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ABSTRACT

A series of CuO/Ceq.xZryO, catalysts (x = 0.2, 0.4, 0.6 and 0.8) are applied to elaborate the effect of
the Zr/Ce ratio on the catalytic performance of CO, hydrogenation to CH3OH. The best catalytic per-
formance is achieved with CuO/Ceg4Zros0,, exhibiting Xco; = 13.2% and Ycyzon = 9.47% (T = 280 °C,
P = 3 MPa). The formation of dispersed surface CuO species and larger number of oxygen vacancies are
detected over CuO/Ce4Zros0, due to stronger interaction between CuO and Ceg4Zrgg0-, resulting in the
superior activation ability for H, and CO, respectively. Additionally, the evidence is provided by in situ
DRIFTS under the activity test pressure (3 MPa) that bi/m-HCOO* species are preferable for accumulating
over ceria-rich (CuO/CeqgZrg40, and CuO/CeqgZrg,0,) catalysts while zirconia-rich (CuO/Ceg4Zrps0, and
CuO/Ceg,Zrpg0,) catalysts are benefit to encourage the transformation of bi/m-HCOO* species to CH;0H.
The abundant population and high activity of intermediate species over CuO/Ce4Zro0O; give a strong
positive effect on the catalytic performance.

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

CO, reuse is a mandatory key step to achieve a sustainable
and carbon-neutral anthropogenic cycle. CH30H is an excellent
liquid fuel and a feedstock for the manufacture of chemicals
that is also reasonably safe to use and transport [1]. The appli-
cability of copper-based catalysts in the synthesis of CH30H via
CO, hydrogenation is broad because of the ample evidence that
copper commonly dispersed on metal oxide substrate due to the
metal-support interaction effect [2,3]. Many studies are dedicated
to improve its efficiency by introducing various oxides, such as
zirconia [4], ceria [5], alumina-doped ceria [6], gallium [7], and
lanthana [8]. In addition, Cu/CeO, is regarded in general as more
active catalytic system than others for CO, hydrogenation, because
the interaction effect between Cu and CeO, is responsible for
the enhanced activity of CO, hydrogenation [9,10]. Nevertheless,
it still shows the unsatisfactory CH3;OH selectivity at decent CO,
conversion over copper-based catalysts. It has been reported that
the addition of ZrO, to CeO, leads to improvements in oxygen
storage capacity of CeO,, redox property and promotion of metal
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dispersion due to the partial substitution of Ce*+ with Zr*t in the
lattice of CeO, resulting in solid solution formation [11]. Ce;_xZrxO,
solid solution is found indeed to improve metal-support inter-
action with beneficial effect on catalytic performance, and has a
huge number of applications, such as a direct component or a sup-
port, ranging from CO oxidation [12], selective catalytic reduction
NO by NH3 [13], automotive emission control [14]| to water-gas
shift reaction [15]. However, its application in CO, hydrogenation
is very limited. In fact, Ce;_xZrxO, solid solution has higher ba-
sicity or electron-donating ability and can assist the conversion
of CO, [16]. Additionally, oxygen vacancies are also more easily
generated in the Ce;_xZryO, solid solution, which are profitable in
hydrogenation reactions [17]. Therefore, Ce;_xZrxO, solid solution
supported copper catalyst is expected to have a beneficial effect on
the CO, hydrogenation to CH3;OH activity. Moreover, the extent of
promotion effect of Ceq_xZrxO,, giving rise to different degrees of
interaction between Cu and Ce;_xZrxO, solid solution, is known to
depend on the variable Zr/Ce ratios for selective catalytic reduction
of NO with NH3, reforming of ethylene glycol [18-20].

The present work is focused on the effect of incorporating Zr4t
into CeO, on the catalytic performance of CuO/Ce;_xZrxO, for hy-
drogenation of CO, to CH3OH. In situ Diffuse Reflectance Infrared
Fourier Transform spectroscopy (in situ DRIFTS) is conducted to

2095-4956/© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.
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get insight into the reactivity of the intermediate species for CO,
hydrogenation to CH3OH, elucidating the underlying mechanism
of the experimentally observed synergistic effect on promoting
CH30H formation over CuO/Ce;_xZrxO, catalysts.

2. Experimental
2.1. Preparation of catalysts

CuO/Ceq_xZrx0O, (x = 0.2, 0.4, 0.6, 0.8) catalysts were prepared
by an oxalate coprecipitation method using copper (II), cerium
(IV) nitrate and zirconium (IV) nitrate as precursors. The desired
amounts of precursors were dissolved separately in distilled wa-
ter under 70 °C stirring conditions and mixed together for 1 h.
Then the samples were aged for 2 h at room temperature. The ob-
tained samples were dried at 80 °C overnight and subsequently
calcined at 450 °C for 4 h at a heating rate of 5 °C/min in air
atmosphere to obtain the final oxide materials. Then the mate-
rials were crushed and sieved to a size range of 40-60 mesh.
The final CUO/CEo_gzro'zoz, CUO/CEO_GZTOAOz, CuO/Ce0_4Zr0_502 and
CuO/Ce(,Zrpg0, catalysts was labeled as x = 0.2, x = 0.4, x = 0.6
and x = 0.8, respectively. The traditional CuO/ZnO/Al,03 catalysts
were prepared by Na,CO3 co-precipitation method [21].

2.2. Catalyst characterization

XRD patterns were collected on a using XRD (D/max 22000) in-
strument equipped with nickel-filtered Cu Ko (0.15418 nm) radia-
tion source and a scintillation counter detector. The Raman spec-
tra were obtained at room temperature using a LabRam HR800.
The BET surface areas were determined by N, physisorption at lig-
uid N, temperature on a Quanta chrome Autosorb SI instrument.
XPS analysis was carried out on ESCALAB250 with an Al Ko spec-
trometer. All binding energies were measured within a precision
of £0.3 eV. The metallic copper surface area (Scy) and dispersion
(Dey), particle size (dcy) was determined by using N,O chemisorp-
tion according to the procedure described by Van Der Grift et al.
[22].

The temperature-programmed reduction of H, (H,-TPR) was
conducted on a Chembet PULSAR TPR/TPD instrument. 50 mg of
the sample was used in each measurement. The samples were
first pre-treated under He (120 mL/min) at 200 °C for 0.5 h, and
then cooling down to room temperature. After that, the gas flow
was switched to 10 vol% H,/He, and the sample was heated to
500/900 °C at a rate of 10 °C/min.

The temperature-programmed desorption of H, (H,-TPD) was
studied using the same apparatus as for H,-TPR. Firstly, 100 mg
of the pre-reduced sample (v = 50 mL/min, pure Hy, 300 °C, 3 h)
was degassed for 0.5 h in flowing He at 300 °C followed by cooling
down to 30 °C. Then the sample was saturated with a mixture of
H,/He, followed by purging with He for 1 h to remove the phys-
ically adsorbed H,. After that the sample was heated from 30 to
750 °C in He at a ramp of 10 °C /min.

The temperature-programmed desorption of CO, (CO,-TPD) was
performed on a quadrupole mass spectrometer (QMS, Pfeiffer Om-
niStar). The catalyst was firstly reduced, and then pre-treated in He
at 310 °C for 0.5 h. Next, the samples were saturated with CO,/He
at around 30 °C for 30 min and then flushed with He to evacuate
the surface physisorbed CO,. TPD experiment was operated from
30 to 450 °C for CO,-TPD.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (in situ DRIFTS) analysis was applied to evaluate the evo-
lution of the intermediate species under V(CO,):V(H,) = 1:3 atmo-
sphere at 280 °C and 3 MPa. Spectra were recorded with Vertex
70, Bruker equipped with a liquid N, cooled MCT detector. The
pre-reduced sample was firstly exposed to pure N, at the same

total flow rate (60 mL/min) as the reaction. After sweeping, the
system was added into the mixture gas CO, + N, until reaching
adsorption saturation, and then the gas H, + CO, substituted for
CO, + N,. The spectra of intermediate species were recorded as a
function of time at 280 °C. The scans were collected ranging from
4000 to 800 cm~! at a resolution of 4 cm~!. The intensities were
evaluated in Kubelka-Munk units, which were linearly related to
the coverage of adsorbed species on the catalyst surface.

2.3. Catalytic activity measurement

The evaluation of catalyst activity was conducted using a fixed
bed continuous-flow reactor packed with 0.5 g of Hy-reduced cat-
alyst. The temperature of the catalyst bed was tested as reaction
temperature by inserting a thermal couple into the catalyst. Then,
the gas mixture containing V(CO,)/V(H,) = 1/3 was fed into the re-
actor with a space velocity of 10,000 h—!. Meanwhile, the temper-
ature increased from 200 to 300 °C with a heating rate of 5 °C/min
and kept at each temperature (200, 220, 240, 260, 280 and 300 °C)
for 2 h. The reaction gas (CO,) and reaction by-product (CO) were
analyzed with GC7890T equipped with thermal conductivity de-
tector (TCD) and Porapak-Q column, and the products (including
CH30H and CH,4) was analyzed by using GC7900 equipped with a
flame ionization detector (FID) and a capillary column. The carbon
balance in the reaction reaches above 98%.

[CO2]in — [CO2]oue
[CO2];n

[CO30H]gy
[Coz]in - [Coz]out

Xcoz (%) = x 100

Schycn (%) = x 100

Yer,on (%) = Xco, (%) x Sch,on x 100

Hco,Xco,Mcy

TOF =
VinWcumecatDey

[CO,z ], and [CO,]out are CO, inlet and outlet amounts (mmol/
min), respectively.

[CH30H]out is CH30H amount (mmol/min) in the product.

Hcoz is CO, flow rate in the feed gas, Xcoy is CO, conversion,
M¢, is molar mass of Cu; Vy, is standard molar volume of gas; wc,
is mass percent of Cu (28%), mca¢ is catalyst mass; D¢, is the dis-
persion of Cu which is calculated through the N,O chemisorption.

3. Results and discussion
3.1. Structural and textural properties

The textual properties of CuO/Ce;_xZrxO, catalysts are given in
Table 1. And it is found that the surface area (Sggr), pore volume
(PV) and pore diameter (PD) rises with the increase of Zr/Ce ratio
from x = 0.2 to x = 0.6, and then drops with the further increase
of Zr/Ce ratio. The CuO/Cey4Zrgs0, sample possesses the largest
surface area (117.6 m?/g). The same changing trend occurs for PV
and PD. The representative SEM images of four samples are shown
in Fig. 1. All samples exhibit a nano-crystal nature with irregular
morphology and the Zr/Ce ratio shows significant influence on the
grain size. Nanoparticles with 10-15 nm in size are predominant
for the x = 0.6 sample, which is smaller than those of x = 0.2, 0.4
and 0.8 in general. Moreover, the morphology of CuO/Ceq 4Zryg0,
is more uniform than others.

XRD patterns of Ceq_xZryO, and CuO/Ce;_xZryO, materials are
presented in Fig. 2. As can be noted from Fig. 2(a), with regard
to all the samples, no characteristic diffraction peaks of ZrO, are
observed. The diffraction peaks of CeO, for Ce;_xZrxO, shift to
higher values of 20 compared with pure CeO, with the increase
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Table 1. Textural and structural properties of Ce;_ZryO, and CuO/Ce;_yZryO, catalysts.
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Catalyst  Cey_xZryO, cell parameter ~ CuO/Ce;_xZryO, cell parameter  dcyo® (nm)  Sger (M2/g)  PVP (cm3/g) PDP (nm)  Sou© (M2/g)  De© (%)  de (nm)
Ce0O, 5.441 5.441 NA NA NA NA NA NA NA
x=02 5.418 5.411 254 389 0.15 34 294 49 20.2
x =04 5.426 5.372 20.7 41.8 0.11 3.7 40.9 5.2 191
x=0.6 5.248 5.158 13.6 117.6 0.29 8.1 64.7 9.5 10.5
x =028 5.283 5.197 151 54.1 0.19 3.8 49.5 5.4 184
Sger data from BJH pore size distribution desorption branch.
The catalyst ¥ = 0.6 shows the best catalytic performance, hence, its corresponding values are bold.
4 Determined by XRD data.
b Pore Volume (PV) and Pore Diameter (PD) data from BJH pore size distribution desorption branch.
¢ Determined by N,O chemisorption method.
ot HV Pressure 5.0pm
0 ETD 20.0 kV
Fig. 1. SEM images of CuO/Ce;.4ZryO, catalysts.
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Fig. 2. XRD patterns of Ce;_yZryO, (a) and CuO/Ce;_xZryO, (b) catalysts.
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Table 2. H,-TPR and XPS data measured for CuO/Ce;.4ZryO, catalysts.

Catalyst afle + B +y) Blla + B +v) Ce3*/(Ce3* + Ce*t) (%) (Og + 0,)/(0n + Og + Oy) (%) Cu®/(Cu® + Cu?*) (%)
x =02 18.1 50.5 15.1 35.7 70.2
x =04 23.7 56.9 18.6 49.1 76.1
x=0.6 314 64.4 294 76.2 88.6
x =08 28.8 574 254 57.2 824

The catalyst x = 0.6 shows the best catalytic performance, hence, its corresponding values are bold.

Y
B
o
. x=0.8]
s
g
.E x=0.6
-
o
: A
z
g L x=0.4
]
= A
_ = = x=0.2
150 200 250 300 350 400

Temperature (°C)

Fig. 3. H,-TPR profiles of CuO/Ce;.4ZryO, catalysts.

of Zr/Ce ratio, which is consistent with a decrease in the lat-
tice cell parameter on the substitution of Ce*t by Zr*t cations
(Table 1), forming Ceq_xZrxO, solid solution [23]. When Zr/Ce ra-
tio is further increased to x = 0.8, the peak position shifts back
to lower angle along with the increase in lattice cell parame-
ter (Table 1), which demonstrates the decrease of the amount of
substitution of Zr*+ into CeO, unit cell. After copper is added
on Ce;_xZryO, (Fig. 2b), the positions of the diffraction peaks of
Ceq.xZry0, solid solution are further shifted to higher 26 value.
The lattice cell parameters of CuO/Ce;_xZrxO, are lower than those
of Ce;.xZrxO, supports, which can be attributed to the introduc-
tion of Cu?* into Cej_xZryO, support [24]. Additionally, it can be
seen that the peaks associated with CuO species are observed over
CuO/Ce _xZrxO, catalysts. The width and intensity of CuO peaks
vary with the Zr/Ce ratio due to the different strength interaction
effect between CuO and Ce;_xZrxO, solid solution [25]. The crys-
tallite size of CuO (260=35.3°) determined by Scherrer equation de-
creases from 25.4 nm (x = 0.2) to 20.7 nm (x = 0.4), 13.6 nm
(x = 0.6) and then increases to 15.1 nm (x = 0.8), showing that
x = 0.6 is provided with stronger interaction between CuO and
Ceg4Zrp 0, solid solution. Above all, it is demonstrated that there
are two types of CuO species, namely surface CuO species and
Cu?* in the Cu-Ce-Zr solid solution, on all samples. What’s more,
CuO/Ceg4Zrp0, displays the best fine dispersion of surface CuO
and forms the largest number of Cu-Ce-Zr solid solution.

3.2. Effect of Zr/Ce ratio on the reducibility of catalysts

The Hj-reduction profiles of CuO/Ce;_xZryO, catalysts are
shown in Fig. 3. For all CuO-based catalysts, reduction peaks of
CuO are centered in the range of 230-350 °C and deconvoluted
into three peaks. The « peak at lower temperature (240-260 °C)
is assigned to the reduction of Cu?t in the Cu-Ce-Zr solid solu-
tion [26]. The B peak (290-305 °C) corresponds to the reduction
of small crystalline sized CuO species. The y peak (310-330 °C)
is the reduction of CuO species with large crystalline particle size.

Both o and B peak areas of CuO/Ceg4Zrgg0, catalyst are the high-
est among theses CuO/Ce;_xZrxO, catalysts, indicating the presence
of a larger number of Cu-Ce-Zr solid solution and more dispersed
CuO with small size compared with other samples (Table 2). This
result is consistent with XRD results. Meanwhile, the reduction
peaks in x = 0.6 sample appear at lower temperatures compared
with those in other samples, which means that a stronger interac-
tion does exist between copper species and Ceg 4Zryg0, solid solu-
tion in the CuO/Ceq 4Zr( g0, catalysts, and Cu?* species can be eas-
ily reduced. XPS results (Fig. 4a and Table 2) show that Cu® species
(>70%) are the dominant ones over these CuO/Ce;_xZrxO, catalysts
after H, reduction, and CuO/Ceg4Zrog0, catalyst has higher con-
centration of Cu® species (88.6%) than others due to the better re-
ducibility of the catalyst.

To verify the properties of the Cu® species of the H,-reduced
CuO/Ceq.xZrx0, catalysts, Cu dispersion (D¢;) and Cu surface area
(Scu) determined by N,O chemisorption are listed in Table 1. It can
be seen that D, increases with the increasing of Zr/Ce ratio from
x = 0.2 to x = 0.6 and then decreases when x = 0.8. The x = 0.6
sample shows a significantly high Cu dispersion of 9.5%, and simi-
larly, the S¢, of x = 0.6 gives 64.7 m?/g, which is larger than that
of other samples.

3.3. Effect of Zr/Ce ratio on the formation of oxygen vacancies

The Raman spectroscopy is sensitive to both M-O bond ar-
rangement and oxygen vacancies. The differences within the oxy-
gen displacement of the Ce;_xZrxO, solid solution are investigated
by Raman spectroscopy. As is shown in Fig. 5(a), there exists a
peak at 290 cm~! associated with CuO species Raman band for
CuO/Ceq_xZrxO, samples. Pure CeO, shows a single strong Raman
band at 463 cm~!, which is ascribed to the vibration mode of
the fluorite structure [24]. It is found that the peak at 463 cm™!
becomes weak and broad for all CuO/Ce;_xZrxO, compared with
CeO,, more importantly, this kind of broadness is the most ob-
vious for CuO/Cey4Zrys0, samples, demonstrating that the larger
amounts of Cu-Ce-Zr solid solution form over x = 0.6 sample. Two
bands at approximate 310 cm~! and 632 cm~! assigned to the dis-
placement of oxygen atoms from their ideal fluorite lattice posi-
tions and nondegenerate Longitudinal Optical (LO) mode of ceria
respectively appear, which is resulted from the substitution of Ce**+
with Zr#*+ [27]. The ratio of the two peaks at 632 cm~! (denoted
as Ag3y) and at 463 cm~! (denoted as Aug3) can represent the rel-
ative oxygen vacancy sites [28]. The peak fitting for 632 cm~! and
463 cm~! is plotted in Fig. 5(a). The higher Ag3;/As63 value of 1.51
for x = 0.6 (Fig. 5b) suggests the presence of larger number of
oxygen vacancy sites, compared with the values of 0.41, 0.62, and
0.71 for x = 0.2, x = 0.4 and x = 0.8, respectively. The changing
trend surface relative Ce3*/(Ce*+ + Ce3*) is same to the variation
of oxygen vacancies concentration (Table 2 and Fig. 4b). The con-
centration of Ce3*/(Ce*t + Ce3t) is in order: x = 0.6 (29.4%) >
x = 0.8 (25.4%) > x = 0.4 (18.6%) > x = 0.2 (15.1%). The trans-
formation of Ce*t to Ce3* can create the charge imbalance and
oxygen vacancy on the catalyst according to the charge compensa-
tion. Meanwhile the relative amount of the defect oxygen species
on the surface, including chemisorbed oxygen species on oxy-
gen vacancies (Og) and hydroxyl-like groups such as chemisorbed
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Fig. 4. XPS spectra of Cu 2p (a), Ce 3d (b) and O 1s (c) over Hy-reduced CuO/Ce;_ZryO, catalysts.

water (0, ), vary with the amount of the ratio of Zr/Ce (Fig. 4c and
Table 2). Importantly, CuO/Ceq4Zrgs0, catalyst shows the high-
est Og + O, concentration (49.1%), followed by CuO/CegZrg40;
(33.7%), CUO/CCO'GZFOBOZ (291%) and CUO/CCO.SZro'zoz (272%) In
summary, the number of Cu-Ce-Zr solid solution varies with the
Zr/Ce ratio, and results in the different concentrations of oxygen
vacancies, which will further facilitate the adsorption and activa-
tion of CO, on the surface and stabilize the reaction intermedi-
ates in the CO, hydrogenation to CH3OH reaction [29]. Moreover,
it is well known that the generation of oxygen vacancies will be
beneficial for the formation of a strong metal-support interaction
between Cu and Ce;_xZrxO, [30]. Hence, the largest amount of oxy-
gen vacancies over x = 0.6 leads to the stronger interaction be-
tween Cu and Ceg4Zrgg05.

3.4. Effect of Zr/Ce ratio on the adsorption behaviors of catalysts

The surface-adsorbed H, and CO, play key roles in CO, hy-
drogenation to CH3OH, and Fig. 6 shows the H,-TPD patterns of
CuO/Ce;_xZrxO, samples. Two H, desorption peaks are observed,
a broad weak signal at 300-550 °C (Fig. 6a) and a strong signal
at 550-750 °C (Fig. 6b). The former peak is assigned to the hy-
drogen species adsorbed on Cu in the form of Cu-H bonds [31].
The lower desorption temperature of former peak is observed over
CuO/Ceq4Zrg 0, compared with other samples due to larger num-

ber of accessible Cu sites are conductive to the H, adsorption over
CuO/Ceq4Zrp 50, sample [32]. The latter peak stems from the ad-
sorbed spillover hydrogen from the Cu® species to the Cej_xZryO,
surface [33]. The intensity of latter peak is in the order of x = 0.6
>x =08 >x =04 > x = 0.2, indicating that x = 0.6 is much
more favorable for the spillover of atomic hydrogen on the metal
oxides.

Fig. 7 illustrates the CO, desorption curves over the H,-reduced
samples from 50 °C to 450 °C. The low-temperature region
(<150 °C) is assigned to the weak basic sites; the 150-300 °C
region is attributable to the middle basic sites while the high-
temperature (>300 °C) region corresponds to the strong basic
sites [34]. It is presented that, as shown in Fig. 7(a), CexZr_xO,
solid solution has amounts of weak basic sites while pure CuO
mainly has the middle basic sites. In addition, as shown in
Fig. 7(b), it is observed that the amount and intensity of each
basic site on the Cu-containing catalysts is much higher than that
on the Cu-free catalyst due to the interaction effect, especially
for CuO/Ceg4Zrps0, sample. The interaction between Cu and
Cey.xZrxO, strongly improves the CO, adsorption capacity.

3.5. Catalytic performance of CuO/Ce;_xZrx0>

The Hj-reduced CuO/Ce;.xZrxO, (x = 0.2, 0.4, 0.6, 0.8) cata-
lysts are adopted to examine the catalytic performance for the CO,
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24

W. Wang, Z. Qu and L. Song et al./Journal of Energy Chemistry 47 (2020) 18-28

(a) 25e-14|  |(D) 2.5E-14
x=0.2 e x=0.2
t..\ =:
i x=0.4 \E
2 S x=0.4
i x=0.6| E
/\\_\ x=0.8 x=0.6
f
%
7% cuo S~ y
100 200 300 400 100 200 300 400
Temperature (°C) Temperatue ('C)

Fig. 7. CO,-TPD profiles of Ce;4ZrxO, (a) and CuO/Ce;.4ZryO, (b) catalysts.

hydrogenation to CH3OH. Fig. 8(a) illustrates the CO, conversion
as a function of temperature over CuO/Ce;_xZrxO, (x = 0.2, 0.4,
0.6, 0.8) catalysts. The CO, conversion is extremely low without
the copper species and the value is below 3%. CO, conversion
is enhanced greatly after adding CuO and the value differs by
Zr/Ce ratio. Clearly, the activity of the Hy-reduced CuO/Ce 4Zrg 60,
catalyst is better than that of the other catalysts from 200 to
300 °C. The CO, conversion of the CuO/Ceq 4Zry g0, catalyst is 5.4%,
7.0%, 9.2%, 9.9%, 13.2% and 15.6% at reaction temperature of at
200, 220, 240, 260, 280, 300 °C, respectively. Fig. 8(b) shows the
CH30H selectivity of CuO/Ce;_xZrxO, (x = 0.2, 0.4, 0.6, 0.8). The
decrease in CH3OH selectivity with increasing temperature has oc-
curred mainly due to the shift of reaction towards RWGS reaction
and CO, methanation [35]. The barely CH30H production is de-
tected over Ceg4Zrgs0, solid solution. After the addition of cop-
per into Ceg4Zrgg0, solid solution, the target CH3;0H selectivity
increases in a great extent. The value of CH3OH selectivity in the
order is x = 02 < x = 04 < x = 0.8 < x = 0.6. The selectiv-
ity of the CuO/Ceg4Zrgc0, catalyst is about 97.8%, 96.4%, 93.9%,
85.7%, 71.8% and 40.6% at 200, 220, 240, 260, 280, 300 °C, respec-
tively. What's more, the x = 0.6 sample also possesses the largest
CH3OH yield at all reaction temperatures, and the maximum value
is 9.47% at 280 °C (Fig. 8c). The activity of the catalysts is also
compared on the basis of turnover frequencies, which are calcu-
lated as molecules of CO, converted per second on Cu® surface site
(TOFco, at 280 °C) (Fig. 8d). The CuO/Ce4Zrgs0, sample shows
the highest TOF¢g, value (0.13 s~1). The comparison of catalytic
properties between CuO/Ce;_xZryO, and benchmark Cu-ZnO-Al,03
under the same conditions is presented in Fig. S1. A series of cat-
alysts exhibit significantly different reaction performance, with the
CuO/Ceq 4Zrg 0, and CuO/Ceq,Zrg g0, catalyst having a higher CO,
conversion (13.2% and 10.4%) than Cu-ZnO-Al,03 (9.8%) and a dra-
matically higher CH;0H selectivity (71.8% and 61.6%) than the lat-
ter (40.2%). To sum up, the CuO/Ceq4Zry50, sample present supe-
rior catalytic performance in terms of CO, conversion and CH3OH
production.

The role of Cu-CeO, and Cu-ZrO, interaction has been debated
and previous our study suggest that the interaction has a posi-
tive influence on CH30H formation via CO, hydrogenation [9]. The
ternary CuO/Ce;_xZrxO, catalyst exhibits much higher methanol
yield than either Cu/CeO, or Cu/ZrO,, suggesting that the inter-
action should also play an important role in the CuO/Ce;_xZrxO,
catalyst for CO, hydrogenation. H,-TPR (Fig. 3), N,O chemisorption
(Table 1) and H,-TPD (Fig. 6) results prove that the CuO-Ce;_xZrxO,

interaction enhance the dissociation of H, and spillover of atomic
hydrogen. As a result, more active H* species can participate in
the CO, hydrogenation reaction, which are advantageous to in-
ducing the hydrogenation of CO, to formate and methoxy, leading
to the promotion of the activity of CO, hydrogenation to CH30H
[36].Combining the results of XPS (Fig. 4) and CO,-TPD (Fig. 7), it
can be concluded that the CuO-Ce;_xZrxO, interaction promotes
the formation of oxygen vacancies, which should be the active
sites for CO, adsorption. Then it is benefit to activate CO, and
stabilize the reaction intermediates, elevating the catalytic perfor-
mance [37]. The larger amount of oxygen vacancies and higher
dispersion of Cu® species on the CuQ/Ceg4Zrys0, catalyst due to
Cu0-Ce(4Zrg60, stronger interaction, which promotes the adsorp-
tion of CO,, enhance the dissociation of H, and spillover of atomic
hydrogen, bind the key reaction intermediates for further conver-
sion, and increase the catalytic performance.

3.6. In situ DRIFTS study

The nature of intermediate species and the dynamics of CO, hy-
drogenation are studied using in situ DRIFTS. As shown in Fig. 9,
it is shown that the monodenate/bidentate formate (m/bi-HCOO*)
and terminal/ bridged methoxy (t/b-*OCH3) are primary reac-
tion intermediate species in the hydrogenation of CO, to CH30H
over four tested samples. The employment of the reactive mix-
ture (CO, + H,) after 60 min results in the appearance of bi-
HCOO* species at vs(0OCO) = 1371, §(CH) = 1405, v,5(0CO) = 1583,
8(CH) 4+ vs(0CO) = 2713 and v(CH) = 2804 cm~! as well as m-
HCOO* species at 1295 and 1567 cm~!. The bands centered at 1045
and 1471 cm~! are assigned to t-*OCH3 [38]. Meanwhile, the target
product CH;OH signals at 2832 and 2944 cm~! are also detected.
Differently, extra bands emerged at 1143 and 2921 cm~! only ap-
pear on x = 0.6 and 0.8 samples, which are assigned to b-*OCHj3
species [39]. The unique bands at 1081 and 1340 cm~! correspond-
ing to b-*OCH3 and m-HCOO* species, respectively, on x = 0.2
and 0.4 samples [38]. Notably, the surface coverage of each inter-
mediate species is much larger over CuO/Ceg4ZrggO, than other
samples, laying foundation for the superior catalytic performance,
which is due to the stronger adsorption of CO, and H, as is de-
scribed above results.

Comparing with Fig. 10(a-d), the types of surface intermedi-
ate species of ceria-rich samples (x = 0.2 and 0.4) are similar to
the one recorded over the zirconia-rich samples (x = 0.6 and 0.8).
The formate pathway can be identified for the CO, hydrogena-
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tion to CH30H process over

the surface concentration and evolution of intermediate species
are remarkably different. Seemingly, bi-HCOO* species keeps grow-
ing during the whole process on four samples. Another discovery
is that the change trend of t-*OCH3 exactly follows that of bi-
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25

HCOO* species (Fig. S2). At the initial stage (5 min), the higher
surface coverage of bi-HCOO* and m-HCOO* species is observable
on ceria-rich (x = 0.2 and 0.4) samples than those on zirconia-
rich (x = 0.6 and 0.8) samples (Fig. S3). The above results demon-
strate that ceria-rich samples are conducive to the accumulation
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of formate (m/bi-HCOO*) species at the initial stage. Hence, at the
starting stage, the higher concentration of CH30H is detected on
ceria-rich samples (Fig. S3). However, the increase rate of bi-HCOO*
is much higher on x = 0.6 sample, resulting in the formation of the
highest concentration of bi-HCOO* on x = 0.6 sample after 30 min
(Fig. 9), which is benefit to the production of CH;0H [40]. Finally,
x = 0.6 sample has the highest CH30H selectivity (T = 280 °C,
Schzon =71.8%).

The evolution of m-HCOO* is particularly different comparing
with ceria-rich samples and zirconia-rich samples. The concentra-
tion of m-HCOO* species on x = 0.2 sample keeps going up while
depletion of m-HCOO* at a slow rate is observed on x = 0.4 sample
during the whole process. However, it is shown that the m-HCOO*
species firstly go through a process of accumulation to 30 min and
then consumption from 30 min to 60 min on x = 0.6 and x = 0.8
samples (Fig. S4). Hence, we make a conclusion that m-HCOO*
species on zirconia-rich samples are much easier for further hydro-
genation. Additionally, the concentration of m-HCOO* over x = 0.6
catalyst is more rapidly decreased compared to x = 0.8 sample, in-
dicating that m-HCOO* species are more reactive on the x = 0.6
sample surface. This effect is attributed to the higher effectiveness
of Cu to dissociate H, [41]. Almost concurrently with the consump-
tion of m-HCOO* species, the bands owing to b-*OCH3 and CH3OH
are observed to be greatly increased from 30 min (Fig. 10c and d).
Hence, at last, the largest number of CH3OH is detected on x = 0.6
sample.

The in situ DRIFTS experiments reveal that tuning the interac-
tion between CuO and Ce;_xZrxO, by modulating Zr/Ce ratio can
affect the formation and evolution of formate species regarded
as the most significant intermediate species of CO, hydrogena-
tion to methanol [34]. The formation of CH30H arises from the
hydrogenation of m-HCOO* and bi-HCOO*, suggesting that both
m-HCOO* and bi-HCOO* are reactive intermediates. Differently, as
shown in Scheme 1, the initial concentration of formate species
on ceria-rich samples are higher but it is difficult to be further
converted into methoxyl species, indicating that the hydrogenation
of formate may be the rate-limiting step of CO, hydrogenation to
methanol on ceria-rich samples. Differently, the formation of for-
mate species on zirconia-rich samples takes a while but these are
readily to be hydrogenated into methoxyl, and then to methanol,
implying that the accumulating of formate species is probably the
rate-limiting step of CO, hydrogenation to methanol on zirconia-
rich samples. The above results indicate that Zr/Ce has obvious
influence on the evolution of intermediate species as well as the

rate-limiting step for the CO, hydrogenation to methanol, which
will eventually affect the activity and selectivity of the catalyst.

4. Conclusions

The work explores the effects of Zr/Ce molar ratio on catalytic
activity of CuO/Ce;_xZrxO, samples. The strong interaction effect
over CuO/Ceg4Zrgc0, catalyst contributes to the remarkable cat-
alytic activity for CO, hydrogenation to CH30H, which leads to
higher surface dispersion CuO and larger number of oxygen vacan-
cies, promoting H, and CO, adsorption ability, thus giving rise to
high catalytic performance (Ycy3on = 9.47%), compared with other
catalysts. Additionally, in situ DRIFTS suggest that ceria-rich sam-
ples are much easier to enrich m-HCOO* and bi-HCOO* species
while zirconia-rich samples are more benefit to promote the hy-
drogenation of m-HCOO* and bi-HCOO* species, besides the for-
mer ones are more active than the later ones. The decrease of
larger number of active intermediate species m-HCOO* is respon-
sible for the higher activity of CO, hydrogenation to CH;0H over
CuO/Ceg4Zrg 0, samples.
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