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The reverse water gas shift reaction is one of the most prospective CO, utilization approaches. Cu has
excellent selectivity for CO and CeO; is rich in surface oxygen vacancies for CO, activation. These
unique properties are often used to develop efficient Cu/CeO; catalysts in RWGS. In this paper, Cu/CeO,
is prepared by plasma-induced micro-combustion. The effect of the subsequent calcination after micro-
combustion on the structure and catalytic property is systemically studied. Because of the mild
temperature of micro-combustion, highly dispersed Cu species load on the surface of CeO, for the
catalyst without calcination (Cu/CeO,-mc). During calcination, the highly dispersed Cu species form two
kinds of species, Cu—Ce solid solution structure and small CuO clusters (Cu/CeO,-mcc). The Cu-Ce
solid solution effectively enhances the generation of oxygen vacancies, which improves the adsorption
and activation of CO,. The catalytic performance of Cu/CeO,-mcc thereby is superior to Cu/CeO,-mc
in RWGS. In situ diffuse reflectance infrared fourier transform spectroscopy analysis demonstrates that

the formate pathway is the main mechanism of RWGS. CO, adsorbed on the surface of Cu/CeO,-mcc
Received 4th April 2024

Accepted 16th May 2024 mainly forms bidentate CO, species. While monodentate CO, generates on the surface of Cu/CeO,-mc.

And b-COj decomposes to CO easier than m-CO;, thus Cu/CeO,-mcc exhibits excellent catalytic
DOI: 10.1039/d4ra02545h properties. This work provides a new approach for structural modulation of catalysts with excellent

rsc.li/rsc-advances catalytic performance in RWGS.

Both thermodynamics and kinetics are favorable at high
temperatures for RWGS. Therefore, it is crucial to select a stable

1 Introduction

The reverse water gas shift (RWGS) reaction is one of the
potential CO, utilization methods whose product can be
directly used as a feedstock for Fischer-Tropsch synthesis,"
methanol synthesis* and other chemicals production® by regu-
lating the H/C ratio. Meanwhile, the subsequent synthesis
technologies such as obtaining methanol from syngas are more
mature than that from CO, direct conversion. In addition, coke
oven gas contains a considerable amount of H,, syngas can be
produced from RWGS by adding CO,, which not only reduces
the coke oven gas consumption by 20-30% for methanol
production* but also utilizes CO,.
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catalyst for the improvement of CO, conversion and CO selec-
tivity. Pd-,® Pt-,*” and Au-® based catalysts are widely investigated
for the RWGS reaction. However, their industrial application is
limited by their high cost and low reserves. Non-precious metal
Ni-, Fe-, and Co-based catalysts have excellent activity, while
they show high CO selectivity only at high temperatures (7> 700
°C) owing to the occurrence of CO, methanation at low
temperatures. In contrast, Cu-based catalysts have excellent CO
selectivity, however, Cu-based catalysts have the downsides of
insufficient CO, activation and poor stability.

Considerable research has been devoted to improving the
catalytic activity and stability of Cu-based catalysts. CeO, has an
excellent valence transition (Ce*'/Ce**) and abundant surface
oxygen vacancies. These unique properties are often used to
develop highly efficient Cu/CeO, catalysts. Hsueh et al.® designed
Cu-MOF@CeO, catalysts by aerosol-based evaporation-induced
self-assembly, the formation of more Cu-Ce interfaces on the
nanoscale improves the redox capacity of catalysts and the cata-
lysts show excellent low-temperature catalytic performance
(400 °C, TOF-CO, = 0.1635 s~ '). Zhang et al'* successfully
synthesized CeO,-loaded Cu catalysts (Cu/CeO,-hs) with a three-
dimensional nano-hollow sphere structure using a hydrothermal
method, the special CeO, morphology provides more surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen vacancies and achieves 48% CO, conversion at 600 °C.
The above studies illustrate that the surface structure of Cu/CeO,
effectively affect the catalytic properties in RWGS, which can be
altered by the preparation methods.

The combustion method has been used to prepare Cu/CeO,
catalysts in recent years, and the process involves the decompo-
sition of metal salts into metal oxides to form highly active cata-
lysts during the combustion of fuel. Ebrahimi et al.* successfully
prepared Cu/CeO, catalysts with solid solution structure using the
solution combustion method (SCS). The key factor for the high
activity of catalysts is revealed to be the synergy between active Cu®
and oxygen vacancies of CeO,. However, combustion processes
experience high temperatures (rapid heating up to 1000 °C),
resulting in particle sintering.'” Based on the characteristics of low
bulk phase temperature and high electron temperature, the
plasma induced micro-combustion is developed to prepare cata-
lysts, in which the combustion process is mild and discontinuous
and thereby inhibits the particle sintering. For example, Yao
et al.®® prepared Ni-loaded SiO, catalysts via micro-combustion
method, moderate combustion can effectively restrain the aggre-
gation of NiO particles and form highly dispersed NiO. Zhao
et al.** used micro-combustion method to enhance the interaction
between Ni and dopant elements (La, Ce, Zr), which further
improves the catalytic performance. Therefore, micro-combustion
method is utilized to prepare Cu/CeO, catalysts in this paper.

In the previous micro-combustion preparation process,
calcination is added after plasma-induced micro-combustion.
To ensure the effect of the calcination process on the struc-
ture and property of catalysts, this paper focuses on the
comparison of two catalysts with and without calcination after
micro-combustion. The microstructure of the two Cu-based
catalysts was determined with X-ray diffraction (XRD), Trans-
mission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS) characterization. CO,-Temperature Pro-
grammed Desorption (CO,-TPD) and in situ Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (in situ DRIFTS) were
used to analyze the potential mechanisms of the catalysts.

2 Experimental
2.1 Materials

Cu(NOs),-3H,0 was supplied by Tianjin Komeo Chemical
Reagent Co., Ltd. Ce(NO3);-6H,0, NaOH and glycine were
purchased from Tianjin Damao Chemical Reagent Factory,
anhydrous ethanol was obtained from Tianjin Fuyu Fine
Chemical Co.

2.2 Preparation of cubic CeO,

Cubic CeO, was used as support because of its excellent redox
capacity. The support cubic CeO, was prepared using hydro-
thermal synthesis. 0.40 mol L ™" Ce(NOs); aqueous solution was
mixed with 6.86 mol L' NaOH solution. After being stirred for
30 min at room temperature, the above solution was transferred
to the hydrothermal kettle and treated at 180 °C for 24 h. After
natural cooling to room temperature the mixture was centri-
fuged and the solid was washed with deionized water and
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anhydrous ethanol until the pH was 7, the resultant solid
sample was dried at 80 °C for 8 h. Finally, cubic CeO, sample
was obtained after calcination at 400 °C for 4 h.

2.3 Preparation of Cu/CeO, catalysts

The catalysts were prepared using the plasma-induced micro-
combustion method, The weight loading of Cu was 10%.
0.71 g of Cu(NO3),-3H,0 and 0.31 g of glycine were dissolved in
deionized water, and 3 g of cubic CeO, supports were added into
the solution and the sample was fully stirred for 1 h and then
left to set at room temperature overnight, subsequently dried at
110 °C for 12 h. The dried samples were fully ground and treated
by micro-combustion induced by dielectric barrier discharge
(DBD) plasma. 1.5 g samples were put into the groove of the
quartz reactor and then the reactor was fixed between the two
electrodes of DBD. The voltage was adjusted to 100 V, the
operating current was 2 A, the treatment time was 2 min per
time, and the samples were treated 20 times. Two catalysts were
prepared in this work: the sample after micro-combustion
treatment was titled as Cu/CeO,-mc, and the sample after
micro-combustion was calcined at 500 °C for 4 h and was
recorded as Cu/CeO,-mcc. The Cu/CeO,-c sample was obtained
by direct calcination (500 °C, 4 h) after drying.

2.4 Characterizations

XRD was performed to obtain the crystalline phase structure of
the catalysts on a Rigaku D/Max-2500 diffractometer with Cu-
targeted Ko-type radiation source (A = 1.54056 A) at a speed of
5° per min with 26 angle range of 10-80°.

The micro-morphological structure of the catalysts and
elemental distribution was observed by Transmission electron
microscopy (TEM) on a transmission electron microscope of FEI
Talos F200X G2. The catalyst was fully ground and sonicated in
anhydrous ethanol for 20 min until it was completely dispersed,
then the solution was dropped onto a copper mesh.

The elemental content and chemical state on the catalyst
surface were analyzed by XPS on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with an excitation energy of 1486.6 eV
(Al Kor). C1s peak at 284.8 eV was employed for charge calibration.

The reducibility and metal-support interaction of the cata-
lysts was probed by H,-TPR on BELCAT II. Firstly, 20 mg of
catalyst was heated to 300 °C under He atmosphere and main-
tained for 30 min. Afterward, this sample was cooled down to
50 °C. H,-TPR was conducted by raising the temperature to
900 °C at a rate of 10 °C min~" under an atmosphere of 10% H,/
N,, and the consumption of H, was detected with a thermal
conductivity detector (TCD).

CO,-TPD was also performed on a BELCAT II to evaluate the
CO, adsorption on the catalyst. Before the test, 20 mg of catalyst
was heated up to 300 °C at 10 °C min " in He atmosphere. After
pretreatment for 30 min, the temperature was dropped to 50 °C,
and 10% CO,/N, was passed into the catalyst to be adsorbed for
60 min. Then He was used to purge the physically adsorbed CO,
from the surface of the catalyst. Finally, the catalyst was heated
up to 900 °C at a rate of 10 °C min " for CO, desorption, while
the CO, desorption curve was recorded by a TCD.

RSC Adv, 2024, 14, 16736-16746 | 16737
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In situ DRIFTS were performed on a Bruker VERTEX 80v FTIR
spectrometer to analyze the intermediates during the RWGS
reaction. A fully ground sample was added into the reaction cell
and was purged under Ar atmosphere at 300 °C for 30 min,
subsequently cooled to 50 °C. Then the mixture of CO,/H,/Ar
with the ratio of 1/4/5 was switched to react on the surface of the
catalyst. The spectrum was recorded at 100, 200, 300, 340, 360,
380 and 400 °C, respectively. And the spectral recording band
range was 4000-1000 cm ™~ for each temperature.

2.5 Catalytic evaluation

RWGS reaction was carried out on a fixed bed. Catalyst (50 mg)
and quartz sand (500 mg) of the same particle size were mixed
homogeneously. The diluted catalyst was fixed in a 6 mm quartz
tube with quartz wool. Firstly, under the Ar atmosphere, the
temperature was increased to the desired temperature at a rate of
10°C min~*, and then a mixture of CO,/H,/Ar with a mole ratio of
1/4/5 was switched to the reaction bed at a flow rate of 50
mL min ' and the weight hourly space velocity (WHSV) of
60 000 mL g, h™'. The exit gas was passed through a cold trap
to remove water vapor and then entered an SP-3420A gas chro-
matograph to analyze the composition of exit gas. The gas
chromatograph was equipped with a TCD and a TDX-01 column
(3 m). Activity test was carried out in the temperature range of
300-700 °C and the stability evaluation was conducted at 500 °C.

CO, conversion and CO selectivity were calculated as follows:

. F(COs ) — F(CO, i) ,
CO, conversion = F(CO> ) x 100% (1)
. F(Cooul)
CO, selectivity = 1009 2
» selectivity F(COz.in)—F(COz.oul)X % (2)

where F(x;,) and F(x,,) represent the inlet and outlet flows of
CO, and CO, respectively.
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3 Results and discussion
3.1 Catalyst characterizations

The crystalline phase and structure of the catalysts were charac-
terized using XRD technology. As shown in Fig. 1, the diffraction
peaks at 26 of 28.55, 33.08, 47.48, 56.33, 59.08, 69.40, 76.70, and
79.41° correspond to the (111), (200), (220), (311), (222), (400),
(331), and (420) crystal planes of CeO, (PDF No. 34-0394),
respectively.” The intensity of the diffraction peaks of CeO, of
Cu/CeO,-mcc is more acute compared with Cu/CeO,-mc, indi-
cating the better crystallinity of CeO, support due to the subse-
quent calcination. It should be noticed that the CeO, diffraction
peak of Cu/CeO,-mcc shifts to a higher angle compared with that
of Cu/CeO,-mc (Fig. 1b). This may be because Cu species enter
the crystalline structure of CeO, after calcination.' The radius of
Cu (0.073 nm) is smaller than Ce (0.097 nm), Cu ions replace Ce
ions to form the Cu-Ce solid solution which leads to the decrease
of the crystal spacing and the contraction of the cell parameter,
thereby the diffraction peak shifts to higher angle.” In repeated
XRD tests (Fig. S17), the CeO, diffraction peaks of Cu/CeO,-mcc
are shifted to higher angles, which excludes experimental errors.
It can be concluded that Cu-Ce solid solution forms due to the
further calcination after micro-combustion for Cu/CeO,-mcc.
This conclusion is confirmed by subsequent XPS and UV-Raman.
In addition, weak CuO (PDF No. 45-0937) diffraction peaks are
detected at 26 of 35.49 as well as 38.73° for Cu/CeO,-mcc catalysts
(Fig. 1c), indicating that small CuO clusters form during calci-
nation. While for Cu/CeO,-me, CeO, diffraction peaks are located
at almost the same 26 position as CeO,. And it is hard to observe
the diffraction peaks belonging to CuO in Cu/CeO,-mc. This
implies that the Cu species are highly dispersed. Therefore, for
the Cu/CeO,-mc catalysts, the Cu is highly dispersed on the
surface of CeO,, whereas Cu species coexist as Cu-Ce solid
solutions and small CuO clusters for Cu/CeO,-mcc catalysts.

(a) (111) (b) (c)
(220) 49 38.73
(200 (311) 36.49
5 . — o o
% Cu/CeOz-mcc
L L
% \J A AN i _*
B Cu/Ce02-mc
Ce0:2-C
0 2 30 40 5 60 70 80 28 30 34 36 38 40

26 (degree)

Fig. 1
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(@) XRD patterns of Cu/CeO,-mc, Cu/CeO,-mcc and CeO,-C support at 10—-80°; (b) 27-30°; (c) 34-40°.
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The Cu/CeO, catalysts with different structures were char-
acterized by H,-TPR to study the metal-support interaction.
Fig. 2 presents the H,-TPR spectra of the catalysts with reduc-
tion peaks at 100-500 °C. The reduction peaks of pure CuO are
in the range of 260-380 °C, whilst the Cu/CeO, reduction peaks
are significantly shift to lower temperatures compared to pure
CuO, that is because CeO, can facilitate the reduction of CuO
caused by the interaction of Cu-Ce." It is obvious that the Cu/
CeO,-mcc reduction peak shifts to lower temperature (207.8 °C)
compared with Cu/CeO,-mc, which indicates the strong Cu-Ce
interaction.”” Based on XRD, CuO of Cu/CeO,-mc catalyst is
highly dispersed on the surface of support, whereas Cu-Ce
solid-solution structure forms for Cu/CeO,-mcc. Thereby it can
be concluded that the Cu-Ce interaction is enhanced by the
formation of solid solution structure of Cu-Ce during further
calcination after micro-combustion.

The morphology of the catalysts was analyzed by TEM. Fig. 3a,
b, ¢, g, h and i present the TEM images for Cu/CeO,-mc and Cu/
CeO,-mcc catalysts, respectively. Both catalysts have typical cubic
CeO, structures, while expose different crystal planes of CeO,.
The CeO, (111) and (100) crystal planes with lattice spacings of
0.31 and 0.27 are mainly recognized on Cu/CeO,-mc. Whereas,
the CeO, (110) and (100) crystal planes with lattice spacings of
0.19 and 0.27 nm are detected on Cu/CeO,-mcc.

According to the XRD spectra, Cu/CeO,-mcc has lower
intensity ratios of (111) to (100) of CeO, (Table S17), which may
cause the fewer (111) crystal planes exposing on the surface.?
This may be related to the solid solution structure of the Cu/
CeO,-mcc. It is well recognized that CeO, (111) is the densest
crystal plane," while CeO, (110) and CeO, (100) have the lower
vacancy formation energy.”® The formation of oxygen vacancies
is easier on the CeO, (110) and (100) than CeO, (111). More
oxygen vacancies can enhance the CO, adsorption and activa-
tion during reaction.

The elemental distribution of the catalysts was further
illustrated by the mapping of STEM/EDS, Fig. 3d and j present
the dark-field images of Cu/CeO,-mc and Cu/CeO,-mcc,
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Fig. 2 H,-TPR spectra of Cu/CeO, catalysts and CuO.
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respectively. Fig. 3e, f, k and | are the elemental distributions of
Ce (green) and Cu (purple) for the two catalysts, separately. For
both catalysts, Cu elements are highly dispersed on CeO,
supports, which is in line with the XRD results. Line scans of
Cu/CeO, catalysts are presented in Fig. S1.f The relatively
uniform distribution of Ce and Cu elements on Cu/CeO,-mcc
substantiates the formation of a homogeneous Cu-Ce solid
solution structure. While for Cu/CeO,-mc, it can be observed
a decline for Ce element between the two particles, while
a slight increase is observed for Cu element, this confirms that
the high dispersion of Cu species on the surface of CeO, for Cu/
CeO,-mc.

The chemical states of Cu, Ce, and O species on the catalyst
surface were analyzed using XPS technology. Fig. 4a presents
the spectra of Cu 2p after peak fitted, where the peaks at around
933 and 952 eV belong to the characteristic peaks of Cu’/Cu®
2psj2 and 2py,,. The characteristic peaks of Cu** 2p;,, and 2p; ),
are around 934 eV and 954 eV,** respectively. In addition, peaks
at 941-944 eV are attributed to the oscillating satellite peaks of
Cu** 2p;,.2%** For Ce 3d (Fig. 4b), two types of spin orbitals,
including Ce 3dj, (labeled u-«") and Ce 3ds, (labeled v-v"),
can be mainly subdivided into eight separate peaks. Among
them, #' (902.59 eV) and V' (883.76 eV) are attributed to Ce**
species, whereas u (900.60 eV), u” (907.76 eV), " (916.58 V), v
(882.38 eV), v" (888.96 eV) and v (898.12 eV) are classified as
Ce"" species.?® Three main chemical states of oxygen are
detected in the O 1s of Fig. 4c. The first peak at around 529 eV
belongs to the lattice oxygen O,,*® while the second peak around
531 eV is assigned to surface adsorbed oxygen Og, and the peak
at 532.7 eV is weakly bound oxygen O,.*”

The intensity ratio of Cu®" 2py/, satellite peaks to main peak
(Isa/Ipp) is used to indicate the degree of unsaturation of
cu? 2 I I, are 0.3 and 0.4 for Cu/CeO,-mcc and Cu/CeO,-
mc, respectively. The lower Iy /I, for Cu/CeO,-mcc also
demonstrates the higher degree of the unsaturated state of
Cu®", which implies the formation of Cu-Ce solid structure.*
Furthermore, through careful observation, it can be found that
the Cu®>" 2p;, peak of Cu/CeO,mcc shifts towards higher
binding energy compared with Cu/CeO,-mc, indicating lower
electron density around Cu and the weakened Cu-O bond for
Cu/CeO,-mcc. The Og and O,, binding energies of Cu/CeO,-mcc
both shift to higher binding energies. In addition, in contrast to
Cu/CeO,-mc catalysts, the Ce** binding energy of Cu/CeQ,-mcc
significantly shifts to a lower level, which indicates electron
enrichment around Ce species. The electron density variation of
Cu, O, and Ce confirms the transfer of electrons from O of CuO
to Ce species, which further verifies the formation of Cu-Ce
solid solution structure, as indicated in XRD and TPR.

Surface-adsorbed oxygen is easily activated and is recognized
as oxygen vacancies, therefore, the relative concentration of
oxygen vacancies on the surface can be expressed by Og/(O,, + Og
+ 0,).3 Og/(0, + Og + O,) is higher for Cu/CeO,-mcc (38.1%)
than that of Cu/CeO,-mc (22.8%). Two reasons may cause the
enhanced formation of oxygen vacancy. First, the formation of
Cu-Ce solid solution facilitates the reaction of Cu™ + Ce** <
Cu”" + Ce*", which promotes the transfer from Ce** to Ce*". This
is confirmed by the relative content of Ce*" species acquired

RSC Adv, 2024, 14, 16736-16746 | 16739
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Fig. 3 TEM (a—c) and STEM/EDS mapping images of Cu/CeO,-mc (d—f); TEM (g—i) and STEM/EDS mapping images of Cu/CeO,-mcc (j-1).

through the calculation of the ratio of Ce®*" to the total Ce The conversion of Ce*" to Ce®*" generates oxygen vacancies.®
species presented in Table 1. Ce®" content on the surface of Cu/ Meanwhile, different exposed crystal faces for CeO, correspond
CeO,-mcc (22.7%) is higher than Cu/CeO,-mc (18.4%) catalyst. to the order of oxygen vacancy formation energy as (110) < (100)

16740 | RSC Adv, 2024, 14, 16736-16746 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of (a) Cu 2p; (b) Ce 3d and (c) O 1s of Cu/CeO,-mc
and Cu/CeO,-mcc.

< (111).* According to TEM and XRD, Cu/CeO,-mc exposes

more (110) and (100) crystal planes. Therefore, oxygen vacancies
are more likely to be formed on the surface of Cu/CeO,-mcc.
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UV-Raman spectra were used to further explore the vacancy
defects in different Cu/CeO, catalysts and pure cubic CeO,, as
shown in Fig. 5. The strong peak in the UV-Raman spectrum of
pure CeO, at 447 cm™ ' is related to the Ip,g vibrational mode of
the CeO, fluorite structure. The peak at 578 cm ™! is attributed
to the defect-induced I, mode, which is associated with the
oxygen vacancies caused by Ce*" in CeO,.** There is no signifi-
cant shift of peaks in Cu/CeO,-mc catalysts compared to pure
CeO0,, indicating the highly dispersed Cu species loading on
CeO, fluorite structure. For Cu/CeO,-mcc catalysts, both vibra-
tional peaks of Ip,, and I shift higher bands, the blueshift
phenomenon is due to changes in the lattice parameter of Ce.**
Owing to the formation of Cu-Ce solid solution, Cu species
enter into the crystal plane of Ce causing a decrease in the
lattice parameter of Ce, corresponding to XRD results. In
addition, the ratio of Ip/Ig,, represents a relative concentration
of oxygen vacancies."* As shown in Table 1 the oxygen vacancy
concentration of Cu/CeO,-mc catalyst (42.9%) is similar to that
of the cubic CeO, (40.8%). In contrast, the Ip/Ip,, ratio of Cu/
CeO,-mcc increases to 60.5%. This further confirms the
increased oxygen vacancies for Cu/CeO,-mcc, which is owing to
the formation of Cu-Ce solid solution structure. Oxygen
vacancies are considered as main active sites for CO, adsorption
and activation. Therefore, Cu/CeO,-mcc catalysts with increased
oxygen vacancies may have high activity for CO, conversion.

Fig. 6 illustrates the CO,-TPD spectra of Cu/CeO,-mcc and
Cu/CeO,-mc to explore the CO, adsorption ability of catalysts.
The a-peak locates at less than 200 °C, B-peak is from 200-
400 °C, and above 400 °C belongs to y-peak.*® The a-peak is
ascribed to weak adsorption of CO,, B-peak is attributed to
medium-strength adsorption of CO,.*” The y peak is attributed
to CO, produced from sample decomposition. Compared to Cu/
CeO,-mc, the shift of B-peak to lower temperature is observed
for Cu/CeO,-mcc. This difference further demonstrates the
different structures of the two catalysts. The calculated
adsorption peak area ratios are listed in Table 2. There is
a significant increase for the medium-strength CO, adsorption
(37.8%) on Cu/CeO,-mcc catalysts. Medium-strength CO,
adsorption occurs on the surface oxygen vacancies, which can
be speculated that Cu-Ce solid solution structure provides more
oxygen vacancies. It is recognized that medium-strength
adsorption sites are considered active for CO, hydrogena-
tion,*® high B-peak area ratio of Cu/CeO,-mcc indicating the
improvement of medium-strength CO, adsorption, which may
improve the activity of Cu/CeO,-mcc in RWGS.

3.2 Catalytic evaluation

RWGS activity was evaluated for two Cu/CeO, catalysts at 300-
700 °C, the results are demonstrated in Fig. 7a. Both catalysts
exhibit the improvement of CO, conversion with rising
temperature, which is consistent with the thermodynamically
beneficial feature of RWGS. CO, conversion of the Cu/CeO,-mc
catalyst increases significantly compared with the catalyst
prepared with the conventional solution combustion method
(Cu/Ce0,-c) (Fig. S31). The inferior catalytic property of Cu/
CeO,-c may be related to the structure collapse of cubic CeO,

RSC Adv, 2024, 14, 16736-16746 | 16741
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Table 1 XPS and UV-Raman results of Cu/CeO,-mc and Cu/CeO,-mcc

Catalysts Load Ip” The area ratios of Ce**/(Ce*"+Ce*")* (%) The area ratios of Og/(O,, + Og + O,)* (%) In/Tpsg”
Cu/CeO,-mc 0.4 18.4 22.8 42.9
Cu/CeO,-mcc 0.3 22.7 38.1 60.5
CeO, — — — 40.8

“ Determined by XPS. ? Determined by UV-Raman.

= Cu/CeO2-mcc

s

2

‘@

S Cu/CeQO2-mc

£
CeO2

T T T T T T T T
400 600 800 1000 1200

Raman Shift (cm™)

Fig. 5 UV-Raman spectra of Cu/CeO, catalyst and CeO,.

Cu/Ce0O2-mcc

CO:z2 Intensity (a.u.)

Cu/CeO2-mc

T T T T T T T T T T T T
100 200 300 400 500 600 700
Temperature(°C)

Fig. 6 CO,-TPD spectra of Cu/CeO,-mc and Cu/CeO,-mcc.

(Fig. S41t), while the TEM results for Cu/CeO,-mcc and Cu/CeO,-
mc show that the cubic structure maintains well for micro-
combustion because of the mild temperature during micro-
combustion shown in Fig. S5.7 Importantly, the activity of Cu/
CeO,-mcc catalyst is significantly better than Cu/CeO,-mc at
300-500 °C. For example, CO, conversion on Cu/CeO,-mcc is
33.14% and it is 21.72% on Cu/CeO,-mc at 450 °C. After

16742 | RSC Adv, 2024, 14, 16736-16746

Table 2 The peak area ratio of CO,-TPD for Cu/CeO,-mc and Cu/
CeO,-mcc

The o The B The v
Catalysts peak (%) peak (%) peak (%)
Cu/CeO,-mc 77.7 5.3 17.0
Cu/CeO,-mcc 50.6 37.8 11.1
(a) 100
90 4 —9—o—8—o—a—0—s—8 — 100
80 ------ Thermodynamic equilibrium
~ 70 —u— Cu/CeO2-mc a L 50
IS —e— Cu/CeOz2-mcc iy = s
c 60 " <
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2 40 S
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O I [ ] / O
O 20 / )
»
10 - / - 20
/ _u
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Fig. 7 Catalytic evaluation for Cu/CeO,-mc and Cu/CeO,-mcc (a)
CO, conversion and CO selectivity versus temperature; (b) CO,
conversion versus time.

calcination, the formation of Cu-Ce solid solution structure in
the Cu/CeO,-mcc catalyst promotes the conversion of CO, in the
low-temperature RWGS reaction. The two catalysts maintain the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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same CO, conversion after 500 °C, which is close to the ther-
modynamic equilibrium (dashed line), and CO selectivity is
almost 100% for all the catalysts in the reaction temperature
range. The stability test of the catalysts is illustrated in Fig. 7b. It
is found that CO, conversion of Cu/CeO,-mc decreases from the
very beginning of the reaction, and it reduces from 40.24% to
31.68% in the 11 h at 500 °C. While CO, conversion of the Cu/
CeO,-mcc catalyst remains unchanged in the first 5 h, and then
the conversion slightly decreases within 5%. Therefore, the Cu/
CeO,-mcc catalyst has superior stability than Cu/CeO,-mc.

The excellent low-temperature activity and stability exhibited
by Cu/CeO,-mcc catalysts can be attributed to the Cu-Ce solid
solution structure and CuO clusters. Cu species of Cu/CeO,-mc
catalysts highly disperse on support surfaces, whereas Cu-Ce
solid solutions with small CuO clusters co-exist on the surface
of Cu/CeO,-mcc catalysts. The Cu-Ce solid solution generates
more oxygen vacancies while CuO clusters provide active sites
for H dissociation. Under the synergetic effect of Cu species and
oxygen vacancies,*** Cu/CeO,-mcc catalyst exhibits superior
catalytic performance than Cu/CeO,-mc.

3.3 Reaction mechanism analysis

In situ DRIFTS was conducted to identify the reaction interme-
diates during the RWGS reaction. Fig. 8 shows the in situ
DRIFTS spectra of Cu/CeO,-mc and Cu/CeO,-mcc catalysts.
Both catalysts exhibit vibrational peaks of reactant CO, at 2200-
2400 cm™*.*! Linear CO absorption bands (2000-2200 cm ™) are
observed when the reaction temperature exceeds 200 °C. The
formation of carbonate species at 1250-1600 cm ™ is attributed

(a) Cu/CeO2-mc| o HCOO*/1580 1386
1250-1600/CO3* | 5
2200-2400/C02 . = m-COs/152)
2848HCO0" %5000-2200/C0 < H
A

Hcos1597 1345
T T
1500 1750 1500 1250

T T T
3000 2500 2000

3500
Wavenumber (cm")
(b) Cu/CeO2-mcc
2 [HCOO*/1580 1386
1250-1600/COs* | ‘S ;

2200-2400/CO2 4 ;
. A

2848/HCOO"  # 2000-2200/C0 g
N

400°C
380°C
oo O

HCO3*/1597 1345
b-CO3*/1468

T
3500 1500 1750 1500 1250

3000
Wavenumber (cm™)

2500 2000

Fig. 8 Insitu DRIFTS for the RWGS reaction over (a) Cu/CeO,-mc and
(b) Cu/CeO,-mcc at different temperatures.
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to the species of CO, adsorption.* In particular, the bands at
around 1597 ecm™" and 1345 cm ™" belong to HCO} species. The
asymmetric and symmetric OCO stretching vibrations for
HCOO* species are observed at around 1580 cm ' and
1386 cm ™}, and 2848 cm™! for C-H vibrations of HCOO*.*>%
With the increase of temperature, HCO; disappears accompa-
nied by significantly enhanced peak density for HCOO* vibra-
tional on both Cu/CeO,-mc and Cu/CeO,-mcc catalysts,
indicating the occurrence of transformation from HCOj to form
HCOO*. This implies that HCOO* pathway is the main mech-
anism in RWGS for Cu/CeO, catalyst. Another interesting
finding is that the COj species are different for the two catalysts.
For Cu/CeO,-mc, the density of vibrational peaks (1527 cm ™)
attributed to monodentate CO; species (m-CO;) gradually
strengthens when the temperature increases,**> whereas
bidentate CO; (b-CO;) at 1472 cm' tends to weaken. This
suggests that m-COj is the main species on the catalysts of
which Cu species are highly dispersed on the surface of CeO,.
Whereas, b-CO, species are the main adsorbed carbonate
species for the Cu/CeO,-mcc. Therefore, it can be concluded
that CO, is activated through b-CO; and m-CO} on Cu/CeO,-
mecc and Cu/CeO,-mc, respectively.

The HCOO* (1386 cm™ ') band intensities of Cu/CeO,-mc
and Cu/CeO,-mcc with temperature are further analyzed as
shown in Fig. 9. It can be seen from Fig. 9 that the intensity of
HCOO* for Cu/CeO,-mcc gradually increases with temperature
rises, while the band for HCOO* intermediate of Cu/CeO,-mc
tends to decrease above 300 °C. It should be noted that the
change of HCOO* intensity before 400 °C for both samples is
closely related to the CO, conversion. When the temperature
increases from 300 to 400 °C, CO, conversion of Cu/CeO,-mcc
significantly enhanced from 0% to 25.7%. While for Cu/CeO,-
mc, CO, conversion remains unchanged. This confirmed that
HCOO* is a key reaction intermediate for CO, conversion, in
which hydrogen and carbonate species are involved in gener-
ating HCOO™* intermediates. The different structures of Cu/

= Cu/CeO2-mc
—e— Cu/CeO2-mcc

3
&
2
‘®
c
2
=
%)
©
c
©
m
_—
e
HCOO* 1386¢cm’™
T T T T T T T
100 150 200 250 300 350 400

Temperture (°C)

Fig. 9 Temperature-profiles of selected band intensities.
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Fig. 10 Schematic for RWGS mechanism on (a) Cu/CeO,-mc; (b) Cu/CeO,-mcc.

CeO,-mc and Cu/CeO,-mcc lead to different Co’; species. On
Cu/CeO,-mcc, there is more surface oxygen as discussed in XPS
and UV-Raman analysis. When CO, reacts with surface O to
form COj}, O of CO; can be captured by oxygen vacancy, thereby
b-CO, forms in the surface of Cu-Ce solid solution. While on
Cu/CeO,-mc, fewer oxygen vacancies lead to the formation of
m-CO;. Importantly, the stability of adsorbed CO, species is
demonstrated in the following order: carboxylic acid =
m-COj >b-CO; = HCO;.** This may explain the different
desorption temperatures for the B peak of the two catalysts in
CO,-TPD. Moreover, b—COZ is apt to break the C-O bond and be
hydrogenated to HCOO* by H*. This also results in the higher
activity of Cu/CeO,-mcc, adsorbed CO, on Cu-Ce solid solution
structure can easily convert to CO through the b-CO; pathway.

16744 | RSC Adv, 2024, 14, 16736-16746

Based on DRIFTS, the RWGS mechanism is presented in Fig.
10. The formate pathway is the main mechanism for RWGS, in
which hydrogen and carbonate species are involved in generating
formate intermediates (HCOO*). HCO; is mainly from the reac-
tion of CO, and surface OH (eqn (3)-(5)), HCO; can be hydro-
genated to HCOO* in presence of H* species (eqn (6)). HCOO*
can also form through the hydrogenation of CO; which is
generated from the adsorbed CO, with surface oxygen species of
the catalyst (eqn (7) and (8)). In Cu/CeO,-mc, HCOO* generates
from m-CO;, while for Cu/CeO,-mcc HCOO* forms from b-CO;.
This difference is mainly caused by the increased oxygen vacancy
of Cu/CeO,-mcc owing to the Cu-Ce solid solution. Subsequently,
HCOO* further decomposes into CO*, O* and H* (eqn (9) and
(10)), H* combines with surface OH* to form H,O* (eqn (11)).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H, + 2% — 2H* 3)
H* + O* > OH* + * (4)
CO, + OH*—HCO; (5)
HCO; + H*—HCOO* + OH* (6)
CO, + 0*—CO; 7)
CO; + H*—>HCOO* + O* (8)
HCOO* + * — HCO* + O% 9)
HCO* — CO* + H* (10)
H* + OH* — H,0* + * (11)

4 Conclusions

In this paper, plasma-induced micro-combustion method is used
to prepare Cu/CeO, catalysts, focusing on the effect of calcination
process on structures and properties of catalysts. Structural
characterization demonstrated that calcination process produces
Cu-Ce solid solution structures and CuO clusters in Cu/CeO,-
mcc, while highly dispersed Cu species form on CeO, surface of
Cu/CeO,-mc. Catalytic evaluation in RWGS successfully confirms
that Cu/CeO,-mcc has higher activity and stability than Cu/CeO,-
mc due to the generation of Cu-Ce solid solution with more
surface oxygen vacancies to enhance adsorption and activation of
CO,. Mechanistic analysis further reveals that Cu-Ce solid solu-
tion structure is beneficial to the formation of b-co;‘, whereas
m-CO; is mainly developed on the surface of catalysts with Cu
species highly dispersed on CeO, surface. b-CO; more easily
dissociates and hydrogenate to HCOO*, which decomposes into
CO. This study illustrates the effect of calcination process on the
structural properties of Cu/CeO, catalysts and provides refer-
ences to the structural design of Cu-based catalysts.
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