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a b s t r a c t

A facile hydrothermal method was applied to gain stably and highly efficient CuO-CeO2 (denoted as

Cu1Ce2) catalyst for toluene oxidation. The changes of surface and inter properties on Cu1Ce2 were inves-

tigated comparing with pure CeO2 and pure CuO. The formation of Cu-Ce interface promotes the electron

transfer between Cu and Ce through Cu2+ + Ce3+ ↔ Cu+ + Ce4+ and leads to high redox properties

and mobility of oxygen species. Thus, the Cu1Ce2 catalyst makes up the shortcoming of CeO2 and CuO

and achieved high catalytic performance with T50 = 234 °C and T99 = 250 °C (the temperature at which

50% and 90% C7H8 conversion is obtained, respectively) for toluene oxidation. Different reaction steps

and intermediates for toluene oxidation over Cu1Ce2, CeO2 and CuO were detected by in situ DRIFTS, the

fast benzyl species conversion and preferential transformation of benzoates into carbonates through C=C

breaking over Cu1Ce2 should accelerate the reaction.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nowadays, with the rapid development of economy and in-

dustry, environmental problems caused by volatile organic com-

pounds (VOCs) emissions have also received increasing attention

[1,2]. VOCs includes benzene, toluene, xylene, formaldehyde, etc.,

as the precursor of PM2.5 and a major factor in the generation of

O3, which seriously pollutes the environment and poses a threat to

human health [3]. So far, catalytic oxidation is considered to be one

of the most effective methods due to its low secondary pollution

and high efficiency [4]. Currently, a lot of research has focused on

the transition metal oxide catalysts (e.g., MnOx, Co3O4, CeO2, CuO,

ZrO2) as substitutes for noble metal catalysts because of their low

cost and high thermal stability [5–7].

To date, researchers tried to create CuO-CeO2 mixed oxide cata-

lysts with low cost and high catalytic activity due to the synergis-

tic effect between Cu and Ce. Zeng et al. synthesized a highly ef-

ficient CuO-CeO2 catalyst for toluene oxidation by a double redox

method, they found that the strong Cu-Ce interaction can promote

the electron transfer between CuO and CeO2 contributes to high

redox properties [8]. He et al. used a simple self-precipitation pro-

tocol to gain mesoporous CuCeOx catalysts and declared that the

Cu2+ incorporated into CeO2 lattice can form the Cu-O-Ce solid so-
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lution, which produces large amounts of oxygen vacancies in the

interface of CuO and CeO2 and enhances the catalytic efficiency

[9]. Luo et al. reported that interaction between CuO and CeO2

weakens the metal-oxygen bond by sharing oxygen at the interface

leading to preferential CO oxidation [10]. Obviously, it has great

significance to develop a highly efficient CuO-CeO2 catalyst and in-

vestigate the interaction between CuO and CeO2. Nevertheless, the

catalytic mechanism over CuO-CeO2 surface, especially VOCs oxi-

dation, is still ambiguous.

It is generally assumed that the catalytic oxidation of VOCs fol-

lows the Mars-van Krevelen mechanism [11]. So far, researchers

employed in situ DRIFTS, GC-MS or TOF-MS to track the key in-

termediates and by-products to reveal the process of toluene oxi-

dation [12,13]. Yang et al. applied in situ DRIFTS to track the oxi-

dation process of toluene. They found that toluene adsorbed in the

form of benzyl alcohol on the surface of catalysts, then oxidized

to benzaldehyde and benzoate species, ring opened to form maleic

acid and to final product CO2 and H2O [14]. Ye et al. used in situ

DRIFTS and PTR-TOF-MS to study the toluene oxidation process on

spinel Co3O4 catalysts and suggested the pathway: Toluene, benzyl

alcohol, benzaldehyde, benzoate, benzene, phenol, benzoquinone,

maleic acid species [13]. Wang et al. found that the benzoate could

be decomposed into either the carbonates by breaking C=C bond

or phenolate by breaking C=O bond, and oxidized to maleic anhy-

dride then finally to CO2 and H2O [15]. However, the description
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Fig. 1. TEM images of CuO (a1), CeO2 (a2) and Cu1Ce2 (a3, a4). HRTEM image (b)

and EDX analysis mapping (c) of Cu1Ce2.

of the toluene oxidation pathway in literature is divided, it may be

due to the reaction path of toluene oxidation related to the prop-

erties of catalysts. In our previous work, the oxygen vacancies con-

centration and crystal phases effects on the reaction step of VOCs

oxidation were investigated, we found that these factors have im-

pacts on the activation and generation of products during reaction

process [16–18]. However, rarely have the works revealed how the

interface affecting the VOCs oxidation pathway.

Inspired by these motivations, herein, CuO was post synthesized

and in-situ grown on CeO2 nanorods through a facile hydrother-

mal method to gain Cu1Ce2 catalysts for toluene oxidation. The

characterizations of XRD (powder X-ray diffraction), BET (Brunner-

Emmet-Teller measurements), SEM (scanning electron microscope),

TEM (transmission electron microscope), Raman (Raman spectra),

XPS (X-ray photoelectron spectroscopy), H2-TPR (H2-temperature

programmed reduction) and O2-TPD (oxygen temperature pro-

gramming desorption) were used to study the Cu-Ce interaction

on Cu1Ce2 comparing with pure CuO and pure CeO2. Furthermore,

the toluene oxidation mechanism and the reactivity of different ad-

sorbed species over Cu1Ce2, CuO and CeO2 were investigated by in

situ DRIFTS.

Fig. S1 (Supporting information) shows the SEM images of the

pure CeO2, CuO, and the Cu-Ce mixed oxide Cu1Ce2. The pure

CeO2 presents nanorod morphology (Fig. S1c) and the pure CuO

shows nanoparticle structure (Fig. S1d). As shown in Figs. S1a and

b, after growing CuO by hydrothermal method on CeO2, the CuO

particles are bridged on the CeO2 nanorods forming a matchstick-

like morphology. As displayed in Fig. S2 and Table S1 (Supporting

information), the nitrogen adsorption-desorption isotherms of the

three samples exhibit the type-H3 hysteresis loop which is char-

acteristic of mesoporous materials, broadest pore size distribution

and largest pore volume and pore size of Cu1Ce2 are considered to

be advantageous to catalytic activity of VOCs oxidation [19,20].

Figs. a1–4a show the TEM images of the three catalysts. The

pure CuO particles exist as irregular and large particles with sizes

of 50–100 nm, and the pure CeO2 nanorods present with width of

about 8 nm and length of 100–200 nm. However, copper can be

found as finely dispersed CuO clusters (less than 5 nm) and bulk

CuO particles (up to 30 nm) in Cu1Ce2, indicates CuO were finely

dispersed on CeO2 through the in-situ growing process. It has been

reported that small CuO clusters may improve catalytic perfor-

mance [21]. The high-resolution TEM (HRTEM) image of Cu1Ce2

is exhibited in Fig. 1b, the lattice fringe of 0.31 and 0.23 nm cor-

responding to the CeO2 (111) and CuO (111) [8]. Herein, the dis-

tortion of CeO2 lattice can be observed around the interfacial be-

tween CuO and CeO2 phase because of Cu2+ incorporation in the

CeO2 lattice [22]. Moreover, EDX mapping images in Fig. 1c show

the CuO clusters and bulk CuO particles dispersed on CeO2.

Fig. 2a shows the XRD diffraction patterns of the three catalysts

samples. The phase of CeO2 and Cu1Ce2 can be attributed to the

fluorite structured CeO2 (PDF No. 43-1002). For the CuO, all diffrac-

tion peaks are ascribed to the monoclinic structured CuO (PDF No.

02-1040). It should be pointed out that for the Cu1Ce2, two weak

diffraction peaks at 2θ of 35.6° and 38.8° correspond to (−111) and

(111) planes for monoclinic CuO can be found [23], and the CeO2

(111) diffraction peak shift can be observed, indicating the incor-

poration Cu2+ into CeO2. Herein, as the radius of Cu2+ is smaller

than that of Ce4+, the incorporation of Cu2+ into the CeO2 frame-

work should cause lattice contraction leading to the peak shifting

towards a higher diffraction angle [24].

The surface component over samples and their chemical state

were investigated by XPS. As shown in Fig. 2d, for the Ce 3d spec-

trum, CeO2 and Cu1Ce2 both present similar profiles and the six

peaks marked as V2, V3, V4, U2, U3 and U4 are associated with

Ce(IV), while the four peaks marked as V0, V1, U0 and U1 are re-

lated to Ce(III) [25]. As listed in Table S2 (Supporting information),

the Ce3+ ions ratio for Cu1Ce2 and CeO2 are 14.1% and 18.8%. With

the incorporation of CuO, the Ce3+ content on CeO2 decreased.

This phenomenon may be due to the electron transfer from Ce3+

to Cu2+ through Cu2+ + Ce3+ → Cu+ + Ce4+ between CuO and

CeO2 [26]. As shown in Fig. 2c, for the Cu1Ce2, the existence of

a lower Cu 2p3/2 peak and the decreased area of satellite peaks

are characterized by unsaturated CuO. Meanwhile, a shoulder peak

belongs to Cu+ can be found in the Cu LMM auger spectra, indicat-

ing the CuO on Cu1Ce2 is in the coexistence state of Cu+ and Cu2+

[26,27]. These results also related to the Cu2+ are partially reduced

by Ce3+. Quite interestingly, it can be observed that the binding

energy of Ce 3d2/3 over the Cu1Ce2 also shifts to lower value. It

may be attributed to electron transfer from Cu+ to Ce4+ through

another redox process: Cu+ + Ce4+ → Cu2+ + Ce3+. Fig. 2b dis-

plays the O 1s XPS spectra of the three samples. Cu1Ce2 exhibits

the highest content of surface chemisorbed oxygen and CuO shows

the lowest (calculated by SOads/(SOads + SOlat)) (Table S2). This in-

dicates a good agreement between the H2-TPR O2-TPD and Raman

results in Fig. S3 (Supporting information). Obviously, the construc-

tion of Cu-Ce interface can lead to the mobilization of lattice oxy-

gen and promotes the formation of oxygen vacancies.

Fig. S4 (Supporting information) shows the catalytic activity test

results of the three catalysts for toluene oxidation under the re-

action condition of 1000 ppm toluene, 20% air and weight hourly

space velocity (WHSV) 60,000 mL gcat
−1 h−1. As summarized in

Fig. S4 and Table. S3, Cu1Ce2 presents the best catalytic perfor-

mance with T50 = 234 °C, T99 = 250 °C (the temperature at which

50% and 90% C7H8 conversion is obtained, respectively) among the

three catalysts. Notably, the toluene conversion rate for CuO is low

in the low temperature stage but increased rapidly in the high

temperature stage (T50 = 253 °C, T99 = 281 °C). However, the

different phenomenon can be observed on CeO2 (T50 = 240 °C,
T99 = 298 °C). Interestingly, Cu1Ce2 obtains the advantages of both

CuO and CeO2 in the high temperature section and low tempera-

ture section and shows enhanced catalytic activity. In addition, the

long-term activity test in condition of dry air and different relative

humidity confirms the excellent catalytic stability of Cu1Ce2 (Fig.

S5 in Supporting information).

To understand the reaction mechanism and determine the inter-

mediate species generated of toluene oxidation, in situ DRIFTS was

employed to reveal the instantaneous composition on the surface

of the three different catalysts. All the identified bands and related

species are summarized in Table S4 (Supporting information).
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Fig. 2. XRD patterns (a) and XPS spectra of (b) O 1s, (c) Cu 2p and Cu LMM of CuO and Cu1Ce2, (d) Ce 3d of CeO2 and Cu1Ce2

Fig. 3. In situ DRIFTS spectra as a function of temperature exposed to 400 ppm toluene/air over CeO2 (a), CuO (b), Cu1Ce2 (c).

As shown in Fig. 3, the characteristic peaks of major inter-

mediates adsorbed on the surfaces of the three catalysts can be

observed from 150 °C, and their intensities reach maximum at

230 °C for CeO2 and Cu1Ce2, at 200 °C for CuO, then gradually

decrease as the temperature continues to increase. In Fig. 3a, for

the CeO2, benzyl species (1370 cm−1) and benzoate species are

the major intermediates in the heating period (150–300 °C), the
υ(C–H) (2854 cm−1, 2930 cm−1) and υ(C=O) (2720 cm−1) vibrations

also confirm with the accumulation of alkoxide species and alde-

hydic species. As presented in Fig. 3b, for the CuO, carbonate and

benzoate species as the major intermediates are observed, and the

benzyl species (1147 and 1176 cm−1, alkoxide species; 1685 cm−1,

aldehydic species) accumulated as the temperature rose. Remark-

ably, the adsorption peaks of phenolate species (1247 cm−1) and

maleic anhydride species (1700 cm−1– 1950 cm−1) can be found at

150–300 °C, indicating the benzoate species not only convert into

carbonates, but also partially transform into phenolate species and

then convert into anhydride species on the surface of CuO. Herein,

the accumulation of various by-products due to the poor oxygen

vacancies and low redox properties of CuO. As shown in Fig. 3c, for

the best-performance catalyst Cu1Ce2, carbonate species and ben-

zoate species are the major intermediates in the toluene oxidation

process. Meanwhile, there are no obvious adsorption peaks of ben-

zyl species to be observed, confirms that the conversion of benzyl

species is promoted over Cu1Ce2. Furthermore, the intensity of car-

bonate species which are considered as the ring-opened products

of toluene, is higher than that of benzoate species at 150–230 °C,
and the carbonates decrease rapidly at 250 °C, indicating that ben-

zoate species preferentially transform into carbonates on Cu1Ce2

then convert into H2O and CO2. Obviously, toluene can be rapidly

adsorbed and activated on the surface of Cu1Ce2. It should be due

to the high mobility of oxygen species and abundant oxygen va-

cancies obtained by the formation of Cu-Ce interface.

Fig. 4 presents the in situ DRIFTS of adsorbed surface species

arising from Cu1Ce2, CuO to CeO2 treated with 230 °C in differ-

ent atmosphere. As shown in Figs. 4a, c, e, in the O-rich atmo-

sphere, most intermediates adsorbed on the three catalysts are

similar to the results of temperature-dependent DRIFTS spectra in

Fig. 3. Moreover, as presented in Fig. S6 (Supporting information)

the growth rate of carbonates on Cu1Ce2 is much higher than

the other two catalysts, indicates the C=C breaking of benzoates

on Cu1Ce2 is accelerated to form the formation of carbonates. As

shown in Figs. 4b, d, f, in the O-poor atmosphere, various inter-

mediates for the three catalysts are further accumulated compar-
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Fig. 4. In situ DRIFTS spectra of toluene oxidation as a function of time exposed to toluene 400 ppm/air (a) and toluene 400 ppm/N2 (b) over CeO2; Toluene 400 ppm/air

(c) and toluene 400 ppm/N2 (d) over CuO; Toluene 400 ppm/air (e) and toluene 400 ppm/N2 (f) over Cu1Ce2 at 230 °C.

ing with that under the air atmosphere, implies that the toluene

oxidation rate is decreased. It should be due to the oxygen vacan-

cies of catalysts cannot be replenished by gas phase oxygen and

reconstruct surface active oxygen species to involve in reaction. In

addition, the significant accumulation of carbonates (~1400 cm−1)

on the surfaces of the three catalysts indicating that the decom-

position of carbonates preferentially to CO2 and H2O is prevented

in O-poor atmosphere. Hence, typical adsorption peaks of phe-

nolates (~1247 cm−1, ~1277 cm−1) and maleic anhydride species

(1700 cm−1– 1950 cm−1) are detected, confirms that the C=C bond

of aromatic ring is harder to break in O-poor atmosphere leading

to the benzoates partially convert into phenolates, and the pheno-

lates can react with the bulk lattice oxygen to form maleic anhy-

drides. As presented in Fig. S7 (Supporting information), the low

generation rate of phenolates on Cu1Ce2 confirms the C=C bond

of aromatic ring can be preferentially broken on Cu1Ce2 even in

O-poor atmosphere. As stated above, the C=C breakage of the aro-

matic ring should be the rate-controlling step during toluene oxi-

dation. Furthermore, combined with the results of XPS, H2-TPR and

O2-TPD, the formation of Cu-Ce interface is in favor of adsorption

and activation for oxygen [8], and the improvement of the migra-

tion rate of lattice oxygen and abundant oxygen vacancies leads to

the fast C=C breaking of benzoates and accelerating the process of

toluene oxidation on Cu1Ce2 [15,16].

Based on these results, the proper mechanism for toluene oxi-

dation on the surface of catalysts is proposed. As shown in Scheme

S1 (Supporting information), the oxidation of toluene on the cata-

lysts can be divided into two steps. The first step of toluene oxi-

dation over the three catalysts is consistent: toluene → benzyl al-

cohol → benzaldehyde → benzoate. In the second step, benzoates

are decomposed into carbonates by breaking C=C bond and further

converted into H2O and CO2 on the CeO2 and Cu1Ce2. On the sur-

face of the CuO, benzoates can decompose into either the carbon-

ates by breaking C=C bond or phenolate by breaking C=O bond,

then further oxidized to anhydride species finally into CO2 and

H2O. In addition, C=C breakage should be impeded without gas

phase oxygen and results in the generation of phenolates and an-

hydrides. Moreover, the main intermediates on the three catalysts

are different: Among them, the main intermediates for Cu1Ce2 are

carbonates and partially benzoates; the main intermediate prod-

ucts of CeO2 are benzoate and part of benzyl substances; The

main intermediate products of pure CuO catalyst are benzoate and

carbonate, as well as a small amount of benzyl and anhydrides.

Thus, the breaking of C=C should be the rate-controlled step in
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the toluene oxidation process, and the construction of Cu-Ce in-

terface obtains abundant oxygen vacancies and high mobility of

lattice oxygen leading to the rapid benzyl species conversion and

speed up the C=C bond breaking of benzoates.

In this work, we reported a facile hydrothermal method to ob-

tain Cu1Ce2 catalysts for toluene oxidation. The formation of Cu-

Ce interface affects the phase structure and textural properties of

CuO and CeO2. The Cu-Ce interaction functions through the reac-

tion: Cu2+ + Ce3+ ↔ Cu+ + Ce4+. The enhanced electron trans-

fer between CuO and CeO2 and the generation of Cu-O-Ce solid

solution at the interface lead to high redox properties and abun-

dant oxygen vacancies. Therefore, the Cu1Ce2 catalyst achieves the

best catalytic performance both in low and high temperatures with

T50 = 234 °C and T99 = 250 °C. Furthermore, different major

intermediates over Cu1Ce2, CeO2 and CuO were detected by in

situ DRIFTS: Benzoate and carbonate species over Cu1Ce2; benzyl

and benzoate species over CeO2; benzoate, carbonate and benzyl

species over CuO. Herein, the construction of Cu-Ce interface sig-

nificantly affects the reaction step. The abundant oxygen vacancies

and high mobility of lattice oxygen of Cu1Ce2 result in the rapid

conversion of benzyl and fast C=C breaking of benzoates to accel-

erate the toluene oxidation.
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