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A B S T R A C T

Commonly, the efficient and durable activities of photocatalyst are fundamental requirement for elimination of
VOCs in industrial application. However, the photocatalytic activity of materials was gradually decreased due to
change of superficial state, such as intermediates growth and coke accumulation. Results showed that inter-
mediate accumulation was predicted to be one of the key factors for photocatalysts deactivation on all type of as-
prepared photocatalyst. The further dehydration of accumulated intermediates may cause carbonaceous deposits
(coke). The results of superficial state showed that coke could bring great negative effects for Au/TiO2@CNTs
while positive effects for TiO2 on formation of oxidation radicals. However, the fresh VOCs could suffer com-
petitive oxidation reaction with their intermediates and coke, which would subsequently exacerbate accumu-
lation of coke and intermediates, and then jointly worsen the photocatalytic activity and finally caused the
deactivation. This work provided a new insight into revealing the deactivation mechanism of photocatalyst
during VOCs purification.

1. Introduction

Volatile organic compounds (VOCs), such as styrene, extensively
released from industrial manufacture, disassemble e-waste, volatiliza-
tion of coating, plastic products and etc. Long-term exposure to low
concentration of VOCs has shown to cause series of acute and chronic
disease on human [1,2]. Hence, the investigation of VOCs elimination
with economic efficiency has become the hot topic in the environ-
mental field [3,4]. Among eco-friendly technologies to destroy ha-
zardous VOCs, the advanced oxidation processes (AOPs) represent an
effective alternative to traditional chemical technologies [5–7]. In the
research field of photocatalytic oxidation with TiO2 to confer partial or
total oxidation of gaseous pollutants to harmless intermediates is one of
the most promising environment-benign methods to abate VOCs
[8–10]. The formation of free radicals related to separation of e−-h+

pairs on TiO2 can impact on the mineralization of VOCs to H2O and CO2

[11,12]. However, TiO2 shows low solar harvest and high recombina-
tion of photo-generated e−-h pairs, resulting in decreasing photo-
catalytic activity to VOCs [13].

Among of the TiO2-based photocatalyst system with visible-light
response, Au/TiO2 showed a high absorption of the visible light because

of the surface resonance plasmon (SPR), which exhibited high effi-
ciency photocatalytic reaction of VOCs degradation [14–16]. However,
non-volatility intermediates may be generated from the incomplete
oxidation of VOCs accumulated on the surface of photocatalysts on Au/
TiO2 due to its lower specific surface area and slower mass transfer
[17]. These intermediates would be transferred into carbonaceous de-
posits (coke, involving long-chain organics) due to the absence of free
radicals during the further deep oxidation process, resulting in the
decrease of photocatalytic activity or deactivation of photocatalysts
[18–20].

Recently, carbon nanotube-semiconductor composites were found
having the unique superiority in synergetic photocatalytic degradation
of organic contaminant because of their excellent properties of elec-
trical properties, high adsorption capacity, and chemical and thermal
stability [21–25]. Therefore, it is urgently desired to combine CNTs
with Au/TiO2 NPs for fabricating Au/TiO2@CNTs composite to de-
crease the deactivation procedure of photocatalyst [26–28]. The de-
creased photocatalytic activity is a complex and continuous reaction
processes, and the changes of superficial structure and properties of
photocatalysts are found to be the key factor for the photocatalytic
performance [29,30]. Hence, it is very essential to deeply investigate
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the changes of superficial properties, and associated reasons as well as
dominant factor on the deactivation of the photocatalyst. Especially,
how the coke formation associated with accumulation of intermediates
happened and affected the transfer and separation of interfacial
charges, LSPR of Au NPs, generation of free radicals, oxygen vacancies
and etc.

In this work, styrene was used as typical VOCs, and Au/TiO2@CNTs
composite materials was employed as photocatalyst, then the influence
of superficial state, such as coke formation and accumulation of inter-
mediates, on the structure and properties of this composite photo-
catalysts was systematically investigated. Numerous analytical techni-
ques were employed to investigate the thermal stability, surface
structure, optical properties, oxygen vacancies, separation of photo-
generated e−-h+ pairs, photoelectrochemical properties, and genera-
tion of free radicals and activation of the chemisorbed oxygen to reveal
the influence and weight the function of coke. In addition, the type and
species of accumulated intermediates on different photocatalysts were
also identified to reveal their internal relationship between the super-
ficial state and the composition of photocatalysts as well as the pho-
tocatalytic degradation mechanism illumination. Finally, this work
gave systematic explanations on the deactivation performance and
provided a new insight into revealing the deactivation mechanism of
used photocatalyst.

2. Experimental section

2.1. Synthesis and characterization of photocatalysts

Approximately 0.5 g of CNTs (95 %, 8–15 nm, Beijing Boyu-Gaoke
New Material Co., Ltd) were functionalized with a mixture of nitric acid
(65 %−68 %, Guangzhou chemical reagent factory) and concentrated
sulfuric acid (95 %−98 %, Guangzhou chemical reagent factory) with a
volume ratio of 1:3 under the room temperature for 5 h. The above
mixed dispersion was treated at 70 °C for 1 h and then 90 °C for 0.5 h.
The obtained mixture was filtered and washed by mixed solution of
water and EtOH (Volume ratio= 1:3). The final functional CNTs were
treated by freeze-drying for 12 h and thermal treatment at 60 °C for
10 h. The Au/TiO2@CNTs composites were prepared using a micro/
nano–bubble assisted method as recommended in our early reference
[17] and the detailed procedure was described in the Supporting In-
formation (SI).

The morphologies of the as–synthesized samples were observed
using transmission electron microscope (TEM, Hitachi, Japan) and
scanning electron microscopy (SEM, ZEISS Merlin, German). The
phases of the samples were characterized using D/MAX-Ultima IV
X–ray diffractometer (XRD, Rigaku, Japan) with a Cu tube for gen-
erating Cu Kα radiation (λ=1.5418 Å). The surface electronic states of
the samples were assessed with an Escalan 250Xi X-ray Photoelectron
spectroscopy (XPS, Thermo Fisher, America). The functional groups of
the samples were analyzed by a Nicolet6700 Fourier transform–infrared

spectrometer (FT–IR, Nicolet, America). Molecular structure and che-
mical compositions of the as–synthesized samples were analyzed by a
UV Laser Raman Spectroscopy (Raman, HORIBA Jobin Yvon, France).
Electron paramagnetic resonance (EPR) experiments were performed to
measure the radical species using a Bruker EMXPlus spectrometer op-
erating at an X-band (9.8 GHz), equipped with a cylindrical cavity op-
erating at 100 kHz field modulation. The presence and mobility of
oxygen species on the samples were analyzed with temperature–-
programmed desorption of oxygen (O2-TPD) and carried out on a
Multifunctional adsorption instrument (TP-5078, Tianjin Xianquan,
China). Thermal stabilities of photocatalysts were performed on a TGA-
2 thermal gravimetric analyzer (TGA, METTLER TOLEDO,
Switzerland). UV–vis diffuse reflectance spectra (DRS) were collected
on an Agilent Cary 300 spectro–photometer with BaSO4 as the standard
of reflectance. The fluorescence spectra were collected with an FS5
fluorescence spectrophotometer (Edinburgh, England) with an excita-
tion wavelength of 321 nm at wavelengths ranging from 330 to 600 nm.
Time-resolved PL tests were measured using a time-correlated single
photon counting (TCSPC) system. Samples were photoexcited by a
380 nm laser beam (EPLED-380), and the detection wavelength was
465 nm. The EPR signal of the radical species was measured by a Bruker
EMXPlus spectrometer under room temperature. The photoelec-
trochemical properties were measured by a CHI650 electrochemical
analysis instrument equipped with a three-electrode electrochemical
setup, and the details are provided in SI.

2.2. Photocatalytic degradation of gaseous styrene

Photocatalytic activity of as-prepared samples was performed in a
photocatalytic reaction system (Zhongjiao-jinyuan Science and
Technology Co. Ltd., China) equipped with a gas distributing system
provided the gaseous styrene (28 ± 2 ppmv) operating in a continuous
flow through mode. During photocatalytic process, 0.1 g of as-synthe-
sized powders was filled in a custom-made cubic quartz glass reactor
(1.5 cm×1.0 cm×0.1 cm), top of which was a xenon lamp (300W)
fixed vertically with distance of 9 cm. Before irradiation, adsorption
equilibrium of gaseous styrene on photocatalyst was achieved. Gas was
sampled at given intervals with an auto-feeding device, and gas sample
(1mL) was injected into a gas chromatography (Shanghai Kechuang
Chromatographic instrument Co. Ltd, China) with a capillary column
(30m ×0.32mm ×0.5 μm) for concentration determination.
Simultaneously, the yield of carbon dioxide was detected by a GC900
gas chromatography (Shanghai Kechuang Chromatographic instrument
Co. Ltd, China). The generated intermediates were analyzed by
GC–MSD equipment, and the details are also shown in SI.

Fig. 1. Photocatalytic performance of Au/TiO2@CNTs composites with different synthesized temperature (a) and comparison plots of TiO2, TiO2/CNTs, Au/TiO2,
and Au/TiO2@CNTs (b).
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3. Results and discussion

3.1. Enhanced photocatalytic performance of TiO2 by synergetic effect of
Au NPs and CNTs

The photocatalytic activity of Au/TiO2@CNTs was evaluated by
gaseous styrene degradation with a continuous flow mode. Fig. 1a
shows the photocatalytic degradation and mineralization curves of Au/
TiO2@CNTs composites with different synthesized temperature. It can
be clearly seen that the degradation efficiency as well as the miner-
alization efficiency were gradually enhanced with increasing the syn-
thesized temperature, and the high-level photocatalytic activity with
persistent stability was obtained when the synthesized temperature was
90 °C. This is mainly because intimate structure corresponding to in-
terfacial electron transfer might be formed under high temperature,
which has been confirmed by our previous report [17]. As compared,
photocatalytic performances of other photocatalysts such as TiO2,
TiO2/CNTs and Au/TiO2 were also displayed in Fig. 1b [17]. The en-
hanced photocatalytic activity of Au/TiO2@CNTs is observed as com-
pared with TiO2, TiO2/CNTs and Au/TiO2. This can be attributed to the
synergetic effects of nano Au/TiO2 and CNTs after TiO2 decorated with
Au NPs and CNTs. To verify this view, more evidences are provided as
follow. The element valence of Ti 2p, O 1s, C 1s, and Au 4f are iden-
tified from the deconvolution plots of XPS (Fig. S1), which firstly
confirm the formation of ternary Au/TiO2@CNTs composite
[27,31–33]. Our previous report also affirmed the chemical bonds
formed between Au/TiO2 and CNTs, which was certainly beneficial for
the charge transfer [17]. Besides, the interfacial structure features from
SEM and TEM results (Fig. 2a and c) indicate that the uniform network
structures are formed due to the formation of ternary Au/TiO2@CNTs
composite photocatalyst, which will promote the mass-transfer of gas-
eous pollutants as-compared with block TiO2 (Fig. 2b). The contact
structure between Au/TiO2 NPs and CNTs can be also confirmed from
the HR-TEM of Au/TiO2@CNTs (Figs. 2d and S2). Meanwhile, both the
TiO2 and Au NPs are highly crystallized, and lattice spacing of 0.248
and 0.365 nm are assigned to Au (111) and TiO2 (101) crystalline

lattices, respectively. These results were also confirmed by XRD results
of Au/TiO2@CNTs (Fig. S3) [28,34,35]. That’s to say, the contact
structure with high crystallization would be very conducive for the
photogenerated e− transferred from Au or TiO2 to CNTs, and improve
photocatalytic activities [26,36]. Further, the enhanced visible-light
adsorption and separation of photo-generated charges were observed
from the UV–vis DRS and fluorescence spectrum (Figs. S4 and S5).
Noted that, Au/TiO2@CNTs and Au/TiO2 show a strong absorption
within 500–750 nm visible region as compared with pristine TiO2

[37,38]. PL spectra results showed that PL intensity greatly decreased
after TiO2 decorated with CNTs and Au NPs, which indicates the sy-
nergetic effect of CNTs and Au NPs on improving the separation and
transfer of photogenerated e−-h+ pairs on TiO2 as well as the results of
photoelectrochemical properties demonstrated (Fig. S6) [39]. In addi-
tion, time-resolved PL spectra were also evaluated with a TCSPC system
(Fig. S7). As displayed in Table S1, the shorter lifetimes of Au/TiO2,
TiO2/CNTs and Au/TiO2@CNTs as compared with pristine TiO2 in-
dicates the better charge transfer and separation on Au/TiO2, TiO2/
CNTs and Au/TiO2@CNTs, which confirm the excellent electron mo-
bility of Au NPs and CNTs [40,41]. Meanwhile, the Au/TiO2@CNTs has
a shortest lifespan (0.911 ns) than other photocatalysts, indicating the
efficient charge transfer and separation on Au/TiO2@CNTs composite
[17,40,42]. These all results provided the evidence on the efficient light
adsorption, photogenerated charges transfer and separation, indicating
the synergetic effects of Au NPs and CNTs on enhancing photocatalytic
activities of TiO2.

3.2. Intermediates identification and photocatalytic degradation mechanism

It was noted that the photocatalytic degradation and mineralization
efficiencies steadily decreased with prolonging radiation time, espe-
cially on TiO2, Au/TiO2 and TiO2/CNTs. The decreased photocatalytic
performance might be attributed to the changes of superficial state such
as accumulation of intermediates [18,43]. Hence, to better understand
the reason for the decrease of photocatalytic activities, it is necessary to
explore the relevance of photocatalytic activities and the accumulation

Fig. 2. Morphologies of as-prepared samples: SEM image of Au/TiO2@CNTs (a) and TiO2 (b), TEM (c), and HRTEM images (d) of Au/TiO2@CNTs.
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of intermediates. Here, the identifications and accumulation amounts of
intermediates were investigated using a quantitative reaction system
with same concentration and volume of gaseous styrene. As shown in
Fig. S8a and b, the Au/TiO2@CNTs show highest photocatalytic de-
gradation and mineralization efficiencies with the degradation order of
Au/TiO2@CNTs＞Au/TiO2＞TiO2/CNTs＞TiO2 and the mineralization
order of Au/TiO2@CNTs＞TiO2/CNTs＞Au/TiO2＞TiO2, suggesting the
synergistic contribution of Au NPs and CNTs to the photocatalytic
performance. Meanwhile, the main degradation intermediates pro-
duced on used photocatalysts were identified using GC-MSD method,
and displayed in Tables S2, S3 and Fig. S9 (all of the main intermediates
are double-confirmed by the standard samples. It is noted that many
numerous intermediates, such as aromatic alcohol, aromatic ketone,
aromatic acid and aromatic aldehyde, with high molecular weight,
complex structure and high boiling point are absorbed onto photo-
catalysts. Based on this, the photocatalytic reaction mechanism is pre-
dicted in Fig. 3. As previous reported, the degradation of styrene is
closely related with dehydrogenation reaction of hydroxyl radicals (%

OH) [44]. This because the initial reactive site of styrene molecule
could be activated through the attack of %OH due to its high activation
energy, and then activated styrene would be mineralized to be CO2 and
H2O by the further dehydrogenation, chain scission and ring-opening
reaction. Here, the relative concentrations of the intermediates are also
calculated and displayed in Fig. S10. It is noted that Au/TiO2@CNTs
has the lowest accumulation of intermediates and highest photo-
catalytic activities than pure TiO2 (highest accumulation of inter-
mediates and highest photocatalytic activities) because of its high
specific surface area and fast mass transfer, which will accelerate the
deep oxidation of intermediates into CO2 and H2O. However, these
generated intermediates with high boiling point and low volatility will
occupy the active reaction sites and depress the deep oxidation process
with the photocatalytic reaction continued [18,44]. The reason can be
explained as follows: 1) the intermediates could occupy the adsorption
sites of photocatalysts, leading to its competitive degradation with
gaseous styrene; 2) the incomplete oxidation reaction would increase
the accumulation of intermediates and then depress the formation of
oxidation radicals [18,19]. Hence, the accumulation of intermediates is

predicted to be the most important influenced factors to the decrease in
catalytic activity and catalysts deactivation during the photocatalytic
degradation of VOCs.

In fact, the reasons why the photocatalysts deactivation are not only
depended on the accumulation of intermediates, but also depended on
the generation of coke. Some previous reports demonstrated that
showed that coke was formed on the surface of photocatalyst during the
photocatalytic degradation of VOCs, implying that the photocatalyst
deactivation should be ascribed to the accumulation of recalcitrant
carbonaceous residues [19,45,46]. The coke is very different with
graphitic carbon, and its poor conductivity and numerous defects will
bring many adverse effects on the photocatalytic performance of pho-
tocatalyst, such as light masking effect, high recombination of photo-
generated e−-h+ pairs, and reduce adsorption as well as mass-transfer
of VOCs. To confirm these consumptions, the catalytic performances of
used photocatalysts are also measured repeatedly (Figs. S8c and d). It
was found that the degradation efficiencies of styrene onto used TiO2

and Au/TiO2@CNTs all decreased, which was attributed to competitive
degradation of styrene and coke. Due to closer to the active sites, the
coke can be firstly degraded but the degradation of styrene is sig-
nificantly hindered during photocatalytic process. As for the miner-
alization results displayed, the mineralization efficiency of used Au/
TiO2@CNTs is much higher than that of original Au/TiO2@CNTs and is
even over 100 %. That is, the generation of CO2 can be from the mi-
neralization of both styrene and coke. Especially, the advanced oxida-
tion of coke may substantially enhance the CO2 concentration. More-
over, TiO2 used has very high mineralization efficiency, suggesting that
the presence of not so much coke could accelerate the advanced oxi-
dation due to more free radicals taking part in the photocatalytic re-
actions. In addition, the adsorbed intermediates on the surface of Au/
TiO2@CNTs and TiO2 at 2 h of degradation time are identified and
displayed in Fig. S11 and Table S4. Noted that, the used TiO2 still shows
higher accumulation of intermediates than that of used Au/
TiO2@CNTs, and few adsorbed intermediates are still detected on the
surface of used catalyst as compared with original one. Besides, as the
adsorbed sites are occupied by the coke, the new-produced inter-
mediates are become more difficultly attached to the surface of

Fig. 3. Possible photocatalytic degradation mechanism of gaseous styrene degradation on Au/TiO2@CNTs composites.
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photocatalysts. This could be one of the important reasons why the
decrease of degradation efficiency of styrene besides the accumulated
adsorbed intermediates on used catalysts.

3.3. Superficial state change and deactivation mechanism of photocatalysts

In summary, the accumulation of intermediates and then coke for-
mation were predicted to be the key reason for deactivation mechanism
of photocatalysts. However, to deeply understand the coke effects on
deactivation process, the dependence of the degradation activity on
superficial state changes of used photocatalysts was explored by nu-
merous analysis technologies. First of all, the coke formed in the used
photocatalysts with different degradation time (DT) was tested by
thermogravimetry method. Before the test, the photocatalysts were
treated by a series of steps to remove the soluble intermediates based on
the GC-MS detection, and the detailed results are described in the SI. As
shown in Fig. 4a, the weight loss of used Au/TiO2@CNTs was calcu-
lated as 1.56 % (DT was 0 h, defined as DT0), 2.07 % (DT was 2 h,
defined as DT2), 2.62 % (DT was 5 h, defined as DT5), and 8.43 % (DT
was 10 h, defined as DT10), which were increased with increasing de-
gradation time. For TiO2, the weight loss of 1.46 % (DT2) and 1.98 %
(DT5) are observed from Fig. 4b. This phenomenon could be also found
in Au/TiO2 (Fig. S12a), TiO2/CNTs (Fig. S12b), suggesting that the
carbonaceous deposits (coke) was formed on the surface of all photo-
catalysts during photocatalytic process although their different struc-
ture and composition. As previous reported, the carbonaceous deposits
(coke) with high content of carbon can be speculated that the accu-
mulated intermediates are incompletely oxidized due to their difficult
degradation or absence of enough oxidation radicals [14,18,19,47]. The
relative contents of coke on used Au/TiO2@CNTs with different de-
gradation time were also analyzed by XPS semiquantitative method.
According to the high-resolution spectra, the atomic percent of C 1s, O
1s, Ti 2p and Au 4f were calculated to be 67.25 %, 22.57 %, 10.13 %
and 0.05 % at DT0, and were 69.95 %, 21.96 %, 8.04 % and 0.06 % at
DT10, respectively (Table S5). The atomic percent of C 1s in DT10 was
higher than that of DT0, which further confirmed the coke formation on
Au/TiO2@CNTs. It is noted that the peak intensity ratio of 285.6 eV/

284.6 eV in DT10 is much higher than that of DT0 (Fig. 5a), indicating
more defect sites are generated after photocatalytic reaction [27].
Meanwhile, the characteristic peaks of 459.6 eV and 465.4 eV shift to
459.5 eV and 465.2 eV comparably before and after degradation reac-
tion (Fig. 5b), which can be attributed to the CeO species of coke
coupling with TiO2 to form chemical interface.

The change of functional group on Au/TiO2@CNTs was analyzed by
FTIR (Fig. 6). Obviously, new functional groups of C]C and C]O lo-
cated at 1640, 1467, 1581 and 1404 cm−1 are observed as compared
with fresh photocatalyst, which is speculated to be the functional
groups of coke [48–50]. The high peak intensity of C]C and C]O were
observed with increasing the degradation time, confirming that a large
amount of coke is generated after long-term photocatalytic reaction as
TGA results described. Further, Influence of coke on crystal structure of
different compositions also characterized by XRD and showed that TiO2

and Au were almost not changed after 10 h of photocatalytic reaction,
suggesting the stable crystal structure of Au/TiO2@CNTs (Fig. S13).
That is, the coke occurred only on the surface of Au/TiO2@CNTs, and
would not affect its internal crystal structure at short degradation
duration. The interaction changes of different compositions on Au/
TiO2@CNTs were further confirmed by Raman spectra. After photo-
catalytic reaction, the vibrational modes of B1g(1), A1g+ B1g(2) and Eg(2)
shift from 395, 513, and 637 cm−1 to 391, 507, and 627 cm−1, re-
spectively, for the used Au/TiO2@CNTs photocatalyst (Fig. 7a). The
slight blue shifts can be attributed to the C]O or CeO species of coke
were coupled with TiO2 during photocatalytic process, leading to vi-
brational energy of related modes becoming lager, which is consistent
with XPS results [51,52]. Typically, two Raman bands with weaker
intensity called 2D and D+G located at 2500–3100 cm−1 were ob-
served from Fig. 7b. 2D band is ascribed to active crystalline graphitic
materials and it is sensitive to the π-band in the graphitic electronic
structure, while the combination mode of D+G is induced by disorder
[53,54]. Previous literature reported that it can be easy to distinguish
the electronic conjugation of crystalline graphitic materials from the
intensity ratios of I2D/ID+G [55,56]. The integrated data showed that
I2D/ID+G of 7.99 at DT0 was higher than that of 0.86 at DT10, sug-
gesting that more amorphous carbon was generated and deposited onto

Fig. 4. TGA curves of Au/TiO2@CNTs (a) and TiO2 (b). (Mass of each sample: 10mg).

Fig. 5. High-resolution XPS spectra of C 1s (a) and Ti 2p (b) on Au/TiO2@CNTs composites with different degradation time.
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the photocatalyst after degradation reaction.
EPR spectra of Au/TiO2@CNTs powder used after different de-

gradation duration are measured in Fig. S14 for investigating the
oxygen vacancies. All used samples show unambiguously intense EPR
signals at around gyy= 2.004, which can be attributed to e− trapped at
TiO2 oxygen vacancies [57–59]. The signals at gzz= 2.104 and
gxx= 1.938 can be assigned to O2

− and Ti3+ species respectively [57].
But it has a little increase in the signal intensity of gyy at DT2, sug-
gesting that the level of oxygen vacancies is enhanced due to the gra-
dually accumulation of coke. However, the level of oxygen vacancies is
sharply decreased at DT5 and DT10, and the characteristic peaks of gzz
and gxx are almost disappeared. Since the signal of gyy is associated with
the interaction of e− and oxygen vacancies, the proper level of coke
could facilitate the e− transferring to the sites of oxygen vacancies. But,
with the accumulation of coke, more defects will be produced on the
surface of TiO2, and the e− may be trapped by the defect of coke.

The optical properties of photocatalysts were also closed related to
the photocatalytic performance, the UV–vis, fluorescence and time-re-
solved PL spectra with different degradation time were also carefully
checked. As Fig. 8a shows, the sharply enhanced adsorption intensity
was observed on used Au/TiO2@CNTs with different DT, and also
found in TiO2/CNTs photocatalyst system (Fig. S15a). This is possibly
because the amorphous coke in composites can easily adsorb the light
irradiation and cause the electron transition [60–62]. However, these
excited electrons could easily annihilate at the position of defects and
been just released as heat or light due to the numerous defects and poor
electron-transfer on amorphous coke. The further PL results also con-
firm the negative effects of coke on separation of photo-generated e−-
h+ pairs over CNTs-based photocatalyst (Figs. 8c and S15c) [63]. This

could be mainly because the coke contains unstable hybridized carbons
with numerous defects, which will become the recombination center of
photo-generated charge carriers. For TiO2, the enhanced adsorption
intensity at range of 400–600 nm showed that coke could improve the
electron transfer at the interfaces of TiO2 (Fig. 8b), and is also con-
firmed by PL analysis which shows higher PL emission intensity of
pristine TiO2 than those of catalysts at different time (Fig. 8d). That is,
the coke displayed positive effect on the charge carrier transfer and
separation for TiO2, which can be attributed to proper conductivity
although weaker than CNTs. Different with TiO2, the peak intensity in
the range of 500–750 nm on Au/TiO2 was sharply decreased after
photocatalytic reaction, which may be attributed to masking effect of
coke on LSPR to Au NPs (Fig. S15b). However, the Au/TiO2 DT samples
showed enhanced separation of photo-generated e−-h+ pairs as PL
analysis described (Fig. S15d). Hence, it is confirmed that the positive
effects of coke on charge carrier transfer even though it shows negative
effects on LSPR to Au NPs. In addition, the effect of coke on the charge
transfer was also investigated by time-resolved PL using a TCSPC
system (Fig. S16). The average lifetimes (τA) of fresh and used photo-
catalysts with different DT were all calculated by multi-exponential
fitting (Table S1). For TiO2 and Au/TiO2, their used catalysts show
lower values of τA than those of pristine samples, suggesting that their
used catalysts exhibit better charge transfer and separation efficiency.
However, for used TiO2/CNTs and Au/TiO2@CNTs, the lifespan of were
higher than those of pristine ones, suggesting that the coke can greatly
depress the separation and transfer of charge carriers. The enhanced
lifespan validated the accumulation of coke would cause the separated
e−-h+ pairs to be released again in the form of light or heat rather than
participating in the photocatalytic reaction, and these results were all
very consistent with those data from UV–vis and steady state PL ana-
lysis.

The influence of coke on photocharges transfer and separation ef-
ficiencies was further doubly confirmed by photoelectrochemical
method. As shown in Fig. S17a, both fresh and used Au/TiO2@CNTs
photocatalysts show very higher photocurrent response, which is
mainly attributed to the contribution of CNTs on the excellent electron
transfer [7,22,64]. However, the used Au/TiO2@CNTs showed obvious
decrease of photocurrent response as compared with the fresh one,
which could be attributed to poor conductivity of coke and its masking
effects of coke on LSPR of Au NPs. Meanwhile, the arc radiuses of
Nyquist plots were also increased after photocatalytic degradation, in-
dicating the decreased separation and transfer of charge carriers due to
more defect sites from coke becoming the recombination center of
photo-generated e−-h+ pairs (Fig. S18a). Furthermore, the negative
effects of coke on charge transfer of TiO2/CNTs were also observed even
though their enhanced intensity of photocurrent response (Figs. S17c
and S18c). The enhanced photoresponse on used TiO2/CNTs may be
attributed to the built-in free electrons of coke. In contrast, the used
TiO2 presents a higher photocurrent density and smaller arc radius than
that of fresh TiO2 (Figs. S17b and S18b), which means lower resistance
to charge transfer on TiO2 DT samples. Similar to TiO2, Au/TiO2 also

Fig. 6. Changes of functional groups on Au/TiO2@CNTs composites at different
degradation time.

Fig. 7. Raman spectra of Au/TiO2@CNTs composites with different degradation time.
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shows higher charge transfer efficiency after photocatalytic degrada-
tion, but the photocurrent intensity of used 2 h Au/TiO2 was sharply
decreased (Figs. S17d and S18d). This is because the accumulated coke
not only produces more defect sites but also causes masking effect on
LSPR of Au NPs even it will promote the charge transfer. That is, there
is a balance in these photocatalyst systems. When the effects of defect
sites and electron transfer associated with coke get a balance, the high
recombination of photo-generated e−-h+ pairs will not happen. These
results are very consistent with results of optical properties, and also
fully verify the reliability of our coke analysis results for interface
charge transfer and separation.

Temperature programmed desorption of oxygen (O2-TPD) is another
crucial method to explore the superficial changes of used catalysts be-
cause it can in-site measure the situation of photocatalyst by evaluating
the oxygen storage capacity [5,65,66]. As shown in Fig. 9, two main
peaks are observed for all samples, which can be assigned to molecu-
larly adsorbed oxygen O2

− (range from 100 °C to 300 °C) and surface
chemically adsorbed oxygen O− (range from 300 °C to 500 °C) [67]. As
for Au/TiO2@CNTs used, the desorption peaks of O2

− and O− are al-
most unchanged as compared with unused one (Fig. 9a), demonstrating
the little influence of coke on O2

− and O−. But for TiO2 (Fig. 9b), a

desorption peak with very high intensity of O− shift from 411 °C to
379 °C, indicating that the coke could enhance the mobility and acti-
vation of the chemisorbed oxygen on the TiO2. However, it is noted that
the desorption peaks of O− on used TiO2/CNTs and Au/TiO2 moved to
high temperature (Fig. S19), suggesting the negative effects of coke on
mobility and activation of the chemisorbed oxygen onto TiO2/CNTs and
Au/TiO2 [68,69].

To investigate the influence of coke deposited onto catalysts on
radicals’ changes, the EPR spectra were also conducted using DMPO as
the trapping reagent. The four peaks of DMPO−%OH with intensity of
1:2:2:1 and six characteristic peaks of DMPO−O2

%− are clearly found
from the spectra of used Au/TiO2@CNTs (Fig. 10a and b), and the
signal intensities have significant decrease for the degradation cata-
lysts, suggesting less hydroxyl radicals and superoxide radicals was
produced after 5 h degradation. Different with used Au/TiO2@CNTs,
the TiO2 after 5 h degradation shows higher signal intensity of %OH and
O2

%− than that of original TiO2 (Fig. 10c and d), suggesting that the
coke is very beneficial for the separation and transfer of photo-gener-
ated charges and the formation of %OH and O2

%− on TiO2 to some ex-
tent. Based on the optical and photoelectrochemical results, the coke
will produce more recombination center and cause masking effects on

Fig. 8. Optical performance of Au/TiO2@CNTs and TiO2 with different degradation time: a and b, UV–vis spectra; c and d, Fluorescence spectra.

Fig. 9. TPD-O2 curves of Au/TiO2@CNTs (a) and TiO2 (b).
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LSPR, and all of which will certainly depress the formation of oxidation
radicals on Au/TiO2@CNTs. But for TiO2, the coke may act as the media
of electron transfer and then substantially enhance the separation ef-
ficiency of photo-generated e−-h+ pairs as well as the formation rate of
free radicals. Even so, the used Au/TiO2@CNTs still remains higher
generation efficiencies of oxidation radicals than that of fresh TiO2 and
the used TiO2. That is the reason why Au/TiO2@CNTs can maintain
long-lasting and stable photocatalytic performance.

According to above results, three possible reasons associated with
coke involving the change of superficial state of photocatalysts were
presumed: (1) the coke could hinder the absorption and utilization of
photons of Au/TiO2@CNTs used during the photocatalytic degradation;
(2) the coke was an instable accumulated impurity carbon with nu-
merous defects, and then increase the recombination of photo-gener-
ated e−-h+ pairs; (3) the competitive degradation and mineralization
of coke with degraded VOCs would obviously weakened and then de-
posited onto catalysts more and more after long time photocatalytic
degradation. That is, the photocatalytic performance of Au/TiO2@CNTs
used will be finally decreased and deactivated with the intermediate’s
growth and accumulated coke to some extent.

Thus, combining the results of intermediates identification with
superficial state change of used photocatalysts, the deep deactivation
mechanism of used photocatalyst are summarized in Fig. 11,

respectively. It is because the formation of coke is inseparable from the
accumulated intermediates, but what kind of the intermediates and
how they are produced and accumulated on photocatalyst and then to
form the coke were also explained as followed. Before starting the
photocatalytic reaction, the gaseous styrene was firstly adsorbed onto
the surface of photocatalysts. That is, large amount of CO2 and oxida-
tion intermediates are produced due to the styrene fully contacting with
the photocatalysts. Meanwhile, large amounts of adsorbed styrene are
reacted with numerous free radicals during this process. The photo-
catalytic transformation mechanism of styrene was tentatively pro-
posed step by step during the reaction course of styrene with %OH, to
form 2-phenylethyl alcohol and then rapidly transforms into benzoic
acid with high boiling points through many steps dehydration reaction,
which is consistent with our previous results [44]. With further increase
the degradation time, more and more complex intermediates were
produced and cannot instantly degraded with limitedly produced free
radicals, and lead to the adsorbed intermediates encountering in-
complete oxidation reaction and coke formation with complex dehy-
drogenation reactions. Then the accumulation of intermediates could
gradually hinder the mass transfer of gaseous styrene onto the surface
of photocatalysts due to the adsorbed sites being occupied. Further-
more, the adsorbed intermediates would substantially consume the free
radicals generated on the photocatalyst, which consequently compete
with the photocatalytic degradation of styrene. Further, the coke gen-
erated from the incomplete oxidation of intermediates not only wea-
kened the light absorption, but hindered the transfer of charge carriers
and the formation trend of free radicals. The negative effects of coke
would feedback to the surface of photocatalysts, resulting in oxidation
ability decreased of photocatalysts, which will speed the formation and
accumulation of intermediates on the inversely. The combined negative
effects of accumulated intermediates and coke would ultimately make
the photocatalysts inactivated. Hence, to ensure the high stability and
efficiency of photocatalyst, the enrichment of reactant on the surface of
photocatalysts should be avoided, aiming to reduce the accumulation of
instantaneous intermediates. Simultaneously, increasing oxygen fluxes
ensures the numerous oxidation radicals generated during photo-
catalytic process to depress the generation of coke. Also, it is necessary

Fig. 10. Radical analysis on Au/TiO2@CNTs (a, DMPO-%OH; b, DMPO-O2
%–) and TiO2 (c, DMPO-%OH; d, DMPO-O2

%–) with different degradation time.

Fig. 11. Schematic diagram of superficial state change on Au/TiO2@CNTs
composites.
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to design photocatalysts with high activity and specific surface area,
which is beneficial for the adsorption, mass transfer and advanced
oxidation of VOCs and their intermediates.

4. Conclusions

This work showcases the essential reasons why photocatalyst de-
activation from the change features of superficial state of used photo-
catalysts. Although the addition of Au NPs and CNTs could greatly
improve the photocatalytic performance of TiO2, the composite pho-
tocatalysts suffered a gradual deactivation process with increasing the
photocatalytic reaction time. The thermostability and composition
characterizations demonstrated the obvious weight loss and increase of
C1 s validated the coke formation during intermediates accumulation
on the surface of photocatalysts. Due to its conductivity of carbon
chains, the coke could enhance the transfer and separation of charge
carriers on TiO2 and Au/TiO2, but it has negative effects on TiO2/CNTs
and Au/TiO2@CNTs due to its numerous defects. Furthermore, the
correlation of photocatalytic performance and intermediates accumu-
lation showed that the Au/TiO2@CNTs system possessed the lowest the
accumulation efficiency of intermediates and guaranteed the highest
photocatalytic performance. The intermediate accumulation onto pho-
tocatalysts was one of the most important affecting factors to form coke
and then deactivating photocatalysts. The intermediates accumulation
would increase the production of coke and feedback to the surface of
photocatalysts, and finally cause the deactivation of photocatalysts
during the degradation processes.
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