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ABSTRACT

Toluene, one of the main precures of photochemical smog and ozone pollution, is harmful to environment and
human beings and has been attracted much attention. Herein, the CuO/TiO3 composites with larger particle size
synthesized by the wet precipitation method showed better performance than those synthesized by the sol-gel
method for toluene removal. The CuO/TiOy composite (Cu/Ti = 1) exhibited the highest performance and
excellent durability, attributing to their higher absorption of light and lower recombination of photogenerated
charges. Electron paramagnetic resonance spectra confirmed that O3 radicals generated by surface adsorbed
oxygen trapping electrons played a major role in photocatalysis. Under ultraviolet-visible light, the light-driven
heat significantly increased the removal efficiency from 60% to 80%, and after adding infrared light, the removal
efficiency further increased to 90%. Therefore, the photocatalytic effect played a dominant part in light-driven
photothermal catalysis, and the photocatalytic performance and stability were greatly improved by reducing
carbon deposition with light-driven heat. Furthermore, the mechanism of toluene degradation was studied by in
situ diffuse reflectance infrared fourier transform spectroscopy.

1. Introduction

Toluene, the typical volatile organic compounds (VOCs), has aroused
widespread concern as one of the main precursors of photochemical
smog and ozone pollution [1]. It is reported that toluene emitted from
various industries is harmful to humans owing to their toxicity, muta-
genicity, and carcinogenicity [2-4]. Many technologies have been
developed for effective control of toluene emission, such as adsorption
[5], catalytic oxidation [6,7], and photocatalytic oxidation [8,9].
Among them, photocatalytic technology is considered to be promising
for toluene removal due to its low-energy, and harmlessness [10].
However, the application of photocatalytic technology is limited by the
insufficient utilization of light and the low stability [8,11]. Therefore,
light-driven photothermal catalysis has been developed without
external thermal energy input, which relies on the catalysts with strong
absorption abilities of light and light-heat conversion [12,13]. Many
black metal oxides (MnOy, Co304) have been extensively used in light-
driven photothermal catalysis [14-16]. Jia’s group prepared different

perovskites (LaMnOs and LaTi;.xMnxOs) with broad light wavelength
absorption showing excellent performance [17,18]. Co304/TiO2 nano-
composites with strong light absorption exhibited effective catalytic
activity for benzene removal attributing to the synergetic effect between
light-driven thermo-catalysis on Co304 and UV photocatalysis on TiO;
[14].

TiO4 is vigorously applied to photocatalytic technology owning to its
excellent stability, low cost, and non-toxicity. Nonetheless, the devel-
opment of TiOs is hindered by the wide band gap (3.20 eV) and poor
utilization of visible light [19]. In this regard, many strategies have been
applied to photocatalytic technology, including doping with metals
[20,21], doping with non-metals [22,23], and compounding with other
semiconductors [8,24]. The semiconductor composites have received
much attention, which could facilitate the separation of electrons (e)
and holes (h") owing to the formation of internal electric fields with
different band gaps [25,26]. Furthermore, the interaction between
complexes broadens the range of spectral absorption [27]. Copper oxide
(CuO) is a typical p-type semiconductor with a narrow band gap
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(1.21-1.70 eV), which has been widely applied in various fields
including NO; detection [28], CO; reduction [29], and VOCs degrada-
tion [30]. It is crucial that CuO exhibits a preeminent efficiency for VOCs
degradation not only under light, but also under thermal treatment
[31,32]. Zhang’s group successfully established an interface between
CuO and TiO, using a reduction-deposition method, which highly
inhibited the recombination of the photogenerated holes and electrons
[33]. Chen et al. [34] demonstrated that TiO, grown with CuO nano-
clusters had high catalytic activity for formaldehyde removal under
visible light. The CuOx tremendously inhibited the recombination of e
and h' through the transformation of the valence states of Cu. Zhou et al.
[35] found the coexistence of Ti>", Ti**, cu®*, and Cu™ promoted the
separation of electrons and holes. And the band gap of CuO-TiO, was
shortened obviously compared with pure TiO,, indicating that the ab-
sorption greatly increased under visible light. Although CuO/TiO,
composites are used for photocatalysis, few studies have investigated the
process and mechanism for light-driven photothermal catalytic degra-
dation of toluene. Moreover, few studies have investigated their per-
formances in toluene removal, and the sperate contributions of
photocatalysis and thermocatalysis in this process remain a puzzle.

In this work, composites of CuO and TiO, were successfully prepared
by a simple wet precipitation method and the sol-gel method as an ideal
light absorber, which can efficiently absorb light and trigger/accelerate
catalytic reactions. The composites obtained by the wet precipitation
method can greatly enhance the light absorption capacity, thus allowing
more solar energy to be fully utilized and exhibiting excellent perfor-
mance. To study the synergetic effects of light and heat, degradation
performances of toluene were investigated under various conditions,
including ultraviolet-visible (UV-Vis) irradiation, ultraviolet-visible-
infrared (UV-Vis-IR) irradiation, room temperature, and heating mode,
respectively. The catalytic activity and stability of the dark composite
for toluene removal were evaluated under Xe lamp irradiation, and the
effects of operating conditions on degradation were also discussed in
detail. Moreover, the mechanism was analyzed by in situ diffuse
reflectance infrared fourier transform spectroscopy (in-situ DRIFTS).

2. Experiment
2.1. Materials

Tetrabutyl titanate (C;6H3604Ti, 98%), 2,4-pentanedione (CsHgOo,
A.R.), copper(Il) nitrate trihydrate (Cu(NO3)2-3H20, A.R.), nitric acid
(HNOg, 68%) and ethanol were purchased from Sinopharm Chemical
Reagents Co.,Ltd. All chemicals were used without further purification.

2.2. Catalysts preparation

Wet Precipitation Method: initially, a predetermined amount of Cu
(NO3)2:3H20 was dissolved into 20 mL deionized water, and then so-
lution was stirred at 80 °C for 1 h. After that, 10 mL C;¢H3604Ti was
typically added to the solution dropwise with intensively stirring at 80
°C. Thereafter the suspension was reacted at 80 °C for about 4.5 h, then
dried at 100 °C overnight. Conclusively, these samples were ground into
powder and then heat-treated at 500 °C for 3 h under air atmosphere.
Samples with different Cu/Ti molar ratios were denoted as follows:
TiO2(P) (Cu/Ti = 0), 1Cu2Ti(P) (Cu/Ti = 0.50), 2Cu2Ti(P) (Cu/Ti = 1).

Sol-gel Method: a predetermined amount of Cu(NO3),-3H20, 0.50
mL 68% HNO3 and 3 mL deionized water were dissolved in 16.80 mL
absolute ethanol, and the obtained solution was slowly added to a mixed
solution of 10 mL C14H3604Ti, 0.50 mL acetylacetone, and 20 mL ab-
solute ethanol with intensively stirring at 20 °C. The yellow solution was
stirred vigorously at 20 °C until the gel formed. Then the gel was ageing
for more than 12 h at 30 °C, and dried at 60 °C for 12 h and 100 °C for 12
h. The obtained solid was heat-treated at 500 °C for 3 h under air at-
mosphere. Samples with different Cu/Ti molar ratios were denoted as
follows: TiO2(S) (Cu/Ti = 0), 1Cu2Ti(S) (Cu/Ti = 0.50), 2Cu2Ti(S) (Cu/
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Ti=1).
2.3. Characterization

The structure and morphology of prepared samples were obtained by
the scanning electron microscopy (SEM, Zeiss Sigma 300, German) and
the transmission electron microscope (TEM, Titan G260-300, America).
The X-ray diffraction (XRD) measurements were collected on a diffrac-
tometer in the range of 20 from 10° to 80°. The N, adsorp-
tion—desorption isotherms were obtained from automatic specific
surface area analyzer (Micromeritics APSP 2460, America), and the
samples were degassed at 300 °C for 3 h before measurement under
dynamic vacuum conditions. The specific surface area was calculated
using Brunauer-Emmett-Teller (BET) method, and pore size was calcu-
lated based on Barrett-Joyner-Halenda (BJH) method. The valence
states of chemical elements were analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, America), equipped with
a monochromatic Al Ka source. The optical absorption properties of the
samples were carried out by UV-Visible diffuse reflectance spectra
(UV-Vis DRS, Lambda750 PE, America). The surface functional groups
of catalyst were tested by Fourier Transform infrared spectroscopy
(FTIR, Thermo Scientific Nicolet iS20, America). The transient photo-
current responses and Mott-Schottky plots were measured by an elec-
trochemical workstation with three-electrode system (CHI760E, China)
in 0.50 M NaySO4 solution. The samples were dispersed in a solution of
naphthol (5%), and the suspension obtained after 4 h of sonication was
uniformly coated on conductive glass (FTO). Then, the working elec-
trodes were obtained by drying the conductive glass at 50 °C. The
transient photocurrent was measured under Xe lamp irradiation with a
wavelength range of 320-780 nm and an illumination intensity of 400
mW,/cm?, alternating on and off light every 20 s. The initial voltage is
the open circuit voltage. The electron paramagnetic resonance (EPR)
spectra were characterized by Bruker EMXPLUS (Switzerland) with 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as a radical scavenger at room
temperature. In situ DRIFTs experiments were carried out by a Nicolet
iS50 FT-IR spectrometer (America) equipped with an in situ diffuse-
reflectance cell and a reaction chamber.

2.4. Experiment for toluene removal

The catalytic oxidation of toluene was carried out in a continuous
system, as shown in Fig. 1. The experiments were irradiated by a 300 W
Xe lamp (PLS-SXE300 + ). For each experiment, 0.40 g catalyst was
uniformly tiled on the sand core with a diameter of 80 mm. The toluene
gas (500 ppm) was obtained by flowing nitrogen with ice-water bath,
and the simulated air flow rate was 50 mL/min (20 vol% O, 0-2.0 vol%
H»0, N3 as the balance gas). The simulated gas flow rate was controlled
by the mass flow controller (MFC). After exposure to flow gas for 1 h to
reach adsorption saturation, turn on the Xe lamp to activate the cata-
lysts. The treated toluene was analyzed online by a gas chromatograph
(GC, GC-2014C, SHIMADZU) equipped with a flame ionization detector
(FID). The removal efficiency of toluene and CO; yield were calculated
via the following equation:

n (%) = Cin = Cou

in

x 100% @

CC 0,

in — “out

x 100% 2)

where 7 is the removal efficiency of toluene, %, and Cj, and Cyy are the
concentrations of toluene at reactor inlet and outlet detected by the GC,
ppm, and Cco2 is the concentrations of CO; at reactor outlet detected by
PGA-650 (Phymetrix, America), ppm.
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Fig. 1. Catalytic system for toluene removal.

3. Results and discussion
3.1. Catalytic performance

The catalytic performance of as-prepared catalysts was investigated
under UV-Vis irradiation for 120 min in Fig. 2a. As shown in Fig. 2a, the
concentration of toluene remained constant without catalyst under
UV-Vis irradiation, indicating that the bright light couldn’t remove
toluene without catalyst. The pure TiO2 samples synthesized by wet
precipitation or sol-gel methods exhibited poor activities for toluene
degradation. The removal efficiency was ~ 20% in 10 min and then
declined rapidly, which may be related to the accumulation of in-
termediates [36]. With the introduction of CuO, the removal efficiency
of toluene was dramatically increased. The removal efficiency of the
composites prepared by wet precipitation method was higher (almost
10%) than that prepared by sol-gel method. Conversely, the TiOy(S)
exhibited better performance than TiO2(P), which was probably attrib-
uted to the darker color of TiO2(S) sample with stronger light absorp-
tion. 2Cu2Ti(P) exhibited the best activity as demonstrated by its
highest toluene removal efficiency of 80% within 120 min. Furthermore,
the long-term stability of photocatalytic performance was shown in
Fig. 2b. The removal efficiency of toluene could remain at around 80%
and the CO; yield was almost 90% at least 480 min owing to the syn-
ergetic effect between photocatalysis and thermal catalysis. The results
also revealed that the catalyst had a superior stability and better
mineralization. As shown in Fig. 2c, the efficiency on 2Cu2Ti(P)
decreased slightly after four cycles, meaning its excellent durability for
toluene oxidation.

The effects of operating conditions were discussed in Fig. 2d using
2Cu2Ti(P), including the initial concentration of toluene, the air flow
rate, the illumination intensity and the coexistence of water. On the
whole, the higher initial concentration of toluene can inhibit the cata-
lytic process on account of the limited active sites and competitive
adsorption [37,38]. The removal efficiency of toluene decreased as the

air flow rate increased. At a high flow rate, the toluene had a shorter
residence time with catalysts indicating an incomplete catalytic oxida-
tion [39,40]. As shown in Fig. 2d, the removal efficiency of toluene
dropped greatly with the illumination intensity of Xe lamp decreasing.
The higher illumination intensity promoted the formation of electron-
hole pairs, leading to more reactive oxygen species. Importantly, there
was lower photon flux under the lower illumination intensity resulting
in fewer electrons getting excited [41]. As we can see in Fig. 2d, the
water molecule had weak impact on catalytic process with a faint trend
of first increasing and then decreasing. On the one hand, H20 is not only
a catalytic product of toluene, but also a reactant for the formation of
reactive oxygen species [38]. On the other hand, the competitive
adsorption of HoO became weaker with the increase of temperature
driven by light [42].

3.2. Morphology and structure

The morphology of 2Cu2Ti composites prepared by different
methods was characterized by the SEM and TEM. 2Cu2Ti(P) was a
cluster structure, composed of stacked particles with the particle size of
about 100-160 nm (Fig. 3a-b). Further observation revealed the lattice
spacing (0.369 nm) and interplanar spacing (0.372 nm) in the TEM
image of 2Cu2Ti(P), which attributed to TiOy (1 01) plane. It also found
the lattice spacing (0.231 nm) and interplanar spacing (0.213 nm) cor-
responding to CuO (11 1) plane in Fig. 3c. While the sample prepared by
sol-gel method was a layered structure. As we can see in Fig. 3d-e, the
layered structure of 2Cu2Ti(S) was composed of 30-50 nm particles. The
lattice spacing of about 0.327 nm and interplanar spacing of about
0.336 nm can be observed in Fig. 3f, which was assigned to TiO, (101)
plane. There were different interplanar spacings of CuO (0.232 and
0.262 nm) attributing to (111) plane and (11-1) plane, respectively.
And the lattice spacings of those planes were 0.241 and 0.269 nm. Those
results indicated that larger particle size might be more favorable for
removal toluene. The EDX images of 2Cu2Ti(P) are showed in Fig. 3g-i,
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Fig. 2. (a) Catalytic activities of samples in degradation of toluene under UV-Vis light irradiation. (500 ppm toluene; air flow rate, 50 mL/min; illumination in-
tensity, 444 mW/cmz, 0 vol% H,0) (b) The stability of 2Cu2Ti(P) for removal toluene under UV-Vis irradiation. (c) The recycled runs of 2Cu2Ti(P) composite for
removal toluene under UV-Vis irradiation. (d) The removal efficiencies of toluene under different operating conditions at 120 min.

and it is clear that Ti and Cu species were homogeneously dispersed on
the surface of catalyst. As shown in Table 1, the weight percentage of Cu
was 48.30%, and the weight percentage of Ti was 25.94%, which results
were slightly different from that of XPS. The atomic percentages of Cu
and Ti were obtained by EDX and XPS, and the calculated Cu/Ti ratio
was higher than theoretical value referring to the molar ratio of Cu and
Ti in the precursors during the preparation process, which implied that
CuO was more likely to grow on the surface.

Fig. 4 shows the Ny adsorption-desorption isotherms and pore size
distribution of the samples prepared by the different methods. It can be
seen that except for TiO2(S), the Ny adsorption-desorption isotherms of
other catalysts exhibited type IV isotherms. Meanwhile, 1Cu2Ti(S),
TiO2(P), 1Cu2Ti(P), and 2Cu2Ti(P) showed H2 type hysteresis loop,
which indicated that the pore structures of the catalysts exhibited dense
stacked spherical particle interstitial pores, while 2Cu2Ti(S) showed H3
type hysteresis loop and the catalyst had a lamellar slit structure [43].
During the preparation process with sol-gel method, the structure of
catalyst was gradually loosened with the introduction of CuO, and
finally 2Cu2Ti(S) exhibited a lamellar structure, which was consistent
with the results of SEM. The adsorption—desorption isotherm of TiO2(S)
was straight line approximately revealing that TiO»(S) had a small
specific surface area (5.10 m?/g) and poor pore structure. As shown in
the Table 2, the specific surface areas of five catalysts with type IV iso-
therms were relatively close, and 2Cu2Ti(P) had the largest specific
surface area. The pore size distribution diagram showed that the pore
sizes of the catalysts were in the range of 4-8 nm and all of them had
mesoporous structures [44].

The phase and crystallite structure of obtained samples are described
in Fig. 5a. These peaks located at 25.28°, 37.80°, 48.05°, 53.89°, 55.06°,
62.69°, 68.76°, 70.31°, 75.21° were assigned to (101), (004), (200),
(105), (211), (204), (116), (220), (215) planes of anatase TiO5
(JCPDS PDF#21-1272). The diffraction peaks at 32.51°, 35.54°, 38.71°,
48.72°, 61.52° were the characteristic peaks of monoclinic CuO (JCPDS
PDF#48-1548), which could be indexed to (110), (11-1), (111),
(20-2), (11-3) planes, respectively. Those results were consistent with
the results from TEM. The sharp shapes and high intensity of those
diffraction peaks revealed high crystallinity of those samples [43]. With
the introduction of CuO, some diffraction peaks of TiO, disappeared and
the diffraction peak at 25.28° was significantly weakened. The crystal-
lite sizes of catalysts were listed in Table 2, which were calculated ac-
cording to the Debye-Scherrer equation [45]. The results indicated the
smaller particle of CuO/TiO5 and the existence of interactions between
TiO3 and CuO, which facilitated electron transfer [46]. It is worth noting
that the peak intensity of the composites prepared by wet precipitation
method was higher than the composites prepared by sol-gel method,
which indicated that 2Cu2Ti(P) had a larger particle size and higher
crystallinity.

The surface composition and chemical states of the samples were
studied by XPS. The related XPS spectra of O 1s, Ti 2p, and Cu 2p of the
obtained catalysts are shown in Fig. 5b-d. For O 1s pattern, the obvious
peak at about 529.90 eV was attributed to surface lattice oxygen (Op),
and the peak at about 531.62 eV corresponded to surface adsorbed ox-
ygen species (Op), respectively [47,48]. The peaks of Oy, slightly shifted
toward lower binding energy revealing the electron cloud density of O
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Fig. 3. The electron microscopy images of 2Cu2Ti composites prepared by different methods. (a-b) SEM of 2Cu2Ti(P), (c) TEM of 2Cu2Ti(P), (d-e) SEM of 2Cu2Ti(S),
(f) TEM of 2Cu2Ti(S), and EDX mapping images of (g) O, (h) Ti, and (i) Cu elements of 2Cu2Ti(P).

Table 1
The atoms of 2Cu2Ti(P) sample calculated by EDX data and XPS data.
Atom EDX XPS
Atomic (%) Weight (%) Error (%) Atomic (%) Weight (%)
o 53.98 25.76 8.06 61.77 31.30
Ti 17.68 25.94 2.46 16.65 25.25
Cu 28.34 48.30 3.11 21.58 43.45

species increased and the activity of Oy, increased [49,50]. It was re-
ported that Op can be seen from Table 3 that with the increase of CuO
the amount of Op rose, which can trap photogenerated electrons to
generate reactive oxygen species, thus improving the photocatalytic
activity [51]. Moreover, there was a peak at 533.53 eV of 2Cu2Ti(S)
corresponding to H-O-H of crystal water (Oy), which might be the result
of solvent ethanol [16]. In the case of Ti 2p, the peaks at about 458.64 eV
and 464.30 eV were ascribed to Ti 2p1 2 and Ti 2ps/5 of Ti*' in anatase
TiOg, respectively [9,52]. It was found that the Ti 2p peaks moved to-
ward low binding energy obviously with the introduction of CuO, which
was probably attributed to the interfacial interactions between TiO, and
CuO [20]. For the Cu 2p deconvolution, six peaks implied two kinds of
Cu species. The peaks at about 934.41 eV and 954.33 eV were ascribed
to Cu®*, while the peaks at about 932.50 eV and 952.54 eV were
attributed to Cu™ [30,53]. In addition, there were two peaks at about

941.11 eV and 943.73 eV assigned to the satellite peak [32,35]. The
Cu*/Cu?* ratios in CuO/TiO, composites rapidly increased with the
increase of CuO. The existence of Cu' might be beneficial to the
adsorption and activation of oxygen, thus enhancing the catalytic per-
formance [31,54]. The Cu/Cu®' ratio of 2Cu2Ti(P) was highest
contributing to the best catalytic performance of 2Cu2Ti(P). As we can
be seen from Table 3, the Cu/Ti ratio in 2Cu2Ti(S) was much higher than
the theoretical value referring to the molar ratio of Cu and Ti in the
precursors during the preparation process, which implied that the
dispersion of CuO prepared by wet precipitation method was better than
that of the sol-gel method.

3.3. Photoelectrical property

The UV-Vis absorption spectra of the pure TiO3 and composites were
compared and shown in Fig. 6a. The pure TiO, samples had stronger
absorption capacity in the ultraviolet range (about 300-380 nm) and
then dropped conspicuously in the visible region (about 380-800 nm).
Furthermore, the TiO(S) with a color of gray had stronger optical ab-
sorption than the TiO,(P) with a color of white in the visible region.
Surprisingly, the absorption of obtained composites was strong in visible
region. On the one hand, CuO could strengthen the response of TiO5 to
the visible region clearly attributing to CuO with a narrow bandgap. On
the other hand, the composites could be seen as dark materials with
excellent light absorption capacity [17]. Especially, 2Cu2Ti(P) exhibited
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Fig. 4. N adsorption—desorption isotherms and the pore size distribution of catalysts.

Table 2
The textural properties of samples.

Samples Crystal Crystal BET Pore Average pore
size3(nm)  size P(nm) surface volume diameter
area(m?/g)  (cm®/g) (nm)

TiO2(S) 11 0 5.10 0.01 4.06
1Cu2Ti 10 31 50.07 0.10 6.15

(O]
2Cu2Ti 10 43 32.08 0.07 7.08

)
TiO4(P) 25 0 46.91 0.07 7.64
1Cu2Ti 8 91 45.96 0.07 4.19

®)
2Cu2Ti 4 greater 51.97 0.06 4.12

P) than300

Crystal size * The crystal size of TiO,
Crystal size ®: The crystal size of CuO

the largest absorption capacity of light. The transient photocurrent is
commonly used to represent the recombination rate of charges, which is
an important factor in the process of photocatalysis. The transient
photocurrent of composites was measured under Xe lamp irradiation
(Fig. 6b). With the content of CuO increasing, the response of transient
photocurrent increased and the recombination rate of charges declined
due to the formation of an internal electric field [55]. The 2Cu2Ti(P)
exhibited the highest response of transient photocurrent, revealing that
2Cu2Ti(P) had a stronger separation of electron-hole pairs. The inhibi-
tion of recombination for photogenerated electron-hole pairs could in-
crease the active radicals, thereby enhancing the degradation of toluene
[37].

It has been reported that the active radicals (-OH, -O3) play important
parts in the photocatalytic degradation of toluene [11,56,57]. The
reactive oxygen species generated by 2Cu2Ti(P) sample were charac-
terized by EPR spectra with DMPO (Fig. 6¢, d). There were feeble signals
and no significant signal change of -OH between dark and Xe lamp
irradiation, revealing that water molecular could not be oxidized to -OH
on the 2Cu2Ti(P) both in dark and under illumination. In other words,
the valence band (VB) edge potential of 2Cu2Ti(P) might be negative
than the standard redox potential of -OH/H2O pair [58]. Therefore, the
water weakly promoted this catalytic process. In Fig. 6d, no signal of -O3
was detected in dark. On the contrary, there was a clear signal on 2Cu2Ti
(P) under Xe lamp irradiation. It was suggested that -O3 radical could be
formed by redox of O, with the photogenerated charges.

3.4. The photocatalysis and thermalcatalysis

To further investigate the contributions of photocatalysis and ther-
malcatalysis, the degradation of toluene was studied under different
conditions with 2Cu2Ti(P) composite. 2Cu2Ti(P) exhibited lower ac-
tivity (~60%), lower CO3 yield (60%) and lower durability with an ice
bath in Fig. 7a, revealing that the heat driven by UV-Vis irradiation
accelerated and sustained the process of toluene removal. The removal
efficiency of toluene under the full spectrum was also studied to match
the sun light. The temperature of the reactor increased to 180 °C with
the introduction of infrared (IR) and the efficiency increased to 90%. As
shown in Fig. 7, the temporal temperature varied with UV-Vis and
UV-Vis-IR irradiation in reactor was measured and the efficiency at each
temperature was badly lower (18% and 39%), implying that the effect of
thermo-catalysis was smaller than photocatalysis for light-driven pho-
tothermal catalytic degradation. With the introduction of heat driven by
light, the CO; yield increased from 60% to 90% in Fig. 7a, which
revealed that heat could promote the mineralization process and
desorption of CO,. Therefore, the heat generated by irradiation might
accelerate the reaction kinetics depending on the Arrhenius formula and
reduce the deposition of intermediates, thus releasing more active sites
and improving the performance [59-61]. It can be inferred from the
results that the photocatalysis had dominating effect in the process, in
which the migration of electrons was occurred under irradiation to
generate reactive oxygen species, thus participating in toluene
degradation.

To further investigate the process of toluene removal, the used
2Cu2Ti(P) obtained under different reaction conditions were charac-
terized, respectively. The surface functional groups of fresh and used
2Cu2Ti(P) were shown in Fig. 8a. The absorption band below 850 cm !
was assigned to the stretching vibrations of Cu-O and Ti-O [58]. The
peaks at 28002900 cm ™! were attributed to the C-H stretching vibra-
tion of adsorbed toluene, and the broad bands at 1400-1600 cm~! were
corresponding to the C=0 and O-C-O vibrations of intermediates
[61,62]. The peaks of 2Cu2Ti(P)-P were stronger than that of 2Cu2Ti(P)-
T and 2Cu2Ti(P)-PT. The results revealed that heat driven by light
reduced the accumulation of intermediates and increased the exposure
of active sites, thereby improving catalytic activity and durability. The
atoms (O, Ti, and Cu) on the surface of sample 2Cu2Ti(P) were measured
in detail (Fig. 8b-d). There were new peaks beyond 532.00 eV about O 1s
attributing to O-H in the used catalyst, which probably owed to the
adsorption of product HyO. As listed in Table 3, the Op/Oy, of the used
catalyst was slightly higher than the fresh catalyst. It may be because
gaseous Oy were preferentially adsorbed on the oxygen vacancies under
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Fig. 5. (a) XRD patterns of obtained samples. XPS spectra of fresh catalysts, (b) O 1 s, (c) Ti 2p, (d) Cu 2p.

Table 3

The surface element composition of samples.
samples 0a/Oy, On/0 Cu/Ti cut/cu?t
TiO5(P) 0.16 - - -
1Cu2Ti(P) 0.26 - 0.29 0.88
2Cu2Ti(P) 0.27 - 1.29 1.81
2Cu2Ti(S) 0.35 0.02 2.80 1.24
2Cu2Ti(P)-PT * 0.29 0.04 2.46 1.62
2Cu2Ti(P)-T " 0.28 0.03 2.03 1.22
2Cu2Ti(P)-P © 0.27 0.04 2.72 1.18

? the used 2Cu2Ti(P) sample obtained catalytic reaction under UV-Vis irra-
diation (120 min).

b the used 2Cu2Ti(P) sample obtained thermo-catalysis at 240 °C for 120 min.

¢ the used 2Cu2Ti(P) sample obtained catalysis under UV-Vis irradiation with
ice-bath (120 min).

an oxygen-rich atmosphere, which may promote the complete oxidation
of toluene and facilitate better stability of the catalyst [11,30]. It also
could be noted that a new peak (460.60 eV) appeared in the used
catalyst, which ascribed to the generation of Ti*" in the photocatalytic
process [63]. As shown in Fig. 8d, the binding energy of Cu 2p increased
after reaction, revealing that the electron cloud density of Cu species
reduced. It was also found that the ratio of Cu’/Cu®" decreased after
reactions.

3.5. The reaction path and mechanism

The removal mechanism of toluene was revealed through in situ
DRIFTs spectra obtained under UV-Vis irradiation on the surface of
catalyst. As shown in Fig. 9, it can be observed that the absorption peak
at 1635 cm ! was associated with the framework vibration of the aro-
matic ring. And the bands at 3045 and 3084 cm ™! could be attributed to
the vibration about C-H of aromatic hydrogen, which revealed the
presence of the adsorbed toluene [54,61]. Besides, the peaks at 2877 and
2940 cm™! assigned asymmetric and symmetric C-H stretching vibra-
tions of methyl group were also observed [17]. The peaks of adsorbed
toluene increased under dark and then gradually reduced with UV-Vis
irradiation, meaning that toluene was accumulated on the surface of
catalyst under dark and effectively removed with UV-Vis irradiation. It
happens that there was a strong peak at 3440 cm ! detected on the
catalyst surface, which was attributed to the hydroxyl group. The
increased peak was probably caused by the generation of HyO. Some
slight peaks from 1000 cm™! to 1200 cm™! were corresponding to
benzyl alcohol [49]. The benzaldehyde species were detected at weak
peaks about 1412, 1431, and 1453 cm ™! [54]. The absorption bands at
1505 and 1364 cm™! could be observed apparently attributing to -COO
stretch modes of benzoate species [61,64]. There were small amounts of
benzyl alcohol, benzaldehyde, and benzoic acid on the catalyst surface
under dark, attributing to a certain degree of oxidation [54]. As the time
of illumination went, the peak intensity of benzoic acid significantly
increased, implying that more benzoic acid was accumulated on the
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Fig. 6. (a) UV-Vis diffuse reflectance spectra of the obtained catalysts. (b) Transient photocurrent response curves of the prepared composites. Reactive oxygen
species (c) -OH and (d) -O3 of 2Cu2Ti(P) sample with DMPO at room temperature. The signals were collected under dark and Xe lamp irradiation, respectively.

Fig. 7. (a) Catalytic activity of 2Cu2Ti(P) for removal toluene with Xe lamp irradiation. (b) Thermal catalytic activity of 2Cu2Ti(P) for removal toluene. (c) Temporal
temperature evolution with the irradiation in reactor. (500 ppm toluene; air flowrate, 50 mL/min; illumination intensity, 444 mW/cm?, 0 vol% H,0).

catalyst surface. This may be due to high ring-opening reaction energy
for benzoic acid [62]. Notably, it was found the attenuate peaks of the
benzene ring because the benzene ring was opened under UV-Vis irra-
diation. A new peak at 1313 cm™! gradually appeared identified with
maleic acid and maleic anhydride, and peaks at 1715 and 1735 cm ™
were corresponded to chain fatty acid, which are important in-
termediates in the ring-opening process of aromatic compounds
[11,50,65]. Furthermore, the final product CO5 at peak 2332 cm~! was
discovered [61].

In order to deeply investigate the photothermal catalysis, the band

gap energy of TiO2 and CuO was calculated using Tauc plots and Mott-
Schottky plots in Fig. S1. According to the above results, 2Cu2Ti(P)
could be excited to generate e /h" pairs under Xe lamp irradiation
(Fig. 10). The conduction band (CB) of TiO5 was more negative than that
of CuO. Therefore, the photo-generated electrons were transferred from
the CB of CuO to the CB of TiO3, which promoted the separation of
charges and increased the lifetime of electrons. The photoexcited elec-
trons gathered in the CB of TiOs as active sites, which could be captured
by the adsorbed O, to produce -O3 specie. The h' in the VB of TiO,
moved to the VB of CuO. Meanwhile, the photo-generated h™ might take
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Fig. 8. (a) FTIR spectra of fresh and used 2Cu2Ti(P), (b) XPS of O 1 s, (c) XPS of Ti 2p, and (d) XPS of Cu 2p about 2Cu2Ti(P) sample before and after reactions.

Fig. 9. (a) In situ DRIFTS spectra of toluene removal over 2Cu2Ti(P) composite under dark and Xe lamp irradiation. (b) partial magnification spectra at the
wavenumber range of 1800-1300 cm .

part in the photocatalytic process directly because -OH radical couldn’t benzoic acid. Then, the aromatic ring was opened to form maleic acid. In
be formed on the surface. Under attack with -O3 and h™, the adsorbed the end, the chain fatty acids and anhydrides were mineralized into CO»
toluene was rapidly oxidized to benzyl alcohol, benzaldehyde, and and HyO.
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Fig. 10. The proposed mechanism for the degradation of toluene.

4. Conclusion

This work provides a promising strategy using light-driven photo-
thermal catalysis over the composites of CuO/TiO; to enhance light
absorption, which improves its photothermal catalytic performance for
toluene removal. Compared with samples prepared by sol-gel method,
2Cu2Ti(P) has a larger particle size and narrower band gap. The 2Cu2Ti
(P) exhibited excellent performance and stability for toluene degrada-
tion, attributing to the stronger separation of charges and absorption of
light. The synergistic effect of light and heat promoted the removal of
toluene obviously, and the photocatalysis played a major role. In this
process, toluene was attacked by -O3 and h' to produce intermediates
such as benzoic acid, eventually mineralizing to CO and HyO. What’s
more, the intensity of light and air flow greatly affected the removal
efficiency of toluene in the photothermal catalytic process. The CuO/
TiO5 composites are expected to have potential application in photo-
thermal catalysis to make full use of solar energy.
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