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A B S T R A C T   

A series of Cu-Ce binary oxides were synthesized via a facile co-precipitation method for toluene catalytic 
oxidation. The physicochemical properties of these samples were characterized by BET, XRD, SEM, TEM, H2-TPR, 
O2-TPD, and XPS. It reveals that Cu1Ce3 catalyst possesses a higher specific surface area, stronger Cu-Ce syn
ergistic effect, and better low-temperature reducibility than other samples. Moreover, Cu1Ce3 catalyst exhibited 
superior toluene oxidation activity with 99.10% toluene removal efficiency and 97.28% CO2 selectivity at 
200 ◦C, as well as satisfactory stability and moisture resistance. Therefore, Cu1Ce3 catalyst indicates a huge 
potential for practical applications, such as coal-fired flue gas and spray coating industry. The reaction pathways 
for toluene catalytic oxidation over the Cu1Ce3 catalyst were further illuminated by in-situ DRIFTs. In the main 
pathway, toluene molecules were firstly in contact with the interface lattice oxygen, then the abstraction of H 
atoms occurred on the methyl group, and benzyl alcohol is considered as the primary intermediate, during which 
the rate-determining step is the oxidation of benzyl alcohol. In the secondary pathway, a little proportion of 
toluene molecules were directly oxidized into benzoic acid by the chemisorbed oxygen species. In subsequent 
steps, all the intermediates were converted into CO2 and H2O. At last, it is confirmed that the toluene oxidation 
over Cu1Ce3 catalyst involves a Mars-van-Krevelen mechanism via this study.   

1. Introduction 

With the acceleration of industrialization and urbanization in China, 
air pollution has become an increasingly alarming issue around the 
country. Especially the hazard of volatile organic compounds (VOCs) 
has been extensively emphasized in the last few years. As one of the 
representative species of VOCs, toluene has many emission sources, such 
as chemical industries, petrochemical industries, sewage treatment 
plants, and thermal power plants [1,2]. Besides, toluene has been widely 
considered as a great threat to the environment and human health [3,4]. 

Recently, multifarious methods have been developed rapidly to 
eliminate the emission of toluene, catalytic oxidation has been regarded 
as one of the most efficient and economical technologies [5]. Further
more, as the main products via catalytic oxidation, H2O and CO2 are 
harmless at relatively moderate conditions [6,7]. However, there are 
still some drawbacks such as difficulties in preparation and low catalytic 

efficiency. Therefore, the design of catalysts with facile preparation and 
superior activity is urgently required. Various catalysts are generally 
classified into two types based on different active components: noble 
metal-based catalysts and non-noble metal oxides. Although noble 
metal-based catalysts have shown superior performance on the toluene 
catalytic oxidation at a low temperature, their large-scale applications 
are restricted by high cost, low stability, easy-poisoned, and easy- 
sintered [8–10]. Thus, concentrated efforts are being made to design 
and synthesize catalysts based on cheap metal oxides to be substituted 
for the noble metals [11,12]. Most of these researches focus on the 
transition metal (Mn, Fe, Co, Ni, and Cu) oxides and rare earth metal (La 
and Ce) oxides [13,14]. 

Among the transition and rare earth metal oxides, copper oxides are 
considered as an efficient active component for the VOCs catalytic 
oxidation [15–17], while cerium oxides are widely used as the best 
promoter referred to the high oxygen storage capacity, electron release 
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properties and the facile redox cycle between Ce4+ and Ce3+ [18,19]. Lu 
et al. substituted part of Mn in Cu–Mn catalysts with Ce to synthesize Cu- 
Mn-Ce ternary oxides for toluene oxidation, and found the coexistence of 
Cu–Mn mixed oxides and the ceria-based solid solution resulted in a 
better synergetic interaction [20]. Ahmed Ismail et al. synthesized 
CoxCe1-xO2-δ through non-ionic surfactant hydrothermal method and 
applied for catalytic toluene oxidation, and claimed the good activity 
can be mainly attributed to the strong interaction between Co and Ce 
oxides to form Co0.2Ce0.8O2-δ solid solution [21]. In cerium oxides, the 
valence state of cerium can switch between III and IV, which makes 
cerium easily replaced by elements with lower oxidation states such as 
copper [22,23]. It leads to the formation of Cu-Ce solid solution and the 
production of abundant vacancies. It is believed that the synergistic 
effect between Cu-Ce mixed oxides by forming solid solutions is also 
greatly beneficial to facilitate the catalytic performance [24]. Besides, 
the interaction between organic molecules and active oxygen species via 
the filling of oxygen vacancy by gaseous oxygen is the basis of catalytic 
oxidation [25]. Hence, Cu-Ce composite oxides are regarded as a 
promising catalyst for the oxidation of toluene, and their catalytic ac
tivity is expected to be comparable with noble metal catalysts [26]. Even 
if this ascendant activity of Cu-Ce binary metal oxide for toluene cata
lytic oxidation has been widely reported in recent years, there are still 
some problems worth being noticed, such as low dispersion and the 
large gap from ignition temperature to the complete oxidation temper
ature of the catalytic process [27–29]. Besides, the known details about 
the bimetallic interaction and catalytic pathways are limited. 

In the present work, a series of Cu-Ce binary oxides with different 
molar ratios were prepared systematically by a facile co-precipitation 
process. Toluene was selected as the probe pollutant for the assess
ment of catalytic activities. The emphases of this study are on four as
pects: (I) the physicochemical properties and the details about the 
bimetallic interaction of the samples were characterized by BET, XRD, 
SEM, TEM, H2-TPR, O2-TPD, and XPS; (II) the effect of the molar ratio in 
the prepared catalysts and reaction temperatures for the toluene 
removal was investigated; (III) a series of tests were carried out con
cerning the application of the catalyst in practical occasions, not merely 
the influence of space velocity and gas component (O2, NO, and H2O), 
but also the evaluation of stability and CO2 selectivity over the catalyst; 
(IV) the catalytic reaction pathway and the atomic-level reaction 
mechanism were presented by the in-situ DRIFTs technique. 

2. Experimental 

2.1. Sample preparation 

The chemical reagents (including NaOH, Cu(NO3)2, and Ce 
(NO3)3⋅6H2O) were purchased from Aladdin Industrial Corporation. All 
the chemicals are of A.R. grade and used directly without further puri
fication. Cu-Ce binary oxides were prepared via a facile co-precipitation 
method. The procedures are as follows: appropriate amounts of copper 
nitrate and cerium nitrate were dissolved in 100 mL deionized water. 
After that, 2 mol/L NaOH solution was added to the prepared solution 
dropwise with vigorous stirring until pH reached 11. The obtained 
precipitate was stirring for 4 h and then aged 2 h without any agitation 
at 30 ◦C in a constant temperature water bath. Subsequently, the pre
cipitates were collected and washed several times with ultrapure water 
until the pH decreased to 7. Thereinto, it is crucial to get rid of Na+ via 
the cleaning of the precipitant, the content of Na+ must be ensured 
below the detection limit by inductively coupled plasma-atomic emis
sion spectrometry (ICP-AES). Then the solid matter was dried at 50 ◦C in 
a vacuum drying chamber overnight and calcined in a muffle furnace at 
500 ◦C for 4 h with the heating rate of 3 ◦C⋅min− 1. Finally, the obtained 
Cu-Ce binary oxides were marked as Cu1Cex, where x represented the 
molar ratio of Ce/Cu. 

2.2. Characterizations and catalytic activity measurements 

More details characterization and catalytic activity measurement 
procedures were provided in the Supplementary Information file. 

2.3. Catalytic activity measurements 

The experimental setup of the prepared samples for toluene catalytic 
oxidation is shown in Fig. S1. The catalytic activity was evaluated on a 
vertical fixed bed tubular quartz reactor (i.d. = 6.00 mm, length = 600 
mm). The continuous flow contained 1000 ppm toluene which was 
generated from a bubbling bottle immersed in an ice-water bath, 21 vol 
% O2, and pure N2 as balance. And the total volume of the flow is 150 
mL/min maintained by the mass flow controller for each test. 400 mg of 
catalysts was loaded in the reactor, corresponding to a gaseous hourly 
space velocity (GHSV) of 30,000 h− 1. By the way, the effect of GHSV on 
toluene removal was estimated by altering the volume of the gas flow. 

The temperature window of the test is 120–300 ◦C monitored by a 
thermocouple in the reactor. The temperature was stabilized by a pro
grammed heating device, each temperature point was maintained for 2 h 
to ensure the stable toluene concentration of the outlet. For instance, 
after the efficiency test of Cu1Ce3 treatment of toluene at 160 ◦C for 2 h, 
the temperature of the reaction bed was automatically raised to 180 ◦C 
at a heating rate of 3 ◦C/min, and the efficiency of 180 ◦C was obtained 
after treatment for 2 h. 

The inlet and outlet toluene were monitored by an online gas chro
matograph (GC, GC-2014C, SHIMADZU) equipped with FID. The 
removal efficiency of toluene (Etoluene) and the CO2 selectivity were 
calculated via the following formulas: 

Etoluene(%) =
Δ(toluene)
(toluene)in

=
(toluene)in − (toluene)out

(toluene)in
× 100% (1)  

where (toluene)in and (toluene)out represented the toluene concentra
tion of inlet and outlet (ppm), respectively. 

The CO2 selectivity (CCO2 ): 

CCO2 =
(CCO2 )out

7(toluene)in
× 100% (2)  

where (CCO2 )out represented the CO2 concentration of the outlet moni
tored by PGA-650 (Phymetrix, USA) (ppm). 

All the tests were carried out three replicates to reproduce the results 
and reduce experimental error. 

3. Results and discussion 

3.1. Characterization of catalysts 

3.1.1. N2 adsorption–desorption 
The N2 adsorption–desorption isotherms and the curves of the pore 

size distribution for Cu-Ce binary oxides are shown in Fig. 1(a). All the 
Cu-Ce catalysts exhibited Langmuir type-IV physisorption isothermals 
with the H1 hysteresis loops. It confirmed that the average pore diam
eter of Cu-Ce binary oxides is in the mesoporous range. With the 
increasing of cerium contents, the hysteresis loops tended to be narrow, 
indicating the cerium species might contain some micropores [30]. The 
pore size distribution curves of Cu-Ce catalysts exhibited one single peak 
centered at 3.799–3.829 nm, which indicates that the distribution of 
mesopores is uniform. As is known, the dimension of toluene is 5.83 Å, 
which is far smaller than the pore diameters of the Cu-Ce catalysts. 
Therefore, toluene molecules could easily be adsorbed on the inner 
surface of the Cu-Ce binary oxides in the toluene catalytic oxidation 
process [31]. The specific surface area, average pore diameter, and total 
pore volume are listed in Table 1. The Cu1Ce3 catalyst reaches the 
maximum value of specific surface area (76.871 m2/g) and pore volume 
(0.101 cm3/g), which could provide abundant adsorption sites. 
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3.1.2. XRd 
The XRD patterns displayed in Fig. 1(c) are indexed to match the 

standard patterns (JCPDS 45-0937 and JCPDS 34-0394). The peaks of 
CeO2 in the Cu1Ce3 catalyst are more pronounced than other samples, 
indicating Cu1Ce3 catalyst possesses the relatively high crystallinity 
CeO2. From previous studies [32], high crystallinity CeO2 in the Cu-Ce 
binary oxides promotes the saturated capacity for incorporated CuO. 
Furthermore, once the content of copper species exceeds the capacity 
limitation, copper clusters might tend to aggregate. Thus, two small 
addition diffraction peaks related to CuO are observed at 35.6◦ and 
38.8◦ in the Cu1Ce2 catalyst. As the content of copper species decreased, 
the peaks assigned to CuO appeared to vanish. It suggests that small 
copper species could be well dispersed on the ceria surface or incorpo
rated into the ceria matrix. As is illustrated in Fig. 1(d), peaks at 28.7◦

were further magnified. Compared to the pure CeO2, a slight shift to left 
of CeO2 peak could be observed for all the Cu-Ce catalysts, from which 
we could learn that copper species incorporated into the lattice of CeO2 
via the co-precipitation process. [33]. The crystal sizes of the samples 
calculated by the Debye-Scherrer equation are summarized in Table 1. 
The crystal sizes of Cu-Ce binary oxides (5.61–7.45 nm) become smaller 

compared with the pure CeO2 (11.79 nm). It can be inferred that the 
partial Ce4+ was taken place by Cu2+, leading to a constriction of the Ce- 
O bond [34,35]. Among all the Cu-Ce binary oxides, Cu1Ce3 exhibited 
the smallest crystal size. It implied that more copper species were 
introduced into the CeO2 lattices, resulting in the formation of abundant 
structural defects on the Cu1Ce3 catalyst. 

3.1.3. Morphologic and structural characterizations 
The morphology of pure CuO, CeO2, and Cu-Ce binary oxides was 

investigated by FE-SEM in Fig. 2. Pure CuO exhibited an aggregated 
polyhedral structure, while pure CeO2 showed a lamellar structure with 
a small number of dispersed particles on the surface. By comparison, the 
Cu-Ce binary oxides exhibited grape-shaped nanoparticles, indicating 
the copper species were dispersed on the surface of ceria support. 
However, significant agglomeration was observed on the Cu1Ce2 and 
Cu1Ce5 catalysts. Considering the results from XRD, the agglomerates on 
the Cu1Ce2 catalyst could be identified as bulk CuO, which suggests that 
the saturated capacity for CuO in ceria support had been exceeded. As 
for the Cu1Ce5 catalyst, it could be inferred that the CeO2 particles 
started to appear and mixed with the grape-shaped nanoparticles 

Fig. 1. (a) Nitrogen adsorption–desorption isotherms and (b) pore diameter distribution of the catalysts; (c) XRD patterns of the samples; (d) The magnified 
XRD patterns. 

Table 1 
Specific surface area, pore parameters, H2 consumption, O2 desorption and crystal size of the catalysts.  

Sample Crystal size (nm) Specific surface area (m2/g) Pore diameter (nm) Pore volume (cm3/g) H2 consumption (mmol/g) O2 desorption (mmol/g) 

CuO  20.11 − − − − 1.294 
CeO2  11.79 − − − − −

Cu1Ce2  6.17 70.193 3.799 0.091 1.061 2.972 
Cu1Ce3  5.61 76.871 3.829 0.101 0.782 2.931 
Cu1Ce4  7.16 68.079 3.828 0.085 0.707 2.633 
Cu1Ce5  7.45 49.123 3.828 0.051 0.368 2.089  
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according to the high content of cerium species. Besides, among all the 
Cu-Ce binary oxides, nanoparticles on Cu1Ce3 are dispersed most uni
formly, implying a strong Cu-Ce synergistic effect [36]. 

The morphology, as well as the details of the bimetallic interaction of 
Cu-Ce binary oxides, was investigated by TEM. As is shown in Fig. 3, 
Cu1Ce2 (Fig. 3(a)) and Cu1Ce5 (Fig. 3(d)) catalysts were seriously 
agglomerated, the particles of these catalysts have clumped into bulks, 
while the Cu1Ce3 catalyst exhibited the best dispersion with the particle 
size of 5–7 nm, which is consistent with the observation of FE-SEM. The 
highest surface area of Cu1Ce3, as demonstrated in Table 1, should be 
responsible for it. The High-Resolution TEM image of Cu1Ce3 catalyst is 

shown in Fig. 3(e), the spacings of lattice fringes were measured as 
0.269 nm and 0.312 nm, which were indexed to match the (110) plane 
of CuO and the (111) plane of CeO2, respectively [37]. Interestingly, the 
distortion of CeO2 lattice fringes between the nanoparticles could be 
easily distinguished in Cu1Ce3 catalysts, which implies the Cu-Ce 
amorphous solid solution was formed at the interface between CuO 
and CeO2 [38]. According to Fig. S2, it could be learned that this 
distortion is present in all the Cu-Ce binary oxide samples. Combined 
with the slight shift of CeO2 characteristic peak at 28.7◦ in XRD (Fig. 1 
(d)), it could be concluded that the incorporated Cu ions into CeO2 are 
beneficial for the formation of the amorphous solid solution, finally 

Fig. 2. FE-SEM images of (a) CuO, (b) CeO2, (c) Cu1Ce2, (d) Cu1Ce3, (e) Cu1Ce4, (f) Cu1Ce5. The morphology, as well as the details of the bimetallic interaction of 
Cu-Ce. 

Fig. 3. TEM images of (a) Cu1Ce2, (b) Cu1Ce3, (c) Cu1Ce4, (d) Cu1Ce5 and the HRTEM image of (e) Cu1Ce3.  
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leads to the structural defects. The oxygen vacancies could be generated 
via these structural defects, resulting in the formation of Ov-Cu2+-O- 
Ce4+ connection [36]. Accordingly, the mobility of oxygen species had 
been enhanced, which further improve the catalytic activity over Cu1Ce3 
catalyst. 

3.1.4. Raman analysis 
Raman spectra of all the samples are shown in Fig. 4. In pure CeO2, 

the peak located at 463.88 cm− 1 could be attributed to the symmetric 
breathing mode of oxygen atoms around cerium ions [39]. It is obviously 
that the peaks become weak and broaden in the serial Cu-Ce binary 
oxides. This phenomenon might be attributing to the changes in the 
lattice parameter with crystal size and phonon confinement [40–42]. 
Besides, a down-shifts could be also observed in the spectra of Cu-Ce 
binary oxides. The down-shifts might be also related with oxygen va
cancies [43], which are originated from structural defects due to 
partially incorporation of copper into CeO2 lattice, in agreement with 
the decrease of crystal size calculated by the Debye-Scherrer equation. 
Moreover, the amount of oxygen vacancy over various catalysts (see 
Fig. 4(b)) was further calculated by Gaussian deconvolution the region 
around 598 cm− 1 [44]. It can be observed that the Cu1Ce3 catalyst 
possesses highest oxygen vacancy concentration. 

3.1.5. XPs 
The chemical states and the compositions on the surface of the ob

tained catalysts were elucidated by XPS analysis. Fig. 5 demonstrated 
the fitting results of the O1s, Cu 2p, and Ce 3d. Furthermore, the datum 
of XPS was summarized in Table S1. The O 1s XPS spectra are plotted in 
Fig. 5(a), which could be fitted into three peaks. The O 1s signals with 
binding energy from 533.47 to 535.08 eV, 530.34 to 531.38 eV and 
528.38 to 529.27 eV correspond to surface hydroxyl oxygen (denoted as 
Oα), chemisorbed O2 (denoted as Oβ) and lattice oxygen (denoted as Oγ) 
on the catalysts, respectively [45–48]. The Oβ contents of the Cu-Ce 
binary oxides calculated by Oβ/(Oα + Oβ + Oγ) are summarized in 
Table S1. The Oβ ratio of Cu1Ce3 catalyst is much higher than those of 
other samples. According to previous reports [49,50], the chemisorbed 
O2 (Oβ) could not only boost the adsorption of oxygen from the gas phase 
through its high mobility but also facilitate catalytic oxidation by con
necting metal atoms on the surface with active oxygen species via a 
weak bonding interaction [51]. The Oβ ratio of the Cu1Ce3 catalyst is 
much higher than those of other samples. Notably, this ratio sharply 
decreased from 69.59% to 19.29% after the reaction, implied that the Oβ 
was partially involved in the oxidation process. 

In high-resolution of Cu 2p spectra displayed in Fig. 5(b), the Cu 2p3/ 

2 binding energy of 931–938 eV, the Cu 2p1/2 of 952–958 eV, and sat
ellite peaks are observed for a series of Cu-Ce binary oxides. It is well- 

known that the higher Cu 2p3/2 and Cu 2p1/2 binding energy is related 
to the Cu2+ species, the lower Cu 2p3/2 and Cu 2p1/2 binding energy are 
attributed to the reduced copper species [52,53]. The complex spectra of 
Ce 3d are displayed in Fig. 5(c). The two sets of spin-orbital were 
denoted as u and v referring to the Ce 3d3/2 and Ce 3d5/2. The Ce3+

relative content can be calculated via the formula: Ce3+/(Ce3++Ce4+), 
where Ce3+ = ( u’ + u0 + v’ + v0) and Ce4+ =

(u + u’’ + u’’’ + v + v’’ + v’’’u + u’ + u’’’ + v + v’’ + v’’’). Based on the 
previous study [54], Ce3+ is related to the formation of oxygen vacancies 
and the activation of surface oxygen species, which could improve cat
alytic activity of Cu-Ce binary oxides in the toluene catalytic oxidation. 
Besides, the co-existence of Ce3+ and incorporated Cu2+ could reduce 
the redox potentials and facilitate the formation of Cu-Ce solid solution 
[55]. Therefore, it can be deduced that the oxygen vacancies and Cu-Ce 
interaction are present in all the Cu-Ce binary oxides. The Ov-Cu2+-O- 
Ce4+ connection could be formed via this Cu-Ce interaction as illustrated 
in HR-TEM (Fig. 3(e)), providing a link for O transferred between Cu and 
Ce. It’s worth noting that both the contents of Cu2+ and Ce3+ decreased 
after the reaction over Cu1Ce3 catalyst. As is known, surface defect and 
oxygen vacancies could be introduced in the structure via Cu ions 
incorporated into the lattice of ceria which can be summarized by the 
equilibrium Ce3+ + Cu2+ ⇔ Ce4+ + Cu+. It reveals that Cu2+ and Ce3+

were partially involved in the toluene catalytic oxidation process. 
Compared to other samples, Cu1Ce3 catalysts exhibit higher Ce3+ and 
Cu2+ content, which might promote the activity for toluene catalytic 
oxidation. 

3.1.6. H2-TPr 
The samples’ reducibility was characterized by H2-TPR. Fig. 6(d) 

illustrated the H2-TPR profiles of Cu1Ce2, Cu1Ce3, Cu1Ce4, and Cu1Ce5. 
Besides, the H2 consumption of the serial Cu-Ce oxides was calculated 
and listed in Table 1. The H2 consumption gradually decreases with an 
increase of cerium contents, and the corresponding values range from 
1.061 to 0.368 mmol/g. As shown in the XRD results, most Cu2+ ions 
exist in the form of small clusters or bulk CuO, which can be wrapped by 
CeO2 during the reduction–oxidation processes. Due to the kinetic 
diffusion, the dispersed CuO and CeO2 are difficult to reduce. Addi
tionally, some Cu2+ in Cu-Ce solid solutions are not completely reduced. 
Thus, it is reasonable that the H2 consumption decline when the contents 
of cerium species increase. A broad reduction peak is seen at 
100–250 ◦C, which can be divided into three parts (α, β, γ) by peak 
fitting. The α reduction peak is ascribed to the dispersed copper species. 
The β reduction peak corresponds to the Cu ions incorporated into the 
frame of CeO2. The γ reduction peak detected at a higher temperature is 
ascribed to the bulk or crystalline copper species which interacted 
weakly with CeO2 [56]. Bulk or crystalline CuO has little contribution to 

Fig. 4. (a) Raman spectra of Cu1Ce2, Cu1Ce3, Cu1Ce4, Cu1Ce5, and CeO2; (b) integrated peak areas at 598 cm− 1 for various catalysts.  
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catalytic performance since it could only be reduced at a relatively high 
temperature. According to previous research [37], pure CuO and CeO2 
samples both indicated their reduction peak at 375 ◦C and 550 ◦C, 
respectively. However, the reduction peaks of all the Cu-Ce binary oxide 
samples here are at the temperature range of 100–250 ◦C, which is well 
below 375 ◦C. It could be speculated that the Cu-Ce synergistic effect 
promotes the reduction of the copper species. Consequently, the 
reduction peaks of Cu-Ce binary oxides shifted to a lower temperature. 
The position temperature of peak α and β ranks as Cu1Ce3 < Cu1Ce2 <

Cu1Ce4 < Cu1Ce5. Compared to other samples, the reduction peaks of 
Cu1Ce3 catalyst were at the lowest temperature side, suggesting the 
reducibility was enhanced via forming Cu-Ce solid solution. The Ov- 

Cu2+-O2− -Ce4+ connection was built as a bridge that could facilitate O 
transfer between copper and cerium species by reducing the redox po
tential of copper species. It is believed better interaction in the Cu-Ce 
binary oxides promotes reducibility of copper species and improves 
the redox cycle in toluene oxidations [36,57]. Therefore, Cu1Ce3 is 
considered the most interesting sample. 

3.1.7. O2-TPd 
The reactivity of the oxygen species was measured by O2 Tempera

ture programmed desorption tests (O2-TPD) and the O2 desorption was 
listed in Table 1. The O2 desorption of Cu-Ce binary oxides was higher 
than that of CuO, implied a strong Cu-Ce synergistic effect. In addition, 
the O2 desorption of Cu-Ce binary oxides decline when the contents of 
cerium species increase. Combined the profile shown in Fig. S3, CeO2 
made little contribution for O2 desorption below 700℃, it could be 
inferred that copper oxides were the active component for the toluene 
catalytic oxidation, while cerium oxides played a role as the promoter. 
The O2-TPD curves of all the Cu-Ce binary oxides are made up of five 
peaks below 800 ◦C after fitting, which was consisted with physically 
absorbed oxygen (peak α), chemisorbed oxygen (peak β), and lattice 
oxygen of CuO (peak γ). The peaks of γ1, γ2, and γ3 could be ascribed to 
the well dispersed CuO, copper incorporated with cerium species, and 
bulk CuO referred to the result of H2-TPR. With the increase of cerium 
content, the peaks above 700 ◦C, relevant to the reduction of CeO2 lat
tice oxygen, were detected in the samples of Cu1Ce3, Cu1Ce4, and Cu1Ce5 
catalysts [54]. As is displayed in Fig. 6, the Cu1Ce3 catalyst possesses the 
highest peak area of chemisorbed oxygen species, further testifying its 
maximum amount of Oβ as identified by XPS. Meanwhile, the peaks γ of 
Cu1Ce3 shift to a lower temperature, indicating that the oxygen mobility 
was improved. These results are in agreement with the XPS analysis. 
Combined with the XPS results, a large amount of surface Ce3+ and 
incorporated Cu2+ are concentrated on the Cu1Ce3 catalyst, which is 

Fig. 5. XPS spectra of (a) O 1s, (b) Cu 2p and (c) Ce 3d; (d) H2-TPR profiles of Cu-Ce binary oxide catalysts.  

Fig. 6. O2-TPD profiles of Cu-Ce binary oxide catalysts.  
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related to more oxygen-supplying centers. Moreover, the Ov-Cu2+-O- 
Ce4+ connection can be formed via the Cu-Ce synergistic effect in the 
Cu1Ce3 oxides. Thus, it is confirmed that the oxygen transformation 
between Cu and Ce could be facilitated. 

3.2. Catalytic performance 

3.2.1. The effect of Ce/Cu molar ratio 
A blank test without catalyst was performed to exclude interaction 

between toluene and the reactor at first. There was no significant 
removal of toluene detected below 300 ◦C. The catalytic conversion of 
toluene over CuO, CeO2, and four Cu-Ce binary oxides versus reaction 
temperature was displayed in Fig. 7. Pure CeO2 exhibited the worst 
catalytic performance, while pure CuO reached a toluene conversion of 
over 90% at 280 ◦C. According to the result of H2-TPR and O2-TPD, the 
reduction peak and desorption peak of the lattice oxygen in CeO2 was 
detected over 700 ◦C, it can be speculated that the lattice oxygen in CeO2 
has little contribution to the catalytic oxidation of toluene at low tem
perature. Therefore, CeO2 might be regarded as support while copper 
species could be considered as the active components in the toluene 
catalytic oxidation. Beyond that, Cu-Ce binary oxides exhibited better 
toluene catalyst activity than the single metal oxides, indicating the 
strong Cu-Ce synergistic effect was beneficial to toluene catalytic 
oxidation. Thereinto, the Cu1Ce3 catalyst showed the best toluene 
removal efficiency of Cu-Ce binary oxides, which reached 96.91% at 
180 ◦C and 99.10% at 200 ◦C, respectively. Based on the result of this 
test, the Cu1Ce3 catalyst was used for further study. 

3.2.2. The effect of space velocity 
In practical industrial applications, space velocity is considered a 

crucial parameter in catalytic oxidation [58]. Hence, the effect of space 
velocity on toluene catalytic oxidation over Cu1Ce3 catalyst was tested. 
As is shown in Fig. 8, with the increase of GHSV, the activity of the 
Cu1Ce3 catalyst tended to decrease. The trend is in line with expectations 
since it is believed that toluene retention time is positively correlated 
with catalyst activity. Even with a GHSV at 180000 h− 1, the Cu1Ce3 
catalyst could still achieve over 90% toluene conversion rate at 280 ◦C. 
It suggests that the Cu1Ce3 catalyst could keep a considerable catalytic 
activity under high GHSV conditions in actual application. 

3.2.3. The effect of gas components 
Effects of gas components (O2, NO, and H2O) on toluene catalytic 

oxidation over Cu1Ce3 catalyst at 210 ◦C are displayed in Fig. 9. 
O2 is considered as a momentous gas component, the concentration 

of O2 in industrial exhaust gases may vary from field to field. From 
Fig. 9, the Cu1Ce3 catalyst exhibited a relatively low activity in the 
absence of oxygen, and decreased over time, implying the consumption 
of surface chemisorbed O2 turned into an irreversible step without the 
replenishment of gaseous oxygen [47]. After 6 vol% O2 was added into 
the stream, the conversion of toluene boosted from 9.55% to 91.36% 
within 30 min, then stabilized at 96% to 97%. When 21 vol% O2 was 
added, the toluene conversion was promoted again over 99%. It reveals 
that O2 from gas phase played a key role in toluene catalytic oxidation. 
The surface adsorbed oxygen on catalyst could be replenished from gas- 
phase O2, which leads to the regeneration of lattice oxygen in the 
catalyst. Besides, it could be seen that the Cu1Ce3 catalyst achieved over 
96% toluene conversion at 6 vol% O2, indicating Cu1Ce3 catalyst may be 
an option worth further considering for low oxygen content conditions, 
like coal flue gas. 

Several researchers considered volatile organic compounds (VOCs) 
as one of major precursors for ground-level ozone formation after a 

Fig. 7. Toluene conversion over Ce/Cu molar ratio (Reaction conditions: 
120–300 ◦C, 1000 ppm toluene, 21 vol% O2, N2 as balance, GHSV =
30,000 h− 1). 

Fig. 8. The effect of GHSV (Reaction conditions: 1000 ppm toluene, 21 vol% 
O2, N2 as balance, GHSV = 30,000–180,000 h− 1). 

Fig. 9. The effect of gas components (Reaction conditions: 210 ◦C, 1000 ppm 
toluene, 0–21 vol% O2, 0–400 ppm NO, 0–10 vol% H2O, N2 as balance, GHSV 
= 30,000 h− 1). 
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series of complex atmospheric chemical reactions together with NOx 
[46]. It was reported that NO could occupy the active sites and consume 
the active oxygen species, resulting in the deactivation of the catalyst 
[59,60]. However, there was no significant change and even a slight 
improvement in the toluene conversion after 400 ppm NO was intro
duced. It could be ascribed to the replenishment of active oxygen species 
by O2 from the gas phase, but more importantly, the NO2 generated 
under aerobic conditions could facilitate the activation for the subse
quent toluene [61,62]. Presumably, the stronger oxidizing property of 
NO2 led to the improvement of toluene conversion. 

The effect of 10 vol% H2O on toluene conversion over Cu1Ce3 cata
lyst was evaluated to explore further practical applications. When 10 vol 
% H2O was introduced into the feed at 4 h, the toluene conversion fell 
from 99.29% to 42.63% at first within 30 min, then climbed rapidly and 
finally stabilized at over 90% during 8–11 h. Once 10 vol% H2O was 
removed, the toluene conversion increased again and was nearly 
recovered to the original level. It suggests that the Cu1Ce3 catalyst 
exhibited good water resistance and the slight deactivation caused by 
10 vol% H2O is reversible. On the one hand, the competitive adsorption 
of toluene and water vapor on the active sites over Cu1Ce3 catalyst 
inhibited the catalytic performance, on the other hand, water vapor may 
promote the catalytic oxidation of toluene as a hydrolysis agent and 
hydrogen-supplying agent [63]. Thus, it could be concluded that the 
addition of 10 vol% H2O may have a significant effect on the in
termediates but a slight effect on the toluene conversion. 

3.2.4. The durability and CO2 selectivity 
To measure the durability and CO2 selectivity of the Cu1Ce3 catalyst, 

the removal of toluene and the yield of the CO2 were monitored at the 
temperature window of 120 ◦C to 230 ◦C. Then, the oxidation process 
was conducted for 120 h at 210 ◦C. As is presented in Fig. 10(a), the 
curve of toluene removal and CO2 yield both increased with the tem
perature. At 200 ◦C, it was detected that the removal of 1040.46 ppm 
toluene and the yield of 7085.00 ppm CO2 at the same time, which 
implies CO2 selectivity reached 97.279%. Moreover, the CO2 selectivity 
kept increasing with temperature and stabilized at above 98% over 
210 ◦C. Notably, at the temperature of 180 ◦C, although the toluene 
removal efficiency reached 96.91%, the CO2 selectivity was only 
79.70%, it could be deduced that some intermediates could be emitted 
into the air at 180 ◦C. It is believed that the interaction between organic 
molecules and active oxygen species at oxygen vacancies is the basis of 
catalytic oxidation [25]. Presumably, toluene adsorbed on the oxygen 
vacancies could be oxidized into some intermediates at a low tempera
ture and further oxidized into CO2 and H2O at a higher temperature. 
Hence, the optimum temperature for the toluene catalytic oxidation 
depends not only on the removal efficiency but also on the CO2 
selectivity. 

As is shown in Fig. 10(b), the conversion efficiency curve of toluene 
over Cu1Ce3 catalyst kept stable above 99% at 210 ◦C with little fluc
tuation. Meanwhile, the curve of CO2 selectivity is slightly lower than it, 
remained above 98%, which implies a very small quantity of in
termediates was generated in toluene catalytic oxidation within 120 h. 
This test confirmed a superior stability and CO2 selectivity of the Cu1Ce3 
catalyst, and it shows that Cu1Ce3 binary oxide might be regarded as a 
choice of an environment-friendly catalyst in industrial applications. 

3.3. In-situ DRIFTs 

To track the transient species during the toluene catalytic oxidation 
process clearly, the in-situ DRIFTs were recorded to monitor the in
termediates over the Cu1Ce3 catalyst. The test procedure was described 
in supporting information. 

Fig. 11(a) shows the infrared signal from toluene and a series of in
termediates over the Cu1Ce3 catalyst at 210 ◦C with time. The band at 
1222 cm− 1 can be ascribed to the symmetric stretching C–C band, the 
bands at 1447 cm− 1 and 1597 cm− 1 are assigned to the symmetric 
stretching C = C band of the aromatic ring [12,64]. Moreover, the band 
at 3082 cm− 1 is corresponded to C–H asymmetric or symmetric 
stretching vibration of methyl [65]. These bands were observed after 5 
min contacted with toluene, which implies the existence of adsorbed 
toluene on the Cu1Ce3 catalyst. A strong band at 1142 cm− 1 is ascribed 
to the C–O stretching vibration of alkoxide species [66]. Meanwhile, the 
band at 2874 cm− 1 is assigned to C–H asymmetric or symmetric 
stretching vibration of methylene [67]. Presumably, the primary reac
tion step of toluene catalytic oxidation might be hydrogen abstraction. It 
suggests that the oxidation process began at the side chain of the methyl 
group since the weakest band in the toluene molecule is precisely the 
C–H band of this group. Therefore, the hydrogen atom was abstracted 
easily by •OH and the benzyl alcohol would be formed. The bands at 
1409 cm− 1, 1812 cm− 1, 1920 cm− 1 and 1963 cm− 1 could be observed at 
the time of 20 min. The band at 1409 cm− 1 is related to the bending 
vibration of O–H group, which is assigned to benzoate [64]. The bands 
at 1812 cm− 1, 1920 cm− 1 and 1963 cm− 1 could be assigned to maleic 
anhydride species [68]. It could be deduced that the benzyl alcohol was 
further oxidized into benzoate and maleic anhydride. Notably, all the 
processes above were carried out without the presence of gaseous oxy
gen, since the adsorbed oxygen was removed via pretreatment, which 
implies the consumption of the lattice oxygen species. At the time of 30 
min, 21 vol% O2 was introduced into the IR cell, it could be observed 
that almost all the bands started to decrease at 35 min, except the band 
at 1409 cm− 1. This band gradually increased at first, then vanished after 
50 min. It implies the oxygen vacancies were replenished by the gaseous 
oxygen and the oxidation of benzyl alcohol was accelerated, resulting in 
the accumulation of benzoate. At the time of 60 min, all the peaks are 

Fig. 10. (a) CO2 selectivity (Reaction conditions: 120–230 ◦C, 1000 ppm toluene, 21 vol% O2, N2 as balance, GHSV = 30,000 h− 1); (b) durability (Reaction con
ditions: 210 ◦C, 1000 ppm toluene, 21 vol% O2, N2 as balance, GHSV = 30,000 h− 1). 

B. Song et al.                                                                                                                                                                                                                                    



Fuel 306 (2021) 121654

9

nearly disappeared, indicating that the toluene is completely oxidized to 
CO2 and H2O. 

Fig. 11(b) shows the process of toluene catalytic oxidation, the 
spectra at elevated temperatures were recorded. The band at 1040 cm− 1 

is assigned to the in-plane toluene C–H bending [69]. The bands at 2967 
cm− 1 and 3037 cm− 1 are ascribed to the C–H stretching vibration of 
methyl group and aromatic rings, respectively. Combined with the 
bands mentioned earlier at 1222 cm− 1 and 3082 cm− 1, it can be inferred 
the toluene was absorbed on the Cu1Ce3 catalyst. The bands observed at 
1096 cm− 1, 1142 cm− 1 and 1175 cm− 1 are assignable to benzyl alcohol 
[66]. Meanwhile, the bands at 1335 cm− 1, 1510 cm− 1 and 1699 cm− 1 

are assigned to benzoate. The bands assigned to benzyl alcohol tended to 
be stronger with the temperature increasing. A possible reason is the 
oxidation of toluene might be accelerated as the temperature increased, 
resulting in the accumulation of benzyl alcohol. Thus, the oxidation of 
benzyl alcohol could be considered as the rate-determining step. Be
sides, the bands at 2861 cm− 1 and 1936 cm− 1 are assigned to methylene. 
According to the hydrogen abstraction mentioned above, it could be 
inferred that benzyl alcohol is the primary intermediate. The bands at 
1335 cm− 1 and 1699 cm− 1 become weaker above 200 ◦C while the band 
at 1510 cm− 1 still appears to be stronger. It suggests the benzoate related 
to 1335 cm− 1 and 1699 cm− 1 could only be originated from the primary 
intermediate and was easily consumed as the temperature increased; 
while the benzoate assigned to 1510 cm− 1 could be generated directly 
by the oxidized of toluene with the presence of gaseous oxygen [70]. The 

bands at 1434 cm− 1 and 1914 cm− 1 are assigned to maleic anhydride, 
indicating that the aromatic ring was broken. The intermediates without 
the aromatic ring are easily further oxidized into CO2 and H2O [67]. 

Thus, the reaction pathway for toluene catalytic oxidation over 
Cu1Ce3 catalyst could be concluded. The hydrogen abstraction is the 
primary step, and the main reaction pathway is presented as follows: 
toluene → benzyl alcohol → benzoic acid → maleic anhydride → CO2 
and H2O. 

3.4. Possible reaction mechanism 

It is well accepted that the organic molecules catalytic oxidation over 
the transition metal oxides is primarily carried out with the participation 
of lattice oxygen [28,71,72]. To further illuminate the reaction path
ways over Cu1Ce3 catalyst, a possible reaction mechanism on Cu-Ce 
solid solution was displayed in Fig. 12. In the beginning, a majority of 
toluene molecules could be connected with the oxygen species at oxygen 
vacancies, catalytic oxidation process occurred via the abstraction of H 
atoms from the weakest side chain of methyl. Subsequently, the surface 
hydroxide ions were formed, resulting in the generation of benzyl 
alcohol. With a simultaneous replenishment process via the redox cycle 
Ce4+ + Cu+ ⇔ Ce3++Cu2+, the consumed lattice oxygen could be re
generated by gas-phase oxygen. After that, the generated benzyl alcohol 
was successively transformed into benzoic acid. Meanwhile, a little 
portion of toluene adsorbed on the Cu1Ce3 catalyst could be directly 

Fig. 11. In-situ DRIFTs analysis on Cu1Ce3 catalyst under different conditions.  

Fig. 12. The proposed mechanism of toluene catalytic oxidation over Cu1Ce3 catalyst.  
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oxidized into benzoate species by these replenished surface oxygen 
species [25]. Then, maleic anhydride was generated as the aromatic 
rings were broken. Finally, all the intermediates would be oxidized into 
CO2 and H2O. In MvK model, the oxidation of VOCs takes place in two 
steps. The first step is the reaction of adsorbed oxygen on the catalyst 
surface and molecule in the gas phase, which is followed by the gener
ation of a product on the surface, and the desorption of that product 
from the surface, which can be described as the reduction of the catalyst. 
The second step reaction involved the occupation of an oxygen vacancy 
from the bulk to the surface, which can be described as the re-oxidation 
of the catalyst [73,74]. In this work, toluene was oxidation once con
nected with the active oxygen species at oxygen vacancies, causing the 
consumption of lattice oxygen, meanwhile, the surface active oxygen 
species was replenished by the gas-phase oxygen, resulting in the 
regeneration of the lattice oxygen. Thus, it can be inferred that the 
oxidation of toluene over the Cu1Ce3 catalyst involves a Mars-van- 
Krevelen (MvK) mechanism. 

4. Conclusion 

A series of Cu-Ce binary oxides with different Ce/Cu molar ratios 
were synthesized via a facile co-precipitation approach. A majority of Cu 
ions were incorporated into CeO2 to form the Ov-Cu2+-O-Ce4+ connec
tion, generating the structural defects and oxygen vacancies. This syn
ergistic effect boosts the catalytic activity of Cu-Ce binary oxides. 
According to a battery of characterization results, it reveals Cu1Ce3 
catalyst possess higher specific surface area, better low-temperature 
reducibility, and stronger Cu-Ce synergistic effect than other samples. 
Based on catalytic activity tests, it confirmed that the Cu1Ce3 catalyst 
exhibited better catalytic performance with 99.10% toluene removal 
efficiency and 97.28% CO2 selectivity at 200 ◦C, which is consistent with 
the characterization results. Moreover, the Cu1Ce3 catalyst exhibited a 
certain activity under high GHSV and low O2 concentration, also pre
sented considerable durability and moisture resistance. Besides, the 
catalytic performance was slightly facilitated in the presence of NO and 
gaseous O2 played an indispensable role in the regeneration of lattice 
oxygen. In-situ DRIFTs revealed the process of toluene catalyst oxidation 
over Cu1Ce3 catalyst. A large portion of toluene molecules could be 
connected with the interface lattice oxygen, after that, the catalytic 
process started from the abstraction of H atoms on the methyl group. The 
primary intermediate is considered to be benzyl alcohol, and the 
oxidation of benzyl alcohol into benzoic acid is identified as the rate- 
determining step. Meanwhile, a small number of toluene molecules 
could be oxidized into benzoic acid by chemisorbed oxygen species. In 
subsequent steps, the benzoic acid was oxidized successively into maleic 
anhydride, finally converted into CO2 and H2O. The consumed lattice 
oxygen was replenished by gaseous O2 via the redox cycle Ce3+ +

Cu2+ ⇔ Ce4+ + Cu+. Thus, the catalytic oxidation process of toluene 
over the Cu1Ce3 catalyst conforms to the MvK mechanism. 
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