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Abstract: Graphitic carbon nitride (g-C;Ny4) is a new type of semiconductor
material with highly physicochemical stability. In this paper, carbon
microsphere anchored g-C;N, composites were prepared by blending g-CsNy
with polyvinyl alcohol at high temperature. The structure and morphology of
the composites were characterised by X-ray diffraction, infrared spectroscopy,
ultraviolet spectroscopy, scanning electron microscopy, and so on. Their
properties were tested by electrochemical and photocatalytic experiments. The
results show that carbon microspheres can be loaded on the surface of g-CsN,
without changing the basic structure of g-CsN, with a proper ration between
polyvinyl alcohol and g-C3N,;. Compared with the pure g-C;N,, the
photocurrent after modification is increased by 1000 times and the
photocatalytic degradation rate is increased by 2.8 times.
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1 Introduction

In recent years, with the rapid development of industrial civilisation, water pollution has
gradually threatened human normal production activities (Liu et al., 2016). The
traditional treatment methods for water pollution have the disadvantages of energy-
extensive consumption, time-consuming, inefficiency. So it is difficult to use on a large
scale (Chen et al., 2013). Photocatalysis has gradually come into people’s attention due to
its economical and effective characteristics. Conventional photocatalysts, such as TiO,
(Nalid et al., 2017), ZnO (Adnan et al., 2016), ZnS (Han et al., 2017), have low solar
utilisation, and are easily corroded to lose photocatalytic activity. Graphitic carbon nitride
(g-C3Ny) with a graphite-like structure, is a metal-free, novel semiconductor
photocatalyst with highly response in the visible region (Wang et al., 2009). With the
property of excellent electronic band structure and highly physicochemical stability, it
have been used in air purification (Takeuchi, 2013; Chen et al., 2019), energy (Zhang et
al., 2018; Zhao et al., 2017) and other fields. However, the conventional graphitic carbon
nitride (g-C;Ny4) has poor catalytic performance due to poor carrier transport, low reaction
site density, and high recombination of electron-hole pairs. In order to compensate for
these defects, the catalytic properties are often improved by physical or chemical
modification, such as morphology designing (Cui et al., 2018; Ma et al., 2018), element
doping (Li et al., 2018; Ran et al., 2015), surface modification (Chan and Yu, 2018), and
so on. However, metal or non-metal doping may cause secondary pollution to affect the
large-scale use due to the falling off of the dopant. Carbon-based material has structural
stability, excellent electrical conductivity and non-biotoxic properties, providing a new
way to modify g-C;Ny,. It has been reported that carbon fibre (Ma et al., 2017) and carbon
nanotubes (Bai et al., 2018; Xu et al., 2013) can not only increase the absorption of
visible light, but also reduce electron-hole recombination, thereby improving
photocatalytic performance. However, carbon fibre and carbon nanotubes are difficult to
be applied on a large scale due to their complicated preparation procedures and high cost.
As an important part of carbon materials, carbon microspheres was widely used due to it
can be used as electron transport channels and can be prepared by calcined after simple
hydrothermal (Chen et al., 2018; Ding et al., 2018; Zou et al., 2017). Polyvinyl alcohol is
a non-toxic and low-cost polymer that can be used as a carbon source by calcination
(Fang et al., 2013).

In this paper, carbon microsphere anchored g-C;N, was prepared by calcining after
blending polyvinyl alcohol and graphitic carbon nitride (g-C;N,). The effect of the ration
between polyvinyl alcohol and g-C3N, on the structural properties of the C/g-C;N, was
explored.

2 Experimental

2.1 Materials and equipment

Dicyandiamide, methylene blue and polyvinyl alcohol were purchased from Shanghai
Jingchun Biochemical Technology Company. XRD measurements were performed using
a Philips Shimadzu International’s 6000 X-ray diffractometer with Cu radiation from 5 to
60 (20) at room temperature in reflection mode. The microstructure of C/g-C;N,4
composites was studied by scanning electron microscopy (SEM, S-3000N). C/g-C;Ny
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composites were measured by infrared spectroscopy (FT-IR, NICOLET380) in the rage
of 500 cm™ to 4000 cm™ with transmission mode. The light absorption of different
wavelengths of C/g-C;N; composites was studied by ultraviolet-visible
spectrophotometer (UV-2600); The electrical properties of C/g-C3N4 composite
electrodes were studied by CHI660E electrochemical system (Shanghai Chenhua
Instrument Company). Analysis of C/g-C;N4 composites using a thermogravimetric
testing under nitrogen protection and high temperature difference analyser (SDT2960)

2.2 Preparation of the samples

2.2.1 Preparation of sample 1 (g-C3N.,)

According to our precious research (Yu et al., 2014), 6 g of dicyandiamide were placed in
porcelain boat, and then heated to 550°C for 4 h in N, at a heating rate of 2.5°C/min.
After the thermal treatment, the porcelain boat was cooled down to room temperature.
The yellow sample was collected and milled into powder. Therefore, the pure g-C;N4 was
obtained and was named CN.

2.2.2 Preparation of sample 2 (carbon/g-C;N, composite)

3 g of polyvinyl alcohol was dissolved in 100 mL of deionised water at 95°C. 0.4 g of
CN was placed in 10 mL of deionised water, and was sonicated for 30 min. A certain
amount of the configured polyvinyl alcohol solution was added to the CN solution. The
mixture was stirred and sonicated for 30 min. Then it was dried at 120°C for 12 h. The
dried sample were placed in porcelain boat, and then heated to 550°C for 1.5 h in N, at a
heating rate of 5°C/min. After cooling down to room temperature, the sample was
collected and milled into powder. The obtained products with different the configured
polyvinyl alcohol solution weight of 10 mL, 0.25 mL, 0.2 mL and 0.14 mL were denoted
as CN-10, CN-0.25, CN-0.2, CN-0.14, respectively.

3 Results and discussion

3.1 Scanning electron microscopy (SEM) analysis

Figure 1 is a SEM image of graphitic carbon nitride (g-C;N4) and graphitic carbon nitride
(g-CsNy) after carbonised with different amounts of polyvinyl alcohol. The strategic
choice of PVA is lower thermal-decomposition temperature. It can be clearly found that
the pure graphitic carbon nitride (g-C;N4) is an aggregate of surface rough layered
materials (Figure 1(a)). After carbonised by the addition of polyvinyl alcohol, there was a
significant change in the surface of all the catalysts. When the amount of polyvinyl
alcohol added is relatively large or small, only the surface of the sample becomes flatter
(Figure 1(b)) or a similar hemispherical protrusion is formed on the surface of the sample
sheet (Figure 1(d)). When the amount of polyvinyl alcohol is 0.2 mL, microspheres
having similar shapes and sizes can be formed on the surface of the sheet (Figure 1(c)).
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Figure 1 SEM images of: (a) CN; (b) CN-10; (c) CN-0.2 and (d) CN-0.14

1l
o i

3.2 XRD analysis

The crystal structures of CN, CN-0.14, CN-0.2, CN-0.25 and CN-10 were tested by
XRD, and the results are shown in Figure 2. Two typical diffraction peaks at 13.1° and
27.3° were found at the spectra of CN, CN-0.14, CN-0.2 and CN-0.25. The peak at 13.1°
corresponds to (100) plane, related to the in-plane structure of tri-s-triazine unites. The
peak at 27.3° is indexed to the graphitic carbon nitride (g-C;Ny4) (002) crystal plane which
attributed to the conjugated aromatic structure of the interlayer stack (Thomas et al.,
2008). It can be seen that the main diffraction peak of the graphitic carbon nitride
(g-CsN4) modified by a small amount of polyvinyl alcohol carbonisation has not be
changed, indicating that the basic crystal structure of the graphitic carbon nitride
(g-C5Ny) remains unchanged. Among them, the decrease of the peak intensity at 13.1°
and 27.3° in the spectrum of CN-0.14 and CN-0.25 indicates that the crystallinity
decreases. It is due to the partial graphitic carbon nitride (g-C3N4) when the carbonisation
temperature is raised to 550°C has been decomposed (Cui et al., 2015). CN-0.2 has the
highest and the sharpest diffraction peak at 13.1° and 27.3°. The possible reason is that
when the temperature increased, part of the graphite carbon nitride decomposed to form
‘melon’ unit. In the cooling process, since the carbon spheres are similar in structure to
the graphitic carbon nitride. And there is an n-n interaction between the carbon spheres
and the graphitic carbon nitride. A part of the ‘melon’ unit grows along the surface of the
carbon microspheres, thereby improving its crystallinity (Ma et al., 2017). The spectrum
of CN-10 only shows a diffraction peak at 25.4°, which is a typical graphitic carbon (002)
crystal plane (Shao et al., 2018). Excessive amount of polyvinyl alcohol were carbonised.
And graphitic carbon nitride (g-C;N4) sheets were wrapped by the large amount of
carbon, which is consistent with the observation of SEM.
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Figure 2 (a) XRD patterns of CN, CN-0.14, CN-0.2, CN-0.25 and CN-10 composites (see online
version for colours)
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3.3 TG analysis

Figure 3 shows the TG diagram of CN, CN-0.14, and CN-10. It can be clearly found that
CN-0.14 and CN-10 remain undecomposed carbon when the temperature reaches 800°C
compared to CN. Moreover, as the amount of polyvinyl alcohol increased, the carbon
content in the catalyst increased significantly, which is consistent with the SEM
observation.

Figure 3 The TG of CN, CN-0.14 and CN-10 composites (see online version for colours)
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3.4 FT-IR analysis

Figure 4 shows the infrared spectrum of CN, CN-0.14, CN-0.2, CN-0.25 and CN-10. It
can be seen from the figure that only the absorption peak of graphitic carbon nitride



Carbon microsphere anchored g-C;N, for enhanced photocatalytic properties 31

(g-C;Ny) exists, indicating that the catalyst does not contain other impurities and the
doping of carbon does not change the basic structure of graphitic carbon nitride (g-C;Ny).
The broad absorption peak at 3000-3700 cm ™' may be the OH stretching vibration of the
catalyst surface adsorbing moisture or related to N-H in the aromatic group of g-C;Ny
(Yin et al., 2018). The continuous absorption peak in the middle of 1200—1700 cm™" is
the stretching vibration corresponding to C-N and C=N, and the bending vibration
absorption peak of the triazine ring structure is located at 810 cm™' (Wang et al., 2018).
By comparing the infrared spectra of CN-0.14, CN-0.2, CN-0.25, CN-10 and CN-10, it
can be seen that the absorption peak intensity of the infrared spectra of CN-0.14, CN-0.2,
CN —0.25 and CN-10 decreased at 1700-1200 cm ', due to the decomposition of part of
the graphitic carbon nitride (g-C;N,). With the addition of polyvinyl alcohol too much,
the absorption peak of CN-10 at 810 cm™' disappears. It is indicated that too much carbon
will coat the graphitic carbon nitride (g-C;N,) sheet, which is consistent with the previous
analysis. Therefore, it can be inferred that a carbon/graphitic carbon nitride (g-C;Ny)
composite material has been successfully prepared.

Figure 4 FT-IR spectra of CN, CN-0.14, CN-0.2, CN-0.25 and CN-10 composites (see online
version for colours)
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3.5 BET analysis

Figure 5 shows the BET diagram of CN and CN-0.2. The modified graphitic carbon
nitride carbon (g-C;N,) can be clearly seen from the figure, and its specific surface area is
obviously increased. The specific surface area of CN-0.2 increased from 4.61 m?/g of the
pure graphitic carbon nitride carbon (g-C5N,) to 74.61 m?/g, which increased by nearly
18 times.

3.6 UV-Vis spectra analysis

Figure 6 shows the UV-vis spectra of CN, CN-0.14, CN-0.2 and CN-10. It can be seen
from the figure that the absorption intensity in the visible region of the modified graphitic
carbon nitride (g-C;N4) has enhanced relative to graphitic carbon nitride (g-C;Ny).
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Among them, CN-0.2 still has higher absorption intensity at A = 800 nm, which may due
to increase the specific surface area and increase the absorption of visible light by the
formation of carbon microspheres on the surface by calcination (Wang et al., 2018). The
absorption curve of CN-10 in the figure is significantly different from others because the
graphitic carbon nitride (g-C;N,) sheets were wrapped by excessive carbon, which affects
the absorption of light by graphitic carbon nitride (g-C;Ny). This is consistent with the
analysis of XRD and SEM.

Figure 5 The BET of CN and CN-0.2 composites
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Figure 6 UV-vis diffuse reflectance adsorption spectra of CN, CN-0.14, CN-0.2, CN-0.25 and
CN-10 composites (see online version for colours)
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3.7 Electrical performance analysis

Determination of charge transfer resistance of CN and CN-0.2 by electrochemical
impedance spectroscopy (EIS). The radius of the circular arc reflected the resistance of
the interfacial charge and separation efficiency of the electron—hole pairs, a smaller arc
radius of the EIS nyquist plot reflects a higher efficient charge transfer occurring at the
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interface. From Figure 7(a)., it can be seen that the semicircle radius of the CN-0.2 curve
is smaller than that of CN, indicating that CN-0.2 has superior conductivity. On the one
hand, the carbon sphere increases the crystallinity of CN-0.2, and reduces the hydrogen
bond formed by the covalent bond at the defect, thereby reducing the additional influence
on the excitation carrier (Ou et al., 2017). On the other hand, the carbon microsphere can
be used as the interlayer electron passing the bridge, which is beneficial to stimulate the
electron transfer to enhance the conductivity (Li et al., 2016). The excitation and
transmission efficiency of photogenerated electron-hole under visible light irradiation are
further measured by using transient current response. From Figure 7(b), it can be clearly
found that the excitation current of CN-0.2 under visible light irradiation is about 1000
times that of CN. Therefore, it can be determined that the carbon microsphere anchored
g-C3N, composite prepared by carbonisation of polyvinyl alcohol and graphitic carbon
nitride carbon (g-C;N4) can effectively improve the photoelectric response of carbon
nitride. This is due to the increased specific surface area of CN-0.2 and the enhanced
absorption of light, which can excite more electrons and holes and provide more reactive
sites for photocatalysis.

Figure 7 (a) Transient photocurrent response under visible light irradiation; (b) electrochemical
impedance spectroscopy (EIS) nyquist plots of CN and CN-0.2 composites (see online
version for colours)
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3.8 Evaluation of the photocatalytic activity of the samples

Figure 8 is a photocatalytic diagram of CN, CN-0.14, CN-0.2, CN-0.25 and CN-10.
Photocatalytic performance of composite materials as photocatalysts for degradation of
methylene blue. According to InCy/C = kt, the degradation rate constant of the prepared
sample can be calculated (Table 1). It can be found that the degradation rate of CN-10 is
less than that of CN, indicating that the photocatalytic performance was reduced by
carbon encasing carbon nitride sheet. Among them, the CN-0.2 degradation rate constant
is 2.8 times higher than that of CN. This is attributed to the increase of crystallinity, the
reduction of structural defects, the higher absorption of visible light (Chan and Yu, 2018),
and the excellent electron transport channels, etc. (Liu et al., 2017), which accelerate the
degradation of methylene blue solution.
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Figure 8 Comparison of the photocatalytic efficiency of CN, CN-0.14, CN-0.2, CN-0.25 and
CN-10 composites under visible light irradiation (see online version for colours)
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Table 1 Degradation rate of different catalysts

Catalyst 60 min degradation rate (%) Degradation rate constant k (min™")
CN 64.65 0.0173
CN-0.14 91.91 0.0419
CN-0.2 94.32 0.0478
CN-0.25 88.75 0.0364
CN-10 32.76 0.00616

4 Conclusion

The carbon/graphitic carbon nitride (g-C3N4) composite was successfully prepared by
polyvinyl alcohol solution with graphitic carbon nitride (g-C;N,) being combined and
calcined at high temperature (550°C). The addition of polyvinyl alcohol has great
influence on the microstructure and properties of composites. When the addition amount
of polyvinyl alcohol is 0.2 mL, carbon microspheres can be formed on the surface of the
graphitic carbon nitride (g-CsN,) sheet, which is favourable for the crystallisation of
graphitic carbon nitride (g-C;Ny4). The specific surface area and the absorption range of
visible light are increased, so that the photocatalytic performance and the electrochemical
performance can be effectively improved.
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