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The NiO/ZnxZr1�x (x represents the molar mass of Zn) catalyst was prepared by the impregnation method

and tested in CO2 methanation. The activity results show that NiO/Zn0.3Zr0.7 has a higher CO2 conversion

rate and methane selectivity than NiO/ZnO and NiO/ZnO–ZrO2. Combined with N2 adsorption–

desorption, H2-TPR, CO2-TPD, H2-TPD, XRD, TEM, XPS and FTIR and other characterization methods,

the physical and chemical properties of NiO/ZnO–ZrO2 were studied. The incorporation of ZnO into

NiO/ZrO2 forms a ZnO–ZrO2 solid solution, and the combination of the solid solution weakens the

interaction between NiO and the oxide support, thereby promoting the reduction and dispersion of NiO.

The H2-TPR experiment results show that, because ZnO–ZrO2 forms a solid solution, NiO is better

dispersed on the surface, resulting in a significant reduction in the reduction temperature of NiO. Using

FTIR to conduct CO2 adsorption and methanation experiments on NiO/ZnxZr1�x to determine the

adsorbed species and intermediates, the results show that CO2 methanation follows the formate pathway.

1. Introduction

Carbon dioxide is the main gas causing the greenhouse effect.

The greenhouse effect has led to global warming, melting of

Antarctic glaciers, and frequent disastrous climates, causing

a series of environmental problems. Therefore, there should be

some strategies to reduce the accumulation of this gas in the

atmosphere. Dorner et al.1 reviewed the modied Fischer–

Tropsch catalysts in converting CO2 to value-added hydrocar-

bons. Porosoff et al.2 provided an overview of the various cata-

lysts used for CO2 conversion to CO, CH3OH, and light alkanes

and olens. Converting carbon dioxide into methane is also

a method of resource utilization of carbon dioxide while

reducing carbon dioxide in the air.3,4 Since methane is not only

an excellent fuel, it can also be converted into olens and other

fossil fuels.

Methane is the main component of natural gas, a clean,

efficient fossil fuel and energy carrier with low carbon emis-

sions, high heat output and easy complete combustion

compared to oil and coal, and is safe to use and transport.5–7

Methanation of carbon dioxide is also called the Sabatier reac-

tion, which was rst reported by Paul Sabatier in 1902.8

Since the reaction was rst developed, it has attracted

widespread attention. In this reaction, the main catalyst

systems studied include noble metal catalysts and other tran-

sition metal catalysts,9–12 among which Ni, Rh and Ru are

considered to have the best catalytic performance for CO2

hydromethanation.13,14 Although Rh and Ru have higher activity

and methane selectivity, their high price limits their industrial

use.15,16 Nickel-based supported catalysts have attracted great

interest in the hydrogenation of CO2 because of its high activity

and low price, which have been extensively studied in this

reaction system.17 Al2O3, TiO2, SiO2, ZrO2, and CeO2 have been

used as supports.12,18–21 Among these oxide support materials,

ZrO2 has excellent properties, including high thermal stability,

abundant surface active sites, basic sites and oxygen vacancies,

so ZrO2 has been widely studied as a catalytic support.22–24 At

present, the CO2 conversion rate of NiO/ZrO2 catalyst is still not

ideal.

ZnO is a good additive in CO2 hydrogenation, but there is no

conclusion about adding ZnO as a promoter to NiO/ZrO2 cata-

lyst system for CO2 hydromethanation. There are also few

reports on the reaction path of NiO/ZnxZr1�x catalytic system to

CO2 methanation and the species formed on the catalyst

surface. This article performed performance tests on NiO/ZrO2,

NiO/Zn0.3Zr0.7 and NiO/ZnO catalysts. Fourier-transform

infrared spectroscopy (FTIR) studies further provide insights

into the methane formation pathways and surface intermedi-

ates of NiO/ZnxZr1�x catalysts.
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2. Experimental
2.1 Preparation of catalysts

NiO/ZrO2, NiO/Zn0.3Zr0.7 and NiO/ZnO catalysts were prepared

by co-precipitation and impregnation methods. Taking NiO/

Zn0.3Zr0.7 three-component catalyst as an example, the rst

step is the preparation of the support. A certain amount of

Zn(NO3)2$6H2O and Zr(NO3)4$5H2O was dissolved in deion-

ized water according to the substance ratio of 3 : 7 to prepare

a nitrate mixed solution with a metal ion concentration of

1 mol L�1, denoted as A; in addition, weigh a certain amount

of Na2CO3 and dissolve in deionized water to prepare a solu-

tion of equal concentration, denoted as B. Under stirring at

80 �C, add A and B dropwise to the beaker at the same time,

adjust the dropping speed of A and B to control the pH of the

solution to about 7. The mixture was stirred continuously in

an 80 �C water bath for 3 h, then removed and cooled at room

temperature for 2 h. Then it was washed thoroughly with

deionized water. Finally, the new composite supports were

obtained by drying at 110 �C for 12 h and then calcining at

500 �C for 3 h.

The impregnation method synthesizes nickel catalyst sup-

ported on metal oxide. Ni(NO3)2$6H2O is dissolved in deionized

water at room temperature. The support material is added to

the aqueous solution, and the resulting suspension is heated to

80 �C and stirred until all the water has evaporated. Finally, it

was dried at 110 �C for 12 h and calcined at 500 �C in air for 3 h.

The Ni load is xed at 10% by weight.

2.2 Catalyst characterizations

X-ray diffraction (XRD) method was used to characterize the

bulk phase and structure of the catalyst. XRD measurements

were performed on a desktop X-ray diffractometer (Rigaku D/

max-Rc) equipped with a CuKa radiation source, at 40 kV and

100 mA, in the scanning angle (2q) range of 10–90� at scan-

ning speed of 2� min�1. Specimen was prepared by packing

around 0.2 g sample powder in a glass holder. The X-ray

photoelectron spectroscopy (XPS) spectrum is given on K-

Alpha+.

An Autosorb-iQ-C type physical adsorption instrument

purchased from Kantar was used to measure the nitrogen

adsorption and desorption curve of the catalyst. Before the

measurement, the sample was degassed at 300 �C for 3 h to

remove physically absorbed water and impurities on the

surface. The specic surface area was calculated by the Bru-

nauer–Emmett–Teller (BET) method, and the pore size distri-

bution was analyzed by the Barrett–Joyner–Halenda (BJH)

method.

Temperature-programmed H2 reduction (H2-TPR),

temperature-programmed CO2 desorption (CO2-TPD) and

temperature-programmed H2 desorption (H2-TPD) were carried

out on a Quantachrome automated chemisorption analyzer

(chemBET pulsar TPR/TPD). For H2-TPR, 0.1 g catalyst of pellets

(20–40 mesh) of the catalyst were loaded in a quartz U-tube and

heated from room temperature to 450 �C at the heating rate of

10 �C min�1 and maintained for 30 min in He ow. Then, the

samples were cooled down to room temperature, followed by

heating to 800 �C in a 10% H2/Ar ow at the ow rate of 30

ml min�1. The H2 consumption in H2-TPR process was

continuously monitored as a function of increasing tempera-

ture using a thermal conductivity detector (TCD). The catalyst

was rstly reduced, and then pre-treated in He at 300 �C for

40 min. Next, the samples were saturated with 10% CO2/Ar at

around 30 �C for 60 min and then ushed with He to evacuate

the surface physisorbed CO2. The CO2-TPD experiment is

carried out at a temperature of 30 to 500 �C. The procedure of

H2-TPD is the same as CO2-TPD.

The materials formed on the catalyst surface were analyzed

by FTIR. For CO2 methanation, rst measure the catalyst at 450 �C

with 10% H2/Ar ow rate at 30 ml min�1 for 1 h, and then purge

with Ar for 30 min at 450 �C. Cool to the required temperature,

obtain the background spectrum in the Ar atmosphere, and nally

switch Ar to CO2/H2 (1 : 4) mixed gas and send it to the system. For

CO2 adsorption, under the conditions of a temperature of 200–

500 �C and a heating rate of 10 �C min�1, a 10% CO2/Ar gas with

a ow rate of 30 ml min�1 was added, and the spectrum was

collected. The wave number range is 800–4000 cm�1. The spec-

trum recorded 64 scans at a resolution of 4 cm�1.

The TEM of the catalyst was performed on a Tecnai G2 TF30

S-Twin high-resolution transmission electronmicroscope of FEI

Company in the Netherlands.

2.3 Catalytic activity measurement

The catalytic performance test is carried out under atmospheric

pressure. The catalyst powder was tableted and crushed in to

uniform particles of 20–40 mesh, and 500 mg of the catalyst was

put into a quartz tube with an inner diameter of 8 mm. The test

temperature of 400 to 500 �C is strictly determined by a ther-

mocouple inserted inside the catalytic bed. Before starting the

evaluation, the sample was reduced at 450 �C for 2 h at a H2 ow

rate of 45 ml min�1 to obtain an activated catalyst. Aer acti-

vating the catalyst, the temperature drops to the desired

temperature. The feed gas was then owed at a rate of 100

ml min�1 to reach a GHSV of 12 000 h�1. The composition of

the feed gas is as follows: CO2/H2 (1 : 4) as the balance gas. The

gas products were analyzed by a gas chromatograph (Agilent

Technologies 6890 USA) equipped with TCD detectors for H2,

CO and CO2, and then FID detectors for CH4, CH3OH and other

hydrocarbons. The catalytic tests were carried out at different

temperatures, ranging from 400 to 500 �C. CO2 conversion and

CH4 selectivity were calculated as follows:

XCO2
¼

WCO2 ;in �WCO2 ;out

WCO2 ;in

� 100%

SCH4
¼

WCH4 ;out

WCO2 ;out þWCO;out

� 100%

where WCO2, in
and WCO2, out

are the relative volume percentages

of CO2 in the feed and exhaust gas, and WCH4, out
and WCO, out

are the relative volume percentages of CH4 and CO in the

exhaust gas.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 42790–42798 | 42791
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3. Results and discussion
3.1 Structural and textural properties

Fig. 1 is the XRD pattern of the NiO/ZnxZr1�x catalyst. X-ray

diffraction (XRD) patterns show that ZrO2 prepared by co-

precipitation is mainly a mixture of monoclinic and tetrag-

onal phases. The diffraction peaks located at 30.52�, 35.38�,

50.88�, and 60.5� are related to the existence of the tetragonal t-

ZrO2. The characteristic diffraction peaks of monoclinic phase

m-ZrO2 can be observed at 2q for 24.16�, 28.24�, 31.5�, 34.12�

and 49.34�. The characteristic diffraction peaks of NiO were

observed at 37.16� and 43.16�. The characteristic diffraction

peaks of ZnO can be observed at 2q, 31.28�, 34.44�, 36.26�,

47.56� and 56.52�. The addition of ZnO (30%) to ZrO2 causes

ZrO2 to change from monoclinic to tetragonal. This indicates

that ZnO–ZrO2 solid solution is formed when the ZnO content is

30%.25 It can be seen in the enlarged image that when the Zn

concentration is 30%, the XRD of ZrO2 shis to a higher angle.

These facts further conrm the conclusion that ZnO–ZrO2 is in

a solid solution state.26

Fig. 2 is a TEM image of NiO/ZnxZr1�x aer reduction.

Considering that the ionic radius of Zn2+ (0.74 Å) is smaller than

that of Zr4+ (0.82 Å).27 When ZnO is doped into the lattice of

ZrO2, the (011) crystal surface pitch of ZrO2 changes from

0.295 nm to 0.264 nm and the XRD of the (011) pitch of ZrO2

moves to a larger angle, this information further establishes

that ZnO–ZrO2 exists in a solid solution form.25 These facts further

conrm the conclusion that ZnO–ZrO2 is in a solid solution sate.

Fig. 2b–d are the distribution of Ni on ZnO–ZrO2, ZrO2 and ZnO

respectively. It can be seen from the gure that the dispersion of Ni

on the composite carrier ZnO–ZrO2 is the best, and the particle size

of Ni is the smallest, with an average particle size of about 5 nm. Ni

has good dispersibility on the ZrO2 carrier, and the average particle

size is about 10 nm.OnZnO carriers, Ni has the largest particle size

and poor dispersion, and the size of Ni particles directly affects the

catalytic activity.

The N2 adsorption–desorption isotherm curve of the NiO/

ZnxZr1�x catalyst is shown in Fig. 3. The detailed textural

Fig. 1 XRD curves of NiO/ZnxZr1�x catalysts.

Fig. 2 TEM image of NiO/ZnxZr1�x after reduction, (a and b) NiO/Zn0.3Zr0.7; (c) NiO/ZrO2; (d) NiO/ZnO.
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parameters were listed in Table 1. The isotherms of all the

catalysts exhibited typical IV type isotherms with a H2-type

hysteresis loop according to the IUPAC classication. As

shown in Fig. 3, when Zn is added to the NiO/ZrO2 catalyst, the

area of the hysteresis loop tends to increase, which means that

the volume of the mesoporous structure increases. As shown in

Table 1, the BET surface area (14.136 m2 g�1) and average pore

volume (0.06 cm3 g�1) of NiO/Zn0.3Zr0.7 are larger than NiO/ZrO2

and NiO/ZnO. Using ZnO–ZrO2 as the carrier can provide a high

specic surface area and ensure a high degree of dispersion of

NiO on the carrier, so that the Ni/Zn0.3Zr0.7 catalyst has excellent

catalytic performance.

3.2 XPS characterization

The electronic structure of NiO/ZnxZr1�x catalyst was analyzed

by XPS. The spectrum in Fig. 4a shows that the Ni catalyst is

mainly composed of Ni in the form of metal, oxide and

hydroxide.28,29 The three peaks of NiO/ZrO2 at 851.48, 854.68

and 860.58 eV can be attributed to Ni0/NiO, Ni(OH)2 and shake-

up satellite peak, respectively.30,31 The slight shi of the binding

energy of NiO/ZrO2 and NiO/ZnO to lower values indicates that

the size of Ni particles is larger.32 This indicates that the ZnO–

ZrO2 composite carrier can better disperse NiO, which is

consistent with the results of TEM. The XPS spectrum of the O

1s region of the catalyst is shown in Fig. 4b. The photoelectron

peak of BE near 530 eV is attributed to the surface lattice oxygen

(OL) of ZnO or ZrO2, while the second photoelectron peak at

531 eV is attributed to surface adsorption oxygen (OA).
33 It can

be seen from Fig. 4b that the OL and OA peaks of NiO/ZnO are

displayed at 530.02 and 531.48 eV, while the NiO/ZrO2 peaks are

displayed at 529.31 and 530.98 eV. For the Ni catalyst modied

with ZnO–ZrO2 composite support, the OL and OA peaks are

529.60 and 531.58 eV, respectively, and gradually move to lower

binding energy with the increase of Zr concentration. In the

NiO/ZnxZr1�x catalytic system, the number of oxygen vacancies

will increase with the increase of the Zr loading.

In Fig. 4c, all reduced Zn-containing catalysts show two

strong peaks centered at 1019.79 eV and 1042.79 eV, which are

attributed to Zn 2p3/2 and Zn 2p1/2, respectively. This indicates that

the zinc species in the reduced Zn-containing catalyst mainly exist

in the state of Zn2+.34 In Fig. 4d, the peaks at about 181.69 eV and

183.98 eV of the two centers of the reduced Zr-containing catalyst

are assigned to Zr 3d5/2 and Zr 3d3/2 of Zr
4+, respectively.35 The Zr

3d peak of the reduced Zr-containing catalyst also shows a slight

shi to higher binding energy, which may be due to the fact that

the incorporation of Zn into the NiO/ZrO2 catalyst reduces the

number of oxygen vacancies in the ZrO2 lattice.
36,37

3.3 Effect of Zn/Zr ratio on the reducibility of catalysts

Temperature programmed reduction (TPR) analysis determined

the reduction temperature and the type and strength of the

metal–support interaction of the catalyst in different propor-

tions to Zn/Zr. Fig. 5 shows the H2-TPR of the NiO/ZnxZr1�x

catalyst. Since there was no hydrogen consumption on the ZnO–

ZrO2 sample, this indicates that ZnO and ZrO2 are not reducible

under the conditions applied for the analysis, and thus the

collected H2-TPR curve represents only the NiO surface. The

NiO/ZnO catalyst showed a major reduction peak at 551 �C,

which was due to the reduction of NiO species that had a strong

interaction with the ZnO support. The NiO/ZrO2 catalyst showed

two reduction peaks at 581 and 668 �C, respectively, corre-

sponding to the weak and strong interactions between NiO

species and ZrO2.
20 When Zn is added to the NiO/ZrO2 catalyst,

the reduction peak of Ni slowly shis to the low temperature

direction. The reduction temperature of NiO gradually

decreases from 581 �C of NiO/ZrO2 to 453 �C of NiO/Zn0.3Zr0.7,

which indicates that the addition of Zn species to the NiO/ZrO2

catalyst forms a ZnO–ZrO2 solid solution and weakens the NiO–

ZrO2. The interaction promotes the reduction of NiO.38 It shows

that the combination of ZnO and ZrO2 promotes the reduction

of NiO species by weakening the interaction of NiO–ZrO2.

Compared with the ZnO–ZrO2 composite carrier supported NiO

catalyst, the reduction of NiO on ZrO2 is poor, which easily leads

to insufficient active NiO sites. When the Zn/Zr molar ratio is

3 : 7, the catalyst has the best reduction effect on NiO.

3.4 Effect of Zn/Zr ratio on the adsorption behaviors of

catalysts

The H2 and CO2 adsorbed on the surface play a key role in the

hydrogenation of CO2 to CH4. The basic sites of the NiO/Znx-

Zr1�x catalyst were measured by CO2-TPD. It can be seen from

Fig. 6 that it is divided into three parts, including weak sites

(<300 �C), moderate sites (300–500 �C) and strong sites (>500

Fig. 3 NiO/ZnxZr1�x catalyst adsorption and desorption curve of

nitrogen.

Table 1 Texture properties of NiO/ZnxZr1�x catalyst

Sample SBET (m2 g�1) Dp (nm) Vp (cm3 g�1)

Ni/ZrO2 11.18 2.343 0.04

Ni/Zn0.3Zr0.7 14.136 9.478 0.06

Ni/ZnO 7.588 3.073 0.01

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 42790–42798 | 42793
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�C). Weak, moderate and strong basic sites are respectively

related to surface OH�, metal–oxygen pairs and low coordina-

tion surface O2�.39,40 The area and total area of the three cor-

responding basic sites are listed in Table 2. It is recognized that

the CO2 methanation reaction is related to the moderately basic

site.41 The weakly adsorbed CO2 cannot be fully activated, and

the bond between C–O cannot be broken, and the too strong

CO2 is difficult to desorb from the surface.42

Fig. 4 XPS spectrum of NiO/ZnxZr1�x catalyst, (a) Ni 2p; (b) XPS spectrum of O 1s; (c) Zn 2p; (d) Zr 3d.

Fig. 5 H2-TPR profiles of NiO/ZnxZr1�x catalysts. Fig. 6 CO2-TPD profiles of NiO/ZnxZr1�x catalysts.
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There are abundant basic sites distributed on NiO/Zn0.3Zr0.7.

Pan et al.39 proved that under the conditions of 300–700 �C, the

adsorption of O2� sites and CO2 desorption signicantly promoted

the formation of carbonate, and promoted the subsequent

hydrogenation reaction to form formate, and nally gaseous CH4.

Therefore, the adsorption strength of CO2 on NiO/Zn0.3Zr0.7 is also

one of the reasons for the signicantly enhanced activity.

The H2-TPD of the NiO/ZnxZr1�x catalyst is shown in Fig. 7.

The H2-TPD curves of all the catalysts show a low temperature

desorption peak and a high temperature desorption peak. The

low temperature peak is attributed to the desorption of

hydrogen adsorbed on the metal surface, while the high

temperature peak is attributed to the desorption of hydrogen

overowing from the hydrogen adsorbed on the oxide surface.7

The H2-TPD curve of NiO/ZnxZr1�x catalyst has desorption

peaks at low temperature and high temperature. The low

temperature can be attributed to the weak and strong adsorp-

tion of hydrogen on the nickel surface. The desorption peak at

high temperature is attributed to the desorption peak of over-

owing hydrogen.43 Under high temperature conditions, both

NiO/ZrO2 and NiO/Zn0.3Zr0.7 have large desorption peaks, which

indicates that there is a large amount of hydrogen overow.7 It

shows that both NiO/ZrO2 and NiO/Zn0.3Zr0.7 are benecial to

the overow of atomic hydrogen on metal oxides.

3.5 Catalytic activity study

The CO2 methanation performance of NiO/ZnxZr1�x catalyst is

shown in Fig. 8. As shown in Fig. 8a, as the reaction temperature

increases, the CO2 conversion rate of the catalyst gradually

increases. In particular, at the same reaction temperature, the

NiO/Zn0.3Zr0.7 catalyst showed the highest catalytic activity. The

single NiO/ZrO2 catalyst has relatively low catalytic activity and

CH4 selectivity, which is consistent with the results of Perkas

et al.44 The traditional NiO/ZrO2 catalyst has a small surface area

and pore size, resulting in a decrease in CO2 methanation

performance. Fig. 8b shows the CH4 and CO selectivity of the

NiO/ZnxZr1�x catalyst. As the temperature increases, only CH4

and CO are not detected as other by-products. It can be seen

from the gure that NiO/Zn0.3Zr0.7 has the highest CH4 selec-

tivity at the same temperature. The CO produced in the NiO/

ZnO catalyst is more selective than CH4, which is consistent

with the results of in situ FTIR, indicating that the NiO/ZnO

catalyst is more conducive to the hydrogenation of CO2 to CO.

Fig. 8c is the stability test of the NiO/ZnxZr1�x catalyst. It can be

seen from the gure that the CO2 conversion rate and CH4

selectivity remain basically unchanged as time increases. The

NiO/Zn0.3Zr0.7 catalyst showed the highest catalytic activity and

CH4 selectivity at the same reaction temperature. For NiO/

Zn0.3Zr0.7 catalyst, at 500 �C, the best CO2 conversion rate is

79%, and the CH4 selectivity is 94%. Therefore, in the NiO/

ZnxZr1�x catalytic system, NiO/Zn0.3Zr0.7 is more helpful for CO2

hydrogenation to generate CH4.

3.6 In situ FTIR analysis

According to previous reports, the bands observed in the range

of 1700–1200 cm�1 can be attributed to carbonate-like

substances adsorbed on the support.45–48 Since the thermal

stability of carbonates depends on the type of carbonate,

comparing their thermal stability is one way to distinguish one

from the other. Fig. 9 shows the CO2 adsorption spectra of NiO/

Zn0.3Zr0.7 and NiO/ZrO2 in the temperature programmed range

of 200–500 �C. It appears at 1697, 1375 and 1205 cm�1 in Fig. 9a,

which is attributed to bicarbonate. As the temperature

increases, the intensity of the bicarbonate band decreases

monotonically. However, formate 1595 and 1419 cm�1,

bidentate carbonate 1674 cm�1, and monodentate carbonate

1641, 1519 and 1286 cm�1 appeared. At the same time, no

disappearance above 400 �C indicates that its thermal

stability is very good. It is worth noting that the CO adsorbed

on the Ni surface appears at 2173 cm�1. The adsorbed CO

should be formed by the direct decomposition of CO2 on the

NiO surface (CO2/ CO + O).49 Fig. 9b is the CO2 adsorption

spectrum of NiO/ZrO2. This is the peak of monodentate

carbonate at 1323 cm�1, the peak of formate at 1423 cm�1,

and the peak of bidentate carbonate at 1625 cm�1. As the

temperature increased, the peaks of monodentate and

Table 2 The basic site peak area of NiO/ZnxZr1�x catalyst

Sample

Weak sites

(50–300 �C)

Moderate sites

(300–500 �C)

Strong sites

(500–700 �C) Total sites

NiO/ZrO2 903.5 876.2 153.4 1933.1

NiO/Zn0.3Zr0.7 2962.8 1303.5 167.9 4434.2

NiO/ZnO 745.7 82.5 21.6 846.8

Fig. 7 H2-TPD profiles of NiO/ZnxZr1�x catalysts.
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bidentate carbonates remained almost unchanged, but the

peaks of formate decreased signicantly. The amount of

formate directly affects the catalytic performance of CO2

methanation, which is the reason why the catalytic effect of

NiO/ZrO2 catalytic system deteriorates at high temperature,

which is consistent with the catalyst activity test results.

Fig. 10 shows the FTIR spectra of CO2 methanation on NiO/

Zn0.3Zr0.7 and NiO/ZnO catalysts. Fig. 10a is the FTIR spectrum

of NiO/Zn0.3Zr0.7 catalyst in CO2/H2 (1 : 4) atmosphere with

temperature change. At 300 �C, typical CO2 adsorbents, 1317,

1359, 1569, and 1614 cm�1 can be observed in Fig. 9a. As the

temperature increased, the formate gradually decreased, while

Fig. 8 NiO/ZnxZr1�x catalyst activity test, (a) CO2 conversion rate; (b) CH4 selectivity; (c) catalyst stability.

Fig. 9 FTIR spectra of NiO/Zn0.3Zr0.7 and NiO/ZrO2 in 10% CO2/Ar gas with a flow rate of 30 ml min�1 and a heating rate of 10 �C min�1 during

the temperature-programmed CO2 adsorption process. When CO2 adsorption reaches a steady state, each spectrum at the desired temperature

(200–500 �C) will be collected. Symbol definition: bicarbonate ()), monodentate carbonate (A), bidentate carbonate (&), formate (C), CO (P),

(a) NiO/Zn0.3Zr0.7; (b) NiO/ZrO2.
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the peaks at 1305 and 3016 cm�1 gradually increased. These

changes indicate that CH4 is produced by hydrogenation of

formic acid.46 These are the peaks of CO at 2113 and 2190 cm�1,

indicating that reverse water-gas shi (RWGS) have occurred on

the catalyst. Fig. 10b is the FTIR spectrum of NiO/ZnO catalyst in

CO2/H2 (1 : 4) atmosphere with temperature changes. There are

CO peaks at 2113 and 2185 cm�1, and CH4 peaks at 3016 cm�1. It

can be seen from Fig. 10b that the CO peak is obviously stronger

than the CH4 peak, indicating that the NiO/ZnO catalytic system is

more conducive to the reverse water-gas shi.

Fig. 11 is the FTIR spectrum of NiO/Zn0.3Zr0.7 catalyst in CO2/

H2 (1 : 4) atmosphere, held at 350 �C for 10 minutes, and then

switched to H2. As shown in Fig. 11, in CO2/H2, the surface of

the NiO/Zn0.3Zr0.7 catalyst has formate materials 1313 and

1614 cm�1, and then the CO2/H2 is converted to H2. As time

changes, it can be found the formate substance in the image

gradually weakened, while the 1303 and 3014 cm�1 substances

of CH4 gradually increased. Therefore, it was conrmed that the

formate was hydrogenated to methane. To sum up, the

methanation of NiO/Zn0.3Zr0.7 follows the formate path.

4. Conclusions

The performance of NiO/ZrO2, NiO/ZnO and NiO/Zn0.3Zr0.7
catalysts for CO2 hydrogenation at 400–500 �C was studied.

Among the three groups of catalysts, NiO/Zn0.3Zr0.7 has

higher CO2 conversion rate and CH4 selectivity. The results of

XRD and H2-TPR show that adding ZnO to the NiO/ZrO2

system can form a ZnO–ZrO2 solid solution. The combination

of solid solution will weaken the interaction between NiO and

the oxide support, thereby promoting the reduction of NiO.

Adding ZnO to the NiO/ZrO2 system will also promote the

formation of surface oxygen vacancies, which also plays an

important role in improving the catalytic activity and CH4

selectivity. FTIR results show that the methanation of CO2 in

the NiO/Zn0.3Zr0.7 catalytic system is carried out through the

hydrogenation route of formate.
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Fig. 10 FTIR spectrum of the temperature-programmed CO2 methanation process on NiO/Zn0.3Zr0.7 with CO2/H2 (1 : 4) gas at a flow rate of 30

ml min�1 and a heating rate of 10 �C min�1. Symbol definition: formate (C), CO (P), CH4 (B). (a) NiO/Zn0.3Zr0.7; (b) NiO/ZnO.

Fig. 11 FTIR spectra of CO2/H2 (1 : 4) gas on NiO/Zn0.3Zr0.7 at a flow rate of 30 ml min�1, a temperature of 350 �C, and a duration of 10 min,

switching CO2/H2 (1 : 4) to 10% H2/Ar for 10 min. Symbol definition: formate (C), CH4 (B).
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