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ABSTRACT

The incomplete oxidation of VOCs often leads to the formation of nonvolatile carbonaceous species on anatase
photocatalyst. It is still a challenge to solve the photocatalysts deactivation due to the accumulation of carbo-
naceous species. In the present contribution, we successfully revealed the anti-deactivation mechanism towards
photocatalytic oxidation of toluene in an NPC@TiO; photocatalyst. By introducing nano-carbon core into anatase
TiO, nanocrystal, the carbon core can be used as a temporary reservoir for toluene and lone electrons to enhance
selective adsorption of toluene and charge separation, sequentially elevating mass transfer and oxidation reac-
tion at multiple interfaces of photocatalyst. The pre-trapped toluene can be attacked directly in the effect of
oxidation radicals formed at the interfaces without engendering excessive carbonaceous species, significantly
facilitating the degradation and mineralization of toluene. Meanwhile, avoiding the saturated adsorption of
toluene on the photocatalyst is a critical element to maintain their stable photocatalytic activity. Our research
introduces an efficient deep oxidation strategy that is enabled by subtle control of the adsorption-conversion of
VOCs on a multi-interface structure.

Environmental Implication.

The incomplete oxidation of VOCs and accumulation of carbonaceous species often lead to photocatalyst
deactivation. This severely limits the application of photocatalysts in industrial VOCs waste gas treatment. By
introducing nano-carbon core into anatase TiO, nanocrystal, nano-porous carbon can act as a temporary
reservoir of VOC molecular and lone electrons to enhance the selective adsorption trapping of VOC and the
separation of photogenerated carrier, thereby avoid the deactivation of photocatalyst. This is of great signifi-
cance for the design of highly efficient and stable photocatalysts by optimizing active sites of adsorption and
reaction for the deep oxidation of VOCs.

1. Introduction

[1,2]. Therefore, selecting a stable and efficient display technology for
the removal of toluene is of paramount importance. In this respect,

Aromatic volatile organic compounds (VOCs) are commonly used as
industrial raw materials and solvents, making them a significant
component of industrial VOC emissions. Toluene, a ubiquitous VOC, has
aroused extensive attention for its significant hazard to the environment
(such as formation of ozone, SOAs etc.) and health (such respiratory
illnesses and chronic poisoning), even in an infinitesimal concentration
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photocatalytic oxidation technology has been recognized as an efficient
strategy for the removal of toluene in an economy for energy and
environmentally friendly manner, especially by purifying and detoxi-
fying the waste gas of VOCs with low concentration[3-5].

Although considerable research has been devoted to investigating
the enhancement of toluene degradation, it is still a challenge to reveal
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the deep oxidation mechanism at the interfaces of photocatalyst[6-8]. In
general, toluene oxidation reaction is closely related to their residence
time and the concentration of radical species on the interfaces, which is
regarded as the critical factors toward toluene removal in photocatalysis
[9,10]. Due to the disordered reaction, massive and diverse uphill re-
actions are corroborated during toluene degradation process, while the
competitive adsorption and reaction between the numerously generated
intermediate species and toluene, subsequently encountering a low
degradation and mineralization[3,11-13]. Therefore, exploring and
tailoring a more efficient mass transfer-reaction strategy will be one of
prominent significance for the photocatalytic elimination of toluene.

Anatase titanium dioxide (TiO3), due to its advantages such as strong
oxidative ability, has been intensively investigated in the field of VOCs
emission control[14-16]. However, due to its inherent defects, such as
high recombination of photogenerated electron/hole and low VOCs
capture efficiency, TiOy commonly suffers the rapid deactivation for
VOCs elimination, which is attributed to the accumulation of carbona-
ceous intermediates[17-19]. These refractory intermediates such
carbonaceous polymers, chlorine, nitrate, sulfate and etc. were tightly
adsorbed onto the interface of anatase TiO,, which will increased the
competitive adsorption-reaction with reaction substrate[20-22]. What’s
more, because the strong interaction between the intermediates and
photocatalyst and the scarcity of radical species hinder the removal of
carbonaceous intermediates in time, the active sites of the photocatalyst
are occupied by the intermediates, thus encountering the performance
retardation[6,8,23]. As a result, avoiding the intermediates accumula-
tion at the reactive interface is the key to developing a photocatalyst
with high durability and efficiency for VOCs purification.

Nano-porous carbon (NPC) has been confirmed to be a temporary
reservoir with excellent VOCs adsorption affinity and electro-
conductivity towards resistance of carbonaceous intermediates and coke
deposition in our previous works[6,14,24]. Intriguingly, coupling these
materials with anatase TiOg can effectively shorten the mass transfer-
reaction time and enhance the concentration of oxygen free radicals at
photocatalyst interface, thus greatly reducing the formation and accu-
mulation of non-volatile oxygen-containing intermediates[10,25].
Hence, NPC is considered as a highly efficient additive of anatase TiO»-
based photocatalyst in VOCs control. However, it is still a difficult
problem to obtain composite photocatalysts with high CO5 selective
conversion by regulating the TiO2/NPC composite interface structure at
the microscopic scale, especially in the synergistic anti-deactivation
mechanism of porous carbon and anatase TiO5 at the molecular scale.

In this study, we successfully tailored adsorption-mass transfer
model and reaction pathway of toluene removal by introducing nano-
carbon core into anatase TiOy shell, where the carbon core can be
used as a temporary reservoir for toluene and lone electrons to elevate
the mass transfer and oxidation reaction of toluene at multiple interfaces
of photocatalyst. Experimental results revealed that the delocalized
electrons of nano-carbon core were favorable for facilitating photo-
generated charge separation and the formation of reactive oxygen spe-
cies. Furthermore, the pre-trapped toluene can be attacked directly in
the effect of oxygen radicals formed at the interface without engen-
dering excessive carbonaceous species, significantly facilitating the
degradation and mineralization of toluene. This work will provide new
strategies and ideas to solve the photocatalyst deactivation problem
involved in purification of VOCs.

2. Experimental section
2.1. Synthesis of NPC@TiO2

The nano-porous carbon decorated TiO2 nanocrystal (NPC@TiO5)
samples were prepared by a pyrolysis and activation method. Firstly,
hydrothermal carbon sphere (HTCS) template was synthesized by our
previous method[26]. Amount of HTCS was mixed with 0.18 g SDS, 629
u L 2 M TiCl4 and 70 mL ethanol water solution (Vethanol/water = 3:4)-
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After 30 min ultrasonic treatment, 10 mL of urea aqueous solution
(containing 0.42 g urea) was slowly added to the solution drop by drop
and stirred at 53 °C for 24 h. The obtained precursor was freeze-dried
and then put into a tube furnace. The precursor was maintained at
500 °C for 240 min at a heating rate of 5 °C/min with Ar gas protection.
Finally, the precursor was placed into a muffle furnace, and activated at
200-600 °C for 60 min at a heating rate of 1 °C/min to obtain
NPC@TiOy, which defined as NPC@TiO2-200, NPC@TiO»-300,
NPC@TiO2-400, NPC@TiO2-500, NPC@TiO2-600, respectively. The
details of characterization of photocatalysts can be seen Supporting
Information (SI).

2.2. Photocatalytic performance for gas toluene removal

Photocatalytic removal of gaseous toluene was performed in a pho-
tocatalytic reaction system equipped with a gas distribution (Zhongjiao-
jinyuan Science and Technology Co. Ltd., China). Stable and continuous
gaseous toluene with a concentration of 40 + 1ppmv was obtained
before photocatalytic reaction. 80 mg of synthesized powder was filled
into a customized cubic quartz glass reactor (2.5 cm x 1.0 cm x 0.15
cm) with a 300 W xenon lamp as the light source. Before irradiation, the
adsorption of gas toluene on the photocatalyst reached equilibrium. The
automatic feeding device was used to sample the gas at a certain in-
terval, and the concentration of toluene and CO, was determined by gas
chromatography equipped with a nickel reforming furnace (Shanghai
Kechuang Chromatography Instrument Co., LTD., China). As compared,
the toluene-adsorption tests and photocatalytic reaction without toluene
pre-adsorption were also performed to determine the adsorption ca-
pacity and photocatalytic performance of the photocatalysts (the detail
seen in the SI).

2.3. In situ DRIFTS analysis

The adsorption and reaction changes of toluene on catalyst interface
were characterized by in-situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS). After 20 min of nitrogen purging to
remove gases from the reactor chamber, the sample was heated to
150 °C and subjected to a 60 min pretreatment. When the temperature
was cooled to the 30 °C, the baseline collection was performed, and the
reactive gas of toluene was transferred to the reaction chamber. At this
point, the catalyst surface after adsorption of toluene was used to collect
the background, and simulated sunlight was introduced to collect the
infrared information on the photocatalyst surface every 10 min. As
compared, the in-situ DRIFTS of toluene adsorption on photocatalyst
without simulated sunlight was also performed.

2.4. Carbonaceous intermediates Identification

80 mg of used-photocatalyst was transferred into a 100 mL of conical
flask with 60 mL methanol and disposed under ultrasonic condition for
30 min. The obtained suspension was filtered, and the mixed extract was
concentrated to 1 mL by a rotary evaporator, and then completely dried
with a gentle stream of high-purity nitrogen. The sample was re-
dissolved in 1 mL ethyl acetate and then injected into the gas chro-
matograph (Agilent 7890B) coupled with a mass selective detector
(Agilent 5977B) (GC-MSD) with a HP-5 ms column (30 m x 0.25 mm x
0.25 pm film thickness). The carbonaceous species were also determined
by XPS semiquantitative method and thermogravimetry analysis (TGA).

2.5. DFT calculation

Gaussian structure optimization is first performed, followed by the
calculation of adsorption energy using the Dmol3 module in Materials
Studio. In the parameterization of the Perdew-Burke-Ernzerhof (PBE)
functional, all density functional theory (DFT) calculations are con-
ducted using the generalized gradient approximation (GGA). The
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dispersion-corrected DFT-D2 method is employed to calculate hydrogen
bonds, van der Waals, and other weak interactions. A set of numerical
Kohn-Sham atomic orbitals is augmented with a double numeric basis
set with polarization functions (DNP)[24,27]. The convergence criteria
for structural optimization and energy calculation parameters are as
follows: (a) energy tolerance of 1.0 x 107 Ha, (b) maximum force
tolerance of 2.0 x 1073 Ha/A, (c) maximum displacement tolerance of
5.0 x 1073 A. The SCF electronic self-consistent iteration calculation
convergence criterion is 1.0 x 107°, with a maximum cycle number of
500 times, and the maximum step length for each optimization of atomic
movement is 0.3 A. The adsorption energy can be calculated according
to the following equation:

Eads = EaB-Ea-Ep.

Where Ep_p refers to the energy of system AB after substance A is
adsorbed on substrate B. Ej represents the energy of substance A, and Eg
represents the energy of substrate B.

3. Results and discussions
3.1. Morphology, structure, and composition analysis

Toluene can be hardly captured and mineralized by close-packed or
agglomerate TiO, photocatalysts due to their fewer exposure adsorption
sites and lower oxidation efficiency[28,29]. Based on this, the photo-
catalysts of nano-porous carbon decorated TiO, nano-shells were
fabricated by a dip adsorption-activation method using HTCS
(composed of amorphous ultrafine polymeric carbon) as a template, and
the TEM images of NPC@TiO2-200 associated with interfacial structure
and composition were shown in Fig. 1. TiO2 nano-shell is tightly coated
on the nano-porous carbon core to form a tight nano-spherical com-
posite structure with an obvious boundary between the spherical par-
ticles (Fig. 1a). Due to the structural-directing effect of ultrafine
polymeric carbon, the superfine TiO3 nanocrystals are formed at the
carbon core interface. It is observed that the exposed morphology of
TiOy nanocrystals becomes more obvious at the composite interface
with the increase of activation temperature (See SI in Fig. S1). When the
activation temperature reaches 500 °C, the nano-carbon core almost
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disappears, and the shell size obviously thickens and shrinks. Further-
more, a selected area electron diffraction (SAED) pattern was taken from
the NPC@TiO,-200 composite interface (bottom right inset in Fig. 1b),
corresponding to polycrystal anatase, which indicated that TiO, nano-
shell was composed of anatase TiO3 nanocrystals in different directions.
HR-TEM image (Fig. 1c) showed that the TiO5 are highly crystallized
and composed of many nanocrystals, as evidenced by the well resolved
TiO5 (101) (0.343 nm) crystalline lattices[30,31]. Meanwhile, EDX
mapping results showed that Ti and O species in the electronic image
were uniformly dispersed on the nano carbon core (Fig. 1d2 ~ d4), and
the well-distributed oxidation components would be beneficial for
toluene capture and charge transfer due to the organic affinity and
uniform composite interface[32,33].

The XRD patterns of as-prepared sample are given in Fig. 2a. It is
noted that as-prepared samples present anatase characteristics of 101
(25.28°), 004 (37.84°), 200 (48.12°), 105 (53.89°), 211 (55.03°), 213
(62.40°), 204 (62.85°), 116 (68.74°), 220 (70.38°) and 215 (75.08°)
crystal planes (PDF#21-1272), 101 of them are highly exposed crystal
faces[34,35]. The peaks observed at 26-28° can be attributed to the
(110) crystallographic plane of the rutile phase, which can be attributed
to the local phase transition of anatase TiOy due to the presence of
carbon components. Moreover, the obtained NPC@Ti0»-200 shows the
lowest peak intensity, which can be attributed to the steric hindrance
effect of nano-porous carbon inhibiting the growth of TiO2 nanocrystals,
resulting in a small exposure size (See SI in Table S1). With increasing
the activation temperature, small size nanocrystals gradually agglom-
erate and form larger size nanoparticles with higher diffraction in-
tensity, these results are very consistent with TEM analysis results. XPS
measurements were employed to further obtain information on the
surface chemical composition, oxidation states, and bonding configu-
ration of the obtained NPC@TiOy sample (See SI in Fig. S2). The Ti 2p, O
1 sand C 1 s appeared in the composite, which confirmed the usefulness
of the preparation method. Thereinto, O 1 s (See SI in Fig. S2b) were
separated into peaks at 533.8, 532.6, 531.6, and 530.3 eV, corre-
sponding to O-C=0, C-O-C, C=0, and Ti-O, respectively, and C 1 s (See
SI in Fig. S2c) were separated into peaks at 289.1, 287.2, 286.1, and
284.8 eV, corresponding to O-C=0, C-OH, C-C and C=C, respectively

Fig. 1. TEM image (a), SAED pattern (b), HR-TEM image (c) and EDX mapping (d) of as prepared NPC@TiO2-200.
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Fig. 2. XRD patterns (a), UV-vis spectra (b), PL spectra (c), and O»-TPD curves (d) of NPC@TiO,. EPR spectra (e) of DMPO-eOH (e;) and DMPO-eO; (e;) under

simulated sunlight of NPC@TiO5.

[14,24,36]. Combined with the above TEM analysis, these results indi-
cated a tight heterogeneous interface could be formed between TiO3 and
nano-porous carbon, which would be beneficial for the interfacial
charge transfer and mass transfer[14,37].

The UV — vis diffuse reflectance spectrum (Fig. 2b) was employed
again to distinguish the light harvest capacity. NPC@TiO2-200 per-
formed a strengthen light harvest ability because of its higher carbon
content (See SI in Fig. S3). Meanwhile, the nano-porous carbon
component (NPC@Ti0»-200, 55.41 % > NPC@TiO2-300, 45.01 % >
NPC@TiO2-400, 25.68 % > NPC@TiO»-500, 1.97 % > NPC@TiO2-600,
1.24 %) in NPC@TiO2 was significantly decreased with increasing the
activated temperature, resulting in lower adsorption intensity of
NPC@TiO, with high activated temperature (See SI in Fig. S3a-e). The
enhancement of the light absorption threshold was attributed to the
increased conjugated or non-conjugated structures of nano-porous car-
bon, which was sequentially responsible for the increase of n — n* or &
- 7* [3,38,39]. To understand the migration and recombination of
photogenerated e /h™ pairs, the fluorescence properties of the photo-
catalysts were also carefully discussed (Fig. 2¢). The results showed that
NPC@TiO2-200 exhibited a lower PL intensity near 395 nm than that of
other composites, indicating that the photogenerated carrier separation
of samples with high nano-porous carbon content were faster than that
of samples with low nano-porous carbon content, which were mainly
attributed to the effective electron migration characteristics between
nano-porous carbon and TiO, nanocrystal[40]. Photoelectrochemical
characterization (including photocurrent response and EIS analysis)
further confirms that the synergistic effect between nano-porous carbon
and ultrasmall TiO2 nanocrystals significantly enhances interfacial
charge transfer and separation efficiency (Fig. S4). Apparently, nano-
porous carbon played an important role in the process of light absorp-
tion and photogenerated carrier separation.

It is well known that oxygen storage capacity is another important
index of photocatalyst performance because the adsorbed molecular Oy
can be activated and transformed into superoxide radicals (e03).
Herein, a O temperature-programmed desorption (O2-TPD) was

conducted to verify the oxygen storage capacity of NPC@TiO2 com-
posites and shown in Fig. 2d. Two O, desorption peaks were observed
over the NPC@TiO2-200 composite, which were assigned to molecularly
adsorbed oxygen O3 (range from 56 to 300 °C) and surface chemically
adsorbed oxygen O~ (range from 300 to 500 °C). The desorption peak of
molecular oxygen for NPC@TiO2-200 is higher than other NPC@TiO2
samples, indicating that NPC@TiO2-200 possesses more active sites for
molecular oxygen adsorption. Since photocatalytic reactions typically
occur at relatively low temperatures (<100 °C) and superoxide radicals
(e03) are primarily derived from the conversion of molecular oxygen,
NPC@TiO2-200 exhibits superior photocatalytic performance compared
to other NPC@TiO; photocatalysts [14,41].

Reactive oxygen species (ROS) were supposed to be all-important
during photocatalytic oxidation of VOCs. Herein, EPR was employed
to detect hydroxyl radicals (¢OH) and superoxide radicals (¢O3). Strong
EPR signals of DMPO-eOH (Fig. 2el) and DMPO-e0; (Fig. 2e2) adducts
are observed in three NPC@TiO, photocatalyst under stimulated solar
light irradiation, suggesting that ¢OH and O3 are the important ROS in
this system [20]. Moreover, the EPR intensity of DMPO-eOH and
DMPO-e0; over NPC@TiO2-200 is much higher than that of
NPC@TiO2-400 and NPC@TiO,-500, which indicates that the effective
electron acceptor of nano-porous carbon in NPC@TiO2-200 could
effectively promote the rapid transfer of separated carriers, and subse-
quently react with OH™ and adsorbed oxygen to form eOH and ¢O3.
These results are very consistent with PL and O,-TPD results.

3.2. Photocatalytic oxidation performance of as-prepared catalysts

N, adsorption—desorption measurement was performed to determine
the specific surface area and pore size distribution of the samples. As
shown in Table S2 and Fig. S5, these obtained catalysts mainly exhibited
type-IV with H4 hysteresis. Pore size distribution (Fig. 3a) showed that
the pore size of composite catalysts gradually changed from micropore
to mesopore with the decrease of nano-porous carbon component.
Moreover, it was clear that the specific surface area (Sggr = 271 mzog’l)
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and pore volume (V =1.181 cmgogfl) of NPC@Ti0»-200 demonstrated
a larger value in comparison to other samples (NPC@TiO2-600 only
displayed a 64.57 mzog’1 of Sger and 0.136 cm3og*1), which was
attributed to the high component of nano-porous carbon and high
dispersion of TiOy nanocrystal.

Firstly, the toluene-adsorption test was performed using a contin-
uous flow mode. As shown in Fig. 3b, NPC@TiO2-200 presented a 26.8
mgeg ! of toluene adsorption capacity, which was higher that of other
composites with lower nano-porous carbon component, suggesting that
nano-porous carbon providing more adsorption active sites for toluene
capture due to its higher specific surface area and pore volume[24].
Further, the photocatalytic performance of NPC@TiO, with saturated
toluene adsorption (NPC@TiO2-200-WSTA) was evaluated under the
simulated sunlight. According to the results of Fig. 3c, it was clearly seen
that the degradation as well as the mineralization efficiency were
gradually enhanced with the increase of the nano-porous carbon
component, and the high-level photocatalytic activity was obtained by
NPC@TiO2-200. This was mainly attributed to the positive contribution
of nano-porous carbon for interfacial electron transfer and toluene
adsorption trapping[10,42]. However, the sustained degradation and
mineralization efficiency of these photocatalysts were generally low
under the condition of saturated toluene adsorption, and the highest
values obtained by NPC@TiO2-200 were only 56 % and 174 ppmv of
COo, and their stabilities of the catalysts gradually decreased with the
extension of reaction time. According to our previous reports, the
decreased performance of these photocatalysts could be attributed to the
accumulation of large amounts of carbonaceous byproducts, leading to
the occupation of the adsorption and reaction active sites over the cat-
alysts[6]. In other words, the reservoir effect of nano-porous carbon was
significantly inhibited under the saturated toluene adsorption, and
eventually resulting in the gradual deactivation of these catalysts.

Interestingly, a higher photocatalytic activity with a 96 % of
degradation and 1799 ppmv of CO; yield without other gaseous prod-
ucts were obtained when the NPC@TiO»-200 composite was directly
photocatalyzed without saturated toluene adsorption (NPC@TiO2-200-

WOSTA) under the same catalytic conditions (Fig. 3d). The enhanced
photocatalytic performance was mainly attributed to the reservoir effect
of nano-porous carbon in NPC@TiO»-200. On the one hand, nano-
porous carbon can be used as an efficient toluene adsorption reservoir,
effectively promoting the adsorption, reaction, and mass transfer of
toluene between TiO5 shell and nano-porous carbon core, so as to avoid
the accumulation of high-boiling intermediates [6,14]. On the other
hand, as an effective electron reservoir, nano-porous carbon could also
promote the formation of interfacial oxidation free radicals by
improving photogenerated charge separation, and subsequently
enhanced the deep oxidation of interfacial conversion products [14].
Therefore, avoiding the saturated adsorption of toluene on the
NPC@TiO; to guarantee the reservoir effect of nano-porous carbon is the
key factor to maintain the high activity and stability of the
photocatalyst.

3.3. Synergetic anti-deactivation mechanism of NPC core and TiO shell

To further clarify the synergic anti-deactivation mechanism of nano-
porous carbon core and anatase TiOs shell, the in-situ DRIFTS were
employed to analyze the changes of oxidation products at the interface
of the photocatalyst. The toluene adsorption analysis of in-situ DRIFTS
(see SIin Fig. S6) showed that the typical functional groups of -CH, ~CHgs
and C=C were appeared at 2820 and 1340 cm ™}, 2730 cm™!, 1690 and
1590 cm™!, respectively, which were assigned to the characteristic
peaks of toluene. Among them, the peak intensity of C=C and —CH are
obviously strong, indicating that a tighter adsorption pattern between
C=C and —CH of the benzene ring with the composite interfaces may be
formed, and the peak intensity of —CHj is relatively weak. The above
results suggested that there were various adsorption forms of toluene on
the composite interface, and the benzene ring structure could form a
more stable adsorption pattern with the adsorption interfaces[10]. The
characteristics of oxidation morphology of toluene was further recorded
and investigated by in-situ DRIFTS (see Fig. 4a and 4b). During the
photocatalytic oxidation of toluene, hydroxyl radicals attacked the
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Fig. 4. In-situ DRIFTS of photocatalytic oxidation of toluene with toluene pre-adsorption (a) and without toluene pre-adsorption (b) over NPC@TiO, under
simulated sunlight. Adsorption energy of toluene and its main byproducts (benzaldehyde and benzoic) on NPC@TiO; based on DFT calculation (c).

methyl group of toluene, and subsequently led to the formation of
byproducts such as benzaldehyde and benzoic acid (See SI in Table S3
and Fig. S7)[20]. As shown in Fig. 4a, the typical peaks of —C=0 (1660
and 1720 crn’l) and —OH (1390 and 1350 cm’l) were observed at the
interface of NPC@TiO, with toluene pre-adsorption, which were
assigned to the characteristic peaks of benzaldehyde and benzoic acid
[20]. In addition, the characteristic peaks such as —-CH (2820 cm_l),
—CH3 (2730 cm’l), C=C (1660 and 1590 cm™1) were also observed,
which could be assigned to the characteristic peaks of adsorbed toluene.
This was also observed from the in-situ DRIFTS of NPC@TiO2-300 ~ 400
with toluene pre-adsorption (See SI in Fig. S8). These results suggest that
there was a competitive oxidation state between toluene and its oxida-
tion products under toluene pre-adsorption, which means the composite
interface cannot produce enough oxidation radicals in time to promote
the oxidation decomposition of toluene and further mineralization of the
carbonaceous intermediates. Fig. 4b shows the in-situ DRIFTS of toluene
photocatalytic oxidation on NPC@TiO; without toluene pre-adsorption.
It is interesting to note that the characteristic peak of toluene was not
observed at the catalyst interface, only the obvious characteristic peak of
0=C=0 (2339 cm™ 1) and the weak peaks of -COOH (1718 em™ 1) and
C=C (1590 and 1535 cm™!) were appeared in the spectra, which was
assigned to the characteristic peaks of CO3 and a small amount of ben-
zoic acid. This means that there is no competitive oxidation between
toluene and its oxidation products on the catalyst interface, and the
catalyst interface without toluene pre-adsorption can produce enough
oxidation radicals to realize the deep oxidation of toluene. The results
further confirm that carbonaceous deposits can be significantly sup-
pressed by maintaining the reservoir effect of the photocatalyst. Thus,
the interfacial activity of catalyst can be maintained, and the deep
oxidation of toluene can be effectively promoted.

To further estimate the adsorption strength of carbonaceous

intermediates on NPC@TiO,, the adsorption energy of toluene and its
main oxidation intermediates (such as benzaldehyde and benzoic acid)
were explored by DFT calculations. The adsorption behavior of toluene
and its oxidation intermediates on the catalyst surface is predominantly
governed by interfacial chemistry and functional group interactions at
the active sites (such as hydrophobic n-n interactions of NPC, Lewis acid
sites of Ti*"). As shown in Fig. 4c, the adsorption energy of toluene,
benzaldehyde, and benzoic acid on NPC@TiO, are calculated to be
—0.743, —1.302, —1.757 eV, respectively. Obviously, these oxidative
intermediates are more strongly adsorbed on NPC@TiO; surface than
toluene and some of them can be further transformed into high-boiling
products (with higher molecular weight) [6,8,20]. The strong interac-
tion between recalcitrant carbonaceous intermediates and the catalyst
surface would decrease the number of active sites, which is the main
reason for the photocatalyst deactivation. The adsorption energy of
these three compounds on TiO2 and nano-porous carbon was also
calculated and shown in Fig. S9 and Fig. S10. It is found that the
adsorption energy of toluene, benzaldehyde, and benzoic acid on TiO4
and nano-porous carbon is gradually raised as well. Thereinto, the
adsorption energy of these three compounds on nano-porous carbon and
NPC@TiO; is higher than that of TiO9, which indicates that the syner-
gistic interaction between nano-porous carbon and TiO, generates
additional active sites for toluene adsorption, particularly at electron-
enriched carbon regions near TiO, interfaces, thereby significantly
promoting toluene adsorption, surface reactions, and mass-transfer. This
could effectively slow down the occupation of TiO, active sites and
avoid the rapid deactivation of the NPC@TiO» catalyst.

To estimate the number of carbonaceous species deposited on the
photocatalyst surface, the TGA, GC-MS and XPS semi-quantitative
method (Fig. 5) were employed to analyze the relative content of the
main surface composition and state on different used NPC@TiO;
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original NPC@TiO,-200.

composites. The relative weight loss (Wwsta-Woriginal) between WSTA
sample and original sample were calculated to be —3.4 % (NPC@TiO»-
200), —3.8 % (NPC@TiO2-300), 1.8 % (NPC@TiO2-400), 1.0 %
(NPC@TiO2-500) and 0.8 % (NPC@TiO2-600) (Fig. 5a). This clearly
indicates less carbonaceous deposits were formed on NPC@TiO, with
high content of nano-porous carbon than that of with low content of
nano-porous carbon. It is noted that the NPC@TiO2-200 and NPC@TiO-
300 display negative value as compared with others, which can be
attributed to the decomposition of pre-existing unstable carbonaceous
species. This is also can be seen from the HR-TEM analysis of the used
NPC@TiO»-200 (See SI in Fig. S11). As shown in Fig. S11a-c, it can be
clearly seen that the internal structure of the NPC@TiO, photocatalyst
was changed from Core-Shell structure to Yolk-Shell structure. Accord-
ing to the EDX data (See SIin Fig. S11d and Table S4), the corresponding
element mapping of the used NPC@TiO,-200 shows the typical Yolk
(carbon core)-Shell (TiO5 shell) structure, where the proportion of C
element decreases from 88.25 % to 28.38 %, O element increases from
9.89 % to 27.80 %, and Ti element increases from 1.86 % to 43.82 %.
Due to this transformation to multi-interface structure, more active sites
of the photocatalyst can be exposed during the photocatalysis process,
and further improve the adsorption and capture, mass transfer and deep
oxidation of toluene.

As shown in Fig. 5b, the amounts of the main byproducts (benzal-
dehyde and benzoic acid) on NPC@TiO2-200 with saturated toluene
adsorption (NPC@TiO2-200-WSTA) were significantly higher than that
of NPC@TiO2-200 without saturated toluene adsorption (NPC@TiOo-
200-WOSTA) based on the relative peak area (see SI in Fig. S7). In
addition, the proportions of total C, O, and Ti in NPC@TiO2-200-WSTA,
NPC@TiO2-200-WOSTA and original NPC@TiO2-200 were calculated to
be 32.94 %, 27.86 % and 29.98 % (total C), 39.81 %, 38.28 % and 37.45
% (total 0), 27.25 %, 33.86 % and 32.57 % (total Ti), respectively, ac-
cording to the high-resolution XPS spectra (Fig. 5c1, c2 and Table S5). It
is noted that the proportion of total C and O in NPC@TiO»-200-WSTA is
high than that of NPC@TiO2-200-WOSTA and original NPC@TiO,-200,
which further confirms that more carbonaceous deposits were formed

NPC@TiO2-200-WSTA rather than NPC@TiO2-200-WOSTA. This is
mainly because when the NPC@TiO2 photocatalyst reaches saturated
toluene adsorption, the adsorption reservoir will be in a relatively
saturated state. At the initial stage of the photocatalytic reaction, large
amounts of adsorbed toluene were rapidly reacted with numerous
interface free radicals, and the excess depletion of free radicals and the
formation of carbonaceous deposits will severely inhibit the reservoir
effect of the photocatalyst, resulting in a decrease in toluene capture
efficiency and free radical formation efficiency, and eventually the
gradual deactivation of the photocatalyst.

TiO, photocatalyst deactivation has been observed with various
VOCs[43-45]. However, the degree of deactivation not only depend on
the kind of VOCs, but also the disposal method of VOCs before photo-
catalytic reaction. In particular, the saturated toluene adsorption in-
duces severe deactivation as demonstrated in this study. As described in
Fig. 6, due to the inefficient reservoir effect of conventional TiO3 pho-
tocatalyst, the degradation of VOCs often leaves recalcitrant carbona-
ceous residues on the photocatalyst surface because of incomplete
degradation, which causes the catalyst deactivation[6,18,46]. The cor-
e-shell structure composed of nano-porous carbon (NPC) and TiO,
significantly enhances the photocatalytic “reservoir effect”. This syner-
gistic architecture operates through three key mechanisms: (1) Electron
conduction & radical generation, NPC serves as an efficient electron
acceptor due to its superior charge transport properties, facilitating
rapid electron transfer from the TiO, interface. This process not only
suppresses charge recombination but also accelerates the generation of
oxidizing radicals (e.g., ¢OH, ¢03), thereby enhancing photocatalytic
activity. (2) Adsorption-enriched catalysis, with its high specific surface
area and strong VOC adsorption affinity, NPC acts as a selective mo-
lecular trap, concentrating target pollutants near active sites. This
localized enrichment prevents VOC escape and ensures a continuous
supply of reactants for interfacial oxidation. (3) Intermediate migration
& stability enhancement, the organic affinity of NPC promotes the
diffusion of reaction intermediates away from TiO; active sites. This
mitigates the accumulation of carbonaceous deposits, reducing active
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Fig. 6. Enhanced photocatalytic oxidation mechanism of toluene over NPC@TiO5.

site blockage and thus preserving long-term catalytic stability. Thus, the
performance of this system is highly dependent on maintaining effective
reservoir functionality. Once the reservoir effect of the photocatalyst is
inhibited, such as the saturation adsorption of toluene, the diminished
adsorption capacity leads to a sharp decline in both pollutant trapping
efficiency and radical generation rates. Consequently, sustaining
optimal reservoir capacity is essential for ensuring stable and efficient
photocatalytic degradation.

4. Conclusions

The deactivation of photocatalyst has been the most serious problem
in commercializing this technology. The incomplete oxidation of VOCs
often leaves recalcitrant carbonaceous residues on the photocatalyst
surface, which causes the catalyst deactivation. This study demonstrated
that nano-porous carbon in NPC@TiO, as a temporary reservoir of
toluene and lone electrons to enhance the selective adsorption trapping
of toluene and the separation of photogenerated carrier, thereby reduce
the shielding effect of carbonaceous species on the active sites and
avoiding the deactivation of catalyst. In addition, in order to decrease
the accumulation of carbonaceous by-products on the photocatalyst,
effectively avoiding the saturation adsorption of VOCs on the photo-
catalyst is key factor to ensure the stability of its degradation activity.
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