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Abstract: Volatile organic compounds (VOCs) are major
gaseous pollutants and one of the main causes of envir-
onmental problem, which can be extremely harmful to
human health. Previous research has shown that photo-
catalytic oxidation is regarded as a promising technology
to remove VOCs. However, for the time being, the photo-
catalytic performance in the field of removing VOCs by
multiple reported photocatalysts cannot meet the demand
of the practice. In this study, we have successfully synthe-
sized a series of 3D gel composites with g-CsN, (GC) and
graphite oxide as precursors by a simple hydrothermal and
freeze-drying method, which shows good photocatalytic
degradation performance for gas toluene as model VOCs.
The highest photocatalytic degradation ratio for gaseous
toluene is about 86% in 180 min, which is about 3 times
that of pure GC. The reason for the results is due to the
strong adsorption capacity and very fast electrical conduc-
tivity of three dimensional (3D) reduced graphene oxide
(RGO). This study implies that the 3D GC-RGO gels have
potential usefulness for removing VOCs to meet the demand
of the practice.

Keywords: VOCs, g-CsN,, reduced oxide graphene, 3D
structure, photocatalytic degradation

* Corresponding author: Yuhao Yang, The School of Chemistry and
Chemical Engineering, Shaanxi University of Science and
Technology, Xi’an 710021, China, e-mail: yangyuhao@sust.edu.cn
Chan Lu, Zenghui Gou, Shan Li, Zhongao Mai: School of Architecture
and Surveying and Mapping Engineering, Shaanxi Energy Institute,
Xianyang 712000, China

Xiaolong Li: The School of Chemistry and Chemical Engineering,
Shaanxi University of Science and Technology, Xi’an 710021, China

1 Introduction

After mankind entered into 21st century, the environ-
mental crisis faced by mankind has been growing on
and on. Volatile organic compounds (VOCs) are major gas-
eous pollutants and one of the main causes of environ-
mental crisis, which can be extremely harmful to human
health [1]. The past 20 years have seen increasingly rapid
advances in the field of removing VOCs using technolo-
gies, such as adsorption [2,3], catalysis [4-6], and photo-
catalysis [7-9], which have the potential to address the
issue of environmental pollution [10-12]. Among these
technologies, photocatalysis is regarded as a promising
technology to remove VOCs due to its high catalytic activity,
chemical stability, low-cost, and environmentally friendly
property [13]. Up to now, many photocatalysts have been
reported to remove VOCs, such as TiO,, SnO,, MnO,,
Bi,WO,, and so on [14-17]. However, for the time being,
the photocatalytic performance in the field of removing
VOCs by multiple reported photocatalysts cannot meet the
demand of the practice because of the low utilization in the
visible light as a result of wide band gap energy and high
photogenerated charge recombination probability of the
photocatalysts. Therefore, suitable photocatalyst should
be investigated to overcome the disadvantages to meet
the actual demand of removing VOCs.

Recently, there has been growing interest in graphitic
carbon nitrides (g-C3N4; GC), a m-conjugated semi-
conductor, which is an emerging advanced photocatalyst
in the field of hydrogen evolution via water splitting,
photocatalytic CO, reduction, photodegradation of organic
pollutants, and photodegradation of VOCs [18]. Compared
to other common photocatalysts, GC has some advantages
such as extraordinary visible light utilization efficiency
because of its moderate bandgap energy (E, = 2.7 eV),
very simple synthesis method from cheap and available
precursors, and high electronic conductivity as a result
of unique conjugated structure. Nevertheless, the wider
applications of the GC have been limited due to its high
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photogenerated charge recombination probability and low
specific surface area, which is especially crucial in the field
of photocatalytic degradation of VOCs [19].

Graphene (GR), a two-dimensional (2D) nanocarbon
material, has been recently regarded as an ideal co-cata-
lyst to enhance the photocatalytic efficiency of GC [20-23].
As a star electronic material which possesses superior
charge mobhility, it could be a platform to boost the photo-
catalytic efficiency of GC afterwards by accelerating photo-
generated charge mobility. On the other hand, the large
specific surface area of GR could also heighten the gas
adsorption ability of GC, which can improve the photo-
catalytic activity in degrading VOCs. However, the 2D GR
sheets should probably be aggregated or restacked during
the wet chemistry synthesis, which would lower the electric
conductivity [24]. To solve the above drawbacks, three-
dimensional (3D) GR gels, a 3D cross-linked porous struc-
ture GR, has become an ideal candidate choice because its
hierarchically porous structure achieved from GR sheets can
maintain structural stability and expose more active sites
from restraining the aggregation or restacking of GR sheets
[25]. Zhang et al. prepared a 3D GC-TiO,-GR aerogel compos-
ite, which possessed much higher visible light photocata-
lytic activity in the degradation of rhodamine B compared
to the bare GC and TiO, due to the 3D porous structure of
3D GR with high surface areas and more active sites [26].
Tong et al. prepared a 3D porous GC/GR oxide aerogel as
a high-efficient and visible-light responsive photocatalyst
for degrading methyl orange in polluted water [27]. Zhang
et al. synthesized 3D GR aerogel-GC metal-free heterojunc-
tions for photodegrading organic dyes, which represent a
superior efficiency [28]. Although some works have been
done in the preparation and application of GC-3D GR gels,
the research in removing VOCs using GC-3D GR gel compos-
ites have still not been reported as far as we know, which
have great potentialities. Up to now, some previous works
have been done in the preparation and application of GC-3D
GR gels, but the current research have focused on the treat-
ment of polluted water. There have been very few studies in
removing VOCs using GC-3D GR gel composites as far as we
know, which have great potentialities.

In this article, we have prepared a 3D GC-GR gel
composites through a simple hydrothermal and freeze-
drying method used as the precursor for removing gas-
eous toluene which is a model VOC. A series of 3D
GC-reduced graphite oxide (3D GC-RGO) gels have been
synthesized with various mass ratios between GC and
graphite oxide (GO). Their photocatalytic efficiency in
removing gaseous toluene was further investigated and
the best mass ratio between GC and GO was found. In
addition, the possible photocatalytic reaction mechanism
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was studied, and we hope our work could broaden the
application of GC-based nanomaterials.

2 Experimental methods

2.1 Synthesis of samples

The GC and GO were synthesized by previously reported
methods, which were calcination method and modified
Hummers’ method [29,30]. Then, the 3D GC-RGO gels
were synthesized by a hydrothermal method and fol-
lowed by freeze-drying. In detail, 100 mg GC was added
to a 50 mL of mixed solvent of ethanol and water of 1:1
volume ratio and sonicated for 3h to obtain a homoge-
neous solution. Then, 40 mg GO was added to a 20 mL of
mixed solvent of ethanol and water also of 1:1 volume
ratio and sonicated for 1 h to obtain a homogeneous solu-
tion. The GC solution and GO solution were mixed together
and stirred for 1h. Subsequently, the resulting solution
was then transferred into a 100 mL Teflon-lined autoclave,
and hydrothermally treated at 150°C for 12 h. In the hydro-
thermal process, the GO nanosheets were reduced to GR
sheets which were described as RGO and the 3D hydrogel
was formed by the co-assembly of GC nanosheets and RGO
nanosheets. Finally, the 3D GC-RGO gels were obtained
after washing with deionized water and freeze-drying. A
series of 3D GC-RGO gels was synthesized by changing the
mass ratio of GC to GO (mgc:mgo = 2, 1.5, 1, and 0.5) which
are designated as GC-RGO-2, GC-RGO-1.5, GC-RGO-1, and
GC-RGO-0.5, respectively.

2.2 Materials characterization

The X-ray diffraction (XRD) patterns were observed by D8
Advance Bruker X-ray diffractometer. The morphology of
the prepared samples was observed by FEI Verios 460
scanning electron microscope (SEM). The X-ray photoelec-
tron spectroscopy (XPS) analysis was done using Thermo
Scientific K-Alpha. The UV-vis absorption spectra were
measured by Shimadzu UV-2600.

2.3 Photocatalytic degradation of gas
toluene (C;Hg)

The photocatalytic degradation of C;Hg by the prepared
samples was measured by a quartz photoreactor with 1L
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volume. 0.5 g photocatalyst was used in the measurement
of the photocatalytic degradation. A 300 W visible light
lamp was placed on the top of the photoreactor as the light
source. The photoreactor was kept in dark for about 80 min
before the irradiation to form adsorption equilibrium. The
concentration of C;Hg in the reactor was analyzed by a gas
chromatography. The initial concentration of C;Hg was of
volume ratio of 1,000 ppm. The process schematic of the
experimental system for toluene degradation is as shown
in Figure 1.

3 Results and discussion

3.1 Material characteristics

Figure 2 shows the XRD patterns of the prepared samples.
There are two main peaks of GC at 12.9° and 27.5°, which
indicate the (100) diffraction plane that relates to in-
plane structural packing motif and (002) diffraction plane
that relates to long-range inter planar stacking of aro-
matic systems [31]. Besides, only 1 peak at about 11°
appears in the spectrum of GO pattern, which indicates
the (002) reflection of GO [32]. For all GC-RGO samples,
the peaks at 12.9° and 27.5° are clearly displayed, which
demonstrate the preservation of GC in the composites. In
addition, the peak at about 11° significantly disappeared
for all GC-RGO samples, which indicates that the oxygen-
containing functional groups of GO are reduced to RGO
during hydrothermal process [33]. Moreover, the diffraction
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Figure 2: The XRD patterns of samples.

peak for RGO (002) at around 23.8° in all GC-RGO is negli-
gible indicating that significant face-to-face stacking is
absent as a result of presence of GC [34].

Figure 3 shows the XPS spectrum of GC-RGO-1.5 as a
representative to investigate the surface chemical compo-
sition and chemical states. The survey spectrum displays
the presence of C, N, and O elements in Figure 3a. The C
1s spectrum in Figure 3b can be divided into three peaks
at 284.8, 286.3, and 288.7 eV, which are consistent with
sp? C-C bond, C-O bond, and sp? N-C=N aromatic rings
[35]. The presence of C-O bond represents the partial
reduction of GO to RGO in the hydrothermal process.
The N1s spectrum in the Figure 3c can be divided into
four peaks at 398.6, 400.5, 401.5, and 404.4 eV, which are

Gas chromatography

Magnetic stirrers

Buffer tank
Gaseous
toluene
f
~J| |\~
Air

Figure 1: The process schematic of the experimental system for toluene degradation.
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Figure 3: The XPS spectrum of GC-RGO-1.5: (a) survey, (b) C 1s, and (c) N 1s.

consistent with C-N-C, N-(C);, N-H functional group,
and the m excitation in GC [35]. These peaks confirm the
structure of GC in which heptazine heterocyclic ring units
are the basic repeating unit. To further investigate the
interaction of GC and RGO, the pure XPS spectrum of
GC is also observed as shown in Figure 4. It can be
seen that the typical peaks at C 1s and N1 s of GC-RGO-2
shift slightly compared with those of pure GC. In addi-
tion, the relative intensities of the two peaks at Cls are
obviously changed. These results demonstrate the pre-
sence of chemical interaction between the GC and RGO.
The morphological characterization of samples is
observed by SEM. Figure 5a shows the typical layered struc-
ture of pure GC. Figure 5b shows the specific 3D cross-linked
porous structure assembled with 2D GR sheets, which have
more specific surface area and active sites. Figure 5c shows
the morphology of GC-RGO-1.5 and Figure 5d shows the
partial enlarged detail of Figure 5c. It can be seen that the
typical layered GC was loaded in the interior and surface of

Intensity (a.u.)

T T T
282 284 286 288 290 292
Binding Energy (eV)

3D porous RGO. In this particular structure, the 3D RGO acts
as a supporter for GC. The results of SEM demonstrate that
the GC and 3D RGO are successfully combined by the hydro-
thermal method.

To investigate the optical properties of the samples,
the UV-Vis diffuse reflectance spectrum (DRS) spectra were
observed as shown in Figure 6. It can be seen that the
absorption edge of pure GC is around 450 nm, which is
greater than the common reported photocatalysts in the
visible region to remove VOCs such as TiO,, SnO,, and so
on. Meanwhile, a strong absorption intensity in the full
spectrum especially in visible region of all GC-RGO samples
are observed, which indicates that the 3D RGO has good
visible absorption ability. The impressive visible absorption
ability of 3D RGO is due to the internal light scattering
process in its 3D porous structure [36]. Additionally, the
absorption intensity decreases, and the absorption edge
shifts blue slightly as the amount of GC increases in the
GC-RGO samples. It can be explained as the more the
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Figure 4: The XPS spectrum of GC and GC-RGO-1.5: (a) C 1s and (b) N 1s.
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Figure 5: The SEM image of samples: (a) GC, (b) 3D RGO, and (c and d) GC-RGO-1.5.
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Figure 6: The UV-Vis DRS of samples.

mass ratio of GC to 3D RGO, the result is more likely to
pristine GC. These results indicate that the composites
of GC and 3D RGO can enhance the light absorption of
pristine GC, which could accelerate the generation of elec-
tron-hole pairs, thereby improve the photocatalytic activity
of GC.

3.2 Photocatalytic activity for gaseous
toluene

Figure 7 displays the photocatalytic activity of the pre-
pared samples for gaseous toluene. In Figure 7, the Cq
represented the initial concentration of C;Hg when pollu-
tants were added in the reactor at O min, and the C was

Light on

T
i
Darkness 1
H
H
1

0.8

044 —m—GC :
—e—RGO :
—A— GC-RGO-0.5 :
02 —¥— GC-RGO-1 :
“7 ——GC-RGO-1.5 !
—4—GC-RGO-2
00 T II T T
0 40 80 120 160 200

Time (min)

Figure 7: Removal efficiency for gaseous toluene.
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Figure 8: Nitrogen adsorption—desorption isotherms of GC and
GC-RGO-1.5.

the measured concentration of remaining toluene at dif-
ferent time in the reactor. In the dark condition (first
80 min), the numerical value of C/C, reflects the adsorp-
tion ability of the prepared samples. When the adsorption
equilibrium is reached, pure GC reflects the weakest
adsorption capacity and pure 3D RGO reflects the stron-
gest adsorption capacity because the specific surface area
of 3D RGO is big relative to GC [28]. On the other hand, the
adsorption capacity of GC-RGO samples increases with the
decrease in GC, which is also because of the above reason.
Figure 8 displays the nitrogen adsorption/desorption iso-
therms of the obtained samples. The calculated specific
surface area of GC-RGO-1.5 (55.7 cm*g ™)) is about 1.67 times
bigger than that of GC (33.5cm>g™"), which explains the
above results.

When the light is on, the concentration of C;Hg
rapidly decreases for all the prepared samples except
pure 3D RGO, because of its non-photocatalytic ability.
What is noteworthy is that there is an optimal mass ratio
of GC to RGO for photocatalytic removal efficiency of gas-
eous toluene. The GC-RGO-1.5 has the highest photocata-
lytic degradation ratio for gaseous toluene, which is about
86% in 180 min. There may be two reasons: (1) Superfluous
GC can influence the uniformity of dispersion in the 3D
RGO which leads to aggregation of GC and the increase in
the recombination of photogenerated electron-hole pairs;
(2) The specific surface area of GC-RGO samples decreases
with the decrease in RGO, which decreases the adsorption
capacity and reduces the number of active sites. In addition,
the photocatalytic degradation ratio of the prepared
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Figure 9: Photocatalytic stability in the removal of gaseous toluene
by GC-RGO-1.5.

samples was stable across the five replicates of the
experiment, as shown in Figure 9.

3.3 The photocatalytic degradation
mechanism for gaseous toluene

As is well known, the band gap can be estimated with a
linear fit to the plot of the square root of Kubelka-Munk
function against hv of the light. As shown in Figure 10a,
the band gap of GC is estimated to be 2.84 eV. Addition-
ally, the valence band (VB) of GC is estimated to be
1.74 eV from the XPS VB energy spectrum which is shown
in Figure 10b. So, the conduction band (CB) of GC is
-1.1eV (E; = VB - CB). In addition, the photolumines-
cence (PL) spectra of pure GC and GC-RGO-1.5 with
365 nm excitation wavelength are shown in Figure 11.
The PL spectrum of GC-RGO-1.5 is quenched relative to
pure GC, indicating that the recombination of the photo-
induced electron-hole was limited. This result is attrib-
uted to the improved charge transfer from GC to RGO.
Based on these results, the photocatalytic degrada-
tion mechanism for gaseous toluene is schematically illu-
strated in Figure 12. Under visible light irradiation, GC
can be excited to generate electron-hole pairs. The elec-
tron can easily transfer to the RGO due to the very fast
electrical conductivity and 3D framework of RGO, which
can reduce the recombination of photogenerated electron-
hole pairs thus promoting the photocatalytic activity.
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Figure 10: (a) Spectrum expressed as the Kubelka-Munk function and (b) the VB energy spectrum of GC.
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Figure 11: PL spectra of GC and GC-RGO-1.5.

Then, O3 is generated on the surface of RGO and CB band
of GC simultaneously by the generated electron reacting
with O,. Furthermore, the C;Hg has been degraded to CO,
and H,0 by reacting with O5.

4 Conclusion

In summary, we have successfully synthesized a series of
3D framework composites with GC and GO as precursors
by a simple hydrothermal and freeze-drying method. The
3D GC-RGO nanocomposites show good photocatalytic
degradation performance for C;Hg compared to pure GC.
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= |
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.8 1
g \ : C,Hg

1 CO,, H,0
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H*, 0,

Figure 12: The photocatalytic degradation mechanism for gaseous
toluene.

The reason for the results is due to the strong adsorption
capacity and very fast electrical conductivity of 3D RGO.
And it is worth noting that there is an optimal mass ratio of
GC to GO for photocatalytic removal efficiency of gaseous
toluene, which is 1.5 times mass ratio of GC relative to GO.
The photocatalytic degradation mechanism for gaseous
toluene have also been discussed. These findings highlight
the potential usefulness of 3D GC-RGO nanocomposites in
the field of photocatalytic removal of VOCs, which expand
the application scope of 3D GR as co-photocatalyst.
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