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HIGHLIGHTS

e Cu0/Zn0O/ZrO, catalyst was prepared by a surfactant-assisted coprecipitation method.
e The methanol yield increases with the Sc, but it is not a linear relationship.

o TOF for methanol formation decreases with the enlargement of Cu particles.

e High methanol selectivity is due to more Cu-support species and mesopores.
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ABSTRACT

A series of CuO—Zn0O—ZrO, catalysts are synthesized by a surfactant-assisted co-precipitation method
and tested for the synthesis of methanol from CO, hydrogenation. The effects of calcination temperature
on the physicochemical properties of as-prepared catalysts are investigated extensively by TG-DSC, N,
adsorption/desorption, XRD, N,O chemisorption, SEM/TEM, EDX, XPS, TPR, H,-TPD and CO,-TPD tech-
niques. The results show that the size of copper particles increases with the increase in calcination
temperature, leading to the decrease in turnover frequency (TOF) for methanol formation. Moreover,
compared with the counterparts prepared by the conventional co-precipitation method, the CuO—ZnO
—Zr0; catalysts prepared by this novel method show significantly high methanol selectivity. The superior
property of the prepared CuO—ZnO—ZrO; catalyst can be attributed to the formation of more amounts of
Cu—ZnOx and/or Cu—ZrOyx species resulted from the homogeneous element distribution, intimate
interface contact of Cu species with ZnO and/or ZrO,, and to porous structure with larger pore size.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that CO, is not only the most important
greenhouse gas, but also a significant carbon resource which is low-
cost, non-toxic and easily achievable. With the increase in CO,
concentration in the atmosphere, and the depletion of fossil fuels,
conversion of CO, to useful chemicals and fuels may be one of the
most promising ways to liberate mankind from this awkward sit-
uation [1]. Most of the present research focuses on CO, hydroge-
nation to methanol because methanol is an important feedstock for
the chemical industry and a potential alternative to fossil fuels.
Furthermore, the convenient production of Hy at large scale from
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renewable energy sources such as solar energy, hydropower and
biomass also supports this green process [2]. Based on the great
significance of methanol synthesis from CO, hydrogenation, a new
concept of “methanol economy” was proposed by Olah et al. [2,3].

The majority of research on CO; hydrogenation to methanol was
conducted over Cu—ZnO—Al,03 catalyst which has been widely
used for methanol synthesis from syngas (H, + CO) containing
small amount of CO,. However, the Cu—ZnO—Al,03 catalyst per-
formed not perfectly in CO, hydrogenation, which can be ascribed
to the negative effect of water on the rate of methanol formation
and the stability of active sites, and the strong hydrophilic char-
acteristic of alumina [4—6]. On the other hand, Cu—ZrO, or modi-
fied Cu—ZrO, catalysts have gained an increasing interest for their
high activity in methanol synthesis from CO, hydrogenation due to
the high thermal stability of ZrO, under reducing and oxidizing
conditions [7] and the promotional effect of ZrO, on the reduction
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of oxidized CuOx [6]. Among them, Cu—ZnO—ZrO, catalyst is
particularly effective for the synthesis of methanol from CO, hy-
drogenation [5—27]. In order to further improve the performance of
Cu—Zn0O—ZrO, catalyst, the addition of promoters such as Mn
[9,10,19,20], Ga [7,9,18], Mg [9,10,19], Y [9], La [23,24] and Ce [25]
have been reported recently. Apart from catalyst composition,
preparation methods and conditions also have a considerable in-
fluence on the performance of Cu—ZnO—ZrO5 catalyst [8—11,27]. Up
to now, such methods as co-precipitation [6—8,11-18,25—-27],
thermal decomposition of citrate [9,10,17,18,26] and sol—gel [21,22]
have been developed to prepare CuO—ZnO—ZrO, catalyst. Very
recently, solution combustion [28—30] and solid-state chemical
reaction [31] syntheses were found to be simple and effective
methods for the preparation of CuO—ZnO—ZrO, catalyst. However,
the catalysts prepared by the above two methods are found to be
with lower BET surface areas, which is disadvantageous for the
catalytic activity [32]. For example, the highest BET surface area of
CuO—Zn0—Zr0, catalysts prepared by glycine-nitrate combustion
method was <20 m?/g [29]. Therefore, the development of new
methods for preparing highly effective CuO—ZnO—ZrO, catalyst is
imperative and significant.

In recent years, a new method involving a surfactant in the
precipitation process was reported, and the obtained catalysts
show relatively high specific surface areas and improved catalytic
behavior. For instance, CuO—CeO; catalysts with large surface areas
and worm-like mesoporous structures were prepared using cetyl-
trimethyl ammonium bromide (CTAB) as the template and NaOH as
the precipitating agent; and this material showed high activity for
CO oxidation [33,34], selective catalytic oxidation of ammonia [35],
and catalytic destruction of 1,2-dichlorobenzene [36]. Likely, mes-
oporous CuO—Fe;03 [37], CuO/CepgZrg20, [38], CuO[TixZr; _ xO3
[39], and CuO/TipgCep 20, [40] were also synthesized by using the
same method, which exhibited high catalytic activity for CO
oxidation. Nonetheless, there isn't any report about preparing Cu-
based catalysts following this method for CO, hydrogenation, to
the best of our knowledge.

In this work, mesoporous CuO—ZnO—ZrO, composite oxides
with uniform pore-size distributions were synthesized by a
surfactant-assisted co-precipitation method using CTAB as tem-
plate, and used as catalysts for methanol synthesis from CO, hy-
drogenation. The structural and textural properties of the prepared
Cu0—Zn0—Zr0O, catalysts were characterized intensively by TG-
DSC, XRD, N, adsorption/desorption, XPS, SEM/TEM, EDX, TPR,
and TPD techniques. Since calcination temperature is an important
parameter in catalyst preparation by co-precipitation method, the
effects of different calcination temperatures on the physicochem-
ical and catalytic properties of the CuO—ZnO—ZrO, was investi-
gated. For comparison, CuO—ZnO—ZrO;, catalysts of the same
composition were also prepared by the conventional co-
precipitation method. Furthermore, the catalytic performances of
the catalysts were discussed deeply in relation to the results of
physicochemical characterizations.

2. Experimental
2.1. Catalyst preparation

The CuO—ZnO—ZrO, catalysts were prepared by using a
surfactant-assisted co-precipitation method, in which the molar
ratio of Cu?*:Zn?*:Zr** = 5:2:3 was chosen based on our previous
studies [28—31]. All chemicals were of analytical grade and used as
received (Shanghai Chemical Reagent Corporation, PR China)
without further purification. In a typical procedure, 6 mmol of CTAB
was dissolved into 200 mL distilled water, followed by ultrasound
irradiation for 15 min. Then, 5 mmol of Cu(NO3),-3H,0, 2 mmol of

Zn(NO3);-6H,0 and 3 mmol of Zr(NOs3)4-5H,0 were added under
magnetic stirring. After stirring for 0.5 h, a NaOH solution (0.2 mol/
L) was added into the above solution until the pH value of the
mixture was 10 + 0.2, and then further stirred for about 12 h. The
obtained suspension was further hydrothermally aged at 90 °C for
3 h. The final precipitate was filtered, washed with hot distilled
water, dried in the oven at 110 °C for 12 h, and then milled to obtain
the precursor. In order to investigate the influence of calcination
temperature, the CuO—ZnO—ZrO, catalysts were obtained by
calcining the precursor at 300—600 °C for 5 h in a muffle oven and
designated as S-CZZ-300, S-CZZ-400, S-CZZ-500, and S-CZZ-600,
respectively. In addition, for comparison, the samples which fol-
lowed the above steps, while without adding CTAB were prepared
and designated as CZZ-300, CZZ-400, CZZ-500, and CZZ-600,
respectively.

2.2. Catalyst characterization

The thermal gravimetric and differential scanning calorimetry
(TG-DSC) analyses of the dried samples prior to calcination were
conducted on a thermal analyzer (SAT 449 F3, NETZSCH) at a
heating rate of 10 °C/min under a continuous-flow of air.

X-ray diffraction (XRD) patterns were recorded with a PAN-
alytical X'Pert diffractometer operating with Ni (-filtered Cu K,
radiation at 40 kV and 40 mA. Two theta angles ranged from 10° to
80° with a speed of 6° per minute.

BET surface area and pore size distribution were measured on a
Micromeritics ASAP2020M + C adsorption apparatus at liquid N,
temperature using N, as adsorbate. Before measurements, the
samples were dried in situ at 200 °C for 4 h under vacuum.

The surface morphology was observed by the scanning elec-
tronic microscopy (SEM, S-3400 N, Hitachi) and transmission
electron microscopy (TEM, TECNAI). The bulk element composi-
tions of the samples were determined by using an energy disper-
sive X-ray spectrometer (EDX) (X Flash Detector 4010). The metallic
copper surface area (Scy) in the reduced catalyst was determined by
using a N,O chemisorption method similar to that described by
Chinchen et al. [41]. Once the catalyst was reduced in a 10 vol% H,/
He mixture at 300 °C for 1 h, it was exposed to a flow of He and
cooled to the chemisorption temperature (60 °C). Then, a flow of
1 vol% N,O/He gas mixture was fed into the reactor. The N, pro-
duced by the decomposition of N,O on the exposed Cu atoms was
detected using a mass spectrometer (Pfeiffer Vacuum Quadstar, 32-
bit). The metallic copper surface area was calculated assuming an
atomic copper surface density of 1.46 x 10'° Cu atoms/m? and a
molar stoichiometry of N,O/Cu = 0.5 [14].

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Kratos Axis Ultra DLD spectrometer equipped with
an Al K,, (1486.6 eV) X-ray exciting source. The pass energy of the
analyzer was set at 40 eV. The binding energies were referenced to
the adventitious C 1s peak at 284.6 eV (accuracy within +0.1 eV).

Temperature-programmed reduction (TPR) measurements were
performed in a continuous-flow apparatus fed with a 10% Hy/N;
mixture flowing at 30 mL/min and heated at a rate of 5 °C/min. A
30-mg sample was used, with H, consumption monitored by a
thermal conductivity detector (TCD).

Hydrogen temperature-programmed desorption (H,-TPD) was
carried out in a quartz tubular reactor. Firstly, the catalyst was
reduced at 300 °C for 1 h in a flowing of 10% Hy/N, mixture. Then
the sample was cooled to room temperature and further saturated
in Hy/N; mixture for 1 h, followed by flushing in N5 for 1 h. The TPD
measurements were conducted in a N, stream (30 mL/min) from
room temperature to 500 °C at a heating rate of 5 °C/min. The
change of hydrogen signal was monitored by a TCD and quantita-
tively calibrated by H; pulses.
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The basicity of the catalyst was measured by CO, temperature-
programmed desorption (CO,-TPD). Prior to the adsorption of CO»,
the catalyst sample was reduced at 300 °C for 1 h in a flowing of 10%
H,/N, mixture, followed by flushing in N5 for 1 h. After cooling to
room temperature, the catalyst was saturated with a 10% CO;/N;
mixture (30 mL/min) at 60 °C for 1 h. Afterwards, the TPD experi-
ment was started with a heating rate of 10 °C/min under N, flow
(30 mL/min), and the desorbed CO, was detected by a mass spec-
trometer (Pfeiffer Vacuum Quadstar, 32-bit). The amount of the
desorbed CO, was quantified by comparing the integrated area of
the TPD curve to the peak area of the injected CO, calibration pulse.
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Fig. 1. XRD patterns of the different CuO—ZnO—ZrO, catalysts: (A) S-CZZ and (B)
CZZ (M) CuO; (@) ZnO; ( A ) ZrO; (tetragonal); ( W) ZrO, (monoclinic).

2.3. Catalyst testing

Activity and selectivity measurements for CO, hydrogenation
were carried out in a continuous-flow, fixed-bed reactor. About
0.5 g of catalyst diluted with quartz sand (both in 20—40 mesh) was
packed into the stainless steel tubular reactor (5 mm i.d.). Pre-
liminary experiments with respect to possible influence caused by
interparticle mass transfer limitation confirmed that such limita-
tion could be ruled out under the conditions used in the present
study. Prior to the catalytic measurement, the fresh catalyst was
reduced in a stream of 10% H»/N; flowing at 30 mL/min at 300 °C for
3 h under atmospheric pressure. Then the reactor was cooled to a
given temperature and a gas mixture (CO2:H3:N3 = 22:66:12, molar
ratio) was introduced, raising the pressure to 3.0 MPa. All post-
reactor lines and valves were heated to 170 °C to prevent product
condensation. Effluent products were analyzed on-line with a gas
chromatograph (6820, Agilent) equipped with two columns: Por-
apak Q column connected to a flame ionization detector (FID) for
methanol and Carbosieve column to a TCD for other gaseous
products. Conversion and selectivity values were calculated ac-
cording to Egs. (1)—(3) and the steady-state values were quoted as
the average of four different analyses taken after 5 h on stream
operation.
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where, A; represent the integral peak areas of products (CO and
methanol) or CO, in the GC analysis, and f; represent their correc-
tion factors.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. XRD

Fig. 1 shows the XRD patterns of the S-CZZ and CZZ catalysts
calcined at different temperatures. As seen in Fig. 1(A), when the
calcination temperature is low (300 or 400 °C), only the diffraction
lines of CuO (JCPDS 80—1268) are observed at 26 of 35.6, 38.8 and
48.9°; while the diffraction peaks of ZnO and ZrO, cannot be
observed, suggesting that they may exist in an amorphous state or
have been highly dispersed so that their particles are too small to be
identified by the conventional X-ray diffraction method. Increasing
the calcination temperature to 500 °C, the diffraction peaks of CuO
become stronger and sharper, indicating an increase in the crys-
tallization degree of CuO and the growth of CuO nanoparticles.
Moreover, there are the diffraction lines of ZnO phase (JCPDS
36—1451) appearing at 26 of 34.5 and 36.3°, together with the
diffraction lines of both tetragonal zirconia (¢t-ZrO,, 26 = 30.3, 50.7°,
JCPDS 88—1007) and monoclinic ZrO; (m-ZrOy, 26 = 31.5°, JCPDS
83—-0940). When the calcination temperature is further raised to
600 °C, the diffraction peaks for CuO, ZnO and ZrO, become sharper
and stronger, indicating an increase in the degree of crystallinity
and in the particle sizes of CuO, ZnO and ZrO, crystallites.
Furthermore, another peak of m-ZrO, appears at 26 = 28.2°(JCPDS
83—-0940), and the intensity of m-ZrO, peak at 26 = 31.5° increases,
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confirming that the partial transformation of ZrO, phase from
tetragonal to monoclinic occurs with increasing the calcination
temperature [31]. The crystallite size of CuO, which is estimated
using the Scherrer equation, increases noticeably from 18.2 nm of
S-CZZ-300 to 23.9 nm of S-CZZ-600, as shown in Table 1.

For the CZZ catalysts (Fig. 1(B)), no other diffraction peaks except
those of CuO could be observed when the calcination temperature
is <500 °C, indicating that the ZnO and ZrO; exist in an amorphous
state or have been highly dispersed on these catalysts. When the
calcination temperature is increased to 600 °C, the diffraction peaks
for ZnO and ZrO, appear. Compared with the counterpart S-CZZ-
600, however, the peak of m-ZrO, at 26 = 28.2° cannot be observed
and the intensity of the diffraction lines of t-ZrO, is significantly
stronger on the CZZ-600 catalyst. On the other hand, the diffraction
peaks of CuO in CZZ series samples are slightly broader, which is in
agreement with the fact that the crystallite sizes of CuO of the CZZ
samples (17.1—21.7 nm) are slightly smaller than those of CuO of the
corresponding S-CZZ samples (18.2—23.9 nm), as shown in Table 1.
These results suggest that the addition of CTAB promotes the
crystallization of CuO, ZnO and ZrO,, and the transformation of
ZrO; phase from tetragonal to monoclinic.

Fig. 2 shows the XRD patterns of different Cu—ZnO—ZrO, cata-
lysts after in situ reduced in Hy at 300 °C. As seen, all the catalysts
exhibit three diffraction peaks at 26 of 43.3, 50.5, and 73.7° char-
acteristic of the Cu (111), Cu (200) and Cu (220) planes, respectively
[42]; and the diffraction lines of CuO completely disappear, indi-
cating that the CuO in the samples are totally reduced to metallic
copper. As shown in Table 1, the change trend for crystallite size of
Cu over the reduced catalysts is the same as that for crystallite size
of CuO over the calcined catalysts. Furthermore, the transformation
of ZrO, phase with the increase in calcination temperature is also
the same as that observed in Fig. 1.

3.1.2. N7 adsorption-desorption

Figs. 3 and 4 respectively depict the N, adsorption—desorption
isotherms and the corresponding pore size distributions of the
different CuO—ZnO—ZrO, catalysts; and their textural properties
are summarized in Table 1. As seen in Fig. 3(A), the isotherms of all
the prepared S-CZZ series samples are of classical type IV, charac-
teristic of mesoporous materials accorded to the IUPAC. The well-
defined hysteresis loops with a steep desorption branch and a

Table 1
Textural and structural properties of the different CuO—ZnO—ZrO, catalysts.

Catalyst Sger Pore volume®  Pore diameter” dco  d%u  Scu

(m’/g) (cm’g) (nm) (nm)  (nm)  (m?/g)

S-CZz- 1165  0.150 24 18.2 16.5 3.28
300

S-CZz- 952 0.144 2.7 19.6 183 3.21
400

S-CZz- 518 0.133 4.3 20.7 185 3.2
500

S-CZz- 25.0 0.113 8.2 239 19.8 2.96
600

CZz- 1211 0.100 1.2 171 159 3.85
300

CZz- 994  0.098 14 189 179 3.68
400

CZz- 56.2  0.091 1.9 20.0 182  3.59
500

CZz- 28.8  0.059 49 21.7 194  3.09
600

a
b

Total pore volume at P/Py = 0.99.

Maximum of BJH pore diameter as determined from the adsorption branch.
¢ Determined from full width at half maxima of CuO (111) XRD peak.

4 Determined from full width at half maxima of Cu (111) XRD peak.

¢ Determined by N,O chemisorption method.
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Fig. 2. XRD patterns of the different Cu—ZnO—ZrO, catalysts after in situ reducing at
300 °C: (A) S-CZZ and (B) CZZ (M) Cu; (@) ZnO; ( A ) ZrO, (tetragonal); (¥ ) ZrO,
(monoclinic).

less steep adsorption branch belong to the H2-type, indicating that
the effective radii of the mesoporous bodies are heterogeneously
distributed and the effective radii of the narrow entrances are all of
equal size [43]. The H2 type of hysteresis loop is typical for
wormbhole-like mesostructures and hierarchical scaffold-like mes-
oporous structures formed by surfactant-assisted nanoparticle as-
sembly [43,44]. The pore size distribution curves of the S-CZZ series
catalysts calcined at different temperatures, determined by the BJH
method from the adsorption branch of the isotherms, exhibit one
single narrow peak centered at 2.4—8.2 nm, and the pore sizes
enlarge with the increase in calcination temperature (Fig. 4(A)).
As shown in Table 1, with the increase in calcination tempera-
ture, the surface area of the S-CZZ catalysts decreases from 116.5 to
25.0 m?/g, accompanied by the decrease in the pore volume. This
can be ascribed to the increase in the degree of crystallinity and the
agglomeration of Cu0O, ZnO and ZrO, nanoparticles as evidenced by
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Fig. 3. N, adsorption—desorption isotherms of the different Cu—ZnO—ZrO, catalysts:
(A) S-CZZ and (B) CZZ.

the XRD results described above.

For the reference CZZ series samples, the H2 type of hysteresis
loop (Fig. 3(B)) is rather small, indicating that the mesoporous
structure is not existing significantly. Furthermore, it can be seen
from Fig. 4(B) and Table 1 that the pore diameters of the CZZ series
samples except CZZ-600 are only 1.2—1.9 nm, which indicates that
they are mainly microporous materials. As shown in Table 1, both
the surface areas and pore volumes of the CZZ catalysts decrease
with the increase in calcination temperature due to the same
reason as described above for the S-CZZ catalysts. On the other
hand, compared with the corresponding S-CZZ catalysts, the CZZ
catalysts exhibit similar surface areas but evidently low pore vol-
umes, indicating that the S-CZZ catalysts prepared by the
surfactant-assisted co-precipitation method possess significantly
higher porosity.

3.1.3. TG-DSC
The TG-DSC patterns of the precursor of CuO—ZnO—ZrO;

catalyst prepared by the surfactant-assisted co-precipitation
method before calcination are shown in Fig. 5(A). It is clear that a
continuous weight loss occurs from room temperature to about
650 °C. The process of weight loss can be divided into three steps. A
small endothermic peak in the temperature range of 100—150 °C on
DSC, accompanied by 2% of the weight loss observed in this first
step on TG curve, is attributed to the desorption of adsorbed water
that may be physical or chemical adsorption on the surface of the
sample or resides in the mesopores. The second step on TG curve
from 150 to 620 °C with a main weight loss of about 7.17%,
accompanied with a sharp exothermic peak at 337 °C and a broad
exothermic peak at 350—620 °C, can be attributed to the combined
effect from both of the residual surfactant decomposition and
partial de-hydroxylation being converted into oxides on the sur-
face. The third step on DSC curve with a sharp exothermic peak at
648 °C and with no weight loss on TG curve can be attributed to the
transformation of ZrO, phase from tetragonal phase to monoclinic
phase.

Compared with the precursor of the S-CZZ catalysts, the TG-DSC
patterns of the precursor of the CZZ catalysts (Fig. 5(B)) exhibit a
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Fig. 4. The pore size distributions of the different CuO—ZnO—ZrO, catalysts: (A) S-CZZ
and (B) CZZ.
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Fig. 5. The TG-DSC patterns of the precursors of the different CuO—ZnO—ZrO, catalyst:
(A) S-CZZ and (B) CZZ.

smaller weight loss and a weaker exothermic peak at about 335 °C,
which can be assigned to the absence of the residual surfactant
decomposition. Moreover, the exothermic peak at about 650 °C
which is attributed to the transformation of ZrO, phase from
tetragonal phase to monoclinic phase is remarkably weaker; this
result indicates a lesser extent of the transformation of ZrO, phase,
which is in line with that obtained by XRD analyses described
above.

3.1.4. SEM/TEM and EDX

SEM micrographs (not shown here) of the samples show that all
the CuO—Zn0O—Zr0O; catalysts are in the form of irregular particles.
Nevertheless, with increasing the calcination temperature, the ag-
gregation trend of the particles of both the S-CZZ and CZZ series
catalysts becomes stronger which should probably be due to the
particle sintering after treatment at higher temperatures. On the
other hand, there is little difference between the S-CZZ and CZZ
series catalysts, indicating that the addition of CTAB in the co-
precipitation process does not induce noticeable difference in
morphology and particle size of the CuO—Zn0O—ZrO, catalysts.

Fig. 6 shows the TEM images of the representative CZZ-300 and
S-CZZ-300 samples. It can be seen that individual separated oxide
particles are observed for the CZZ-300 sample with the sizes of
10—20 nm. Unlike the sample CZZ-300, individual separated oxide
particles are not easily distinguished on the sample S-CZZ-300. The
CuO particles are partially embedded in the oxide matrix with an

intimate interface contact with the surrounding matrix Cu-
depleted oxide. A similar phenomena is also reported by Behrens
et al. [45] who prepared the CuO/Zn0O/Al,03 catalyst by a modified
co-precipitation method using a combination of sodium aluminate
and carbonate solution as precipitating agent for a Cu,Zn-nitrate
solution during co-precipitation and direct spray-drying of the
fresh precipitate suspension.

During the preparation of the CuO—ZnO—ZrO, catalysts, the
initial molar ratio of copper, zinc and zirconium in the solution is
5:2:3. The addition of CTAB promotes the aggregation and precip-
itation of precursor sol particles. If the deposition rates of copper,
zinc and zirconium precursors are different, the Cu/Zn/Zr atomic
ratio in the resulted precipitates might not be 5:2:3 [46]. For
identification purpose, the bulk element compositions of the
calcined Cu0O—ZnO—ZrO; samples are analyzed by EDX technique
and the results are shown in Table 2. It can be seen that, for all the
samples, only copper, zinc, zirconium, oxygen and carbon elements
are detected and the Cu/Zn/Zr atomic ratios of the S-CZZ series
samples determined by chemical analysis are in close agreement
with the nominal ratio (5:2:3) taken for the catalyst preparation.
This result indicates that the copper, zinc and zirconium precursor
sol in the solution are precipitated simultaneously after CTAB being
added. On the contrary, the determined ratios of the reference CZZ
series samples except CZZ-600 are evidently deviated from the
nominal data, i.e. with higher contents of Cu and lower contents of
Zr, indicating that more copper is precipitated at the expense of
zirconium. On the other hand, the content of carbon of the S-CZZ
series samples decreases continuously with the increase in calci-
nation temperature, which results from the effective elimination of
surfactant resides in the catalyst.

3.1.5. N,O titration and XPS analysis

The metallic copper surface areas (Scy), which are determined
by N,O titration, of all the CuO—ZnO—ZrO, samples are also pre-
sented in Table 1. It can be seen that the Sc, of both the S-CZZ and
CZZ series samples decreases with the increase in calcination
temperature. Because the value of S¢, is a mirror of the dispersion
of Cu, it can be concluded that the dispersion of Cu on the both
series samples decreases with the calcination temperature
increasing. Moreover, the Sc, values of the CZZ series samples are
slightly larger than those of the corresponding S-CZZ series samples
due to the relatively smaller size of Cu as determined by the in situ
XRD technique (Table 1).

Surface compositions of the representative samples determined
by the XPS method are shown in Table 3. As seen, the Cu contents
on the surface of S-CZZ-300 and S-CZZ-600 samples are smaller
than those on the surface of the corresponding samples CZZ-300
and CZZ-600. This result is in accordance with the smaller Cu sur-
face areas of S-CZZ-300 and S-CZZ-600 samples measured by N,O
titration (Table 1). Moreover, the surface Cu contents of both S-CZZ
and CZZ series samples decrease drastically with the increase in
calcination temperature. A similar result is also found previously
over the CuO—ZnO—ZrO, catalysts prepared by a route of solid-
state reaction and calcined at different temperatures [31]. More-
over, the relative Cu/Zn/Zr molar ratios of the four samples are also
included in Table 3. Compared with the bulk element compositions
(Table 2), there exists distinct difference between the surface and
bulk. Particularly, for the two series of catalysts CZZ-300 and S-CZZ-
300, CZZ-600 and S-CZZ-600 which calcined at the same temper-
atures, noticeably higher Cu/Zn molar ratio values are found for the
CZZ samples compared with those for the S-CZZ samples (~2.7 vs.
~1.1 for CZZ-300 and S-CZZ-300, and ~1.2 vs. ~0.85 for CZZ-600 and
S-CZZ-600, respectively.)
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Fig. 6. TEM images of CZZ-300 (a) and S-CZZ-300 (b).

3.1.6. The reducibility of the catalysts

To assess the reduction behavior of the catalysts, TPR mea-
surements were performed. Fig. 7 shows the H,-TPR profiles of the
studied samples. Since ZnO and ZrO, are not reduced within the
experimental regions [47—49], the reduction peaks are related to
the reduction of different CuO species. As noted from Fig. 7(A), a
very broad peak is observed for the catalysts S-CZZ-300, S-CZZ-400
and S-CZZ-500. Furthermore, the position of the peak shifts to
higher temperatures with the calcination temperature increasing,
indicating that the sizes of CuO domains increase from S-CZZ-300
to S-CZZ-500 because the higher the reduction temperature is, the
larger the CuO particle will be [50]. This result is in good line with
that obtained by XRD analysis (Table 1). However, at least two
overlapped reduction peaks are observed with the sample S-CZZ-
600, suggesting that there are two kinds of CuO-related species. As
well documented, the low temperature peak (« peak) is attributed
to the reduction of highly dispersed CuO surface species interacting
with ZnO and ZrO,; whereas the peak appearing at higher tem-
perature (8 peak) is related to the reduction of the uninteracted or
bulk-like CuO species [49—51]. Furthermore, there is no notable
difference between the integrated areas of the TPR peaks over the
different S-CZZ samples, suggesting that the total hydrogen con-
sumption is basically equal. A similar phenomenon is also found
previously over the CuO—Zn0O—ZrO, catalysts prepared by a route
of solid-state reaction and calcined at different temperatures [31].

Compared with the S-CZZ series catalysts, two well-resolved
peaks are observed for all the CZZ series catalysts, illustrating
that two types of CuO species coexist on their surfaces as described
above. On the other hand, the positions of reduction peaks of the
CZZ series catalysts shift towards lower temperatures, indicating
that the particle sizes of CuO are smaller on the CZZ series catalysts.
This result is in good agreement with those obtained by XRD and
N>O titration techniques (Table 1). Therefore, it should be noted
that the calcination temperature during the thermal treatment
process and that the addition of CTAB during the co-precipitation
process affect greatly the reduction ability of CuO—ZnO—ZrO, cat-
alysts. That is to say, higher calcination temperatures may cause the
sintering of CuO particles, while the addition of CTAB improves the
interaction of CuO with ZnO and ZrO,.

3.1.7. Hy-TPD analysis

The H,-TPD profiles for the pre-reduced catalysts are presented
in Fig. 8. Two desorption peaks can be observed for all the catalysts
investigated here. The low temperature peak (peak «) located in the
temperature range of 72—86 °C represents the desorption of atomic
hydrogen on the surface of metallic Cu [14], while the high tem-
perature peak (peak () centered at about 385 °C is due to the

desorption of strongly adsorbed hydrogen over bulk CuO and ZnO
or ZrO, surface [52,53]. The maximum desorption temperature
(Tmax) and the quantitative data of the amounts of desorbed H are
listed in Table 4. It can be seen that, with the calcination temper-
ature increasing, the position of the peak « for both series catalysts
shifts to lower temperatures, accompanied by the decreasing area
for Hp-desorption. This result indicates that the amounts of H;
desorbed from Cu sites reduced with the calcination temperature
elevating. This is in line with the variation trend of Sc, (Table 1). On
the other hand, the position of the peak ¢ remains constant, while
the amounts of desorbed H, decrease monotonously and slightly
with the increase in calcination temperature due to the sintering of
CuO, ZnO and ZrO; (as seen from XRD and Hy-TPR results). The
better adsorption strength of Hy molecular and the dissociated
atomic hydrogen is beneficial to the hydrogenation of activated CO,
species to form methanol [54]. On the other hand, it should be
emphasized that only the Hy desorbed at lower temperature is
useful for the synthesis of methanol from CO, hydrogenation since
the reaction usually takes place below 623 K [23]. This inference
was confirmed by the catalytic activity of different catalysts as
described in Section 3.2.

Compared with the S-CZZ series samples, the position of peak «
shifts slightly to a lower temperature and that of peak § remains
constant basically over the corresponding CZZ series samples
(Table 4). On the other hand, the areas of both « and  peaks are
almost the same for the two series samples calcined at the same
temperatures. This result suggests that the addition of CTAB during
the co-precipitation process has negligible effect on the hydrogen
adsorption of the Cu—Zn0O—ZrO, catalysts.

3.1.8. The basicity of catalysts

Fig. 9 shows the CO, desorption profiles obtained for the pre-
reduced Cu—ZnO—ZrO, catalysts. Two CO, desorption peaks can
be observed for all the samples. The low temperature peak (peak «)
represents a weak basic site, while the high temperature peak (peak
B) corresponds to a strong basic site. As shown in Fig. 9, the dif-
ferences of the positions of these desorption peaks are very small
for all the samples, suggesting that there is no significant change of
the strength of basic sites with the different calcination tempera-
tures during the thermal treatment process for the two series
samples. However, with the calcination temperature rising, the
areas of both « and  peaks for the two series samples decrease
markedly, which indicates that the amounts of both weak and
strong basic sites decline with the increase in calcination temper-
ature. The decrease in basicity is unfavorable for the adsorption of
acidic CO, and ultimately decreases the activity [51].

On the other hand, the areas and the positions of both peak a
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Table 2
The bulk element compositions of the different CuO—ZnO—ZrO, catalysts.

Catalyst Cu(wt%) Zn (wt %) Zr (wt %) O (wt%) C(wt %) Cu/Zn/Zr molar
ratio

S-Czz- 34.0 13.2 279 223 2.7 5.1:1.9:3.0
300

S-CZz- 338 13.2 28.8 223 2.0 5.0:1.9:3.1
400

S-CZz- 335 14.0 289 223 13 5.0:1.9:3.1
500

S-CZz- 29.7 13.0 29.2 27.6 0.5 4.8:2.0:3.2
600

CZZ-300 36.4 139 21.8 28.0 - 5.6:2.1:2.3

CZZ-400 35.8 13.6 225 28.1 - 5.5:2.0:2.5

CZZ-500 34.5 13.5 234 28.6 — 5.4:2.0:2.6

CZZ-600 30.4 133 29.2 271 - 4.8:2.0:3.2

Table 3
XPS results for the samples of S-CZZ-300, S-CZZ-600, CZZ-300 and CZZ-600.

Catalyst Relative surface concentration Cu/Zn/Zr molar ratio
of metal (at.%)
Cu Zn Zr
S-CZZ-300 435 41.0 15.5 44:4.1:15
S-CZZ-600 336 40.5 25.6 3.4:4.0:2.6
CZZ-300 62.0 23.0 15.0 6.2:2.3:1.5
CZZ-600 41.7 35.1 23.2 4.2:3.5:2.3

and peak ( are almost the same over the two series samples
calcined at the same temperatures. This result suggests that the
addition of CTAB during the co-precipitation process has little effect
on the basicity of the Cu—Zn0O—ZrO, catalyst.

3.2. Catalytic performance

Activity and selectivity results for the methanol synthesis from
CO; hydrogenation over the different Cu—ZnO—ZrO; catalysts are
summarized in Table 5. CO and methanol are the only carbon-
containing products under the present reaction conditions. From
Table 5, it can be seen that with the elevation of calcination tem-
perature of the S-CZZ and CZZ catalysts, the conversion of CO;
decreases while the CH3OH selectivity increases gradually. On the
other hand, the yields of CH30H over the two series catalysts
decrease with the increase in calcination temperature because the
decreasing degree of the CO, conversion is larger than the
increasing degree of the CH3OH selectivity.

By comparing the catalytic performances of the two series cat-
alysts S-CZZ and CZZ calcined at the same temperatures, we can
note from Table 5 that the S-CZZ samples possess significantly
higher methanol selectivity although with slightly lower CO, con-
version; thus the yield of CH30H is enhanced remarkably compared
with the corresponding CZZ samples.

Many studies have demonstrated that the activity of Cu-based
catalysts for methanol synthesis from CO, hydrogenation is
related closely to the metallic copper surface area (Scy)
[7,9,12,15,55—57]. For example, some researchers report that there
is a linear relationship between the methanol yield and the Sc, of
catalysts such as supported copper catalyst [55], Cu—Zn0O—Al,03
[56], Cu—ZnO modified with MOy (M = Ga, Al, Zr, Cr) [12,57], and
MOy (M = B/Ga/In/Gd/Y/Mn/Mg) modified Cu—ZnO—ZrO, [7,9].
However, other researchers find out that it is not a linear rela-
tionship on the Cu—ZnO [58], Cu—Zn0O—Al,03 [59—-62] and Cu—Z-
nO—Zr0; [31] catalysts. They suggest that Sc, cannot be the only
factor that determines the activity, and different particles sizes and
interaction with support may greatly influence the activity as well
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Fig. 7. H,-TPR profiles of the different CuO—ZnO—ZrO, catalysts: (A) S-CZZ and (B) CZZ.

[61—63]. In the present study, as shown in Fig. 10, we find that the
yields of methanol over the two series samples S-CZZ and CZZ in-
crease with the increase of the Scy but they are not a linear rela-
tionship. On the other hand, the yields of methanol over the CZZ
samples are significantly lower than those on the corresponding S-
CZZ samples though with higher Scy. These results indicate that
there must be other factors influencing the activity of the Cu—ZzZ-
nO—Zr0O; catalysts investigated here. This conclusion is consistent
with that reported in the literature [61—63].

To better clarify this point, we calculate the turnover frequency
(TOF) of methanol formation over the various catalysts and the
results are presented in Table 5. It can be seen that the values of TOF
varied in the range of 2.87—5.74 x 10~ s~ and approximate values
(0.5-10.5 x 10~2 s~!) under similar reaction conditions were re-
ported by other researchers [13]. Fig. 11 shows the relationship
between the TOF values for methanol synthesis and the Cu particle
sizes (dcy, Table 1) for the two series catalysts. Clearly, the TOF
values decrease with the increase in dc, for the both series cata-
lysts, although the decrease degree of the S-CZZ series catalysts is
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Fig. 8. H,-TPD profiles of the reduced Cu—ZnO—ZrO, catalysts: (A) S-CZZ and (B) CZZ.

significantly larger than that of the CZZ series catalysts. The result is
consistent with that reported by Koeppel et al. [60] on Cu/ZrO,
catalyst and by Natesakhawat et al. [7] on CuZnZrGaY catalyst.
These results indicate the structurally sensitive character of the title
reaction and can be explained as follows:

(1) Comparing with larger particles, smaller crystallites usually
have larger numbers of open planes, edge/defect sites con-
taining coordinately unsaturated atoms which are more
reactive than fully coordinated species. This has been
confirmed by many experimental and computational studies
on single-crystal surfaces, model and heterogeneous cata-
lysts [7].

(2) It is well known that for the Cu-based catalysts for methanol
synthesis, the catalytic activity depends greatly on the
interaction between Cu and oxide components [61—63]. The
intense interaction between Cu and oxide components is in
favor of the formation of Cu—MO, (M = Zn and/or Zr) species
which are suggested to exist at the Cu—MO, interface

[64,65]. In conformity with this, some authors propose that
the Cu—Zn [66] and Cu—Zr [60,67,68] sites are active sites for
methanol synthesis from CO; hydrogenation on Cu—ZnO and
Cu—ZrO;-based catalysts, respectively. Evidently, smaller Cu
particles can lead to larger interfacial area of the Cu—MO,
interface, so resulting in higher activity. Similar viewpoint is
also reported by Sun et al. [62] who found that the Cu species
present in relative well-ordered crystalline and larger parti-
cle size will weaken the synergistic interaction between Cu
and ZnO, so decreases the catalytic activity of the Cu—ZnO-
—Al,03 catalyst.

It is worthy to note, however, that the TOF values of the CZZ
series catalysts are evidently smaller than those of the corre-
sponding S-CZZ series catalysts with the similar Cu particle sizes
(Fig.11), indicating that the TOF value for methanol formation is not
simply dependent on the crystallite size of Cu [69]. From the cat-
alytic activity data (Table 5) we can see that the smaller TOF values
of the CZZ series catalysts compared with those of the corre-
sponding S-CZZ series catalysts can be attributed to the much lower
methanol selectivity. This result indicates that not all the copper
area has the same specific activity for the two reactions, i.e. for-
mations of methanol (Eq. (4)) and CO (Eq. (5)), respectively [51]. As
discussed above, the Cu—Zn0O, and/or the Cu—ZrO, interface are
believed to be the main sites for methanol synthesis. [64,65].
However, CO formation is less sensitive to the kind of active site
since the RWGS (Eq. (5)) reaction is a more facile reaction than the
formation of methanol [51]. Even with the similar size of Cu par-
ticles, the S-CZZ series catalysts possess more Cu—ZnO, and/or
Cu—Zr0O,, species, which can be evidenced by the TEM and EDX
results. In contrast with the individual separated particles on the
CZZ samples, the CuO particles are partially embedded in the oxide
matrix with an intimate interface contact with the surrounding
oxide on the S-CZZ samples. This special structure of the S-CZZ
samples would possess more Cu—ZnO, and/or Cu—ZrO, species.
Furthermore, this structure can inhibit the aggregation of metal
copper during the reduction process, thus maintaining a large
Cu—ZnOy and/or Cu—ZrOy interface. On the other hand, the more
homogenous element distributions of the S-CZZ catalysts calcined
at 300—500 °C compared with the corresponding CZZ catalysts as
evidenced by the EDX result (Table 2) suggest that the catalysts
prepared by the present surfactant-assisted co-precipitation
method had a higher interdispersion of the metallic elements,
which is beneficial for the formation of more Cu—ZnO, and/or
Cu—ZrO, species [46]. Furthermore, as clarified by the pore size
distributions shown in Fig. 4, the S-CZZ catalysts calcined at
300—-500 °C possess mesoporous structures in contrast with the
microporous structures of the corresponding CZZ catalysts. This
mesoporous structure contributes to promote the migration and
diffusion of the product molecules out of the pores, thus increasing
the methanol selectivity due to the larger molecule diameter of
methanol than that of CO. Similarly, a lesser extent of decrease in
the TOF values of the CZZ-600 sample compared with the coun-
terpart S-CZZ-600 can be ascribed to the same homogenous
element distribution (Table 2) and to the possessing of mesoporous
structure (Fig. 4).

CO, + 3Hy = CH30H + Hy0 AHzeg = —49.47 kj/mol (4)

CO;, + Hy = CO + Hy,O AHzgg = 4117 1(]/[1’101 (5)
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Table 4
Temperatures (Tmax) and desorption areas of H,-TPD profiles of the reduced
Cu—Zn0—ZrO, catalysts.

Table 5
Catalytic performance of the different Cu—ZnO—ZrO, catalysts.

Catalyst CO, conv. CH3OHsel. CH;OHyield TOF of CH;0H-103
Catalyst o Peak 8 Peak (%) (%) (%) (sH
T, (°C) Aq (a1 Ts (°C) Ag (au) s-czz- 121 54.1 6.5 5.74
300
S-CZZ-300 86 354 382 178
S-CZzZ- 11.0 554 6.1 5.43
S-CZZ-400 79 350 383 154 400
S-CZZ-500 75 130 383 147
S-CZZ-600 72 81 385 137 S’%ZOZO' 93 28.9 35 489
CZZ-300 78 357 385 179
CZZ-400 73 352 382 195 S_CGZOZ(; 48 734 35 340
ot n 1o bood b 72300 143 325 46 3.10
_ CZzZ-400 11.7 33.2 3.9 3.06
CZZ-500 10.4 36.5 3.8 2.99
CZz-600 8.1 38.6 3.1 2.87
(A) Reaction conditions: H,/CO, = 3, T = 240 °C, P = 3.0 MPa, GHSV = 3600 h™".
S-CZZ-600 Experimental errors of the CO, conversion and CH3OH selectivity are within +3%.
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Fig. 9. CO,-TPD profiles of the reduced Cu—ZnO—ZrO;, catalysts: (A) S-CZZ and (B) CZZ.

4. Conclusions

A series of CuO—Zn0O—ZrO; catalysts with narrow mesopores
size distributions were prepared via a surfactant-assisted co-pre-
cipitation method. The methanol yield decreases with the increase
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Fig. 10. The relationship between the yield of methanol and the Cu surface area. Re-
action conditions: H,/CO, = 3, T = 240 °C, P = 3.0 MPa, GHSV = 3600 h L

in calcination temperature of the catalyst, which can be attributed
to the decrease in TOF for methanol formation due to the
enlargement of Cu particles. Methanol synthesis from CO, hydro-
genation is a structure-sensitive reaction with smaller Cu particles
demonstrating high TOF values. Compared with the catalysts of the
same composition prepared by the conventional co-precipitation
method, the mesoporous CuO—ZnO—ZrO, catalysts exhibit an
evidently high methanol selectivity, which can be attributed to the
formation of more Cu—ZnO, and/or Cu—ZrO, species and meso-
porous structures.
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