Topics in Catalysis (2021) 64:446-455
https://doi.org/10.1007/511244-021-01414-3

ORIGINAL PAPER

=

Check for
updates

Effect of Au Addition on the Catalytic Performance of CuO/CeO,
Catalysts for CO, Hydrogenation to Methanol

Weiwei Wang' - Desiree Wager Kimpouni Tongo' - Lixin Song’ - Zhenping Qu'

Accepted: 30 January 2021 / Published online: 18 February 2021

© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract

The bimetallic x wt% Au—CuO/CeO, catalysts with different Au contents (x=0.5, 1, 2 wt%) and Au/CeO,, CuO/CeO, sam-
ples are applied for CO, hydrogenation to methanol. The catalysts are characterized by techniques such as XRD, Raman, XPS,
H,-TPR and CO,-TPD measurements. It is shown that addition of 1 wt% of Au to CuO/CeO, improves more significantly
the catalyst activity in CO, hydrogenation to methanol compared with other Au—CuO/CeO, samples. The 1 wt% Au—CuO/
CeO, has a better ability to dissociatively adsorb hydrogen and enhance the number of oxygen vacancies, which leads to the
highest methanol selectivity (I'=240 °C, P=3 MPa, Scy op=29.6%). The in situ DRIFTS reveals that a dual site character
of the Au—CuO/CeO, catalysts for CO, hydrogenation, with CO, being activated on sites of the CeO, support, then stepwise
hydrogenation of (bi)carbonate to formate and methoxy, finally methanol.

Keywords CO, hydrogenation - Methanol selectivity - Gold addition - Hydrogen dissociation

1 Introduction

The atmospheric CO, accumulation, due to human activities
such as burning fossil fuels, deforestation, land use change
and cement production, has become a serious problem for
our environment on account of global warming, climate
change, ocean acidification and glaciers melting. Hydrogen-
ation of CO, to methanol is an attractive and promising way
to solve excess CO, emission and energy shortage problems
[1]. Methanol is a both a clean energy source and a versatile
chemical for several chemical processes.

Due to the high thermodynamic stability of CO,_split-
ting of a C-O bond in the molecule is characterized by a
high energy barrier. Thus, effective activation of CO, is a
critical step in improving the overall reaction kinetics of the
process. Apart from CO, activation, the number of active H
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atom is also a key parameter, which is necessary to promote
hydrogenation of intermediate species [2].

Cu-supported catalysts have been widely used in meth-
anol synthesis from CO, hydrogenation [3, 4]. Providing
more active hydrogen atom can probably further improve
catalytic activity of Cu-based catalysts. It has been reported
that the addition of gold metal to Cu-based catalysts, which
can dissociate hydrogen efficiently [5, 6]. Au NPs have
out-standing efficiency in a broad range of catalytic reac-
tions [7]. The smaller Au NPs have more interfacial sites
and low-coordinated Au atoms, which are believed to be
the active sites to boost the chemical activity [7-9]. The
Au-containing catalysts may not always be active for hydro-
genation. Because of its unique plasmon character, gold has
been extensively used for the photocatalytic conversion of
CO, [10, 11].

Compared to the traditional industrial Cu/ZnO/Al,0,
catalyst, which has been extensively characterized and
studied, these Au catalysts are still barely understood. It
has been found that the first subgroup B elements of the
periodic table (such as Au and Cu) could produce strong
interaction or form alloy with each other, which is the reason
for more active on bimetallic Au—Cu catalyst compared to
the individual Au and Cu catalysts [12]. It has shown that
CeO, is an appropriate support to react with CO, due to
its basic property [13]. Additionally, a synergy of the Au
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with copper to promote a direct and selective conversion of
CO, into methanol has not been identified. In this regard,
CeO,-supported Au—CuO catalysts with different Au load-
ing are employed to illustrate the role of Au in tuning CO,
hydrogenation selectivity.

2 Experimental
2.1 Catalyst Preparation

In the first step, the reducible oxide support CeO, was pre-
pared. The solution of precursor [Ce(NO3);-6H,0] was
continuously stirred and then co-precipitated using NaOH
(0.2 mol/L) as a precipitant. The suspension was aged for
2 h. The resulting precipitate was obtained by filtration,
washed with deionized water and ethanol for three times
to remove the excess ions. Next, the samples were dried
overnight at 80 °C in air and calcined at 500 °C for 4 h under
air. Then the bimetallic Au—CuO/CeO, catalysts were pre-
pared by co-impregnation method with a amount of HAuCl,
(0.5, 1,2 wt% Au) solution, Cu(NOj3),-3H,0 (10 wt%) solu-
tion and the CeO, support. After 30 min of ultrasonic, the
obtained samples were dried and calcined at 400 °C for 4 h.
The Au—CuO/CeO, catalysts with different Au contents were
denoted x wt% Au—CuO/CeO, (x=0.5, 1, 2 wt%).

2.2 Catalyst Characterization

XRD patterns of the calcined catalysts were recorded using
a D/max 22,000. The scanning angle was adjusted from 20°
to 80° at 20 Bragg angle with a step size of 0.02° and a time/
step of 11 s. This technique was used to examine crystallite
phase composition and mean particle size. The mean crystal-
lite size was calculated by Debye—Scherrer equation.

Raman spectra were recorded on a Renishaw equipment.
Room-temperature Raman were excited at 532 nm, the
exposure time was 2 s and the accumulation number was
20 times.

The surface properties of pre-reduced catalysts were
obtained by X-ray photoelectron spectroscopy (XPS). XPS
was performed on K-Alpha+ with 5x 10~ mbar analysis
chamber vacuum. Spectra were obtained for the C 1 s, O
1 s, Au 4f, Ce 3d and Cu 2p regions.

The reducibility property of the samples was investigated
by TPR on a PCA-1200 chemical adsorption instrument. The
catalysts were pretreated in a home-made U-shape quartz
reactor under an N, flow. After this pretreatment, the cata-
lysts were cooled to room temperature. A reducing gas of
10% (v/v) H, in He was then exposed into the reactor at a
flow rate of 120 mL/min and the samples were heated up to
500 °C at a heating rate of 10 °C/min.

H,/CO, temperature programmed desorption were oper-
ated on a mass spectrometer (OmniStar 320). Before the TPD
analysis, all catalysts were reduced with H, (50 mL/min) at
300 °C for 3 h and went through the pretreatment under He at
a rate of 60 mL/min at 310 °C for 0.5 h to clean the catalyst
surface. After cooling to room temperature, the catalyst was
saturated with a Vi, / Vi =1:3 at room temperature for 0.5 h,
followed by purging with He for 1 h to remove the physisorbed
molecules. Afterwards, the TPD experiment was started in
flowing He with a heating rate of 10 °C/min, and the desorbed
CO, data was detected by mass spectrometer (OmniStar 320).
H, temperature-programmed desorption (H,-TPD) were per-
formed as the same procedure as CO,-TPD, and the difference
is that the catalyst was saturated with Vyy /Vy =3:1.

The in situ DRIFTS measurements were done on a VER-
TEX equipment at the temperature of 240 °C and 3 MPa. The
sample was placed in a ceramic crucible in an in situ DRIFTS
cell fitted with ZnSe windows and connected to stainless steel
gas lines. The in situ DRIFTS spectra were recorded with a
resolution of 4 cm™! and with an accumulation of 32 scans
every 30 s during the temperature ramp. The IR data were
analyzed by the OPUS software. The in situ DRIFTS spectra
shown in this work were expressed in units of Kubelka—Munk.
Similar to the reaction tests, the samples were also pretreated
under H, atmosphere at 300 °C. Subsequently, the catalysts
were cooled down to the reaction temperature. The procedures
of in situ DRIFTS experiment were as follows: (1) exposing
to CO,/N, mixture gas (60 mL/min); (2) treating in a N, gas
flow (60 mL/min); (3) changing to the reaction gas mixture
CO,/H, at a flow rate of 60 mL/min for CO, hydrogenation;
(4) exposing to H,/N, atmosphere.

2.3 Catalytic Activity

Activity measurements for CO, hydrogenation were carried
out in a fixed bed reactor. 0.5 g of catalyst was placed in
a stainless-steel tube reactor with diameter of 20 mm and
length of 200 mm. Prior to the activity studies, the calcined
catalyst was reduced at 300 °C for 3 h in pure H, at a rate
of 5 °C /min. After reduction, CO, hydrogenation process
was performed with a 1:3 molar ratio of CO,:H,, pressure
of 3 MPa, temperature range between 200 and 300 °C. The
activity test experiment keeps 2 h at each temperature. CO,
and CO were quantitatively analyzed using gas chromato-
graph (GC) equipped with a thermal conductivity detec-
tor and Porapak-Q column (GC7890T), the target product
CH;OH was analyzed by using GC7900 equipped with flame
ionization detector and a capillary column.
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3 Results and Discussion
3.1 Physico-chemical Properties

To determine the crystalline phase compositions of cata-
lyst, XRD is then carried out and the patterns are shown
in Fig. 1. The reflection peaks associated with Au element
(Au oxide species or metallic Au species) are not observed
in the XRD pattern of x wt% Au/CuO-CeQO, catalysts. The
probable reason to explain is that the presence of the Au is
in a form of highly dispersed nano-particles on the surface
or the Au concentrations are below the detection limits. The
diffraction peaks at 28.5°, 32.9°, 47.4°, 56.3°, 59.1°, 69.4°,
76.7°, and 78.9° are attributed to CeO, with a face-centered
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Fig.1 XRD patterns of monometallic Au/CeO,, CuO/CeO, and
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cubic fluorite structure, and those at 35.5° and 38.7° are well
consistent with CuO of monoclinic structure [14]. Addition-
ally, the peaks associated with CuO species become broaden
after adding gold to the catalysts, it is indicated that adding
gold is beneficial to disperse the copper species and reduce
the size of CuO species.

As depicted in Fig. 2, it is widely known that pure CeO,
sample presents a prominent peak at 464 cm™! correspond-
ing to F,, Raman active mode in CeO, with fluorite-like
structure [15], which can be viewed as a symmetric breath-
ing mode of oxygen atoms surrounding cerium ions. For all
the samples, the bands at 297 cm™! and 632 cm™! associ-
ated with oxygen vacancies appear [16]. The peak fitting
for 632 cm™! and 464 cm™! is plotted in Fig. 2a, and the
Ag3y/A s value for Au/CeO, is the lowest (0.02). The value
for CuO/CeO, (0.18) is much higher than that of Au/CeO,.
For the x wt% Au—CuO/CeO, samples, the Ags,/Ayg Value
increases compared with monometallic catalysts. The higher
Ag3p/Aygy value of 0.36 for 1 wt% Au—CuO/CeO, suggests
the presence of larger number of oxygen vacancy sites, com-
pared with the values of 0.23 and 0.25 for 0.5 wt% Au—CuO/
CeO, and 2 wt% Au—CuO/CeO,, respectively. The surface
oxygen vacancies concentrations of all reduced samples are
investigated by XPS. The changing trend of surface relative
Ce*/(Ce*t + Ce*) ratio is same to the variation of oxygen
vacancies concentration (Table 2; Fig. 3b). The concentra-
tion of Ce3*/(Ce** + Ce®") is in order: 1 wt% Au—CuO/
CeO, (39.4%) > 0.5 wt% Au—CuO/CeO, (33.1%)>2 wt%
Au—CuO/Ce0, (30.6%) > CuO/CeO, (32.1%) > Au/CeO,
(23.4%). The transformation of Ce** to Ce®* can create
the charge imbalance and oxygen vacancy on the catalyst
according to the charge compensation. Meanwhile the rela-
tive amount of the defect oxygen species (Op) on the surface
varies with the amount of the Au contents. 1 wt% Au—CuO/
CeO, has the highest Oy/(O,+ Og+ O,) concentration.
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Fig.2 a Raman spectra of different catalysts and b concentration of oxygen vacancies on the tested samples
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Above all, the trend of surface oxygen vacancies concentra-
tion is same to that of the bulk oxygen vacancies concentra- o~ Au/CeO,
tion. And 1 wt% Au—CuO/CeO, has the highest concentra- B_~J
tion in both reduced state and oxidized state. a I
. ) < 2% Au-CuO/CeO))
Oxygen vacancies in a metal oxide support have been ——
identified as one of the key components which can impact -

. . . = 1% Au-CuO/CeO
the chemical behavior of CO, [17]. It is found that add- & ]
ing gold also promotes the formation of oxygen vacancies, z

. v
especially for 1 wt% Au—CuO/CeO, catalyst. The excess and S
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insufficient gold content have a negative effect on the for- =
mation of defect oxygen, which may be associated with the
different promotion ability of reduction of Ce** to Ce** for CuO/CeO
Au—-CuO/CeO, samples with different gold contents [18]. 2

The H,-TPR profiles of the tested samples are shown in CeO,

Fig. 4. The peak at the lower temperature of 215 °C for 100 200 300 400 500 600 700

Au/CeO, is ascribed to the reduction of ceria surface oxy-
gen and/or the reduction of partially oxidized gold species
[19]. This peak is observed at much higher temperatures
(>550 °C) over pure CeO,, implying that the addition of

Temperature (°C)

Fig.4 H,-TPR profiles of Au/CeO,, CuO/CeO, and Au—CuO/CeO,
catalysts
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gold to CeO, facilitates the reduction of surface oxygen
species. CuO/CeO, shows two reduction peaks, o peak
(210-220 °C) is attributed to the reduction of small par-
ticle size of CuO species and/or the ceria surface oxygen,
v peak (255-265 °C) is attributed to large particle of CuO
species [7]. The reduction temperature of Au—CuO/CeO,
samples is lower than that of CuO/CeQ, due to the addition
of gold [20]. The 0.5 wt% Au-CuO/CeO, has almost the
same CuO reduction peaks to those of CuO/CeO,, because
of the low concentration of gold. Differently, 1 wt% and 2
wt% Au—-CuO/CeO, samples show three H, consumption
peaks. Moreover it is found that more oxygen species could
be reduced at lower temperatures on these both catalysts.
Based on XRD result, CuO particle sizes of 1 wt% and 2
wt% Au-CuO/CeO, samples are smaller, hence, new reduc-
tion peak P should be due to the presence of middle particle
size of CuO. In addition, a upward shift of the reduction
peak from 240 to 258 °C is observed when gold content
increases from 1 to 2 wt%, because the larger CuO particles
are observed over 2 wt% Au—CuO/CeO, sample. The shift of
binding energy of Cu 2p;, peak in all Au—CuO/CeO, sam-
ples is observed (Fig. 3a), which suggests that gold addition
promotes the CuO reduction and then shifts the reduction
temperature to lower. The addition of the gold weakens the
Cu—O bond, enhancing the reducibility of CuO [21].

Apart from CO, activation, the supply of H adatoms is
also important for the hydrogenation reaction in the meth-
anol formation. Figure 5 shows the H,-TPD profiles of
H,-reduced catalysts. No desorption peaks are observed over
CeO,. Au/CeO, has an extremely weak and broad desorption
peak at around 150-300 °C, indicating that gold particles are
responsible for dissociation of H, over Au/CeO,. The CuO/
CeO, catalyst displays two stronger desorption peaks. The

o Au/CeO,
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1 % Au-CuO/CeO,
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Fig.5 H,-TPD profiles of Au/CeO,, CuO/CeO, and Au-CuO/CeO,
catalysts
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former desorption is attributed to the desorption of atomic
hydrogen, and the high-temperature desorption peak pre-
sents the desorption of strongly adsorbed hydrogen on the
bulk of metal particles [20]. It is demonstrated that monome-
tallic gold and copper catalysts are likely to be responsible
for H, adsorption during CO, hydrogenation. The spectra
of 0.5 wt% Au—CuO/CeO, sample is almost same to that
of CuO/CeO, because of low Au concentration. For 1 wt%
Au—CuO/CeO, sample, the H, desorption temperature is
lower and amount of H, desorption is larger. However fur-
ther increase the amount of gold, 2 wt% Au—-CuO/CeO, sam-
ple present a higher H, desorption temperature and smaller
H, desorption compared to 1 wt% Au—CuO/CeO, sample,
which might be result of larger CuO particles.

The Cu 2p spectra for the reduced samples are presented
in Fig. 3a. For all samples, a main peak around 932.4 eV
shows that the copper species are mainly in Cu® state after
reduction. Cu 2p;,, component at 933.7 eV and the shake-
up peak indicate the presence of Cu* ions [22]. The ratio
of Cu®/(Cu* + Cu®) over all samples is almost the same
(46.4-47.8%). Generally, it is acknowledged that Cu® is
responsible for dissociation of H,. Based on the XRD and
XPS results, the dispersion and the number of Cu® is almost
the same among all the samples. However, it has shown the
samples have different H, adsorption ability, which is prob-
ably due to the presence of Au.

The characteristic peaks of Au® and Au™ species over 1
wt% Au—CuO/CeO, are located at 83.8 eV and 85.7 eV in
Au 4f,,, while at 88.4 eV and 89.6 eV in Au 4f5,. It can be
observed that the gold species on the surface of Au—CuO/
CeO, samples is mainly Au™, with small amounts of Au’.
When the H, molecule interacts with Au*, the anti-bonding
states will be less filled compared with metallic Au [14].
This will stabilize the binding between H, and Au™, facilitat-
ing the splitting of the molecule. In this work, we configure
that Au interaction with the Cu enables the ability to supply
H adatoms to hydrogenate CO,. It has been demonstrated
that the hydrogen spillover weakens and the amount of H,
consumed decreases due to inappropriate gold—copper inter-
action (too weak or strong), over 0.5 wt% and 2 wt% sam-
ples. Differently, the interaction between gold and copper
over 1 wt% Au—CuO/CeO, leads to the superior hydrogen
spillover, therefore exhibiting better desorption properties.

3.2 Catalytic Activity

The catalytic performance results of the catalysts are shown
in Table 1. CuO/CeO, exhibits low catalytic performance
toward methanol synthesis from CO, hydrogenation. Spe-
cifically the CO, conversion of which is as low as 3.8-9.6%
from 200 to 300 °C. The methanol selectivity increases
from 8.6 to 17.9% at 200-240 °C, then decreases to 4.3%
at 300 °C. Au/CeO, shows relatively high CO, conversion
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Table1 XPS data measured for Au/CeO,, Cu/CeO, and Au—CuO/
CeO, catalysts

Catalyst Ce™t/ oy Cu’
(Ce™*+Ce™)  (0,+0;+0,) (Cu’+Cu™)
(%) (%) (%)

CuO/CeO, 32.1 65.4 46.7

0.5% Au-CuO/Ce0O, 33.1 67.8 474

1% Au-CuO/CeO, 424 82.9 47.8

2% Au-CuO/Ce0,  30.6 66.7 46.4

Au/CeO, 23.4 59.2 NA

(6.8-12.7% at 200-300 °C), but it favors the formation of
CO rather than methanol. The methanol selectivity of Au/
CeO, keeps decreasing from 21.8 to 0.6% during whole
process. Adding 1 wt% gold increases CO, conversion
(6.3-10.1% at 200-300 °C). The 1 wt% Au—CuO/CeO,
catalyst exhibits the highest methanol selectivity (29.6%)
at 240 °C. The improvement of methanol selectivity over 1
wt% Au—CuO/CeO, is even higher than that of CO, conver-
sion, especially for higher reaction temperature (=240 °C).
However methanol selectivity is found to drop with further
addition of gold (2 wt%).

A comparison of catalytic activity on Cu/Au-based cata-
lysts for CO, hydrogenation to methanol is summarized in
Table 2. The monometallic Au-based catalysts with equiva-
lent gold loading (1.1 wt%) to our work, which shows lower
CO, conversion and CH;OH selectivity compared with 1
wt% Au—CuO/CeO, in our work [23, 24]. Though the mono-
metallic Cu-based catalysts with higher copper contents, the
catalytic performance of these samples is still lower than
that of 1 wt% Au—CuO/CeO, [25-27]. For bimetallic Au—Cu
samples studied by other researchers [28], CO, conversion of
these samples is higher than that of 1 wt% Au—CuO/CeO,,
however, CH;OH selectivity of these samples is much lower.

The 1 wt% Au-CuO/CeO, shows the highest methanol
selectivity among all samples. The CuO particle size of
monometallic CuO/CeO, and bimetallic Au—Cu0O/CeO,
samples is almost similar (22-26 nm), which indicates that
particle size has little influence on catalytic performance.
It is speculated that the excellent catalytic performance of
1 wt% Au—CuO/CeO, sample can be attributed to larger
amounts of oxygen vacancies and active H atoms.

3.3 In Situ DRIFTS Study
3.3.1 High Pressure In Situ DRIFTS of CO, Adsorption

The 1 wt% Au—CuO/CeO, sample with best catalytic per-
formance is chosen as a representative one to illuminate
the effect of Au addition on CO, adsorption over 1 wt%
Au—-CuO/CeO, sample. After CO, adsorption, the methoxy
species (1016, 1048 and 1078 cm™!) and bicarbonates (1240,

1286, 1646 and 1689 cm™") are observed over CeO, sample
(Fig. S1a). For Au/CeQO, sample, the main adsorption spe-
cies still are methoxy and bicarbonate species, additionally,
one weak peak associated with formate species is detected
(Fig. S1b). However, for CuO/CeO, sample, only methoxy
species are the main adsorption ones, indicating that the cop-
per species on the CeO, has an effect on adsorption of CO,
(Fig. S1c). Muttaqgien et al. has demonstrated that pure cop-
per species have ability to adsorb CO, and the properties of
copper species have an influence in CO, adsorption capacity
[29]. As is shown in Fig. S1d, the CO, adsorption species
on 0.5 wt% Au—CuO/CeO, are similar to those of on CuO/
CeO,. The low Au content has a little effect on CO, adsorp-
tion. Figure 6 shows the spectra of CO, adsorption rang-
ing from 1 to 30 min over 1 wt% Au—CuO/CeO, catalyst.
The adsorption of CO, on 1 wt% Au—CuO/CeO, produces
methoxy (1016, 1048 and 1078 cm'l), bicarbonates (1240,
1286, 1646 and 1689 cm™') and carbonate species (1438
and 1521 cm™") [30]. The higher concentration and more
types of adsorption species are observed on 1 wt% Au—CuO/
CeO, catalyst. Hence, the addition of 1 wt% Au to CuO/
CeO, promotes CO, adsorption due to the formation of the
largest number of oxygen vacancies and excellent copper
species properties. As adding 2 wt% Au to CuO/CeO,, the
type and concentration of adsorption species are becoming
smaller (Table 3).

Combining with CO,-TPD result (Fig. S3), pure CeO,
only shows CO, desorption peaks ranging from 50 to 200 °C,
which is assigned to weakly and moderately basic sites [31].
Additionally, a lager desorption peak at around 400 °C is
observed on CuO/CeO, and 1 wt% Au—CuO/CeO, samples,
which probably comes from the decomposition of carbonate
species. As is confirmed by the result obtained from in situ
DRIFTS of CO, adsorption (Figs. 6, S1), carbonates species
are only detected on these two samples. Hence, it is reason-
able to speculate that weakly and moderately basic sites are
active sites for CO, adsorption and activation during CO,
hydrogenation to methanol over Au—CuO/CeO, samples.
Because 1 wt% Au—CuO/CeO, with a higher density of basic
sites readily activates CO, and therefore it is reasonable to
speculate that the hydrogenation activity is governed by the
adsorption and dissociation of H,.

3.3.2 High Pressure In Situ DRIFTS of CO, Hydrogenation

The in situ DRIFT spectra of 1 wt% Au—CuO/CeO, cata-
lyst under CO,+H, is displayed in Fig. 7. Since no peaks
corresponding to methanol are observed. The support CeO,
itself is not active for CO, hydrogenation to methanol. These
results indicate that the presence of active metal is neces-
sary for the CO, hydrogenation to methanol [32]. Neither
Au/CeO, nor CuO/CeO, shows good methanol selectivity.
Gold is demonstrated to be more selective and active for the
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Table 2 The catalytic activity of Au—CuO/CeO, catalysts for CO, hydrogenation to methanol
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Bold values indicate the best catalytic performance compared with other samples

2
=
=
=
«®
=
D
=
=
M 1014 1438 1521
]
T T T T T T T
1000 1200 1400 1600 1800

Wavenumber (cm'l)

Fig.6 In situ DRIFT spectra of CO, adsorption over 1% Au—-CuO/
CeO, catalysts under 240 °C and 3 MPa

formation of CO/CH, rather than CH;OH product in CO,
hydrogenation reaction [33]. For a series of Au—CuO/CeO,
samples, the type and concentration of intermediate spe-
cies on 0.5 wt% Au-CuO/CeO, is almost identical to those
of on CuO/CeO, sample (Fig. S4d). For 2 wt% Au—CuO/
CeO,, only a small concentration of methanol is observed
(Fig. S4e). The interaction between gold and copper of high/
low gold loading catalyst is both unfavorable for providing
active H* species.

Differently, compared to other samples, the intensities
of methoxy (1078 and 1498 cm™") and formate (1390 and
2703 cm™") on 1 wt% Au-CuO/CeO, become stronger, sug-
gesting an improvement of H, dissociation. And a larger
number of methanol is detected on 1 wt% Au—CuO/CeQ,.
Evidently, the interaction between gold and copper over 1
wt% Au sample leads to a remarkable enhancement of meth-
anol selectivity, while the improvement is very little on their
single counterparts. It is reported that the hydrogen spillover
is beneficial to enhance methanol formation rate, resulting
in higher methanol selectivity [34]. It has shown that the
superior methanol selectivity of CuO-ZnO-ZrO,~GO is
attributed to a promotional effect of GO nanosheet serving
as a bridge between mixed metal oxides which enhances a
hydrogen spillover from the copper surface [35]. The hydro-
gen spillover improves methanol yield over Au/Cu—Zn—Al
catalyst for methanol synthesis from CO, [28]. Thus it is rea-
sonable to suggest that the fine interaction between Au and
Cu promotes the hydrogen spillover over 1 wt% Au—CuO/
CeO,, resulting in higher methanol selectivity.

It is known that the reaction temperature also plays a
significant role in the evolution of intermediate species,
resulting in different catalytic performance of CO, hydro-
genation to methanol. Figure 8 shows in situ DRIFT spectra



Topics in Catalysis (2021) 64:446-455 453
Table 3 The CO, conversion and CH;OH selectivity on Au, Cu-based catalysts for CO, hydrogenation to methanol
Catalyst H,:CO, ratio Temperature Cu/Au content Pressure (MPa) CO, conver-  CH;0H selec-  References
°C) sion (%) tivity (%)
Au—CuO/CeO, 3:1 240 Au 1 wt% 3 6.7 29.6 This work
Cu 10 wt%
Au—CuO/SBA-15 3:1 250 Au 3 wt% 3 24 13.4 [5]
Cu 24 wt%
Au/AlLO4 3:1 240 Au 1.1 wt% 0.5 3.7 0.4 [16]
Au/Zr0O, 3:1 240 Au 1.1 wt% 0.5 9.3 34 [16]
Au/ZnO 3:1 240 Au 1.1 wt% 0.5 0.4 50.6 [16]
Au/ZnO/ZrO, 3:1 220 Au 62.5 wt% 8 1.5 100 [17]
CuO/ZrO, 3:1 220 Cu 32 wt% 3 4.2 539 [18]
CuO/TiO, 3:1 220 Cu 10 wt% 3 0.19 29.8 [19]
CuO/ZnO 3:1 250 Cu 10 wt% 5 11.7 36.1 [20]
Au/Cu-Zn-Al 6:1 240 Au 1 wt% 4 16 5 [21]
Cu 38 wt%
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Fig.7 In situ DRIFT spectra of CO,+ H, over 1% Au—CuO/CeO, catalysts at 10002200 cm™~! and 2600-3100 cm™~! under 240 °C and 3 MPa
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Scheme 1 Possible reaction pathway of CO, hydrogenation to metha-
nol over 1% Au-CuO/CeO, sample

of CO, hydrogenation over 1 wt% Au—CuO/CeO, from
240 to 300 °C. The peaks assigned to bicarbonates (1240,
1274, 1646, 1689 cm_l) decrease from 240 to 300 °C,
simultaneously, the intensities of methoxy (1016, 1078,
1498 cm™"), formate (1390, 2703 cm™') intermediates start
to increase 240 °C to 300 °C. Additionally, methanol (2834
and 2948 cm™!) and by-products CO (2127 cm™!) as well as
methane (3016 cm™') increase at 240-300 °C. Obviously,
these observations illustrate that bicarbonates adsorbed on
CeO, are firstly hydrogenated into formate, then methoxy
and finally methanol, as is shown in Scheme 1. The findings
proposed in the work would be helpful for designing com-
plex catalysts with multiple active components.

4 Conclusions

This work investigates the effect of Au addition on catalytic
performance of Au—CuO/CeQO, catalysts for CO, hydrogena-
tion to methanol. Tuning Au loading can affect the formation
and evolution of the surface species, therefore controlling
the catalytic performance. The 1 wt% Au—CuO/CeO, is able
to activate both H, and CO, for the efficient production of
methanol. Additionally, in situ DRIFT experiments suggest
the formate pathway for the reaction mechanism on 1 wt%
Au—CuO/Ce0,, and CO, molecular firstly is adsorbed and
activated on CeO, forming (bi)carbonates, and then formate
and methoxy species, finally methanol.
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