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Hydrogenation of CO, to produce high-value chemicals is a response to increasing environmental and
energy concerns. The target products of CO, hydrogenation, methane and CO, are both important
energy sources and raw materials for the production of higher hydrocarbons. Therefore, it is very
important to understand the mechanism of selectivity control of catalysts. In this work, we aim to
elucidate the selectivity regulation of Zn on Ni catalysts, which has been extensively studied in the
literature without reaching a consensus. We have prepared a series of catalysts with different Zn content
and systematically investigated the relationship between their structural evolution and selectivity. It is
found that the introduction of Zn preferentially forms an alloy with Ni and at higher loadings is present
as ZnO,, which participates in the strong metal-support interaction (SMSI). The conversion of the active
sites into a Ni—Zn alloy hinders further hydrogenation of the adsorbed CO intermediates and makes the
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1. Introduction

The annual increase in greenhouse gas emissions has led to
a number of serious environmental problems, such as ocean
acidification and global warming.' Carbon dioxide (CO,),
produced by burning fossil fuels, is the main source of green-
house gasses. Hydrogenation of CO, into high-value chemicals
such as carbon monoxide (CO), methane (CH,), methanol
(CH;0H), and higher hydrocarbons or alcohols is a potential
pathway for reducing CO, emissions.**® At atmospheric pres-
sure, CO, can be hydrogenated to CO via the reverse water gas
shift reaction (RWGS, CO, + H, — CO + H,0) or CH, via the
Sabatier reaction (CO, + 4H, — CH, + 2H,0). CO is a versatile
feedstock and can be used to produce higher hydrocarbons by
Fischer-Tropsch synthesis.”® CH, is an important energy
source that can be conveniently stored and transported through
well-developed pipelines.’>™* An important goal of CO, hydro-
genation research is the rational design of catalysts to improve
the yield of target products.

A variety of noble metals (Ru, Rh, Pd) and base metals (Ni,
Cu, Fe, Co) have been investigated for CO, hydrogenation.'>*®
Among them, Ni has attracted much attention due to its rela-
tively low cost and promoting activity in catalyzing CO, hydro-
genation under mild conditions.” The selectivity of Ni-based
catalysts shows a dependence on nanoparticle size, with larger
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from an association pathway to a redox pathway.

nanoparticles producing mainly CH, and smaller nanoparticles
producing mainly CO.'***** Promoters can regulate the selec-
tivity of catalysts.”* Zn doping has been shown to alter the CO,
hydrogenation selectivity of Ni-based catalysts, making them
CO-selective.**® Wang et al. found a strong metal-support
interaction (SMSI) induced by hydrogen over Ni/ZnO catalysts.
Electron transfer between Ni and Zn leads to an electron-rich
state of Ni. The amount and strength of CO adsorption on
electron-rich Ni are greatly weakened, which hinders the
hydrogenation of *CO to CH,.”* Lin et al. believed that the
introduction of Zn leads to the formation of a Ni-Zn alloy.
Through a combination of density functional theory calculation
(DFT) and characterization, they proposed that the Ni® -Zn®*
pair decreases both the CO adsorption capacity and H, disso-
ciation ability.”® However, the in situ X-ray absorption structure
spectra (XANES) performed by Wang et al. show a Ni-O-Zn
structure over NiZn/ZrO,, which makes the positive valence
state of Ni (Ni’") stable during the reaction, while *CO is diffi-
cult to hydrogenate to CH, on Ni®".?” Regardless of the unclear
mechanism regulating the selectivity, there is still controversy
about the nature of the active sites.

In this study, we systematically investigate the influence of
different loadings of Zn on Ni-based catalysts. The CO, and CO
hydrogenation activities of catalysts with different Zn contents
are evaluated. High resolution transmission electron micros-
copy (HRTEM), X-ray diffraction (XRD) and quasi in situ X-ray
photoelectron spectroscopy (XPS) are used to obtain the struc-
tural properties of the catalyst. In situ diffuse reflectance
infrared spectroscopy (DRIFTS) and kinetic studies are per-
formed to determine the relationship between structure and
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performance. Our results show that Ni-Zn alloy and SMSI can
occur simultaneously. The reason for the high CO selectivity of
the Zn-containing catalyst is the difficulty of further hydroge-
nation of *CO at the Ni-Zn alloy sites.

2. Experimental details

2.1 Catalyst preparation

Supported NiZn/Al,O; catalysts with NiO loading of 20 wt%
were prepared by a deposition-precipitation method. The
loading of ZnO varied from 0 to 20 wt%. In general, Al,O;
support (AEROXIDE Alu130, Evonik, 99.6%) was suspended in
150 ml deionized water, after which a desired amount of nickel
nitrate hexahydrate (Ni(NO;),-6H,0, General Reagent, AR) and
zinc nitrate hexahydrate (Zn(NOj3),-6H,0, Sinopharm Inc., AR)
were added. Ammonium carbonate solution ((NH,),COs,
Aladdin, AR, 0.5 M), as a precipitant, was added dropwise with
stirring. The solution was stirred continuously for 1 h, then
separated by centrifugation and washed thoroughly with
deionized water. The solid precursor obtained was oven dried at
60 °C for 12 h and then calcined at 450 °C for 3 h with a heating
ramp of 2 °C min~'. The catalysts thus prepared were desig-
nated as 20Ni, 20Ni0.5Zn, 20Ni1Zn, 20Ni2Zn, and 20Ni20Zn.
For comparison, the Zn/Al,O; catalyst containing 20 wt% ZnO
but no Ni was prepared by the same method.

2.2 Catalyst characterizations

XRD patterns were acquired using a Bruker D8-Advance X-ray
powder diffractometer with Cu Ka radiation (A = 0.154 nm) at
40 kV and 40 mA in the 26 range of 10-80° with a scan speed of
10° min~'. To characterize the activated catalyst, we first
reduced the catalyst at 500 °C for 2 h under an atmosphere of
60% H,/N, (Air Liquide).

Quasi in situ XPS spectra were recorded using a Thermo
Fisher ESCALAB250Xi spectrometer with a monochromatic Al
Ko X-ray source (1486.68 eV). A pretreatment chamber was used
to activate the catalyst. The catalyst was first reduced at 500 °C
for 2 h under an atmosphere of 60% H,/N, (Air Liquide). The
sample was then vacuumed and transferred directly to the
analytical chamber. Charge calibration was performed by
setting the C 1s peak to 284.8 eV.

HRTEM studies were performed in a Talos F200X at an
accelerating voltage of 200 kV. First, the catalyst was suspended
in ethanol. Then 2-3 drops of this slurry were applied to the grid
of the copper microscope and dried with an infrared lamp.

In situ DRIFTS was performed using an FT-IR spectrometer
(PerkinElmer Frontier) equipped with an in situ diffuse reflec-
tion cell with a small cavity volume (TC-DRS-K01, Jiaxing Pux-
iang Tech. Ltd.). Prior to testing, the sample was first heated to
500 °C in Ar atmosphere (Air Liquide) and then reduced at 500 °©
C for 2 h under an atmosphere of 60% H,/N,. The sample was
purged with Ar (Air Liquide) for 15 min and then cooled to room
temperature. Ar background spectra were collected every 50 °C
from 450 to 100 °C. The reaction gas (3% CO,/12% H,/85% inert
gas for CO, hydrogenation and 4% CO/12% H,/84% inert gas
for CO hydrogenation, Air Liquide) was then purged and spectra

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

were collected 5 min after reaching each set temperature to
ensure steady state. For the CO-DRIFTS experiment, the sample
was first heated to 500 °C in Ar (Air Liquide) and then reduced at
500 °C for 2 h under an atmosphere of 60% H,/N,. The sample
was purged with Ar for 15 min and then cooled to 200 °C. Then
1% CO/Ar (Air Liquide) was injected, and spectra were recorded.

The H, pulse experiment was performed in a fixed bed plug
flow reactor equipped with an online thermal conductivity
detector (TCD). Ar (Air Liquide) was used as the carrier gas in
this experiment. Prior to the test, the sample was reduced with
60% H,/N, at 500 °C for 2 h. The samples were then purged with
Ar for 15 min and cooled to 25 °C, then 10% H,/Ar (Air Liquide)
pulses were performed at 25 °C until adsorption saturation.
Dispersion is defined as the ratio between the number of
surface metallic nickel sites and the theoretical total nickel
content.

2.3 Activity test

Steady-state CO, hydrogenation activities were tested in a fixed-
bed plug flow reactor, and the product was analyzed by online
gas chromatography (GC2060, Ruimin) equipped with a TDX-01
column, an FID, and a TCD. Typically, 50 mg of fresh catalyst
was added to a U-shaped quartz tube and fixed with quartz wool.
Before testing, the catalyst was first reduced at 500 °C for 2 h
under 25 scem 60% H,/N,. Catalytic performance was evaluated
at 250 °C and 275 °C, either under 25 sccm 15% CO,/60% H,/
25% N, for CO, hydrogenation or under 20% CO/60% H,/20%
N, for CO hydrogenation.

For the kinetic measurements, the catalyst was diluted with
silicon carbide (SiC, Aladdin, 99.9%) to achieve a CO, conver-
sion of less than 10% and to ensure that the test was performed
within the kinetic range. Internal and external diffusion was
eliminated by adjusting the particle size of the catalysts and the
space velocity of the reaction gas. The test was performed at
275 °C. To determine the H, order, the H, partial pressure was
varied from 0.3 to 0.6 bar with a fixed CO, partial pressure of
0.15 bar. To determine CO, order, CO, partial pressure was
varied from 0.075 to 0.15 bar, with a fixed H, partial pressure of
0.6 bar. The activation energy was measured in the temperature
range from 250 to 280 °C.

3. Results and discussion
3.1 The catalytic performance of the NiZn/Al,O; catalysts

The catalytic performance of CO, hydrogenation over NiZn/
Al,O; catalysts was evaluated at a weight hourly space velocity
(WHSV) of 30 L h™" g~ " at 250 and 275 °C (Fig. 1a and S17). Ni/
Al,O; shows high activity in CO, methanation. The CH,
formation rate reaches 17.10 umol g~ ' s™* at 275 °C, with an
extremely high CH, selectivity of 97.72%. Zn inhibits the
formation of CH, and to some extent increases the production
rate of CO. 1% ZnO reduces the CH, formation rate from 17.10
t0 9.02 pmol g~ ' s~ ' at 275 °C, accompanied by an increase in
the CO formation rate from 0.40 to 0.49 pmol g~ * s~ *. Almost no
CH, is observed on 20Ni20Zn, but the CO formation rate rea-
ches 1.81 pmol g~ " s~ at 275 °C with a CO selectivity of 99.1%.
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Fig. 1 Catalytic performance of (a) CO, and (b) CO hydrogenation, (c) space velocity dependency evaluation results, and (d) TOF of NiZn/Al,Oz

catalysts.

It is worthwhile to mention that the comparison of 20Ni20Zn
with other RWGS catalysts (Table S1t) shows the possibility of
designing efficient Ni-based RWGS catalysts through the
introduction of Zn.

We also studied the CO hydrogenation activity over NiZn/
AlL,O; catalysts (Fig. 1b and S1}). The addition of Zn has
a similar inhibitory effect on CO hydrogenation. The CH,
formation rate over Ni/Al,O; is 20.86 pmol g ' s~ ' at 275 °C, and
the selectivity of CH, is 96.62%. 1% ZnO greatly reduced the
CH, formation rate to 5.31 pmol g~ ' s *. Almost no methane is
observed on the 20Ni20Zn catalyst at 250 and 275 °C. It is worth
noting that the reaction pathway of CO, methanation on many
Ni/Al,O; catalysts is the activation of CO, to *CO and further
methanation of *CO.>*° The space velocity dependency results
in our study show the same pathway on our catalysts (Fig. 1c).
Therefore, it is suggested that the suppression of CH, produc-
tion on catalysts by Zn occurs via inhibition of further hydro-
genation of CO.

We selected three typical catalysts, 20Ni, 20Ni1Zn, and
20Ni20Zn, and measured the dispersion based on the H, pulse
experiment (Table S21). The dispersion percentages of 20Ni,
20Ni1Zn, and 20Ni20Zn were found to be 14.3%, 8.2%, and
5.9%, respectively. The turnover frequency (TOF) of the catalysts
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was determined based on the dispersion measured by the H,
pulse experiment (see Fig. 1d and Table S27). The introduction
of Zn to the Ni/Al,O; catalysts decreased the TOF for both CO
hydrogenation and CO, hydrogenation, with the reduction
being more significant for the former. For instance, compared
to 20Ni, the TOF for CO, hydrogenation of 20Ni20Zn decreased
by 75.6% from 15.6 x 10~ to 3.8 x 10~% s, while the TOF for
CO hydrogenation decreased by 94.9% from 14.9 x 10> to 0.8
x 107 s7". These results suggest that the addition of Zn alters
the properties of the active sites and that the effect cannot be
explained purely by geometry.

3.2 Structure of the NiZn/Al,O; catalysts

The XRD patterns of the as-prepared catalysts are shown in
Fig. 2a. In all patterns, diffraction peaks at 26 = 37.6, 45.9, and
67.0° can be seen, which are assigned to the Al,O; support. For
20Ni and 20Ni1Zn, no diffraction peak associated with the Ni
species can be observed. For 20Ni20Zn, a diffraction peak is
seen at 26 = 43.2° corresponding to the (2 0 0) plane of NiO. The
largest NiO particles formed on 20Ni20Zn could be due to the
low dispersion of NiO caused by the lowest Al,O; support
content (60 wt%) and are consistent with the results of the H,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta10066e

Published on 15 March 2023. Downloaded on 8/3/2025 2:30:36 PM.

View Article Online

Paper Journal of Materials Chemistry A
a
20Ni
_ |20Ni1zn .
5 3
© : © °
— |20Ni20Zn = . 143.7
> > 20Ni20Zn-H |
‘@ B 1
C C 1
2 [NiO | L INi |
.= | | . = | 1
Al,O, | | Nizn ‘
| Ml 1 | L
ZnO | NiZn,
T T I l T 1 T I T l Ill T T L T . T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
c 20 (degree) 20 (degree)
ol
Ni?* ; NI
st NZ* sat. Ni
5 5
\‘i 20Ni Q',
2 2
= =
C c
5 M L |20Ni1Zn-H i
£ 20Ni1zn = i
880 875 870 865 860 855 850 880 875 870 865 860 855 850 845
Binding energy (eV) Binding energy (eV)

Fig. 2 XRD patterns of (a) as-prepared and (b) reduced catalysts and XPS spectra of Ni 2p for (c) as-prepared and (d) reduced catalysts.

pulse experiment (Table S27). The catalysts were reduced under
the same preactivation conditions as in the activity test, and the
reduced catalysts were designated as 20Ni-H, 20Ni1Zn-H, and
20Ni20Zn-H. The absence of Ni/NiO diffraction peaks on 20Ni-H
and 20Ni1Zn-H shows the remarkable dispersion of Ni species
over these two catalysts (Fig. 2b). However, on 20Ni20Zn-H,
a distinct diffraction peak appears at 260 = 43.7°, which is
lower than 44.5° of the Ni (1 1 1) facet. This probably means that
Zn penetrates into the lattice of metallic Ni under the induction
of a reducing atmosphere and forms a Ni-Zn alloy.

Quasi in situ XPS further characterized the chemical state of
the surface of the catalysts. Ni** species associated with binding
energies at 855.8 and 873.5 eV, with satellite peaks at 861.7 and
879.6 eV can be observed on all three fresh catalysts
(Fig. 2¢).>**'** While the Ni 2p spectra of the reduced catalysts
show the peak of metallic Ni® at about 852.0 eV and another
shoulder peak of Ni’* at about 853.8 eV.***¢ The presence of the
Ni®" peak indicates a strong Ni-Al interaction, which is
consistent with the literature.*”*®* With the increase of ZnO
content, the proportion of Ni’ in the total Ni species in the
reduced catalysts gradually decreases (Table S3t), which shows
the lower reduction degree of Ni species. It is worth mentioning
that Zn also changes the binding energy of Ni species. The

This journal is © The Royal Society of Chemistry 2023

binding energy of the peak attributed to Ni’ decreases from
852.0 eV at 20Ni-H to 851.8 eV at 20Ni20Zn-H, indicating that Zn
modification leads to an electron-rich state of Ni’ by electron
interaction.

For all Zn LMM Auger electron spectra, the Zn** peak can be
observed with a kinetic energy of 986-987 eV and the Zn®" peak
at 990-991 eV (Fig. S21).**' The fitting results (Table S3t) show
that the reduction process leads to an increase in the Zn®"
content. For 20Ni1Zn, the catalyst reduction process slightly
increases the Zn®" content from 35.13 to 35.81%, but for
20Ni20Zn, the Zn®" content increases significantly from 23.78 to
31.54% during the reduction process. The reduction of Zn>*
increases the Zn®" content, but the anomaly is that the increase
of Zn®" is more significant at 20Ni20Zn than at 20Ni1Zn. Two
factors may contribute to the increase in Zn®" content: (1) the
formation of Ni-Zn alloy and (2) the formation of ZnO,. The Ni-
Zn alloy with Ni°®“-Zn®" structure can be formed due to the
higher electronegativity of Ni (1.9) than of Zn (1.6), which
corresponds to the shift of the nickel species in the Ni 2p
spectra to lower binding energies (Fig. 2d) and has been
demonstrated by previous DFT calculations.”® The formation of
ZnO, is closely related to the strong metal-support interaction
(SMSI) that leads to the encapsulation of active metals by the Zn

J. Mater. Chem. A, 2023, 11, 8248-8255 | 8251
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Fig. 3 HRTEM images of (a) 20Nil1Zn-H and (b) 20Ni20Zn-H.

species in the form of anoxic oxides and has been widely re-
ported in the CuZnAl catalytic system.*>**

To better understand the role of Zn in the catalysts, the
structures of 20Ni1Zn-H and 20Ni20Zn-H were studied by
HRTEM (Fig. 3, S3 and S41). In addition to lattice fringes of
0.203 nm corresponding to the Ni (1 1 1) facet, lattice fringes of
0.212 nm corresponding to the NiZn; (3 1 5) facet are also seen
on 20Ni1Zn-H (Fig. 3a and S37). No ZnO overlayer is observed,
suggesting that the increase in Zn®" on 20Ni1Zn-H is due to the
formation of a small amount of Ni-Zn alloy rather than SMSI.
On 20Ni20Zn-H, on the other hand, not only many lattice
fringes belonging to NiZn; (2 3 3) crystal facet are found, but
also the phenomenon of encapsulation is observed (framed
area), indicating that Ni-Zn alloy and SMSI are formed simul-
taneously on the 20Ni20Zn catalyst (Fig. 3b and S4f). The
encapsulation of the metallic Ni sites by SMSI could also be
responsible for the significant decrease in dispersion measured
in the H, pulse experiment (Table S2f). The absence of an
overlayer on 20Ni1Zn suggests that Zn is preferentially alloyed
with Ni and SMSI can only occur at high Zn content.

3.3 Structure-performance relationship of the NiZn/Al,O;
catalysts

As mentioned above, the reaction pathway of CO, methanation
on our catalysts has been shown to proceed via *CO interme-
diates. Thus, CO, activation and further hydrogenation of *CO
are two key factors that determine the hydrogenation activity of
CO,. There are two CO, activation pathways, the redox mecha-
nism and the association mechanism.** In the redox mecha-
nism, CO, is dissociated directly into *CO, and the rate-
determining step (RDS) is the reduction of oxygen sites on the
surface by *H.**¢ In the association mechanism, CO, is acti-
vated by formate intermediates supported by *H, and its rate
can be determined by H, dissociation, the interaction of *H

8252 | J Mater. Chem. A, 2023, N, 8248-8255
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Table 1 Kinetic data of the catalysts for CO, hydrogenation

Reaction Reaction order

order of CH, of CO

formation formation E, (k] mol ™)
Catalyst CO, H, CO, H, CH, CO
20Ni 0.25 0.53 0.79 —0.27 83.69 91.36
20Nil1Zn 0.09 0.42 0.71 —0.18 92.46 75.92
20Ni20Zn — — 0.42 0.21 — 79.91

with *CO,, or the reduction of *OH by *H.*” Therefore, the RDS
of the association mechanism is controversial. For 20Ni, we
observed reaction orders of 0.79 and —0.27 for the formation of
CO, and H, to CO, respectively (Table 1). For 20Ni20Zn, the CO,
order decreases to 0.42, while the H, order assumes a positive
value of 0.21. A significant increase in sensitivity to *H
concentration for 20Ni20Zn indicates the conversion of the CO,
activation pathway to a redox mechanism after Zn addition.

To investigate the adsorbed species (especially *CO) and
their tendency to change during the reaction process, in situ
DRIFTS spectra were collected during the CO, hydrogenation
reaction (Fig. 4). At 150 °C or below, CO, adsorbed on the
surface of the catalyst produces bicarbonate species with the
characteristic bands at 1637-1657 cm "% When the
temperature reaches 200 °C, formate species appear at 1575-
1590 cm ™" and various types of adsorbed CO bands in the range
1800-2100 ¢cm™'.*'** Among them, the bands at 1846 and
1913 cm ' are assigned to bridged *CO and the band at
2022 cm~ ' to linear *CO.***>% At higher temperatures, the
methane peak at 3014 cm ™' can be observed,*”® along with the
decrease of *CO, which also provides more evidence for the
formation of methane by *CO intermediates. At 200 °C,
a shoulder peak at 2070 cm ™', which belongs to subcarbonyl
species, can be observed above 20Ni and 20Ni1Zn. This peak is
attributed to CO adsorption on low-coordinated Ni.** The
absence of this peak on 20Ni20Zn may be due to the formation
of a large number of NiZn alloy. Using in situ DRIFTS, reaction
mechanisms of CO, hydrogenation on our catalysts can be
proposed, including activation of CO, to *CO via formate
intermediates or direct cleavage and further hydrogenation of
*CO to CH,. It is worth noting that the strength of formate
species for 20Ni and 20Ni1Zn drops sharply at 250-300 °C,
which corresponds to the appearance of the CH, peak (Fig. 4d
and e). However, in the case of 20Ni20Zn, there is no clear
correlation between the formation of methane and the presence
of formate species (Fig. 4f). This observation suggests a shift in
the CO, activation pathway toward a redox mechanism.

The introduction of Zn has been reported to cause a selec-
tivity change in the CO, hydrogenation reaction by weakening
the adsorption strength of CO, resulting in easy desorption of
CO and difficulty in further hydrogenation.”****” Although the
amount of CO adsorbed on the Zn-containing catalyst is indeed
less, as shown in Fig. S5, a strong linear *CO peak exists for
20Ni20Zn during the CO, hydrogenation process, as shown in
Fig. 4c. The adsorption strength of *CO as an intermediate

This journal is © The Royal Society of Chemistry 2023
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appears to be negatively correlated with the selectivity of CH,.
However, the high intensity of the linear *CO peaks suggests
that the difficulty of CO adsorption is not the main reason for
the selectivity change in CO, hydrogenation. During the reac-
tion, the accumulation of intermediate species reflects the
relative rate of generation and consumption. A strong *CO peak
indicates that the CO generation rate over 20Ni20Zn is much
larger than the consumption rate. Although it is difficult to
determine the intrinsic CO adsorption capacity of the active
sites during the reaction, the evidence suggests that the selec-
tivity change is not solely due to the weakening of CO adsorp-
tion on the Zn-containing catalyst. We also performed the in situ
DRIFTS investigation of CO hydrogenation directly. The inten-
sity of CO adsorption is still reasonable on both 20Ni1Zn and
20Ni20Zn at different temperatures (Fig. S61), which excludes

80 -—o— 20Ni
—o—20Ni1Zn
20Ni20Zn

60 -

CO, Conversion (%)
N
o

250 300 350 400 450
Temperature (°C)

the possibility that differences in CO generation rate are
responsible for regulating the product selectivity. Therefore, it
can be concluded that the decrease in CH, selectivity is not due
to the difficulty of CO adsorption, but rather to the inability of
the adsorbed CO to react further.

By combining the mechanism study and structure charac-
terization, the structure-performance relationship can be
determined. The introduction of Zn preferentially forms an
alloy with Ni and occurs at higher loading than ZnO,, leading to
SMSI. The Ni-ZnO, interface induced by SMSI can promote the
redox activation of CO, due to the abundant oxygen vacancies.*®
Although the Ni-Zn alloy phase has the ability to adsorb CO, it is
difficult to further convert it to CH,4, which ultimately affects the
product selectivity. To further verify this, we measured the CO,
hydrogenation activity and selectivity over a wider temperature

b
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Fig. 5 CO, hydrogenation activity of NiZn/AlL,Oz catalysts over a wider range of temperatures.
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range from 250 to 450 °C (Fig. 5). 20Ni20Zn is still a CO-selective
catalyst at 400 °C, but becomes CH,-selective at 450 °C. From
a thermodynamic point of view, the CO, methanation reaction
is strongly exothermic (AH,o5 x = —164 k] mol™'), while the
RWGS reaction is endothermic (AH,o5 x = 41.2 k] mol %), and
therefore increasing the reaction temperature is generally
unfavorable for CH, selectivity. Therefore, the change in selec-
tivity from CO to CH,4 at 400 °C to 450 °C may be due to over-
coming the activation energy for further hydrogenation of *CO.
The further hydrogenation of CO is just considered as a rate-
determining step (RDS) for CO, methanation over Ni/Al,O;
catalysts.*® The phenomenon that the TOF values of CO, and CO
hydrogenation decrease with the introduction of Zn also
supports the change in the properties of the active phase, i.e.,
from metallic Ni to Ni-Zn alloy. Thus, for the Ni-Zn alloy, the
kinetic limitation of this RDS hinders the further conversion of
*CO and reverses the selectivity of CO, hydrogenation.

4. Conclusions

Overall, we systematically investigated the effect of Zn on a Ni-
based CO, hydrogenation catalyst and its structure-activity
relationship. The NiZn/Al,O; supported catalysts with different
ZnO loading were prepared by a deposition-precipitation
method. The introduction of Zn decreases both the CO, and CO
hydrogenation activities of the catalyst and leads to a reversal of
CO, hydrogenation selectivity from CH, to CO, which opens up
new possibilities for rational design of efficient RWGS catalysts.
Structural characterization based on XRD, XPS and TEM shows
that Zn is preferentially alloyed with Ni. SMSI occurs when the
Zn content is further increased. The Ni-ZnO, interface
contributes to the CO, activation pathway changing from an
associative mechanism to a redox mechanism. Moreover,
although the Ni-Zn alloy can adsorb CO intermediates in the
reaction process, its ability to further convert *CO is insuffi-
cient, which is the main reason for the selective conversion of
CH, to CO. Therefore, in the development of Ni-based CO,
hydrogenation catalysts, attention should be paid to the
adsorption of intermediates CO and the further hydrogenation
capacity of the active sites to regulate the selectivity of the target
product.
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