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rogeneous catalysts toward
catalytic conversion of CO2

Fei Wang, Min Wei,* David G. Evans and Xue Duan

The catalytic conversion of CO2, which has recently attracted considerable attention, would not only

contribute to the alleviation of environmental problems but would also provide useful chemicals (e.g.,

methane and methanol). Due to the thermodynamic stability of CO2, developing highly efficient and

cost-effective catalysts is the main challenge with respect to large scale production. CeO2-based

materials have aroused increasing research interest as supports or catalysts toward CO2 conversion. By

virtue of the unique structural properties resulting from oxygen vacancies and reversible valence change

(Ce4+ and Ce3+), CeO2 exhibits great potential as a support to immobilize catalytically-active species or

even as an active site to activate the oxygen-containing bond in catalytic reactions involving CO2. In this

review, the latest advances in the design, preparation and application of CeO2-based heterogeneous

catalysts toward CO2 conversion are summarized.
1. Introduction

In recent decades, global warming caused by the increasing CO2

concentration in the atmosphere (mainly produced by the
burning of fossil fuels) has attracted considerable attention.1,2

As a safe and abundant carbon source, the utilization of CO2 to
achieve carbon recycling not only contributes to the alleviation
of environmental problems but also has the potential to provide
useful chemicals (e.g., methane and methanol).3,4 A great many
scientic breakthroughs on this meaningful topic have been
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achieved from a wide scope of research elds, including mate-
rials science, catalysis, photocatalysis and sustainable chem-
istry.5–7 Among these, CO2 conversion promoted by
heterogeneous catalysis has aroused intense interest due to its
economic efficiency and industrial application. However, the
effective transformation of CO2 still raises challenges due to the
difficulties in activating the thermodynamically stable CO2,
which requires high temperatures with an energy-intensive
process.8,9 For this reason, the rational design and preparation
of efficient heterogeneous catalysts with high performance and
stability are of vital importance in realizing CO2 conversion on
a large scale.

CeO2, as a well-studied heterogeneous catalyst or support, has
attracted extensive research interest in a wide scope of reactions,
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due to its unique structural properties resulting from oxygen
vacancies and reversible valence change (Ce4+ and Ce3+).10–12 In
particular, CeO2-basedmaterials are appropriate catalysts toward
CO2 conversion (such as photocatalytic13–15 and heterogeneous
catalytic reactions16–20) by virtue of these attractive structural
features. The oxygen vacancies in CeO2 improve the activity and
stability of supported metal nanoparticles;16–18 moreover, they
serve as active sites to activate the oxygen-containing bond in
catalytic reactions involving CO2.19,20 In addition, the Ce3+ species
as a Lewis base is benecial to the adsorption and conversion of
CO2.21 For instance, it can effectively promote the dispropor-
tionation of CO2 and the stabilization of CO-containing inter-
mediates. However, the detailed roles of CeO2-based materials in
a specic reaction are normally very complicated, therefore need
to be carefully studied in order to facilitate the development of
novel catalysts.

In this Overview Article, we comprehensively summarize
recent progress in the design and preparation of CeO2-based
catalysts towards CO2 conversion reactions (reverse water gas
shi reaction, CO2 methanation, methanol synthesis from CO2

and CO2 reforming of methane). The catalytic role of CeO2 (as
a support or a catalytic active site) in these reactions is reviewed
based on preparation, characterization and structure-property
correlation. In the nal section, current challenges and future
strategies are discussed from the viewpoint of intrinsic active
sites and reaction mechanisms over a multi-step and structure-
sensitive catalytic system. It is anticipated that this Overview
Article will attract more attention toward CeO2-based materials
in the catalytic conversion of CO2 and encourage future work in
this exciting and fast-growing area.
2. Reverse water gas shift (RWGS)
reaction

The catalytic conversion of CO2 via the RWGS reaction is an
important route to modify the H2/CO ratio in syngas, which is
then used for the synthesis of hydrocarbons.22–24 Moreover, the
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RWGS reaction is the reverse reaction of the WGS reaction,
which plays an important role in industry. Studying the mech-
anism of the RWGS reaction is also instructive for under-
standing the WGS reaction and for the improvement of
industrial catalysts.25 For this reason, research on the RWGS
reaction is valuable both in fundamental study and technolog-
ical application.

CO2 + H2 / CO + H2O, DH298 K ¼ 41.2 kJ mol�1 (1)

The reaction mechanisms of the RWGS reaction are mainly
classied into two categories. One is the redox mechanism:26

hydrogen acts as a reducing reagent and does not participate in
the formation of intermediates. The other mechanism involves
formate as the intermediate, which comes from the adsorption
and hydrogenation of CO2;27 the CO is ultimately formed as the
decomposition product of formate. Various types of catalyst
have been developed for the RWGS reaction and of these, CeO2-
based material exhibited superior catalytic activity (Table 1).
CeO2 as support

CeO2 is widely used as a support for heterogeneous catalysts due
to its excellent performance in maintaining smaller particles of
supported metal compared with other supports.16–18 According
to previous reports, metal nanoparticles tend to nucleate at
oxygen vacancies and vacancy clusters on a CeO2�x surface and
bind more strongly to vacancy sites than to stoichiometric
sites.36 However, the detailed structure and evolution regularity
of the CeO2�x surface, especially with respect to reaction
conditions, still need to be studied further. Ni was generally
employed as the active metal while CeO2 was frequently used as
the support in the RWGS reaction.34,37–39 For instance, Wang
et al.34,37,38 synthesized Ni/CeO2 catalysts with careful control
over preparation parameters, precipitants and Ni loading. Three
kinds of Ni species were formed in Ni/CeO2 catalysts: Ni ions in
a CeO2 lattice, highly dispersed Ni and bulk Ni. The highly
dispersed Ni resulting from the oxygen vacancies is regarded as
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Table 1 Comparison of activities of the RWGS reaction

Catalyst Preparation WHSV (mL g�1 h�1) T/K XCO2
(%) Ref.

CuZnAl Deposition–precipitation n/aa 513 15 28
Cu + K/SiO2 Impregnation 300 000 873 12.8 29
Cu + Fe/SiO2 Impregnation 60 000 873 15 30
Fe nanoparticles Fe-oxide deposition 6000 873 31 31
Fe–Mo/Al2O3 Deposition–precipitation 30 000 873 34 32
Pt/TiO2 Impregnation 12 000 873 49 33
Ni/CeO2 Deposition–precipitation 120 000 873 35 34
Ni/Ce–Zr–O Impregnation 10 000 1023 49.7 35

a n/a: not available.

Fig. 1 TPSR profiles of catalysts:m/z¼ 44 (CO2), 28 (CO), 15 (CH4) and
18 (H2O). (A) NiCeZr: the spectrum related to CO2 is divided by 2, H2O
divided by 6 and CO divided by 2. (B) Ni/CeZr: the spectrum related to
CO2 is divided by 2, H2O divided by 6, CO multiplied by 6 and CH4

divided by 2. (C) Ni/NiCeZr: the spectrum related to CO is divided by

Review Journal of Materials Chemistry A
the key active component for the RWGS reaction, while the bulk
Ni is responsible for CO2 methanation. This result shows
a prominent particle-size effect on reaction selectivity, which
was reported by Wu et al.40 In addition, CO2 methanation can
be inhibited by using Au or Cu as the main active metal as
a result of a change in reaction pathway.41,42 An Ni/CeO2

catalyst prepared by using the co-precipitation method with
a mixed precipitant (Na2CO3/NaOH ¼ 1/1) and 2 wt% Ni
loading exhibits the highest catalytic activity and longest life.
Interestingly, the TPR results indicate a strong metal-support
interaction (SMSI) between NiO particles and CeO2 in the Ni/
CeO2 catalyst prepared by the impregnation method. The
SMSI leads to the decoration of Ni particles by CeOx species,
which induces a low activity in this catalyst toward CO2

hydrogenation. These results demonstrate that CeO2 as
a support promotes the textural properties and stability of Ni
catalysts (e.g., high dispersion, good exposure and long-term
stability) in the RWGS reaction.
2

2, H2O divided by 6, CO multiplied by 6 and CH4 multiplied by 2.
Reprinted with permission from ref. 43. Copyright 2014, Elsevier.
CeO2 as active site

In addition to serving as a support, CeO2 and CeO2-containing
materials are recognized as active sites in the RWGS reac-
tion.43,44 Although the detailedmechanism is still uncertain, it is
clear that the catalytic behavior of CeO2 relies on its ability in
creating oxygen vacancies and redox cycling between Ce4+ and
Ce3+. The oxygen vacancies and surface Ce species act as effec-
tive oxygen storage/release sites for redox catalysis. Zonetti
et al.43 prepared NixCe0.75Zr0.25�xO2 (NiCeZr) solid solution,
Ce0.75Zr0.25O2 (CeZr) and CeO2 samples and evaluated them in
the RWGS reaction. By correlating the catalytic activity and
reducibility of these catalysts, the authors inferred that
a stronger reducibility in the mixed oxide results in a higher
activity in this reaction. Aer CO2 chemisorption at room
temperature for 1 h, a temperature programmed surface reac-
tion (TPSR) was performed to detect the desorbed gases (e.g.,
CO, H2O, CH4 and CO2) from 25 to 700 �C in a H2/He ow. As
shown in Fig. 1, a signicantly higher CO selectivity and lower
CH4 selectivity are obtained over an NiCeZr catalyst (Fig. 1A)
relative to the other two supported Ni catalysts (Ni/CeZr and
Ni/NiCeZr in Fig. 1B and C, respectively), showing the signi-
cantly different catalytic performance of NiCeZr compared with
supported Ni catalysts. Moreover, in the NiCeZr solid solution,
This journal is © The Royal Society of Chemistry 2016
the incorporation of Ni into the lattice of CeZr oxide was
demonstrated by Raman measurements: the peak of NiCeZr
oxide shis to 260 cm�1 compared with that of CeZr oxide at
290 cm�1. Both the CeZr and CeO2 samples without Ni
successfully catalyze the CO2 conversion, conrming that CeO2

can play the role of active site in this reaction. Moreover, the
NiCeZr catalyst is almost inactive in the cyclohexane dehydro-
genation reaction, when metallic Ni is excluded from the cata-
lyst surface. This work therefore demonstrates that CeO2-based
mixed oxides, rather than Ni, act as the active sites toward the
RWGS reaction.
Catalytic mechanism

Understanding the reaction mechanism of the RWGS reaction
is also valuable for the WGS reaction due to the principle of
microscopic reversibility. With the development of advanced
research techniques, studying the catalytic mechanism under
operando conditions has become a hot topic in recent decades.
However, how to reasonably apply the characterization tech-
niques under operando conditions still causes controversy
J. Mater. Chem. A, 2016, 4, 5773–5783 | 5775
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and needs to be further explored. Meunier et al.45–47 reported
signicantly different results concerning the reactivity of
surface intermediates between in operando and ex operando
conditions. They found that formate on the surface of a Pt/CeO2

catalyst diminishes more quickly than carbonate and carbonyl
in an Ar atmosphere. However, this happens much more slowly
than with carbonate and carbonyl under true reaction condi-
tions in an isotopic exchange experiment. This difference is
probably due to the relationship between the desorption
features of these intermediates and the oxidation state of CeO2

in different atmospheres, which clearly shows the need to
determine the reactivity of surface species under operando
conditions. Their following work48 employed a single reactor,
which was monitored by diffuse reectance FT-IR (DRIFT) and
mass spectrometry (MS) using a steady-state isotopic transient
kinetic analysis (SSITKA) technique to explore the reaction
mechanism in operando. The parameter s represents the time at
which the signal of each species decreased by 50% following the
isotopic switch. For the surface species (carbonyl, carbonate or
formate) and the reaction product (CO), the s values were
measured by DRIFT and MS, respectively. They found that
surface formate is not the main reaction intermediate for the
formation of CO over Pt/CeO2 catalysts; surface carbonate
species adsorbed on the CeO2 surface is shown to be the main
surface intermediate (Fig. 2) while reaction through carbonyls
adsorbed on the Pt surface is a minor route. This work provides
a good example to explore the reaction mechanism of a complex
catalytic system with multiple activity sites using an in operando
technique.

However, Jacobs et al.49 drew a completely different conclu-
sion about the reaction intermediates for the RWGS reaction.
They reported that the exchange rate of formate in a steady-state
isotope-switching study greatly depends on whether water is
introduced into the reaction gas. For this reason, the autoca-
talysis of water in the RWGS and WGS reactions cannot be
neglected. In addition, their study on switching from 12CO2 to
13CO2 showed that surface carbonates and carbonyl exchange
rapidly even in the absence of H2. This indicates that the fast
exchange of surface carbonates and carbonyl is not due to the
Fig. 2 Model for the mechanism of the RWGS reaction over Pt/CeO2.
Reprinted with permission from ref. 48. Copyright 2004, American
Chemical Society.
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reaction process but results from other reasons, such as thermal
desorption.

Although valuable insights into the mechanism of the RWGS
reaction and different surface intermediates were obtained
from the transient kinetic technique, temporal analysis of
products (TAP) measurements could provide more information
related to reversible structural changes in the catalyst using
alternating pulses of reducing gas and oxidizing gas.50,51

Recently, a pulse-response TAP technique was applied to
investigate the RWGS reaction on an Au/CeO2 catalyst. The
results showed that a surface-reduced Au/CeO2 catalyst can be
partially re-oxidized by exposure to CO2 pulses. In addition, the
surface oxygen deposited by CO2 can be reactively removed
again, which is signicantly easier than removing that depos-
ited by exposure to O2. In this work, the redox pathway on the Au
surface or the interface between Au and CeO2 was well illus-
trated with respect to the RWGS reaction. However, the catalyst
structure of CeO2 (e.g., oxygen vacancies and surface hydroxyl),
which is also sensitive to the atmosphere was not well consid-
ered in the reaction pathway.

In addition to the reaction mechanism, a study of the
deactivation of CeO2-based catalysts in the WGS and RWGS
reactions is also necessary for further improving the catalytic
performance. Goguet et al.52 investigated the deactivation rules
of Pt/CeO2 under RWGS conditions via an accelerated ageing
procedure. Total recovery of the initial activity was obtained
aer reoxidation of the catalyst exposed to CO; this showed that
carbon deposition was solely responsible for deactivation,
excluding metal sintering. In addition, the catalyst activities
(1% CO2, 4% H2, 300 �C) were measured before and aer
exposure to CO, CO2, H2 or CH4 at 400 �C. Exposure to an
increasing amount of CO leads to increased deposition of
carbon, resulting in deactivation, while moderate or no deacti-
vation is found on exposure to CO2, CH4 or H2. Additional TPO
demonstrates the carbonaceous deposits during the RWGS
reaction. This work illustrates the origin of deactivation of
CeO2-based catalysts in the RWGS reaction, which could
provide criteria for the design of effective catalysts with stable
activity.
3. Methanation of CO2

Catalytic hydrogenation of CO2 to methane, also called the
Sabatier reaction, is the most advantageous reaction with
respect to thermodynamics (DG298 K ¼ �130.8 kJ mol�1) among
CO2 conversion reactions. However, the reduction of fully
oxidized carbon to methane is an eight-electron process with
signicant kinetic limitations.9,53

CO2 + 4H2 / CH4 + 2H2O, DH298 K ¼ �252.9 kJ mol�1 (2)

In addition to its application in eliminating CO2 emission,
this reaction may also be applied in the future with respect to
manned space exploration on Mars by converting the Martian
CO2 atmosphere into methane and water for astronaut life-
support systems.54 The reaction mechanism of CO2 methana-
tion is normally classied into two categories: one involves CO
This journal is © The Royal Society of Chemistry 2016



Table 2 Comparison of activities of CO2 methanation

Catalyst Preparation WHSV/GHSV T/K XCO2
(%) Ref.

Ni/g-Al2O3 Impregnation 9000 mL g�1 h�1 623 78 57
Ni/TiO2 Deposition–precipitation 2400 mL g�1 h�1 533 96 58
Ni/b-zeolite Impregnation 882 h�1 633 97 59
Ni/ZrO2–Al2O3 Impregnation–precipitation 8100 mL g�1 h�1 633 69.8 60
Ru/SiO2 Impregnation 2400 mL g�1 h�1 673 80 53
Ru/TiO2 Photohole-oxidation 2400 mL g�1 h�1 493 99 53
Ru/Al2O3 n/aa 15 000 h�1 573 96 61
Ru/CeO2 Deposition–precipitation 2400 mL g�1 h�1 523 94 20

a n/a: not available.

Fig. 3 Proposed pathways for CO2 activation and methanation over
(a) Ni/Ce0.5Zr0.5O2 and (b) Ni/g-Al2O3. Reprinted with permission from
ref. 66. Copyright 2014, Elsevier.
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as the reaction intermediate, which then follows the mecha-
nism of CO methanation;55 the other involves some C-contain-
ing chemicals (e.g., formate and carbonate) as intermediates,
which directly hydrogenate without forming CO.56 A series of
catalysts have been developed for this reaction, in which CeO2-
based material exhibited superior catalytic activity (Table 2).

CeO2 as support

Metal (e.g., Ru and Ni) catalysts with CeO2 as support are
effective toward CO2 methanation.62–65 Tada et al.62 prepared
different metal oxides (CeO2, a-Al2O3, TiO2 andMgO) to support
Ni catalysts and carried out evaluation for CO2 methanation. A
Ni/CeO2 sample showed the highest CO2 conversion compared
with the other catalysts, especially at low temperatures, which
was attributed to the enhanced adsorption of CO2-derived
species and the partial reduction of the CeO2 surface. Doping
CeO2 with Zr (CexZr1�xO2) is an effective approach to improve
the reduction degree and the concentration of oxygen vacancies.
Ocampo et al.63 prepared several Ni/Ce0.72Zr0.28O2 catalysts
containing different Ni loadings and measured their catalytic
activity in CO2 methanation. The high oxygen storage capacity
of CexZr1�xO2 and a high dispersion of Ni are believed to bring
about the high performance of these catalysts. CexZr1�xO2-
supported Ni–Co bimetallic catalysts were also developed
toward the methanation of both CO2 and CO.64 The metal-
support interaction and the existence of oxygen vacancies play
key roles in the catalytic performance. Although many metal
catalysts supported on CeO2 with high activity and stability have
been reported, the origin of the good performance is attributed
to several factors, which still needs to be claried by conrming
the active sites and the corresponding reaction mechanism.

CeO2 as active site

Generally speaking, a metal (e.g., Ru or Ni) surface is supposed
to be the active site for CO2 methanation. However, it was
reported that the metal oxide acts as the active site while the
metal surface acts as the supplier of hydrogen in some
cases.66–73 Pan et al.66 studied the CO2 adsorption and metha-
nation activity over Ce0.5Zr0.5O2 and g-Al2O3-supported nickel
catalysts, respectively. Ce0.5Zr0.5O2 provides unique medium
basic sites for CO2 adsorption and subsequent conversion to
carbonate and monodentate formate, which undergo
This journal is © The Royal Society of Chemistry 2016
hydrogenation more quickly than bidentate formate (Fig. 3).
According to previous reports, the Ce3+ sites are probably
serving as the medium basic sites for CO2 adsorption and
conversion.21 The bonding mode between Ce3+ and C-contain-
ing species and their structural changes in the catalytic cycle
still need to be explored in detail, which would largely promote
understanding of the reaction mechanism of CO2 over CeO2-
based catalysts.

Leitenburg et al.67 reported that the adsorption and activa-
tion of CO2 occur on the surface Ce3+ site, which converts to CO
along with a valence change from Ce3+ to Ce4+. The oxygen bulk
vacancies play an important role in the reduction of CO2 to CO
and/or surface carbonaceous species, which then rapidly
hydrogenate to CH4 over the supported metal. In our recent
work, the promoting effect of metal nanoparticles (Ru) on the
formation of oxygen vacancies was clearly conrmed.20 In
addition, the surface oxygen vacancies on CeO2 rather than Ru
are more likely to be the active sites in CO2 methanation, based
on the quantitative relation between the reaction rate and
concentration of surface oxygen vacancies. With respect to the
reaction mechanism on oxygen vacancies, formate was proved
to be the reaction intermediate by steady-state isotope transient
kinetic analysis (SSITKA)-type in situ DRIFT infrared
J. Mater. Chem. A, 2016, 4, 5773–5783 | 5777



Fig. 4 (A and B) DRIFT spectra recorded at 150 �C during 90 min over
the Ru(3%)/CeO2–NCs catalyst with 12CO2 as reaction gas; (C and D)
subsequent reaction during 45 min by introducing 13CO2 as reaction
gas. From bottom to top: (A and B) 0, 0.5, 2, 5, 10, 15, 20, 30, 50, 70, 90
min; (C and D) 0, 0.5, 1, 2, 4, 6, 10, 15, 20, 30, 45 min. Reprinted with
permission from ref. 20. Copyright 2015, Elsevier.

Journal of Materials Chemistry A Review
spectroscopy, which is different from the generally recognized
CO intermediate on a metal surface (Fig. 4).

Doping CeO2 with noble metal is a promising route to
prepare CeO2-based materials with abundant oxygen vacancies.
Metiu et al.68 prepared several CeO2 catalysts doped with Ni, Co,
Pd or Ru by the combustion method and evaluated them in CO2

methanation. Among these catalysts, the reduced Ru-doped
CeO2 sample shows the best catalytic activity. The author re-
ported that doping of Ru facilitates the reduction process at
a lower temperature, which results in more oxygen vacancies.
XRD and XPS were used to verify the crystal structure of the
doped oxide (e.g., Ce0.95Ru0.05O2) and the location of Ru in CeO2

was studied using a calculation method. When the Ru atom is
located in the second Ce layer, the energy is lower than that in
the surface region. Although it is not possible for all the Ru
atoms to enter into the subsurface layer, this result indicates
that most of the Ru atoms cannot make contact with the reac-
tants and act as active sites. In their recent work, Metiu et al.69

further studied the oxidation state of the surface of an Ru-doped
CeO2 catalyst. The activity was found to be sensitive to the
reduction degree of the catalyst surface; an over-oxidized or
over-reduced surface leads to a decreased catalytic activity. This
further veries that the surface of CeO2 provides active sites and
its reduction degree greatly affects the reaction process.
Table 3 Comparison of activities in synthesis of methanol

Catalyst Preparation WHSV/GHSV

Cu/ZrO2 Deposition–precipitation 5400 h�1

Cu–Zn/ZrO2 Coprecipitation 3300 h�1

Ag–Zn/ZrO2 Coprecipitation 3300 h�1

Au–Zn/ZrO2 Coprecipitation 3300 h�1

Cu–Ga/ZnO Co-impregnation 18 000 mL g
Cu–Zn–Al/ZrO2 Coprecipitation 9742 h�1

Pd–Zn/CNTs Incipient wetness 1800 mL g�1

LaCr0.5Cu0.5O3 Sol–gel 9000 mL g�1

a Selectivity of methanol.
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According to the reports mentioned above, the superior catalytic
performance of CeO2 as active site is dependent on a unique
reaction mechanism, which is different from that on a metal
surface. Applying operando characterization techniques (e.g.,
Raman, TEM, EXAFS and IR) would be a good strategy to obtain
detailed structural information on active sites and reaction
mechanisms under practical conditions.
4. Synthesis of methanol

Methanol is a common solvent and a key material in chemical
industry due to its extensive use in synthesizing liquid fuels
(e.g., hydrocarbons and dimethylether). As an alternative feed-
stock for synthesis gas (CO), converting CO2 into methanol is
a promising process for large-scale application.74

CO2 + 3H2 / CH3OH + H2O, DH298 K ¼ �49.5 kJ mol�1 (3)

The thermodynamic features of this reaction favor a low
reaction temperature and a high reaction pressure. However, the
difficulty in CO2 activation requires an enhanced temperature to
achieve an acceptable reaction rate.75 Just like the CO2 metha-
nation, two categories of reaction mechanism are in debate so
far: one involves CO as intermediate, which is produced via the
RWGS reaction and then hydrogenates to methanol following
the conventional syngas-to-methanol conversion (CO + H2 /

CH3OH).76,77 The other has formate or carbonate as the inter-
mediate, which originates from the adsorption and hydrogena-
tion of CO2.78,79 Various types of catalyst have been developed for
the RWGS reaction (Table 3). Among these, CeO2-basedmaterials
have aroused intensive interest in recent years and have exhibited
superior catalytic activity.
CeO2 as support

In the work of Yang et al.,86 the support effect of CeO2 on an Au/
TiO2 catalyst was carefully studied in the synthesis of methanol
from CO2. DFT calculation was applied to study the electronic
metal-support interaction at the Au3–CeOx interface (Fig. 5A).
The signicant charge redistribution of Au atoms would
promote binding of the positively charged carbon of CO2 to
Aud� and the negatively charged oxygen to Ced+. DFT calcula-
tions were also performed to optimize the potential energy
T/K XCO2
(%) Sa (%) Ref.

513 6.3 48.8 80
493 21.0 68.0 81
493 2.0 97.0 81
493 1.5 100 81

�1 h�1 543 6.0 88.0 82
513 18.7 47.2 83

h�1 523 6.3 99.6 84
h�1 523 10.4 90.8 85

This journal is © The Royal Society of Chemistry 2016



Fig. 5 Charge transfer and reaction energetics calculated by DFT. (A)
The net Bader charges of Au and Ce. +, electron loss;�, electron gain.
(B) DFT-optimized potential energy surface (PES) for CO2 hydroge-
nation on Au3/TiO2(110) and Au3/CeOx/TiO2(110). “TS” corresponds to
transition state. Reprinted with permission from ref. 86. Copyright
2015, American Chemical Society.
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surface (PES) in this reaction on Au3/TiO2(110) and Au3/CeOx/
TiO2(110) (Fig. 5B). The results reveal that Au3 supported on
CeOx/TiO2(110) decreases the reaction barriers for CO and
methanol production, which allows Au to hydrogenate CO2 with
an unprecedentedly low hydrogen pressure. Ambient-pressure
X-ray photoelectron spectroscopy (AP-XPS) was also used to
conrm the unique surface electronic properties and the CO2

activation mechanism at the active Au–CeOx interface. The
results show that the activation of CO2 requires bothmetallic Au
and Ce3+. For this reason, the interfacial region between
metallic Au and Ce3+ is the most favourable adsorption site in
this reaction. The experimental-theoretical combined study was
well demonstrated in this study, which revealed a detailed
correlation between the catalyst structure and catalytic activity.
However, the methanol selectivity over the Au/TiO2CeO2 catalyst
was below 1%, which is signicantly lower than that for the
CuZnAl catalyst (above 40%) and still needs to be improved.
CeO2 as active site

Bonura et al.87 studied the catalytic role of CeO2 in Cu/ZnO and
Cu/ZrO2 catalysts toward CO2 hydrogenation to methanol. As
the CeO2 content increases, both the specic surface area and
metal dispersion decrease, indicating that CeO2 is not good for
promoting the textural properties of Cu catalysts compared with
ZrO2. However, the CeO2-containing catalysts exhibit much
higher methanol yields in comparison with those without CeO2.
The metal surface is not the only active site, due to the lack of
relationship betweenmetal surface and catalytic activity. This to
some extent conrms the fundamental role of the metal/oxide
interface as the active site. Arena et al.88 obtained a similar
conclusion in their research on the promoting effect of Al2O3,
ZrO2 and CeO2 on the Cu/ZnO system in the synthesis of
methanol via CO2 hydrogenation. They reported that, although
This journal is © The Royal Society of Chemistry 2016
CeO2 shows a weaker promoting effect on the texture of the Cu/
ZnO system, the CuZnCe catalyst displays a more than twofold
larger methanol yield owing to its high selectivity level over the
whole reaction temperature range. These two exploratory
studies introduced CeO2 into the traditional Cu/ZnO catalyst,
offering a new strategy to obtain promising catalytic activity and
selectivity toward CO2 hydrogenation to methanol. However,
due to the complexity of the catalyst system, the exact role of
CeO2 in this reaction is not fully understood.

As an alternative to the traditional Cu/ZnO catalysts, Gra-
ciani et al.21 reported highly active Cu–CeO2 and Cu–CeO2–TiO2

catalysts for the synthesis of methanol from CO2. The experi-
mental results and theoretical calculation indicated a different
type of active site for CO2 activation at the Cu–CeO2 interface,
which was highly efficient for the synthesis of methanol. The
combination of metal and oxide at the Cu–CeO2 interface leads
to a special reaction pathway (OCOH rather than formate as the
reaction intermediate) for this reaction. The different reaction
pathways resulting from different active sites induce a signi-
cantly higher rate of methanol production on CeOx/Cu(111),
which is �200 and �14 times faster than on Cu(111) and Cu/
ZnO(0001), respectively. Furthermore, the apparent activation
energy for methanol synthesis (calculated by DFT calculation) is
12 kcal mol�1 on CeOx/Cu(111), which is lower than that on
Cu(111) and Cu/Zn(0001) (25 and 16 kcal mol�1, respectively).
This is the rst investigation of Cu–CeOx catalysts toward the
synthesis of methanol, which makes good use of DFT calcula-
tions for reaction simulation at the Cu–CeOx interface. The
result is very impressive and will encourage further work in this
eld.
5. CO2 reforming of methane

CO2 reforming of methane, the so-called dry reforming of
methane (DRM), is an interesting route to convert CO2 and CH4

(another green house gas) to synthesis gas.89,90 Compared with
partial oxidation and steam reforming, the H2/CO ratio of the
synthesis gas obtained from the DRM reaction is close to 1 : 1,
which is appropriate for further use in the production of
oxygenated compounds as well as Fischer–Tropsch synthesis for
liquid hydrocarbon production.91

CH4 + CO2 / 2CO + 2H2, DH298 K ¼ 247 kJ mol�1 (4)

The DRM reaction mechanism is considered to involve two
independent steps: the rst step is the decomposition of CH4 to
carbon and H2 on the metal surface; the second is the combi-
nation of carbon with oxygen to produce CO.92–94 Since the DRM
reaction is a strongly endothermic reaction, a high temperature
favors a high conversion. Wang et al.95 reported that the DRM
reaction generally proceeds at temperatures in excess of 913 K.
The main problems in this reaction are coke deposition and
sintering of metal nanoparticles, which cause severe deactiva-
tion of catalysts. As a promising resolution, CeO2 can act as
a source of active oxygen species that originates from CO2. This
will effectively scavenge and gasify the coke forming over the
catalyst.96–102 Moreover, the CeO2 substrate interacts strongly
J. Mater. Chem. A, 2016, 4, 5773–5783 | 5779



Table 4 Activities and coke formation rates of various catalysts for the DRM reaction

Catalyst WHSV/gas ow rate T/K XCH4
(%) XCO2

(%) Coke formation (wt%) Ref.

Ni/alumina aerogel 48 000 mL g�1 h�1 973 66 71 250 mmol g�1 h�1 103
Ni/SiC 6000 mL g�1 h�1 1023 92 93 n/aa 104
NiO/CaO 50 000 mL g�1 h�1 1123 95 n/a n/a 105
Ni–Co/Al2O3 91.7 mL min�1 1023 90 n/a 0.001 106
Ni–Mn/Al2O3 91.7 mL min�1 1023 95 n/a 0.006 106
Ru/MgO 107 500 mL g�1 h�1 1023 39 44 1.2 107
Ru/Al2O3 107 500 mL g�1 h�1 1023 35 39 19.5 107
Ru/SiO2 107 500 mL g�1 h�1 1023 20 23 16.4 107
Ru/TiO2 107 500 mL g�1 h�1 1023 28 30 NDb 107

a n/a: not available. b ND: not detected.
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with the supported metal nanoparticles to overcome their
agglomeration. A series of catalysts has been developed for this
reaction and among these, a CeO2-based material exhibited
superior catalytic activity (Table 4).
CeO2 as support

Ni particles with sizes of several nanometers have been proven
to be able to suppress carbon deposition during methane
reforming. In order to control the particle size of Ni with the
connement effect of SBA-16, Zhang et al.96 prepared Ni/SBA-16
and Ni/SBA-16 modied with equimolar CeO2 relative to Ni
(denoted as NiCe/SBA-16) and applied them in DRM reactions.
The CO2 and methane conversions at 973 K on NiCe/SBA-16 are
more stable than those on Ni/SBA-16 over a 100 h reaction
period. XRD, Raman spectra and TPH experiments clearly
showed less carbon deposition with NiCe/SBA-16 compared
with that with Ni/SBA-16 aer the reaction. Moreover, a more
uniform Ni particle size was observed by HRTEM for NiCe/SBA-
16 relative to Ni/SBA-16 (Fig. 6). These two factors account for
the high stability of NiCe/SBA-16 in the DRM reaction.

Wang et al.97 found that CeO2 has a positive effect on cata-
lytic activity, stability and carbon suppression in this reaction
when it is used as a promoter for Ni/g-Al2O3. When CeO2 alone
is used as a support for Ni catalysts, however, it exhibits too
strong a metal-support interaction, which reduces the catalytic
Fig. 6 TEM images of (A and B) the used Ni/SBA-16 and (D and E) used
NiCe/SBA-16 after catalytic reactions at 973 K for 100 h, with Ni
particle size distributions for (C) the used Ni/SBA-16 and (F) used NiCe/
SBA-16 catalyst. Reprinted with permission from ref. 72. Copyright
2015, American Chemical Society.
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activity. Roh et al.98 employed a co-precipitation method
to prepare ZrO2, CeO2 and cubic Ce0.8Zr0.2O2-supported Ni
catalysts, which were evaluated in the CO2 methane-reforming
reaction. The Ni/ZrO2 catalyst deactivates at the initial stage of
the reaction due to serious carbon deposition. In contrast, the
samples of Ni/CeO2 and Ni/Ce0.8Zr0.2O2 exhibit a high catalytic
activity (CH4 conversion > 95% at 800 �C) during the reaction.
The largely enhanced catalytic performance is attributed to the
intimate contact between metal and support, which results in
an improved Ni dispersion and the suppression of carbon
formation. The strong metal-support interaction in the Ni/CeO2

system was also studied from the viewpoint of Ni morphology.
Gonzalez-DelaCruz et al.99 found that the state of nickel in
a Ni/CeO2 catalyst is dependent on the atmosphere by means of
in situ XAS spectroscopy. The nickel particles are attened and
strongly stabilized on the partially reduced CeO2 surface under
strongly reducing conditions, which accounts for the enhanced
stability observed for the CO2 reforming of CH4 compared with
steam reforming of CH4 (Fig. 7). A similar conclusion was also
obtained with respect to Pt catalysts supported on nano-
crystalline mesoporous ZrO2 and CeO2–ZrO2 carriers:100 the pre-
treatment temperature and the concentration of CeO2 impose
a great inuence on the morphology of Pt particles. The high
Fig. 7 Schematic evolution of the shape of themetallic nickel particles
submitted to a reducing treatment up to 750 �C. By high temperature
reduction, the nickel spread onto the partially reduced surface of
CeO2. The mean coordination number of nickel strongly depends on
the shape: (a) in the 11–12 range for the cubic 10 nm particles, (b)
<12 for the flattened Ni particles, (c) 9 for the two-monolayer particles,
(d) 6 for the one-monolayer particles. Reprinted with permission from
ref. 99. Copyright 2008, Elsevier.
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stability of Pt/CeO2–ZrO2 catalysts is related to the close contact
between Pt and CeO2.

Although CeO2-based catalysts have shown good catalytic
performance in the DRM reaction, further development of
superior catalysts (stable, active and selective) is urgently
needed to satisfy the demands of industrial application. More
efforts have to be made in the design of heterogeneous catalysts
to overcome the coke deposition and sintering of metal nano-
particles mentioned above. Coke deposition is the main
obstacle with respect to the DRM reaction. The high reaction
rate of methane activation over the metal clusters results in
excessive coke production, which cannot be gasied in time due
to the lack of a traditional strong oxidant (e.g., O2 in the partial
oxidation of methane (POM) and steam in the steam reforming
of methane (SRM)). For this reason, a rational catalyst should
strike a balance between these two elementary reactions.
Decreasing the activity of a metal catalyst (predominantly
nickel) for C–H bond cleavage is a promising method. On
the other hand, the synthesis of appropriate CeO2-based
materials toward increased coke gasication is also helpful.
Pintar et al. successfully reduced the coke deposition with
a bimetallic catalyst supported on CeO2–ZrO2 mixed oxides,
such as CoFe, CoW, NiFe and NiW pairs.108–110 In their following
work, the sintering of metal nanoparticles was also well-
resolved by introducing a refractory secondary support
(ordered mesoporous alumina or silicon), so as to minimize the
spatial segregation of active components and maintain a large
metal cluster-support interface.108,111,112 By employing these
approaches simultaneously, stable catalytic operation with no
coke accumulation has been achieved over extended time
periods.

6. Conclusions

This Overview Article summarizes the recent progress in the
design and preparation of CeO2-based materials as heteroge-
neous catalysts toward CO2 conversion reactions, including the
RWGS reaction, CO2 methanation, synthesis of methanol from
CO2 and CO2 reforming of methane. By virtue of the abundant
surface oxygen vacancies and reversible valence change between
Ce4+ and Ce3+, a great number of heterogeneous catalysts with
high dispersion and stability have been reported, exhibiting
good catalytic activity and long service life. However, several key
issues, including high reaction temperature, low CO2 conver-
sion and unsatisfactory selectivity, are still not well resolved
with respect to the demands of industrial application. In order
to rationally develop advanced catalysts with high performance,
deepening the following basic understanding of catalysis
science in this area is highly necessary: (i) it is difficult to clearly
identify the active site structure (e.g., the metal surface, oxygen
vacancy, Ce3+ or metal-support interface), which inevitably
restricts rational design and precise control over catalyst
microstructure; (ii) although CeO2-based catalysts show good
catalytic activity and stability in these reactions, the intrinsic
catalytic mechanism has not been well understood to date.

In order to resolve the problems mentioned above, the
following four proposed strategies would be helpful. Firstly, an
This journal is © The Royal Society of Chemistry 2016
accurate correlation between the reaction activity and different
structural centers is a useful method. Quantitative exploration
of the reaction rate as a function of individual numbers of
possible active sites would provide a feasible strategy to reveal
the true active site. This is challenging since the catalyst
structure and number of active sites must be tuned very
precisely and carefully, otherwise a wrong relationship would be
obtained. In principle, the determination of an intrinsic active
site can be implemented through passivating a specic struc-
tural unit/group by an inert agent followed by a systematic
evaluation of catalytic performance. A series of such control
experiments can disclose a true structure-property correlation.
Secondly, investigations of catalytic mechanisms over a CeO2-
based heterogeneous catalyst are always attractive but difficult,
especially in a multi-step and structure-sensitive reaction
system. A different active site is likely to induce a different
reaction route, intermediate and selectivity, which results in
a rather complicated catalytic mechanism. In this case, building
up a model catalytic system (e.g., dened crystal plane or atomic
arrangement by chemical vapor deposition or the hydrothermal
synthesis method) would eliminate unnecessary interference
and simplify the study procedure. More importantly, applying
operando characterization techniques (e.g., Raman, TEM, EXAFS
and IR) would obtain detailed structural information on active
sites and reaction mechanisms under practical conditions. If an
intimate correlation between the reversible structural change of
the catalyst and the state variation of the reactive agent is ob-
tained by combined operando techniques, the active site-
dependent reaction mechanism can be fully described. Finally,
theoretical calculations have been recognized as a powerful
method to simulate the reaction mechanism on a dened
catalytic active site, which provides a supplementary or even
indispensable approach in addition to experimental studies.
With the rapid advance of characterization techniques and
good understanding of structure-activity relationships, the
rational design and controllable preparation of CeO2-based
catalysts would make an effective contribution toward CO2

conversion. From the viewpoint of industrial utilization, the
RWGS and DRM reactions are promising strategies for syngas
production. For the synthesis of methanol from CO2, however,
more work is urgently needed due to the unsatisfactory catalytic
performance.
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A. Caballero, J. Catal., 2008, 257, 307.
100 S. Damyanova, B. Pawelec, K. Arishtirova, M. V. M. Huerta

and J. L. G. Fierro, Appl. Catal., B, 2009, 89, 149.
101 D. C. Carvalho, H. S. A. Souza, J. M. Filho, A. C. Oliveira,
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