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ABSTRACT

The poor efficiency and stability of photocatalysts are the fundamental issues to be addressed for photodegrading
VOGs in practical applications. Herein, 0.5 wt%rGO/0.5 mol%Er>*-TiO, (0.5rGO/0.5 ET) exhibited the excellent
performance and a remarkable durability towards gaseous VOC (o-xylene), while pure TiO5 (PT) and 0.5 mol%
Er®*-TiO, (0.5 ET) showed poor catalytic activity and deactivation after 60 min. The results suggested that in-
termediates accumulation was primarily responsible for the deactivation of PT and 0.5 ET. In contrast, the ac-
tivity of 0.5rGO/0.5 ET was not decreased although more intermediates were generated compared with other
samples. The experiments revealed that rGO provide more adsorption sites for the intermediates, which helped
0.5rGO/0.5 ET resist the deactivation even after photodegradation of 10 h and 4 cycles. Therefore, rGO played a
vital role in keeping the stable activity of the composites. This study is helpful to understand the deactivation/
activation mechanism of photocatalysts and provided a promising strategy to make catalyst in activation for

industrial application.

1. Introduction

Low boiling point organic pollutants, e.g., volatile organic com-
pounds (VOCs; aldehydes, ketones, and aromatics) are the product of
several natural processes and industrial operations, for example, o-
xylene and its derivatives are released from industrial production,
volatilization of plastic and paint products, dismantling of electronic
wastes, production of organic solvents and chemical coatings, etc [1,2].
This leads to constantly increasing of VOCs in both indoors as well as
outdoors environment. Studies have shown that indoor air is 2-5 times
more polluted than outdoor air [3]. The exposure to VOCs could cause
serious health issues, i.e., nausea, respiratory problems, dizziness, liver
damage, and cancer [4,5]. Additionally, VOCs are accountable for the
formation of urban smog and depletion of the ozone layer in the
troposphere [6]. Therefore, it is fundamental to develop techniques for
safe removal of VOCs from the atmosphere.

Recently, photocatalytic oxidation (PCO) technology has been
widely considered for the pollution control, which has the advantage of
operating under ambient conditions. PCO technology has shown some
promising results both in the solution phase as well as gas-solid reactions
[7,8]. Also, the oxide-based semiconductor materials, such as TiO,, used
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in the photodegradation reactions are inexpensive, stable and nontoxic
[9]. Studies directed on the photodegradation of several VOCs have
shown that these organic pollutants could be oxidized to CO3 and water
under light irradiation [9,10]. In this regard, much attempt has been
reported to study reaction kinetics, optimize the reactor design,
comprehend the deactivation mechanism of catalysts and the effect of
light sources in the course of VOCs removal [11-14]. Among them, one
crucial problem encountered in the real application of PCO is the
deactivation of photocatalysts in the degradation process. The deacti-
vation of the material might be due to the implicit behavior of a pho-
tocatalyst, low stability, or adsorption of intermediates during a
photodegradation reaction covering the active surface sites, which will
eventually impede the surface catalyzed reaction. Among them, in-
termediates accumulation will result in changing the properties of
photocatalyst surface, including the decrease of adsorption sites, the
reduction of reactive sites, the obstruction of photogenerated carrier
migration and the diminish of free radical production, etc. To overcome
these issues, several strategies have been adopted, which include im-
purities doping in the TiO, crystal lattice, self-doping, morphology
control, surface modification through co-catalysts, and compositing
with other semiconductor materials [15-18]. For example, some reports
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mentioned that carbonaceous deposits (coke) led to the inactivation of
photocatalysts during the photodegradation of VOCs [19,20]. Lu et al.
suggested carbon deposition (coking) on the active sites, sintering of
gold nanoparticles and the rearrangement of active TiOy were respon-
sible for Au/TiO5/SiO5 catalysts deactivation in propylene epoxidation
reaction [17]. However, indirect strategies, more specifically, reducing
the generation of main intermediates were used to inhibit deactivation
of photocatalysts, which does not provide an inherent solution to
overcome the performance lost during the photodegradation of VOCs.

Recently, rare earth (RE) ions doping has shown some promising
results during the removal of VOCs, which substantially improve the
photogenerated e -h" pair’s separation and light-harvesting of TiO,,
leading to the high photocatalytic activity of the Er’*-doped TiO,. This
behavior might be due to the incorporation of new energy states (RE-4f
states) and the up-conversion process (UCP) [21-24]. Our previous
research reported that RE ions doping increases the photocatalytic ac-
tivity, but unfortunately, the accumulation of intermediates during the
VOCs photodegradation process have been observed to lower the overall
performance of Erdt doped TiO; systems [23]. To overcome this issue,
the combination with carbon materials, such as the reduced graphene
oxide (rGO), can significantly boost the overall photocatalytic perfor-
mance of TiO». This is because rGO has a large specific surface area, the
high mobility and superior thermal conductivity [25,26], which
improve not only the absorptivity but also the charge separation effi-
ciency. However, researchers have not recognized that the large n-bond
structure of rGO could provide adsorption sites not only for the initial
aromatic VOCs but also for the aromatic intermediates generated during
degradation. Thus, the photocatalyst has less chance to be contaminated
due to the low occupation of the reactive sites on the catalyst surface. In
this way, rGO might play a significant role in preventing the deactiva-
tion of the photocatalyst.

Therefore, it is anticipated that a combination of rGO with Er®*/TiO,
nanoparticles (rGO/Er®*-TiO) will further enhance the photocatalytic
properties. Additionally, the accumulation of intermediates, the yield of
free radicals, and changes in the superficial structure and properties
(including the stability of host structure) of catalysts are the key factors
affecting the photocatalytic activity. It is meaningful to study the
dominant factors in detail which affect the deactivation of photo-
catalysts. To understand how rGO influence the transfer and separation
of interfacial charges, the generation of free radicals and the accumu-
lation of intermediates for a rational photocatalyst design.

Herein, rGO/Er>*-TiO, photocatalysts were synthesized to study the
photodegradation of aromatic ring containing o-xylene. For comparison,
pure TiO, and Er®T-TiO, were also studied. To understand the role of
rGO played on the structural, optical and photochemical properties, a
series of characterization tests were carried out. Several sets of experi-
ments revealed that the introduction of rGO provided adsorption sites
for intermediates from the degradation of o-xylene, which led to long-
term photocatalytic activity of the catalyst. The possible oxidation
pathway on the as-synthesized photocatalyst, the deactivation and
activation mechanism of photocatalytic performance were proposed in
this work.

2. Experimental
2.1. Materials

Titanium (IV) isopropoxide (TIP) (97 %) and Er(NO3)3-6H20 (99.9
%) were obtained from Sigma-Aldrich. Acetic acid and ethanol
(Zhenxing Co., Ltd) were used as solvents. Nitric acid, potassium ferri-
cyanide and potassium ferrocyanide trihydrate were produced by the
Aladdin Industrial Co. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was
purchased from Sigma Chemical Co. All chemicals were used as received
without further purification.
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2.2. Preparation of TiO,, Er**-TiO, and rGO/Er**-TiO, photocatalysts

Pure and Er®*-TiO, samples were synthesized via a sol-gel method.
The specific procedure as published in our previous work [23]. GO was
prepared by a modified Hummer’s method [27]. 1GO/Er®*-TiO, nano-
composites were synthesized via a facile impregnation method. In a
typical process, a predetermined amount of the 0.5 mol%Er-TiO5 pow-
ders and GO were added to a beaker (50 mL) containing deionized (DI)
water (20 mL) and ethanol (10 mL) solution under magnetic stirring.
Then an appropriate amount of nitric acid was dropped into the above
suspension solution to adjust the pH to 2 under vigorous stirring for 16
h. Subsequently, the obtained suspension was washed 3 times with DI
water and ethanol after being centrifuged. Finally, the products were put
into a muffle furnace and calcined at 350 °C for 3.5 h. The pure and Er
modified TiOy samples are marked as pure TiO, (PT) and 0.5 %
molEr®*-TiO, (0.5 ET). The nanocomposite material is designated as 0.5
wt%rGO/0.5 %rnolEr3+-Ti02 (0.5rGO/0.5 ET), where 0.5 wt% is the
mass ratio of rGO to TiO». In addition, coupling pure TiOy with rGO was
used as a reference sample labeled as 0.5rGO/PT. The combination of
GO and Er®-TiO, sample without any heat treatment is used as a
comparison sample and noted as 0.5 wt%GO/0.5 %molEr>*-TiO,
(0.5G0O/0.5 ET).

2.3. Characterization

The surface morphology was studied using a scanning electron mi-
croscope (SEM; SU9000). The in-depth microstructure analysis was
performed using high resolution transmission electron microscope
(HRTEM; JEM-2100) operating at 200 kV. X-ray diffraction (XRD)
profiles were collected by a D8 ADVACE diffractometer (Bruker). The
Brunauer — Emmett — Teller (BET) specific surface area (Sggr) data were
obtained by ASAP 3000 instrument. Raman spectra were performed on a
DXR spectrometer. UV-vis Diffuse reflectance spectroscopy (DRS)
spectra were analyzed by a Lambda 950 apparatus (Perkin—-Elmer). The
PHI-5000C ESCA instrument was used to measure X-ray photoelectron
spectroscopy (XPS) spectra. LS55 spectrometer was used to collect
photoluminescence (PL) spectra. The photocurrent and electrochemical
impedance spectroscopy (EIS) results were performed on an electro-
chemical workstation (CHI660D). electron spin resonance (ESR) signals
were carried out on a JES-FA200 measurement. o-Xylene-temperature
programmed desorption (TPD) and NH3-TPD plots were conducted on a
ChemiSorb PCA-1200 instrument. in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS, IRTracer-100), gas
chromatography-mass spectrometer (GC-MS, TSQ 8000 Evo),
temperature-programmed oxidation (TPO), thermogravimetric-mass
spectrometry (TG-MS STA449 F3 4+ QMS403D) and intermediates
desorption (ID)-TPD was employed to analyze the absorbed in-
termediates on the surface of photocatalysts. The detailed process was
presented in supporting information.

2.4. Adsorption and photocatalytic properties

The adsorption and photodegradation properties of VOC were
assessed in an automated measurement setup, which is composed of a
sample holder, gas-flow monitory system, and a coupled GC (Scheme
S1). In our test system, the feed gases were supported by the three-in-one
generator and carried with water by humidifier before reaching the
mixer. We can control the relative humidity (RH) of water by adjusting
the flow rate of carrier gas and the amount of water in the humidifier.
The RH was set to 65 % to simulate the similar condition in air, which
can basically reflect our real living environment to some extent. The
adsorption behavior of o-xylene on photocatalysts was studied through
dynamic adsorption-desorption analysis under the dark condition. The
flow rate and the initial concentration of o-xylene are 20 standard cubic
centimeter per minute (sccm) and 25 ppm, respectively. The incident
integrated irradiance of the lamp on the sample is 51.2 mW/cm?. The
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adsorption amount (X) of VOC was calculated by equation:

X = Cyxp, szx{{/otvx (17 C/C0>dt]cam]w— { /Orvx (1
oo /-

where Cy (ppm) represent initial concentration of o-xylene and C are the
real-time concentration of the target gas at each time interval. p; (g
em™3) and p; depict air density and relative vapor density of the gas-
phase VOC, t (min) is the time for each data recording, v (mL minh)
is the VOC flux rate, M (g mol'l) and m (g) stand for molar mass of the
selected VOC and the mass of the sample used, respectively. The pho-
tocatalytic activity was determined by the removal ratio of gas-phase o-
xylene. The photocatalytic efficiency (PE) of VOC was noted as PE = (Cp
- C)/Cp x 100 %. The mineralization rate (MR - selectivity of CO5) of o-
xylene was calculated by formula [28]: MR(%) = [(CO20ut)-(CO2in)1 /[8

x p % (Cin) x PE(%)] x 10000, where CO20yt and COq;, are the outlet
and inlet concentrations of CO». Cj, and PE(%) represent the inlet con-
centration and photocatalytic efficiency of gas-phase o-xylene,
respectively.

3. Results and discussion

3.1. Morphology, structural and photoelectrochemical characteristics of
photocatalysts

Fig. 1 shows the morphology of the as-prepared samples, where the
average particle size of Er-doped TiO; catalyst decreased (Fig. 1a ~ b),
which suggested that Er doping can restrain the grain growth of the
sample to some extent. Further evidence was provided by Scherrer
equation (Table 1), where the crystallite size of samples decreased from
13.9 to 10.0 nm after incorporating Er ions, while the particle size and
grain size of 0.5 ET sample did not change significantly after being
combined with rGO (Fig. 1c and Table 1, 10.0 nm of 0.5 ET and 10.3 nm
of 0.5rGO/0.5 ET). 0.5 ET nanoparticles distributed on both sides of the
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Table 1
Unit cell parameters, the specific surface area (Sger) of PT, 0.5 ET and 0.5rGO/
0.5 ET samples.

Sample V (A% Crystallite size (nm) SpET (mz/g)
PT 136.21 13.9 25.14
0.5ET 136.64 10.0 51.57
0.5rGO/0.5 ET 136.67 10.3 53.33

X: adsorption capacity, X*: adsorption capacity on per specific surface area.

rGO sheets and the agglomeration of nanoparticles was improved, which
is conducive to the charge transfer between 0.5 ET and rGO. In addition,
the thickness of the added rGO was in the range of 3 ~ 5 nm, and the
lattice fringe spacing was 0.35 nm associated with the (101) facet of
anatase (Fig. 1d). The inset selective area electron diffraction (SAED)
pattern confirmed the well crystalline nature of the sample.

The as-synthesized photocatalysts showed pure anatase phase in
XRD profiles (Fig. S1a). This was further confirmed by Raman spectra
(Fig. S2a). Besides, no diffraction peak of graphene was observed in the
XRD patterns, which might be due to low rGO content [29]. As shown in
Table 1, there is no obvious change in the unit cell volume of 0.5rGO/0.5
ET (136.64 2\3) compared with 0.5 ET (136.67 10\3). The specific surface
area increased from 26.14 to 51.57 m?/g after the introduction of Er
ions, which could be associated with the decreasing particle size.
Interestingly, the Sggr of 0.5rGO/0.5 ET (53.33 m?/g) sample did not
change significantly in contrast to 0.5 ET (51.57 m?/g). Hence, the
above results suggested that the addition of rGO has almost no influence
on the morphology, structural properties, and specific surface area of 0.5
ET sample. However, the absorption edge of catalyst exhibited a clear
redshift after coupling with rGO sheets (Fig. S1b), indicating that
coupling rGO with Er**-TiO, helped improve the light-harvesting of the
composite. In contrast to pure TiOo, Er*t doping induced additional
up-conversion absorption peaks, which might be due to the f-f electronic
transitions of Er>* ions [30,31]. This behavior could facilitate the uti-
lization of light, thereby enhancing the photocatalytic performance of
the catalyst.

The D (1353 cm™!) and G (1598 ecm™1) peaks of graphene were

Fig. 1. SEM images of (a) PT, (b) 0.5 ET, and (c) 0.5rGO/0.5 ET catalyst, and (d) HRTEM image of 0.5rGO/0.5 ET sample before photocatalytic reaction.
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observed in the enlarged Raman spectra (Fig. S2b), where the Ip/Ig
value increased from 0.32 (in 0.5G0O/0.5 ET) to 0.64 after heat treat-
ment (Table S1), indicating that GO was effectively reduced to rGO [32,
33]. Additionally, the atomic proportion of O to C decreased from 1.91
(in 0.5GO/0.5 ET) to 1.14 (Fig. S2d and e, and Table S1), further con-
firming the effective restoration of GO [29]. This improved the con-
ductivity of GO, facilitating the electron transfer between 0.5 ET and
rGO. Meanwhile, the Raman characteristic peaks at 618 and 635 cm™!
moved to low wavenumbers located at 616 and 633 cm ™! (Fig. $2¢) and
the Ti 2p broad bands at 457.72 and 463.52 eV relatively shifted to
457.64 eV and 463.42 eV after 0.5 ET combination with rGO (Fig. S2f),
which confirmed the formation of a chemical interface (Ti-O-C) in
0.5rGO/0.5 ET sample [34]. This will improve the electron dynamics at
the interface between TiO, and rGO, and ultimately enhancing the
catalytic activity.

3.2. Photocatalytic activity of catalysts and degradation path of gaseous
o-xylene

Fig. 2 shows that the photocatalytic performance of the modified
TiOy towards gaseous o-xylene substantially improved in contrast to
pure TiO,. 0.5rGO/0.5 ET sample completely removed the target pol-
lutants (Fig. 2a), which suggested that combination of rGO is an effec-
tive way to improve the photocatalytic activity of TiOs. We have
recently disclosed that the enhanced photocatalytic efficiency of 0.5 ET
sample was associated with the special electronic structure (Er-4f
states), which promoted charge separation, and thereby produced more
free radicals [23,35]. The increased photocatalytic activity of
0.5rGO/0.5 ET can be attributed to the combination of rGO, which will
eventually improve the electron-transfer at the interface between TiO,
and rGO [25,34]. Furthermore, after the addition of RE ions and rGO,
the formed RE-4f states in nanocomposite lowers the transition barrier
among electrons between TiOy and rGO, which further increased the
separation efficiency of e -h" pairs, and finally facilitated the
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production of free radicals [29]. This behavior was confirmed by PL,
photocurrent density, and ESR results of DMPO- ‘O3 and DMPO- ‘OH
adducts. As displayed in Fig. S3a, the PL intensity of the nanocomposite
decreased, which could be associated with the improved charge transfer
and hole-electron separation efficiency in 0.5rGO/0.5 ET composite
[36]. The enhanced photocurrent intensities and the decreased radius of
EIS Nyquist plots further confirmed that the separation process of
photoinduced carriers was promoted (Fig. S3b and c) [37,38], thereby
leading to the increase of free radical production (Fig. S3d and e), and
ultimately improving the photocatalytic activity. The order of maximum
removal efficiency was as follows (Fig. 2¢): 0.5rGO/0.5 ET (100 %) >
0.5ET (74.2 %) > PT (39.1 %). And the maximum mineralization rate of
0.5rGO/0.5 ET, 0.5 ET and PT was 58.2 %, 50.5 % and 30.8 %,
respectively (Fig. 2b and c), which was lower than the removal rate of
o-xylene. This indicated that o-xylene cannot be completely mineralized
into CO2 and water, and the difference is ascribed to the formation of
intermediate species. The deactivation of PT and 0.5 ET led to the
decrease of CO, concentration after 60 min of irradiation during the
o-xylene degradation (Fig. 2a). Thus, GC-MS was used to analyze the
generated intermediates (Fig. S4 and Table S2). As presented in Fig. S5,
the types and relative abundance of intermediates on 0.5 ET was lower
than that of PT. This might be due to the fact that 0.5 ET had more free
radicals to further oxidize byproducts of the parent compound degra-
dation than PT (showing Fig. S3d and e). Notably, PT and 0.5 ET catalyst
showed deactivation after 60 min of irradiation, but 0.5rGO/0.5 ET still
maintained an excellent photocatalytic performance after 240 min. This
indicated that the introduction of rGO played a crucial role in keeping
the photocatalytic activity of 0.5rGO/0.5 ET.

The in situ DRIFTS analysis was further used to comprehend the
adsorption and degradation process in detail. As shown in Fig. 3a, the
bands located at 3568, 1446 cm_l, which were due to the v(OH) vi-
brations of aromatic ring (2-methylbenzyl alcohol) under light illumi-
nation [39,40]. Peaks at 3070, and 2955, 2870 cm’! were attributed to
the v(C-H) stretching vibrations of aromatic ring and —CHjs (o-xylene

Fig. 2. (a) The degradation and (b) CO, generation curves for o-xylene with 0.1 g sample illuminated by a 400 W xenon lamp, and (c) histogram of photocatalytic

efficiency and mineralization rate.
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Fig. 3. insitu DRIFTS spectra of dark adsorption and photocatalytic degradation processes of o-xylene over 0.5rGO/0.5 ET surface under UV light irradiation (250 W)

in the range of (a) 4000 — 2500 cm ™! and (b) 2000 — 1000 cm ™.

and toluene), respectively [41,42]. The peak at 3032 cm™~! was associ-
ated with the v(C-H) stretching vibrations of the benzene ring (benzene)
[43,44]. As presented in Fig. 3b, a peak at 1732 cm™! can be attributed
to the C=O0 stretching vibration of aliphatic species (acetone, butanol,
5-methyl-4-octanone) [45,46]. Weak bands at 1700 and 1222 cm!
were identified as the v(C=0) vibration of aromatic aldehyde (o-tol-
ualdehyde) [39,47], 1650, 1597, 1543 cm~! could be ascribed to the
skeleton vibration ¥(C=C) of the benzene ring [45,48]. The peak at
1288 cm ™! was identified as the v(C—O0—C) vibration of the anhydride
species (phthalide) [49]. The peak at 1161 cm ! was attributed to the
C—OH vibration v(C—OH) of aliphatic alkoxides species (butanol). The
negative peaks at 3680 and 3664 cm™! could be assigned to the
stretching vibration of surface OH species v(OH) on 0.5rGO/0.5 ET
sample, suggesting that water was generated during the photocatalytic
reaction. The GC—MS was further used to confirm the intermediate
species (Fig. S4, S5 and Table S2). Combining with the in situ DRIFTS and
GC—MS results, we proposed the possible photodegradation routes of
o-xylene. As shown in Fig. S6, o-xylene (No. 1) was firstly oxidized into
unopen-ring compounds, including 2-methylbenzyl alcohol (No. 10),
o-tolualdehyde (No. 9), phthalide (No. 11), toluene (No. 3) and benzene
(No. 4) [35-37], which were further photodegraded into chain products,
such as 5-Methyl-4-octanone (No. 5), butanol (No. 6), butanone (No. 7)
and acetone (No. 8), and finally mineralized into water and CO5 (No. 2).

3.3. Deactivation mechanism of the photocatalyst

The deactivation of a photocatalyst limit its industrial applications,

thus it is of utmost significance to study the durability of photocatalysts.
As indicated in Fig. S7, PT and 0.5 ET samples possessed a stable crystal
structure showing the pure anatase phase after 120 min of photo-
degradation. Additionally, UV-vis and electron microscopy studies
provided the confirmation that the microstructure and optical properties
of the catalyst did not change significantly after photocatalytic reaction
(Fig. S8 and S9). These results can be inferred as that the inactivation
was associated with the change of surface states and not due to its in-
ternal crystal structure. Thus, the lowering of the photocatalytic activity
could be due to the change of the catalyst surface state.

Fig. 4 shows that the surface of the photocatalyst gradually turned
yellow with increasing reaction time (0-120 minutes). Interestingly, the
yellow color on the surface gradually disappeared when stopping the o-
xylene flow and keeping light on. When the light illumination time
reached 2 h (120-240 minutes), the sample returned its original color
which suggested that most of the yellow matters (intermediates) were
decomposed under light irradiation. GC-MS results confirmed this
speculation (Fig. S10), where 7 kinds of intermediates were detected on
the PT surface after 120 min of photodegradation while only acetone
and CO; products appeared when we cut off the o-xylene supply while
keeping the light irradiation on (up to 2 h). After being illuminated for 2
h, the treated sample was used to decomposed o-xylene again, the
photocatalytic performance of the catalyst was restored or regenerated
(360 — 420 min). Furthefore, after 120 min of photocatalytic reaction,
the deactivated PT and 0.5 ET samples was taken out and placed in the
atmospheric environment where sunlight can be injected through glass
windows. PT and 0.5 ET gradually retained their own original color and

Fig. 4. The photodegradation plots of (a) PT
and (b) 0.5 ET samples under the condition of
cutting off and reopening o-xylene inlet, the
inset images show changes on catalyst surface
at 120 and 240 min. Initially, cutting off o-
xylene and keeping light on when photo-
catalytic reaction reached 120 min. Next, after
further decomposition of the byproducts under
xenon lighting for 2 h (from 120 to 240 min),
the sample was used to test the photocatalytic
performance again (from 240 to 480 min,
where the range of 240 - 360 min represents
dark adsorption process).
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the photocatalytic activities of the two samples were regenerated after 7
and 5 days exposing themselves to the atmosphere, respectively
(Fig. S11). These observations suggested that the yellow matters on the
photocatalyst surface was a key factor leading to the deactivation of
samples. Previous studies have shown that the accumulation of the
generated intermediates on the catalyst surface caused the catalyst to
turn yellow [50]. GC-MS results in Fig. S5a further confirmed this
mechanism, in which the yellowing surface of PT sample changes to its
original color after most of the byproducts was eliminated. Therefore,
these results suggested that intermediates accumulation induced the
deactivation of materials. Additionally, the yellow color of PT surface
(Fig. 4a) was more obvious than that of 0.5 ET (Fig. 4b). This indicated
that more intermediate species generated on PT compared with 0.5 ET
(confirmed by GC-MS results in Fig. S5), causing 0.5 ET to be slowly
deactivated than PT. This result was due to the generation of more free
radicals in 0.5 ET in contrast to the PT samples (Fig. S3d and e), sug-
gesting that photocatalytic materials, which can produce more free
radicals, can delay the inactivation of photocatalysts in the process of
VOC degradation. A similar behavior was observed in our previous work
[23].

In order to further understand the essential reason of catalyst deac-
tivation caused by the accumulation of intermediate products, a series of
experiments, including photocurrent, PL, EIS and ESR test were carried
out. The photocurrent, PL and EIS tests were used to investigate the
migration, separation, recombination and capture of photogenerated e -
h* pairs in PT and 0.5 ET materials during the removal of gaseous o-
xylene (Fig. 5 and Fig. S12 and S13). Photocurrent intensities of PT
sample decreased as the degradation time increased from 0 to 60 and
120 min under a continuous flow of o-xylene (Fig. 5a), which suggested
that the transfer of photoinduced electrons to the electrolyte is
obstructed from the electrode surface. This might be due to the presence
of intermediate species on the pure TiO5 surface, which form a film-like
morphology and cover the reactive sites, which could capture the elec-
trons at the electrode/electrolyte interface. After turning off o-xylene
flow, while keeping the light on, the photocurrent intensities of samples
were gradually increased with increasing irradiation time from 1 (180
min) to 2 h (240 min). This confirmed that the intermediate species
covered on the surface were responsible for the lower photocurrent
density. The PL and EIS test also support this interpretation, which
demonstrated a high charge recombination under illumination time
from 0 to 120 minutes (Fig. 5b and Fig. S12). After cutting off the gases,
the decreased PL intensities and the radius of the EIS Nyquist curves
indicated that the separation ability of carriers gradually recovered with
light on from 120 to 240 min. A similar phenomenon was observed in
0.5 ET sample (Fig. S13). Hence, these data further suggested that
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intermediates accumulation was a dominant factor leading to the
deactivation of PT and 0.5 ET samples.

The production of hydroxyl radicals (OH) and superoxide radicals
(‘'O2) was associated with the separation process of photogenerated
electron-holes [51], thereby affecting the oxidation of intermediate
products. The characteristic intensity ratio of 1:2:2:1 for ‘OH adducts
and 1:1:1:1 for ‘O3 in PT sample decreased as the photodegradation time
increased to 120 min [52], indicating that the yield of "OH and ‘O3
radicals decreased in the elimination of o-xylene (Fig. S14a and b). This
might be due to the fact that intermediates covered some reactive sites
on the catalyst surface which progressively depressed the production of
free radicals. However, the intensities of "OH and "O3 species gradually
increased with increasing the exposure time from 1 (180 min) to 2 h
(240 min) after cutting off o-xylene flow at 120 min. This is because the
intermediate products were gradually decomposed and the active sites
exposed with increasing of the light time, resulting in the continuous
generation of free radicals. The yield of free radicals was restored when
the irradiation time reached 2 h (240 min). As shown in Fig. S14c and d,
similar trends can be seen in the 0.5 ET sample. Based on the above
discussion, it could be concluded that intermediates accumulation
occupied most of reactive sites, resulting in depressing the formation of
free radicals, and thereby inducing the decrease of the photocatalytic
activity [18,19]. Therefore, the accumulation of intermediates was a
dominant factor to result in the deactivation of PT and 0.5 ET
photocatalysts.

3.4. Activation mechanism of 0.5rGO/0.5 ET photocatalyst

0.5rGO/0.5 ET catalyst exhibited efficient and endurable photo-
catalytic activity even after photocatalytic reaction of 10 h and four
cycles (Fig. 6a and b), which was attributed to the hybridization with
rGO. Thus, a series of experiments were carried out to understand the
essential reasons for the non-deactivation of 0.5rGO/0.5 ET and the role
of rGO played in degradation process of gas-phase o-xylene. ID-TPD and
TPO experiments were firstly used for qualitative and semi-quantitative
analysis of the intermediates adsorbed on the photocatalyst surface after
o-xylene photodegradation. As shown in Fig. S15a, the desorbed in-
termediates peaks of the investigated samples located at 300 °C - 750 °C,
where the order of desorption bands number was recorded as: 0.5rGO/
0.5 ET > PT > 0.5 ET. This indicated that the produced byproducts of
0.5rGO/0.5 ET were more than that of 0.5 ET catalyst. o-Xylene-TPD and
TPO test further confirmed this mechanism. As observed in Fig. S16, the
chemical desorption peak (814 °C) and the band intensities of 0.5rGO/
0.5 ET were obviously higher than that of 0.5 ET (763 °C), showing that
rGO promoted adsorption of contaminants on the sample. The TPO

Fig. 5. (a) Photocurrent response and (b) PL plots of PT sample during the degradation process of o-xylene, in which 0, 60 and 120 min of photocurrent and PL
curves are photocatalytic reaction for 0, 60 and 120 min, respectively. 180 and 240 min of plots represent the sample irradiated by xenon lamp for 1 and 2 h without

introducing o-xylene.
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Fig. 6. Photocatalytic degradation plots of 0.5rGO/0.5 ET catalyst towards gaseous o-xylene under continuous irradiation for (a) 600 min and (b) four-cycle.

bands of 0.5rGO/0.5 ET, 0.5 ET and PT centered at 200 °C- 588 °C, 182
°C- 470 °C and 212 °C- 525 °C, respectively, and the relative intensities
of 0.5rGO/0.5 ET were higher than that of PT and 0.5 ET (Fig. S15b).
These results suggested that both the types and levels of intermediate
products in 0.5rGO/0.5 ET were larger than those of 0.5 ET and PT,
which are in good agreement with the GC—MS data.

TG-MS analysis was used to identify the quantities and types of
byproducts after photocatalytic reaction of gas-phase o-xylene (Fig. 7).
As displayed in Fig. S17, before the photodegradation of o-xylene, the
weight loss of PT, 0.5 ET and 0.5rGO/0.5 ET was respectively recorded

as 1.26 %, 1.83 % and 2.60 % under argon flux. After photocatalytic
reaction with o-xylene for 240 min, the weight loss of PT, 0.5 ET and
0.5rGO/0.5 ET were respectively increased to 3.09 %, 2.56 % and 5.03
% (Fig. 7a ~ c). Thus, the content of the accumulated intermediates for
PT, 0.5 ET and 0.5rGO/0.5 ET was calculated as 1.83 %, 0.73 % and 2.43
%, this phenomenon further illustrated that the more intermediates
were formed on the 0.5rGO/0.5 ET surface. Intermediate species grad-
ually desorbed from the catalyst surface with increasing temperature,
where main fragments (m/z) 30 (hydrocarbon), 43 (acetone or Butanone
or 5-Methyl-4-octanone), 56 (butanol), 65 (o-tolualdehyde), 77

Fig. 7. TG-MS spectra of (a) PT, (b) 0.5 ET, (c) 0.5rGO/0.5 ET photocatalysts (50 mg) after photodegradation of o-xylene for 240 min, and the histogram of the

detected main fragments (m/z).
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(phenyl), 78 (benzene), 91 (o-xylene or 2-methylbenzyl alcohol) and 92
(toluene) desorbed at 245 °C, 566 °C, 451 °C, 528 °C, 518 °C, 436 °C and
449 °C. Additionally, Fig. 7a, d and Table S3 showed the detected
fragments on the surface of PT were 56, 65, 77, 78, 91 and 92. The
minimum numbers and quantities of intermediates (77, 78, 91, 92) were
formed on 0.5 ET sample (Fig. 7b and d). As shown in Fig. 7c, d and
Table S3, the maximum including 30, 43, 65, 77, 78, 7991 and 92 were
generated in 0.5rGO/0.5 ET.

According to the above discussion, intermediates accumulation is a
dominant factor leading to the deactivation of photocatalytic materials.
As presented in Fig. S5 and Fig. 7, GC-MS and TG-MS show that 0.5rGO/
0.5 ET possessed more kinds and highest concentration of byproducts in
contrast to PT and 0.5 ET catalysts, where 10 kinds of main components
were generated in nanocomposite while 7 and 5 types of main in-
termediates were produced on PT and 0.5 ET samples. However,
0.5rGO/0.5 ET sample still kept efficient catalytic performance towards
o-xylene until photocatalytic degradation for 600 min (Fig. 6a). To
investigate that more intermediate products were generated on the
surface of 0.5rGO/0.5 ET catalyst without causing the catalyst to
deactivate, several sets of tests including dynamic adsorption, photo-
current response, EIS, PL and ESR were carried out. As shown in
Fig. S18, S8 and S9, after photocatalytic reaction of 240 min, 0.5rGO/
0.5 ET presented stable anatase phase structure, microstructure and the
optical properties, indicating that the non-deactivation of nano-
composite was not due to the change of its own structure. Hence, rGO
played a vital role in the activation (non-deactivation) of photocatalytic
performance.

Fig. 8a shows the dynamic adsorption characteristics of PT, 0.5 ET
and rGO/0.5 ET towards gas-phase o-xylene. The adsorption ability of
the photocatalyst was significantly enhanced after being modified with
Er ions and rGO (Fig. 8b), in which the adsorption amount of 0.5 ET
(1.79 pmol g~!) was higher than that of PT (0.84 pmol g~1). And no
obvious change could be noticed in the adsorption capacity on per
specific surface area of 0.5 ET (0.034 pmol m2) compared with PT
(0.033 pmol m™2), which indicated that the improved adsorption amount
can be ascribed to the increase of the specific surface area (Table 1).
Particularly, nanocomposite material showed the highest adsorption
capacity (3.91 pmol g~!), which increased by 1.2 and 3.6 times in
contrast to 0.5 ET and PT, respectively. However, it was interesting to
observe that the adsorption quantity of 0.5rGO/0.5 ET was improved
without evident change in the specific surface area (Table 1), as
demonstrated by the adsorption capacity on per specific surface area of
catalysts increasing from 0.034 pmol m2 (0.5 ET) to 0.073 pmol m™
(0.5rGO/0.5 ET). This showed that rGO provided extra adsorption sites
(about 0.039 pmol m™2) for 0.5 ET sample after coupling with rGO.
Similarly, TCD signals of 0.5rGO/0.5 ET towards o-xylene was higher
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than that of 0.5 ET and PT, demonstrating that nanocomposite possessed
a better adsorption capacity compared with 0.5 ET and PT (Fig. S16).
Besides, the chemical desorption peak of 0.5rGO/0.5 ET was higher than
that of 0.5 ET and PT, indicating the intermediate species more attached
to the nanocomposite surface. This mechanism was further confirmed by
NH;3-TPD data, photocatalytic degradation of o-xylene over 0.5rGO/PT,
and photocurrent response, PL spectra, EIS plots and ESR signals of free
radicals during the process of o-xylene degradation. Firstly, we carried
out NH3-TPD to analyze the surface changes in the active site. As indi-
cated by the dashed lines in Fig. S19, the additional bands (348 °C)
might be attributed to the desorption of the intermediates. The NH3-TPD
bands of the investigated samples located in 290 °C before photo-
catalytic reaction (the solid lines in Fig. S19). After photodegradation of
4 h, these peak intensities of PT and 0.5 ET significantly decreased,
however, the band intensities of 0.5rGO/0.5 ET were not obviously
changed (the dashed lines in Fig. $19). This indicated most of the active
sites on PT and 0.5 ET surfaces were covered by intermediates while the
active sites on 0.5rGO/0.5 ET surface were basically unaffected by in-
termediates. This phenomenon directly evidenced that rGO can provide
extra adsorption sites for intermediate species.

Additionally, as indicated in Fig. S20, interestingly, no significant
decline of photocatalytic activity was observed in 0.5rGO/PT compared
with PT sample after degradation 240 min, which was also attributed to
the combination of rGO providing more adsorption sites (0.046 pmol
m~2) for the produced intermediates without obvious change of Sggr
(Table S4). This further suggested that rGO played a key role in ac-
commodating intermediates. Notably, when the initial concentration of
o-xylene was increased from 25 ppm to 50 ppm and 100 ppm, respec-
tively, 0.5rGO/0.5 ET keep its activity in the whole reaction time of 240
min. Furthermore, the photocatalyst still kept good durability after four
cycles of degradation tests (S21). This again proved that rGO had a good
ability to maintain the activity of the photocatalyst 0.5rGO/0.5 ET.

To deeply understand the generated intermediates adsorbed onto the
rGO leading to the changes of photogenerated charges and free radicals,
we carried out photocurrent and DMPO capture experiments. Fig. 9
shows photocurrent response and PL spectra of 0.5rGO/0.5 ET samples
with increasing photocatalytic reaction time from 0 to 60, 120, 180 and
240 min under maintaining gas-phase VOC connection. The intensities
of photocurrent density did not change significantly as the photo-
degradation time increased (Fig. 9a), which showed that the separation
process of photogenerated e "-h* pairs was not affected by the produced
intermediates. This was due to the fact that most of the formed in-
termediates accumulated on the rGO, which caused uncovered active
sites to continue to separate photoinduced charge. This phenomenon
was further evidenced by PL and EIS results. As shown in Fig. 9b and
Fig. S22, PL intensities and the EIS Nyquist plots’ radius of

Fig. 8. (a) Dynamic adsorption curves and (b) adsorption capacities (ymol/g) and adsorption capacity on per specific surface area (ymol/m?) histograms of PT, 0.5

ET and 0.5rGO/0.5 ET samples towards gaseous o-xylene under the dark condition.
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Fig. 9. (a) photocurrent plots and (b) PL spectra of 0.5rGO/0.5 ET catalyst during the process of o-xylene degradation.

nanocomposites hardly increased with the increase of lighting time from
0 to 240 min, suggesting that no significant changes occurred in the
charge separation process.

The photocatalytic reaction process was closely related to the yield of
free radicals (OH and ‘O3). As presented in Fig. 10a and b, the in-
tensities of ‘OH and ‘O radicals in 0.5rGO/0.5 ET catalyst showed no
obvious change as the illumination time increased from 0 to 240 min
although some byproducts accumulated on the surface of composites in
the process of VOC elimination. This indicated that the reactive sites
producing free radicals of the photocatalyst were not covered by in-
termediates, which due to rGO providing adsorption sites for the gen-
eration of intermediates. Therefore, the combination of rGO can make
the catalyst maintain high photocatalytic activity (non-deactivation)
during the process of gas-phase o-xylene elimination although more
intermediate species formed on 0.5rGO/0.5 ET surface.

Based on our results, the improved photocatalytic activity of the
composite structures, possible reaction pathway of VOC degradation,
and deactivation and activation of the investigated photocatalyst are
summarized in Scheme 1. Initially, the adsorption-desorption equilib-
rium is achieved under flowing gaseous o-xylene on the catalysts surface
(saturated adsorption). Next, free radicals (i.e., ‘'OH and "O3) are pro-
duced on the catalyst surface under light irradiation which will even-
tually react with the target pollutants. Notably, the enhanced
photocatalytic performance of 0.5rGO/0.5 ET can possibly be due to the
following aspects: i) the adsorption ability of the composites was
significantly improved in contrast to PT and 0.5 ET (Fig. 8); ii) the
incorporation of Er ions induced new RE-4f levels, improving the pho-
togenerated charges separation; iii) the hybridization of rGO promoted
electron transfer, as well as the induced RE-4f states reduced electrons

transfer barrier between TiO, and rGO, further increasing the separation
efficiency of carries, and subsequently enhancing the yield of free rad-
icals (Fig. S3). All these features lead to the increased catalytic activity of
the composite. Besides, the specific oxidation process was as follows: At
first, o-xylene is oxidized by free radicals to intermediates with an aro-
matic ring structure, and then decompose further into the open ring
compounds, which would finally react and form water and CO,. The
accumulation of the produced byproducts could cover the reactive sites
on the photocatalyst surface, resulting in negative influence its
competitive degradation with o-xylene. This brought more and more
intermediates accumulating on the surface of catalysts, depressing the
production of free radical, and eventually leading to the deactivation of
the catalyst. It has been observed that the activity of the photocatalysts
can be restored when the intermediates are further degraded under
continuous light illumination of 2 h, which would otherwise adsorb and
cover the actives surfer sites. Interestingly, the introduction of rGO
provided more adsorption sites not only for the target VOC, but also for
the accumulation of intermediates compared with PT and 0.5 ET
(Fig. 8), causing exposing reactive sites to produce free radicals, thereby
leading to activation or non-deactivation of photocatalytic activity.
Therefore, it is essential to extend the service life of the catalyst for the
real application. Also, it is very urgent to find appropriate materials to
decorate with TiOy. Just like rGO, which acted as a trapping agent or a
sacrificial agent to capture the intermediates, so that the active sites of
the photocatalyst were not covered, and ultimately maintaining the
stable and efficient performance of the photocatalyst.

Fig. 10. ESR spectra of (a) DMPO- ‘O3 and (b) DMPO- ‘OH adducts for 0.5rGO/0.5 ET nanocomposites under different photodegradation time.
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Scheme 1. Schematic diagram of enhancing photocatalytic activity and the proposed reaction routes for VOC photodegradation. rGO provides additional adsorption
sites for accommodating intermediates to resist the deactivation of the photocatalyst.

4. Conclusion

In summary, the photocatalytic activity of the PT and 0.5 ET samples
towards o-xylene diminished with increasing reaction time, i.e., >1 h.
The results suggested that the subsequent adsorption of intermediates on
the catalyst surface in the course of degradation gradually impeded the
production and migration of photoinduced electron-hole pairs, which
undoubtedly suppressed the production of free radicals. This ultimately
resulted in the catalyst deactivation. To overcome this issue, we have
successfully synthesized the 0.5rGO/0.5 ET photocatalyst. The experi-
ments revealed that rGO provide additional adsorption sites on per
specific surface area for the generation of intermediate species in
contrast to PT and 0.5 ET samples, and hence, more intermediates can be
accommodated without fully covering the active reactive sites. This
characteristic behavior led to the outstanding and stable photocatalytic
performances of the composite even when the reaction time was
increased up to 600 min. This work proposed the synthesis of a sus-
tainable and efficient photocatalyst framework for the VOCs abatement,
as well as discuss the deactivation and activation mechanism in detail,
which can be exploited for the commercial applications.
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