competing side 

reactions, such as reverse water-gas shift reaction (RWGS) [16]. Besides, 

Cu-based catalysts usually suffer from deactivation caused by sintering 

[17]. Thus, non-Cu catalysts have drawn increasing attentions in recent 

years [18]. For instance, MnOx/m-Co3O4 [19], Co@SiO2 [20], and MoS2 

[21] were reported to be able to selectively hydrogenate CO2 to methanol. 

Unfortunately, these catalysts produce up to 2-10% CH4 in course of the 

reaction, far from meeting the industrial requirement. High selectivity to 

methanol has been achieved using In2O3/ZrO2 [16, 22-24] and MOxZrO2 
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(M=Zn, Cd, Ga) solid solutions catalysts [25, 26] with the trade off of the 

low CO2 conversion. NiGa and PdGa alloys catalysts also show excellent 

activity, however, only under atmospheric pressure [27-28]. It seems to be 

a general trend that better performance can be achieved when the catalyst 

contains two components, of which one is a metal oxide (ZnO, ZrO2) 

responsible for CO2 activation, and the other is a metal or a reducible 

metal oxide (Cu, ZnOx, In2Ox, Ga2Ox, MnOx) for H2 activation. These 

observations inspired us to explore other materials possessing the similar 

property. In this work, we found that a Cd cluster based Cd/TiO2 catalyst 

shows 81% methanol selectivity at CO2 conversion of 15.8%, while 

enabling to keep the CH4 under 0.7% at 5 MPa. The TOF of methanol 

formation for Cd/TiO2 catalyst is 43 mol·molactive metal
-1·h-1 at 2 MPa, 290 

oC and 24000 ml·gcat
-1·h-1, which is 26 times of that for CuZnO catalyst 

and 4 times of that for ZnO-ZrO2 catalyst under their respective optimized 

conditions. Further experimental study and DFT calculations indicate that 

the interface between Cd cluster and TiO2 are the active center for the 

hydrogenation of CO2 to methanol, rather than isolated Cd site or Cd 

nanoparticle supported on TiO2. 

2. Experimental 

2.1 Catalyst preparation 

TiO2 was prepared by hydrolysis method using TiO(C4H9)4. The 

obtained suspension was filtered, washed, and calcined at 500 oC in static 
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air for 3 h. If the TiO2 was treated with H2 at 500 oC for 2 h, TiO2(D) 

would be got. A series of x% Cd/TiO2 catalysts (x% represents molar 

percentage of Cd, metal base) were prepared by wet impregnation using 

Cd(NO3)2·4H2O as precursor. When the TiO2(D) was used as support for 

Cd/TiO2 catalyst, the sample was labled with Cd/TiO2(D). The Cd/TiO2 

catalyst were also prepared by precipitaion method and physical mixed 

method, which labled with Cd/TiO2(P) and Cd/TiO2(M), respectively. 

CuZnO and ZnO-ZrO2 catalysts were prepared by precipitation method. 

The Cu content in CuZnO catalyst is 70% (optimized content). The ZnO 

content in ZnO-ZrO2 catalyst is 13% (optimized content). 

2.2 Catalyst evaluation 

The activity tests of the catalysts for CO2 hydrogenation to methanol 

were carried out in a tubular fixed-bed continuous-flow reactor equipped 

with gas chromatography (GC). All catalysts were pressed, crushed, and 

sieved to the size of 40–80 mesh for the activity evaluation. Before the 

reaction, the catalyst (0.1 g, diluted with 0.4 g quartz sand) was pretreated 

in a H2 or N2 stream (0.1 MPa and 20 mL/min) at given temperatures. 

The reaction was conducted under reaction conditions of 2.0～5.0 MPa, 

200～400 oC, V(H2)/V(CO2)/V(Ar) = 72/24/4, and GHSV = 6000～

24000 mL/(g h). The exit gas from the reactor was maintained at 150 oC 

and immediately transported to the sampling valve of the GC (Agilent 
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GC-7890B), which was equipped with thermal conductivity and flame 

ionization detectors. Propark N and 5A molecular sieves packed columns 

(2 m×1/8 inch, Agilent) were connected to TCD while TG-BOND-Q 

capillary columns were connected to FID. The packed column were used 

for the analysis of CO2, Ar, CO, and the capillary column (30 m×0.32 

mm×10 μm, ThermoFisher) for hydrocarbons, alcohols, and other 

C-containing products. CO2 conversion (denoted as X(CO2)) and the 

carbon-based selectivity (denoted as S(product)) for the 

carbon-containing products, including methane, methanol, and dimethyl 

ether, were calculated with an internal normalization method. Space time 

yield of methanol was denoted as STY(CH3OH). All data were collected 

in 3 h after the reaction started (unless otherwise specified). 

Calculation of X(CO2), S(CH3OH), S(CO), STY(CH3OH):  
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The XRD results were collected on a Philips PW1050/81 

diffractometer operating in Bragg-Brentano focusing geometry and using 

CuKα radiation (λ = 1.5418 Å) from a generator operating at 40 kV and 

30 mA. SEM images were obtained with JEOL JSM-7800F. HRTEM 

images were obtained with an JEM-2100 microscope, 200 kV. The 

samples were prepared by placing a drop of nanoparticle ethanol 

suspension onto a lacey support film and allowing the solvent to 

evaporate. STEM were obtained with JEM-ARM200F microscope. The 

samples were prepared by placing a drop of nanoparticle ethanol 

suspension onto a lacey support film and allowing the solvent to 

evaporate. XPS was performed using a Thermo ESCALAB 250Xi with 

Al K radiation (15 kV, 10.8 mA, hν = 1486.6 eV) under ultrahigh vacuum 

(5 × 10–7 Pa), calibrated internally by the carbon deposit C(1s) (Eb = 

284.6 eV). There is a sample cell that feed gas of CO2 and H2 can be 

induced into and can be heated at the same time.  Cd/TiO2 catalysts were 

treated with CO2/H2=1/3 mixed gas for 2 h under the reaction conditions 

of 290 oC, 0.1MPa, then cooled in Ar atmosphere and to be used the XPS 

measure. EXAFS fitting was performed using VIPER program.The fit 

was performed alternatively in k and R spaces. When in the R space, it 

was done in the (Im + Module) mode, mathematically equivalent to the 

k-fit. The Fourier transformed (FT) data in R space were analyzed by 

applying CdO and metallic Cd model for Cd−O and Cd−Cd contributions. 
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A Brook A200 was used for recording EPR spectra at liquid nitrogen 

temperature. The sample was treated with the feed gas of CO2 and H2 

(CO2/H2=1/3) at 290 oC, 0.1MPa, then cooled to room temperature 

keeping the atmosphere of feed gas. In-situ DRIFTS experiments were 

performed using a FT-IR spectrometer (Bruker, Vertex 70) equipped with 

a MCT detector. All the DRIFTS experiments are conducted under 

0.1MPa. Before measurement, the catalyst was treated with H2 at 290℃ 

for 1 h, and then purged with Ar at 290℃. The background spectrum was 

obtained at 290℃ in Ar flow. Then, the sample was exposed to CO2 or a 

CO2/H2 mixture consecutively. The in-situ DRIFT spectra were recorded 

by collecting 64 scans at 4 cm−1 resolution. 

2.4 DFT calculation 

All DFT calculations have been performed using the Vienna Ab Initio 

Simulation Package (VASP). The generalized gradient approximation 

(GGA) with PBE exchange and correlation functional was used to account 

for the exchange-correlation energy. The kinetic energy cutoff of the plane 

wave basis set was set to 400 eV. The threshold for energy convergence for 

each iteration was set to 10-5 eV. Geometries were assumed to be 

converged when forces on each atom were less than 0.05 eV/Å. Gaussian 

smearing of the population of partial occupancies with a width of 0.10 eV 

was used during iterative diagonalization of the Kohn-Sham Hamiltonian. 

The bulky TiO2 unit cell in the phase of anatase was firstly fully optimized. 
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The optimized lattice vectors of TiO2 are a = b = 3.799 Å and c = 9.716 Å 

and α = β = γ = 90.00o, which have a good agreement with the experiment 

parameters. For Cd4/TiO2 model, 2x4 supercells of anatase TiO2 (101) 

surface with a vacuum space of 15 Å were built for investigation of the 

reaction mechanism. This slab model contains six titanium layers with the 

bottom three layers were fixed while the rest was allowed to relax during 

the geometry optimization. The lattice parameters were fixed throughout 

the surface calculations. For the CdTiO3 model, the optimized lattice 

vectors of rhombohedral CdTiO3 are a = b = c = 5.893 Å and α = β = γ = 

53.55o.5 The 1x3 supercell of CdTiO3 (104) surface with a vacuum space of 

15 Å were built for the reaction mechanism study. The optimized structure 

of Cd4/TiO2 and CdTiO3 catalysts are shown in Figure S11. The 

nudged-elastic band method with the improved tangent estimate (CI-NEB) 

was used to determine the minimum energy path and to locate the 

transition state structure for each elementary reaction step. 

3. Results and Discussion 

Cd/TiO2 catalysts were prepared by wet impregnation using TiO2 

support. The performance of the catalysts for CO2 hydrogenation was 

evaluated in the fixed-bed reactor. CH3OH and CO are the main products 

detected by GC. Fig. 1(a) summarizes the CO2 conversion and methanol 

selectivity for TiO2-based and Cd-based catalysts. For Cd/TiO2 catalyst, 

methanol selectivity of 71% can be obtained when CO2 conversion  
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Fig. 1 Catalytic performance. (a) CO2 conversion and methanol selectivity for 

different catalysts. (b) Dependence of catalytic performance on the Cd/(Cd+Ti) molar 

ratio. (c) Variation of CO2 conversion and methanol selectivity of 3.5%Cd/TiO2 under 

different pressures and temperatures. (d) Methanol yield and specific activity for 

CuZnO, Cd/TiO2, and ZnO-ZrO2 catalysts at different temperatures. Standard reaction 

conditions: 2.0 MPa, H2/CO2 = 3/1, 290 ℃, GHSV = 24000 mL·gcat
-1·h-1. 

 

reaches 9.4% under 2 MPa, 290 ℃, CO2/H2 = 1:3, 24000 mL·gcat
-1·h-1. In 

contrast, no methanol was detected for TiO2, and methanol selectivity of 

40% was obtained using Cd along, however, only 0.3% of CO2 was 

converted. Other composite catalysts such as Cd/Al2O3, Cd/CeO2, 

Cd/Ga2O3, Cu/TiO2, ZnO/TiO2, and MgO/TiO2 all exhibit low methanol 
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selectivity (≤ 50%) and CO2 conversion (≤ 4%). These data suggest the 

unique reactivity of Cd/TiO2 catalyst for CO2 hydrogenation to methanol. 

Fig. 1(b) shows the relationship between the catalytic performance and 

the Cd loading (Cd/(Cd+Ti) molar ratio). For the 0.35-3.5%Cd/TiO2, both 

the activity and selectivity increase with the increase of Cd loading and 

reach the maximum at 3.5%Cd. Further increasing the Cd loading from 

3.5% to 7% results in a slight decrease of both activity and selectivity. 

Fig. 1(c) shows the effect of temperature and pressure on the performance 

of 3.5%Cd/TiO2 catalyst. It can be seen that CO2 conversion increases 

with the increase of temperature but the methanol selectivity decrease, 

while higher pressure is favorable for both CO2 conversion and methanol 

selectivity. When the pressure increased to 5 MPa, 3.5%Cd/TiO2 catalyst 

exhibits 81% methanol selectivity and 15.8% CO2 conversion. At the same 

time, the selectivity of dimethyl ether and methane is below 1% and 0.7%, 

respectively. Fig. 1(d) shows the methanol yield and specific activity 

(defined as methanol yield per active metal per hour) for Cd/TiO2, CuZnO, 

and ZnO-ZrO2. The mole-specific activity for Cd/TiO2 catalyst is 43 

mol·molactive metal
-1·h-1, 26 times that for CuZnO catalyst, and 4 times that 

for ZnO-ZrO2 catalyst (Table S1-2). 3.5%Cd/TiO2 catalyst exhibits a 

methanol yield of 6.7% (X(CO2)=9.4%, S(CH3OH)=71%), which is 

approaching the thermodynamic equilibrium under the conditions of 2 

MPa, 290 oC. 
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Fig. 2(a) shows the X-Ray diffraction (XRD) of fresh Cd/TiO2 

catalysts. All the diffraction peaks are attributed to TiO2 when the Cd 

loading is below 3.5%. Diffraction peaks due to CdTiO3 appear only when 

Cd loading exceeds 5%. It indicates that the Cd species are highly 

dispersed on the surface of TiO2 at low Cd loadings and gradually 

aggregates to nanoparticles when the Cd loading exceeds 5%. Fig. 2(b-c) 

show the XRD spectra of the used catalysts. It can be seen that part of 

CdTiO3 starts to be reduced to metallic Cd when the Cd loading exceeds 

5%. There is no obvious signal of Cd species in the XRD spectra when 

the Cd loading is below 3.5%. The scanning electron microscopy (SEM) 

image of the used 3.5% Cd/TiO2 catalyst shows that the sample is mainly 

in small spheres, of which the size is approximately 10-20 nm (Fig. S1a). 

The interplanar spacing of the used 3.5% Cd/TiO2 catalyst is ca. 0.35 nm, 

which is attributed to the (101) face space of anatase TiO2. Element 

distribution analysis indicates that these Cd species are distributed 

homogeneously on the surface of TiO2 (Fig. S1). The catalyst structure 

was further characterized by aberration-corrected scanning transmission 

electron microscopy with high angle circular dark field image (STEM). 

Fig. 2(d) shows Cd species of used 0.35%Cd/TiO2 catalyst are atomically 

dispersed with isolated Cd sites on TiO2. For used 3.5%Cd/TiO2 catalyst, 

a lot of sub-nanometer Cd clusters emerge besides isolated Cd site (Fig. 

2(e)). When the Cd loading further increases to 7%, nanometre-size Cd 
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particles are observed in addition to Cd clusters and isolated Cd sites (Fig. 

2(f)). The bigger Cd particles are confirmed by the SEM in the backscatter  
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Fig. 2 Structural characterization. (a) XRD patterns of fresh Cd/TiO2 catalysts. 

(b-c) XRD patterns of used Cd/TiO2 catalysts. (d-f) Aberration-corrected 

STEM-HAADF image of 0.35%Cd/TiO2 (d), 3.5%Cd/TiO2 (e), and 7%Cd/TiO2 (f), 

The ones in the yellow circle are isolated Cd sites, The ones in the red circle are Cd 

clusters, The ones in the purple circle are Cd particles. (g) XPS of Cd/TiO2 catalysts 

treated by CO2/H2 mixed gas. (h) EXAFS spectra with k3-weighted data of 

0.35%Cd/TiO2 and 3.5%Cd/TiO2. (i) Schematic structure illustration of Cd/TiO2 

catalysts.  

 

electron imaging mode for 7%Cd/TiO2 (Fig. S2), which is in line with the 

XRD results. The electronic property of the Cd/TiO2 catalysts treated by 

CO2/H2 mixed gas under the reaction temperature were studied by X-ray 

photoelectron spectroscopy (Fig. 2(g)). The Cd 3d5/2 peak of 

0.35%Cd/TiO2 and 3.5% Cd/TiO2 locate at 405.3 eV and 405.4 eV, 

respectively, implying that the Cd is in the +2 oxidation state [29]. It may 

because of the strong interaction among Cd, O and Ti. The Cd 3d5/2 peak 

of 7%Cd/TiO2 locates at 405.0 eV, which represent the the binding 

energy of Zero-valent Cd [29], indicating that Cd species is reduced to 

metal during the reaction. Fig. 2(h) shows the results of extended X-ray 

absorption fine structure (EXAFS) for used 0.35%Cd/TiO2 and 

3.5%Cd/TiO2. For the 0.35% Cd/TiO2 sample, a strong peak at ca. 2 Å 
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with a CN of 5.7 was identified for the first Cd−O shell, which is attributed 

to the scattering between the Cd center and its surrounding oxygen atoms 

in single nuclear Cd species. For the 3.5% Cd/TiO2 sample, besides the 

first Cd−O shell with a CN of 3.0, the second Cd-Cd shell with a CN of 1.3 

is also observed at ca. 3.0 Å (Fig. S3, Table S3). It indicates that the Cd 

center is linked to both O atom and Cd atom, however, the intensity of 

Cd-O is higher than that of Cd-Cd. Based on these characterization results, 

a model structure of the Cd/TiO2 catalyst is schematically depicted in Fig. 

2(i).  

Correlating the catalytic performance with structure of 3.5%Cd/TiO2 

catalyst, it is not difficult to find that sub-nanometer Cd species play an 

important role in CO2 hydrogenation to methanol. 7%Cd/TiO2 has an 

additional Cd nanoparticle contrasted with the structure of 3.5%Cd/TiO2, 

however, both show similar catalytic performances, suggesting that Cd 

nanoparticle has a minor contribution to the reactivity. The negligible 

reactivity is also observed for Cd catalyst alone. Cd/TiO2 catalysts were 

also prepared by precipitation and physical mixing methods, labeled as 

Cd-TiO2(P) and Cd/TiO2(M), respectively. The structural 

characterizations of these two catalysts show that isolated Cd site and Cd 

cluster are present on the TiO2 surface (Fig. S4-5). Interestingly, all the 

catalysts show similar catalytic performances after optimizing the Cd 

content and the calcination temperature (Table S4). It is found that the 
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0.35%Cd/TiO2 catalyst, which has a uniform distribution of isolated Cd 

site supported on TiO2, only has a methanol selectivity of 13%. In 

contrast, the 3.5%Cd/TiO2 catalyst, which has a mixed structure of 

isolated Cd site and Cd cluster supported on TiO2, has a methanol 

selectivity of 71%. In addition, 3.5%Cd/TiO2 catalyst has a lower 

apparent activation barrier (Ea) of 63.1 kJ/mol than that of 0.35%Cd/TiO2 

(Ea = 88.6 kJ/mol) for CO2 hydrogenation to methanol (Fig. S6). It is thus 

proposed that the Cd cluster interacted with TiO2 is probably the true 

active center for CO2 hydrogenation to methanol.  

Oxygen vacancy (Ov) always plays an important role in TiO2-based 

catalyst [30]. To prove this point, electron paramagnetic resonance (EPR) 

was used to investigate the effect of Ov on the catalytic performance of 

Cd/TiO2 catalyst. The results show that the amount of oxygen vacancy 

decreased with the increase of Cd loading for Cd/TiO2 catalyst. 

Considering that the catalytic performance of 3.5%Cd/TiO2 is much 

better than that of 0.35%Cd/TiO2, it is speculated that Ov is not a key 

factor accounting for the high catalytic activity of Cd/TiO2 catalyst. This 

point can also be verified by the fact that the Cd/TiO2(D), which was 

prepared by impregnating Cd on the TiO2 contains a lot of Ov (Fig. S7), 

shows similar catalytic performance to that of Cd/TiO2 (Table S4).  

 



17 

 

100 200 300 400 500 600

Cd

TiO
2

m
/z

=
4

4
 (

a
.u

.)

T(
o
C)

(a)

3.5%Cd/TiO
2

CO
2
-TPD

  

1800 1700 1600 1500 1400 1300 1200 1100

3.5%Cd/TiO
2

CdA
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavenumber (cm
-1
)

TiO
2

CO
2
-IR1543

1323

1457
1371 1340

1488 1364

(b)

100 200 300 400 500 600 700 800

3.5%Cd/TiO
2

TiO
2

T
C

D
 s

ig
n
a

l 
(a

.u
.)

Temperature (
o
C)

Cd

H
2
-TPD(c)

   

3000 2750 1750 1500 1250

 

A
b
s
o
rb

a
n
c
e
(a

.u
.)

Wavenumbers(cm
-1
)

0.03(d)

120min

117min

87min

67min

47min

27min

8min

1363

1321

1377

1570

2737

2831

2878

2928

 

0.2

2956

4min

   

Fig. 3 Surface reactivity. (a) CO2-TPD of 3.5%Cd/TiO2, TiO2 and Cd. (b) In-situ 

DRIFT spectra of surface species formed from CO2 adsorption. (c) H2-TPD of 

3.5%Cd/TiO2, TiO2 and Cd. (d) In-situ DRIFT spectra of surface species formed 

during the reaction for 3.5%Cd/TiO2.  

CO2 and H2 adsorption-desorption experiments were carried out for 

Cd/TiO2, TiO2 and Cd. Fig. 3(a) shows the total CO2 adsorption amounts 

for Cd/TiO2 are much higher than that for TiO2 and Cd, especially under 

300oC. Fig. 3(b) shows the in-situ IR spectra of Cd/TiO2, TiO2 and Cd 

recorded at 290℃ after the exposure to CO2. Four peaks are observed at 

1323, 1364, 1488, and 1543 cm−1 for Cd/TiO2. The peaks at 1323, 1364, 

and 1543 cm−1 are attributed to the carboxylate (CO3
2–) species, while the 

peak at 1488 cm−1 is attributed to the bicarbonate (HCO3
–) species [31]. A 



18 

 

small amount of CO3
2– species was observed for TiO2 and there are 

almost no CO2 adsorption species over Cd. According to the results of 

CO2-TPD and CO2-IR, it is deduced that there is a new site that affords 

CO2 adsorption for Cd/TiO2 compared with TiO2 and Cd. Fig. 3(c) shows 

the H2-TPD results of Cd/TiO2, TiO2 and Cd. It can be seen that Cd/TiO2 

exhibits a much higher H2 adsorption capability than TiO2 and Cd, 

indicating there is also a new site for H2 adsorption. Based on the results 

of CO2/H2 adsorption-desorption experiments and structure 

characterization, it is concluded that Cd cluster interacted with the surface 

O-Ti moieties of TiO2 is the active center for CO2 and H2 adsorption. 

Furthermore, the effect of CO2 and H2 concentration on the reaction rate 

was investigated as well. The results show an approximately 1.8 order 

dependence on the H2 partial pressure, while the CO2 reaction order is 0.6. 

This indicates that H2 adsorption has a more significant contribution than 

CO2 to the reaction rate (Fig. S8).  

To further understand the reaction mechanism on Cd/TiO2 catalyst, 

the surface species evolved in the CO2 hydrogenation reaction were 

monitored by in-situ diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS). Fig. 3(d) shows the infrared vibration peaks of 

intermediate species when 3.5%Cd/TiO2 is exposed to CO2/H2 gas at 

290℃. The peaks at 1363, 1377, 1570, 2737, 2878 and 2956 cm−1 are 

assigned to the formate (HCOO–) species. The peaks at 2831 and 2928 
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cm−1 are attributed to the H3CO* species [13] (Table S5). After changing 

the gas from CO2/H2 to N2 at 290℃, the peaks belong to HCOO* and 

H3CO* species almost disappear, indicating that the HCOO* is probably 

the active intermediate formed during CO2 hydrogenation to methanol. 

The result of C1s-XPS is in line with the results of in-situ IR (Fig. S9).  
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Fig 4. DFT calculations. Reaction energy profiles of CO2 hydrogenation to 

CH3OH on the Cd4/TiO2 and CdTiO3 catalysts via the formate pathway. (unit: eV). For 

Cd4/TiO2 catalyst, the species with an asterisk (*) and hash sign (#) are species that 

interact with the TiO2 site and Cd site of the Cd4/TiO2 catalyst, respectively.  

 

The mechanism of the catalytic reactions over isolated Cd site and Cd 

cluster supported on TiO2 were further studied by periodic DFT 

calculations. The computations indicate that the isolated Cd site has very 

low stability on both defect-free and Ov-containing TiO2 surfaces (Fig. 

S10). Moreover, the CdTiO3 phase is identified in the experiment as one of 

the components in the synthesized catalyst. Therefore, CdTiO3 was chosen 

as an alternative potential active phase representing an isolated Cd site on 

the surface of TiO2 (Fig. S11). The Cd4/TiO2 structure was optimized as a 

model for the Cd cluster site. The reaction pathways of CO2 hydrogenation 

to CH3OH via a formate mechanism over Cd4/TiO2 and CdTiO3 catalysts 

are summarized in Fig. 4. For both surface models, the reaction starts with 

the heterolytic dissociation of an H2 molecule with an activation energy of 

0.39 and 0.92 eV for Cd4/TiO2 and CdTiO3 catalysts, respectively. In the 

case of the Cd4/TiO2 model, the subsequent CO2 hydrogenation takes place 

on the interface sites. The formation of H2CO* intermediate is identified in 

this case as the most difficult step with the activation energy of 0.65 eV. 

An alternative mixed-oxide (CdTiO3) is found to be much less reactive. 

The reaction path features two highly activated steps, namely, the initial 
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step of the CO2 reduction and HCOO* formation (Eact = 1.67 eV) and 

HCO* reduction to H2CO* (Eact = 1.32 eV). In general, the key reaction 

intermediates of HCOO*, HCOOH*, and CH2O*_H2O* on the surface of 

CdTiO3 are much more stable compared to the respective states on the 

Cd4/TiO2 interface. Accordingly, the evolution of these intermediates 

along with the catalytic reaction coordinate proceeds with much higher 

barriers, evidencing a much higher catalytic CO2 hydrogenation activity of 

the Cd4/TiO2 over the bulk CdTiO3 mixed oxide phase.  

4. Conclusions 

In summary, this work reports a new Cd/TiO2 catalyst that exhibits 

excellent performance for CO2 hydrogenation to methanol. The 

metal-oxide interface containing the Cd and surface O-Ti moiety affords a 

synergetic reaction center for CO2 conversion to methanol. The Cd cluster 

interacted with TiO2 exhibits unique electronic properity, and is 

demonstrated more possible to be active site for CO2 hydrogenation to 

methanol than nanometre-size Cd particle or isolated Cd site. The 

formation of H2CO* intermediate is identified as the rate-determining step 

for CO2 hydrogenation to methanol. The rate-determining step activation 

energy on the Cd cluster model is only half of that on isolated Cd site 

model. 
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