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A B S T R A C T   

The CoCeOx nanoparticles (CoCeOx-NP) with different Co/Ce molar ratios were successfully prepared and 
applied to toluene oxidation. Appropriate Co-doped CeO2 significantly enhanced the interfacial synergistic 
catalysis to boost toluene oxidation. CoCeOx-2-NP exhibited the highest toluene conversion activity (T50 =

203 ◦C, T90 = 209 ◦C) and CO2 selectivity under the high weight hourly space velocity (WHSV). Various 
characterizations were performed to comprehensively analyze the relationship between the structure and per-
formance of the catalysts. The high Oβ/Otot, good oxygen mobility, and the synergistic effects between cobalt and 
cerium showed excellent performance for toluene oxidation at lower temperatures. Besides, the CoCeOx-2-NP 
catalysts exhibited good stability and reusability, making them potential for practical applications in toluene 
oxidation. Notably, the XPS, DFT, and in situ DRIFTS further investigated the pathway of toluene oxidation, 
which lays a foundation for an in-depth understanding of the oxidation behavior of toluene and the subsequent 
development of efficient catalytic materials.   

1. Introduction 

As a major air pollutant, volatile organic compounds (VOCs) are 
widely derived from industrial production, transport, and human ac-
tivities [1]. Most VOCs are the critical precursors of PM2.5 and photo-
chemical smog, significantly contributing to environmental problems 
[1]. More seriously, VOCs emissions threaten the human living envi-
ronment and health [2]. 

As a typical representative of VOCs, toluene has relatively stable 
properties and usually requires catalytic degradation at higher temper-
atures. Conventional control technologies such as adsorption, absorp-
tion, and biological degradation treatment make it difficult to effectively 
eliminate toluene in exhaust gas under energy-saving conditions [3–5]. 
As an economical and practical technology, the advantages of catalytic 
oxidation are particularly outstanding in treating low and medium VOCs 
concentrations [6,7]. Catalysts as the core of VOCs catalytic oxidation 
technology and their performance is widely affected by the composition 
and preparation method [8]. Generally, the performance of noble metal 

catalysts is better than transition metal catalysts at low temperatures 
[9]. However, the drawbacks of high prices and poor halogen resistance 
limit their widespread application. Meanwhile, transition metal cata-
lysts have many significant advantages, such as low cost, good halogen 
resistance, thermal stability, etc [10,11]. Therefore, developing transi-
tion metal catalysts with high catalytic activity is desirable to replace 
noble metal catalysts for aromatic VOCs degradation at lower 
temperatures. 

Great efforts have been made to enhance the catalytic performance 
of transition metal catalysts. One strategy is to synthesize the catalysts 
with a particular morphology (such as nanoparticles, nanorods, three- 
dimensional ordered structure, etc.) to expose more active reaction 
surfaces or increase the dispersion of active components. In fact, 
exposing different crystal surfaces is the essence of controlling the 
different morphologies of catalytic materials [12,13]. Another strategy 
is to create more oxygen vacancies on the surface of the catalyst. The 
common method is metal element doping, that is, adding one or more 
elements to the crystal structure of another element to generate more 
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surface defect sites to increase the active site required for catalytic 
oxidation [14,15]. 

Among the transition metal oxides, cerium dioxide (CeO2) has good 
oxygen storage capacity and abundant surface oxygen species [16–18]. 
However, the low-temperature catalytic performance of cerium oxide 
cannot meet practical application requirements. Therefore, using a 
simple doping strategy to modify CeO2 can cause lattice defects and 
generate more oxygen vacancies, which is expected to improve the 
catalytic performance of the catalyst for VOCs at low temperatures 
[19,20]. Among transition metals, cobalt oxide (CoOx) is widely used in 
catalytic materials due to its low Co-O bond energy and high molecular 
oxygen activation ability [21]. Meanwhile, the atomic radius of cobalt 
(0.65 Å) is smaller than that of cerium (0.87 Å), it is easy to enter the 
crystal lattice of CeO2 during preparation, causing lattice defects [22]. 
Besides, the synergistic effect between cobalt and cerium can be fully 
utilized [23]. 

In this work, toluene was selected as the target pollutant, the metal 
modification and morphology control were combined by a hard- 
template method, and the CoCeOx nanocatalyst was synthesized for 
toluene oxidation. Different characterizations systematically studied the 
synergistic effect between the Co3O4 and CeO2 on toluene oxidation and 
the structure–activity relationships of CoCeOx-NP catalysts. Besides, the 
performance parameters of the catalysts, such as thermal stability, water 
resistance, and recycling, were investigated. Finally, the intermediates 
of toluene oxidation on CoCeOx-NP catalyst have been studied by DFT 
and in situ DRIFTS to assist in exploring the reaction path and 
mechanism. 

2. Experimental 

2.1. Catalyst preparation 

All chemicals are analytical reagents (AR). The detailed information 
is listed in the Supplementary Material. 

The polymethyl methacrylate (PMMA) microspheres (~200 nm) 
were synthesized as a template, and the detailed preparation process 
was described elsewhere [24,25]. 

The CoCeOx materials were synthesized through the hard-templating 
method. A certain amount of Co(NO3)2⋅6H2O and Ce(NO3)3⋅6H2O (mole 
ratio of Co/Ce = 0.5, 1, and 2) were dissolved in 20.0 mL mixed solution 
of methanol and ethylene glycol (volumetric ratio = 3:1). Besides, a 
certain amount of chelating agent (citric acid) was added and stirred for 
3 h until a transparent mixed solution was obtained. Then, 5.0 g of 
PMMA was impregnated in the hybrid solution for 6 h and removed the 
excess solution by vacuum filtration. The obtained solids were dried at 
30 ◦C for 48 h, then heated at 300 ◦C for 2 h in pure N2. Finally, the solids 
were calcinated at 500 ◦C for 3 h in the air. The obtained samples with 
different Co/Ce were denoted as CoCeOx-0.5-NP, CoCeOx-1-NP, and 
CoCeOx-2-NP. For comparison, Co3O4-NP and CeO2-NP were also syn-
thesized in the same method as above. 

2.2. Catalyst characterizations 

The various characterizations, such as X-ray diffraction (XRD), 
scanning electron microscopes (SEM), high-resolution field emission 
transmission electron microscopy (HRTEM), N2 adsorption–desorption 
isotherm, H2 temperature programmed reduction (H2-TPR), O2 tem-
perature programmed desorption (O2-TPD), Electron paramagnetic 
resonance (EPR), Raman spectroscopy (Raman), X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectrometer (FTIR), in 
situ diffuse reflectance infrared Fourier transform spectroscopy (in situ 
DRIFTS), and density function theory (DFT) calculation are described in 
detail in the Supplementary Material. 

2.3. Catalytic activity test 

The toluene catalytic oxidation performance of the samples was 
conducted in a fixed-bed reactor (Figure S1). 0.1 g catalysts were put 
into a quartz tubular microreactor (Φ = 6 nm). The total flow rate was 
100 mL/min (including 1000 ppm toluene, 21 vol% O2, and the balance 
N2,) and the corresponding WHSV was 60 000 mL⋅h− 1⋅g− 1. The mass 
flow controllers precisely controlled the simulated flue gas. The reaction 
temperatures (160–320 ◦C) were precisely controlled by the digital 
temperature controller. The toluene vapor was generated by an N2 
bubbler in the ice-water bath, and its concentration was detected by gas 
chromatography equipped with a flame ionization detector (FID) (GC- 
2014C, Shimadzu, Japan). The intermediate species in the reaction 
process were detected by Gas Chromatography-Mass Spectrometer 
(GC–MS) (7890A-5975C, Agilent, USA). The efficiency of toluene (C7H8) 
conversion was calculated as follows: 

C7H8 conversion (%) =
C7H8 in − C7H8out

C7H8 in
× 100% (1)  

CO2 selectivity (%) =
CO2out

7 × (C7H8 in − C7H8out)
× 100% (2)  

where C7H8in and C7H8out are represent the toluene concentrations at 
the inlet and outlet of the fixed-bed reactor, respectively (ppm). T50 and 
T90 are usually used to evaluate the catalytic efficiency of the catalyst for 
toluene, representing the corresponding temperature when toluene 
conversion efficiency reaches 50% and 90%. Besides, CO2out represents 
the CO2 concentration (ppm) of the outlet of the reactor. 

3. Results and discussion 

3.1. The synergistic effects on catalytic oxidation performance of toluene 

The relationship between temperature and Co/Ce on toluene con-
version efficiency is presented in Fig. 1(A). The toluene conversion ef-
ficiency of samples increased with the temperature rise (160–320 ◦C) 
and presented a typical S-shaped curve, indicating that higher temper-
ature is more conducive to toluene oxidation. The T50 of Co3O4-NP, 
CeO2-NP, CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx-2-NP catalysts is 
272 ◦C, 255 ◦C, 245 ◦C, 228 ◦C, and 203 ◦C, respectively. The corre-
sponding T90 for Co3O4-NP, CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx- 
2-NP catalysts is 279 ◦C, 259 ◦C, 246 ◦C, and 209 ◦C, respectively (listed 
in Table S1). Notably, the catalytic performances of CoCeOx-NP 
(CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx-2-NP) are more active than 
CeO2-NP and Co3O4-NP in toluene oxidation, and CoCeOx-2-NP catalysts 
exhibited the highest toluene oxidation activity. This result implied that 
the Co-doped significantly improved the performance of the CoCeOx-NP 
catalysts for toluene oxidation. It may be due to the synergistic effect 
between cobalt and cerium, which lead to the distortion of ceria lattice 
and produce oxygen vacancies, improving the oxidation performance of 
toluene [26]. Besides, the composition of the tail gas produced over the 
CoCeOx-2-NP under the T90 reaction condition was analyzed, and the 
results of GC–MS (Figure S2) showed that the main content of the tail gas 
was CO2 and a small amount of unreacted toluene. This is consistent 
with the good CO2 selectivity of the CoCeOx-2-NP catalyst (Figure S3). 
Meanwhile, compared to other catalysts, the CoCeOx-2-NP still shows 
good catalytic performance for toluene oxidation (Table S2). Thus, the 
CoCeOx-2-NP catalysts were selected as the best sample in the following 
performance experiments. 

3.2. Structure and textural properties analysis 

Fig. 1(B) presents the XRD patterns of samples. The peaks (2θ) at 
28.6◦, 33.2◦, 47.6◦, 56.4◦, 59.1◦, 69.4◦, 76.7◦, and 79.1◦ are the feature 
diffraction peaks of cubic CeO2 (PDF#34–0394), which correspond to 
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the planes of (111), (200), (220), (311), (222), (400), (331), and 
(420), respectively [27]. The Co3O4-NP showed a typical crystalline 
fluorite structure (PDF#42–1467), and the diffraction peaks (2θ) at 
31.4◦, 37◦, 38.7◦, 45◦, 55.8◦, 59.5◦, and 65.4◦ could be assigned to the 
planes of (220), (311), (222), (400), (422), (511), and (440), 
respectively [28]. Compared with CeO2-NP and Co3O4-NP, the diffrac-
tion pattern of CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx-2-NP cata-
lysts become broader and weaker. This result may be due to a certain 
amount of cobalt doping helping to disperse metals and causing the 
crystal size of CoCeOx-NP to be smaller [26,29]. Table S1 shows that the 
crystal size of cobalt and cerium presents a decreasing trend with 
increased cobalt doping. Among them, the CoCeOx-2-NP exhibited the 
smallest crystal size than other samples, facilitating the formation of 
more structural defects 30. 

The N2 adsorption–desorption isotherms and pore size distributions 
were performed to assist in understanding the structural characteristics 
of the samples. According to Fig. 1(C), all the samples exhibit the type-IV 
isotherms with H3 hysteresis loop at the relative pressure of 0.4 to 1.0, 
indicating that there is a mesoporous structure in the samples [30]. The 
pore size distribution of the samples is displayed in Fig. 1(D), and the 
pore diameter of CeO2-NP, Co3O4-NP, CoCeOx-0.5-NP, CoCeOx-1-NP, 
and CoCeOx-2-NP are mainly around 40, 39, 35,40, and 30 nm, 
respectively. Among them, CoCeOx-2-NP showed the largest SBET (55.2 
m2/g), the highest pore volume (0.3 m3/g), and minor average pore 
diameter (19.9 nm) than other samples. 

The SEM was characterized to understand the samples’ morphology 
more intuitively (Figure S4). The template of PMMA presents spherical 
particles with uniform size (~120 nm) but disordered arrangement. 
Other samples showed disordered nanoparticles with some accumula-
tions. The diameter sizes of CeO2-NP and Co3O4-NP are around 65 and 
50 nm. With the increase of Co doping, the diameter sizes of CoCeOx-0.5- 

NP, CoCeOx-1-NP, and CoCeOx-2-NP were reduced to about 53, 46, and 
40 nm, respectively, which may be due to the interaction between Co 
and Ce contributes to forming smaller particles to increase the exposure 
of active sites [31]. 

The crystal facets of different samples were obtained by HRTEM 
(Fig. 2). The lattice spacing of CeO2 in all samples is around 0.32 nm, 
indicating that CeO2 mainly exposes (111) crystal planes. Besides, with 
the increase of Co/Ce, the Co3O4 planes were found in CoCeOx-1-NP and 
CoCeOx-2-NP (Fig. 2(B)(C)). The lattice fringes spacing of 0.22 nm and 
0.28 nm referred to (222) and (220) planes of Co3O4, indicating that 
cobalt was successfully doped into cerium dioxide. Notably, the suffi-
cient contact of cobalt-cerium contributes to the exertion of synergistic 
effects [22,32]. 

3.3. Surface chemical properties and redox behavior 

The information on element components, chemical states, and sur-
face element content of samples was detected accurately by XPS. The 
results of the samples (CeO2-NP, Co3O4-NP, CoCeOx-0.5-NP, CoCeOx-1- 
NP, and CoCeOx-2-NP) about O 1s, Ce 3d, and Co 2p are shown in Fig. 3. 

The O 1s of catalysts are shown in Fig. 3(A). The peaks at about 
529.6 eV, 531.8 eV, and 533.2 eV are ascribed to lattice oxygen (Oα), 
adsorbed oxygen (Oβ), and adsorbed water molecules or surface oxygen 
of hydroxyl species (OOH), respectively [33,34]. The relative Oβ content 
of the samples increased as follows (listed in Table 1): CeO2-NP (17.2%) 
< Co3O4-NP (21.0%) < CoCeOx-0.5-NP (22.4%) < CoCeOx-1-NP 
(24.6%) < CoCeOx-2-NP (32.9%), and the CoCeOx-2-NP has the highest 
Oβ content. This result suggested that in situ doping promotes oxygen 
vacancy formation and effectively increases the amount of Oβ over the 
catalyst interface. The higher Oβ content contributes to the low- 
temperature activity of the CoCeOx-2-NP catalyst [35,36]. 

Fig. 1. (A) The toluene conversion performance over the catalysts, (B) XRD patterns of samples, (C) N2 adsorption–desorption isotherms, (D) Pore size distributions 
of samples. 
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The typical Ce 3d spectra of catalysts are shown in Fig. 3(B). The 
peaks of v’ and u’ could be assigned to Ce3+ species, and the peaks of v, 
v’’, v’’’, and u, u’’, u’’’ could be assigned to Ce4+ species [37]. The 
relative atomic content of Ce3+ was calculated by the formula of Ce3+/ 
(Ce3++Ce4+), which is 16.8%, 16.4%, 15.7%, and 20.1% for CeO2-NP, 

CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx-2-NP, respectively. Among 
them, CoCeOx-2-NP has the highest Ce3+ content than other samples. 
The high content of Ce3+ in the catalyst is usually accompanied by the 
formation of more oxygen vacancies [35,38], which is consistent with 
the results of O 1s. 

Fig. 3(C) is the Co 2p XPS spectra of Co3O4-NP, CoCeOx-0.5-NP, 
CoCeOx-1-NP, and CoCeOx-2-NP. The 780 eV and 795 eV peaks 
belonged to Co 2p1/2 and Co 2p3/2. The energy level difference value 
(ΔE) is generally believed at 15 eV [39]. Besides, the Co 2p spectrum 
contains two shake-up satellite peaks (denoted as sat) with low intensity 
were also observed around 786 eV and 790 eV. The Co 2p1/2 spectra 
were fitted into two peaks at 779.6 eV and 780.8 eV ascribed to Co3+ and 
Co2+. For the Co 2p3/2 spectra, the 794.6 eV and 795.9 eV peaks were 
attributed to Co3+ and Co2+, respectively, indicating that Co2+ and Co3+

coexist on the catalyst [40]. With the Co/Ce ratio increase, the content 
of low valence Co2+ showed a slight upward trend (except Co3O4-NP), 
which is conducive to forming oxygen vacancies [41]. 

Fig. 2. HRTEM images of (A) CoCeOx-0.5-NP, (B) CoCeOx-1-NP, and (C) CoCeOx-2-NP.  

Fig. 3. The XPS spectra of (A) O1s, (B) Ce 3d, and (C) Co 2p, (D) Raman spectra.  

Table 1 
The relative surface element content of the samples.  

Samples Surface element contents (%) 

Ce3+/(Ce3++Ce4+) Co2+/(Co2++Co3+) Oβ/Otot
a 

Co3O4-NP  – 37.5  21.0 
CeO2-NP  16.8 –  17.2 
CoCeOx-0.5-NP  16.4 41.6  22.4 
CoCeOx-1-NP  15.7 58.7  24.6 
CoCeOx-2-NP  20.1 59.0  32.9  

a represent Otot = (Oα + Oβ + OOH). 
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The Raman spectra were performed to explore the oxygen vacancy 
information. As shown in Fig. 3(D), the Co3O4-NP led four typical 
Raman-active modes: Eg (480 cm− 1), F2g (521 and 618 cm− 1), A1g (688 
cm− 1), which is good in line with Co3O4 spinel [42]. The CeO2-NP 
exhibited a strong band at around 465 cm− 1, attributed to the cubic 
fluorite structure [43]. For the CoCeOx samples, the Raman shifts to 
lower frequencies and becomes wider with the increased Co/Ce ratio. 
This result indicated that Co was successfully incorporated into the CeO2 
lattice and promoted the generation of more oxygen vacancies over the 
interface of CeO2 and Co3O4 [44,45]. Subsequently, the oxygen va-
cancies of samples were further evaluated by EPR. As shown in 
Figure S5, a symmetrical EPR signal at g = 2.003 was observed in the 
CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx-2-NP, meaning that the 
generation of oxygen vacancies on the surface of CoCeOx-NP samples 
prepared by cobalt doping [46,47]. Among them, the CoCeOx-2-NP 
shows the highest concentration of oxygen vacancies. This is consistent 
with the results of XPS and Raman. 

Generally, the reduction behavior of the samples has a great rela-
tionship with their oxygen species and the element valence state 
[40,48]. The H2-TPR experiments were conducted to understand better 
the H2-TPR profiles of the CoCeOx-NP (CoCeOx-0.5-NP, CoCeOx-1-NP, 
and CoCeOx-2-NP) (Fig. 4(A)). For reference, the CeO2-NP and Co3O4- 
NP samples were also analyzed (Figure S6). 

The peaks at 364 ◦C and 412 ◦C observed in the CoCeOx-0.5-NP 
reduction profile were ascribed to the reduction of Co3+→Co2+→Co 
[49], and the reduction peak at 210 ◦C, 277 ◦C, and 695 ◦C are assigned 
to surface oxygen species, subsurface oxygen, and bulk oxygen species of 
CeO2, respectively [26]. Similar peaks were observed in samples 
CoCeOx-1-NP and CoCeOx-2-NP. Interestingly, compared with the 
Co3O4-NP and CeO2-NP, the H2-TPR profiles of the modified CoCeOx-NP 
samples (CoCeOx-0.5-NP, CoCeOx-1-NP, and CoCeOx-2-NP) are signifi-
cantly shifted toward lower temperatures, and CoCeOx-2-NP shifts more 
prominent. The results showed a synergistic effect between the cobalt 
and cerium interface and generated more oxygen species [50,51]. 
Moreover, the initial H2 consumption rate versus reduction temperature 
(Figure S7) further indicated that CoCeOx-2-NP had stronger reduc-
ibility than other samples [52,53]. 

O2-TPD is an effective method to detect the mobility and type of 
oxygen species. Different oxygen species on the catalysts will be des-
orbed with the temperature increase. Usually, the physically adsorbed 
oxygen (Oads) would be desorbed firstly (<150 ◦C); then the chemically 
adsorbed oxygen species (Oβ) is desorbed (200–400 ◦C); finally, the 
lattice oxygen (Oα) is desorbed (>400 ◦C) [44,54,55]. According to 
Figure S8, four peaks were observed at around 108 ◦C, 309 ◦C, 448 ◦C, 
and 629 ◦C over the CeO2-NP, the first two peaks were assigned to Oads 
and Oβ, respectively, and the last two peaks were attributed to Oα. For 
Co3O4-NP, the peak at 84 ◦C was attributed to Oads. The peaks at 232 ◦C 

and 313 ◦C were assigned to Oβ, and the last peak at 834 ◦C belonged to 
Oα. 

Notably, the Oβ of CoCeOx (CoCeOx-0.5-NP, CoCeOx-1-NP, and 
CoCeOx-2-NP) in Fig. 4(B) was significantly stronger than that of Co3O4 
and CeO2, which may be due to the interaction between the cobalt- 
cerium interface and oxygen vacancies created on the catalyst surface 
improve the mobility of oxygen species [45,56]. A significant increase of 
chemically adsorbed oxygen species was observed on the CoCeOx-2-NP 
catalysts, consistent with the XPS results. This result is related to the fact 
that cobalt doping promotes the formation of more oxygen vacancies at 
the interface between Co3O4 and CeO2, which is conducive to activating 
the lattice oxygen and improving its mobility, thus forming more reac-
tive oxygen species [49,57,58]. 

3.4. The effects of operating conditions (WHSV, water vapor, and toluene 
concentrations), stability, and reusability on toluene oxidation over the 
CoCeOx-2-NP catalysts 

The space velocity directly determines the residence time of the re-
actants on the surface of the catalyst. The effect of different WHSVs on 
toluene oxidation is shown in Fig. 5(A). With the increase of WHSV, the 
T90 presents a gradual upward trend, and the T90 at 60 000 mL⋅h− 1⋅g− 1, 
90 000 mL⋅h− 1⋅g− 1, and 180 000 mL⋅h− 1⋅g− 1 are 209 ◦C, 218 ◦C, and 
236 ◦C, respectively. This phenomenon meant that the low WHSV 
improved the contact between toluene and the active sites and positively 
affected toluene oxidation over CoCeOx-2-NP catalysts. The effect of 
different water content (5%, 10 vol%, 15 vol%, and 20 vol%) on toluene 
oxidation showed that the conversion efficiency of toluene decreased 
gradually with the increase of water content (Fig. 5(B)). It can be seen 
that there is a slight change in the conversion efficiency of toluene when 
5 vol% H2O is added. However, the conversion efficiency decreased to 
91%, 81%, and 75% after further increased H2O content to 10 vol%, 15 
vol%, and 20 vol%, respectively. This inhibitory trend was mainly 
caused by the competitive adsorption between water vapor and toluene 
on the surface of CoCeOx-2-NP and became more evident with the water 
content increased [30,59]. The H2O transient response experiment 
(Figure S9) further shows that the inhibition of H2O on catalytic 
oxidation of toluene by CoCeOx-2-NP catalysts is temporary [6]. Sub-
sequently, the effect of different toluene concentrations (500, 1000, and 
1500 ppm) on catalyst activity was evaluated. As shown in Figure S10 
(A), the catalytic activity of the CoCeOx-2-NP at 220 ◦C was similar at 
three different toluene concentration gradients, and the conversion ef-
ficiency of toluene still exceeds 96%. This result suggested that the 
CoCeOx-2-NP catalysts had sufficient active sites and maintained a wide 
range of toluene treatment capacity. Besides, the temperature cycling 
experiment indicated that the CoCeOx-2-NP catalysts exhibited good 
thermal stability for toluene oxidation with the change of temperatures 

Fig. 4. (A) H2-TPR profile and (B) O2-TPD profiles of the catalysts.  
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(Figure S10(B)). 
As one of the essential parameters for evaluating the quality of cat-

alysts, stability is related to industrial applications. As shown in Fig. 5 
(C), the CoCeOx-2-NP catalyst exhibits excellent stability (>99%) for 
toluene oxidation at 220 ◦C, and no significant fluctuations were 
observed during the 72 h continuous long-term durability experiment. 
To further check the durability of the catalyst, the toluene oxidation 
reaction was conducted at T50. As shown in Figure S11(A), the conver-
sion efficiency of toluene gradually decreased with the extension of the 
reaction time. After 72 h of reaction, the catalytic efficiency remained at 
40%. Subsequently, further compared and analyzed the carbon deposi-
tion on the CoCeOx-2-NP-fresh and CoCeOx-2-NP-used surface by FTIR 
(Figure S11(B)). By comparing the CoCeOx-2-NP-fresh and CoCeOx-2- 
NP-used samples, two distinct peaks attributed to maleic anhydride 
(1306 cm− 1) and aromatic ring (1460 cm− 1) were observed in CoCeOx- 
2-NP-used samples [60]. The results showed that the gradual deactiva-
tion of the catalyst was mainly caused by the incomplete oxidation of 
toluene, which caused carbon deposition (mainly maleic anhydride and 
aromatic ring species) on the catalyst surface, resulting in the coverage 
of active sites [61]. 

Besides, the reusability is related to the cost of operation and 
whether the production is environmentally friendly and energy- 
efficient. Therefore, the four continuous cycling experiments were 
conducted over CoCeOx-2-NP catalysts (Fig. 5(D)). T50 and T90 of the 
samples exhibited high repeatability at around 203 ◦C and 209 ◦C, 
indicating that the CoCeOx-2-NP catalysts have excellent reusability and 
potential application prospects for toluene oxidation. 

3.5. The mechanism of toluene oxidation over CoCeOx-2-NP 

Detecting intermediate species is essential for a deeper 

understanding of the pathway of toluene oxidation, so the in situ DRIFTS 
experiment was first conducted on the CoCeOx-2-NP catalysts under 
1000 ppm toluene + N2 conditions. As shown in Figure S12, the bands 
belonged to C = C of aromatic ring (1610 cm− 1) and C–H of alkyl group 
(2934 and 2970 cm− 1), meaning that toluene was adsorbed on the 
surface of CoCeOx-2-NP [35,62,63]. Notably, the peak at 1433 and 1506 
cm-1 is attributed to C = C of aromatic ring gradually disappearing 
[64,65]. However, the bands assigned to benzyl alcohol (1076, 1241, 
1275, and 1362 cm− 1) and the benzaldehyde species (1478 cm− 1) 
[48,66–69] are gradually strengthening with the temperature increases 
(200–280 ◦C), indicating that toluene has been oxidized into interme-
diate products and gradually accumulates on the surface of the catalyst. 
This result is associated with increasing the temperature is beneficial for 
activating more lattice oxygen to participate in the oxidation of toluene, 
thereby improving the catalytic performance of CoCeOx-2-NP for 
toluene oxidation [23,69]. 

In situ DRIFTS experiments were conducted on the CoCeOx-2-NP 
catalysts under 1000 ppm toluene + air conditions to verify the role of 
reactive oxygen species in the reaction process. As shown in Fig. 6(A)(A- 
1), the absorption bands can be quickly observed after feed gas (1000 
ppm toluene + 20 vol% O2 + balance N2) was introduced into the IR 
system, and the skeletal vibration of the aromatic ring observed at 1448, 
1492, and 1524 cm-1 [60,70]. The bands at 3045 and 3072 cm− 1 are the 
characteristics of C–H stretching vibrations in benzene rings. The weak 
stretching vibration of C–H (asymmetric or symmetric) in methylene 
was also detected at 2882 and 2934 cm− 1 [53,71]. The above results 
indicated that toluene was adsorbed on the surface of CoCeOx-2-NP 
catalysts. With the extension of reaction time, more bands were 
observed. Such as, the bands at 1025, 1068, and 1179 cm− 1 belonged to 
alkoxide species (C-O) [60], and the C = O stretching vibration of 
aldehydic species was observed at 1654 cm− 1 [53]. This result meant 

Fig. 5. The effects of WHSV (A) and H2O (B) on toluene conversion over the CoCeOx-2-NP catalysts. The stability (C) and reusability (D) of CoCeOx-2-NP catalysts for 
toluene oxidation. 
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that toluene had been oxidized into benzyl alcohol and benzaldehyde. 
Besides, the strong bands at 1399 and 1593 cm− 1 are the typical 
carboxylate group, implying that benzoate species were further formed 
[72]. The band located at 1304 cm− 1 could be attributed to maleic an-
hydride species [60]. The final product of CO2 was also observed at 2313 
and 2368 cm− 1 [73]. The results of GC–MS (Figure S2) further 
confirmed the existence of corresponding intermediates in the oxidation 
of toluene. In addition, the intensity of the bands becomes stronger with 
the prolongation of the reaction time, suggesting that the intermediates 
formed during toluene oxidation and gradually accumulated on the 
surface of CoCeOx-2-NP catalysts. 

Fig. 6(B)(B-1) shows the absorption bands over the CoCeOx-2-NP 
catalysts at different temperatures (200–280 ◦C). As the reaction tem-
perature increases, more intermediates can be detected, and their in-
tensity gradually strengthens. When the temperature exceeds 240 ◦C, 
the strength of bands almost remains unchanged, which may be due to 
the oxidation of toluene to achieve dynamic equilibrium. It is worth 
noting that the band attributed to the carboxylic acids (C = O stretching 
vibrations) at 1716 cm− 1 gradually appeared with the temperature in-
crease [74], indicating that high temperature contributes to the catalytic 
decomposition of toluene, agreeing with the toluene conversion results 
(Fig. 1A). 

To further explore the role of oxygen species in toluene oxidation 
over the fresh and used CoCeOx-2-NP, the O 1s XPS spectra were char-
acterized (Figure S13). Three peaks can be fitted at around 529.6 eV, 
531.7 eV, and 533.2 eV, which were assigned to Oα, Oβ, and OOH, 
respectively [34]. The detailed information is summarized in Table S3. 
For CoCeOx-2-NP-fresh, the Oα/Otot and Oβ/Otot are 56.8% and 32.9%, 
respectively, higher than the CoCeOx-2-NP-used, implying that Oα and 
Oβ have participated in the oxidation of toluene. Besides, the OOH/ 

Otot increased from 10.3% to 17.4% after the reaction, which may be 
caused by the formation of H2O during toluene oxidation. 

Subsequently, DFT calculation was used to assist the mechanism 
study of toluene oxidation. Specifically, to understand the adsorption 
effect of the intermediates on the catalyst, we constructed adsorption 
models of different intermediate species at the interface of CeO2 and 
Co3O4. As shown in Fig. 7, it can be observed that benzyl alcohol, 
benzaldehyde, benzoic acid, and maleic anhydride are more easily 
adsorbed at the interface of CoCeOx-NP than toluene. Although the Eads 
of benzoic acid is lower than that of benzaldehyde and maleic anhy-
dride, it can be further found from Figure S14 that the accumulation of 
benzoic acid on the catalyst surface increases rapidly with the extension 
of time, indicating that benzoic acid is an important intermediate in the 
oxidation of toluene. 

According to the above results, the toluene oxidation over the 
CoCeOx-NP catalysts could be described as follows (Fig. 7): toluene was 
first adsorbed on the surface of catalysts, then reacted with reactive 
oxygen species (Oα and Oβ) and oxidized to benzyl alcohol, benzalde-
hyde species, and benzoic acid, respectively. Subsequently, the aromatic 
ring of benzoic acid was opened under the action of reactive oxygen 
species, and the maleate species formed. Finally, the reactive oxygen 
species further oxidized the intermediates species to generate CO2 and 
H2O. The surface oxygen species consumed during the reaction process 
can be effectively replenished by gaseous oxygen (O2). The intermediate 
species (including benzyl alcohol, benzaldehyde, and benzoic acid) have 
been detected before cracking the aromatic ring. 

In contrast, a few intermediate species were seen after the benzene 
ring opening. It can be inferred that the cracking of the aromatic ring is 
the primary rate control step in the catalytic oxidation process of toluene 
[32,75]. Based on the results of XPS and the O2-TPD, it can be speculated 

Fig. 6. In situ DRIFTS of CoCeOx-2-NP catalysts exposure to toluene in air at (A)(A-1) different adsorption time and (B)(B-1) different temperatures.  
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that the catalytic oxidation reaction of toluene on CoCeOx-NP catalyst 
mainly involves Oβ at low temperatures. With the reaction temperature 
increases, Oα is gradually activated, and the oxygen species participating 
in the reaction gradually transform into Oα. Therefore, the catalytic 
oxidation process of toluene on CoCeOx-NP catalyst maybe follows the 
Langmuir-Hinshelwood (L-H) mechanism and Mars-van Krevelen (MvK) 
mechanism. 

4. Conclusions 

In this work, the CoCeOx-NP catalysts were prepared by the template 
method for toluene oxidation. An interfacial synergistic effect was found 
between cobalt and cerium during toluene oxidation. Furthermore, 
appropriate Co-doped helps increase the specific surface area and 
enhance the mobility of oxygen species, which have greatly improved 
the low temperatures reducibility of CoCeOx-NP catalysts. CoCeOx-2-NP 
exhibited the highest catalytic performance (T50 = 203 ◦C, T90 = 209 ◦C) 
and CO2 selectivity. Besides, the CoCeOx-2-NP catalysts exhibited 
excellent stability and reusability, making it a high potential for prac-
tical applications in VOCs control. Oα and Oβ played a crucial role in 
toluene oxidation. Cracking the aromatic ring is an essential step in 
completely oxidizing toluene. Moreover, the combined analysis of in situ 
DRIFTS and XPS indicated that the toluene oxidation over the CoCeOx- 
NP catalyst might follow both the L-H and MvK mechanism. 
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