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ABSTRACT: Cobalt catalysts supported on TiO2 with differ-
ent crystal forms (anatase and rutile) differ sharply in CO2
conversion and product selectivity for CO2 hydrogenation. The
Co/rutile-TiO2 catalyst selectively catalyzed CO2 hydrogena-
tion to CH4, while CO is the main product on the Co/anatase-
TiO2 catalyst. In situ DRIFT (diffuse reflectance infrared
Fourier transform) results have partially revealed the reaction
pathway of CO2 hydrogenation on these two catalysts. On Co/
rutile-TiO2, the reaction proceeds through the key intermediate
formate species, which is further converted to CH4. Differently,
the reaction on Co/anatase-TiO2 undergoes CO2 → *CO,
which desorbs to form gas-phase CO instead of subsequent
hydrogenation. The strongly bonded *CO is required to
enhance the subsequent hydrogenation. By simply changing the calcination temperature of anatase TiO2, the product selectivity
can be tuned from CO to CH4 with a significant increase in CO2 conversion due to the surface phase transition of the anatase to
the rutile phase. The addition of Zr, K, and Cs further improves the CO, CO2, and H2 adsorption in both the capacity and
strength over anatase- and rutile-supported catalysts. The Zr modification makes the reaction pathway over anatase-supported
catalyst proceed via the intermediate formate species and enables the subsequent hydrogenation to CH4. In addition, the surface
C/H ratio increases significantly in the presence of promoters (unpromoted < Zr-promoted < K-Zr-promoted ∼ Cs-Zr-
promoted), which leads to the highest C2

+ selectivity of 17% with 70% CO2 conversion over K-Zr-Co/anatase-TiO2 catalyst.
These results reveal mechanistic insights into how the product distribution of Co/TiO2 catalysts can be manipulated through
adjusting the adsorption performance and surface C/H ratio.
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■ INTRODUCTION

Controlling the growth of CO2 (carbon dioxide) concentration
in the atmosphere is a major challenge facing the world today.
Limiting CO2 emission, CO2 capture and storage, and CO2

conversion and utilization are the primary ways to decrease the
CO2 concentration.1,2 Carbon dioxide capture and storage
(CCS) has the issue of potential leakage;2,3 therefore, the
chemical reduction of CO2 over heterogeneous catalysts has
aroused increasing interest recently as a complementary
measure. Converting CO2 into useful chemical is regarded as

a promising approach to not only mitigate CO2 release, but
also benefit the development of “carbon” industry.
Catalysts of CO2 hydrogenation have been intensely

investigated to improve the efficiency of CO2 conversion.
Supported metal catalysts are the classic materials for CO2

conversion because of the special metal−support interaction.
The similarity between CO and CO2 hydrogenation
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enlightened researchers to apply Fischer−Tropsch synthesis
(FTS) catalysts for reference, such as Fe-,4−8 Co-,9−12 and Ni-
based13,14 catalysts. Fe- and Co-based catalysts both display
excellent performance in FTS; however, Co-based catalysts
selectively produce methane rather than the long-chain
hydrocarbons when CO is replaced with CO2 as the carbon
source.5 Lietti et al.15 developed a deep understanding of the
difference between CO and CO2 hydrogenation on Co- and
Fe-based catalysts. They elucidated that the CO and CO2
adsorption strengths can affect the surface C/H ratio on
catalysts. The key factor that manipulates the product
distribution is the surface C/H ratio, which is tunable by the
choices of catalysts.
In addition, the supports also play a vital role in the product

distribution over an identical active metal. Chen et al.16

recently found that PtCo bimetallic catalysts were capable of
shifting the selectivity from CO to CH4 by altering the oxide
supports from TiO2 to ZrO2. In addition, metal oxide supports
with the same chemical composition but different crystal
phases also influence the catalytic performance. Kim et al.17

synthesized a monodispersed 2 nm RuO2 nanoparticle
colloidal suspension and impregnated it onto TiO2 with
different crystal phases for CO2 methanation. The activity and
product selectivity were strongly dependent on the composi-
tion of the different crystal phases of TiO2, wherein P25, with
20% anatase and the rest rutile, gave the highest CO2
conversion and CH4 selectivity. Lin et al.18 also observed a
similar phenomenon on Ni/TiO2 catalysts with different TiO2
crystal phases for both CO and CO2 methanation. They
proposed that rutile-TiO2 significantly enhanced the CO
dissociation and hydrogenation ability of Ni. Formate species,
which are generally considered as the key intermediates of CO2
methanation, were observed over Ni/rutile-TiO2. However,
the formate species were barely evidenced over Ni/anatase-
TiO2. The current results have demonstrated that anatase- and
rutile-supported catalysts give different product selectivities for
CO2 hydrogenation. Actually, the different catalytic perform-
ances caused by the crystal phase possess different reaction
pathways.
Zhang et al.19 have improved the CO2 turnover frequency of

Ru/rutile-TiO2 catalysts through pretreatment over CO2
hydrogenation. They found that high-temperature pretreat-
ment can increase the catalyst activity through changes in the
thickness of TiOx layers and the number of hydroxyl groups on
the TiOx surface. Song et al.

20,21 found that promoters, such as
K and La, can adjust the product distribution on Fe-based
catalysts over CO2 hydrogenation. To date, Co-based
supported catalysts applied for the CO2 hydrogenation to
C2

+ hydrocarbons have rarely been reported in the literature.
Can the product distribution be tuned on Co/TiO2 through
pretreatment and modification? With this in mind, this study
prepared and characterized Co-based catalysts supported on
anatase and rutile TiO2 and evaluated their activity perform-
ance for CO2 hydrogenation. The Co/rutile-TiO2 catalyst
selectively catalyzed CO2 hydrogenation to CH4, while CO is
the main product on the Co/anatase-TiO2 catalyst with
relatively lower CO2 conversion. It is worth noting that Co/
anatase-TiO2, calcined at 800 °C, exhibited significantly
different catalytic performance in comparison to that calcined
at 500 °C but displayed catalytic performance similar to that of
Co/rutile-TiO2 calcined at 500 °C, as well as having a similar
reaction pathway. To clarify the origins for such interesting
variation, these catalysts were characterized by XRD, H2-TPR,

CO2-TPD, CO-TPD, XPS, and in situ DRIFT. Inspired by the
reaction pathway for the Co/TiO2 catalysts, we prepared Zr-,
K-, and Cs-promoted catalysts supported on different crystal
phases of TiO2 for CO2 hydrogenation to give value-added C2

+

hydrocarbons. The Zr, K, and Cs modification tuned the
surface C/H ratio of catalysts effectively and led to higher C2

+

hydrocarbon selectivity. This study reveals the essential
influence of the supports on the Co-based catalysts for CO2
hydrogenation from the perspective of Co chemical states,
reactant adsorption, and reaction mechanism and offers an
avenue to tune the surface C/H ratio of catalyst to manipulate
the product distribution.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. Co/TiO2 catalysts were

prepared through impregnation using cobalt nitrate hexahy-
drate (Aladdin Chemicals) and TiO2 with different crystal
phases (anatase and rutile) (Aladdin Chemicals), giving a
metal loading of 10 wt % Co. The anatase TiO2 was calcined at
500, 600, 700, and 800 °C in a muffle furnace prior to catalyst
preparation. The prepared catalysts were dried for 12 h at 120
°C and then calcined for 4 h at 500 °C. Co-Zr/TiO2 catalysts
were synthesized by the coimpregnation method using cobalt
nitrate hexahydrate (Aladdin Chemicals) and zirconium
oxynitrate dihydrate (Aladdin Chemicals) aqueous solutions
with 10 wt % loading of both Co and Zr. The prepared
catalysts were dried by similar procedures. The K- or Cs-
promoted catalysts were also synthesized through the
impregnation method using Co-Zr/TiO2 catalysts as substrates
with 10 wt % loading. The precursors of K and Cs are
potassium nitrate (Aladdin Chemicals) and cesium nitrate
(Aladdin Chemicals), respectively. The obtained catalysts are
denoted as m-A(R)-x, where A represents the anatase support,
R represents the rutile support, m stands for the metallic
elements other than cobalt, and x represents the calcination
temperature of anatase support.

2.2. Catalytic Test. The catalytic performance of catalysts
was determined in a continuous-flow, high-pressure, fixed-bed
reactor. Typically, 0.5 g of catalyst was placed in the reactor
(inner diameter 8 mm). The catalyst was pretreated in
hydrogen for 8 h at 400 °C before reaction. Then, the reactant
gas mixture (3600 mL min−1) with a H2/CO2 ratio of 4/1 and
a pressure of 3 MPa was introduced into the reactor, followed
by heating to 400 °C.
The effluents were quantitatively analyzed online with a

FULI GC-97 gas chromatograph equipped with thermal
conductivity and flame ionization detectors. Equations 1 and
2 were used to calculate the CO2 conversion and the product
selectivity:

=
−

×
n n

n
CO conversion (%) 100%2

CO ,in CO ,out

CO ,in

2 2

2 (1)

=
−

×S
m n

n n
(%) 100%i

i i,out

CO ,in CO ,out2 2 (2)

where nCO2,in and nCO2,out represent moles of CO2 at the inlet
and outlet, respectively, ni,out represents molar of product i at
the outlet, and mi denotes the moles of C of the individual
product at the outlet.

2.3. Characterization of Catalysts. The N2 adsorption
data such as surface area (BET) and pore size distribution
(BJH) of the samples were obtained by using a Quantachrome
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AUTO-SORB-1-MP sorption analyzer at 77 K. The catalysts
were treated under vacuum at 300 °C for 2 h before the test.
A Tecnai F30 HRTEM instrument (FEI Corp.) operated at

300 kV was used to get the TEM images. The samples
dispersed in ethanol were dropped on copper grids for TEM
observation.
Temperature-programmed H2 reduction (H2-TPR) and

desorption (H2-TPD) were carried out on a ChemBETPulsar
TPR/TPD apparatus (Quantachrome, USA). In the H2-TPR
program, the samples were heated from 25 to 900 °C at 10 °C
min−1 with a total flow rate of 30 mL min−1 (5 vol % H2/Ar).
In the H2-TPD program, samples were reduced for 2 h at 400
°C and flushed with Ar for 30 min. Then, the sample was
cooled to 30 °C to adsorb hydrogen. After the samples were
purged with argon gas for 30 min, the TPD program was
performed in a range of 25−850 °C at a heating rate of 10 °C
min−1. CO-TPD and CO2-TPD were performed on the same
apparatus with a similar procedure.
X-ray photoelectron spectra (XPS) were conducted on a VG

ESCALAB250 spectrometer. Prior to the measurements, the
samples were passivated in 1% O2/N2.
X-ray diffraction (XRD) patterns were obtained by a

RigakuSmartLab (9) diffractometer with Cu Kα radiation (λ
= 1.5406 Å). The relative content of the crystal phase was
calculated according to the diffraction peak intensity through
MDI Jade 5.0 software.
In situ diffuse reflectance infrared Fourier transform

(DRIFT) spectroscopy was conducted on an EQUINOX-55
Fourier transform infrared spectrometer (Bruker) equipped
with a high-temperature reaction chamber and a mercury
cadmium telluride (MCT) detector. Before the test, 30 mg of
the sample was reduced in a hydrogen flow (40 mL/min) at
400 °C for 2 h. The background spectrum was collected
subsequently when the temperature of the reaction chamber
decreased to 50 °C. Then, the prereduced catalysts were
exposed to H2/CO2 feed gas (H2/CO2 = 4) with 20 mL min−1

flow rate. The spectra were recorded in the temperature range
from 50 to 400 °C.

3. RESULTS AND DISCUSSION

3.1. Effect of TiO2 Crystal Phase on Catalytic
Performance of Co/TiO2. Figure 1 shows the CO2
conversion (Figure 1a) and product selectivity (Figure 1b)
over Co/TiO2 catalysts. In general, the activity of Co/r-TiO2
catalyst is remarkably better than that of Co/a-TiO2 catalysts
under the same reaction conditions. On Co/r-TiO2 calcined at
500 °C, the CO2 conversion is 85.5% and the CH4 selectivity is

99.8%. In striking contrast, the corresponding values over Co/
a-TiO2 catalyst, calcined at the same temperature, are much
lower, namely 14.1% and 10.5%, respectively, and the main
product is CO on the A-500. The product distribution under
different CO2 conversions over A-500 and R-500 are also
shown in Table S1. The data shown in Table S1 illustrate the
similar product distributions: that is, the R-500 catalyst
selectively catalyzed CO2 to CH4, while CO is the main
product on the A-500 catalyst. By an increase in the calcination
temperature to 800 °C, a considerable rise in CH4 selectivity
and CO2 conversion is observed over Co/a-TiO2 catalysts. The
CO2 conversion of A-800 even reaches 80%. With an increase
in calcination temperature, the gap in catalytic performance
between Co/r-TiO2 and Co/a-TiO2 catalysts becomes narrow.
Notably, the A-800 catalyst exhibits activity and selectivity
comparable to those of R-500. Apparently, such calcination-
temperature-dependent catalytic performance indicates the
existence of key factors that is beneficial to CH4 formation. To
clarify that in conjunction with the difference in catalytic
behavior among rutile- and anatase-supported catalysts, various
characterization analyses were carried out, as discussed in the
following section.
XRD patterns of the Co/TiO2 samples in the calcined form

are presented in Figure 2a. All Co/a-TiO2 samples show a clear
diffraction peak centered at 25.3°, which is typical for titania
with the anatase phase (JCPDS 21-1272). The Co/r-TiO2
sample shows a distinct diffraction peak centered at 27.5°,
corresponding to titania with the rutile phase (JCPDS 21-
1276). The intensity of the diffraction peak centered at 25.3° is
enhanced with increasing calcination temperature on Co/a-

Figure 1. (a) CO2 conversion and (b) product distribution over Co/TiO2 catalysts. Conditions: H2/CO2 = 4/1, P = 3 MPa, GHSV = 7200 mL g−1

h−1, T = 400 °C.

Figure 2. XRD patterns of (a) Co/TiO2 catalysts in the region of 5−
80° and (b) magnified region between 20 and 30°.
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TiO2 catalysts. Additionally, the diffraction peak centered at
27.5°, associated with rutile, emerges on A-800, and the
content is less than 2%. Despite the fact that the anatase phase
still dominates after 800 °C calcination, a phase transition from
anatase to rutile occurs, which begins from the oxide surface.22

As XRD is a means to detect the bulk crystal structure, the
diffraction peak intensity of surface rutile contributes little to
the A-800 sample. However, the supported cobalt species
prefer to interact with the surface TiO2, which is crucial in the
catalytic reaction. As shown in Figure 2b, the diffraction peak
centered at 25.3° of A-800 shifts to a higher degree by 0.2°.
The generation of lattice distortion implies the tendency of a
phase transition with an increase in calcination temperature.
Evidently, XRD patterns confirm that the anatase phase still
dominates even after the high-temperature calcination.
However, the active surface phase has been transformed into
a rutile phase. Therefore, the A-800 exhibits activity and
selectivity comparable to those of R-500 due to the surface
phase transition of anatase to rutile phase.
To clarify the nature of the titania physical properties, the N2

adsorption data are offered in Table S1 and the pore size
distribution is shown in Figure S1. The N2 adsorption data
show no micropores on both anatase and rutile titania, and the
total pore volume is contributed by the intergranular space. In
addition, the pore size distributions of the anatase and rutile
samples are similar, and the specific surface area of rutile (35
m2/g) is lower than that of the low temperature calcined
anatase (59 m2/g). The morphologies of reduced Co-TiO2
catalysts were determined by high-resolution TEM. The TEM
images in Figure 3a−c show that the size of Co nanoparticles

(NPs) supported on TiO2 is about 20 nm, which can also be
obtained from the Co particle size distribution (Figure S3),
and the size of both anatase and rutile TiO2 is ca. 40 nm.
Figure 3d−f shows that Co NPs are covered by a thin TiO2
overlayer, the thickness of which is about 2 nm after reduction.
Furthermore, such a thin layer is evidenced for both A-500 and
R-500. It is postulated that the TiOx layer is derived from the
TiO2 support under the H2 atmosphere during high-temper-
ature pretreatment. A similar phenomenon was also reported
previously, which was due to the migration of TiOx in a high-
temperature H2 pretreatment.23−26 Such an explanation shall
also be valid in the present work. However, upon 800 °C
calcination, the thickness of the overlayer increases to 3−4 nm,
indicating a stronger metal−support interaction in the high-
temperature calcined anatase TiO2. Such a stronger metal−

support interaction likely results in lattice distortion, as
evidenced by the peak shift in the corresponding XRD pattern
(Figure 2). Levin et al.27 have investigated the correlation of
titania overlayers with the catalytic performance of Rh/TiO2 in
CO hydrogenation and stated that the methanation rate goes
through a maximum with increasing TiOx coverage. Herein,
the increased thickness of titania overlayers on A-800, in
comparison to that on A-500, appears to correlate to the
enhancement of CO2 methanation (Figure 1), demonstrating
the key role of a strong metal−support interaction in governing
the activity performance on TiO2-suppported Co catalysts.
Figure 4 depicts the TPR profiles for Co3O4/TiO2 calcined

catalyst precursors to reveal the reducibility of Co/TiO2

catalysts and the interaction between Co3O4 and the TiO2
support. All Co3O4/TiO2 catalysts exhibit two reduction peaks
centered at 310−480 and 450−620 °C. The former
corresponds to the reduction of Co3O4 to CoO, while the
latter can be assigned to the reduction of CoO to Co.28 In
addition, the second peak of the R-500 catalyst shifts to higher
temperatures (e.g., from 500 to 550 °C) in comparison with
that of A-500, suggesting an intensified Co−TiO2 inter-
action.29 When the anatase TiO2-supported catalysts are
calcined at high temperatures, namely ranging from 500 to
800 °C, the reduction temperature of Co3O4 gradually shifts to
higher temperatures, which are close to those of R-500
samples. The reduction extent of catalysts is shown in Table
S3. Hence, the higher reduction temperature of Co3O4
elucidates the strengthened metal−support interaction on R-
500 and A-800.
CO2-TPD profiles in Figure 5a can be divided into three

regions,30,31 50−150, 150−250, and >250 °C, corresponding
to weak, medium, and strong adsorption, respectively.32 On
the A-500 sample, only a weakly bonded species is evidenced.
With an increase in calcination temperature, a distinct shift of
adsorption behavior from weakly bonded species to moder-
ately bonded and ultimately to strongly bonded species is
observed over anatase-supported catalysts.
TPR results already demonstrate the temperature-dependent

metal−support interaction between Co and TiO2, in which the
interaction grows stronger with an increase in calcination
temperature, especially for A-800 and R-500. Clearly, such a
strengthened interaction accounts for the characteristic
adsorption behavior toward moderately and strongly bonded
species on the same catalysts. More interestingly, not only do
A-800 and R-500 have analogous CO2 adsorption behavior but
they also exhibit comparable and superior CO2 conversion

Figure 3. TEM images of reduced (a) A-500, (b) R-500, and (c) A-
800 catalysts and their corresponding magnified TEM images in (d)−
(f), respectively.

Figure 4. H2-TPR profiles of Co/TiO2 catalysts.
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(Figure 1). As reported, in comparison with H2 dissociation
and H* migration, CO2 activation is more difficult and crucial
in the CO2 hydrogenation process.33,34 The best CO2
adsorption capacity of A-800 and R-500 catalysts might
facilitate the CO2 conversion.
An ideal catalyst should not only adsorb the reactant with

the proper strength in the initiation but also bond the
intermediates strongly enough in propagation and weakly
enough in desorption. As one of the reaction pathways, CO is a
pivotal intermediate in CO2 conversion.35,36 Therefore, CO
adsorption properties were evaluated by CO-TPD for Co/
TiO2 catalysts, as presented in Figure 5b. A-500 only displays
adsorption at low temperatures (i.e., <150 °C), corresponding
to weakly bonded species. The desorption temperature shifts
to higher temperature with an increase in calcination
temperature, indicating stronger CO adsorption. In addition,
A-800 has CO adsorption behavior analogous to that of R-500.
Interestingly, such a temperature-derived adsorption shift
appears to resemble the CO2 adsorption on the same catalysts.
CO selectivity mainly depends on the bonding ability of the

metal−oxide interface with CO.16,37−39 Due to the facile
desorption of *CO, the metal−oxide interface should be
selective to CO. In contrast, when the bond between the
metal−oxide interface and *CO is strong, the *CO is inclined
to hydrogenation or dissociation than desorption, thereby
leading to lower CO selectivity and higher selectivity to the
desired CH4. Considering the catalytic performance in Figure
1b, A-500 selectively produces CO and the CO selectivity
decreased with an increase in calcination temperature. In

association with the CO adsorption properties, weak CO
adsorption gives high CO product selectivity, and strong CO
adsorption offers a high possibility for a subsequent hydro-
genation to CH4. Therefore, it is suggested that the adsorbed
CO favors desorption rather than the subsequent hydro-
genation on A-500, thereby leading to a selective production of
CO. In contrast, the strongly adsorbed CO on A-800 and R-
500 is highly conducive to the subsequent hydrogenation,
resulting in higher selectivity to the targeted CH4.
Figure 6a presents the O 1s XPS spectra for calcined catalyst

precursors and Figure 6b those for reduced and passivated
catalysts. The intense peak at 527.8 eV can be associated with
the lattice oxygen (Oα) in TiO2, while the peak at 529.5 eV can
be attributed to the surface hydroxyl groups or the adsorbed
oxygen (Oβ).

40,41 The Oβ to OT (OT = Oα + Oβ) ratio was
calculated and is gathered in Table 1 on the basis of the area
integrals. Deconvolution analysis indicates that the peak of
surface hydroxyl groups/adsorbed oxygen gradually shifts to

Figure 5. CO2-TPD (a) and CO-TPD (b) profiles of Co/TiO2 catalysts.

Figure 6. XPS spectra of O 1s on (a) calcined Co/TiO2 catalyst precursors and (b) reduced and passivated Co/TiO2 catalysts.

Table 1. XPS Data for As-Prepared Catalysts

Oβ/OT (%)

sample fresh calcined H2 reduced and passivated

A-500 37.1 46.7
A-600 31.1 41.8
A-700 31.3 47.5
A-800 35.1 51.5
R-500 35.3 49.8
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higher binding energy from A-500 to A-800. Moreover, the
same peak of R-500 also exhibits a binding energy higher than
that of A-500. These observations indicate the electron
deficiency on rutile TiO2 and anatase TiO2 after high-
temperature calcination. In Figure 6b, the peak of surface
hydroxyl groups/adsorbed oxygen becomes stronger in
comparison to that for the corresponding calcined catalysts.
As given in Table 1, all reduced catalysts present higher Oβ/OT
ratios in comparison to the corresponding calcined catalysts,
among which the ratios of A-800 and R-500 are approximately
1.5 times as much as those for the corresponding calcined
catalyst precursors. Notably, the reduced A-800 exhibits a
higher ratio of Oβ/OT in comparison to A-500, indicating a
reduction of lattice oxygen Oα on A-800. The surface
reconstruction may occur in the reduced titania to avoid
producing any five-coordinate titania.42 However, the
reconstructed titania possesses lower lattice oxygen content
in comparison with the unreduced titania. In other words, such
behavior implies an increase in anion vacancies and defects
upon reduction. The defects on the A-800 and R-500 catalysts
are expected to adsorb and activate CO2 and CO.43 As is
known in the literature, the peaks at high temperatures in CO2-
and CO-TPD profiles originate from desorption of CO2 and
CO that interact strongly with anion vacancies.44 Hence, the
lower the oxygen content, the more strongly adsorbed CO2
and CO are, which is beneficial to the CO2 activation and the
subsequent hydrogenation to CH4. In addition, there are more
reduced cobalt species on the reduced and passivated A-800
and R-500 obtained from the Co 2p XPS data (Figure S2 and
Table S3).
To identify the adsorbed reaction intermediates and the gas-

phase composition in CO2 hydrogenation, DRIFTS measure-
ments were performed on A-500, R-500, and A-800. The in
situ reduced catalysts were exposed to the feed gas, and the
DRIFT spectra were recorded at temperatures ranging from 50
to 400 °C with 50 °C as an interval, as shown in Figure 7. The
employment of the reactive mixture at 50 °C results in the
appearance of an adsorption band at 1222 cm−1 on both
anatase- and rutile-supported catalysts, corresponding to the
δ(OH) bending of bicarbonate (HCO3*) originating from the
CO2 adsorption.45,46 The broad band located at 3100−3500
cm−1 is associated with the hydroxyl.19,47 The band centered at
1418 cm−1 between 50 and 100 °C is related to the O−C−O
vibration of bicarbonate on both R-500 and A-800.48,49 As
displayed in Figure 7b,c, at >100 °C, the bicarbonates are
hydrogenated to formate species, featured by characteristic
bands at 1360 and 1570 cm−1 associated with the O−C−O
stretching of formate.50−52 This suggests that the reaction
between CO2 and H2 can occur at relatively low temperatures.
Along with the appearance of formate species, the chemisorbed
CO centered at 1970 cm−1 is observed over R-500 catalyst53

(Figure 7b); however, the gas-phase CO centered at 2100
cm−1 is evidenced over A-500 catalyst despite its weak intensity
(Figure 7a).28,54 On A-800, both the chemisorbed and gas-
phase CO are detected (Figure 7c). The DRTFT results are in
line with the CO-TPD data that the A-500 exhibits weak
adsorption toward CO, while R-500 and A-800 possess
stronger affinity with CO adsorption. Notably, bicarbonate
and formate species and gas-phase CO are the only species
identified in DRIFT spectra over A-500 catalyst (Figure 7a);
CO is the preferential product of this catalyst. Clearly, the
DRIFTS results are in accordance with the catalytic perform-
ance (Figure 1). The maximum intensity of formate species is

observed at 250 °C. At the same temperature, the band
centered at ca. 3014 cm−1, assigned to the ν(CH) vibration
mode of CH4,

55,56 appears over R-500 and A-800, the intensity
of which increases along with the decrease in formate species
and chemisorbed CO, indicating that the further hydro-
genation of CO to CH4 has occurred. Chen et al.16 recently
found that PtCo bimetallic catalysts were capable of shifting
the selectivity from CO to CH4 by alteration of the oxide
supports from anatase TiO2 to ZrO2. Experimentally, both

Figure 7. In situ DRIFT spectra of (a) A-500, (b) R-500, and (c) A-
800.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b04720
ACS Catal. 2019, 9, 2739−2751

2744

http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04720/suppl_file/cs8b04720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04720/suppl_file/cs8b04720_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b04720


*HCOO and *HOCO were identified as reaction intermedi-
ates on both PtCo/TiO2 and PtCo/ZrO2, whereas *CH3O was
only evidenced on PtCo/ZrO2. DFT results demonstrate that
the CO desorption energy is much lower than that of its
hydrogenation to *CHO on PtCo/anatase-TiO2. Such an
explanation shall also be valid in the present work. In situ
DRIFT results have partially revealed the reaction pathway of
CO2 hydrogenation on these two catalysts: (i) formate is the
key intermediate on the Co/rutile-TiO2 catalyst and can be
converted to CH4; (ii) CO2 can be transferred to CO on the
Co/anatase-TiO2 catalyst, and CO desorbs to the gas phase
rather than proceeding through a subsequent hydrogenation.
3.2. Improving Catalytic Performance by Tuning the

Surface C/H Ratio through Zr, K, and Cs Addition. On
the basis of the above analysis and discussion, the adsorption of
reactants and intermediates plays a pivotal role in determining
the product distribution. Through a simple calcination, the
anatase-supported catalysts are more active and prefer to
generate CH4 because of the intensified CO2 and CO
adsorption, as well as metal−support interactions. In our
previous work, ZrO2 was investigated to prepare Co-based
catalysts and compared with various supports.57 The Co/ZrO2
catalyst gave enhanced CO2 and CO adsorption in comparison
with Co/Al2O3 catalyst. Bell et al. also found that the addition
of Zr in the catalysts could increase the CO adsorption and the
C5

+ selectivity while suppressing the CH4 selectivity under
common reaction conditions for FTS.58 Apart from this, the
addition of K and other alkali metals enabled the tuning of the
surface basicity, through which more adsorption sites are
created for CO2 adsorption on the surface.7,20 In other words,
the alkali-metal promoters were capable of shifting the
selectivity from methane to the desired higher hydrocarbons
by tuning the surface C/H ratios.20,59 Inspired by those results,
we continued the work by introducing Zr, K, and Cs to
modifying the Co-based catalysts in an attempt to shift the

product distribution from CO to CH4 and further to C2+
hydrocarbons by manipulating the surface C/H ratios.
The Zr-, Zr-K-, and Zr-Cs-promoted catalysts were

synthesized by a impregnation method using 500 °C calcined
anatase and rutile TiO2 as supports. The XRD patterns of
prepared samples are shown in Figure 8. In comparison with
the A-500 and R-500, the new diffraction peak of modified
catalysts centered at 30° is associated with the tetragonal-
ZrO2.

60 The diffraction peaks of K2O (23.6 and 27.4°, JCPDS
65-2992) and Cs2O (28.2°, JCPDS 43-1005) are also
presented after calcination on the K- and Cs-promoted
catalysts. Clearly, the crystallinity of the support is well
retained for both the anatase- and rutile-supported catalysts
after the addition of Zr, K, and Cs.
Figure 9 depicts the TPR profiles for calcined catalyst

precursors. The Zr addition barely changed the reduction
properties of the catalysts; however, the addition of K and Cs
has a great influence on the reduction behaviors of catalysts.
On K/Zr-A-500 and Cs/Zr-A-500, the reduction peaks are
split into three distinct peaks centered at 400−600, 500−650,
and 550−800 °C. The first and second peaks can be assigned
to the reduction of Co3O4 to CoO and CoO to Co,
respectively. The third peak corresponds to the reduction of
Co3O4, which has a stronger interaction with the TiO2 support.
For K/Zr-R-500 and Cs/Zr-R-500, the reduction peaks also
obviously shift to higher temperature in comparison with R-
500. The retarded reduction temperatures of K- and Cs-
promoted catalysts suggest an intensified Co−TiO2 inter-
action. Notably, the K-promoted catalysts, including both
anatase- and rutile-supported catalysts, present the highest
reduction temperature and maximum peak area of hydrogen
consumption.
As discussed in the previous section, the adsorbed CO favors

desorption rather than subsequent hydrogenation on A-500,
thereby leading to a selective production of CO. In contrast,

Figure 8. XRD patterns of (a) anatase-supported catalysts and (b) rutile-supported catalysts in the region of 5−80°.

Figure 9. H2-TPR profiles of (a) anatase- and (b) rutile-supported catalysts.
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the strongly adsorbed CO on A-800 and R-500 is highly
conducive to the subsequent hydrogenation, resulting in a
higher selectivity to the targeted CH4. Apparently, tuning the
CO adsorption capacity is crucial for an efficient CO2

conversion. CO-TPD was also conducted on the modified
catalysts, and the resulting profiles are shown in Figure 10. On
Zr-A-500, the CO desorption temperature shifts from about
100 to 200 °C in comparison with A-500, corresponding to a
moderate CO adsorption (Figure 10a). However, the Zr-R-500
exhibits a strong CO adsorption with the desorption peak
centered at 550−600 °C (Figure 10b). When K and Cs are
added to the Zr-modified catalysts, the CO desorption peaks

shift to higher temperatures but with distinct variations. In
particular, the K-promoted catalysts possess the maximum
strong CO adsorption at high temperature. To sum up, the
addition of Zr, K, and Cs strengthens the CO adsorption
markedly, which might benefit the subsequent hydrogenation.
The CO2 and H2 adsorptions were also determined on the

modified catalysts. In Figure 11a, different adsorbed species are
evidenced on the anatase-supported catalysts and are depend-
ent on the addition of promoters. From low to high
temperatures, these species are denoted as peaks α, β, and γ,
respectively, and the positions of peaks α, β, and γ are given in
Table 2. A-500 exhibits only weak adsorption of CO2. When Zr

Figure 10. CO-TPD profiles of (a) anatase- and (b) rutile-supported catalysts.

Figure 11. (a) CO2-TPD and (b) H2-TPD profiles of anatase-supported catalysts.

Table 2. CO2 and H2 Adsorption of Anatase-Supported Catalysts

CO2-TPD H2-TPD

cat. Tα (°C) Tβ (°C) Tγ (°C) CO2 uptake (μmol gcat.
−1) TI (°C) TII (°C) TIII (°C) H2 uptake (μmol gcat.

−1) C/H

A-500 101 109 130 205 0.26
Zr-A-500 202 363 210 147 291 0.36
K/Zr-A-500 150 382 444 631 135 302 415 328 0.96
Cs/Zr-A-500 136 338 434 847 134 253 360 412 1.02

Figure 12. (a) CO2-TPD and (b) H2-TPD profiles of rutile-supported catalysts.
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is added, the CO2 desorption peaks shift to higher temper-
atures, corresponding to medium and strong CO2 adsorption.
On K- and Cs-promoted Zr-A-500, there is a large amount of
strong CO2 adsorption while there is almost no weak CO2
adsorption. In particular, the K-added catalyst possesses the
highest CO2 desorption temperature. The addition of Zr, K,
and Cs significantly improved the CO2 adsorption in both
capacity and strength. As depicted in Figure 11b, the H2
adsorption behavior is also tunable by the addition of
promoters, and three species are identified and denoted as
I−III from low to high temperatures (Table 2). Similar to the
case for CO2 adsorption, A-500 exhibits only weak adsorption
toward H2. The addition of Zr barely changes the H2
adsorption strength but notably improves the H2 adsorption
capacity. When K is added to Zr/A-500, the weak H2
adsorption is dramatically suppressed, and medium and strong
H2 adsorptions emerge instead. On Cs/Zr-A-500, all adsorbed
species are evidenced and greatly improved, especially for the
strongly bonded species. On the basis of the area integrals of
CO2 and H2 desorption peaks in Figure 11, the uptakes of
adsorbed CO2 and H2 and the corresponding surface C/H
ratios were calculated and are gathered in Table 2. In the
presence of Zr, K, and Cs, the surface C/H ratios of promoted
A-500 catalysts increase significantly. In comparison to A-500,
the C/H ratios of K/Zr- and Cs/Zr-A-500 increased 2.7 and 3
times, respectively.
As shown in Figure 12 and Table 3, the Zr-, K-, and Cs-

promoted rutile-supported catalysts generally display adsorp-
tion behaviors similar to those of the anatase-supported
catalysts in terms of the CO2 and H2 adsorption: the addition
of Zr, K, and Cs significantly improves the CO2 and H2
adsorption in both the capacity and strength. However, unlike
the anatase-supported catalysts, the modified rutile-supported
catalysts mainly exhibit the medium H2 adsorption instead of
the strong H2 adsorption on the anatase-supported catalysts.
The surface C/H ratio also increases with the addition of
promoters. Therefore, the addition of Zr, K, and Cs effectively
improves the capacity and strength of CO2 adsorption and
suppresses the weak H2 adsorption.
The modified catalysts were applied to the CO2 hydro-

genation, and the catalytic performance is shown in Figure 13.
As mentioned previously, the A-500 mainly produces CO
while R-500 selectively yields CH4. When Zr is added to the
catalysts, the CO selectivity is decreased to 50%, while the
production of C2−C4 alkane takes place over Zr-A-500 (Figure
13a). It is speculated that the enhanced hydrocarbon
production originates from the stronger CO adsorption
capability of Zr-A-500 (Figure 10a). When K and Cs are
added to Zr-A-500, CO selectivity is drastically decreased to
less than 10%. Although CH4 becomes the main product, C2

+

product selectivity is improved significantly and reaches the
maximum C2

+ product selectivity at 17%. This could be
associated with the intensified CO2 and H2 adsorption over K/
Zr-A-500 and Cs/Zr-A-500. Cs/Zr-A-500 shows the highest

C5
+ selectivity, which can be related to the greatly improved

adsorption toward strongly bonded CO2 species and to the
maximized surface C/H ratio. Additionally, the CO2
conversion is also increased from 15% to 35% with the
addition of Zr and further to 70% in the presence of K or Cs.
Apperently, the surface C/H ratio increase is in favor of long-
chain product generation rather than methane.
In spite of the improved CO, CO2, and H2 adsorption

capacity over rutile-supported catalysts, the CO2 conversion
and product distribution of rutile-supported catalysts resemble
those of the reference catalyst R-500 in general, even with a
slight decrease of CO2 conversion over K/Zr-R-500 and Cs/
Zr-R-500. On both R-500 and Zr-R-500, the CH4 selectivity is
more than 99%, while K/Zr-R-500 exhibits the highest C2

+

selectivity in comparison with other rutile-supported catalysts,
which approaches 10%.
In situ DRIFTS measurements were performed on Zr-A-500

and Zr-R-500 to understand the reaction pathway for the Zr-
modified catalysts. The in situ DRIFT spectra are shown in
Figure 14. Similar to the R-500 catalyst, on the Zr-R-500

Table 3. CO2 and H2 Adsorption of Rutile-Supported Catalysts

CO2-TPD H2-TPD

cat. Tα (°C) Tβ (°C) Tγ (°C) CO2 uptake (μmol gcat.
−1) TI (°C) TII (°C) TIII (°C) H2 uptake (μmol gcat.

−1) C/H

R-500 290 153 151 275 0.27
Zr-R-500 294 298 178 421 0.35
K/Zr-R-500 153 387 442 791 232 452 0.87
Cs/Zr-R-500 101 246 493 828 220 426 492 0.84

Figure 13. Catalytic performance of (a) anatase- and (b) rutile-
supported catalysts. Conditions: H2/CO2 = 4/1, P = 3 MPa, GHSV =
7200 mL g−1 h−1, T = 400 °C.
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catalyst, the intensity of formate species (1350 and 1570 cm−1)
achieved a maximum and CH4 (3014 cm−1) appeared along
with a decrease in formate species and chemisorbed CO (2100
cm−1). On the basis of the previous analysis, on the A-500
catalyst, the formate species are the spectators and do not
decrease during the reaction period. However, on the Zr-A-500
catalyst, the formate species (1350 and 1570 cm−1) appeared
at 200 °C and the intensity decreased at 350 °C. At the same
time, on the Zr-A-500 catalyst, there is more CH4 in the
products. The result indicates that the Zr modification makes
the reaction pathway over the anatase-supported change to a
formate species intermediate pathway and enables the
subsequent hydrogenation to CH4.
To clarify the effect of C/H ratios on the product

distribution, the C2
+ selectivity is plotted as a function of C/

H ratios in Figure 15. At low C/H ratios (i.e., C/H < 0.5), the
C2

+ selectivity of the rutile-supported catalysts increases slowly
as the C/H ratio increases; in striking contrast, the C2

+

selectivity increases quickly as the C/H ratio increases to C/
H > 0.5. Interestingly, the trend of the anatase-supported
catalysts is inverse. The C2

+ selectivity increases obviously as
the C/H ratio increases at a low C/H ratio (i.e., C/H < 0.5)
over the anatase-supported catalysts. When the C/H ratio
reaches a relatively high value, the C2

+ selectivity increases
slowly. Notably, the C2

+ selectivity of the anatase-supported
catalysts is always higher than that of rutile-supported catalysts.
Even at the same C/H ratio, the C2

+ selectivity differs, which is

caused by the special metal−support interaction. In compar-
ison with anatase-supported catalysts, there is less type III H2
adsorption on rutile-supported catalysts after modification,
which corresponds to the strongly bonded H2 species. In
addition, the type γ CO2 desorption temperature on rutile-
supported catalysts is higher than that on anatase-supported
catalysts. The overly strong CO2 adsorption is less active and
leads to a decrease in CO2 conversion. As a result, the
appropriate adsorption strength of CO2 and H2 is beneficial to
CO2 conversion, and a higher C/H ratio results in higher C2

+

selectivity.

4. CONCLUSION
Co-based catalysts supported on anatase, rutile, and high-
temperature pretreated anatase TiO2 were prepared by an
impregnation method and evaluated for CO2 hydrogenation.
Co/r-TiO2 catalyst selectively catalyzed CO2 hydrogenation to
CH4 with 85% CO2 conversion, while CO is the main product
on Co/a-TiO2 catalyst with relatively lower CO2 conversion.
By a simple change in the calcination temperature of anatase
TiO2, the product distribution can be tuned. When the
calcination temperature increased to 800 °C, the Co/anatase-
TiO2 catalyst exhibited behavior similar to that of Co/rutile-
TiO2 catalyst, in which high CO2 conversion (e.g., 85%) and
CH4 selectivity (e.g., 99%) are achieved. Therefore, the rutile
phase supported cobalt catalyst is more active in CO2
methanation and the A-800 exhibits activity and selectivity
comparable to those of R-500 due to the surface phase
transition of anatase to rutile phase.
Further surface analysis (XPS) reveals that anion vacancies

and defects on these two series of catalysts are expected to
adsorb and activate CO2 and CO. The intensified CO
adsorption on rutile-supported catalyst and calcined anatase-
supported catalysts offer viability of the subsequent hydro-
genation and preferential CH4 formation. In contrast, the CO
desorbs easily on anatase-supported catalyst, thereby leading to
a selective production of CO rather than hydrogenation. In situ
DRIFT results partially substantiate the reaction pathway of
CO2 hydrogenation on these two catalysts. The formate
species is identified and suggested to be the key intermediate
for CH4 formation on Co/r-TiO2 catalyst; however, it just
transfers from CO2 to CO without subsequent hydrogenation
on Co/a-TiO2 catalyst. The significant variation between the
two different scenarios is that the generation of CH4 requires a
catalyst that bonds *CO strongly enough to enable the
subsequent hydrogenation rather than desorption. These
results give mechanistic insights into why the catalytic

Figure 14. In situ DRIFT spectra of (a) Zr-A-500 and (b) Zr-R-500.

Figure 15. Plot of C2
+ selectivity as a function of C/H ratio.
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performances of Co-based catalysts supported on anatase and
rutile TiO2 are different.
In order to generate more value-added products, Zr, K, and

Cs were added to the anatase- and rutile-supported catalysts
through an impregnation method to tune the product
selectivity. After modification, the CO, CO2, and H2
adsorptions are improved in both the capacity and strength
over modified anatase- and rutile-supported catalysts. It is
surprising that CO2 conversion over anatase-supported
catalysts is improved markedly after adding Zr and K in the
meantime. Zr modification makes the reaction pathway over
the anatase-supported catalyst proceed via key intermediate
formate species and enables the subsequent hydrogenation to
CH4. In particular, the surface C/H ratio increases significantly
and follows the order unpromoted < Zr-promoted < K-Zr-
promoted ≈ Cs-Zr-promoted. This leads to the highest C2

+

selectivity of 17% with 70% CO2 conversion over K/Zr-A-500.
However, at a low C/H ratio (C/H < 0.5), on the modified
rutile-supported catalysts, the C2

+ selectivity increases slightly
as the C/H ratio increases even with a slight decrease of CO2
conversion. Evidently, an appropriate adsorption strength of
CO2 and H2 is beneficial to CO2 conversion, and a higher C/H
ratio results in higher C2

+ selectivity. As a result, the product
distribution can be controllably regulated by adjusting the
metal−support interaction and surface C/H ratio through Zr,
K, and Cs modification over Co-based catalysts for CO2
hydrogenation.
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