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A B S T R A C T

CeO2 with impressive redox properties has garnered significant attention in the catalytic removal of hazardous 
chlorinated volatile organic compounds (CVOCs). Nevertheless, its strong adsorption capacity and pronounced 
activity in Deacon reaction for dissociated Cl species make it prone to occur chlorine poisoning and generate high 
reactive Cl2 rather than ideal HCl, resulting in diminished catalytic stability and increased toxic polychlorinated 
byproducts. Herein, we proposed the incorporation of Ti4+ into the CeO2 lattice (CeTiO-x, x refers to Ce/Ti molar 
ratio) through the calcination of bimetallic TiCe-based metal-organic frameworks (MOFs) to effectively oxidize 
CVOCs. The results demonstrated that such a design could create abundant Ce3+/Ce4+ redox pairs stabilized by 
Ti4+ to accelerate substrate thorough degradation into CO2. Meanwhile, compared to CeO2, the dissociated Cl 
species preferentially adsorbed on highly dispersed Ti4+ sites instead of Ce4+ sites, which allowed for their 
subsequent release as HCl due to the lower intrinsic reactivity of TiO2 in Deacon reaction. The cooperation 
between the reversible Ce4+/Ce3+ redox pairs and preferential Cl adsorption on Ti4+ sites rendered CeTiO-x 
catalysts with superior catalytic performance and resistance against chlorine and high humidity. Especially, 
the optimal CeTiO-10 catalyst achieved ＞90 % mineralization rate with complete conversion of dichloro
methane at 330 ◦C during 16 h of continuous oxidation. More importantly, it demonstrated > 95 % selectivity for 
the desirable HCl, while its counterparts, CeO2@C and pure CeO2 catalysts, gave > 90 % Cl2 selectivity.

1. Introduction

Volatile organic compounds (VOCs) are notorious precursors of 
ozone and PM2.5, posing a substantial threat to both human health and 
environmental safety[1–5]. In particular, chlorinated volatile organic 
compounds (CVOCs) as an intractable type of VOCs have been marked as 
priority control pollutants in many countries due to their strong intrinsic 
toxicity, low biodegradability and high photochemical reactivity[4–6]. 
Consequently, it is highly urgent to develop highly effective technology 
for CVOCs elimination. Catalytic oxidation with high efficiency and 
broad applicability is regarded as a promising approach for CVOCs 
removal, in which CVOCs could be completely oxidized to desirable 
products of CO2, H2O and HCl[4–7]. Compared to non-chlorinated 
VOCs, the presence of Cl atom in CVOCs makes their oxidation 

process undergo additional C-Cl bond cleavage and subsequent migra
tion and evolution of the dissociated Cl. During this process, the disso
ciated Cl is liable to react with intermediates and active sites of catalyst, 
resulting in catalyst deactivation and the formation of toxic poly
chlorinated byproducts[4–7]. Therefore, in addition to catalytic activity, 
enhancing the catalytic stability against chlorine poisoning and syn
chronously restraining the formation of polychlorinated byproducts 
have always been the focus and a major challenge.

To overcome the above issues, many attempts have been made to 
develop effective catalysts, such as V/CeO2, Ru/CeO2, MnO2-CePO4/ 
TiO2, Ru/MnCo3Ox, V2O5-WO3/TiO2, HxPO4/Ru-CeO2[8–20]. There
into, CeO2-based catalysts seem to be one of the most promising choices 
because the facile shift between Ce3+ and Ce4+ in CeO2 affords 
outstanding properties of redox and oxygen storage[15,16]. However, 
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the dissociated Cl species are often strongly adsorbed on the active sites, 
which increase the probability of metal chlorination, inducing a rapid 
deactivation of catalyst and a significant deterioration in catalytic per
formance[4,5,17–19]. Meanwhile, enhancing redox property of CeO2-
based catalyst is favorable to the deep oxidation of CVOCs into CO2, but 
also facilitate oxidation of the adsorbed Cl species into Cl2 through 
Deacon reaction[5–7]. High oxidizing ability of the generated Cl2 usu
ally exacerbates the electrophilic chlorination reaction to produce 
chlorinated organic byproducts[4–7]. These usually make CeO2-based 
catalyst suffer from deactivation and produce more Cl2 and poly
chlorinated byproducts. In view of these settings, modulating the 
adsorption sites for the dissociated Cl species and improving the 
oxidation ability of CeO2-based catalyst to refrain from the dissociated 
Cl species direct contacting with CeO2 active sites and enable a rapid 
mineralization of CVOCs are imperative.

Recently, the introduction of transition metal as preferential sites for 
adsorbing Cl species is a feasible strategy to alleviate the chlorination of 
the primordial metal active sites[6,19,20]. Whereas it is still necessary 
to precisely control the combined metal on CeO2 surface to obtain higher 
catalyst stability and better catalytic performance. On the other hand, 
calcination under inert or reducing atmosphere and introduction of 
dopant ions (such as Ti4+, Zr4+, Ni2+) are effective ways to construct the 
Ce3+ and Ce4+ redox pair in CeO2[21–23]. The unobstructed shifts be
tween Ce3+ and Ce4+ redox pair were reported to enable activation of 
the adjacent oxygen atoms and accelerate the electron transfer, thus 
improving its redox ability and catalytic activity in oxygen evolution 
reaction, CO oxidation and oxidative depolymerization et al[21–23]. In 
this regard, the concentration of the Ce3+ and Ce4+ redox pair is 
important to its catalytic activity. Moreover, reversible cycle of the Ce3+

and Ce4+ redox pair is also decisive became Ce4+ return to Ce3+ is 
energetically unfavorable[23]. Recently, metal-organic frameworks 
(MOFs) have become a promising sacrificial template to accurately 
construct metal oxides through the judicious selection of MOFs pre
cursors and the rational design of pyrolysis conditions due to their pe
riodic structures formed by metal ions and organic ligands[24,25]. 
Considering that titanium dioxide benefits the adsorption/desorption of 
Cl and the cleavage of the C–Cl compared to CeO2[7], we propose the 
possibility of incorporating Ti4+ into CeO2 lattice via rational calcina
tion of bimetallic TiCe-based MOF to address the above issue of 
CeO2-based catalyst in the catalytic oxidation of CVOCs. In this catalyst, 
the Ti4+ sites are expected to preferentially adsorb Cl species and release 
them in the form of HCl due to its intrinsic inferior activity of Deacon 
reaction compared to CeO2. Meanwhile, highly active CeO2 with 
abundant Ce3+/Ce4+ redox pairs stabilized by Ti4+ can promptly oxidate 
organic intermediates into CO2 and Cl2. Their cooperation will decrease 
the incidence of Cl species reacting with CeO2 and the generated organic 
intermediates.

Herein, a typical Ce-MOF, self-assembled by periodic Ce4+ and ter
ephthalic acid linkers, was chosen as a host matrix for introducing Ti 
dopants, rendering bimetallic TiCe-based MOF precursor[26]. Upon 
calcination under Ar atmosphere at 550 ◦C and subsequent air treatment 
at 350 ◦C, Ti incorporated CeO2@C samples (denoted CeTiO-x, x refers 
to the molar ratio of Ce to Ti) with adjustable Ti content were obtained. 
CeTiO-10 exhibited an optimal catalytic performance with a complete 
conversion of dichloromethane (DCM) and a mineralization rate of ＞ 
90 % at 330 ◦C. Strikingly, a > 95 % selectivity to HCl was obtained over 
CeTiO-10, which was completely different from the Cl2 selectivity 
(>90 %) of its contrastive CeO2@C and pure CeO2 catalysts. Moreover, 
CeTiO-10 displayed extraordinary catalytic stability and water resis
tance. Finally, the possible degradation pathway of DCM over CeTiO-10 
and the synergistic catalytic mechanism were also proposed.

2. Experimental section

2.1. Catalyst preparation

Ce-MOF and CeTi-MOF-x were synthesized via hydrothermal 
methods following previous reports with modifications[26]. For the 
CeO2@C sample, Ce-MOF precursor was heated at 550 ℃ for 6 h under 
Ar protection in a tube furnace. After cooling down to room tempera
ture, the solid was further calcined at 350 ℃ for 2 h in air to remove 
unstable carbon. The CeTiO-x were prepared through a similar proced
ure to CeO2@C except that the Ce-MOF was replaced by the CeTi-MOF-x 
(x refers to the molar ratio of Ce to Ti). As a contrastive catalyst, CeO2 
was synthesized by directly calcining cerium nitrate hexahydrate in a 
tube furnace at 550 ℃ for 2 h in an air stream.

2.2. Characterization

The morphology of the prepared samples was studied using a 
transmission electron microscopy (SEM, Talos F200S). The crystal 
structures of the samples were characterized using powder X-ray 
diffraction (XRD, Bruker D8 advance). NH3 temperature-programmed 
desorption (NH3-TPD), O2 temperature-programmed desorption (O2- 
TPD), H2 temperature-programmed reduction (H2-TPR) were performed 
on an automatic chemical adsorption instrument (PCA-1200, Builder 
Electronic Technology Co., Ltd). The H2 consumption of sample was 
calculated based on its H2-TPR peak areas using CuO as calibration 
standard. The pore structures were obtained by nitrogen adsorption 
desorption isotherms using BELSORP-max at 77 K. In-situ DRIFTS mea
surements were performed using a ThermoFisher Nicolet IS 10 spec
trometer. The amount of Brønsted acid and Lewis acid on CeO2@C and 
CeTiO-10 were detected by a Nicolet iS10 spectrometer with pyridine as 
a probe molecule (Py-FTIR). In-situ near ambient pressure X-ray photo
electron spectroscopy (In-situ NAP XPS) measurements were conducted 
using a ThermoFisher Escalab 250Xi instrument. Detailed character
ization procedures were provided in the Supporting Information.

2.3. Catalytic performance evaluation and intermediates identification

The DCM catalytic oxidation reactions were performed in a contin
uous flow fixed-bed quartz microreactor. Before the catalytic reaction, 
the catalyst was treated at 200 ◦C in a N2 stream to remove the adsorbed 
CO2 and other impurities. Afterwards, a gaseous mixture consisting of 
300 ppm DCM and Air as balance gas was introduced into the reactor at 
a flow rate of 30 mL/min. The residual DCM, formed organics and CO2 in 
the exhaust gas was detected by an online gas chromatograph. For the 
water resistance test, the procedure was same as the above except the 
feed gases containing 5.0 vol% water vapor. The concentrations of Cl2 
and HCl in the exhaust gases were determined by using an ion chro
matography method and the details were given in the Supporting 
Information.

3. Results and discussion

3.1. Structural and morphological characterizations of catalysts

As presented in Fig. 1a and Fig. S1, the as-prepared CeTiO-x, 
CeO2@C and CeO2 possessed almost identical characteristic diffraction 
peaks at 28.6◦, 33.1◦, 47.5◦ and 56.3◦ corresponding to the typical CeO2 
cubic fluorite structure of (JCPDS-ICDD card no. 043–1002). In terms of 
the five CeTiO-x samples obtained by annealing bimetallic CeTi-MOF 
with different Ce/Ti molar ratios, the characteristic diffraction peaks 
of CeO2 were obviously broadened and weakened than that of CeO2@C 
obtained from Ce-MOF, while no diffraction peaks attributable to TiO2 
were detected. These observations were presumably related to the high 
dispersion of TiO2 and/or the declined crystallinity resulting from tita
nium doping into the lattice of CeO2[27,28].
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To further obtain the impacts of Ti doping on the CeO2, Raman 
characterizations of the five CeTiO-x samples and the control CeO2, 
CeO2@C samples were performed. As depicted in Fig. 1b and Fig. S2, 
CeO2 prepared by directly calcining Ce(NO3)3⋅6 H2O and CeO2@C 
derived from Ce-MOF displayed a typical F2g mode vibration at around 
460 cm− 1, which was assigned to the Ce-O symmetric mode vibration of 
the cubic fluorite structure of CeO2[29,30]. Moreover, the CeTiO-x 
samples also exhibited the predominant F2g characteristic peak, 
further revealing that the Ti doping didn’t alter the cubic fluorite 
structure of CeO2@C, in consistent with the XRD results (Fig. 1a). 
Nevertheless, the F2g peaks in the CeTiO-x samples became weaker and 
broader while their symmetries were worse compared to CeO2@C and 
CeO2. Moreover, these variations were intensified along with the in
crease of Ti doping amount (Fig. 1b). It should note that a new peak 
appeared around 600 cm− 1, which was attributed to defect-induced (D) 
mode linked to oxygen vacancies (Fig. S2) [29,30]. In addition, the 2TA 
(second-order transverse acoustic modes) peak at approximately 
260 cm− 1 in the five CeTiO-x samples was intensified compared to that 
of CeO2@C. Wang et al. have found the formation of Pt–O–Ce bond in 
the Ru/CeO2 catalysts by Raman spectroscopy[31]. Thus, it is 

reasonable to tentatively assign these changes and new bands to the 
formation of Ce–O–Ti bond. Given the difference in atomic radius be
tween Ti (0.145 nm) and Ce (0.183 nm), we inferred that Ti atoms with 
lower atomic radius replaced some Ce4+ cations in the CeTiO-x samples, 
thereby inducing the lattice shrinkage of CeO2 and reducing the in
tensities and symmetries of the XRD and Raman characteristic peaks and 
inducing oxygen vacancies, as previous reports[30–32].

The TEM images of CeO2 and CeO2@C showed that they had the 
same lattice spacing of 0.313 nm (Fig. 1c and Fig. S3), matching the 
(111) crystal plane of CeO2[33]. After incorporating Ti into CeO2@C, 
the CeTiO-10 sample still maintained the (111) crystal plane of CeO2 
(Fig. 1d), as observed in XRD. Moreover, the Ti, Ce, C, O and N elements 
were uniformly distributed across the CeTiO-10 sample (Fig. 1e). The 
CeO2@C and CeTiO-10 samples also almost kept the initial morphology 
of their MOF precursors (Fig. S4-S6). Furthermore, the N2 
adsorption-desorption isotherms of the five CeTiO-x, CeO2@C and CeO2 
all displayed a characteristic Type IV curve, accompanied by a type H3 
hysteresis loop (Fig. S7). Obviously, CeO2@C displayed a BET surface 
area of 207 m2/g, which was significantly larger than that of the five 
CeTiO-x. Nevertheless, there was no significant difference among their 

Fig. 1. XRD patterns (a), Raman spectra (b), H2-TPR (f), O2-TPD (g) and NH3-TPD (h) of the synthesized samples. HR-TEM images of CeO2 (c) and CeTiO-10 (d), and 
EDS mapping images of CeTiO-10 (e).
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BET surface areas because they were all extremely low, less than 
12 m2/g.

The surface chemical states and interfacial electron interactions of 
the as-prepared samples were investigated by X-ray photoelectron 
spectroscopy (the fresh sample in Fig. S8). For the CeO2@C, the high- 
resolution spectrum of Ce 3d can be fitted as eight peaks, correspond
ing to the Ce3+ (blue) and Ce4+ species (red)[34], suggesting the 
co-existence of Ce4+ and Ce3+ in CeO2@C sample. This would originate 
from a partial reduction of Ce4+ to Ce3+ during the pyrolysis of Ce-MOF 
precursor. Based on the peak areas of Ce4+ and Ce3+ species, a 
Ce3+/(Ce3++ Ce4+) ratio value for CeO2@C was calculated to be 0.16, 
which manifested Ce4+ as dominant Ce oxidation state in CeO2@C. 
When Ti4+ was incorporated into Ce-MOF precursor, the resultant 
CeTiO-10 sample maintained a similar Ce 3d spectrum to that of 
CeO2@C. Moreover, its Ti 2p spectrum displayed doublet obvious peaks 
at 458.16 and 463.52 eV, identified as Ti 2p3/2 and Ti 2p1/2 for Ti4+, 
further demonstrating the successful incorporation of Ti4+ into 
CeO2@C. Noticeably, the Ce3+/(Ce3++ Ce4+) ratio in CeTiO-10 
improved to 0.23 from 0.16 in CeO2@C, consistent with the increased 
oxygen defects as observed by Raman spectroscopy. This increased Ce3+

ratio was attributable to a redox process in which the Ti4+ incorporated 
into the CeO2 lattice during pyrolysis of CeTi-MOF precursor would 
replace some Ce4+ atoms and thereby induced the generation of Ce3+

atoms to keep electrostatic balance, as previous reports[35]. It has been 
reported that the Ce3+/Ce4+ redox pair performed an crucial role in 
promoting various oxidation reactions due to the facile electron transfer 
through the free electronic communication between Ce3+ and Ce4+[21, 
22]. Thus the elevated Ce3+/(Ce3++ Ce4+) ratio after the incorporation 
of Ti4+ into CeO2@C was expected to accelerate the catalytic degrada
tion of DCM.

3.2. Redox property and acidity analyses of catalysts

The redox capacity of the catalysts was further investigated by H2- 
TPR. As for CeO2@C, three H2 consumption peaks were observed at 
middle temperatures of 373 and 495 ◦C, and a high temperature of 777 
◦C (Fig. 1f), which would result from the reduction of Ce4+ to Ce3+ on 
the CeO2@C surface, and bulk lattice oxygen, respectively[29]. 
Compared to CeO2@C, TiO2@C displayed two higher peak temperatures 
(476 and 512 ◦C) at middle temperature range, which would be corre
lated with the reduction of Ti4+ to Ti3+[36]. After the incorporation of Ti 
into CeO2, the reduction peaks of the CeTiO-x samples at middle tem
peratures was obviously shifted to higher temperatures. Moreover, H2 
consumption in the CeTiO-5, CeTiO-10 and CeTiO-20 were estimated to 
be 0.85, 0.83 and 0.64 mmol/g, which were significantly higher than 
that for CeO2@C (Table S1). Given the higher reduction temperature of 
Ti species than Ce[37,38], we assumed H2 consumption in the range of 
300–600 ◦C resulted from the reduction of Ce4+ to Ce3+, but not the 
reduction of Ti4+ to Ti3+. The reducibility of Ce4+ to Ce3+ in CeTiO-x 
increased to 19.67–28.47 % from 8.61 % in CeO2, which was attribut
able to the distortion of CeO2 crystal structure due to the substitution of 
Ce with Ti, as observed by XRD and Raman results in Figs. 1a and 1b as 
well as previously reported catalysts[38].

Furthermore, O2-TPD was conducted to analyze the behavior of 
surface oxygen species (Fig. 1g). Generally, the O2 desorption peaks can 
classified into three categories: the desorption of surface physically 
adsorbed oxygen below 200 ◦C, the desorption of surface lattice oxygen 
in the range of 200–700 ◦C and the desorption of bulk lattice oxygen 
above 700 ◦C[39,40]. As for CeO2@C, two weak peaks at 147 and 319 ◦C 
were observed, indicating the presence of surface physically adsorbed 
oxygen and surface lattice oxygen, respectively. After incorporating Ti 
into CeO2@C, the above two peaks were shifted to lower temperatures 
compared to CeO2@C. It is well known that a lower desorption tem
perature of surface lattice oxygen species leads to a higher concentration 
of reactive oxygen species due to their excellent mobility, which is 
essential for enhancing the catalytic oxidation performance[41]. 

Remarkably, a new strong peak at 586, 539 and 508 ◦C emerged in 
CeTiO-5, CeTiO-10 and CeTiO-20, respectively, and CeTiO-10 presented 
the biggest desorption peak area. It has been reported that the distortion 
of CeO2 crystal structure after incorporating the second metal element 
would result in destabilization of oxide ions due to the variations on 
Ce-O bond length[42]. Combined with the H2-TPR results that CeTiO-x 
exhibited higher reducibility than that for CeO2@C, it can be concluded 
that the new strong peak in CeTiO-x should attribute to the desorption of 
the surface lattice oxygen.

It is widely accepted that the acidic properties of catalyst play a vital 
role in the adsorption of CVOCs and the subsequent C-Cl dissociation
[5–7]. Thus, the surface acidity of CeTiO-x, CeO2@C and TiO2@C was 
characterized by using NH3-TPD and Py-FTIR. As shown in Fig. 1h, the 
desorption temperature of NH3 can be divided into three regions: below 
200 ◦C, 200–500 ◦C and above 500 ◦C, which were assigned to weak 
acidity, medium acidity and strong acidity. Compared to CeO2@C and 
TiO2@C, the CeTiO-x samples exhibited higher intensity in both me
dium and strong acidity regions, signifying that the introduction of Ti 
could boost the medium and strong acidic amounts of CeO2@C. Py-FTIR 
results showed that CeO2@C possessed a Lewis acidity of 19.5 μmol g− 1 

and Brønsted acidity of 6.59 μmol g− 1. After Ti incorporated into CeO2, 
the amount of Lewis acid was slightly decreased to 17.4 μ mol/g, 
whereas the amount of Brønsted acid was significantly increased to 
11.36 μ mol/g (Fig. S9). Based on the H2-TPR, O2-TPD and NH3-TPD 
results, it could be concluded that the incorporation of Ti significantly 
improved the amounts of both surface lattice oxygen, and the medium 
and strong acid as well as Brønsted acid amount on the surface of 
CeO2@C.

3.3. DCM catalytic performance and catalyst stability

To verify the promotion effect of Ti incorporating into CeO2@C 
catalyst, the catalytic activities of the CeTiO-x catalysts with different Ti 
loading amounts and their contrastive CeO2@C and CeO2 samples were 
investigated by catalytic degradation of dichloromethane (DCM) in a 
fixed-bed flow reactor. As illustrated in Fig. 2a and Fig. S10, the T90, DCM 
(the temperature corresponding to the DCM conversion of 90 %) of the 
investigated catalysts ranked in this order: CeTiO-1 (280 ℃) ≈ CeTiO-5 
(280 ℃) < CeTiO-10 (310 ℃) < CeTiO-20 (330 ℃) < CeO2@C (375 ℃) 
< CeTiO-100 (400 ℃) ≈ CeO2 (400 ℃) < TiO2@C (450 ℃). Intrigu
ingly, the DCM conversion gradually decreased with the increase of the 
Ti content in the CeTiO-x catalyst, whereas their conversion rates were 
all higher than CeO2@C except for CeTiO-100. Nevertheless, the trend of 
the CO2 yields over the investigated catalysts didn’t correspond to that 
of their DCM conversion (Fig. 2b). It was obvious that TiO2@C exhibited 
the highest T90, DCM, the lowest mineralization rate. This was attribut
able to the weakest redox capacity and reactive oxygen mobility of 
TiO2@C among the investigated catalysts as revealed by H2-TPD and O2- 
TPD results (Fig. 1f and g), thereby incapacitating the timely oxidation 
of the intermediates after the cleavage of the C-Cl bond.

For the CeTiO-x catalysts, the mineralization rates at the same re
action time were first gradually improved and then decreased as the Ti 
content continued to increase, indicating a synergistic interplay between 
the Ti and CeO2 active sites in the CeTiO-x samples for improving the 
DCM degradation activity. Specifically, CeTiO-1 and CeTiO-5 exhibited 
an exceptional DCM conversion rate of 90 % even at 280 ℃, but their 
corresponding mineralization rate s were only 41 ± 3.33 % and 39 
± 0.42 %. This phenomenon would be correlated to the accumulation of 
some unreversible adsorption and/or incomplete degradation of DCM 
on the catalyst surface[6,43]. Amongst the investigated catalysts, 
CeTiO-10 presented an optimal catalytic performance with a minerali
zation rate of 90 % at 330 ◦C and a DCM conversion of 90 % at 310 ◦C. 
Further increasing the Ti content in CeTiO-x brought about decreased 
DCM conversion and mineralization rate, probably due to the intrinsic 
low redox capability of TiO2. It should note that the mineralization rate 
over CeO2@C was similar with that of the CeTiO-1 and CeTiO-5, and 
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slightly higher than that of CeTiO-20 and CeTiO-100. Combining the 
surface properties of the investigated catalysts (Fig. 1f-h and Fig. S9), it 
was deduced that the abundant acidic sites and highest redox capacity of 
CeTiO-10 would accelerate the initial cleavage of C-Cl in DCM and the 
subsequent deep oxidation of intermediates into final CO2, responsible 
for its outstanding DCM degradation performance.

Catalyst deactivation is a pressing and ubiquitous concern in the 
catalytic oxidation of CVOCs[6]. Thus, long-term stability of the optimal 
CeTiO-10 catalyst and its contrastive CeO2@C and CeO2 catalysts for 
DCM catalytic oxidation was investigated. As shown in Fig. 2c and 
Fig. S11, both the DCM conversion and corresponding mineralization 
rate of the CeTiO-10 catalyst remained unchanged during 16 h of suc
cessive reaction, regardless at 330 ℃ or 300 ℃. Moreover, no appre
ciable changes were observed in the XRD patterns of CeTiO-10 before 
and after the reaction, illustrating the superior long-term stability of 
CeTiO-10 for DCM oxidation (Fig. S1). Distinctly different from the 
CeTiO-10 catalyst, the DCM conversions over the CeO2@C and CeO2 
catalysts at 330 ℃ began to decrease substantially in the range of 
2.0–5.0 h and 1.5–2.5 h, respectively, and then gradually decreased to 
66 % and 72 % (Fig. S11), respectively, similar to the commonly 
observed deactivation in previous reports[41]. Furthermore, the prod
uct distributions of inorganic chlorine in the outlet gases after 3 h and 
6 h of DCM catalytic reaction were analyzed by ion chromatography. 
Obviously, HCl was the dominant component with a selectivity 
exceeding 95 % over the CeTiO-10 catalyst, whereas both the CeO2@C 
and CeO2 catalysts exhibited high selectivity to Cl2 during DCM oxida
tion (Fig. 2d). Unfortunately, the possible organic byproducts over 
CeTiO-10 at 330 ℃ weren’t detected by GC-MS. Only trace amount of 
CH3Cl could be found even the reaction temperature at 300 ℃ 
(Fig. S12).

In addition, the water resistance of CeTiO-10 catalyst was examined 
by introducing 5 vol% water vapors into the feed gases after 3 h of re
action under dry condition. As depicted in Fig. 2c, CeTiO-10 retained 

DCM conversion to 98 % in humid conditions after 12 h and the corre
sponding mineralization rate maintained at around 98 % after a slight 
decrease (< 5 %) within 1 h of test initiation. Once water vapor intro
duction was stopped, the DCM conversion and mineralization rate 
slightly returned to their initial levels under dry conditions. The above 
results distinctly manifested the superior activity, robust stability and 
water resistance of CeTiO-10 for DCM catalytic degradation, revealing 
its great potential toward the removal of complicated CVOCs.

3.4. Catalytic degradation mechanism of DCM

To unveil the reasons behind the prominent catalytic activity and 
stability of CeTiO-10, in-situ DRIFTS and in-situ NAP XPS studies were 
further performed to explore the adsorption behaviors, the evolution of 
intermediates and charge transfer along the DCM catalytic degradation 
over CeTiO-10. Initially, the temperature-dependent in-situ DRIFTS 
spectra were collected from 30 to 350 ◦C (Fig. 3, Fig. S13–S16). At 30 ◦C, 
stretching vibrations of C-H in DCM molecules were detected at 
3062 cm− 1 and 1270 cm− 1, while a bending vibration of C-H can also be 
found at 2990 cm− 1 (Fig. 3a) [44]. In addition, their respective ab
sorption peaks gradually intensified over time, indicating the adsorption 
of DCM on the surface of CeTiO-10. Notably, these peaks associated with 
DCM disappeared completely above 250 ◦C, accompanied by the 
appearance of some new peaks, which was linked to the degradation of 
DCM and the adsorption of intermediates on the catalyst surface.

At temperatures exceeding 250 ◦C, a faint new peak around 
1455 cm− 1 could be attributed to the C-H bending vibration of chlor
omethoxy (CH2Cl-O-) species, which would result from the dehydro
chlorination reaction of DCM over CeTiO-10 [45,46]. Whereas the 
intensity of this peak was minimal and showed little variation with the 
reaction temperature and time, signifying a limited accumulation of 
chloromethoxy over the CeTiO-10 surface throughout the whole DCM 
oxidation process. At 250 ◦C, two new peaks at 2933 cm− 1 and 

Fig. 2. DCM conversion (a) and corresponding mineralization rate (b) over CeO2@C and CeTiO-x, catalytic stability of CeTiO-10 for DCM degradation under dry and 
humid conditions at 330 ◦C (c), chlorine ions distribution in the outlet gas (d).
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2850 cm− 1 were identified as the asymmetric and symmetric stretching 
vibrations of C-H in the methoxy group[47]. Additionally, the peaks 
corresponding to the typical stretching vibration of COO− intermediate 

can also be found at approximately 1360 cm− 1 and 1540 cm− 1, while 
vibrations from the -OH in aliphatic alcohol appeared at 1227 cm− 1[48, 
49]. Moreover, the intensities of the above peaks progressively 

Fig. 3. In-situ DRIFT spectra of DCM catalytic oxidation over CeTiO-10 at 30 ◦C (a), 250 ◦C (b) 300 ◦C (c) and 350 ◦C (d).

Fig. 4. In-situ NAP XPS of Ce 3d (a), Cl 2p (b), Ti 2p (c) for CeTiO-10 and Ce 3d (d), Cl 2p (e) for CeO2@C. Ce3+ content of CeO2@C and CeTiO-10 catalysts during 
DCM oxidation (f).
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decreased with increasing reaction time. As the temperature rose from 
250 to 350 ◦C, these peaks significantly weakened at the same reaction 
time and faded away, particularly at 350 ◦C. These findings suggested 
that DCM underwent deep oxidation with increasing temperature and 
time. Combined with the DCM catalytic results (Fig. 2), it can be 
concluded that DCM was initially dechlorinated and subsequently 
oxidized to methanol, formaldehyde and formic acid in succession, ul
timately transforming into CO2 and H2O.

Furthermore, the oxidation processes of DCM over CeTiO-10 and 
CeO2@C were tracked by in-situ NAP XPS (Fig. 4 and Fig. S17–S23). 
After introducing gaseous DCM diluted with dry air, two external peaks 
corresponding to 2p3/2 and 2p1/2 of Cl 2p were observed on both CeTiO- 
10 and CeO2@C, reflecting the adsorption of DCM on their surface 
(Fig. 4b and e). For CeO2@C, six Ce4+ peaks displayed an apparent 
negative shift, whereas a slight positive shift was observed for the two 
Ce3+ peaks compared to that of the fresh CeO2@C (Fig. 4d), indicating 
an enhanced electron density around Ce4+. Considering the electron- 
rich Lewis base nature of Cl in DCM molecule[50], it can be inferred 
that DCM molecules were adsorbed by Ce4+ sites and donated electron 
to Ce4+. After the temperature increased to 300 ◦C, the relative content 
of surface adsorbed oxygen to total oxygen species (Fig. S24) was 
reduced to 29 % from 36 % in the fresh CeO2@C. Distinctly different 
from CeO2@C, after the adsorption of DCM on CeTiO-10, the negative 
shift levels of the Ce 2p spectrum were lower than that of the fresh 
CeTiO-10 (Fig. 4a). Noticeably, the Ti 2p peaks shifted by 0.54 eV to
ward lower binding energy after the DCM adsorption, which went back 
to higher binding energies when the temperature elevated to 300 ◦C 
(Fig. 4c). These findings implied that DCM molecules would be prefer
entially adsorbed around Ti sites in CeTiO-10 instead of Ce4+ site in 
CeO2@C, which could be correlated with stronger adsorption of chlorine 
on Ti ion than Ce ion[51,52].

It has been demonstrated that abundant oxygen vacancies induced 
by Ce3+ on CeO2 is conducive to the adsorption of Cl species, yet this also 
in turn cause deactivation of catalyst[53]. Consequently, the altered 
preferential adsorption sites for Cl after the incorporation of Ti into 
CeO2@C would alleviate the occupation of active sites by Cl species and 
facilitated reversible cycle of Ce3+/Ce4+ redox pairs, thereby affording 
significantly improved catalytic performance of CeTiO-10 compared to 
CeO2@C (Fig. 2). Direct adsorbing Cl species on catalytic sites with high 
redox ability (such as CeO2 and RuO2) was proved to accelerate the Cl2 
formation via Deacon reaction[6,20]. Different from the preferential 
adsorption of Cl species around Ce4+ in CeO2@C, CeTiO-10 offered 
abundant Ti sites for Cl adsorption which would avoid direct contact 
with highly active Ce sites to form Cl2. Moreover, the inferior oxidation 
activity of TiO2@C (Fig. S11) indicated that the Ti sites in CeTiO-10 
were incapable of promoting Cl2 formation at our investigated temper
ature. It has been reported that Lewis acid sites could promote the 
breakage of the C-Cl bond and C-H bond, and Brønsted acid sites usually 
induces the conversion of the adsorbed chlorine ions into HCl by 
providing H resource[5,6,54]. Therefore, the change in Cl adsorption 
sites and the increased Brønsted acid amount after incorporation of Ti 
into CeO2@C would be responsible for the increase in HCl selectivity 
from around 10 % for CeO2@C to > 95 % for CeTiO-10. In addition, 
after the temperature increased to 300 ◦C, the Ce3+/ (Ce3++ Ce4+) ratio 
of CeO2@C dropped from 0.16 in the fresh sample to 0.14 (Fig. 4f), while 
the adsorbed oxygen content also decreased to 29 % from 36 % in the 
fresh CeO2@C. By contrast, the Ce3+/ (Ce3++ Ce4+) ratio in CeTiO-10 
remained nearly unchanged before and after DCM catalytic oxidation. 
These manifested that the incorporated Ti could maintain the Ce3+/ 
Ce4+ redox pairs during DCM catalytic oxidation, in well agreement 
with the enhanced content of surface adsorbed oxygen and the improved 
catalytic activity of CeTiO-10 compared to CeO2@C (Fig. 1g and Fig. 2).

Through the comparison of the catalytic behaviors and surface 
properties of the investigated catalysts, a possible mechanism for the 
high effective oxidation of DCM over CeTiO-10 was formulated. The 
adsorption and activation of DCM first initiated around the Ti sites. 

Subsequently, a rapid dehydrochlorination step occurred after the C–Cl 
bond cleavage, accompanying the formation of abundant chlor
omethoxy species. The increased content of the unobstructed Ce4+/Ce3+

redox pair after the incorporation of Ti into CeO2@C afforded higher 
oxidation capacity to fleetly oxidate the reaction intermediates to form 
methanol, formaldehyde and formic acid etc. in succession. Due to the 
excellent stability of Ce4+/Ce3+ redox pair regulated by Ti, the CeTiO-10 
sample kept high catalytic activity and ultimately degraded the above 
intermediates into CO2 and H2O. On the other hand, the dissociated 
chlorine species preferentially adsorbed on Ti sites would avoid direct 
contact with highly active Ce sites to form Cl2, thereby selectively 
converting to HCl with little Cl2. The interplay of the unobstructed Ce4+/ 
Ce3+ redox pair and the Cl adsorption sites in the CeTiO-10 sample 
concertedly afford the high DCM deep degradation activity and catalyst 
stability.

4. Conclusions

In conclusion, CeTiO-x catalysts with different Ti content have been 
successfully synthesized by controlled calcination of a bimetallic TiCe- 
based MOF. The stable periodic structures of TiCe-based MOF enabled 
Ti to uniformly incorporate into the lattice of CeO2 during the calcina
tion process, thereby inducing abundant Ce3+/Ce4+ redox pairs in 
CeTiO-x. When the obtained CeTiO-x catalysts were employed in DCM 
catalytic oxidation, an optimal catalytic performance with 90 % CO2 
selectivity and 98 % DCM conversion was achieved over CeTiO-10, 
which displayed a significant increase compared to that of the undo
ped CeO2@C and CeO2. Meanwhile, CeTiO-10 also offered robust cat
alytic stability even after 16 h continuous oxidation and excellent water 
resistance under 5 % vol H2O. Remarkably, CeTiO-10 manifested a su
perior HCl selectivity of > 95 %, whereas CeO2@C and CeO2 displayed 
about 90 % Cl2 selectivity. Mechanism investigations revealed that the 
reversed HCl selectivity and robust catalytic stability of CeTiO-10 would 
derive from the preferable Cl adsorption on Ti sites rather than Ce sites. 
Moreover, the incorporated Ti into CeO2 lattice facilitated the redox 
cycle of Ce3+/ Ce4+ pairs during DCM catalytic oxidation, which could 
accelerate the deep oxidation of DCM into CO2 and H2O to restrain the 
generation of polychlorinated byproducts. This work offers a promising 
strategy to enhance catalytic efficiency and reverse the selectivity to 
ideal products for CVOCs removal.
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