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A B S T R A C T   

Gas adsorption-desorption processes on oxide supported metal catalysts are critical steps for understanding 
catalytic CO oxidation mechanism. This report investigates the support structure (shape and exposed crystal 
planes)-catalytic activity relationship of irreducible SiO2 and reducible CeO2 nanorods (NR) and nanocubes (NC) 
supported CuOx via various structural and surface characterization methods, including XRD, Raman spectros
copy, BET surface area, H2-TPR, CO-TPD, in situ DRIFTS, XPS, and HRTEM. Evidence is presented that both 
isolated Cu+/Cu2+ redox pair and lattice oxygen of oxide supports from different crystal planes (111, 011, and 
001) of CeO2 play important role towards CO oxidation by supporting Langmuir–Hinshelwood mechanism. The 
Cu+/Cu2+ and Ce3+/Ce4+ species at CuOx-CeO2 interfaces can facilitate the charge and mass transfer between 
CuOx nanoclusters and CeO2 by electronic interaction which was highly promoted by reducible CeO2 NR support. 
In addition, CeO2 NR contains significantly higher amount of surface defects including oxygen vacancy, steps, 
voids, and lattice distortion on various crystal facets, which promote surface oxygen release of CeO2 and CO 
adsorption and oxidation on catalytically active sites at lower temperature. According to the CO oxidation re
sults, the oxidized CuO/CeO2 NR sample showed 62.8% CO conversion at 100◦C and up to 98.9% conversion at 
397 ◦C.   

1. Introduction 

Supported transition metal (TM) oxides are now considered as highly 
preferential low-cost catalysts for a wide range of oxidation applications 
such as in CO oxidation, water gas shift reaction and automotive exhaust 
three-way catalytic conversion [1, 2]. Recently, oxide supports with 
superior oxygen storage capacity (OSC) or surface oxygen mobility have 
attracted increasing attention for further promoting the redox-related 
catalytic activity of TM oxide based catalysts [3]. The OSC or oxygen 
mobility properties can be defined by oxygen adsorption/desorption 
rate, capacity, and surface oxygen exchange rate between gaseous ox
ygen and catalyst/support surface. For example, Co3O4 based catalysts 
(Co3O4 nanorods, Au1/Co3O4, and In2O3/Co3O4) have been widely 
investigated for low temperature CO oxidation due to the atomic level 
surface oxygen activation and exchange capability [4–6]. Among 
various oxide supports, such as Al2O3, SiO2, CeO2, ZrO2, HfO2, and ThO2 
or their mixed oxides (i.e., CeO2− ZrO2) [7], shape-controlled and sur
face engineered CeO2 has been widely utilized in several catalytic re
actions and platforms due to its fast reversible change of Ce oxidation 

state between +4 and +3, high oxygen storage and release capacity, 
easy surface oxygen mobility, facile oxygen vacancy formation on 
different low-index surfaces of CeO2  ({100}, {110}, and {111}), and 
narrow Ce-4f band [8]. 

Based on the concepts of surface engineering and elemental doping, a 
number of published studies describe that CeO2 nanocrystals were 
enriched with surface oxygen vacancy and other defects, which are 
attributed to facilitating the reduction of adjacent Ce4+ to Ce3+. 
Generally speaking, Ce3+ concentration is proportional to oxygen va
cancy concentration as well as related to the effectiveness of oxygen 
exchange between catalyst and support [9]. Moreover, it was claimed 
that the occupied 4f-orbital electrons of Ce3+ ions could promote elec
tronic interaction between reducible CeO2 and metal nanoparticles [10]. 
As a result of this unique OSC property, reducible CeO2-based oxides 
have been utilized in versatile technological applications, such as in 
oxygen sensors, solid oxide fuel cells (SOFC), water gas shift reaction, 
and most importantly vehicle catalytic converters [11]. 

On the other side, irreducible SiO2 has been another frequently used 
oxide catalyst support, which possesses high surface area and good 
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thermal stability that can enhance the dispersion of metal clusters. 
However, due to the high oxygen vacancy formation energy and low 
isoelectric point (IEP) of SiO2 (IEP ~x223C 2), it is in general considered 
as an inert catalyst support in nature and forms weak or no interaction 
with metal catalyst clusters [12]. Besides, previous research has estab
lished that porous structure of SiO2 support favors to form filamentous 
cokes with low activation and their easy displacement towards the 
catalyst particle exterior [13]. 

Cu based catalysts have been extensively used in water–gas shift 
reaction [14], methane reformation [15] and NOx elimination [16]. It is 
now well established that, from kinetics and mechanism aspects, Cu 
catalysts (Cu–Cu2O–CuO system) have demonstrated noticeable per
formance on low temperature CO oxidation [17]. Jia et al. [18] 
compared the CO oxidation activity between 5 wt% CuO@CeO2 (CuO 
crystallite size of 4.1 nm) and inverse 5 wt% CeO2@CuO (CeO2 crys
tallite size of 4.0 nm) catalysts and concluded that the reaction may 
occur at the interface of CuO-CeO2. Similar results were also reported by 
Luo et al. [19], where they demonstrated that nano-sized CuO/CeO2 
catalysts with higher surface area (> 90 m2/g and finely dispersed CuO 
crystallites) had better CO oxidation activity (183.3 mmolCO gCu

− 1h− 1) 
than bulk CuO crystallites (100.4 mmolCO gCu

− 1h− 1). In addition, high 
temperature thermal treatments (oxidation or reduction) could facilitate 
the diffusion or migration of the Cu+/Cu2+ species into CeO2 lattice (i.e., 
formation of Cu-O-Ce bond) and optimal thermal treatments could also 
“activate” finely dispersed CuO crystallites anchoring them tightly on 
CeO2 supports [17–20]. 

Despite the importance of catalyst-support interaction, a funda
mental understanding of CO adsorption-desorption processes on 
different oxide supported metal catalysts with strong or weak interplay 
is still lacking. Such insights will provide a clarification of active sites 
nature and possible reaction mechanism for CO oxidation. 

In this work, we present a detailed study of CO temperature pro
grammed desorption (CO-TPD) and in situ Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy (DRIFTS) characterization to obtain 
qualitative and quantitative surface information of gas-solid interaction 
on irreducible SiO2 and reducible CeO2 supported 10 wt% of CuOx 
catalyst. 

2. Experimental section 

2.1. Catalyst preparation 

2.1.1. Preparation of catalyst supports 
In our experiments, three different catalyst supports were synthe

sized including CeO2 nanorods (NR), CeO2 nanocubes (NC) and amor
phous SiO2. Both CeO2 NR and CeO2 NC were prepared by a 
hydrothermal method according to our previous research methodology 
[21]. To obtain CeO2 NR, first of all, 88 mL of 0.1 M Ce(NO3)3•6H2O 
(Acros Organics, 99.5%) was mixed properly with 8 mL of 6.0 M NaOH 
(VWR, 99%) solution in a 200 mL Teflon liner and stirred for ~x223C15 
s. The Teflon liner was then put into a stainless-steel autoclave and 
sealed tightly. The autoclave was heated and kept at 90◦C for 48 hours. 
The precipitate materials were washed thoroughly with distilled water 
to remove any residual ions (Na+, NO3

− ), then washed with ethanol to 
avoid hard agglomeration of the nanoparticles and dried in air at 60◦C 
for 12 h. The dried sample was collected and ground gently with mortar 
and pestle. Similar procedure was also followed for the preparation of 
CeO2 NC, however the autoclave was kept at 150◦C for 48 h. SiO2 
support was prepared by hydrolysis method. Here, tetraethyl orthosili
cate (1.5 mL; TEOS, Acros Organics, 98%) was first dissolved in a 
mixture of 50 mL of ethanol and 1 mL of deionized water in a 100 mL 
beaker and heated to 50◦C. Then, 1.5 mL of ammonia solution 
(NH3•H2O, BDH, 28–30 vol%) was added dropwise to the above solu
tion under vigorous magnetic stirring and lasted for another 24 h at 50◦C 
to get complete hydrolysis. SiO2 powder was finally obtained by placing 
the white suspension solution in a drying oven at 60◦C overnight. 

2.1.2. Preparation of supported catalysts 
Based on our previous studies [17, 19], 10 wt% CuO was loaded onto 

the CeO2 and SiO2 supports using wet impregnation method. Typically, 
both CeO2 and SiO2 supports, 0.9 g each, were suspended into 100 mL 
deionized water separately in three 200 mL beakers. Then, 
0.366 g of Cu(NO3)2⋅2.5H2O (Alfa Aesar) (10 wt%) was dissolved in 
each solution. During the stirring process for mixing, 0.5 M aqueous 
solution of ammonium hydroxide (NH3⋅H2O, BDH, 28-30 vol%) was 
added dropwise into the mixture until the pH achieved ~x223C9. After 
that, the solution was aged under stirring (400 rpm) at 80◦C for 4 h and 
placed in a drying oven to evaporate water. The collected sample was 
ground with mortar and pestle and calcined at 350◦C for 5 h. Half of the 
resultant samples was further reduced in a tube furnace under 5 vol% 
H2/95 vol% He atmosphere at 300◦C for 5 h. In the following, “o” in the 
sample’s name refers to the oxidized sample (i.e., 10 wt% CuO/CeO2 
NR-o) and “r” in the sample’s name refers to the reduced sample (i.e., 10 
wt% CuO/CeO2 NR-r). No other pretreatment was applied before the 
characterizations of CO-TPD, XPS, Raman spectroscopy, and DRIFTS. 

2.2. Catalyst characterization 

Powder X-ray diffraction (XRD) characterization was performed on a 
Phillips X’Pert MPD diffractometer with a copper Kα radiation source 
(λ=0.154 nm) at 40 kV and 40 mA. The samples were scanned in the 2θ 
range between 10 ◦ and 90 ◦ with a scan rate of 0.5◦ min− 1. The lattice 
parameters and average crystallite size of each catalyst sample were 
estimated by JADE software according to the recorded XRD patterns. 

The BET surface area was measured with nitrogen physisorption at 
~x223C77 K. H2-temperature programmed reduction (H2-TPR) char
acterization was performed with a Micromeritics AutoChem II 2920 
chemisorption analyzer. The powder samples (85-95 mg) were put into a 
quartz U-tube sandwiched by two pieces of quartz wools followed by 
heating from 30◦C to 900◦C at a heating rate of 10◦C/min. The samples 
were reduced under 10 vol% H2- 90 vol% Ar gas mixture with a flow rate 
of 50 mL/min. The amount of H2 uptake during the reduction was 
measured by a thermal conductivity detector (TCD), which was cali
brated by a quantitative reduction of CuO to metallic copper. 

Carbon monoxide temperature-programmed desorption (CO-TPD) 
was performed using the same instrument (Micromeritics AutoChem II 
2920) as H2-TPR to investigate the interaction of CO with the catalyst/ 
support surface. Powder sample was put into a quartz U-tube micro 
reactor and heated in He stream (flowrate: 50 mL/min) from room 
temperature to 400◦C to remove residual moisture. After the sample was 
cooled to room temperature, 10 vol% CO - 90 vol% He mixture gas was 
flowed at 50 mL/min through the sample for 60 min. The sample was 
then ramped up to 800◦C at a linear heating rate of 10◦C/min again 
under helium gas and the desorption behavior of CO was monitored by a 
thermal conductivity detector at elevated temperatures. 

Transmission electron microscopy (TEM) images were obtained by 
using a FEG-TEM instrument (FEI Tecnai F20) with an acceleration 
voltage of 200 kV and energy dispersive X-ray spectroscopy data (EDAX 
system) was collected on JEOL 7000 FE SEM. The TEM samples were 
prepared by ultrasonic dispersion of the powders in ethanol and one or 
two drops of the suspension solution were deposited on ultrathin carbon 
film supported by a 400-mesh copper grid (Ted Pella Inc.) and then dried 
for 2 h before analysis. 

X-ray photoelectron spectroscopy (XPS) data was recorded by Kratos 
Axis Ultra DLD spectrometer using monochromatic Al Kα (hv = 1486.6 
eV) source under ultra-high vacuum (10− 10 Torr), and the binding en
ergies (BE) were calibrated internally by the carbon deposit C 1s at 
284.8 eV. The fitting and deconvolution of the spectra were conducted 
using the CASA XPS software. 

Raman spectra for the catalysts were collected using Horiba LabRAM 
HR 800 Raman spectrometer (equipped with a 100 long working dis
tance objective, NA= 0.60) in the spectral window from 100 to 1200 
cm− 1. A diode-pumped solid-state (DPSS) laser system (Laser Quantum 
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MPC6000) tuned at λ = 532 nm was used for excitation. Prior to each 
analysis, the spectrometer was calibrated using a single crystal Si wafer. 
In situ diffuse reflectance IR Fourier transform spectroscopy (DRIFTS) 
measurements of CO chemisorption over the samples were recorded on a 
Nicolet 6700 Fourier-transform infrared spectroscopy (FTIR) spec
trometer equipped with a Harrick Praying Mantis DRIFTS accessory, 
with a resolution of 4 cm− 1. 

2.3. Catalytic activity measurements 

Catalytic activity measurements for CO oxidation were carried out in 
a downward fixed bed glass tubular reactor using ~x223C50 mg catalyst 
sample sandwiched by two pieces of quartz wools. The catalysts were 
directly exposed to gas mixture of 1 vol% CO, 20 vol% O2, and 79 vol% 
He at a flow rate of 38 mL/min with a corresponding weight hour space 
velocity (WHSV) value of 76,000 mL h–1 gcat

–1, without any pretreat
ment. The reaction temperature was programmed from room tempera
ture to 400◦C while CO and CO2 concentrations in the reactor effluent 
were analyzed by an online gas chromatograph (SRI multiple gas 
analyzer GC, chassis). The CO conversion was evaluated by the 
following equation: 

CO conversion (%) =
[CO]inlet − [CO]outlet

[CO]inlet
∗ 100% 

Here, [CO]inlet is input concentration of CO gas and [CO]outlet is output 
concentration of CO gas. 

3. Results and discussion 

3.1. XRD analysis 

Fig. 1(a) shows the XRD profiles for three oxide supports: irreducible 
SiO2 and reducible CeO2 with two different morphologies (CeO2 nano
rods: CeO2 NR and CeO2 nanocubes: CeO2 NC). For SiO2, the broad 
diffuse peak centered at 22.1◦ confirms the presence of amorphous silica 
structure [22]. The CeO2 NR and CeO2 NC samples show a series of 
diffraction peaks at 28.6◦, 33.1◦, 47.6◦, 56.3◦ which match with (111), 
(200), (220) and (311) crystal planes respectively of face-centered cubic 
fluorite-type CeO2 structure from the JCPDS database (#34-0394). It is 
also noticeable that the diffraction peaks of CeO2 NC are sharper than 
those of CeO2 NR, which indicates that CeO2 NC has better crystallinity 
and larger crystallite size than CeO2 NR [23]. 

The XRD profiles of SiO2, CeO2 NR and NC supported CuOx catalysts, 
for both oxidized and reduced samples, are shown in Fig. 1(b-c). Simi
larly, fluorite-type structure was also observed for CeO2 NR and CeO2 
NC in the supported CuOx catalysts, indicating that no apparent struc
tural change of CeO2 supports occurred during the catalyst loading and 
thermal treatments under oxidation and reduction atmosphere. For the 
CeO2 supported catalysts, two broad diffraction peaks corresponding to 
(002) and (111) planes of monoclinic CuO with very low intensity were 
observed, as shown Fig. 1(b) and (d). Using the Scherrer equation, the 
estimated crystallite size of CeO2 NR is 6.4 nm, which is much smaller 
than that of CeO2 NC (17.1 nm). The smaller crystallite size of CeO2 NR 

Fig. 1. XRD patterns of (a) CeO2 NR, CeO2 NC and SiO2 supports, (b) supported CuOx catalysts after oxidation treatment, (c) supported CuOx catalysts after reduction 
treatment and (d-e) enlarged XRD patterns from (b-c). 

M.R. Ahasan et al.                                                                                                                                                                                                                             



Molecular Catalysis 518 (2022) 112085

4

agrees well with its higher BET surface area (112.9 m2/g) compared to 
CeO2 NC. After the deposition of CuOx, the estimated crystallite sizes of 
CeO2 in 10 wt% CuO/CeO2 NR-o and 10 wt% CuO/CeO2 NC-o are 6.6 
nm and 17.2 nm respectively. After the reduction treatment, the esti
mated crystalline sizes of CeO2 in 10 wt% CuO/CeO2 NR and 10 wt% 
CuO/CeO2 NC are 6.7 nm and 17.3 nm respectively. The crystalline sizes 
of CuO and Cu in 10 wt% CuO/CeO2 NR-o were also calculated using 
Scherrer equation, which were 2.5 nm and 3.3 nm respectively. The 
observed low peak intensity of CuO is partially due to the strong inter
action between CuOx clusters with CeO2 supports [24]. However, no 
apparent diffraction peaks of CuOx are present for both oxidized and 
reduced CuOx/SiO2. Several possible explanations for this absence of 
CuOx diffraction peaks in the prepared CuOx/SiO2 catalysts might be: 1) 
the amorphous nature of copper-related species; 2) tiny CuOx crystallites 
buried in amorphous silica matrix; 3) the formation of Cu-O-Si amor
phous structure in porous silica [25]. A similar result was also reported 
previously by Lu et al. [26], where they showed no evidence of CuO 
diffraction peaks for CuO/SiO2 at low CuO loadings (<5 wt%) and 
concluded that crystalline CuO can be observed at higher CuO loading 
greater than 10 wt%. To further confirm the presence of copper species, 
EDX line spectrum and elemental mapping were carried out. Clearly, 
from the EDX spectrum and elemental mappings of Fig. 2 from several 
randomly selected areas of CuOx/SiO2, it displays a uniform distribution 
of copper. 

After the reduction treatment at 300◦C under 5 vol% H2/95 vol% He, 
the XRD patterns for three supported CuOx catalysts are given in Fig. 1 
(c). After the reduction treatment, metallic Cu phase is identified in both 
CuOx/CeO2 catalysts. However, the intensity of Cu diffraction peaks is 
much weaker for the CeO2 NR supported CuOx sample suggesting a 
stronger CuOx-CeO2 interaction for the CeO2 NR sample. This can be 
observed clearly in the expanded and zoomed region shown in Fig. 1(e). 
Fig. 1(d, e) were replotted from Fig. 1(b, c) for the oxidized and reduced 
catalysts. Two CuO diffraction peaks at 35.5◦ and 38.75◦ corresponding 
to (002) and (111) planes for the oxidized sample are clearly observed in 
Fig. 1(d), while for the reduced sample two Cu the diffraction peaks at 
43.0◦ and 50.5◦ corresponding to (111) and (200) planes of Cu ensure a 
complete reduction from CuO to Cu. 

Since the CuO loading was 10 wt% for both CeO2 NR and NC sam
ples, the XRD results suggest a better dispersion and smaller crystalline 
size of CuOx on CeO2 NR support. In addition, it is also possible that 
during the reduction treatment, some CuOx clusters diffuse into the 
lattice of CeO2 NR (with rich surface defects and oxygen vacancy) and 
form Cu-O-Ce solid solution. All of these can lead to the reduced XRD 

peak intensity of CuOx clusters on CeO2 NR support. 

3.2. H2-TPR and BET surface area measurement 

The H2-TPR profiles of SiO2, CeO2 NR and CeO2 NC supports are 
shown in Fig. 3(a). For two CeO2 supports, the low temperature region 
peaks (200~x223C600 ◦C) are attributed to the surface reduction from 
Ce4+ to Ce3+ (for CeO2 NR: 350 ◦C and 486 ◦C; for CeO2 NC: 408 ◦C and 
535 ◦C). The high temperature region peak (>600 ◦C) that belongs to the 
bulk reduction of Ce4+ is centered at 745 ◦C and 779 ◦C for CeO2 NR and 
CeO2 NC, respectively. No apparent reduction or hydrogen consumption 
peak is observed for SiO2 as expected as SiO2 has high oxygen vacancy 
formation energy (~x223C9.6 eV) and is an irreducible oxide [27]. 
Based on the results of the surface reduction temperature and hydrogen 
consumption, the reducibility order of these three catalyst supports is as 
follows: CeO2 NR > CeO2 NC >> SiO2. It has been reported that the 
possible origins of the superior low temperature reducibility of CeO2 NR 
are attributed to its highly active (100) and (110) surface planes as well 
as contributory amount of (111) surface defects [28]. 

Table 2 summarizes the quantitative hydrogen consumption data 
calculated from the H2-TPR profiles of each sample. For the 10 wt% 
CuO/SiO2-o catalyst in Fig. 3(b), the peak at 197◦C is assigned for the 
reduction of CuO species. An very weak peak at 514◦C was observed 
which could be due to the reduction of larger size CuO clusters or CeO2 
support. For the 10 wt% CuO/CeO2 NR-o and 10 wt% CuO/CeO2 NC-o 
samples, Fig. 3(b) illustrates two low temperature peaks (<200◦C) 
that belong to two-step (sometimes three-step) reduction reported in 
literature. In the two-step reduction profile, the low-temperature peak is 
assigned to the smaller, well-dispersed and strongly interacting crys
talline CuOx with CeO2 support while the higher temperature peak is 
attributed to “bulk-like” larger CuOx particles that interact weakly with 
CeO2 support [24]. Thus, in this study, for 10 wt% CuO/CeO2 NR-o, the 
low temperature reduction peak at 145◦C (called α peak) is due to the 
strong interaction of small and well-dispersed CuOx species with CeO2 
NR, while the reduction peak at 171◦C (known as β peak) belongs to 
highly dispersed CuOx weakly interacting with CeO2 NR. This α peak 
often indicates the formation of Cu-O-Ce solid solution. Similar assign
ments are applied to the 10 wt% CuO/CeO2 NC-o sample, where two 
types of reduction peaks are at 155◦C and 193◦C. It is very clear that the 
higher H2 consumption (2727.25 μmol/g) and lower reduction tem
perature (171◦C) of the 10 wt% CuO/CeO2 NR-o sample indicate a su
perior low temperature reducibility compared to the 10 wt% CuO/CeO2 
NC-o sample. This definitely demonstrates the support morphology 

Fig. 2. EDS line spectrum and elemental mapping of 10 wt% CuO/SiO2-o catalyst.  
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effect (CeO2 NR vs. CeO2 NC) on the activity of CuOx catalyst. It should 
be pointed out that Fig. 3(a) has different scale factors compared to 
Fig. 3(b, c), so some high temperature hydrogen consumption peaks 
(>800◦C) are too weak to be visible in the present scale due to the 
dominant surface H2 consumption (<250◦C), but the quantitative H2 
uptakes are included in Table 1. 

After the reduction treatment, all three samples show some small 
changes in terms of hydrogen consumption and reduction temperature. 
For example, all three samples showed at least 36% reduced hydrogen 

consumption (Table 1). This is obviouslly attributed to the reduction of 
CuO to Cu. In fact, the α and β type peaks also merge together after the 
reduction treatment indicating the ionic diffusion during the reduction 
treatment [29]. 

3.3. CO-TPD characterization 

Fig. 4 shows the CO-TPD results to quantify the nature of CO inter
action with three catalysts. In general, the CO-TPD profile is quantified 

Fig. 3. H2-TPR profiles of (a) SiO2, CeO2 NR and CeO2 NC supports, (b) supported CuOx catalysts after oxidation treatment and (c) supported CuOx catalysts after 
reduction treatment. 

Table 1 
H2 consumption, and reduction temperature of the prepared samples from the H2-TPR profiles.  

Samples H2 consumption (μmol/g)   Peak temperature (o C)  
Surface reduction, Sr Bulk reduction, Br Total Initial reduction temperature (o C) Sr Br 

SiO2 0 0 0 0 0 0 
CeO2 NR 675.6 364.1 1039.7 54 350 745 
CeO2 NC 354.3 545.9 900.2 45 408 779 
10 wt% CuO/SiO2-o 1283.4 383.6 1667.0 85 197 514 
10 wt% CuO/CeO2 NR-o 1954.2 773.1 2727.2 89 171 761 
10 wt% CuO/CeO2 NC-o 1845.3 581.2 2426.6 82 193 708 
10 wt% CuO/SiO2-r 528.7 281.9 810.6 60 150 526 
10 wt% CuO/CeO2 NR-r 1123.2 599.7 1722.9 76 150 756 
10 wt% CuO/CeO2 NC-r 529.8 810.7 1340.5 81 167 750  
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by desorbing CO2 gas from the catalyst surface at elevated temperature 
[29]. 

It is evident from Fig. 4 that a considerable amount of CO desorbed as 
CO2 from each catalyst surface while 10 wt% CuO/CeO2 NR-o showed 
the highest CO2 desorption at the lowest temperature, indicating easy 
accessible surface oxygen which is possibly due to the strong interaction 
of CuO with CeO2 NR. Below 400 ◦C, the 10 wt% CuO/CeO2 NR-o 
sample presents two CO2 desorption peak at 89 ◦C and 270 ◦C while 
the other two samples have only one desorption peak at 89 ◦C for 10 wt 
% CuO/SiO2-o and 90 ◦C for 10 wt% CuO/CeO2 NC-o. A similar result 
(with a little higher desorption temperature) was also reported by Liu 
et al. [30]. From the previous simulation and experimental studies of 
CeO2 based catalysts [31–34], both weak and strong adsorptions of CO 
co-exist on the {1 1 0} plane and strong adsorption belongs to the {1 0 0} 
plane. This strong adsorption is due to the developed bidenate carbonate 
species by CO on CeO2 surfaces [31]. Accordingly, in this study, the peak 
at 89◦C is attributed to the mixed weak and strong adsorption of CO with 
exposed (110) plane while the peak at 270◦C is assigned to the strong CO 
adsorption on (100) plane of CeO2 NR surface. Both 10 wt% CuO/SiO2-o 
and 10 wt% CuO/CeO2 NC-o showed one single desorption peak 
(<400◦C), however, the intensity is relatively low. Furthermore, the 
stronger desorption peak for 10 wt% CuO/CeO2 NR-o is consistent with 
the H2-TPR result (Fig. 3) which indicates 10 wt% CuO/CeO2 NR-o 
contains larger amounts of active surface oxygen [35–36]. After the 
reduction treatment, single desorption peak was observed for each 
sample from 70◦C to 200◦C. This observation confirms that the surface 
accessible oxygen species in oxide supported CuOx catalysts affect the 
CO adsorption and desorption processes and a careful selection of 
catalyst support is important for better low temperature catalyst 
performance. 

3.4. Raman spectroscopy analysis 

Besides XRD analysis, Raman spectroscopy is also a favorable 
structural characterization technique owing to its sensitivity to crystal
line symmetry and oxygen lattice vibrations [33]. In our experiment, the 
Raman spectra were collected by using a laser at 532 nm as the excita
tion source. 

As shown in Fig. 5, the strongest peaks centered at ~x223C443 and 
~x223C454 cm− 1, for the oxide and reduced samples respectively, 
correspond to the triply degenerate F2g vibrational mode of fluorite 
CeO2 where symmetrical stretching vibration of the O ions happens 
around the Ce ions [34]. In addition, Raman spectra for both samples 
show a minor peak (~x223C268 cm− 1) as well as a shoulder peak 
around 556 cm− 1. The shoulder peak at 556 cm− 1 and weak broad peak 
268 cm− 1 can be attributed to the formation of oxygen vacancy and/or 
presence of structural defects in the CeO2 lattice [31, 32]. The formation 
of oxygen vacancy is partially due to the incorporation of Cu2+/Cu+ in 
CeO2 lattice [37–41]. According to literature, typical peaks at 271, 326, 
506, and 625 cm− 1 represent the Ag, B1g, B2u, and B2g mode for CuO. 
However, in our case, no obvious peaks for CuO were found from the 
Raman spectra of the CuO/CeO2 NR-o catalysts, which indicates a pos
sibility of the formation of Cu-O-Ce bonding or solid solution [42]. In 
addition, from Fig. 5, the noticeable difference from the Raman spectra 
of the two samples are position and the width or FWHM (47.65 cm− 1 for 
10 wt% CuO/CeO2 NR-o and 37.35 cm− 1 for 10 wt% CuO/CeO2 NR-r). A 
red shift of the reduced 10 wt% CuO/CeO2 NR sample is observed which 
represents the improved crystallinity and/or large crystalline size of the 
supported CuOx catalyst. 

3.5. XPS analysis 

The XPS spectra for the oxidized and reduced 10 wt% CuO/CeO2 NR 
samples are exhibited in Fig. 6 to identify the surface composition, 
oxidation state (Ce3+/Ce4+ and Cu2+/Cu+), and different oxygen types 
(lattice oxygen and oxygen vacancy). The XPS spectra of Ce 3d, O 1s and 
Cu 2p are shown in Fig. 6(a, b), Fig. 6(c, d) and Fig. 6(e, f) respectively. 
Standard calibration for the binding energy was done by C 1s peak at 
284.8 eV. 

From the Ce 3d XPS spectra in Fig. 6(a, b), both the oxidized and 
reduced samples compose of two u and v multiplets that belong to spin 
orbit split of 3d3/2 and 3d5/2 respectively. Six peaks corresponding to 
3d3/2 and 3d5/2 doublets are labeled as U′, U′ ′, U′ ′ ′, V′, V′ ′ and V′ ′ ′. All 
these peaks can be assigned for the Ce4+ state while the low intensity 
shoulder peaks labeled as U and V next to U′ and V′ are assigned for the 

Table 2 
Vibration frequencies and bond assignments of adsorbed or formed species over 
the 10 wt%CuO/CeO2 NR catalysts.  

Species Bond types Frequency (cm− 1) References 
10 wt% CuO/CeO2 NR 

Absorbed CO Cu-CO 2113 [35–38] 
Surface oxo 

species 
Formate 1351  

Bridged carbonate 1392 
Bridged 1544 
carboxylate 1062, 1216, 1297, 

1574, 
Bi or tri carbonates 1612  

Fig. 4. CO-TPD profiles of (a) SiO2, CeO2 NR & CeO2 NC supported CuO catalysts after oxidation treatment, (b) SiO2, CeO2 NR & CeO2 NC supported CuO catalysts 
after reduction treatment. 
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Ce3+ state [25, 26]. It is known that U′ ′ ′ and V′ ′ ′ peaks are called satellite 
peaks that represent the presence of Ce4+ ion which is attributed to 
energy gain (shake-down) process and known as “shake-down” states 
[40]. For both of the samples, there is a noticeable presence of Ce3+ ion 
from the XPS spectra of Ce 3d (~x223C20% Ce3+). This observation 
agrees with the CO oxidation results below as the Ce3+ ion concentration 
plays a key role in CO conversion as previously reported [41]. Fig. 6(c, 
d) show the XPS spectra for O 1s. The main peaks at 528.3 eV corre
sponds to the lattice oxygen and the left shoulder peak with low in
tensity and higher binding energy (530.3 eV) represents the surface 
oxygen vacancy of the supported catalysts. Based on the integrated peak 
area of O 1s, it was calculated that the oxygen vacancy concentration of 
10 wt% CuO/CeO2 NR-o is higher than that of 10 wt% CuO/CeO2 NR-r, 
indicating more surface oxygen in the oxidized sample can contribute to 
the CO oxidation reaction. Fig. 6(e, f) reveal the Cu 2p XPS spectra of the 
oxidized and reduced samples while two peaks at 933.1 and 953.1 eV 
represent the Cu 2P3/2 and Cu 2P1/2 respectively. The distance between 
these two peaks is 20 eV which confirms the presence of CuO in the 
oxidized sample. It can be seen from Fig. 6 that main Cu 2P3/2 and Cu 
2P1/2 peaks are accompanied by two low intensity peaks with higher 
binding energy at 941 and 960 eV. In addition, the core peak of the 
reduced sample, the Cu 2P3/2 peak can be fitted into two components at 
934.5 and 932.5 eV which can be assigned as metallic Cu and mixture of 
Cu2+/Cu+ ions according to the binding energy. It is worth mentioning 
that it is challenging to distinguish Cu2+ and Cu+ ions thanks to the close 
binding energies. Similar satellite peaks were also observed for Cu 2P1/2 
at 955.4 and 953.1 eV. The presence of Ce4+/Ce3+, Cu2+/Cu+ and ox
ygen vacancy confirmed by the XPS spectra suggests a strong interaction 
between well dispersed copper oxide species and CeO2 NR enriched with 
surface defects through Ce4+ + Cu+ ↔ Ce3+ + Cu2+ during redox 
treatments. 

3.6. TEM analysis 

Fig. 7 depicts the representative TEM images of the 10 wt% CuO/ 
CeO2 NR-o and 10 wt% CuO/CeO2 NR-r catalysts to identify the particle 
morphology, size, and atomic level crystal/defect structures. It is clear 
that the CeO2 NR support maintains the initial rod-like morphology after 
the deposition of 10 wt% of CuO for both oxidized and reduced samples. 

From the images, the length and diameter of CeO2 NR for the 
oxidized sample are in the range of 40 - 72 nm and 5 - 14 nm, respec
tively. However, CuOx crystallites are hardly to be observed due to 
smaller size and possible strong CuOx-CeO2 interaction [18], which 
agrees with the XRD analysis (Fig. 1). Fig. 7(a & b) show the HRTEM 
images of local structures for the oxidized and reduced CeO2 NR sup
ported CuOx samples, and lattice fringes analysis indicates that CuOx 
clusters are embedded in CeO2 NR. 

Fig. 8 further analyzes the local defect structure and lattice d-spac
ings of the 10 wt% CuO/CeO2 NR-o sample at different sites. In general, 
HRTEM images illustrate rough surfaces of CeO2 NR with a combination 
of lattice distortion, void, and expanded or contracted lattice defects. It 
is known that defected surface of CeO2 NR promotes strong metal- 
support interaction and the supported catalysts perform better low 
temperature performance of CO oxidation [42]. CeO2 NR show domi
nant (111), (100) and (011) lattice fringes with corresponding d-spacing 
of 3.08-3.16 Å, 2.7Å and 1.9 Å respectively [24]. It is noted that, ac
cording to HRTEM lattice analysis, CeO2 (111) was the richest termi
nation surface for the prepared catalysts. 

3.7. CO oxidation test 

Fig. 9(a) presents the catalytic CO oxidation performances of the 
oxidized 10 wt% Cu/CeO2 NR, 10 wt% Cu/CeO2 NC and 10 wt% Cu/ 
SiO2 catalysts while Fig. 9(b) shows the CO oxidation performance of the 
reduced 10 wt% Cu/CeO2 NR and 10 wt% Cu/CeO2 NC samples. Ac
cording to Fig. 9(c), pure CeO2 support and CuO showed low catalytic 
activity for CO oxidation with T50 (50% CO conversion) at ~x223C320 
◦C and 220 ◦C, respectively. On the contrary, Fig. 9(a, b), it is clearly 
evidenced that the synergy effect of CuOx and CeO2 NR can improve the 
CO oxidation dramatically for both oxidized and reduced samples 
(T50<100 ◦C). This synergism between CuOx and CeO2 NR has been 
reported previously [43,44]. Shown in Fig. 9(a), T50 for 10 wt% CuO/
CeO2 NR-o was achieved at 88◦C while for 10 wt% CuO/CeO2 NC-o it 
was at 146◦C. It can be clearly demonstrated that support morphology 
play significant effect on CO oxidation performance. However, both 
oxidized 10 wt% CuO/CeO2 NR and 10 wt% CuO/CeO2 NC samples 
showed approximately 90% CO conversion at 195◦C, shows at Fig. 9(a). 
However, the reduction treatment decreased the conversion rate 

Fig. 5. Raman spectroscopy profiles of the 10 wt% CuO/CeO2 NR-o & 10 wt% CuO/CeO2 NR-r samples.  
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noticeably. For example, for oxidized and reduced 10 wt% CuO/CeO2 
NR from Fig. 9(a, b), at ~x223C55◦C, the two samples have similar 
amount of CO conversion (<5%). At ~x223C100◦C, the CO conversion 
jumps up to 62.8% for 10 wt% CuO/CeO2 NR-o and 56.5% for 10 wt% 
CuO/CeO2 NR-r. Above 300 ◦C, the conversion rate became stable and 
approached to 100% for 10 wt% CuO/CeO2 NR-o. It is also clear that the 
10 wt% CuO/CeO2 NR-o sample shows better low temperature CO 

oxidation activity than that of the 10 wt% CuO/CeO2 NR-r sample for all 
the temperature range. This is because the oxidized sample can provide 
more oxygen both from CuO crystallites and CeO2 support for the 
oxidation of CO. After the reduction treatment most of the CuO species 
were reduced to Cu by three possible reduction routes: (1) CuO → Cu4O3 
→ Cu2O → Cu; (2) CuO → Cu2O → Cu; and (3) CuO → Cu. However, the 
reduced sample was able to perform CO conversion because of the 

Fig. 6. XPS spectra of the 10 wt% CuO/CeO2 NR samples after the oxidation and reduction treatments.  
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Fig. 7. TEM images and diffractogram/lattice fringe analysis of (a) 10 wt% CuO/CeO2 NR-o and (b) 10 wt% CuO/CeO2 NR-r.  

Fig. 8. HRTEM images of 10 wt% CuO/CeO2 NR-o showing various defects.  
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reducibility property of CeO2 NR by the equa
tion: 2 CeO2 + CO = Ce2O3 + CO2 as well as the reduction of the 
Cu-O-Ce solid solution at the metal/support interface. In addition, some 
re-oxidized CuOx species could also contribute to the CO oxidation 
which was evidenced by the H2-TPR profile (Fig. 3). However, the 10 wt 
% CuO/SiO2-o catalyst shows poor performance than those of CeO2 
supported catalysts thanks to the irreducibility of SiO2. As shown in 
Fig. 9(d), the apparent activation energies (Ea) for the CeO2 supported 
catalysts were calculated below 40% CO conversion using Arrhenius 
plot. The Ea values for 10 wt% CuO/CeO2 NR-o, 10 wt% CuO/CeO2 
NR-r, 10 wt% CuO/CeO2 NC-o and 10 wt% CuO/CeO2 NC-r are 59.6 
kJmol− 1, 59.6 kJmol− 1, 71.6 kJmol− 1 and 71.6 kJmol− 1, respectively. 
Table S1 presents a performance comparison between previously pub
lished results with similar catalysts and this work. 

3.8. In situ DRIFTS analysis 

To further explore CO adsorption and desorption behaviors on the 
prepared catalysts, in situ DRIFTS was carried out. Fig. 10(a-f) show the 
CO adsorption spectra over the 10 wt% CuO/CeO2 NR-o and 10 wt% 
CuO/CeO2 NR-r catalysts. It can be assumed that CO adsorption either 
occurred on CuOx catalyst and/or CeO2 support surfaces. Fig. 10(b-c and 
e-f) illustrate the zoomed regions from Fig. 10(a and d). From the 

literature, it was reported that CO adsorption on CeO2 surface can form 
various carbonate, bicarbonate and formate species which can be 
observed from the peak ranges of 1000 cm− 1-1700 cm− 1 [34, 35]. 
Fig. 10(b and e) show the most intense vibration modes of surface car
bonates and other oxo-species for both oxidized and reduced samples. 
During CO adsorption, CO molecule acts as electron-donor probe and 
oxygen can capture these CO molecules and form carbonate, bicarbon
ate and formate species. In Fig. 10(b and e), there are ~x223C8 peaks 
combination with higher, medium and low intensity at wave number 
around 1062 cm-1, 1216 cm-1, 1297 cm-1, 1351 cm-1, 1392 cm-1, 1544 
cm-1, 1574 cm-1, and 1612 cm-1. All of these peaks represent the for
mation of bi and tri carbonate as well as bridged carbonate, formate and 
carboxylates, the intensity of which gradually decreases with increasing 
temperature from 140◦C [45]. This suggests that the surface carbonate 
and oxo-species formed through the conversion of CO started to desorb 
from the supported catalyst surface at higher temperature. The formed 
carbonate species on the surface of the supported catalysts may be a 
possible reason to limit the CO conversion rate and lower activity of 
catalyst because the active sites are blocked by these species, known as 
“surface poisoning” [44–46]. 

The adsorption of CO molecule over CuO crystallites is illustrated in 
Fig. 10(c and f) where a sharp peak was observed between the regions of 
2050 cm− 1-2150 cm− 1. Several reports have shown previously that 

Fig. 9. CO oxidation conversion comparison of (a) 10 wt% CuO/CeO2 NR-o, 10 wt% CuO/CeO2 NC-o, and 10 wt% CuO/SiO2–o; (b) 10 wt% CuO/CeO2 NR-r and 10 
wt% CuO/CeO2 NC-r; (c) CuO and CeO2 NR; (d) activation energy for 10 wt% CuO/CeO2 NR-o, 10 wt% CuO/CeO2 NR-r, 10 wt% CuO/CeO2 NC-o, and 10 wt% CuO/ 
CeO2 NC-r. 
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Fig. 10. DRIFTS spectra recorded after exposure to CO on (a) the oxidized 10 wt% CuO/ CeO2 NR, (b-c) DRIFTS spectra of the oxidized 10 wt% CuO/CeO2 NR 
catalyst for the regions of 1000 cm− 1-1750 cm− 1 and 2075 cm− 1-2150 cm− 1, (d) DRIFTS spectra of the reduced 10 wt% CuO/CeO2 NR, (e-f) DRIFTS spectra of the 
reduced 10 wt% CuO/CeO2 NR catalyst for the regions of 1000 cm− 1-1750 cm− 1 and 2075 cm− 1-2150 cm− 1. 
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there are three CO adsorption band available for CuOx sites. These 
ranges are 2200-2140, 2140-2100, and 2100-2000 cm‒1 which repre
sent the CO adsorption on Cu (ii), Cu (i) and Cu (0) sites, respectively 
[47–49]. 

However, in our DRIFTS results, one single broad band peak at 2113 
cm− 1 was observed, which might be an overlap of two or three peaks 
from CO adsorption on Cu (ii), Cu (i) and Cu (0) sites. The H2-TPR and 
CO-TPD results suggest the presence of Cu+ and Cu2+ species. Deng et al. 
[50] and Dong et al. [51] reported that at ambient temperature, Cu+-CO 
adsorption was more stable than others. For Fig. 10(c), it was found that 
this adsorption peak intensity first increased with temperature till 80◦C 
and then started to decrease with the increasing temperature till 150◦C. 
The integrated peak area of the curve for each temperature is listed on 
the left sides in Fig. 10(c, f) to quantitatively illustrate the change of the 
amount of the adsorbed molecules with temperature. These results can 
be explained as follows: initially, CO adsorption occurs at CuOx sites till 
80◦C. From 80◦C to 150◦C, the peak area of the band decreases, which 
can be attributed to the interaction of CO with Cu+ and Cu2+ ions 
leading to the reduction from CuO→Cu2O→Cu and less active adsorp
tion sites. 

4. Conclusion 

Among SiO2, CeO2 NR and CeO2 NC supported CuOx, the CeO2 NR 
supported CuOx catalyst shows the best low temperature catalytic per
formance of CO oxidation, mainly due to the higher surface defects of 
CeO2 NR support including high concentration of Ce3+, oxygen vacancy, 
other surface defects which significantly promote a strong interaction 
with CuOx clusters and surface oxygen release capability at lower tem
perature. The interaction of the supported CuOx catalyst with CO by CO- 
TPD data confirmed that 10 wt% CuO/CeO2 NR-o showed the highest 
CO/CO2 desorption capability at the lowest temperature of 89◦C, which 
was further studied by in situ DRIFTS experiments. In addition, it is 
concluded from the in situ DRIFTS results that the highest CO adsorption 
on the CeO2 NR supported CuOx catalysts occurred around 
80◦C~x223C90◦C and at the higher temperature the adsorbed CO 
amount started to decrease partially due to the reduction of CuO through 
CuO→Cu2O→Cu and the decreased active adsorption sites. These results 
point out a promising strategy to enhance the catalyst activity via charge 
and mass transfer and tuned interaction between catalyst clusters and 
oxide supports. 
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