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Abstract

The photocatalytic efficiency of graphitic carbon nitride (g-C3Ny) for the decomposition
of aqueous rthodamine B (RhB) was investigated. To examine the combined effects of
sonication and electron beam (EB) irradiation on the photocatalytic efficiency, g-C3Ny
was sonicated in 1,3-butanediol and subsequently irradiated with EB. The photocatalytic
efficiency was improved by the low-dose EB irradiation due to the generation of structural
defects that acted as active reaction sites. Sonication before EB irradiation induced mild
exfoliation and further improved photocatalytic efficiency. Prolonged sonication enhanced
this improvement, primarily by increasing the specific surface area of g-C3Ny. The positive
effect of sonication was more remarkable for g-C3Ny irradiated with low-dose EB than
for g-C3Ny irradiated with higher-dose EB. The photocatalytic RhB decomposition rate
measured for g-C3Ny sonicated for 480 min and irradiated at 200 kGy was approximately
6.8 times higher than that measured for the untreated g-C3N4. The difference between
the sonication effects can be ascribed to the electrostatic interactions and the resultant
agglomeration of the g-C3Ny particles after EB irradiation. High-dose EB irradiation caused
electrification followed by coarsening of the particles, whereas low-dose EB irradiation
did not produce these results and led to positive effects due to the EB-induced g-C3Ny
structural alteration.
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1. Introduction

Graphitic carbon nitride (g-C3Ny, Figure 1) is a carbon nitride polymorph with a
graphite-like layered crystal structure that consists of heptazine ring (C¢H7) units linked
with N atoms. g-C3Ny behaves as a photocatalyst under visible light illumination. Its
band gap of approximately 2.7 eV corresponds to visible light wavelengths, which allows
g-C3Ny to utilize solar light efficiently. g-C3Ny can catalyze various photoinduced reac-
tions, including hydrogen formation from water, pollutant degradation, and conversion of
organic molecules [1-18]. Additionally, g-C3Njy is a metal-free photocatalyst comprising
ubiquitous elements (C and N). It can be prepared from various commercially available
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nitrogen-containing organic materials, including melamine, urea, cyanamide, and dicyan-
diamide, through thermal condensation in air. Hence, the use of the g-C3N, photocatalyst
is potentially beneficial to various industrial and environmental processes.

Figure 1. Typical structure of g-C3Njy.

A well-known shortcoming of g-C3Ny photocatalysts is their low photocatalytic re-
action efficiency due to their high electron-hole recombination rates and small specific
surface areas [2—4]. g-C3Ny4 photocatalytic reactions are induced by visible-light illumina-
tion, generating a charge-separated state via electronic excitation. The excited electrons and
holes then trigger reduction and oxidation, respectively. However, if electrons and holes
recombine rapidly through radiative and non-radiative relaxation, the reaction efficiency
is reduced. In addition, the specific surface area of g-C3Ny is generally small. Therefore,
the space on the g-C3Ny surface that contributes to the photocatalytic reactions is limited.
Consequently, improving the photocatalytic reaction efficiency is important for expanding
the range of g-C3Njy.

Electron beam (EB) irradiation is a potential method for improving the reaction effi-
ciency of g-C3Ny. Although specially designed irradiation devices and radiation protection
equipment are required to perform EB irradiation, EB irradiation can be performed without
harmful substances under an ambient atmosphere and temperature. Therefore, this method
has the potential to become an eco-friendly and energy-efficient processing technique. How-
ever, studies of the effects of EB irradiation on g-C3Ny are limited. Zhang et al. studied the
effect of EB irradiation on the photocatalytic efficiency of g-C3Ny [19]. They found that the
EB irradiation improved the photocatalytic efficiency of rhodamine B (RhB) degradation in
aqueous solutions. Loss of pyridinic N and increased tertiary N content were also observed,
suggesting that the structural alteration of the tri-s-triazine structure of g-CsNy4 through
EB irradiation resulted in altered photocatalytic efficiency. Picho-Chilldn et al. studied the
photocatalytic degradation of Direct Blue 1 using g-C3Ny irradiated with low-dose EB [20]
and found that EB irradiation increased the adsorption capacity of the dye. Moreover, the
photocatalytic dye decomposition efficiency of the EB-irradiated g-C3Njy in the presence
of HyO, was higher than that of intact g-C3Ny4. Mendes et al. investigated the structural
changes in g-C3N, during EB exposure using transmission electron microscopy [21] and
found that N species were removed by the EB. Mohapatra et al. studied the effect of EB
on the photocatalytic performance of g-C3Ny for Hy generation and Cr®* reduction [22].
They reported that N vacancies were generated through EB irradiation, which led to an
improvement in photocatalytic efficiency. We also studied the effects of EB irradiation on
the structure and reactivity of g-C3N,. We found that relatively low-dose EB irradiation
improved the photocatalytic efficiency, whereas the efficiency decreased when a higher
dose of EB was used [23]. These results indicate that the EB-induced formation of defects
through N elimination improves g-C3Ny photocatalytic efficiency. Enhancement of photo-
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catalytic performance through N defect formation has also been reported using methods
other than EB irradiation [5-7,17,18,24-26].

Another strategy for improving the photocatalytic efficiency involves exfoliation
to create C3Ny nanosheets. This exfoliation technique has been applied in numerous
studies of g-C3Ny photocatalysts. For example, nanosheet fabrication has been carried
out in some of the above-mentioned studies [6,9,10,15,18] using various methods, such as
thermal treatment in air. Liu et al. developed a novel exfoliation method that employs
Nj-assisted treatment [27] and cogrinding with sugar [28,29]. As a simpler method, the
sonication of g-C3Ny in an organic liquid can be used for exfoliation. For example, Yang
et al. examined the sonication of g-C3Ny in various solvents and found that isopropanol
and N-methyl-pyrrolidone are promising solvents for preparing stable g-C3N4 nanosheet
dispersions [30]. She et al. prepared a stable g-C3N4 nanosheet dispersion by sonication
using 1,3-butanediol as the solvent [31]. These exfoliation treatments significantly increase
the specific surface area of g-C3Ny, thereby enhancing its photocatalytic performance.
Consequently, a synergistic improvement in photocatalytic performance was expected from
the combination of sonication and EB irradiation. However, studies of these combined
effects are scarce.

Herein, the combination of sonication and EB irradiation was examined for the first
time to develop a novel technique for improving the efficiency of photocatalytic reactions
(decomposition of aqueous RhB). In this study, g-C3Ny prepared from melamine was
sonicated for various durations and then irradiated with low- or high-dose EB. The textural
and chemical characteristics of the samples were investigated to elucidate the effects
of combined irradiation/sonication. We found that the photocatalytic efficiency of g-
C3Ny was improved by sonication and subsequent EB irradiation. Prolonged sonication
had a positive effect on photocatalytic efficiency. EB irradiation further increased the
photocatalytic efficiency, particularly when a relatively low dose of EB was applied.

2. Materials and Methods
2.1. Preparation of g-C3Ny

The g-C3N4 was prepared using melamine (FUJIFILM Wako Chemicals, Osaka, Japan).
The melamine was placed in an alumina crucible and covered with an alumina lid. Sub-
sequently, the crucible was heated in air in a muffle furnace at a heating rate of 5 °C/min
and maintained at 550 °C for 2 h. A pale-yellow product was obtained. The product was
ball-milled for 24 h and sifted through a stainless-steel sieve. g-C3N4 powder with a particle
diameter between 1 mm and 180 um was collected.

2.2. Sonication and Electron Beam Irradiation

The prepared g-C3Ny (1.0 g) was added to 25 mL of 1,3-butanediol (Tokyo Chemical
Industry, Tokyo, Japan) and sonicated for 60—480 min using an ultrasonic homogenizer
(LUH150; Yamato Scientific, Tokyo, Japan) [31]. In many cases, inorganic acids such as
sulfuric acid are commonly used as a medium for ultrasonic exfoliation. However, if an
acid is used, the reaction between RhB and the residual acid may affect the colorimetric
quantification of RhB. To avoid unexpected color change, previously used 1,3-butanediol
was employed in this study. The ultrasonic frequency was set at 20 kHz. The solvent was
then vaporized at 140 °C using a thermostatic drying oven. This procedure was repeated
until a sufficient amount of g-C3Ny4 was collected for the EB irradiation.

For EB irradiation, each sample (approximately 5 g) was placed in a polyamide-
polyethylene bag (10 cm x 15 cm) before or after sonication and sealed with a household
vacuum sealer (Deeplee, Dongguan, China). The sample was packed to form a sufficiently
thin (1-2 mm thick) particle layer for EB transmission. EB irradiation was conducted at
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NHYV Corporation Co., Ltd., Kyoto, Japan. The EB dose used for irradiation was 200 or
600 kGy. The EB dose was adjusted according to the number of passages through the
irradiation device (50 kGy/pass). The irradiation was conducted at ambient temperature.
Hereafter, the samples were named based on the sonication time (“S”) and EB dose (“E”).
For example, the sample sonicated for 60 min and irradiated with 200 kGy EB is denoted
as “S60E200”.

2.3. Characterization

The crystal structures of the samples were elucidated using X-ray diffractometry (XRD,
D8 Discover, Bruker, Billerica, MA, USA) with Cu Ky X-ray. The elemental analysis and
classification of chemical bonds were performed by X-ray photoelectron spectroscopy
(XPS) (JPS-9200, JEOL, Tokyo, Japan) with Mg K X-ray. Indium foil was used to mount
the samples for the XPS experiments. Peak deconvolution of the high-resolution C 1s
and N 1s spectra was performed using the CasaXPS software ver. 2.3.26PR1.0 [32]. The
specific surface areas of the samples were determined using N, adsorption/desorption
measurements (Autosorb, Quantachrome Instruments, Boynton Beach, FL, USA). The
Brunauer—-Emmett-Teller (BET) adsorption isotherm was used to calculate the specific
surface areas [33]. The particle size distributions of the samples before and after sonication
and the subsequent EB irradiation were observed using a particle size analyzer (MT-3300
EX I, MicrotracBEL, Osaka, Japan).

2.4. Photocatalytic Decomposition of Organic Dye

The photocatalytic degradation of RhB was monitored using colorimetric RhB concen-
tration measurements. Portions of 10 mg/L aqueous RhB solution (50 mL) were taken, and
0.1 g g-C3N4 was added to each solution. The mixture was illuminated with visible light
from a Xe light source (MAX-303, Asahi Spectra, Tokyo, Japan). Visible light illumination
was performed using a quartz rod immersed in the sample mixture. The wavelength of
the light was 400-600 nm. Air bubbling was continued throughout the photocatalytic
reaction. The g-C3Ny-containing solution was sampled every 10 min, g-C3N4 was removed
from the sample by centrifugation, and the RhB concentration in the supernatant was
determined by quantitative colorimetric analysis (V-630, JASCO, Tokyo, Japan). Photocat-
alytic tests were performed three times for each catalyst to verify the reproducibility of the
experimental results.

3. Results and Discussion
3.1. Characterization of g-C3Ny

Figure 2 shows the powder XRD patterns of the untreated (SOEQ), sonicated (S60E0-
S480EQ), and irradiated (S480E200 and S480E600) samples. Two major peaks assigned to the
(100) and (002) reflections, corresponding to in-plane packing and interlayer stacking, were
observed at 12.9° and 27.4°, respectively. A comparison of these diffraction patterns shows
that sonication and subsequent EB irradiation barely affected the entire g-C3Njy crystal
structure. The main features of the diffraction pattern did not change after sonication and
EB irradiation. These results also indicate that sonication under the present treatment
conditions did not cause intensive interlayer expansion to create nanosheets with a few
layers and probably led to mild exfoliation. The crystallite size for each sample can be
estimated using the Scherrer Equation (1) where D is the crystallite size, K is the Scherrer
constant, A is the Cu K X-ray wavelength, j is the line width at half-maximum height of
the maximum intensity peak, and 6 is the diffraction angle.

KA
b= Bcosb @
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Figure 2. Powder XRD patterns of intact and sonicated g-C3N, samples. Diffraction patterns of
S480E200 and S480E600 are also shown.

In this case, K = 0.94 and A = 0.154 nm were used for calculations. By calculating
D based on the (002) peak data, the D were estimated to be approximately 6 nm for all
cases, regardless of the treatment conditions. This result indicates that the crystallite size
remained almost unchanged upon sonication and EB irradiation.

The specific surface areas of the samples as a function of sonication time are shown
in Figure 3. The specific surface tended to be small, even after sonication (approxi-
mately 10-20 m? g~!). The EB dose affected the specific surface area. Prolonged soni-
cation increased the specific surface areas of the EB(200 kGy)-irradiated samples (SOE200-
5480E200). In contrast, the specific surface areas of the EB(600 kGy)-irradiated samples
(50600-5480E600) exhibited marked fluctuations depending on sonication time. A similar
tendency was observed in our previous work [23]: the moderate structural change that
occurred through low-dose EB irradiation contributed to an increase in the surface area,
whereas excess EB irradiation led to more destructive structural changes and a resultant
decrease in the specific surface area.
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Figure 3. Specific surface area of unirradiated and EB-irradiated g-C3Ny as a function of sonica-
tion time.

The fluctuation in the specific surface area for EB irradiation at 600 kGy can be ex-
plained by the coarsening of relatively small particles caused by EB-induced electrification.
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The EB-induced electrification of materials has previously been reported [34,35]. Oxidation
by EB, which causes electron detachment from metal cations, has also been reported for
Co30y (the transformation of Co?* to Co®") [36]. Ionization is a typical initial process that
occurs via radiation. Thus, electron detachment from g-C3Ny is possible via EB irradia-
tion. If g-C3Ny is electrified by EB-induced charging, the g-C3Ny particles aggregate via
electrostatic interactions, causing coarsening. Particle coarsening was confirmed based on
the particle size distribution results (see Figure S1 in the Supplementary Materials). The
proportion of relatively small particles (0.5-1 pm) decreased upon EB irradiation, while
the cumulative distribution of medium-sized particles (20-50 um) increased. Unlike the
other samples, the cumulative distribution of the samples irradiated at 600 kGy did not
correspond to the sonication time. The particle sizes of the samples sonicated for 480 min
increased upon EB irradiation. This result is qualitatively consistent with the variation
in the specific surface area and supports the EB-induced small-particle aggregation via
electrification, as described above.

However, the impact of ionizing radiation on the physicochemical properties of g-
C3Ny remains unclear, and further investigation into the effect of irradiation is necessary.
Moreover, to further investigate the aggregation/exfoliation states of the samples, other
techniques such as scanning electron microscopy, transmission electron microscopy, atomic
force microscopy, and surface charge measurements based on the zeta potential provide
further information.

Figure 4 shows typical C 1s and N 1s high-resolution XPS spectra of the EB-irradiated
samples after sonication for 60 min. The spectra recorded for untreated samples are also
provided for comparison (see Figure S2 in the Supplementary Materials; the appearances of
the spectra are consistent with those in Figure 4). The C 1s spectra revealed that four types
of C existed in the samples [23,37]: the unexpectedly formed C-C + C=C, C-N possessing
hydrogen-containing amino groups, (N),—C=N contained in the triazine rings, and other
species, including oxidized C (the XPS survey also detected a small amount of O). Although
the peaks corresponding to defect moieties generated through EB-induced N elimination
are not specifically identified, the species exhibiting C-NH/C-NH, peaks (denoted as
“C-NH/C-NH; + defect C” in Figure 4A,C) may include also defect carbons. The N 1s
spectra consisted of three types of N atoms: pyridinic C-N=C, N-(C)3 connecting three
carbon atoms, and hydrogen-containing amino groups. Although charge-up-induced peak
shifts were observed, the typical features of the C 1s and N 1s spectra were consistent with
the previously reported results. The sample charging observed here possibly affect the
peak shape and, ultimately, the results of quantitative analysis. For example, if the charging
causes peak broadening, remarkable increase in noise may be observed, and hence the
peak areas have never been accurately determined in such cases. However, little change
in the signal /noise ratio was seen in the observed spectra despite the charging-induced
peak shift. Therefore, it can be assumed that the quantification results described below
are not seriously affected by the charging. However, evaluation of the charging effect on
the spectra is still incomplete at present, and thus further validation should be carefully
performed by utilizing the charge removal technique.

EB irradiation altered the C and N composition of the samples, as previously re-
ported [23]. The C/N ratio (in mol%/mol%) of SOE200 and SOE600 were estimated to
be 0.71 and 0.78, indicating that the degree of N elimination depends on the irradiation
dose. High-dose EB irradiation resulted in more significant N elimination. The preceded
sonication did not result in the systematic variation of the C/N ratio, but the C/N ra-
tios estimated for S60E200-S480E200 (0.67-0.80) were larger than the ratios estimated
for S60E600-S480E600 (0.83-0.89). These results indicate that the C/N ratio of sonicated
g-C3Ny exhibits a similar trend.
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Figure 4. Typical high-resolution XPS of g-C3Nj after sonication for 60 min and subsequent EB
irradiation: C 1s spectra (A,C) and N 1s spectra (B,D).

The formation of structural defects through N elimination was confirmed based on
the abundance ratio of N. Table S1 lists the abundance ratios of N determined by XPS
peak deconvolution (see Supplementary Materials). The N in C=N-C tended to decrease
with increasing EB dose. Correspondingly, the abundance ratios of N-(C)3 increases.
These results indicate that pyridinic N contained in the triazine ring is predominantly
eliminated upon EB irradiation compared to tertiary N. Previous results have also revealed
that pyridinic N is the predominant species eliminated upon EB irradiation and that N
vacancies and C defects form through N elimination [19-23]. Similar tendencies were
observed for the samples irradiated after prolonged sonication (S480E200 and S480E600).
This structural alteration could be related to the improvement in photocatalytic efficiency.

3.2. Photocatalytic RhB Decomposition Using Treated g-C3Ny

Figure 5 shows the RhB concentration as a function of illumination time under visible
light along with the experimental error range. Generally, the uptake of the adsorbate
through physical adsorption by g-C3Ny is minimal because of its small surface area. More-
over, the use of the sample with a relatively large surface area (S120E600) did not lead to a
significant decrease in the RhB concentration. Therefore, the removal of RhB was exclu-
sively caused by photocatalytic decomposition. The effects of sonication and EB irradiation
on the photocatalytic RhB decomposition rate were observed. The photocatalytic reaction
rate can be represented by the first-order rate Equation (2), where ¢ is the illumination time,
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k is the apparent first-order rate constant, and [RhB] and [RhB]j are the RhB concentrations
in solution at t and 0, respectively.

RhB] _

" [RnBJ, ~

)

The values of k are listed in Table S2, along with the coefficient of determination
(R?) (see Supplementary Materials). Comparison of the RhB decomposition rates of SOEO,
SO0E200, and SOE600 revealed that SOE200 exhibited the highest reaction rate. This difference
in the reaction rate has already been reported in an earlier study [23], in which moderate
structural modification with low-dose EB irradiation improved the photocatalytic reaction
efficiency. The preceding sonication altered the reaction rate depending on sonication time.
Sonication for up to 120 min had a relatively minor effect on the photocatalytic efficiency,
but prolonged sonication markedly accelerated the photocatalytic RhB decomposition.
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Figure 5. Variation of RhB concentration measured using unirradiated g-C3Ny (A) and EB-irradiated
g-C3Ny (B,C) as a function of illumination time. The error bars indicate minimum and maximum
experimental values.

By comparing S480E0, S480E200, and S480E600, the influence of EB irradiation on
the reaction efficiency was evident. S480E200 exhibited the highest reaction efficiency,
indicating that low-dose EB irradiation effectively improves the photocatalytic reaction
efficiency of sonicated g-C3Ny. The rate constant measured for S480E200 was approximately
6.8 times that of untreated g-C3Ny4 (SOEOQ). In contrast, the reaction efficiency of S480E600
was similar to that of S480EQ despite its larger specific surface area (Figure 3). Notably,
although S120E600 had the highest specific surface area among the samples examined, it
exhibited a relatively low reaction efficiency. This suggests that the combined effect of
EB-induced structural changes and surface area alteration through sonication dominated
reaction efficiency. The structural and textural changes induced by low-dose EB irradiation
had positive effects. However, the positive effect of EB irradiation at a higher dose (600 kGy)
was limited. Under these conditions, electrostatic particle coarsening and EB-induced
destructive structural alteration influenced the reaction efficiency.

4. Conclusions

In this study, the combined effect of EB irradiation and sonication on the photocat-
alytic efficiency of g-C3Ny4 was investigated. Prolonged sonication prior to EB irradiation
improved the g-C3Ny reaction efficiency. The effect of subsequent EB irradiation on the
photocatalytic efficiency depended on the EB dose and is summarized as follows:
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e Low-dose EB irradiation further improves the reaction efficiency of sonicated g-C3Ny,
as it does that of g-C3Ny that is not sonicated.

e Higher-dose EB irradiation did not markedly increase the reaction efficiency compared
to that of unirradiated g-C3Ny despite its larger specific surface area.

Therefore, the photocatalytic efficiency can be determined based on the complex
counterbalance between EB- and ultrasonic-induced textural and structural alterations.
Sonication and high-dose EB irradiation likely caused opposite changes in textural features,
that is moderate particle refining and electrostatic coarsening and led to variations in
the specific surface area. Additionally, as previously reported, high-dose EB irradiation
results in destructive structural alterations through N elimination, thereby decreasing
photocatalytic efficiency.

Currently, radiation-chemical processes of g-C3Ny have not been thoroughly eluci-
dated. The primary reaction induced by ionizing radiation is electron detachment, forming
positively charged species. This EB-induced electrostatic attraction between particles, fol-
lowed by particle coarsening, explains the change in the specific surface area. However, the
processes related to the radiation-chemical structural alteration of g-C3Ny4 remain unclear.
To clarify the effects of irradiation on the textural properties of g-C3Ny, further studies on
this radiation-chemical process are needed. The subjects on the radiation-chemical process
to be elucidated include the accurate quantification of C and N with different chemical
bonding states based on XPS as referred above.

Additionally, the practical characteristics such as reusability and long-term stability
were not examined in this study. While these characteristics have been investigated in
previous works (e.g., ref. [38]), we focused specifically on the effects of sonication and EB
irradiation on photocatalytic efficiency. These practical evaluations, though crucial for
industrial and environmental applications, remain subjects for future work.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/c11040091/s1. Figure S1. Cumulative particle size distributions
of g-C3Ny: intact, unirradiated (A) and EB-irradiated (B,C). Figure S2. High-resolution C 1s (A)
and N 1s (B) spectra of intact g-C3Ny. Table S1. Abundance ratio of N of the samples (in atomic%).
Table S2. Apparent first-order rate constants for the photocatalytic RhB decomposition (in min~1)
and coefficients of determination.
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