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Abstract−Reduced Cu/ZnO catalyst was synthesized through solid phase grinding of the mixture of oxalic acid, cop-
per nitrate and zinc nitrate, followed by subsequent calcination in N2 atmosphere without further H2 reduction. The
catalysts were characterized by various techniques, such as XRD, TG-DTA, TPR and N2O chemisorption. Characteriza-
tion results suggested that during the calcination in N2, as-ground precursor (oxalate complexes) decomposed to CuO
and ZnO, releasing considerable amount of CO, which could be used for in situ reduction of CuO to Cu0. The in situ
reduced O/I-Cu/ZnO catalyst was evaluated in CO2 hydrogenation to methanol, which exhibited superior catalytic per-
formance to its counterpart O/H-Cu/ZnO catalyst obtained through conventional H2 reduction. The decomposition of
precursor and reduction of CuO happened simultaneously during the calcination in N2, preventing the growth of active
Cu0 species and aggregation of catalyst particles, which was inevitable during conventional H2 reduction process. This
method is simple and solvent-free, opening a new route to prepare metallic catalysts without further reduction.
Keywords: CO2 Hydrogenation, Methanol Synthesis, Solid Phase Grinding, Oxalic Acid, In Situ Reduction

INTRODUCTION

The continuous increase of atmospheric CO2 concentration, the
main greenhouse gas, has caused serious global warming and cli-
mate changes, threatening life on the earth. On the other hand, as
a nontoxic, economical and renewable carbon resource, CO2 is
also a promising C1 building block for synthesizing various chem-
icals and carbonhydrates. Therefore, the utilization of CO2 as carbon
feedstock for producing transportation fuels and chemical feed-
stocks has recently aroused much attention worldwide [1-3]. Espe-
cially, the catalytic hydrogenation of CO2 to methanol is believed to
be an effective way of rational utilization of CO2 [4-6]. This pro-
cess has become a new research direction of methanol synthesis,
attracting extensive attention from both fundamental and applied
research [4].

However, it is very difficult to activate CO2, considering its chemi-
cal inertness. Thus, CO2 conversion is low in most hydrogenation
reactions. The key to improving the activity of CO2 hydrogena-
tion is to explore highly active catalysts as well as novel reactors
and process technology. Although many kinds of metal-based cat-
alysts have been investigated for CO2 hydrogenation to methanol,
the most commonly used catalysts are the modified methanol cat-
alyst for CO hydrogenation, such as supported Pd and Cu based
catalysts [2-9]. The supported Pd catalysts exhibited considerable
hydrogenation activity and selectivity to methanol [4]. However,

the high price and scarcity of noble metal impedes their large-scale
applications in industry. Alternatively, Cu-based catalysts with supe-
rior catalytic performance and low cost have been extensively stud-
ied for methanol synthesis reaction. Cu and Zn are the main com-
ponents of classic catalysts used in industry for the synthesis of
methanol from syngas (H2/CO/CO2). However, in the case of CO2

hydrogenation to methanol, the yield of methanol over conven-
tional methanol catalyst has been much lower than that obtained
from syngas under similar reaction conditions [5]. Therefore, it is
necessary to further improve the catalytic performance of Cu/ZnO
catalyst to achieve satisfactory methanol yield for CO2 hydrogenation.

It has been reported that catalytic performance of supported
catalyst is sensitive to many variables, such as the nature of the sup-
port, promoters and catalyst preparation method. Different cata-
lyst preparation methods could bring considerable variations in
the structure of the precursors and final catalysts, which have sig-
nificant influence on catalytic performance. The traditional prepa-
ration methods for preparation of Cu-based methanol catalysts
mainly include coprecipitation, impregnation, and sol-gel meth-
ods [8-13]. More recently, many novel preparation methods, like
low-temperature combustion synthesis method and solid phase
synthesis method, have been developed to prepare high perfor-
mance metal-based catalysts for various reactions [14-16]. Zhang
et al. prepared nickel-containing ordered mesoporous silica mate-
rials (Ni-SBA-15) by solid-state grinding method and applied the
materials in the dry reforming of methane (DRM) [17]. The as-
synthesized Ni-SBA-15 catalyst showed enhanced Ni-support inter-
action and superior catalytic performance when compared with
Ni/SBA-15 prepared by impregnation method. A mesostructured
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nickel nanoparticles embedded carbon/silica composite catalyst
was successfully prepared via a solid-liquid grinding route, which
displayed enhanced catalytic performance in carbon dioxide reform-
ing of methane [18]. During the pyrolysis of catalyst precursor, Ni0

species were formed in situ needing no further reduction, which
would simplify the preparation of catalyst. Tang et al. studied solid
state preparation of NiO-CeO2 mixed oxides catalyst for NO reduc-
tion [19]. Improved textual properties and enhanced interfacial
interaction between nickel and ceria were found. Consequently, the
obtained catalyst exhibited good activity in NO reduction by CO.
A practical soft reactive grinding route based on dry oxalate-pre-
cursor was employed to prepare Cu/ZnO catalysts for steam reform-
ing of methanol to produce hydrogen [20]. The grinding-derived
catalyst showed superior catalytic performance to the sample syn-
thesized by coprecipitation method, owing to a higher Cu disper-
sion. Compared with wet-chemical method, the solid-phase synthesis
route is simple and environmentally friendly, consuming less energy,
which turns out to be a very promising strategy for fabricating high
active catalysts for versatile reactions [15-20]. However, there are
few reports on solid-phase synthesis of highly active Cu/ZnO for
CO2 hydrogenation to methanol. The influence of synthesis parame-
ters on textural properties of as-obtained catalyst and correspond-
ing catalytic performance has been insufficiently examined.

In this study, we prepared in situ reduced Cu-based catalysts by
solid phase grinding method using oxalic acid as a chelating agent
followed by calcination in N2, and applied to the methanol synthe-
sis reactions from CO2 hydrogenation. The effects of catalyst syn-
thesis parameters including oxalic acid dosage, calcination tem-
perature, heating rate and holding time on the performances of the
catalysts were systematically studied. The optimal catalyst exhib-
ited a better catalytic performance than its counterpart catalyst,
which was obtained through a conventional H2 reduction, indicat-
ing the advantage of this in situ reduction method.

EXPERIMENTAL

1. Chemicals
Copper nitrate trihydrate (Cu(NO3)2·3H2O, 98%, AR), zinc nitrate

hexahydrate (Zn(NO3)·6H2O, 99%, AR), and oxalic acid (H2C2O4,
99%, AR) were purchased from Sinopharm Chemical Reagent
Co., Ltd. All the chemicals were used without further purification.
2. Preparation of Catalysts

The Cu-based catalysts were prepared through solid phase grind-
ing method using oxalic acid as a chelating agent at room tem-
perature. Typically, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O (Cu/Zn mole
ratio of 1/1) and a certain amount of oxalic acid were physically
mixed in an agate mortar, and then manually ground for 0.5 h at
room temperature. The obtained light blue precursor (metal com-
plexes) was dried at 393 K for 12 h, and then calcined at 623 K for
3 h in N2 flow with ramping rate of 3 K·min−1, followed by passiv-
ation in 1% O2/N2 flow for 5 h at room temperature. The catalyst
was in situ reduced without further reduction and denoted as O/I-
Cu/ZnO. To compare the influence of the reduction method on
the catalyst performance, a control catalyst with conventional H2

reduction was also prepared by following steps: (i) calcining the
dried precursor at 623 K for 3 h in air, (ii) reducing the oxide at

503 K for 10 h in 5% H2/N2 flow, and (iii) passivating the catalyst
in 1% O2/N2 flow at room temperature for 5 h. The control cata-
lyst was marked as O/H-Cu/ZnO.
3. Characterization of Catalysts

The phase structures of the samples were analyzed by X-ray dif-
fractometer (XRD, Bruker D8 Advance) using monochromatic
Cu-Kα radiation in the scanning 2θ angle range from 20 to 80o,
operated at 40 kV and 40 mA. The specific surface area, pore vol-
ume and adsorption-desorption isotherms of the catalysts were
measured by a physical adsorption analyzer (Autosorb-iQ-C). The
thermal behavior of samples was analyzed by thermogravimetric
analysis (TG-DSC) using a NETZSCH thermoanalyzer (model
STA 449F3). The surface morphology of samples was observed
using scanning electron microscopy (SEM, JSM-6360LV) equipped
with an energy-diffusive X-ray spectroscopy (EDX).

Temperature programmed reduction (H2-TPR) experiments were
performed on a Belcat-B3 automatic chemical adsorption instru-
ment. In each run, 0.2 of catalyst was loaded at the center of a U-
shaped quartz reactor (i.d. 6 mm). The sample was first purged with
Ar at 323 K for 2 h, followed by cooling to room temperature. Then,
a 10% H2/Ar (20 ml·min−1) flow was passed over the sample, and
the temperature was linearly raised from 298 to 700 K with a heat-
ing rate of 10 K·min−1. The H2 consumption was detected by a
thermal conductivity detector (TCD).

N2O pulse chemisorption was performed to determine the active
metallic copper (Cu0) surface area. 0.2 g of sample was placed in a
quartz tube reactor and the temperature was raised to 363 K under
helium atmosphere. A pulse of N2O was passed over the catalyst.
N2O can oxidize Cu0 to Cu2O phase. By quantifying the total amount
of consumed N2O of all pulses, the Cu0 surface area of the catalyst
can be calculated [12].
4. Catalytic Activity Measurements

The catalytic hydrogenation of CO2 to methanol was performed
in a continuous-flow fixed-bed stainless steel tubular reactor. In
each test, 0.5 g of catalyst was placed at the center of the reactor
and sandwiched by quartz wool. The liquid product was collected
by a cold trap, where 25 ml of 2-butanol of was added. The reac-
tor was purged by the feed gas (Ar/CO2/H2=3/25/72) before the
pressure was elevated to 3.0 MPa at 298 K. The reaction was con-
ducted at 523 K with a total flow rate of 18 ml·min−1. The gas prod-
ucts were analyzed by an online GC equipped with a TCD and a
TDX-01 column, and the liquid products were analyzed by an
offline GC equipped with a flame ionization detector (FID) and a
RESTEK Rtx-5 capillary column.

RESULTS AND DISCUSSION

1. XRD Analysis
The Cu/ZnO catalyst was obtained by grinding starting materi-

als followed by calcination in N2. To reveal the evolution of catalyst
phase structure, XRD patterns of dried precursor as well as cal-
cined catalysts obtained in air or N2 atmosphere were collected
and compared in Fig. 1. As shown in Fig. 1(a), two main diffrac-
tion peaks appeared at 22.8 and 24.3o, which could be ascribed to
copper oxalate and zinc oxalate phase, respectively [20,21]. There
is no characteristic diffraction peak related to Cu0, CuO or ZnO
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observed, suggesting that only oxalate complexes were formed
during the solid phase grinding process. The XRD pattern (Fig.
1(b)) significantly changed when the precursor was calcined in air.
The peaks at 35.5o, 38.7o, 48.8o, 58.2o and 61.5o were assigned to
CuO phase [14], and the peaks at 31.2o, 34.4o, 36.3o, 47.5o, 56.7o,
62.9o and 68.0o to ZnO phase [20]. No other impurity diffraction
peaks are observed in Fig. 1(b), which indicates that the oxalate
precursors decomposed completely to CuO and ZnO after calcin-
ing in air. As for the sample calcined in N2, the XRD pattern (Fig.
1(c)) displays diffraction peaks of ZnO (31.2o, 34.4o, 36.3o, 47.5o,
56.7o, 62.9o and 68.0o). However, the diffraction peaks of CuO dis-
appeared and the characteristic peaks of Cu0 (43.2o, 50.4o and 74.5o)
[14,20] appeared when compared to the sample calcined in air. It
is inferred that the precursor was first decomposed to generate
CuO and ZnO (Eqs. (1) and (2)), and the CuO was then in-situ
reduced to Cu0 (Eq. (3)) by the CO (see below) generated during
the calcination [22-24]. When the oxalate precursor was heated in
N2, the decomposition and reduction of the precursor proceeded
simultaneously to produce the final catalyst. Therefore, reduced
Cu/ZnO catalyst could be successfully prepared by grinding corre-
sponding oxalates followed by calcination in N2.

CuC2O4=CuO+CO+CO2 (1)

ZnC2O4=ZnO+CO+CO2 (2)

CO+CuO=Cu+CO2 (3)

To understand the dependence of catalyst structure on the ratio
of oxalic acid to metal nitrates, XRD patterns were collected and
the results are presented in Fig. 2. For the catalyst synthesized with-
out oxalic acid (Fig. 2(a)), only diffraction peaks of the CuO and
ZnO are observed, indicating the decomposition of nitrates to CuO
and ZnO. With the addition of oxalic acid, the characteristic dif-
fraction peaks Cu0 appeared as shown in Fig. 2(b)-(i). With in-
crease of (COOH)2/(Cu+Zn) ratio from 0.5/1 to 3.5/1, the inten-
sity of Cu0 diffraction peaks continuously increased. Further in-
creasing the (COOH)2/(Cu+Zn) ratio (Fig. 2(g)-(i)), the intensity
of Cu0 diffraction peaks slightly changed and the diffraction peaks

corresponding to CuO almost disappeared. When the amount of
oxalic acid was low (Fig. 2(b)-(e)), the nitrates could not be totally
converted to oxalates. So, the CO generated was insufficient to
reduce all the CuO formed during the decomposition process of
the as-ground precursor in N2. Thus, the catalyst was composed of
Cu0 and CuO species. At appropriate (COOH)2/(Cu+Zn) ratio
(>3/1), the released CO could ensure the full reduction of Cu2+ to

Fig. 1. XRD patterns of dried precursor (a), calcined catalyst in air
(b) and calcined catalyst in N2 (c).

Fig. 2. XRD patterns of Cu/ZnO catalysts prepared by grinding
method after calcination in N2 at various (COOH)2/(Cu+Zn)
ratio: (a) 0/1, (b) 0.5/1, (c) 1/1, (d) 2/1, (e) 3/1, (f) 3.5/1, (g) 4/1,
(h) 5/1 and (i) 6/1.

Fig. 3. H2-TPR profiles of Cu/ZnO catalysts prepared by grinding
method after calcination in N2 at various (COOH)2/(Cu+Zn)
ratio: (a) 0/1, (b) 0.5/1, (c) 1/1, (d) 2/1, (e) 3/1, (f) 3.5/1, (g) 4/1,
(h) 5/1 and (i) 6/1.
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Cu0. Therefore, in situ reduced Cu/ZnO catalyst could be success-
fully synthesized by the solid phase grinding method followed by
calcination in N2 atmosphere when the (COOH)2/(Cu+Zn) ratio
larger than 3.
2. H2-TPR Analysis

The effect of (COOH)2/(Cu+Zn) ratio on the reducibility of
passivated catalysts was investigated by H2-TPR (Fig. 3). As shown
in Fig. 3(a), several overlapping reduction peaks in the tempera-
ture range of 480-624 K are observed for catalyst prepared with-
out addition of oxalic acid. Three main reduction peaks at 499,
529 and 580 K can be ascribed to the different types of CuO phase,
since ZnO cannot be reduced below 624 K [25-27]. The lower
temperature peaks were attributed to the reduction of higher dis-
persed CuO species, and the higher temperature one was related
to the reduction of bulk CuO [25-27]. Besides, the reduction pro-
file was broad and asymmetrical, indicating a broad particle size
distribution of CuO species [20]. Because there was no oxalic acid
in the grinding process, the CuO and ZnO generated by nitrate
decomposition were isolated from each other. So, the particle size
was bigger and heterogeneous. As the amount of oxalic acid in-
creased, the TPR reduction band gradually turned into a narrow
single reduction peak. The reduction peaks shifted to lower tem-
peratures and their intensities weakened with increasing (COOH)2/
(Cu+Zn) molar ratio from 0.5/1-3/1 (Fig. 3(b)-(e)). When (COOH)2/
(Cu+Zn) molar ratios were larger than 3/1, the catalysts showed
similar reduction profile (Fig. 3(f)-(i)). As confirmed by XRD anal-
ysis in Fig. 2, the CuO cannot be fully reduced in the calcining
process of the as-ground precursor when the (COOH)2/(Cu+Zn)
molar ratio is smaller than 3/1, resulting in the coexistence of CuO
and Cu0, since the amount of oxalic acid was insufficient in the as-
ground precursor. Therefore, the reduction band in for Fig. 3(b)-
(e) could be attributed to the reduction of residual CuO during
the catalyst preparation and the CuO film formed by re-oxidation
of Cu0 after the passivation with diluted O2. When the amount of
oxalic acid was sufficient ((COOH)2/(Cu+Zn)>3.5/1), the gener-
ated CuO could be completely reduced during calcination pro-
cess. So, the single reduction peak (Fig. 3(f)-(i)) was solely related
to the CuO film formed during the passivation process, owing to

the re-oxidation of in-situ generated Cu0 during the preparation of
catalyst. The TPR result was in good agreement with XRD.
3. TG-DSC Analysis

The thermal decomposition behavior of oxalic acid and the as-
ground oxalates precursor was studied by TG-DSC (Fig. 4). A first
weight loss of 27.6 wt% at 323-410 K (Fig. 4(a)) accompanied with
an endothermic peak centered at 384 K (Fig. 4(c)) are observed,
which was attributed to the dehydration of oxalic acid. The second
weight loss of 72.4 wt% in the temperature range of 410-480 K,
characterized by a sharp endothermic peak at 472 K, was caused
by the decomposition of oxalic acid [22]. For the as-ground oxa-
lates precursor, the first two weight loss peaks could be attributed
to the dehydration and decomposition of excess oxalic acid, respec-
tively. Moreover, two weight losses accompanied by two corre-
sponding exothermic peaks were observed at temperature ranging
from 570 to 680 K, which could be assigned to the decomposition
of CuC2O4 in the precursor to form of CuO-ZnC2O4 mixture and
the further decomposition of ZnC2O4 to produce CuO-ZnO [20-
24]. Note that although the decomposition reactions of the CuC2O4

and ZnC2O4 were endothermic, exothermic peaks existed on DSC
curves caused by the exothermic air oxidation of CO to CO2 (2CO+
O2→2CO2), which was usually observed in the thermal decom-

Fig. 4. TG-DSC curves of oxalic acid (a), (c) and as-ground oxalates
precursor (b), (d) in air atmosphere.

Fig. 5. N2 adsorption-desorption isotherms of O/I-Cu/ZnO (a), and
O/H-Cu/ZnO (b) catalysts.



114 W. Li et al.

January, 2018

position of metal oxalate in air [22-24].
Combined with XRD and H2-TPR analysis in Fig. 1 and Fig. 3,

it is concluded that reduced O/I-Cu/ZnO catalyst can be success-
fully prepared through the decomposition of metal oxalates and
following in situ reduction (Eq. (1)-(3)) under appropriate amount
of oxalic acid/metal nitrates ratio (3.5/1).
4. Analysis of Pore Structure and Specific Surface Area

The adsorption-desorption isotherms of O/I-Cu/ZnO and O/
H-Cu/ZnO catalyst are shown in Fig. 5. Both displayed typical
type IV isotherms with H1-type hysteresis loops, which are char-
acteristic of mesoporous materials [28]. The specific surface area
calculated by the Brunauer-Emmett-Teller (BET) method, and the
pore parameters measured by multiple Barrett-Joyner-Halenda
(BJH) methods using adsorption branches of nitrogen adsorption-
desorption isotherms are summarized in Table 1. Compared with
O/I-Cu/ZnO, O/H-Cu/ZnO showed smaller BET surface area and
pore volume. This was possibly due to particle aggregation and
sintering, since a long time high temperature H2 reduction pro-
cess was required for O/H-Cu/ZnO catalyst.
5. Analysis of Surface Morphology

The surface morphologies of the dried precursor, O/I-Cu/ZnO
and O/H-Cu/ZnO were observed by SEM, and the SEM images
are shown in Fig. 6. There were several irregular particles, such as
block, cylindrical and spherical in the dried precursor, and their
size distribution was not uniform (Fig. 6(a)). It is indicated that the
copper oxalate and zinc oxalate crystals with uneven distribution
were generated by the solid phase reactions between metal nitrates
with oxalic acid after grinding. For the in situ reduced O/I-Cu/
ZnO catalyst obtained in N2 atmosphere, there were some spheri-
cal particles with uniform size (200-300 nm) on the surface of cat-
alyst as shown in Fig. 6(b). In contrast, for conventional H2 reduced
O/H-Cu/ZnO catalyst, many agglomerates were observed (Fig.
6(c)). The high temperature calcination in air and subsequent H2

reduction resulted in the agglomeration of particles. So, the parti-

cle distribution was asymmetrical, and the average particle size
was bigger than that of O/I-Cu/ZnO catalyst.
6. Catalyst Performances
6-1. Influences of Oxalic Acid Dosage on Catalyst Performances

Cu-based catalysts have been intensively explored for hydroge-
nation of CO2 to methanol, even though the nature of the active
site is yet to be fully understood. There are different points of view
on the nature and valence of copper sites. Some studies suggest
that Cu+ sites are the active catalytic centers. For example, Sznyi et
al. found that the activity for methanol synthesis on clean Cu (100)
was lower than that on oxidized Cu (100), proving that the Cu ion
was the active site [29]. Van Santen et al. suggested that the stabili-
zation of Cu+ could promote the activity of the methanol catalyst
[30]. On the other hand, some researchers pointed out that metal-
lic Cu was active for methanol synthesis. According to a recent
work [31], the mechanism for CO2 hydrogenation to methanol
involves the adsorption of CO2 on support (generating formate
species) and the dissociative adsorption of H2 on Cu surface. The
dissociatively adsorbed H2 then reacts with formate species to
form methoxy species. Finally, the methoxy species is hydroge-
nated to methanol. Therefore, the numbers of exposed metallic
Cu is crucial for the reaction. Many previous studies have sug-
gested that the activity of the catalyst is directly proportional to the
number of metallic Cu [32]. Further evidence supporting metallic
Cu as the active site is provided by experiments on single crystal
Cu(100), Cu(110), and polycrystalline Cu films exposing primar-
ily Cu(111) facets [33-36]. In addition, a synergistic effect between
the ZnO support and metal Cu particles may also contribute to
activity [37], increasing the complexity of the reaction mechanism
and the nature of its active site. In this study, the amount of oxalic
acid has a significant influence on chemical states of Cu, and may
affect the catalytic performance. The catalytic performance of O/I-
Cu/ZnO catalysts prepared at various (COOH)2/(Cu+Zn) molar
ratios is presented in Table 2. It is observed that the CO2 conver-
sion, and the selectivity and yield to the methanol increased with
the increase of (COOH)2/(Cu+Zn) molar ratio from 0 to 3.5/1.
Then, the CO2 conversion, and the selectivity and yield to metha-
nol decreased if the (COOH)2/(Cu+Zn) molar ratio was continu-
ously increased. When there is no oxalic acid or oxalic acid dosage
is too little, the metal nitrates cannot be fully converted to oxalate
complexes in the grinding reaction process, resulting in formation

Table 1. Specific surface area and pore parameters of catalysts

Catalyst Surface area/
m2·g−1

Pore volume/
ml·g−1

Pore diameter/
nm

O/H-Cu/ZnO 32.97 0.11 3.82
O/I-Cu/ZnO 38.19 0.18 3.04

Fig. 6. SEM images of dried precursors (a) O/I-Cu/ZnO, (b) and O/H-Cu/ZnO (c).
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of isolated CuO and ZnO after calcination in N2. Therefore, the
particles in the samples agglomerated and sintered easily, and spe-
cific surface area was low. Furthermore, the CuO cannot be reduced
to Cu0, if oxalic acid is not enough. There was no Cu0 species in
the samples obtained with (COOH)2/(Cu+Zn) molar ratio of 0/1
and 0.5/1 as confirmed by XRD (Fig. 2(a)-(b)) and TPR (Fig. 3(a)-
(b)). Thus, the catalysts showed no activity in the CO2 hydrogena-
tion to methanol. When the amount of oxalic acid was sufficient,
the nitrates could be fully converted to zinc and copper oxalate
complexes precursor, and the CuO could be reduced to Cu0.
Besides, the interacting ZnO improved the dispersion CuO and
Cu0. Therefore, as the (COOH)2/(Cu+Zn) molar ratio increased,
the O/I-Cu/ZnO catalyst displayed increased specific surface area,
decreased Cu0 particle size, and accordingly enhanced catalytic per-
formance. If the amount of oxalic acid was excessive ((COOH)2/
(Cu+Zn) ratio>3.5/1), the catalyst particles would agglomerate and
metal particles would sinter due to releasing a large amount of heat
during the N2 calcination process, resulting in decline of BET sur-
face area of the catalyst and catalytic activity. Of all catalysts investi-
gated, the O/I-Cu/ZnO catalyst obtained with (COOH)2/(Cu+Zn)
molar ratio of 3.5/1 exhibited best catalytic performance due to
largest BET surface area and smallest Cu0 particle size. Therefore,
the (COOH)2/(Cu+Zn) molar ratio of 3.5/1 was optimal for O/I-
Cu/ZnO catalyst.
6-2. Influences of Calcination Conditions on Catalyst Performances

The influence of calcination temperature on catalyst perfor-
mance was studied and the result is shown in Table S2. CO2 con-
version, and the selectivity and yield to methanol increased with
increasing calcination temperature from 573 K to 623 K, and then
decreased with further increasing the calcination temperature. The
best catalytic performance was achieved on the catalyst calcined at
623 K. Note that although Cu0 particle size was smaller, the obtained
catalysts showed lower activity when the calcination temperature
was lower than 623 K. This may be due to fewer Cu0 active sites
Cu0 sites generated caused by incomplete decomposition of precur-
sor and in situ reduction of CuO when the calcination temperature
was low. The incomplete decomposition of precursor also resulted in
lower BET surface area. At higher temperature, the Cu0 size grew

bigger and the surface area became smaller. Accordingly, the cata-
lytic activity decreased. Therefore, the optimized calcination tem-
perature was 623 K. The effect of heating rate of calcination on
catalytic performance was also investigated. As shown in Table S3,
the CO2 conversion, and the selectivity and yield to methanol
increased with increasing ramping rate from 1 K·min−1 to 3 K·
min−1, and then decreased with increasing calcination heating rate
from 3 K·min−1 to 5 K·min−1. The change rules of the specific sur-
face area and Cu0 particle size were consistent with that of the
activity for O/I-Cu/ZnO catalyst. Best catalytic performance, largest
specific surface area, and smallest Cu0 particle size were achieved
when the calcination heating rate was 3 K·min−1. At a slow ramp-
ing rate, the retention time of the catalyst at high temperature was
too long, the chance of aggregation and sintering of metal Cu0

increased. So, the specific surface area decreased and Cu0 particle
size increased at slower heating rate. When the calcination heat-
ing rate was too fast, the precursor decomposition reaction pro-
cess was too violent, releasing a large amount of heat and reducing
gas CO in a short period of time. Therefore, the BET surface area
decreased and Cu0 particle size increased due to catalyst particles
aggregation and sintering of metal Cu0. Besides, a part of the CO
directly escaped from reaction system by the flow of N2 before
contacting CuO. As a result, CuO could not be completely reduced
by the CO. When heating rate was appropriate (3 K·min−1), the
precursor decomposition and CuO reduction process could pro-
ceed synergistically, and CuO could be fully reduced to Cu0. There-
fore, a ramping rate of 3 K·min−1 was used to prepare O/I-Cu/ZnO
catalyst in this study.

The effect of calcination time on catalytic performance was also
examined and the result is shown in Table S4. As the calcination
time increased from 1 h to 3 h, the catalytic performance was en-
hanced. Further extending the holding time resulted in the decline
of activity due to the increase of Cu0 particle size. However, the
precursor could not be decomposed completely when the calcina-
tion time was too short. Therefore, the appropriate calcination time
was 3 hours.
6-3. Effect of Reduction Method on Catalyst Performance

To illustrate the advantage of in situ reduction, a control O/H-

Table 2. Influences of oxalic acid dosage on catalyst performancesa

(COOH)2/(Cu+Zn) CO2 conversion/%
Selectivity/%

CH3OH yield/% SBET
b/m2·g dCu

c/nm
CO CH3OH

0.0/1 0.0.8 100 0. 0. .9.7 —
0.5/1 0.1.8 100 0. 0. 14.8 —
0.1/1 0.7.8 92.6 07.4 00.6 23.7 97.2
0.2/1 26.1 19.4 80.6 21.1 26.0 25.2
0.3/1 26.6 16.3 83.7 22.2 32.3 23.1
3.5/1 29.2 16.4 83.6 24.4 38.2 20.1
0.4/1 28.2 18.9 81.1 22.9 34.7 22.1
0.5/1 28.0 18.3 81.7 22.8 32.2 23.3
0.6/1 27.7 19.3 80.7 22.4 29.8 31.8

aReaction conditions: 523 K; 3.0 MPa; catalyst weight: 0.5 g; Ar/CO2/H2=3/25/72; flowing rate: 18 ml·min−1; reaction time: 4 h
bBET specific surface area
cdCu determined by the XRD pattern based on Scherrer equation



116 W. Li et al.

January, 2018

Cu/ZnO catalyst obtained by conventional H2 reduction was pre-
pared. The Cu/Zn atomic ratio of O/H-Cu/ZnO is close to that of
O/I-Cu/ZnO (Table S1). The catalytic performance of in situ reduced
O/I-Cu/ZnO and H2 reduced O/H-Cu/ZnO catalysts was com-
paratively studied, and the result is presented in Table 3. Com-
pared with O/H-Cu/ZnO, O/I-Cu/ZnO catalyst exhibited higher
CO2 conversion, and the selectivity and yield to methanol. This
could be explained by the fact that in situ reduction avoided addi-
tional H2 reduction in high temperature, preventing the growth of
active Cu0 species and aggregation of catalyst particles, which was
unavoidable during traditional H2 reduction process, as confirmed
by XRD (Fig. S1). Besides, the process was simple and solvent-free.
Therefore, the in situ reduced O/I-Cu/ZnO catalyst prepared by
oxalic acid assisted solid phase grinding method is a promising cata-
lyst for the methanol synthesis reaction from CO2 hydrogenation.

CONCLUSIONS

An oxalic acid assisted solid phase grinding method was em-
ployed to prepare Cu/ZnO catalyst for CO2 hydrogenation to metha-
nol. Copper and zinc oxalate complexes were obtained by grind-
ing the mixture of the oxalic acid, copper nitrate and zinc nitrate
at room temperature. The as-obtained precursor decomposed to
CuO and ZnO, releasing reductive CO, and then CuO was subse-
quently reduced by CO to produce Cu0 during calcination in N2

needing no further H2 reduction. It was found that the (COOH)2/
(Cu+Zn) molar ratio had a pronounced influence on physical-
chemical properties of derived catalysts and corresponding cata-
lytic performance. Appropriate oxalic acid dosage and calcination
atmosphere could ensure the simultaneous precursor decomposi-
tion and CuO reduction. The smallest Cu0 particle size and biggest
specific surface area were achieved on catalyst with a (COOH)2/
(Cu+Zn) molar ratio of 3.5/1.0, which exhibited the highest cata-
lytic performance. A series of calcination parameters were also sys-
tematically studied, such as calcination temperature, heating rate
and holding time. The optimized calcination conditions were:
temperature of 623 K, heating rate of 3 K·min−1 and holding time
of 3 h. Compared with O/H-Cu/ZnO catalyst obtained by conven-
tional H2 reduction, in situ reduced O/I-Cu/ZnO catalyst exhib-
ited larger specific surface area, smaller Cu0 particle size and better
catalytic performance. The avoiding of further high temperature
H2 reduction impeded the growth of active Cu0 species and aggre-
gation of catalyst particles was responsible for the excellent cata-
lytic performance of O/I-Cu/ZnO catalyst.
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Fig. S1. XRD patterns of O/I-Cu/ZnO (a) and O/H-Cu/ZnO (b) cat-
alyst.

Table S1. The EDS analysis of the as-prepared catalysts at various
(COOH)2/(Cu+Zn) molar ratios

Sample
Element content (atomic ratio)a

C O Cu Zn
O/I-Cu/ZnO 20.38 15.21 35.56 28.85
O/H-Cu/ZnO 05.63 42.35 29.06 22.96

aDetermined by EDX

Table S2. Influences of calcination temperature on catalytic performances

Calcination
temperature/K

CO2

conversion/%
Selectivity/% CH3OH

yield/%
SBET

a/
m2·g

dCu
b/

nmCO CH3OH
573 27.66 22.78 77.22 21.35 35.14 18.0
603 27.72 18.68 81.32 22.54 36.13 19.1
623 29.22 16.44 83.56 24.42 38.19 20.1
673 28.76 19.50 80.50 23.15 33.81 22.5

Reaction conditions: 523 K; 3.0 MPa; catalyst weight: 0.5 g; Ar/CO2/H2=3/25/72; flowing rate: 18 ml·min−1; reaction time: 4 h
aBET specific surface area
bdCu determined by the XRD pattern based on Scherrer equation
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Table S4. Influences of calcination time on catalyst performances

Calcination
time/h

CO2

conversion/%
Selectivity/% CH3OH

yield/%
SBET

a/
m2·g

dCu
b/

nmCO CH3OH
1 28.04 20.26 79.74 22.36 36.04 18.3
2 28.60 18.32 81.68 23.36 37.02 19.2
3 29.22 16.44 83.56 24.42 38.19 20.1
4 28.64 20.54 79.46 22.76 35.67 24.5

Reaction conditions: 523 K; 3.0 MPa; catalyst weight: 0.5 g; Ar/CO2/H2=3/25/72; flowing rate: 18 ml·min−1; reaction time: 4 h
aBET specific surface area
bdCu determined by the XRD pattern based on Scherrer equation

Table S3. Influences of calcination heating rate on catalyst performances

Heating rate/
K·min−1

CO2

conversion/%
Selectivity/% CH3OH

yield/%
SBET

a/
m2·g

dCu
b/

nmCO CH3OH
1 27.54 22.64 77.36 21.30 32.54 23.1
2 28.56 24.72 75.28 21.50 36.07 20.8
3 29.22 16.44 83.56 24.42 38.19 20.1
4 28.38 23.12 76.88 21.82 35.04 21.4
5 27.36 23.58 76.42 20.91 29.77 23.4

Reaction conditions: 523 K; 3.0 MPa; catalyst weight: 0.5 g; Ar/CO2/H2=3/25/72; flowing rate: 18 ml·min−1; reaction time: 4 h
aBET specific surface area
bdCu determined by the XRD pattern based on Scherrer equation
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