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ARTICLE INFO ABSTRACT

Screening of various supports reveals that Co catalysts supported on ZrO, and Al,O3 show good initial activity
for CO, methanation. Co/ZrO, and Co/Al,O; catalysts prepared by impregnation with different metal loadings
were further examined comparatively. The 10Co/ZrO, catalyst showed high activity with CO, conversion of
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Zr0; 92.5% and CHy, selectivity of 99.9% without deactivation after 300 h time on stream (TOS). However, the 10Co/
;;l:e??ace Al,Oj3 catalyst gave a lower CO, conversion of 77.8% which decreased to 38.6% after 300 h TOS. The catalysts

were characterized by STEM/EDS (scanning transmission electron microscopy/energy-dispersive X-ray spec-
troscopy), in situ XRD(X-ray diffractometer), Ho-TPR(temperature programmed reduction), XPS (X-ray photo-
electron spectroscopy), chemisorption of H,, CO, CH4, CO, and NH5-TPD (temperature programmed desorption).
Re-dispersion of Co species on the ZrO, support during reduction by H, was observed by STEM/EDS. New Co-Zr
phase formed on the Co-ZrO, interface was directly observed by TEM for the first time; the Co/ZrO, catalyst
exhibited high stability with high activity for CO, conversion. In situ XRD, H,-TPR and XPS results indicate the
promoting effect of ZrO, on the reduction of Coz04 to Co metal along with the negative effect of Al,O03. The
oxygen vacancies on the ZrO, detected by XPS may help to activate CO, and H,O and resist deactivation. Co/
Al,O3 catalyst deactivates rapidly due to coke deposition and spinel formation.

1. Introduction

Continuing consumption of fossil fuels worldwide led to increasing
CO, concentration in the atmosphere, and global climate change caused
by greenhouse gases dominated by CO, has become a major challenge
[1-11]. At present, CO5 can be reduced in three ways: control of CO,
emissions, CO, capture and storage, and chemical conversion and uti-
lization of CO, [5,7]. Carbon storage is important for cutting CO,
emissions quickly but has issue of potential leakage of CO, [3,5]; CO,
conversion requires energy input but is receiving increasing attention in
conjunction with renewable energy utilization.

CO, hydrogenation [2,6,8,11] using Hy produced with renewable
energy sources [12,13] is a promising research direction to produce
methanol [14-19], hydrocarbons [20-22], synthetic natural gas (me-
thane) [23-29] and chemicals [30]. Currently uses of renewable energy

sources are limited by their inherent intermittency and require scalable
means of storage [31]. Electrolysis of water to generate H, is a potential
storage approach. Effective conversion of CO, to fuels and chemicals
with renewable energy can be achieved using H, produced with re-
newable energy [32-34]. On the other hand, the above applications for
CO, methanation also require inexpensive and stable catalysts with
high performance.

CO, methanation was first reported by the French chemist Paul
Sabatier [35]. This reaction with inexpensive and stable catalysts is a
promising new way to store renewable energy such as wind and solar
power, to transform biogas effectively to biomethane and to convert
CO,, to chemical feedstock and fuel [36,37]. CO, methanation is exo-
thermic with high equilibrium conversion between 25 °C to 400 °C as
shown in Fig. 1 which is plotted using the data from literature [38,39].

CO, methanation can be catalyzed by transition metals such as Co
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Fig. 1. Equilibrium conversion of CO, in methanation at different temperatures.

[40-43], Ni [44,45], Ru [46,47], Rh [48] and Pd [49,50]. Co and Ni-
based catalysts are preferred because of their low costs compared with
the noble metals (Ru, Rh, Pd). Weatherbee and Bartholomew studied
various Group VIII metal catalysts supported on SiO, and found Co is
more active than Ni in CO, methanation [51]. Other researchers have
used Al,O3 [27,52], SiO, [53,54], ZrO, [55], TiO, [26,56], CeO, [25]
and zeolites [44] to support Ni or Co [41,42,57] to catalyze methana-
tion of synthesis gas or CO,. Among the results reported so far, only a
few Co-based catalysts show high CO, conversion [41,42], high se-
lectivity to CH4 and long lifetime at the same time. There are many
factors concerning supports that can influence the performance of metal
catalysts [58], such as pore size [59], structure of supports [41], surface
chemistry and metal-support interaction [45,60-62]. The activity and
selectivity of these catalysts have been shown to be sensitive to the
interaction between the active metals and oxide supports [45,60-62].
Previous studies suggested that the reduction of CO, requires the co-
operation of metal which can dissociate H,, and the metal-support in-
terface which can activate CO, [47,50]. Therefore, the support and
reduction degree of the metal oxide affect the activity of the catalysts.
Schulz et al. found that the right amount of zirconium oxide was con-
ducive to the reduction of cobalt [63]. Oukaci et al. reported that Zr
played an important role in moderating Co-support interactions and
improving the catalyst stability [64]. ZrO, may contain both weak acid
sites and basic sites and have different phases [65]. The higher con-
centration of oxygen defects on the m-ZrO, could improve the ad-
sorption of oxygenated species including CO, [66,67]. In addition, ZrO,
has excellent hydrothermal stability to adapt to the high temperature
and high pressure of CO, methanation [68]. ZrO, is frequently used as a
promoter [55]. The y-Al,O3 is commonly used as an oxide support and
known for its strong metal-support effect [22]. There have been some
theoretical studies examining the effect of supports on the performance
of metal catalysts [69-76], and these studies illustrate that the metal-
support interaction plays a very important role in the activity and se-
lectivity.

Despite these efforts, the substantial differences between ZrO,- and
Al,O3-supported catalysts including adsorption and activation of re-
actants, influence on metal oxide reducibility and catalytic properties
have not been fully studied. Understanding the influence of the support
on the metal nanoparticles has been an important issue in hetero-
geneous catalysis for decades [77].

In the present work, various supports including ZrO,, Al;Os, SiO,,
SiC, TiO, and activated carbon (AC) loaded with 10 wt% Co were first
screened in CO, methanation. The Co/ZrO, catalyst has the highest CH,
yield, while Al,O3 is the most studied support. The Co/ZrO, catalyst
shows both a high CO, conversion (close to the equilibrium) and high
stability. No deactivation is observed after 300 h on 10Co/ZrO,, but on
10Co/Al,03, CO, conversion decreased rapidly from 77.8% to 36.8%
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after 300 h. Another aim of the present work is to address the following
questions: Why is the cobalt on ZrO, more easily reduced? Why is the
ZrO, supported Co catalyst more active? Why does the 10Co/Al,O3
catalyst deactivate rapidly?

2. Experimental section
2.1. Catalysts preparation

Nano monoclinic ZrO, and y-Al,O3 were used as the support ma-
terials. y-Al,O; was obtained after calcining pseudo-boehmite in a
Maffler furnace in air at 400 °C for 4 h. ZrO, samples were prepared by
dissolving ZrO(NO3), -2H,0 (> 45% ZrO,, Aladdin Chemicals) in a
mixture (ca. 70 ml) of urea (> 99%, Aladdin Chemicals) and deionized
water, followed by the thermal treatment in a Teflon-lined stainless-
steel autoclave (ca. 100 ml) at 160 °C under autogenous (self-gener-
ated) pressure for 20 h. The concentration of Zr** in the solution was
0.4 M, and the urea/Zr** molar ratio was 10. The resulting precipitate
was washed thoroughly with water and dried at 110 °C overnight in
ambient air and then calcined at 400 °C for 4 h in dry air [78]. Co/ZrO,
and Co/Al,O5 catalysts were prepared by the impregnation method
using aqueous solution of Co(NO3), -6H50 (> 99%, Aladdin Chemicals)
with Co loadings of 2, 10, and 15 wt%. The impregnated samples were
dried at 120 °C for 12 h and calcined at 500 °C for 4 h with heating rate
at 2°Cmin~'. The catalysts prepared in this work are denoted as (x)
Co/Al,03 or (x) Co/ZrO,, where x represents the mass fraction of the Co
metal on the basis of support weight.

2.2. Catalytic test

The catalytic hydrogenation of CO, was carried out in a pressurized
fixed-bed flow reactor (inner diameter 8 mm) where a weighed 1 g
catalyst (10-20 mesh) was loaded for each test. Prior to the reaction,
the catalyst was pre-reduced in H, at 400 °C overnight. After the re-
duction, the feed gas was switched to the mixture of CO, and H, with
H,/CO, molar ratio of 4 under pressure of 3 MPa at 400 °C; the space
velocity was 3600 mlg~'h 1.

The products were analyzed on-line by a gas chromatograph (FULI
GC 97). CO,, CO and CH, were analyzed on a carbon molecular sieve
column with a thermal conductivity detector (TCD). The conversion of
CO, and CHj, selectivity were calculated as Eq. (1) and (2):

. Reo. Jin — Neo sout
CO,Conversion (%)=—2 2

X 100%
n'coz ,in (1)
n
CH, Selectivity(%)= CHa out % 100%
ncoz Jin — ncoz ,out (2)

where 7., i and ne, ourepresent the molar concentration of CO, in
the feed and effluent, respectively; ncp, ourepresents the molar con-
centration of CH, in the effluent.

2.3. Characterization of catalysts

The textural properties of the samples were determined by N, ad-
sorption on a Quantachrome AUTO-SORB-1-MP sorption analyzer at
liquid nitrogen temperature. Prior to the measurements, the samples
were degassed at 350 °C for 2h. The specific surface area was de-
termined by the Brunauer-Emmett-Teller (BET) method. The total pore
volume was obtained from the amount of vapor adsorbed at a relative
pressure (P/Py) close to unity, where P and P, are the measured and
equilibrium pressure, respectively. The pore size distribution was ob-
tained using the adsorption isotherm through Barrett-Joyner-Halenda
(BJH) method.

The morphological properties of Co-based catalysts were studied by
high resolution transmission electron microscopy (TEM) and scanning
TEM/energy-dispersive X-ray spectroscopy (STEM/EDS) using a FEI
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Talos F200X TEM at an accelerating voltage of 200 kV. The calcined
catalyst precursors were reduced on the fixed bed reactors under the
reaction condition and then cool down to room temperature under the
hydrogen. In order to avoid the oxidation of the reduced catalysts,
passivating treatment had been done for the reduced catalysts. The
samples were dispersed in ethanol and sonicated for 10 min. A few
droplets of the supernatant liquid were dropped on a carbon-coated
copper grid, followed by drying at ambient temperature. Prior to the
STEM analysis the sample was subjected to a “beam shower”
for ~ 30 min under the TEM beam to minimize any beam-induced
carbon deposition on the surface of the Co-based catalysts during the
STEM analysis. EDS maps were acquired in the Talos using Bruker
Super-X quad EDS detectors at a beam current of 0.12 nA for approxi-
mately 3 min. A Standardless Cliff-Lorimer quantification was applied
for the deconvolution of EDS line intensity using the Bruker Esprit
software. High-resolution TEM imaging was conducted to obtain clear
lattice fringes at the interface between the metal and support.

Ho-temperature programmed reduction (TPR) was conducted with
ChemBETPulsar TPR/TPD equipment (Quantachrome, USA) to analyze
the reducibility of the calcined catalysts. Prior to reduction, ~ 0.10 g of
the calcined sample was charged into the quartz tube and flushed with
high purity Ar at 300 °C for 1 h, followed by cooling down to room
temperature. The TPR program was then initiated by switching to 5 vol
% H,/Ar with a total flow rate of 30 ml min~ ' and heating up to 900 °C
at 10°Cmin~'. A cooling trap was placed before the detector.
Dispersion of cobalt particles was characterized by H, titration using
the same equipment. Samples were reduced in H, at 400 °C for 2 h.
After reduction, the gas was changed to high-purity Ar for desorption
for 1 h and then allowed to cool down to 30 °C, followed by H, titration.
The dispersion was estimated based on the assumption of H/Co = 1
[79,80].

H,-temperature programmed desorption (TPD) was conducted (in
the same equipment as TPR) with Ar as the carrier gas. About 0.10 g
catalyst was charged into the quartz tube and reduced in 5 vol% H,/Ar
(ca. 30 ml min 1) at 400 °C for 2 h. The catalyst bed was subsequently
flushed with Ar (ca. 30 ml min~ ') for desorption for 30 min at the same
temperature. Then, the sample was cooled down to 30 °C, followed by
H, flow for 30 min (ca. 30 ml min~'). After adsorption, the system was
purged with argon gas (ca. 30 ml min ) for 30 min to remove weakly-
adsorbed species. The TPD program was initiated by heating up to
450 °C with a rate of 10 °C min~*. The resulting profile was monitored
using TCD. CO,-TPD, CO-TPD, CH4-TPD and NH;3-TPD (8 vol% NH3 in
Ar) measurements were performed using the same equipment with si-
milar procedure, wherein CO,, CO, CH, and NH; were introduced as
adsorption gases (ca. 30 ml min~'), respectively.

X-ray photoelectron spectra (XPS) were measured with a VG
ESCALAB250 Spectrometer with a monochromatic Al-Ka (1486.6 eV)
at 15 kV and 10 mA, and all binding energies were referenced to the C
1s at 284.6 eV. The calcined catalyst precursors were reduced on the
fixed bed reactors under the reaction condition and then cool down to
room temperature under the hydrogen. In order to avoid the oxidation
of the reduced catalysts, passivating treatment had been done for the
reduced catalysts.

Thermogravimetric analysis (TGA) was conducted on a TGA/
SDTA851e Thermobalance (Mettler Toledo). The sample weight was
between 7 and 10 mg. The TGA data were collected in the range of
30-850°C a rate of 10°Cmin~" in N, flow (ca. 25 mlmin~'). TG
analysis was used to measure the weight difference of the catalysts after
reaction.

XRD patterns of calcined catalyst precursors and spent catalysts
were determined using a RigakuSmartLab (9) diffractometer with Cu
Ka radiation (\. = 1.5406 A) with 0.02 step size over the range be-
tween 5° and 80°. In situ XRD measurements were performed in the
XRK 900 reactor chamber which was made by Anton Paar Corporation
in order to observe the change of crystallite phases of the catalysts
during the reduction process. The flakiness samples was tiled on the
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ceramic sample stage (internal diameter 15 mm). There are beryllium
windows on the hermetic reactor chamber allowing the X-ray through.
The temperature was controlled from 50 to 750°C by TCU 750
Temperature Control Unit. The patterns were determined on a
RigakuSmartLab (9) diffractometer with Cu Ka radiation (A = 1.5406
A). The spectra were recorded over a 26 range of 5-80° with a step size
of 0.02". The resultant XRD date was analyzed by the integrated soft-
ware PDXL2.

Gases were supplied to the reactor chamber from an apparatus with
calibrated mass-flow meters. Before starting the temperature program,
10 vol% H,/Ar (ca. 60 ml/min) was introduced to discharge the air in
the chamber for 30 min and then reduce the catalysts, followed by
heating up the chamber from 50 to 750 °C with a rate of 50 °C in
30 min. In situ reaction pool has always maintained low pressure(ca.
P < 0.1 MPa). It should be noted that the in situ XRD patterns showed
shifts in peak positions compared to both full scans and tabulated va-
lues due to temperature-induced lattice expansion and different sample
heights. These shifts in peak positions, which are not related to un-
derlying physicochemical processes, were taken into consideration
during peak assignments.

3. Results and discussion
3.1. Effects of supports on Co catalytic for CO, methanation

Table 1 shows the CO, conversion and CH, selectivity over Co
catalysts with the metal loading fixed at 10 wt% on ZrO,, Al;O3, SiO,
SiC, TiO, and activated carbon (AC) in CO, methanation. As shown in
Table 1, the ZrO,-supported Co catalyst gave not only the highest CO,
conversion but also the highest CH, selectivity. The Al,Os-, SiO»-, SiC-
and AC-supported Co catalysts show good CO5 conversion and also high
CH, selectivity. The TiO.-supported Co catalysts did not exhibit ac-
ceptable CH, selectivity nor good CO, conversion. Razzaq et al. [27]
have compared the Co/Al,03 and CoN,4/Al,O5 catalysts for the CO and
CO, methanation at 400 °C. The CO, conversion was 75% at 400 °C
which is similar to our experimental results with Al,O3- and SiC-sup-
ported Co catalysts in Table 1. Mesoporous Co/KIT-6 and Co/meso-SiO,
catalysts with well-dispersed Co species were reported by Zhou et al. for
CO, methanation which exhibited 46% and 36% CO, conversion at
260 °C and 360 °C, respectively [41,42]. Chen et al [58] have tested
PtCo bimetallic catalysts supported on TiO5 and ZrO, for CO, hydro-
genation. PtCo/TiO, catalyst effectively converts CO5 an H, into CO but
PtCo/ZrO, catalyze the selective formation of CH4. Our subsequent
studies focused on the Co/ZrO, in comparison with Co/Al,Os.

Fig. 2(a) illustrates the changes of CO, conversion (left) and CH4
selectivity (right) as a function of time on stream (TOS) over (x)Co/
ZrO, and (x)Co/Al,O3. Generally, the activity and stability of (x)Co/
ZrO, catalysts are significantly better than those of the (x)Co/Al,03
catalysts at same Co loadings. At 2 wt% Co loading, the CO, conversion
and CH, selectivity are 82.5% and 99.8%, respectively, on the ZrO,-
supported catalyst during the first 20h on stream; however, the

Table 1
The reaction performance of the catalysts in CO, methanation.”

Cat. CO, Conv./% Selectivity/%

Cco CH,4
10Co/Zr0, 92.5 0.1 99.9
10Co/SiO, 80.1 2.2 97.8
10Co/Al,03 77.8 3.5 96.5
10Co/SiC 77.5 3.6 96.4
10Co/TiO, 30.9 95.8 4.2
10Co/AC 40.5 9.2 90.8

@ Conditions: molar ratio of H,/CO, = 4/1, GHSV = 3600 ml g'h',P = 3 MPa,
T = 400 °C.
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Fig. 2. (a) CO, conversion (left) and CH, selectivity (right) over the Co/ZrO, and Co/
Al,0; catalysts with different Co loadings after 20 h TOS, (b) CO, conversion and CHy
selectivity over the 10Co/ZrO, and 10Co/Al,O3 after 300 h TOS, (c) CH, yield of the
10Co/ZrO, and 10Co/Al,O3 catalysts. Conditions: molar ratio of H,/CO, = 4/1,
GHSV = 3600 mlg’h~!, P = 3MPa, T = 400 °C.

corresponding values over Al,Osz-supported catalyst are much lower,
namely 49.5% and 79.8%, respectively. Upon increasing Co loading to
10 wt%, a further rise in CO, conversion is observed over both cata-
lysts, as well as CH, selectivity. The conversion with 10Co/ZrO, even
approaches the equilibrium value (i.e., 92.5%), whereas it is only
77.8% on 10Co/Al,053. With a further increase of Co loading (i.e., 15 wt
%), the gap of catalytic performances between ZrO,-supported and
Al,O3-supported catalysts becomes narrow. It is also worth noting that
the ZrO»-supported catalysts with lower Co loading (e.g., 2 wt%) ex-
hibited higher activity and selectivity than the Al,Os-supported cata-
lysts with higher or same Co loading (e.g., 10 wt%), indicating a much
higher metal efficiency for the former than the latter.

Fig. 2(a) also revealed that the superior stability of (x)Co/ZrO,
catalysts. However, (x)Co/Al,O3; gradually loses activities within the
same range of TOS, the drop of which is particularly significant at lower
Co loading. In order to further verify such a major difference of stabi-
lity, long-term tests were conducted on both Co/ZrO, and Co/Al,O3
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Fig. 3. XRD patterns of calcined catalyst precursors zirconia-supported cobalt catalysts
with different loadings.

with 10 wt% Co loading, and the results are illustrated in Fig. 2(b).
Clearly, the ZrO,-supported catalyst still exhibits superior and stable
activity even after 300 h TOS, in contrast, the Co/Al,O3 loses nearly
46% and 35% of its starting conversion and selectivity, respectively.
Besides, the corresponding CHy yield is shown in Fig. 2(c). After 300 h
TOS, the CH, yield of Co/ZrO, is still 90%, while yield loss of Co/Al,O3
is substantial, and the final value only accounts for approximately 1/5
of that over 10Co/ZrO,. Thus, in comparison to Co/Al,03, the ZrO,-
supported Co catalysts revealed superior activity and selectivity in CO5
methanation under the condition employed. More importantly, the
activity of Co/ZrO, catalysts is extremely stable even after a long-term
test.

3.2. Crystalline structure of the ZrO,- and Al,O3-supported catalysts

The XRD patterns of the Co/ZrO, and Co/Al,O3 samples in the
calcined forms are presented in Figs. 3 and 4, respectively. All ZrO,-
supported samples show two clear diffraction peaks centering at 28.1°
and 31.5°, which are typical for the zirconia with monoclinic phase
[78]. The diffraction peak centered at 36.8° appears for both ZrO,- and
Al,O3-supported catalysts and can be attributed to Co30, particles [81],
and the intensity is enhanced with increasing Co loading. Additionally,
two other peaks centered at 30.1° and 59.5°, can be observed for Co/
Al,O3 catalysts and correspond to the CoAl,O, spinel (see the top

CoaLO, § Co0,

COAIZO "

!

Co/AlL O

Co/ALO
0Co/ALO,

10 20 30 40 50 60 70 80
2 @ (degree)

Fig. 4. XRD patterns of calcined catalyst precursors y-Al,Os-supported cobalt catalysts
with different loadings.
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Table 2
Physico-chemical properties of cobalt catalysts.
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Sample Surface area [m2g -1 Pore volume [cmSg’ | Co30, size® Dispersionb Active metal® TOF!
SpeT Smicro Smeso Vpore Vmicro [nm] [%] [10~°mol/gcacl [s71]
2Co/Zr0, 29 2.7 27.1 0.16 0.001 18 - - -
10Co/ZrO, 27 1.0 26.5 0.17 0.001 22 6 5.1 0.20
15Co/ZrO, 25 0.2 23.2 0.12 0.001 27 - - -
2Co/Al>03 230 0 230 0.34 0 7 - - -
10Co/Al,03 216 0 216 0.27 0 16 9 4.5 0.18
15Co/Al,03 202 0 202 0.15 0 19 - - -

2 The Co304 crystallite sizes were determined using Scherrer equation.
b Metal dispersion was determined by the H, titration analysis.
¢ Active metal = metal mole x reducibility x dispersion.

4 TOF = (GHSV x 1/4/22.4 x CO, Conversion)/(metal mole x reducibility x dispersion)/t, the TOF data displayed on the Table 2 is correspond to the 1 h time on stream.

diffraction pattern of Fig. 4), the intensity of which increases with in-
creasing Co loading. The CoAl,O, spinel is regarded as non-active
species in CO, hydrogenation [81] because in which the Co is hardly
reduced. This is one of the reasons that Al,Os-supported catalysts ex-
hibited lower activity compared to the ZrO,-supported catalysts. The
crystallite sizes determined using Scherrer equation are summarized in
Table 2. Clearly, at the same Co loading, the average Co30, crystalline
sizes in ZrO,-supported catalysts are larger than those in Al,Os-sup-
ported catalysts.

Fig. 5 shows the in situ XRD patterns of the Co catalysts which re-
flect on the structural shifts of cobalt species during the H,-TPR inside
XRD chamber. Each test temperature was 50 °C apart and retained for
30 min with 60 ml/min of 10 vol% H,/Ar. The diffraction peaks of
Co30,4 oxide particles located at 36.8° become weaker with the pro-
grammed rise of reduction temperature, which is due to the reduction
of Co304 to CoO particles. The reduction of Co304 oxide particles be-
gins at 250 °C on ZrO, support while it is 350 °C on Al,O3 support. The
peak located at 42.2° for CoO particles only stays for a short time and
then transforms to metal Co® on the ZrO,. In contrast, the CoO is re-
duced more slowly on Al,O3. The reduction is completed at 400 and
600 °C on ZrO, and Al,Os3, respectively, as evidenced by the appearance
of metal Co° diffraction peak (e.g., 44°). These observations demon-
strate that cobalt species supported on ZrO, can be reduced completely
at 400 °C in H,, while at the same temperature, the reduction is only
partial in the case of Al,03. Thus, the poor reducibility and low re-
duction degree of the Co oxide on Al,O3 lead to insufficient active metal
sites and their low activity.

3.3. Physical properties of Co/ZrO, and Co/Al;O3 catalysts

Physical properties of ZrO,- and Al,Os-supported catalysts are
summarized in Table 2 and the nitrogen adsorption-desorption iso-
therms of 10Co/ZrO, and 10Co/Al,O3 are illustrated in Fig. S1. Com-
pared to Co/ZrO, catalysts, the BET surface areas of Co/Al,O5 catalysts
are much larger. The physical properties are often related to the metal
dispersion. The dispersion of Co was estimated using H, titration over
two representative catalysts with same metal loading and also shown in
Table 2. As expected, the 10Co/Al,03 exhibits higher metal dispersion
(9%) than 10Co/ZrO (6%) due to the larger surface area of the former
catalyst. This observation is also consistent with XRD data. From Fig.
S1, mesopores are present on the Al,O3z-supported catalyst.

3.4. Reduction behaviors

Fig. 6 shows the TPR profiles for 10Co/ZrO, and 10Co/Al;03. The
Co304 was used as a reference standard, which shows a peak at 456 °C,
corresponding to the reduction of Co304 to Co. In the profile of 10Co/
ZrO,, two distinct peaks centered at 372 and 420 °C were observed,
which can be attributed to two-step reduction of Co304 to CoO and
subsequently to Co, respectively [81-83]. The shoulder peak in high

temperature side of the second peak T4, corresponds to the reduction
of cobalt species from the bulk phase [41,84]. Noticeably, the reduction
temperature of the Co304 particles on the 10Co/ZrO, (e.g., 372 °C) is
even lower than that of Co30,4 oxide (e.g., 456 °C), indicating the en-
hanced reducibility of Co304 on ZrO, [59]. Sun et al. found that the
reduction degree was enhanced with increasing Co30;, size, and the Co-
ZrO, interaction decreased with the increase of pore size [59]. On the
other hand, the sequential reduction was observed on 10Co/Al,O3 as
well, except that the corresponding peaks shift to higher temperatures,
namely 488 and 721 °C, respectively. This result is in agreement with
the in situ XRD results. Such peak shift, in comparison to Co/ZrO,,
possibly originates from the difference of Co particle size over different
supports.

As discussed in Section 3.2, the ZrO,-supported catalysts exhibite
larger particle size than the Al,O3-supported catalysts, and the reduc-
tion of the former catalysts is easier. Another possible reason derives
from the formation of CoAl,O4 spinel on the Al,O3-suppported cata-
lysts, which is evidenced from the XRD patterns. Such explanation is
also supported by the estimated H, consumption areas on the TPR
profiles, where the 10Co/ZrO, consumes more H, than 10Co/Al;05.
Therefore, the stability of spinel has a negative impact on the reduction
of Co304. The surface of reduced metal particles should behave as ac-
tive sites for CO, methanation [85]. The Co-ZrO, interaction improves
the reducibility of Co and provides more active sites (Table 2).

3.5. Surface properties of catalysts

As discussed in Section 3.4, it is suggested that there exists a close
interaction between Co metal and ZrO, support. In order to further
confirm such interaction, XPS analysis was conducted. Fig. 7(a) depicts
the XPS spectra in the Co 2p region for calcined catalyst precursors for
Co/ZrO, and Co/Al,0s3; the corresponding XPS data are summarized in
Table 3. The spectra of both ZrO,- and Al,O3-supported catalysts ex-
hibit an intense doublet centering at 778.5 and 794.9 eV, along with
two additional satellite peaks centering at 780.8 and 796.0 eV. The
intense doublet, from low towards high BEs, can be attributed to Co
2ps3,, and Co 2p; /5, respectively [86]. Deconvolution for the Co 2p3 5 of
10Co/ZrO-, indicates the existence of Co?™ (ca. 778.5 eV) and Co®* (ca.
780.8 eV), whose Co® " /Co®" atomic ratio is 73:27. On the other hand,
the Co 2ps3,, peak of 10Co/Al,O3 contains similar components, namely
Co?* (ca. 778.9 eV) and Co®™ (ca. 780.4 eV), and the atomic ratio of
which is 47:53. Clearly, the higher atomic ratio of Co®*/Co>* for Co/
ZrO, indicates a CoO-rich surface which further implies its better re-
ducibility compared to Co/Al,0O3. This observation is also in line with
the TPR results as the reduction peaks of Co/ZrO, appear at lower
temperatures, while those of the latter are retarded to higher tem-
peratures. Thus, these XPS results assist in interpreting the reduction
behavior of Co oxides over different supports as well.

Fig. 7(b) and (c) present the XPS spectra in the O1 s region for the
same samples. The intense peak at 528.7-529.8 eV can be attributed to
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Fig. 5. In situ XRD patterns of cobalt catalysts (a) 10Co/ZrO, and (b)
10Co/Al,03 during temperature-programmed reduction inside XRD
chamber.
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the lattice oxygen in ZrO, or Al,O3, while the signals at 530.7-530.9 eV
T420
: —10Co/ ZrOz can be assigned to the surface hydroxyl groups or the adsorbed oxygen
— 10C0/A12()3 [87,88]. Based on the area integrals of the lattice oxygen (O,) and
—_— Co.0 surface hydroxyl/adsorbed oxygen (Op), the ratio of Op to Or
:‘ 0,U, (Or = O+ Op) for all samples was estimated and tabulated in Table 3.
. It can be seen that on the Hp-reduced 10Co/ZrO, the percentage of
o surface hydroxyl/adsorbed oxygen is approximately six times of that for
. the calcined catalyst precursors. The reduced 10Co/ZrO, exhibits
N higher ratio of Og/Or than that of the calcined catalyst precursors (e.g.,
E 24.0% vs 4.2%), implying a significant decrease of lattice oxygen O, on
this sample. In other words, such behavior could be ascribed to the
increasing number of oxygen vacancies upon reduction. The ratio of
Op/Or is relatively stable after 8 h TOS, implying the stable surface

400 600 800
Temp. (°C)

Fig. 6. Hy-TPR profiles of 10Co/ZrO,, 10Co/Al,03 and Co304.

0 200 1000

402

property of this sample even under high-temperature and pressurized
reaction conditions. It is also noticeable that the O of ZrO, shifts from
528.7 to 529.3 eV upon reduction, suggesting the existence of electron
transfer between Co metal and ZrO, support. In contrast, the O, peak of
Al,0O3 hardly shows any peak shift nor significant ratio variation,
which, thereof, demonstrates a much weaker Co-Al,O3 interaction in
comparison to the Co-ZrO,. The slight increase of the surface hydroxyl
on the spent 10Co/Al,0; may be attributed to the adsorption of the
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Fig. 7. (a) XPS spectra of Co 2p on the calcined catalyst precursors 10Co/ZrO, (upper) and 10Co/Al,03 (down) catalysts, (b) XPS spectra of O 1 s on the 10Co/ZrO,, (c) XPS spectra of O
1 s on the 10Co/Al,03, (d) XPS spectra of Zr 3d on the 10Co/ZrO,, and (e) XPS spectra of Al 2p on the 10Co/Al,O3.

product H,O0.

Fig. 7(d) depicts the XPS spectra in the Zr 3d region for Co/ZrO,.
Deconvolution was applied to the superimposed peak of Zr 3ds,,, and
the results indicate the existence of two components: one due to the
Zr*™ with lower BEs (ca. 182.0-182.8 eV) and the other to Zr®*™ with
higher BEs (ca. 182.8-183.4 eV) [89]. The ratio of Zr®* /(Zr®* + Zr*™)
was estimated using the integrals as well and tabulated in Table 3.
Noticeably, all peaks of Zr species shift to higher BEs upon reduction,
along with an increase in the ratio of Zr** /(Zr®* + Zr**), which could
be attributed to the oxygen vacancies in the zirconia lattice [90,91] and

403

the interaction with the Co species. The Zr 3d photoelectron spectra
reveal the increase of oxygen vacancies which is consistent with the
observation from the O 1 s photoelectron spectra. The oxygen vacancies
on the Co/ZrO, catalysts detected by XPS are expected to contribute to
adsorbing and activating CO, and H,0.

Fig. 7(e) shows the Al 2p photoelectron spectra of samples. The Al
2p spectra of calcined catalyst precursors and reduced catalysts show a
main peak at 74.2 eV. The binding energy of Al 2p in the 8 h TOS spent
sample has slightly higher value relative to that of calcined catalyst
precursors and reduced catalysts. This shift may be associated with the
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Table 3
Summary of the XPS data for as-prepared catalyst samples.

Sample Conditions 0p/O1"/ 3 /2t + I ) /%
10Co/ZrO, Fresh calcined 4.2 28.1

H, reduction 24.0 38.5

8h TOS 25.1 39.8
10Co/Al>03 Fresh calcined 12.0 -

H, reduction 12.2 -

8h TOS 15.8 -

 Ratios of O and O were calculated from area integration of O, and Og in O 1 s XPS
spectra (Op = Oq+ Op).

formation of CoAl,Oj,.

3.6. New Co-Zr phase formation

The morphological properties of Co-based catalysts were studied by
high-resolution TEM and STEM/EDS. Fig. 8(a) and (b) illustrate the EDS
maps of calcined catalyst precursors and reduced Co/ZrO, catalysts,
respectively. In the calcined form, the bulk Cos0, particles are observed
with the particle size of ca. 20 nm, which is in line with the value es-
timated based on XRD pattern. Upon reduction, the Co species gener-
ated the re-dispersion and the Co° particles become smaller and char-
acteristically disperse on the surface of ZrO, particles. On the other
hand, the Co species are widely dispersed on the Al,O3, which shows
little variation between the calcined and reduced form, as depicted in
Fig. 8(c) and (d), respectively.

In order to examine the phases of Co species and ZrO, particles, the
Co/ZrO5 samples in both calcined and reduced forms were examined by
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TEM, and the high-resolution TEM images are presented in Figs. 9 and
10, respectively. In the calcined form, the TEM images clearly show a
border between the Co304 and ZrO, particles at the interface. Inter-
estingly, the clear border disappears upon reduction; a new phase is
observed clearly at the interface. A measurement of the lattice fringe
shows that the new phase has no correlation with ZrO,, Co°, or Co,Oy.
The thickness of this new phase was about 1-2 nm.

It is proposed that the oxygen vacancies exist on the partially re-
duced Co/ZrO,. XPS results confirmed the presence of oxygen vacancies
on Co/ZrO, but not on Co/Al,0s3. From another perspective, the pre-
sence of metal nanoparticles could promote the formation of O va-
cancies on ZrO,. Gianfranco et al. [92] reported that Au nanoparticles
promote the formation of surface O vacancies on ZrO, by DFT. Because
of this, the bonding between Co species and surface Zr atoms becomes
stronger thus more stable upon reduction, which, in return, leads to the
re-dispersion of Co® on ZrO,. This may be responsible for the observed
formation of the new Co-Zr phase. Moreover, such characteristic in-
terface still exists even after 300 h TOS (see Fig. S2). Such a strong Co-
Zr interaction also may play a crucial role in preventing the Co° par-
ticles from sintering. On the contrary, no any new phase of Co-Al is
observed on Al,O3-supported catalyst in the reduced form (see Fig. S3).
The Co sites on ZrO, are not only larger in the numbers, but also more
catalytically active (higher turnover frequencies) than on Al,O3 (see
Table 2). Therefore, the observed high activity and stability on Co/ZrO,
catalysts may be associated with the newly formed Co-Zr phase during
H, reduction.

3.7. Adsorption properties of catalysts

The TPD profiles with CO,, H,, CO, NH3 and CH,4 desorption for

Fig. 8. STEM-EDS elemental maps of (a)
calcined catalyst precursors Co304/ZrOo, (b)
reduced catalyst Co/ZrO,, (c) calcined cat-
alyst precursors C0304/Al,03, and (d) re-
duced catalyst Co/Al,O3.
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Fig. 9. STEM-EDS maps and corresponding TEM images of calcined catalyst precursors C0304/ZrO,.

catalysts pre-reduced at 400 °C are shown in Fig. 11, and those for
catalysts pre-reduced at 550 °C are given in Fig. S4. The differences
between TPD results of Co/ZrO, and Co/Al,O3 catalysts for both the
400 and 550 °C pre-reduced catalysts are similar. H,-TPD profiles in
both Fig. 11(a) and in Fig. S4(a) indicate that the H, desorption tem-
perature over 10Co/ZrO, is higher, thus the H, adsorption on the 10Co/
ZrO, is stronger than that on the 10Co/Al,03 The peak area for 10Co/
ZrO, is greater than that for 10Co/Al,03, which is due to the higher
reducibility of 10Co/ZrO,.

The CO, adsorption properties were investigated by TPD. CO,-TPD
profiles in Fig. 11(b) can be divided into three regions [93,94]:
50-150 °C, 150-240 °C and > 240 °C, which correspond to weak,
medium and strong adsorption, respectively [95]. CO, prefers to adsorb
on basic sites on ZrO, via acid-basic interaction, and the CO, adsorption
strength is related to the basicity of ZrO,[94,96]. The weak basic sites
are related to the surface hydroxyl group; the medium basic sites are
ascribed to the metal-oxygen pairs (i.e. Zr** -0~ pair); the strong basic
sites are associated with the low-coordination oxygen anions. On the
other hand, 10Co/Al,O5 only displays a weak adsorption towards CO,.
It is likely that there exists an optimum ratio of the chemisorbed H, and
CO,, for CO5 hydrogenation. The oxygen vacancies characterized by XPS
can strongly absorb the oxygen atom in CO,, which contributes to the
CO, adsorption on ZrO,-supported catalyst. The new phase on the Co-
ZrO, interface possibly provides the additional adsorption sites for CO,.
This assumption is supported by the following DFT results.

The NH;3-TPD profiles are shown in Fig. 11(c). On the ZrO,-sup-
ported catalyst, there is almost no NH3 adsorption. On the Al,O3-sup-
ported catalyst, a broad desorption peak with a maximum at
150-180 °C and a shoulder at higher temperature (260-290 °C) are
visible. The low temperature peak could be ascribed to weak and
medium-strength acid sites, whereas the peak above 260 °C is typical of
strong acid sites. Weak interactions can occur between OH groups on
alumina and NH; through H-bond formation [97] and the strong ad-
sorption is related to AI** cations [98,99].

H,-TPD —10Co/ZrO, ==-10Co/Al,0;

Fig. 11. The profiles of temperature programmed desorption of 10Co/ZrO, and 10Co/
Al,Oj5 catalysts (a) Ho-TPD, (b) CO,-TPD, (¢) NH5-TPD, (d) CO-TPD, (e) CH4-TPD. The
catalysts were reduced at 400 °C before TPD.

Fig. 10. STEM-EDS maps and corresponding TEM images of reduced catalyst Co/ZrO,.
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Fig. 11(d) presents the CO desorption behavior of the pre-reduced
catalysts. The Al,O3z-supported catalyst had almost no CO desorption.
There are three desorption peaks on the ZrO,-supported catalyst over
the range of 50-150 °C, 150-200 °C and 200-300 °C. The higher the
desorption temperature, the stronger the interaction between CO and
catalyst. The oxygen vacancies characterized by XPS also contributes to
the CO adsorption on ZrO,-supported catalyst. As reported in the lit-
erature, CO is a intermediate product of CO, methanation [100]. The
strongly adsorbed CO can undergo hydrogenation which could improve
the CH, selectivity.

The CH,4 adsorption performance of the 10Co/ZrO, and 10Co/Al,03
catalysts are shown in Fig. 11(e). The CH, desorption temperatures
below and above 300 °C on the ZrO,- and Al,Os-supported catalysts
correspond to weak and strong adsorption of CH4. More weak CH,4
adsorption on ZrOs-supported catalyst facilitates the removal of pro-
duct during CO, methanation.

The Co/ZrO, catalysts show stronger adsorption of reactants CO,
and H,, and of intermediate product CO compared to Co/Al,03. The
strong H, adsorption is necessary for formation of the Co-ZrO, phase
and oxygen vacancies, subsequently, the oxygen vacancies can con-
tribute to the CO, adsorption and activation. These characteristics
should benefit the CO, hydrogenation.

3.8. Deactivation analysis

As discussed in Section 3.1, ZrO,- and Al,O3-supported catalysts
performed differently in CO, methanation stability. Detailed char-
acterization suggests that the new phase formed at the interface con-
tributes to such a significant difference. In order to clarify the reasons,
the spent catalysts after 300 h TOS were analyzed by TG in the tem-
perature range of 30-800 °C, as depicted in Fig. 12. The first peak below
200 °C for both 10Co/ZrO, and 10Co/Al,0O3 appears at the same tem-
perature and is due to the loss of water, except that the weight loss of
the latter is more severe and rapid than the former. The spent 10Co/
Al,03 shows another peak at ca. 500 °C, corresponding to the oxidation
of carbon deposits. However, such oxidation is not observed on 10Co/
ZrO,, and the weight loss is limited above 200 °C. The total weight
losses of spent 10Co/ZrO, and 10Co/Al,Os after 300 h TOS are 2.5 wt%
and 9.3 wt%, respectively.

According to the methanation stoichiometry, converting 1 mol of
CO,, generates 2 mol of H,0, which might lead to deactivation by water
byproduct, especially at higher conversions. To evaluate the hydro-
thermal effect on deactivation due to byproduct water, the hydro-
thermal (H,O) treatment was conducted on Co/ZrO, and Co/Al,O3
catalysts. Prior to CO, methanation, H,O was pumped into the reactor
(ca. 0.327 ml/min using advection pump) for 4 h after H, reduction at
400 °C and 3 MPa (ca. 8 h). In the subsequent step, CO, methanation
was initiated and the resulting CO, conversion and CH, selectivity are
presented in Fig. 13, along with the activity data of the catalysts
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Fig. 12. The TG-DTG curves of spent 10Co/ZrO, and 10Co/Al,O3 catalysts after 300 h
time on stream.

406

Applied Catalysis B: Environmental 220 (2018) 397-408

105
90 e ' =T a—a—8—0—8—0—0—2
;\? "_“*kﬁ—H_H 75
<~ 704 S
. °©
: 604 —o—10Co/ALO-4h HT a0 :
= —e— 10C0/ZrO,-4h HT <D
2 45
O 504 —a—10Co/Al0, w_'
ON 40] —*—1rocozo, 30 m
@) QO
o P , N 15
20 T T T ———TT10
0 2 4 6 8 4 6 8
TOS ( h)

Fig. 13. CO conversion (left) and CH, selectivity (right) over the 10Co/ZrO, and 10Co/
Al,05 catalysts after hydrothermal treatment.

without H,O-hydrothermal treatment for comparison. The H,O-treated
Co/ZrO, exhibits similar activity and selectivity as that without H,O
treatment. In contrast, substantial losses in both conversion and se-
lectivity can be observed clearly on the H,O-treated Co/Al,03, and the
conversion is only ca. 1/3 of the catalyst without H,O treatment. Evi-
dently, the product H,O can be an important cause for the observed
deactivation of Al,Os-supported catalysts. There are also significant
color change on the spent 10Co/Al,O3 as depicted in Fig. S5. The blue
color in Figs. S5 (b), (c) and (d) is typical for CoAl,04 which is con-
sistent with the XRD results (Fig. 4). It is also noticed that the color of
the spent catalyst is dependent upon the cumulated water formation, as
the color grows darker from 8 h TOS (Fig. S5 (b)) to 300 h TOS (Fig. S5
(), and the treatment with a large amount of H,O prior to the me-
thanation greatly accelerates the formation of CoAl,O4 (Fig. S5 (d)).
Thus, the product H,O promotes the formation of the inactive phase
CoAl,04, leading to the rapid deactivation of Co/Al,O3 catalysts.

The superior resistance to deactivation of Co/ZrO, catalysts can be
attributed to following reason. The first reason is that the spinel
structure is difficult to form on the ZrO, supports (Fig. 3). The other
significant factor is the surface oxygen vacancies on the ZrO, as evi-
denced by Zr 3d and O 1 s photoelectron spectra. The oxygen vacancies
are considered as effective for activating the product H,O which pre-
vents the carbon deposition from covering the active centers
[101-103]. In contrast, the CoAl,O4 spinel structure is easily formed on
and thus dramatically deactivates the Co/Al,O5 catalysts (Fig. 4). In the
case of higher Co loading, the deactivation rate of Co/Al,O3 is slightly
slower (see Fig. 2(a)), indicating that one of the deactivating ways is the
decrease of active metals. Furthermore, the acid sites detected by NH;-
TPD on Al,Os-supported catalysts may facilitate carbon deposition,
which leads to increased carbon deposits and more deactivation of the
catalyst.

4. Conclusion

ZrO,-supported Co catalyst with a proper metal loading is sig-
nificantly superior over the corresponding Al,Os-supported Co catalyst
for CO, methanation. The CO, conversion and CH, selectivity can be
maintained at a high level even after 300 h TOS on the 10Co/ZrO,
catalyst which are 92.5% and 99.9%, respectively, while the corre-
sponding values on the 10Co/Al,05 catalyst decreased sharply to 38.6%
and 62.8% after 300 h, respectively. The weight loss due to carbon
deposits on the spent 10Co/Al,03 catalyst is 9.3% while it is only 2.5%
on the spent 10Co/ZrO, catalyst. The oxygen vacancies on the Co/ZrO,
catalysts detected by XPS, may contribute to activation of CO, and H,O
and resist the formation of carbon deposits.

The formation of CoAl,O, spinel structure, which was found to be
enhanced by hydrothermal effect (due to water byproduct), and the
increased carbon deposition due to acid sites on Al,O3 contribute to
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dramatically speeding up the deactivation of the 10Co/Al,O3 catalyst
during CO, methanation.

Re-dispersion of Co species on the ZrO, support during the reduc-
tion by hydrogen was observed by STEM/EDS. New Co-Zr phase formed
on the Co-ZrO, interface was directly observed for the first time; the
Co/ZrO, catalyst exhibited high stability with high activity for CO,
conversion.

The in situ XRD and H,-TPR demonstrate that the reduction tem-
perature of Co/ZrO, is much lower than that of Co/Al,03, even lower
than that of pure Co304. The spinel CoAl,O,4 observed in XRD patterns
is difficult to be reduced, which also leads to poor reduction of cobalt
species on the 10Co/Al,05. The Co®* is easier conformed than the
Co®* in ZrO, support based on XPS.

The ZrO, support shows strong adsorption for reactant H,, CO,, and
intermediate product CO, which benefits CO, methanation. Based on
the estimated turnover frequency values, it is conjectured that the ac-
tive sites on Co/ZrO, are more active than those on Co/Al,O3 in CO,
hydrogenation.
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