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Abstract In situ quick X-ray absorption spectroscopy

(QXAFS) at the Cu and Zn K-edge under operando con-

ditions has been used to unravel the Cu/Zn interaction and

identify possible active site of CuO/ZnO/Al2O3 catalyst for

methanol synthesis. In this work, the catalyst, whose

activity increases with the reaction temperature and pres-

sure, was studied at calcined, reduced, and reacted condi-

tions. TEM and EDX images for the calcined and reduced

catalysts showed that copper was distributed uniformly at

both conditions. TPR profile revealed two reduction peaks

at 165 and 195 �C for copper species in the calcined cat-

alyst. QXAFS results demonstrated that the calcined form

consisted mainly of a mixed CuO and ZnO, and it was

progressively transformed into Cu metal particles and

dispersed ZnO species as the reduction treatment. It was

demonstrated that activation of the catalyst precursor

occurred via a Cu? intermediate, and the active catalyst

predominantly consisted of metallic Cu and ZnO even

under higher pressures. Structure of the active catalyst did

not change with the temperature or pressure, indicating that

the role of the Zn was mainly to improve Cu dispersion.

This indicates the potential of QXAFS method in studying

the structure evolutions of catalysts in methanol synthesis.

Keywords In situ � Quick X-ray absorption spectroscopy �
CuO/ZnO/Al2O3 catalyst � Operando condition

1 Introduction

Due to rapid industrial developments and enhanced

human activities, carbon dioxide levels in the atmosphere

have reached approximately 400 ppm for the first time in

history [1]. Converting CO2 into useful feedstock chemi-

cals and fuels is an important strategy for removing CO2

from the atmosphere and for reducing our dependence on

petrochemicals [2–4]. Among the products derived from

CO2, methanol is a basic chemical as a feedstock for pro-

ducing formaldehyde, olefin, and other products [5]. In

2005, Olah et al. initiated a ‘‘methanol economy’’ concept

[6, 7]. According to this proposal, methanol can severe as

an efficient energy-storage chemical and a fuel substitute

[8, 9]. Therefore, methanol synthesis through carbon

dioxide hydrogenation has attracted worldwide research

interest in the past 20 years [10–17].

In investigations of low-pressure process for methanol

synthesis using CuO/ZnO/Al2O3 catalyst, which began in

the late 1960s, there exist different opinions on the nature

of active sites and the role of promoters [18–21]. Some

researchers pointed out the metallic copper atoms were

uniformly active for methanol synthesis [22, 23]. For

example, Pan et al. [24] found that the activity of the
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catalyst was directly proportional to the surface area of

metallic Cu. Deng et al. [25] also reported that the catalytic

activity of a CuO/ZnO/Al2O3 catalyst for carbon dioxide

hydrogenation increased with the surface area of metallic

copper, reached a maximum, and then decreased at a Cu/

ZnO molar ratio of 8. However, in the presence of CO2 and

with a fraction of the Cu0 surface covered by oxygen-

containing species, the catalytic activity toward methanol

synthesis no longer depended on the Cu0 surface area

[26, 27]. This was explained that the Cu? sites might be

active sites in methanol synthesis. Herman et al. [28] found

that active Cu? ion sites were dissolved on the surface of

the ZnO matrix. Synergetic effect between copper and the

promoter was reported by several groups [29, 30]. Fujitani

and Nakamura [31] proposed the creation of a Cu–Zn

surface alloy on active sites. Herman et al. [28] indicated

that the catalytic magnitude was greater than that of the

pure copper metal or zinc oxide, bearing the consequence

of the synergistic interaction between copper and ZnO.

In general, the formation of active sites is analyzed after

quenching the treated samples. It is important to directly

follow the operando structural changes in catalyst by using

an in situ method. For better understanding the active sites

and the promoter effect in the catalysts, synchrotron-based

X-ray absorption fine structure (XAFS) and its two main

modifications, X-ray absorption near edge structure

(XANES) and extended X-ray absorption fine structure

(EXAFS), are well suited to the local structural investiga-

tion in catalytic research [32–36]. In addition, in situ XAFS

is a premier tool for dynamically monitoring the structural

evolutions of catalyst under operando conditions, which

has been used by many researchers attempting to under-

stand the active site formation during preparation, activa-

tion, and reaction process [37–40].

In this work, we prepared a CuO/ZnO/Al2O3 catalyst by

an oxalate gel co-precipitation method and investigated the

structural information of the CuO/ZnO/Al2O3 catalyst at

operando conditions by in situ quick XAFS (QXAFS)

method [41]. Unlike the usual step-scan method, the

monochromator in QXAFS is continuously moved in the

quick mode. It is possible to detect the comprehensive

changes in a short time, providing direct insight for

understanding the copper state and the promotion effects in

CuO/ZnO/Al2O3 catalyst.

2 Experimental section

2.1 Preparation of catalyst

CuO/ZnO/Al2O3 catalyst was synthesized by an oxalate

gel co-precipitation method [42]. Mixed zinc nitrate, copper

nitrate and aluminum nitrate (all from Aldrich, 99.999%),

and 20% excess of oxalic acid were dissolved in ethanol

individually. The two solutions were mixed at room tem-

perature by using a peristaltic pump. The precipitate was

separated by centrifuge and dried overnight at 110 �C. Then,
it was calcined at 400 �C for 4 h in a muffle oven. Subse-

quently, the CuO/ZnO/Al2O3 catalyst was obtained. The

metal loading of the catalyst determined by inductively

coupled plasma atomic emission spectroscopy amounted to

CuO/ZnO/Al2O3 (36.80% ± 0.5wt%/Cu, 37.90% ± 0.5wt%/

Zn, 3.50% ± 0.5wt%/Al).

2.2 Catalytic test

The CuO/ZnO/Al2O3 catalyst (1.0 g, 60–80 mesh)

mixed with quartz sand (2.0 g, 60–80 mesh) was loaded in

the isothermal zone of a fixed-bed reactor. After the cata-

lyst was reduced with pure H2 at 250 �C (1 bar) for 4 h, the

temperature was decreased to 200 �C, and the mixture gas

(3 H2/1 CO2) (with 0.1 N2 as internal standard) was cut in.

It was performed at 1 bar and 10 bar with the gas hourly

space velocity (GHSV, h-1) of 3000. The same scheme was

followed at 250 �C and 300 �C. A hot trap (100 �C) and a

cold trap (2–4 �C) were sequentially set at downstream of

the reactor to collect liquid products. The liquid products

were analyzed by using an Agilent 7820A gas chro-

matograph equipped with a capillary column INNOWAX

(30 m 9 0.25 mm) and a flame ionization detector. Gas-

phase products were collected in a gas bag and were ana-

lyzed by using an Agilent GC (7820A) equipped with a

Porapak Q and 5A packed column and a thermal conduc-

tivity detector.

2.3 TEM characterization

Transmission electron microscope (TEM) images were

obtained using a FEI Tecnal G2 F20 SS-TWINTEM

operated at 220 kV. The CuO/ZnO/Al2O3 catalyst was

dispersed ultrasonically in ethanol and loaded onto a cop-

per grid.

2.4 TPR measurement

The reduction behavior of the CuO/ZnO/Al2O3 catalyst

was tested by temperature-programmed reduction (H2-

TPR, Micromeritics AutoChem P 2920). The catalyst was

loaded into a U-tube and treated by a helium flow at 200 �C
for 1 h. After the catalyst was cooled down to 50 �C, the
gas flow was switched from helium to 5%H2/Ar mixtures.

The temperature was increased to 500 �C in the rate of

5 �C/min. The H2 consumption was monitored by a ther-

mal conductivity detector (TCD) throughout the whole

reduction process.
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2.5 QXAFS measurement

QXAFS measurements were performed at Beamline

BL14W1 at the Shanghai Synchrotron Radiation Facility

(SSRF), operated at 3.5 GeV, and Beamline 1W1B of the

Beijing Synchrotron Radiation Facility (BSRF) operated at

2.2 GeV. High-order harmonics were successfully inhib-

ited by using a harmonic suppression mirror. Transmission

mode was performed both at the Cu K-edge and at the Zn

K-edge. Two gas-filled ionization chambers were used to

measure the intensities of the incident beam (I0) and the

transmitted beam (I1) after the sample. The gas used in the

chambers depended upon the element being examined. The

CuO/ZnO/Al2O3 catalyst was mixed with BN and finely

ground to obtain an appropriate absorption edge jump. It

was then centered in a homemade XAFS cell. Detail

information for the cell is given in Sect. 3.4.1.

Firstly, initial states of the catalyst at the Cu K-edge and

Zn K-edge were collected. Next, the whole in situ reduc-

tion treatment was performed at 150 �C (10%H2/He,

1 bar), and the gas flow was kept at 10 ml/min. Then, the

temperature was up to 200 �C, and the reducing gas was

switched to the mixture of 3H2/1CO2 (1 bar). After that,

increasing the temperature (at 5 �C/min) and pressure to

300 �C and 5 bar, respectively, at the gas flow of 50 mL/

min, the XAFS data were collected continuously and each

QXAFS scan took just 60 s. Finally, the XAFS data were

analyzed using the software package of Ifeffit. Phase shifts

and backscattering amplitudes used for the data analysis

were obtained from spectra of the reference compounds of

Cu-foil, CuO, Cu2O, Zn-foil and ZnO. The v(k) data were

multiplied by k3 to compensate the of EXAFS oscillation

damping in the high k-region. Fourier transformation (FT)

from k-space to R-space was performed, and all the EXAFS

data were fitted in R-space. From the analysis, structural

parameters, such as the coordination numbers (N), bond

distance(R), Debye–Waller factor and inner potential shift,

could be calculated.

3 Results and discussion

3.1 Catalytic test

The catalytic activity and selectivity for methanol syn-

thesis on the CuO/ZnO/Al2O3 catalyst are listed in Table 1.

According to the reaction thermodynamics, temperature has

an important effect on the activity performance. The results

show that the CO2 conversion increases with the tempera-

ture. However, the methanol yield at 250 �C is greater than

that at 300 �C. As the methanol synthesis reaction is an

exothermic reaction, the selectivity of methanol decreases

with increasing temperatures, accompanied by increasing

CO selectivity. Therefore, the lower methanol yield is due to

the limitation of thermodynamic equilibrium. Both the CO2

conversion and methanol yield at 10 bar are greater than

those at 1 bar at the same temperatures. Obviously, the

activity performance is significantly affected by the ther-

modynamics effect.

3.2 TEM characterization

TEM images and EXD elemental mappings of the cal-

cined catalyst and reduced catalyst are shown in Fig. 1.

The EDX mappings show uniform distributions of copper

on both catalyst samples, indicating that zinc oxide can

improve copper dispersion in the CuO/ZnO/Al2O3 catalyst.

Therefore, a morphology effect is always postulated to the

role of the zinc oxide in a Cu-based catalyst that ZnO may

optimize dispersion of the Cu particles and stabilize the

active sites by attenuating the unavoidable agglomeration

of Cu particles [43]. The particle size distributions esti-

mated are shown in Fig. 2. The average particle sizes of the

calcined and the reduced catalysts are 7.6 and 8.2 nm,

respectively.

3.3 TPR analysis

In order to investigate the reduction behavior of the

catalyst, TPR measurement was performed. Figure 3

shows the reduction profiles of the CuO/ZnO/Al2O3 cata-

lyst and CuO reference. The peak at 260 �C in bulk CuO is

attributed to the reduction of CuO to metallic Cu, while the

reduction temperature of the CuO/ZnO/Al2O3 catalyst was

obviously lower than that of the reference CuO, with a

major peak at 195 �C and a shoulder peak at 165 �C, which
could be related to the reduction of bulk CuO and highly

dispersed CuO species, respectively [44, 45]. The differ-

ence of TPR profiles between the reference CuO and CuO/

ZnO/Al2O3 catalyst indicates the interaction of Cu species

with promoter ZnO. This is in line with the results of TEM.

Table 1 Activity performances of CuO/ZnO/Al2O3 catalyst in

methanol synthesis reaction

Conditions Ca
CO2

ð%Þ SbCH3OH
ð%Þ SCO

c (%) Yd
CH3OH

%ð Þ

1 bar (200 �C) 7.3 32.7 67.3 2.4

1 bar (250 �C) 12.6 23.4 76.6 2.9

1 bar (300 �C) 17.9 14.6 85.4 2.6

10 bar (200 �C) 10.6 43.3 56.7 4.6

10 bar (250 �C) 17.8 29.5 70.5 5.3

10 bar (300 �C) 21.9 15.7 84.3 3.4

a CO2 conversion. b Selectivity of CH3OH.
c Selectivity of CO.

d CH3OH yield
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3.4 XAFS analysis

3.4.1 The design of the in situ XAFS cell

The actual working chemical state and local geometric

structure of Cu and Zn were studied with in situ XAFS

measurements, as fingerprints to identify the structural state

at different stages. Figure 4 shows a new type of in situ

XAFS cell we designed. Its four windows are of binder-less

polycrystalline boron nitride, a new material for X-ray

windows with desirable purity, chemical and thermal sta-

bility, and the second hardest materials next to diamond.

The BN windows are 2 lm thick, which can endure high

pressures and allow sufficient transmittance for X-ray even

at 5 keV. Made of stainless steel, the in situ cell consists of

a heating system, a cooling system, and a gas system.

Temperatures of the central body, ranging from liquid

nitrogen to 500 �C, are monitored by thermocouples. Its

pressure ranges from vacuum to 0.6 MPa. It allows both

transmission and fluorescence modes. The catalyst was

held inside the reactor using a stainless-steel holder

(Fig. 4b).

3.4.2 Calcined CuO/ZnO/Al2O3 catalyst

Figure 5 shows the Cu K-edge and Zn K-edge XANES

spectra for the Cu/ZnO/Al2O3 catalyst and, for comparison,

the spectra of Cu, Cu2O, CuO, Zn, and ZnO. As the tran-

sition energy depends on the ion charge, the edge position

shifted toward lower energies with oxidation states: 8980.0,

8981.1, and 8984.3 eV for Cu, Cu2O, and CuO, respec-

tively. The Cu K-edge XANES spectra in Fig. 5a are

Fig. 1 TEM image (a) and EDX elemental mappings (b–e) of the calcined (A) and reduced (B) CuO/ZnO/Al2O3 catalysts
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clearly related to the CuO reference in terms of edge

position and features. Figure 5b exhibits the zinc K-edge

XANES profile in the calcined CuO/ZnO/Al2O3 catalyst.

An edge position and features are similar to those of the

ZnO reference. A main peak located at 9669 eV with a

shoulder at 9663 eV can be assigned to the Zn2? dipole-

allowed electron transition relative to 1s–4pa,b and 1s–4pc,

respectively [39].

3.4.3 Reduction behavior of CuO/ZnO/Al2O3 catalyst

by QXAFS

QXAFS spectra were collected continuously in an entire

in situ process. From the TPR results in Sect. 3.3, Cu2?

was gradually reduced by hydrogen at 160 �C, while zinc

oxide was stable even at 500 �C. In order to follow the

detailed structural change in copper species, we performed

the QXAFS measurement at 150 �C and controlled a lower

gas flow at 10 mL/min. However, probably due to the low

temperature and low gas flow, no obvious change was

observed for the first 20 min of the reduction process.

Therefore, the XANES data in Fig. 6a were shown 20 min

later. Figure 6b shows composition changes in the catalyst,

obtained by the linear combination fitting analysis. The

percentage of Cu2? at initial state was 100%, which was in

Fig. 2 Particle size distributions of calcined a and reduced b CuO/ZnO/Al2O3 catalysts

Fig. 3 H2-TPR profiles of the calcined CuO/ZnO/Al2O3 catalyst and

the CuO reference

Fig. 4 In situ XAFS cell. a Schematics in transmission mode; b details of the setup
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line with the analysis result in Fig. 5a. In the reduction

process, the edge position and the white line of the Cu

K-edge XANES remarkably decreased. Cu? and Cu0

phases were detected, resulting from reduction of Cu2?.

The absence of peak in 8984.3 eV was attributed to the 1s–

4p transition in Cu2?, and the presence of peak in 8980 eV

was attributed to the 1s–4p transition in Cu0. The final

stage was characterized by an almost complete depletion of

CuO and the presence of Cu metallic phase. All the copper

atoms got reduced by longer reduction time. In addition,

the presence of Cu? could be observed as the intermediate

in the reduction process by QXAFS method.

The corresponding k3-weighted v(k) data and Fourier

transform spectra are shown in Fig. 6c, d, respectively. The

peak around 1.5 and 2.5 Å without phase-corrected Fourier

transforms in Fig. 6d corresponded to an O shell and Cu–

Fig. 5 Cu K-edge XANES spectra a and Zn K-edge XANES spectra b for the calcined CuO/ZnO/Al2O3 catalyst

Fig. 6 Cu K-edge XANES spectra a, the linear combination fitting analysis b, the corresponding k3-weighted v(k) data c and Fourier transform

spectra d for the calcined catalyst measured under 10%H2/He flow at 150 �C
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Cu (O) shell, respectively. Both peaks decreased gradually

with increasing reduction time, while a new peak attributed

to the Cu–Cu metallic bond increased with the reduction

time. The results of the in situ QXAFS experiment corre-

lated well with other reports that the Cu2? was gradually

reduced to Cu0 [44].

3.4.4 In situ XAFS study under reaction conditions

for CuO/ZnO/Al2O3 catalyst

Figure 7a, b shows the Cu K-edge and Zn K-edge

XANES spectra of the CuO/ZnO/Al2O3 catalyst during

different reaction treatments. There are no obvious changes

in the XANES spectra of copper and zinc. This indicates

that the active phases on CuO/ZnO/Al2O3 catalyst are

stable. Figure 7c shows the corresponding Fourier-trans-

formed spectra for the catalyst. The main peak around

2.2 Å without phase-corrected Fourier transforms corre-

sponded to Cu–Cu metallic shell, and the lower intensity of

the peaks at higher distances indicates the increasing dis-

order effect in the catalyst. The main peaks at different

temperatures in Fig. 7c do not differ significantly in shape,

except for a noticeable variation in the amplitude and bond

distance. According to our previous studies [46–48], the

slight changes could be induced by the increasing disorder

effect.

Due to the large disorder effect of the catalyst at higher

temperatures, data analysis using the conventional Gaus-

sian mode can result in erroneously results [45]. To account

for the deviation from the harmonic behavior, the cumulant

expansion technique was used to correct the error in bond

contraction. The EXAFS fitting results are given in

Table 2. Generally, error bounds (accuracies) that charac-

terize the structural parameters obtained from EXAFS

spectra are estimated at N = ±20% and R = ±1%. The

main peak with the coordination number of *11.0 at

2.54 Å corresponded to the Cu–Cu contribution. It was

similar to that of bulk Cu by considering the error bounds

in N. For zinc (in supporting information Table S1), the

first and second peaks corresponded to Zn–O and Zn–Zn

(O), respectively. The coordination numbers for them were

similar with that of bulk ZnO with tetrahedral structure

Fig. 7 CuO/ZnO/Al2O3 catalyst under different reaction conditions (3H2/1CO2, 5 bar) compared with the foil references. a, b K-edge XANES

spectra, c and d corresponding Fourier transforms magnitudes with the corresponding fitting curve (dotted line)
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[39]. No obvious changes could be observed in the coor-

dination numbers and the bond distance of copper and zinc

at different temperatures. This is in line with the XANES

results, while the Debye–Waller factors for all contribution

bonds gradually become stronger.

From the micro-perspective, the atomic thermal

motion increases with the sample temperature, which

increases the mean square variation of each scattering

path length, and the rT indicates the inherent properties

of atoms which can only be affected by the temperature.

In order to explain the real state of the structural change

(rS), the disorder factor was divided into rT and rS by

the Einstein model. The rT can be obtained from the

fitting results of CuO/ZnO/Al2O3 under nitrogen atmo-

sphere [45]. Therefore, the structural disorder (rS)
obtained is given in Table 2. The structural disorder was

0.0011. The active catalyst consisted of mainly metallic

Cu and ZnO, and the active catalyst structure did not

change with temperature. Therefore, the role of the zinc

oxide in CuO/ZnO/Al2O3 catalyst can be postulated to a

morphology effect that optimizes and stabilizes the dis-

persion of the Cu particles.

4 Conclusion

In situ XAFS method allows detailed and exhaustive

structural characterization of the CuO/ZnO/Al2O3 catalyst

under operation conditions. QXAFS data can be recorded

under different gas mixtures at different temperatures and

pressures. It is demonstrated that activation of the catalyst

precursor occurs via a Cu? intermediate, and the active

catalyst consists of mainly metallic Cu and ZnO, and the

active catalyst structure does not change with temperature

or pressure, indicating that the ZnO improves Cu disper-

sion. This study brings new insights into the complex and

dynamic changes in different in situ treatments.
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