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Co-synthesis of methanol and methyl formate from CO2 hydrogenation
over oxalate ligand functionalized ZSM-5 supported Cu/ZnO catalyst

Olumide Bolarinwa Ayodelea,b,*, Sara Faiz Hanna Tasfyc, Noor Asmawati Mohd Zabidid,
Yoshimitsu Uemurab

aDepartment of Chemical Engineering, Universiti Teknologi PETRONAS, 32610, Bandar, Seri Iskandar, Perak, Malaysia
bCentre for Biofuel and Biochemical Research, Universiti Teknologi PETRONAS, 32610, Bandar, Seri Iskandar, Perak, Malaysia
cDepartment of Chemical and Petroleum Engineering, American University of Ras Al Khaimah, 10021 Ras Al Khaimah, UAE
dDepartment of Fundamental and Applied Sciences, Universiti Teknologi PETRONAS, 32610 Seri Iskandar, Perak, Malaysia

A R T I C L E I N F O

Article history:
Received 20 September 2016
Received in revised form 8 November 2016
Accepted 19 November 2016
Available online xxx

Keywords:
CO2 hydrogenation
Oxalate ligand functionalization
Methanol
Methyl formate
ZSM-5

A B S T R A C T

Co-synthesis of methanol and methyl formate (MF) was achieved in this study using expediently
synthesized ZSM-5 supported oxalate ligand functionalized Cu/ZnO catalyst (CZOx/Z) in a continuous
flow reactor. The catalyst characterization results showed that the synthesis protocol via oxalate ligand
functionalization (OLF) achieved considerable reduction of CuO ! Cu2O ! Cu leading to highly reducible
active metals with largely weak metal-support-interactions according to the X-ray photoelectron
spectroscopy, Raman spectroscopy and temperature programmed reduction. The ZnO reduction peak
was also observed to shift to lower reduction temperature. Furthermore, the NH3- and CO2- temperature
programmed desorption studies showed that CZOx/Z has both acid and basic sites, but the acid sites were
about four times higher. These qualities were ascribed to the OLF at the synthesis stage which also
guarantees ultrafine active metal particle sizes with high degree of dispersion. The CZOx/Z showed
exceptional CO2 hydrogenation activity at 250 �C and 2.25 MPa, the initial CO2 conversion increased
marginally from 15.5 to 15.9% in the first 180 min and increased to 20.5% at 600 min time-on-stream. The
increment was ascribed to reduction of remnant unreduced active metal species with methanol which
simultaneously proceeds with dehydrogenation of produced methanol to form MF promoted by the acid
sites. The methanol selectivity was 97.16% at 60 min TOS and later decreased to 64.64% at 180 min as the
formation of MF increased owing to the progressive reduction of active metals with formed methanol.
CZOx/Z is a promising catalyst for co-synthesis of methanol and MF.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

As the world battles both energy challenge for the future and
effect of greenhouse gases upon combustion of fossil fuel, attention
is shifting drastically to several alternative fuels that are
environmental friendly and economically suitable and sustainable.
Key alternatives include biofuels produced via hydrodeoxygena-
tion which we have in recent times been extensively reported [1–
5]. Another area that is currently receiving tremendous attention is
methanol synthesis from CO2 hydrogenation [6]. The process does
not only mop up CO2 thus mitigating the greenhouse effects, but it
is also a viable strategy to transport hydrogen gas energy produced
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from natural means such as solar energy and hydropower. In
addition, methanol has played a vital role as chemical feedstock for
several important chemicals such as methyl tert-butyl ether
(MTBE), acetic acid, formaldehyde, and chloromethane for over
four decades as well as acting as a high-density hydrogen carrier
for different types of fuel cells [7,8]. Typically, methanol is
produced at the industrial scale from a mixture of synthesis gas
(CO/CO2/H2) at elevated pressures (50–100 bar) and temperatures
(200–300 �C) over Cu/ZnO/Al2O3 catalysts with an estimated
annual global production of 50 million tons [6].

There is a unanimous consensus in the literature that Cu/ZnO
(with Cu-rich molar compositions of Cu:Zn near 70:30) combina-
tion is excellent for production of methanol via hydrogenation of
CO2 route [6,7,9–11], although there are few other reports that
discuss the application of other metals such as Mo and Pd [12,13]
and metal oxide such as In2O3 [14]. In all these recent reports,
catalyst synthesis and reactivity studies appear to be at the fore, in
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fact, Behrens et al. [6] and da Silva [9] noted that the
phenomenological optimization of the preparation of catalytically
very active “methanol copper” with support such as Nb2O5 and
increased acidity is far more advanced than the fundamental
understanding of its high catalytic activity. Therefore, the
modification and optimization of catalysts have been a key
research to improve both CO2 conversion and methanol selectivity.
The reaction mechanism of industrial methanol synthesis as well
as the nature of the active site on Cu/ZnO based high-performance
catalysts have been debated and are still not comprehensively
understood [6]. Different literature have argued that active sites
over the Cu-based catalysts for CO2 hydrogenation to methanol
were Cu0 or Cu+, some also reported that both Cu0 and Cu+ were
effective for the CO2 hydrogenation to methanol [6,10]. For
example, Natesakhawat et al. [15], reported that metallic Cu is
the active site, and in fact the activity is found to be directly
proportional to the Cu0 surface area. This opinion was also
corroborated by the recent study of Witoon et al. [11].

Generally in the literature, active metal/metal oxide dispersion,
reducibility, and metal particle sizes have significant influence on
the formulated Cu/ZnO catalyst. Among the earliest methods to
achieve these was the introduction of catalyst promoters such as
Zr, Ga, Nb, Cr, Th etc. [7,14,16–22], however active metal sintering
was a significant limitation due to the effect of high temperature
during H2 reduction process to activate the catalyst [10]. In order to
achieve high reducibility and prevent unwanted active metal
agglomeration which can cause fast growth of particles during the
conventional H2 or CO reduction process for metal oxides
especially at high temperature, chemical treatment methods using
NaBH4 has been considered [10]. The method was considered
effective especially considering the characteristics of intense
heating effect, time-consuming operation and unmanageable
reducing conditions, which could lead to sintering of active metals
[7]. Belin et al. [23] found that catalysts prepared by co-
impregnation of HAuCl4 and Cu(NO3)2 and reduced with NaBH4

solution leads to smaller particles with negligible interaction
between copper and gold leading to higher activity and selectivity,
while the catalysts reduced with hydrogen at higher temperature
showed a significant level of CuAu alloy, thus exhibiting lower
activity and selectivity. In another report by Liaw and Chen [24],
modification of the Cu catalyst with NaBH4 solution achieved 100%
reduction of CuO to Cu0, in addition, the catalysts particles were
ultrafine with superior activity and methanol selectivity compared
to Cu catalyst reduced with H2. Another interesting study was
reported by Fujita et al. which showed that methanol was a better
reducing agent than H2 in CO2 hydrogenation to methanol [25].
Their report showed that methanol reduction produces high
dispersion of Cu with preferential emergence of flat surface Cu
sites which resulted into higher activity and higher methanol
selectivity. In all these studies, CO is a major by-product and in
most cases it is the only by-product which according to the report
of Chen et al. [26] is produced via parallel formate dissociation
mechanism. Thus, it is enticing to design catalysts that can produce
a value added by-products such as methyl formate (MF). MF is the
simplest carboxylate ester and it has wide range of applications in
chemical industries like in the production of formic acid
derivatives, blowing agent for foams, and as an agricultural
fumigant. Its laboratory synthesis is usually via acid catalyzed
esterification of formic acid and methanol, while it is produced
industrially by the base-catalyzed reaction of methanol and carbon
monoxide [27].

Recently we reported the effect of organic ligand functional-
ization on alumina supported nickel catalysts (NiOx/Al2O3) for the
hydrodeoxygenation of oleic acid into biofuel [28]. The characteri-
zation results showed that the number of Ni species active sites is
higher in NiOx/Al2O3 than the conventional (Ni/Al2O3) catalyst. In
addition, NiOx/Al2O3 exhibited higher Ni dispersion with weaker
metal-support-interaction leading to highly reducible NiO with
comparable smaller particle sizes. Furthermore, their catalytic
activities showed that NiOx/Al2O3 has the highest rate constants
but the least activation energy of 176 kJ/mol compared to 244 kJ/
mol evaluated when using Ni/Al2O3. In all the surveyed literature,
functionalization of Cu/ZnO catalyst with organic ligands such as
oxalate for CO2 hydrogenation to methanol is rarely found except
for the study of Jingfa et al. [29] and Ning et al. [30] where the
catalyst was prepared by oxalate gel-co-precipitation using
ethanol as solvent. In both studies, the catalysts that were
prepared via oxalate gel-co-precipitation showed reduced homo-
geneous Cu and Zn particle sizes distribution, increased CO2

conversion and higher methanol selectivity compared to catalysts
synthesized via conventional carbonate salts as co-precipitation
agents.

Therefore in this study, we investigate the applicability of
functionalizing Cu and Zn with oxalate ligand using oxalic acid for
the CO2 hydrogenation to methanol. The catalyst was supported on
ZSM-5, a rarely used support, and expediently characterized and
tested for CO2 hydrogenation to methanol and the results were
meticulously compared to leading research reports in the
literature. The catalyst did not only show superior activity and
selectivity compared to literature reports, it also produces high
yield of MF without significantly compromising the yield of
methanol.

2. Experimental

2.1. Materials

Both Cu(NO3)2�3H2O (Mwt: 241.6, � 99.0%) and Zn(NO3)2�6H2O
(Mwt 297.49, � 99.0%) that were used as the catalyst precursor
were purchased from Sigma Aldrich, while oxalic acid (OxA) and
ZSM-5 were purchased from Spectrum chemicals.

2.2. Catalyst synthesis

The synthesis of Cu/Zn (70:30) for the CO2 hydrogenation was
achieved in two successive stages. In the first stage, copper oxalate
(CuOx) and zinc oxalate (ZnOx) catalyst precursors were synthe-
sized by reacting 7.98 g Cu(NO3)2�3H2O and 4.1 g Zn(NO3)2�6H2O
separately with aqueous oxalic acid (OxA) in stoichiometry ratios
under vigorous stirring for 30 min at 60 �C in different conical flask.
The flasks were wrapped with aluminum foil since metal oxalates
are photo-sentitive [31]. The pH of CuOx and ZnOx were observed
to be 2.5 and 4.2, respectively. In the second step, both CuOx and
ZnOx were slowly added to 20 g ZSM-5 dispersion under
continuous stirring at 70 �C for 6 h to ensure their complete
incorporation into the ZSM-5 support. The total amount of metals
incorporated into the ZSM-5 supported oxalate ligand function-
alized Cu and Zn (CZOx/Z) catalyst were calculated to be 15%. The
CZOx/Z was dried in the oven at 105 �C for 12 h, grinded and
calcined at 350 �C for 4 h with a slow temperature ramping of
4 �C min�1.

2.3. Catalyst characterization

Extreme high resolution field emission scanning electron
microscope (XHR-FESEM) and energy dispersive X-ray (EDX) were
performed to determine the samples morphology and elemental
composition, respectively using Verios XHR-FESEM (Model 460L,
FEITM) equipped with an EDS detector. The catalyst microstructure
and crystallographic information were studied by high resolution
transmission electron microscope (HRTEM) 200 kV with Field
Emission (TECNAI G2 20 S-TWIN, FEITM). X-ray diffraction (XRD)
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patterns of the samples were measured with Philip PW 1820
diffractometer to determine the crystal phase and structure of the
incorporated active metals. Nitrogen adsorption–desorption
measurements (BET method) were performed at liquid nitrogen
temperature (�196 �C) with an autosorb BET apparatus, Micro-
meritics ASAP 2020, surface area and porosity analyzer to
determine the surface area, pore size and structure, and the pore
volume.
Fig.1. (a, d) XHR-SEM image of ZSM-5 and CZOx/Z; (b, e) STEM image of ZSM-5 and CZOx/
and O, respectively; (j) TEM image of ZSM-5; (k) TEM image of CZOx/Z; (l) HR-TEM im
XPS analyses (Thermo-Fischer K-Alpha) were carried out to
obtain the chemical nature, surface composition, oxidation state,
relative surface compositions and the type of interaction between
metal and support. The XPS was equipped with monochromatised
AlKa source and the resulting samples spectra were analyzed
using the Avantage software for peak fitting and identification of
chemical state. The reduction behavior and active metal dispersion
of the catalysts was studied using a Thermo Finnigan TPD/R/O 1100
Z; (c, f) EDX spectra of ZSM-5 and CZOx/Z. (g, h, i) CZOx/Z EDX mapping scan of Cu, Zn
age of CZOx/Z.



Table 1
Elemental composition of ZSM-5 and CZOx/Z.

Elemental composition (%)

Sample Si Al O Cu Zn Si/Al
ZSM-5 45.63 4.32 50.05 – – 10.56
CZOx/Z 44.81 2.11 39.49 9.88 3.71 21.24
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equipped with a thermal conductivity detector and a mass
spectrometer. Typically, 20 mg catalyst was placed in the U-
shaped quartz tube. Catalyst samples were degassed under a flow
of nitrogen at 200 �C to remove traces of water and impurities from
the catalyst pores. H2 temperature program reduction (TPR) was
performed using 5% H2/N2 with a flow rate of 20 ml/min and
heating from 40 to 990 �C at 5 �C min�1. The acidity of the catalysts
was analyzed by using temperature programmed desorption (NH3-
TPD). The sample was pretreated at 300 �C for 2 h in He and cooled
to 50 �C. After being saturated with NH3, the sample was purged
with He to remove the physisorbed NH3. The TPD measurements of
desorbed NH3were conducted in flowing He from 60 �C to 970 �C at
a heating rate of 10 �C min�1. All flow rates of He mentioned above
were set to 20 ml min�1. The basicity test was carried using
temperature programmed desorption (TPD-CO2). The sample was
pretreated under the flow N2 gas (30 ml/min) at 150 �C for 40 min,
followed by adsorption with CO2 gas for 60 min at room condition.
The excess of CO2 were subsequently flushed out by flowing N2 gas
prior to the analysis. The desorption of the CO2 from the basic sites
of the catalyst were identified by TCD under helium gas (30 ml/
min) ranging from 50 �C to 900 �C at a heating rate of 10 �C min�1.
Both the NH3-TPD and TPD-CO2 analysis were carried out using
Thermo Finnigan (model TPDRO 1100 series).

2.4. Catalytic activity measurements

The CO2 hydrogenation reaction was performed in a fixed-bed
microreactor (PID Eng & Tech). In a typical experiment, 0.2 g of the
synthesized CZOx/Z catalyst was sandwiched between quartz
wools to ensure an isothermal temperature zone around the
catalyst and gently loaded into a stainless steel tube reactor. Prior
to the reaction, the calcined CZOx/Z catalyst was reduced in situ
using 20 ml min�1 of 5% H2 in He at 250 �C for 4 h under
atmospheric pressure. After the reduction step, a feed consisting
of a mixture of H2/CO2 (molar ratio of 3:1) was fed to the reactor
and the reaction was performed at 250 �C and 2.25 MPa for 10 h. All
post-reactor lines and valves were heated to 180 �C to prevent
condensation. The feed and gaseous products were analyzed by an
on-line gas chromatograph (Agilent 7890A) equipped with two
TCD detectors as well as HayesepQ and molsieve columns for
analyses of H2 and permanent gases. Methanol and other
hydrocarbons were analyzed using a DB-1 column and a FID
detector. CO2 conversion and reaction products selectivity are
defined as follows:

CO2 conversion ¼ moles ofCO2in
� moles of CO2out

moles of CO2in

ð1Þ

% S i ¼ ni

S
n
i ¼ 1 products

� 100 ð2Þ

where S and i are selectivity and species, respectively.

3. Results and discussion

3.1. Characterization results

3.1.1. Morphology, composition and structure
The morphology of the ZSM-5 catalyst support in Fig.1a showed

that the ZSM-5 crystals/particles were highly crystalline and
tightly packed which is typical of ZSM-5 zeolite types. For the
purpose of clarity and elemental composition analysis, STEM
image of a representative crystal was taken as shown in Fig. 1b. The
spectra of elemental composition of the crystal in Fig. 1c showed
that Al, Si and O are the constituents with significantly high Si/Al
ratio (Table 1) which is characteristics of ZSM-5. After the
incorporation of the CuOx and ZnOx catalyst precursors into the
ZSM-5 support, the morphology of CZOx/Z catalyst in Fig. 1d
showed approximately spherical Cu and ZnO nanoparticles which
are arranged in an alternating fashion and randomly distributed to
form porous aggregates. This morphology is typical of industrial
bulk catalyst system [6]. The STEM image of CZOx/Z in Fig. 1e
showed the Cu/ZnO arrangement in a typical ZSM-5 particle both
in the inside and on the external surface of the particle.

The EDX scan of the CZOx/Z STEM in Fig. 1f confirmed the
presence of Cu and Zn and their compositions are shown in Table 1.
The sum of Cu and Zn in Table 1 is 13.59% which is marginally less
than the calculated 15%. This variation might possibly due to the
effect of hydration at the CZOx/Z synthesis stage, or due to the fact
that EDX analysis is a point function technique [32,33]. The
elemental mapping for Cu, Zn and O are shown in Fig. 1(g–i),
respectively. The Cu mapping appears more conspicuous that the
Zn obviously due to the difference in their ratio (70:30) at the
synthesis stage. It is important to note that both Cu and Zn have
high density in the same region in the map. This suggests that there
is an effective interaction between the two incorporated metals as
would be further elucidated in the XPS results. Furthermore, it is
obvious that in those regions where both Cu and Zn showed high
density in Fig. 1(g–h), the O scan in Fig. 1i showed lower O density
which implied that the oxalate ion (C2O4

2�) was effective in the
reduction of metal oxide (e.g. CuO ! Cu2O ! Cu) and also able to
constrain the electro-oxidation of reduced metal/metal oxide
during the synthesis stage via the adsorption of C2O4

2�[28,34]. This
observation is supported by our previous study where oxalate
anion was reported to have constrained the electro-oxidation of Ni
[28] and also the works of Al-Dalama and Stanislaus [35] where
chelating ligands from EDTA were able to constrain electro-
oxidation of Mo in Mo/SiO2–Al2O3 catalyst. Dong et al. [10] also
reported that NaBH4 was effective in the reduction of CuO ! Cu2O
! Cu as the NaBH4 concentration increases. In all these studies, the
TPR results showed that the effect of active metal functionalized
with oxalate ligand, EDTA or NaBH4 lead to highly easily reducible
fine metal particles sizes at lower temperatures due to presence of
limited (free) oxygen. According to a review by Liu et al. [7] on the
recent advances in catalysts for methanol synthesis via hydro-
genation of CO and CO2, catalyst with larger surface area, fine
particle size, and a high dispersion of active sites are essential
irrespective of the synthesis method. The TEM image of ZSM-5 is
shown in Fig. 1j, while Fig. 1k showed that the active metals were
well dispersed on the ZSM-5 support. Furthermore, the HR-TEM in
Fig. 1l showed that the well dispersed active metal were ultra-fine
particles in the range of 8–15 nm. Previous studies have shown that
chemical reduction/functionalization is a promising and feasible
alternative for preparing ultrafine copper-based catalysts for CO2

hydrogenation into methanol [24].

3.1.2. Textural properties
One of the most important factors to be considered in the

catalysts design for CO2 hydrogenation is enhanced textural
properties which in turn guarantees ultrafine particle size



Table 2
Textural properties of ZSM-5 and CZOx/Z.

Sample t-Plot Micropore
Area
(m2/g)

t-Plot External Surface Area
(m2/g)

BET Surface Area
(m2/g)

t-Plot Micropore
Volume
(cm3/g)

t-Plot External
Volume
(cm3/g)

Total Pore
Volume
(cm3/g)

BJH Pore Diameter
(nm)

ZSM-5 274.7 73.2 347.9 0.135 0.037 0.17 2.7
CZOx/Z 301.5 209.5 511.0 0.203 0.147 0.35 10.8

Fig. 3. XRD patterns of ZSM-5 and CZOx/Z.
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distribution and higher metal dispersion that can increase the rate
of diffusions of reactant/product through the pore thus inhibiting
the deactivation caused by agglomeration of the active sites [7].
The textural properties in Table 2 showed that there is conspicuous
enhancement (almost doubled) in the textural properties (BET
surface area, total pore volume and pore diameter) of CZOx/Z
compared to the ZSM-5 starting material. Typically what is
frequently reported in the literature after impregnation/incorpo-
ration of metals/metal oxides into supports is reduction in the
textural properties due to partial blocking of the pores by the active
metals [10,11]. Furthermore it is obvious that there is considerable
development of mesopore structure as seen in the BJH pore
diameter that increased from 2.70 nm in ZSM-5 to 10.8 nm in
CZOx/Z leading to eventual formation of hierarchical pore
structure (Fig. 2a). Similarly, the percentage of external surface
(volume) to total surface area (pore volume) increased from 21% in
ZSM-5 to 41% in CZOx/Z. This textural property enhancement is
ascribed to the protonic effect of oxalic acid used to functionalize
Cu and Zn at the synthesis stage. Typically, aluminosilicates such as
clay minerals and zeolites undergo varying extents of deal-
umination under acidic or thermal treatment leading to the
removal of extra framework and framework alumina, respectively
which results into enhanced textural properties with high Si/Al
ratio (Table 1) [36]. The enhancement in the CZOx/Z textural
properties is further corroborated by the N2 isotherms in Fig. 2b.
The isotherms of both ZSM-5 and CZOx/Z reflected steady increase
in adsorption strengths with increase in the relative adsorption
pressure (P/Po) up to 0.9 for ZSM-5 and 0.76 for CZOx/Z indicating
the existence of the micropores typical of Type I isotherms for
microporous materials. While ZSM-5 showed a nearly negligible
Fig. 2. (a) Pore size distribution of ZSM-5 and CZ
uptake at P/Po = 0.9–1.0, CZOx/Z exhibited a very conspicuous N2

steep uptake at P/Po = 0.76–1.0 which was attributed to the inter-
particle voids formed by agglomeration of the nano-sized CZOx/Z
crystals. In addition, the CZOx/Z hysteresis loop at P/Po = 0.76–1.0
steadily conforms to Type IV isotherm which confirmed an increase
in the mesopore formation. Similarly the increase in the amount of
N2 adsorbed/desorbed indicated there is increase in the pore
volume as seen in Table 2.

3.1.3. XRD
The X-ray diffraction patterns of ZSM-5 support is shown in

Fig. 3 with its characteristics distinctive peaks at 2u values of 7.8�,
8.9�, 22.2�, 23.8�, 24.9�, 26.8�, 30.1� and 45.5� [37]. There is
Ox/Z, (b) N2 isotherm of ZSM-5 and CZOx/Z.
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marginal variation (i.e. crystallinity loss) in the diffraction pattern
of CZOx/Z catalyst compared to ZSM-5 after the incorporation of
CuOx and ZnOx catalyst precursors which implied that the
synthesis protocol does not destroy the ZSM-5 crystallographic
structure, thus the zeolite structures remained largely intact [38].
The marginal loss of crystallinity was ascribed to the weak
protonation effect of oxalic acid during the synthesis stage.
Therefore, the enhanced textural properties seen the BET results of
CZOx/Z could be largely due to removal of partly occluded organic
and non-zeolitic matters. There are no distinctive diffractions
peaks for copper or zinc oxides (except for a weak amorphous peak
at �36.5� which could be ascribed to (111) plane of octahedral Cu2O
which is typical of high degree of active metal dispersion or low
active metal concentration. Zhang et al. [38] also reported similar
observation in a study where Cu-ZSM-5 with low Cu concentration
(2.8%) was prepared by ion-exchange. In order to ascertain the
reason for the nonappearance of metal/metal oxides peaks in this
study, some samples of uncalcined CZOx/Z catalyst was calcined at
450 �C and characterized with XRD. The result is shown in Fig. S1
with characteristic peaks of CuO at 2u values of 35.6�, 38.8� and
66.3� corresponding to (-111/002), (111) and (311) plane, respec-
tively [39,40]. Similarly, poorly grown ZnO peaks at 2u values of
48.6� and 68.2� which corresponds to (102) and (201) ZnO
hexagonal phase according to JCPDF No. 36-1451 [41] were also
observed. The appearance of these peaks after calcination at
relatively higher temperature is undoubtedly due to metal oxide
crystal growth resulting from agglomeration of CuO and ZnO
particles. This confirmed that the absence of metal oxide peaks in
CZOx/Z is obviously due to high active metal dispersion which
guaranteed that the synthesis protocol is expedient.

3.1.4. Raman spectroscopy
Since the XRD patterns did not show any distinctive peak for the

incorporated metal/metal oxide, Raman spectroscopy (RS) which is
a powerful method for the identification of different metal oxides
through the change in polarizability was performed to ascertain
the phase of copper oxide since RS is very sensitive to both copper
oxide phases of Cu2O and CuO [40]. The Raman spectrum of CZOx/Z
with excitation line at 325 nm is compared with the spectrum of
pure ZSM-5 as shown in Fig. 4. Accordingly, the RS band c.a.
298 cm�1 and 387 cm�1 are assigned to bending mode of 6-
membered ring and 5-membered building unit of ZSM zeolites
structure, respectively. Similarly, the RS bands at 440 cm�1,
470 cm�1 and the 802 cm�1 are associated with vibration of 4-
membered ring related to the framework symmetric stretching
vibration in ZSM-5 [38].
Fig. 4. Raman Spectra of ZSM-5 and CZOx/Z.
After the incorporation of the CuOx and ZnOx catalyst
precursors into the ZSM-5 structure, RS band c.a. 298 cm�1 and
387 cm�1were observed to shift to lower wavenumber of 290 cm�1

and 373 cm�1, respectively. While the peak intensity becomes
stronger in the former, the latter loss some level of crystallinity and
the peak tip becomes broader. The increase in intensity of the peak
at 290 cm�1 can be ascribed to overlapping of Cu2O, while the shifts
of 298 cm�1 and 387 cm�1 to lower wavenumbers were ascribed to
the marginal reduction in average particle size of CZOx/Z due to the
influence of oxalate ligand functionalization as seen in the XHR-
SEM and BET results. This effect of crystallite size on the Raman
spectra has been reported by Akgul et al. [40] and Xu et al. [42] that
as the Cu-oxide nanoparticles grain size decreases, the Raman
peaks shift to lower wavenumber and become broader owing to
size effects. Thus, Raman peaks shift to higher wavenumbers as
grain size increases and vice versa.

A new Raman band at 468 cm�1 due to the bending mode of
symmetric Cu-oxo stretch (ns) of a mono-m-oxo bridged dicopper
core was observed [38]. In addition, there is a distinctive high
intensity broad hump centered around 579 cm�1 which clearly
indicated the presence of Cu2O phase [40,43]. This showed that
Fig. 5. (a) High-resolution XPS scan of Cu 2p spectra of CZOx/Z. (b) High-resolution
XPS scan of Zn 2p spectra of CZOx/Z. High-resolution XPS scan of O 1 s spectra of (c)
ZSM-5 and (d) CZOx/Z.



Fig. 6. H2 temperature programmed reduction profile of CZOx/Z catalyst.

Fig. 7. (a) NH3, (b) CO2 temperature programmed desorption of CZOx/Z catalyst.
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functionalization of the active metals with oxalate anion (C2O4
2�)

was effective in reducing CuO as well as constraining electro-
oxidation of reduced species, more so that the characteristics
Raman Bg mode of CuO peak at 604 cm�1 is not seen. The most
intense B-type carbonate band centered at 1100 cm�1 can be
assigned to overlapping bands of n1CO3

2� from oxalate ligand and
peaks of Zn2+ from ZnO particles which normally gives peak at
�1098 cm�1 [44,45]. The reduction and electro-oxidation con-
straints imposed by the oxalate anion functionalization that
promotes the formation of Cu+ which is synonymous to the
promoter effect of Zr in a Cu/Zn catalyst that results into synthesis
of a new copper oxide phase and promotes the formation of Cu+

ions for methanol synthesis at low temperatures and pressures [7].

3.1.5. XPS
The high resolution scan for the Cu 2p core level spectrum for

CZOx/Z is shown in Fig. 5a with two characteristics peaks at
932.8 eV and 951 eV which corresponds to the Cu 2p3/2 and Cu 2p1/
2, respectively, and are typical of Cu0 and Cu+ [46]. This was further
supported by the observed Cu 2p core level split spin-orbit
components (D Cu 2p) of 18.2 eV. However, the presence of a very
weak satellite at 944.3 eV suggested that there is substantial
amount of Cu+ oxidation state. It is important to note that the Cu2+

satellite peaks were totally absent in Fig. 5a which confirmed that
the oxalate functionalization in the CZOx/Z synthesis protocol was
indeed effective in the reduction of CuO ! Cu2O ! Cu as well as
guaranteeing the electro-oxidation constraints during calcination.
This observation supports both the STEM-EDX mapping and the
Raman spectrum that show low O density (Fig.1i) and the presence
of Cu2O, respectively. For clarity and comparison purpose, another
CZOx/Z was synthesized following the same protocol but without
oxalate functionalization (CZOx/Z**), their spectra were plotted
and compared in Fig. S2 (Supporting information). There are two
important distinguishing features, firstly, there is a shift in the
binding energy peaks of Cu 2p of CZOx/Z** to higher BE of 933.5 eV
and 953.2 eV corresponding to the Cu 2p3/2 and Cu 2p1/2,
respectively. Secondly, there are very conspicuous observable
co-joined collection of satellite features at �941 eV and �943 eV
for Cu 2p3/2 peak as well as at 961.7 eV for Cu 2p1/2 peak. Both of
these observation matches well with the data reported for the Cu2+

from CuO [39,40], and they further confirmed that the oxalate
functionalization in the CZOx/Z synthesis protocol ensured both
reduction of CuO and the electro-oxidation constraint during
synthesis thus leading to ultrafine particles (as seen in the HR-
TEM) with reasonably weak metal support interaction.

The high-resolution XPS spectra of the Zn 2p orbital peak is
shown in Fig. 5b with two characteristics distinct peaks at binding
energies of 1021.1 and 1044.2 eV corresponding to the Zn 2p3/2 and
Zn 2p1/2, respectively and it is consistent within the range reported
in the literature for Zn2+ from ZnO [47,48]. However, the
characteristics peak at 2p3/2 and 2p1/2 appears shifted to lower
binding energies compared to the values reported in those
literature for ZnO which implied comparable weaker metal-
support-interaction due to instances of ZnO reduction, especially
considering the Zn 2p peak split spin-orbit components (D Zn 2p)
of 23.1 eV which is typical of Zn0. (Fig. S3 (Supporting information)
shows comparison between CZOx/Z and CZOx/Z** (without oxalate
functionalization)). This further corroborated that the oxalate
anion functionalization is effective at reducing the metal oxide and
constrained electro-oxidation of reduced species.

This was further supported by the O 1 s spectra of ZSM-5 and
CZOx/Z (Fig. 5c,d) which showed decrease in the ratio of lattice O/
adsorbed from 0.72 in ZSM-5 to �0.5 in CZOx/Z. Furthermore, the
FWHM lattice O showed substantial reduction (0.68 eV) from
3.13 eV in ZSM-5 to 2.45 eV in CZOx/Z due to influence in bonding
arrangement from the incorporated CuOx and ZnOx at the
synthesis stage and adsorbed C2O4

2� which restrained the
electro-oxidation of reduced species [34,49]. Similarly, the FWHM
of the adsorbed O showed a significant increment of 1.18 eV in
CZOx/Z which could be attributed to the surface adsorbates which
are a significant feature due to the surface sensitivity of XPS as well
as hydrated C2O4

2� from oxalate functionalization. Thus, it is a
combination of materials adsorbed on the surface and starting
materials (CuOx and ZnOx) that resulted in the larger FWHM [49].

3.1.6. Temperature programmed reduction
The TPR profile of CZOx/Z is shown in Fig. 6. The characteristic

copper oxide reduction peaks which usually gave broad peak
spanning from 200 to 400 �C with a maxima around 300 �C [9] was
seen to have shifted to a very much lower reduction temperature
with three peaks. The first minuscule peak at 200 �C was ascribed
to readily reducible surface species, while the peaks at 207 and
265 �C were ascribed to Cu2+! Cu+ and Cu+! Cu�, respectively.
The broad reduction peak ranging from 400 to about 700 �C with a
maxima at 550 �C is attributed to reduction of ZnO which
otherwise shows reduction peak above 800 �C [9] and it is rarely
reported in CO2 hydrogenation studies. The shift to these peaks to
comparably lower reduction temperature was due to the oxalate
ligand functionalization which was seen in the XPS result to have
partially reduced copper oxides and further constrained the
electro-oxidation of the partially reduced species. This observation



Fig. 8. CO2 conversion and product distribution flow at 250 �C and 2.25 MPa for
10 h.
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is similar to the report of Dong et al. [10] which showed a shift in
reduction temperature to 427 and 454 K (219 and 234 �C) when the
CuZnO/ZrO2 catalyst was prepared via precipitation-reduction
method using NaBH4 compared to 469 K (243 �C) recorded using
conventional co-precipitation method without NaBH4. These
results suggested that chemical reduction of metal oxides are
effective and prospective, however, based on the results shown
here, it appears oxalate ligand functionalization is more prospec-
tive more so that ZrO2 support used in that study favors high metal
reducibility compared to ZSM-5, and it is more expensive.

3.1.7. Acidity and basicity studies
The acidity and basicity profile of CZOx/Z catalyst is shown in

the NH3 and CO2 temperature programmed desorption (TPD) plots
in Fig. 7a–b with three distinctive peaks, respectively. Form the
NH3-TPD plot, the peak a at 365 �C corresponds to the aluminum
centers of ZSM-5, while the peak ß at 447 �C is due to higher degree
of metal (Cu and Zn) oxide fine particle size dispersion (Fig. 1j–k)
leading to higher desorption of the physisorbed NH3 from the acid
sites on the catalyst surface. The last peak g at 682 �C was ascribed
to strong acid site within the pores of CZOx/Z catalyst. The peak g is
relatively less intense but broader compared to the first two peaks,
which implied that there is lower desorption of the physisorbed
NH3 from the acid sites of the nano metal (Cu and Zn) oxide/oxalate
particles within the pore of the CZOx/Z catalyst. The amount of
desorbed physisorbed NH3 from the acid sites in Table 3 shows that
the peak ß has the highest contribution, and according to previous
discussions, it was due to the oxalate ligand functionalization. The
catalyst showed a very substantial value of 8.96 mmol/m2 for the
density of acid sites which according to a previous report [50] is
significantly promising for the formation of methyl formate via
acid-catalyzed esterification of formic acid and methanol.

The three peaks at 329, 387 and 682 �C in the CO2–TPD for the
basicity studies of the CZOx/Z catalyst in Fig. 7b can be ascribed to
weak (d), moderate (e) and strongly basic (l) sites [21]. The three
peaks appear at a comparably higher desorption temperature
compared to what was reported in the recent literature, for
example Zhang et al. [21] reported 88, 118 and 155 �C for Cu/ZnO/
Al2O3/ZrO2 catalyst, while Witoon et al. [11] reported 65, 145 and
230 �C for Cu supported on monoclinic zirconia which showed
more basic sites compared to amorphous or tetragonal zirconia.
Other studies also show 126, 175 and 256 �C for Cu/Zn/Al-Mn
catalysts [51] and 120, 166 and 237 �C for a fluorine modified Cu/
Zn/Al/Zr hydrotalcite-like catalyst [52] for the peaks d, e, l,
respectively. This shift to higher desorption temperature in this
study signified that the basic sites were strongly bonded. In those
studies, the peaks d, e, l were ascribed to surface hydroxyl groups,
M–oxygen pairs (M = Cu, Zn and Al), and coordinatively unsaturat-
ed O2� ions (low coordination oxygen atoms), respectively. The
peaks d, e, l were sharp and distinct thus there is no need for
Table 3
Acid and basic properties of CZOx/Z catalyst.

NH3 – TPD of CZOx/Z catalyst 

Peak ID T [�C] Integral [mVs] Total acid
sites [mmol/g]

[%] 

a 365 17619.7 554.37 12.11 

ß 447 108792.8 3421.67 74.69 

g 682 19255.6 605.85 13.22 

Number of total acid sites = 4581.89 mmol/g.
Number of total basic sites = 1117.31 mmol/g.
Density of acid sites = 8.96 mmol/m2.
Density of basic sites = 2.19 mmol/m2.
deconvolution into three Gaussian peaks as practiced in those
studies. The number of total basic sites from Table 3 is
1117.31 mmol/g which is far higher than 1009.06 mmol/g [11],
289.9 mmol/g [51] and 257.4 mmol/g [52] previously reported. The
sharpness, distinctiveness and increased in basicity in this study
was ascribed to the oxalate ligand functionalization that forms M-
oxalate pairs and coordinatively unsaturated C2O4

2� anions. This
observation is at par with the result of Wu et al. [53] on fluorine-
modified Mg–Al mixed oxides which showed that the formation of
metal–fluorine pairs and the unsaturated F� ions increased the
amounts of the moderately and strongly basic sites. Therefore
CZOx/Z catalyst is expected to exhibit outstanding CO2 conversion
and much higher CH3OH selectivity compared to those cited
literature since enhanced basicity has been reported to favor
methanol synthesis [10,11,51,52].

3.1.8. Catalytic activity and selectivity
The profile of CO2 conversion and the products molar flow in

Fig. 8 shows that the CO2 conversion at 60 min time-on-stream
(TOS) is 15.55% and slightly increased to 19.13% at 240 min. Beyond
240 min, the CO2 conversion steadied around 20.4% until 600 min.
From literature, it is generally accepted that the coordination,
chemisorption, and activation of CO/CO2 and the homogeneous
splitting of hydrogen take place on Cu0 or Cu+ [7,13]. Based on this,
it appears that as the reaction proceeds in this study, part of the
formed methanol further reduced remnant Cu-oxides especially
those in the interstices of the ZSM-5 support that were not
properly reduced during hydrogen reduction step. Thus, the
progressive reduction of these Cu-oxides enhanced the CO2

conversion from 15.55 to 20.4%. It is important to recall that
CO2 – TPD of CZOx/Z catalyst

Peak ID T [�C] Integral [mVs] Total basic
sites [mmol/g]

[%]

d 329 22889.52 315.28 28.22
e 387 31698.96 436.62 39.08
l 682 26528.79 365.41 32.7
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CZOx/Z catalyst was reduced prior to experimental at 250 �C to
prevent the agglomeration of surface active sites since Fujita et al.
[25] has established that lower reduction temperature is beneficial
for improving copper dispersion and activity for the methanol
synthesis. The authors further showed that activity of a copreci-
pitated Cu/ZnO catalyst depended on the procedure for the
reduction and the reductant, and that reduction with methanol at
443 K (228.33 �C) (which is in the neighborhood of the reaction
temperature in this study) showed higher CO2 conversion and
methanol selectivity than reduction with hydrogen. The CO2

conversion in this study is comparably higher than most of the
values reported in literature, for example, Bahruji et al. [12]
reported a range of 0.7–10.7% for different Pd/ZnO catalysts
systems. Other authors [10–12,51,52] also showed CO2 conversions
in the range of <1–20% using Cu/ZnO catalysts on different
supports. In all these studies, strong basic site were acknowledged
as being favorable for the CO2 conversion. Therefore, in addition to
the progressive methanol reduction of active metals in this study,
the high CO2 conversion can be ascribed to the strong basic sites
(Table 3) and high active metal reducibility shown in (Fig. 6) which
is consistent with previous studies [7–11,29].

From Fig. 8, the molar flow of methanol was initially 167.36 mol/
h at 60 min TOS and increased to 187.47 mol/h at 120 min TOS as
the CO2 conversion increased. Beyond 300 min, the methanol flow
decreased even though the CO2 conversion appeared somewhat
steady. This reduction was ascribed to the formation of MF as its
molar flow which was zero at the first 60 min TOS began to increase
until 118.65 mol/h at 600 min TOS. This is supported by a previous
study [25] which showed that during methanol synthesis there
was endothermic dehydrogenation of methanol to methyl formate
(MF). Other mechanism for the production of MF besides
dehydrogenation of methanol is via acid-catalyzed esterification
of formic acid and methanol, or base-catalyzed reaction of
methanol and carbon monoxide [13,50]. Consequently, since
CZOx/Z catalyst has been shown to possess both active acid and
basic sites (Fig. 7, Table 2), and the methanol flow was also
observed to reduce slightly, it is possible that these three MF
production routes played certain roles in this study. However, the
contribution(s) based on the presence of acid and basic sites seems
overriding over any contribution from dehydrogenation of
methanol to MF. This is because according to Eq. (3), a mole of
MF requires two moles of methanol stoichiometrically but the
amount of methanol reduction between 120 and 600 min was only
11.93 mol/h which is far lower compared to the 108 mol/h increase
in MF production. Similarly, since the number of acid site is more
Fig. 9. Product selectivity at 250 �C and 2.25 MPa for 10 h (methanol and methyl
formate are read on the primary Y-axis and methane is read on the secondary Y-
axis).
than 4 times higher than the number of basic sites, we concluded
that acid-catalyzed esterification of methanol and formic acid as
well as dehydrogenation of methanol are the likely main
mechanisms of MF production.

2CH3OH ! C2H4O2 þ 2H2 ð3Þ
The profile of product selectivity in Fig. 9 showed that the

selectivity of methanol is about 97.16% at 60 TOS when there was
no MF formation, but it decreased to 93.24% at 120 min TOS when
MF was first noticed. This high methanol selectivity is comparably
higher than what have been reported in literature, for example,
Zhang et al., [21] reported a range of 55.2–61.5% selectivity over Cu/
Zn/Al/Zr with varying Al content and the selectivity increases with
reduction in the Al content. Thus, the high selectivity of methanol
in this study might have contributions from the dealumination of
CZOx/Z catalyst during the synthesis stage leading to higher Si/Al
ratio in Table 1. This phenomenon was ascribed to the expedient
functionalization of the active metals with oxalate ligand at the
synthesis stage which guarantee high dispersions and reducibility
of active metals, enhanced textural properties and high number of
acid and basic sites as seen in the HR-TEM, BET, Raman
spectroscopy, TPR and CO2/NH3-TPD results. As the reaction
continues, methanol selectivity steeply reduced to 64.64% at
180 min, while the MF selectivity swiftly increased to 34.12% at
180 min and steadied at about 39.8% at 540 min and beyond. This
observation suggested that the secondary reduction of remnant
active metal oxide with methanol as the reaction progresses which
proceeds with dehydrogenation of methanol into MF also increases
the number of acid sites and possibly decrease the number of basic
sites. There is also an instance of methanation of CO2 in somewhat
Fischer-Tropsch process, but the influence is very marginal.
Similarly, the reverse water gas shift reaction (CO2 + H2 ! CO +
H2O; DH = +9 kcal/mole) which typically competes with methanol
selectivity in virtually all the reported studies were not observed in
this study, and we ascribed this to the high density of acid sites
since basic sites has been found to favor CO production especially
via parallel formate dissociation mechanism [26].

4. Conclusion

Expediently synthesized ZSM-5 supported oxalate ligand
functionalized Cu/ZnO catalyst (CZOx/Z) achieved excellent CO2

hydrogenation into methanol with CO2 conversion ranging from
15.5 to 20.4% at 180 and 600 min time-on-stream (TOS),
respectively. The enhanced CO2 conversion was ascribed to
excellent ultrafine active metal particle sizes with enhanced
porosity, high reducibility and strong basic site. The increase in the
CO2 conversion with prolonged TOS was ascribed to the progres-
sive reduction of unreduced active metals at the reduction stage
with methanol which also proceeds with the formation of methyl
formate (MF) at the CZOx/Z catalyst acid sites via dehydrogenation
of methanol and acid esterification of formic acid with methanol.
The formation of MF reduces the selectivity of methanol from
97.16% to 64. 64% at 180 min TOS. There was also insignificant
instance of methanation process over the entire TOS. The products
selectivity at 600 min TOS were 58.9, 39.8 and 1.2% for methanol,
MF and methane, respectively.
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