
Ultrasonics Sonochemistry 90 (2022) 106179

Available online 26 September 2022
1350-4177/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Facile preparation of graphene nitride by irradiating MHz ultrasound 

Susumu Nii a,*, Hiroki Ueda a, Masami Aono b, Kei Mizuta a, Takashi Goshima a 

a Dept. Chemical Engineering, Graduate School of Science and Engineering, Kagoshima University, 1-21-40 Korimoto, Kagoshima 890-0065, Japan 
b Dept. Electrical and Electronics Engineering, Graduate School of Science and Engineering, Kagoshima University, 1-21-40 Korimoto, Kagoshima 890-0065, Japan   

A R T I C L E  I N F O   

Keywords: 
Ultrasonic 
Graphene 
Graphene nitride 
High frequency 

A B S T R A C T   

The present study aimed at developing a simple sonochemical method to prepare graphene nitride from the 
mixture of graphite and aqueous ammonia solution. Ultrasound of 1.6 MHz was irradiated to the sample in a 
fabricated sonoreactor at predetermined ultrasonic power and duration. The one-pot method succeeded in the 
preparation of graphene nitride. The generation was proven by XPS analysis in finding N1S peak in the spectrum. 
Detail analysis of N1s peak suggested that the major nitrogen species was pyrrolic type. Furthermore, the 
presence of CO bond proved the oxidation by OH radical. The reaction product had the value of N/C as high as 
0.08, which is comparable to reported values for ultrasonic preparation of graphene nitride. The fact indicates 
that the significance of chemical effects of MHz range ultrasound, and the finding of the simple preparation 
method will accelerate practical application of graphene nitride.   

1. Introduction 

Graphene nitride attracts keen attention because of the potential 
applicability for catalysts [1–5] and semiconductors. Introducing ni
trogen to graphite structure enables to control the bandgap [6] and also 
to change the electrical properties for semiconductors [7,8]. The two- 
dimensional structure is useful in the preparation of supercapacitors 
and also for photocatalyst in replacing TiO2 [9,10]. Both increasing ni
trogen content and controlling the composition of the type of nitride 
species alter the level of catalysis and capacitance. There are three types 
in graphene nitride, pyridinic, pyrrolic and graphitic. Guo [1] reported 
that graphitic nitrogen enhances electron transfer due to the neighbor 
carbon with Lewis base. The property improved the catalytic activity of 
electrode. A high content of pyrrolic nitrogen brought about a high 
capacitance for the efficient production of supercapacitors [11,12]. 

Because of the advantage, introduction of nitrogen to graphite 
structure, creation of the bond between C and N was extensively carried 
out both physically and chemically. The use of laser beam helps to 
introduce nitrogen at targeted position such as on the edges or in the 
specific part of the plane [13]. Plasma [11,14,15] or CVD [16] in ni
trogen atmosphere was also applied to prepare graphene nitride. Most 
chemical methods use precursor of graphene oxide, GO. The preparation 
of GO requires a lot of operation steps and harsh chemicals. Further 
treatment of ultrasonication, hydrothermal treatment or heat annealing 
was carried out for nitridation [17]. Because of the simplicity in 

handling the feedstock and the product, chemical methods are poten
tially suitable for scaling-up of the production. Therefore, it is worth to 
explore an innovative chemical method for producing graphene nitride. 

In a recent paper, Ida [17] reported that ultrasonication to GO in 
aqueous ammonia solution succeeded in the preparation of graphene 
nitride. The ultrasonic condition was 40 kHz, indirect irradiation, 200 W 
and 2 h. They proposed a mechanism for the nitridation of both OH 
radicals and ammonia radicals are playing their roles simultaneously. 
Their report stimulated us to explore the one-pot preparation method for 
graphene nitride with irradiating ultrasound. Instead of using GO, 
graphite is applied as a starting material. Ultrasound potentially en
hances both oxidation and nitridation simultaneously. 

In most of past works on ultrasonic application to prepare carbon 
materials, low frequency ultrasound such as 20 to 40 kHz was employed 
[17–20]. This is probably because of the expectation of exfoliation of 
graphite to prepare graphene and also the availability of the irradiation 
apparatus. Recently physical effects of MHz ultrasound were reported in 
the preparation of nanoemulsions [21,22] as well as the destructing 
microcapsules [23]. These physical effects come from both cavitation 
and high shear rate. The authors have a special interest on the appli
cation of MHz ultrasound to fields of chemical engineering such as ul
trasonic atomization [24–34], emulsion splitting [35] and 
sonocrystallization [36]. Although there has been a recognition of less 
significant chemical effect for MHz-range ultrasound, generation of OH 
radicals are now frequently reported under irradiation of MHz 
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ultrasound [37–39]. Therefore, we expected the oxidation as well as the 
nitridation of graphite in the irradiation of MHz ultrasound. Further
more, size of cavitation bubbles is much smaller than those under the 
irradiation of kHz ultrasound. Brotchie [40] reported that the resonance 
bubble diameter is approximately-one micrometer at 1 MHz. Those 
small bubbles are easy to access to finer spacings of solid materials to 
give physical and chemical effects of cavitation. 

The objective of the present study is to develop the simple prepara
tion method of graphene nitride by irradiating 1.6 MHz ultrasound. To 
pursue one-pot preparation, we choose the mixture of graphite and 
aqueous ammonia solution as the starting material. In a batch-type 
sonochemical reactor developed for the present study, the samples 
were treated with various irradiation time and ultrasonic power. The 
reaction product was analyzed with XPS for characterization. 

2. Experimental 

Reagent grade of graphite, potassium iodide, luminol, sodium car
bonate and 10 % aqueous ammonia solution (FUJIFILM Wako Pure 
Chemical Co.) were used. Deionized waster was used to prepare KI and 
luminol solution. The batch-type sonochemical reactor was designed 
and fabricated for the present study. The main body of the reactor was a 
tube of stainless steel of I.D. 19 mm, which was equipped with two 
narrow branch tubes for setting liquid temperature sensor. On the bot
tom of the reactor, ultrasonic transducer of 1.64 MHz (HM-1630, Honda 
Electrics Co.) whose diameter was 18 mm was set on a thin stainless steel 
plate. The transducer was driven with the predetermined amplitude of 
voltage peak to peak from 0.1 to 0.5. K-type thermocouple was set inside 
each narrow tube to monitor the temperature of the liquid in the reactor. 
Prior to the ultrasonication to the samples, calorimetry was carried out 
using water to determine the ultrasonic power at the setting irradiation 
condition. A different glass reactor was used to observe sonochemical 
luminescence with using aqueous luminol solution of 5 % and Na2CO3. 
Pictures were taken to evaluate qualitatively for the generation of OH 
radicals. To quantify OH radical generation, KI oxidation was conducted 
with using 0.1 M aqueous KI solution. For safety reason, the highest 
working temperature in the sonochemical reactor was set at 343 K. Thus, 
all the experiment was conducted in the temperature range from 293 to 
343 K. Twenty-five mL aqueous ammonia solution was poured into the 
reactor and 0.03 g of graphite was put into the solution. Ultrasound of 
1.64 MHz was irradiated to the mixture at predetermined duration and 
ultrasonic power. The reaction product was transferred to a glass vial for 
observation and storage. Since ultrasonication helps to break down or to 
exfoliate graphite into fine particles, samples show different turbidity 
depending on the condition. Thus, sedimentation test was conducted to 
compare the physical effect of ultrasound on graphite. 

For characterization, X-ray photo electron spectroscopy (XPS; Shi
madzu AXIS-ULTRA DLD). The sample was prepared by dropping the 
samples on the glass substrate. Samples were analyzed after drying the 
substrates with samples at ambient atmosphere. The atomic concen
tration was determined from the area ratio of N1s spectra to C1s spectra 
and O1s spectra. 

3. Results and discussion 

3.1. OH radical generation in the sonoreactor 

Fig. 1 shows the sonochemicl luminescence observed under the 
irradiation of 1.6 MHz and 15 W of ultrasonic power. Appeared was an 
inclined column of bright blue to white colored. The inclination was due 
to the angled setting of the transducer. In the right end side, white part 
shows the reflection at the sound on the top liquid surface. The lumi
nescence clearly shows the occurrence of OH radicals in the sonoreactor. 
At a similar frequency of 1.1 MHz, Kauer et al., also reported SCL near a 
solid wall[41]. Our finding of the presence of bright-column zone is an 
important fact to stress because the generation of OH radical assures the 

validity of our attempt of applying 1.6 MHz ultrasound for the devel
opment of a sonoreactor. 

Result of calorimetry was shown in Fig. 2. The working amplitude of 
the electric signal, voltage peak to peak was varied from 0.1 to 0.5. 
Calorimetry was conducted using deionized water. The ultrasonic power 
was calculated on the basis of the slope of temperature change with 
time, and the values were plotted in Fig. 2 against volt peak to peak. The 
plot gives us the energy input to the sample mixture. 

Fig. 3 shows the generation rate of triiodide ion from aqueous KI 
solution. Since the amount of triiodide ion corresponded to the amount 
of OH radical, the generation rate is regarded to as that of OH radical. It 
linearly increased with increasing ultrasonic power. Therefore, it was 
proven that the developed reactor produces considerable amount of OH 
radicals at the present irradiation condition. The result provides a solid 
base for our extraordinary idea of a sonoreactor working under MHz 
ultrasound. 

3.2. Sedimentation test 

Fig. 4 represents the result of sedimentation test of samples applied 
at three different irradiation conditions. Details of the conditions are 
given in the figure caption. Before taking pictures, samples in vials were 

Fig. 1. Sonochemiluminescence under 1.6 MHz and 15 W in reactor.  

Fig. 2. Ultrasonic power against voltage amplitude (voltage peak to peak).  
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shaken vigorously by hand for a minute and stood still. To ensure the 
reproducibility of the test, the sedimentation experiment was repeated 
more than three times. Little difference in the change of turbidity with 
time was observed with naked eye. Pictures were taken at 0 and 150 min 
to observe the dispersion state of fine particles in liquid. The lowest 
ultrasonic power of 7.7 W and 30 min irradiation resulted in quick 
sedimentation of particles. Number 2, ultrasonic power of 14 W and 30 
min irradiation yielded the darkest dispersion among the three samples. 
The result suggests the physical effect of MHz frequency is effectively 
working and it enhances breaking down of graphite particles. Interest
ingly, the color in the liquid for the sample No. 3 was clearer than that of 
No. 2. The fact suggested that the higher ultrasonic power works more 
effective in breaking down of graphite particles than longer time irra
diation. It should be noted that the trend is limited to the observable size 
of particle with naked eye. For smaller scale particles unobservable with 
naked eye, further characterization is required. 

3.3. XPS analysis 

Fig. 5 shows XPS spectra of the sample obtained on the condition of 
ultrasonic power of 10 W and irradiation time for 15 min. Significantly, 
N1s peak, which is the evidence of carbon nitride, appeared in the range 
of 397 to 401 eV. Significantly, the fact proved irradiation of 1.6 MHz 
ultrasound works effectively to nitridation of graphite with the simple 
preparation condition of mixing graphite and ammonia solution. It is 

worth to describe our preliminary experimental result of irradiating 40 
kHz ultrasound to the mixture of graphite and 10 wt% ammonia solution 
in a vial. Indirect ultrasonic irradiation was conducted with a bath-type 
sonicator at input power of 70 W for different irradiation time ranging 
from 30 to 120 min. XPS analysis of the samples showed negligibly small 
peaks in the range of 397 to 401 eV. Therefore, the appearance of N1s 
peak is specifically due to the irradiation of 1.6 MHz ultrasound. 
Expanded spectrum of N1 peak was shown in Fig. 6. Since the main peak 
is close to pyrrolic N which was assigned to 399.7 eV, the major nitrogen 
species is pyrrolic type. Interestingly, the result accorded to the report 
by Ida et al., where they used GO as a starting material and 40 kHz 

Fig. 3. I3− generation rate against ultrasonic power.  

Fig. 4. Progress of sedimentation with time from (a) to (b) for samples prepared at different ultrasonic conditions, No.1: 7.7 W, 30 min., No.2: 14 W, 30 min, No.3: 
7.7 W, 120 min. 

Fig. 5. XPS spectra of graphene nitride.  

Fig. 6. Expanded spectrum of N1s peak.  
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ultrasound. There can be a similar working mechanism for MHz ultra
sound in fabricating graphene nitride. 

Fig. 7 shows convolution results of C1s peak. For nitrogen peaks, 
sp2C-N and sp3C-N were observed, which are fingerprints of N-doping. 
Also, the presence of C––O peak suggests that the oxidation with OH 
radical. 

A special care should be taken in the interpretation of O1s peak as a 
result of oxidation. The use of glass substrate for XPS analysis resulted in 
the inclusion of the effect of SiO2 to the observed O1s peak signal. 
Therefore, it should be removed to evaluate the progress of oxidation. As 
was presented in Fig. 8, effect of CO bond was obtained from the peak 
convolution. The quantitative evaluation of oxygen introduction resul
ted in the elemental percent of 6. 46. 

According to the peak analysis of XPS spectrum, elemental ratio was 
calculated and tabulated in Table 1. Significantly, the percentage of 
nitrogen reached 3.69 which is higher than 3.46, the reported values of 
Tao et al. for the irradiation of 40 kHz to the mixture of GO and aqueous 
ammonia solution at 5 degree C [5]. 

3.4. Comparison of N/C values at different irradiation conditions 

Experiments of graphite nitridation were performed on the condi
tions of various ultrasonic power and duration to explore a better con
dition for higher N/C values. Ultrasonic power was changed from 2.2 to 
16 W and irradiation time was set at 15, 30, 60 and 90 min. Several 
combinations of ultrasonic power and duration of the irradiation were 
examined and results of N/C values were plotted in Fig. 9. On the hor
izontal axis, taken was the calculated amount of I3− to be generated at the 
setting condition. The amount was given by multiplying I3− generation 
rate presented in Fig. 3 at applied ultrasonic power and duration of 
irradiation. It corresponds to the amount of OH radical generated. N/C 
values increased with increasing the amount of I3-. The highest value of 
N/C was 0.080 at 16 W, which is the highest ultrasonic power in a 
relatively short period of time of 30 min. At slightly lower ultrasonic 
power of 8.9 W, a similar N/C value was obtained in a longer irradiation 
time of 60 min. Extension of irradiation time to 90 min at 9.0 W of ul
trasonic power resulted in a lower N/C value than the highest one. This 
result suggested that too long ultrasound irradiation was less effective to 
increase N/C value, which might be caused by partial degradation of 
carbon nitride. Due to the influence of irradiation time on nitridation, N/ 
C values are obviously affected by multiple parameters of ultrasonic 
power and irradiation time. Therefore, horizontal axis of Fig. 9 was 
taken with values corresponding to the multiplication of ultrasonic 
power and time. 

4. Conclusion 

The present study proved that application of MHz ultrasound suc
cessfully works to prepare graphene nitride by irradiating the ultra
sound to the mixture of graphite and 10 % ammonia solution. The XPS 
analysis reveals N1s peak which is evidence for the substitution of car
bon atom with nitrogen atom in graphite plane. Detail analysis of N1s 
peak suggests that pyrrolic-N was the dominant nitrogen species. Sig
nificance of the present study is twofold. One is a development of a 
sonoreactor driven with MHz ultrasound. It produced enough amount of 
OH radical for the preparation of graphene nitride. The amount of OH 
radical was quantified with KI oxidation. The other is to find a simple 
route in the preparation of graphene nitride without using graphene 
oxide as a precursor. The reaction product had the value of N/C as high 
as 0.08, which is comparable to reported values obtained with ultrasonic 
irradiation to the mixture containing GO at 40 kHz. Effect of irradiation 

Fig. 7. Peak convolution of C1s spectrum.  

Fig. 8. Peak convolution of O1s spectrum.  

Table 1 
Percentage of element and elemental ratio.  

C [atomic %] N [atomic %] O [atomic %] N/C [-]  

89.85  3.69  6.46  0.0411  

Fig. 9. Change of N/C values against calculated amount of total OH radical.  
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conditions on nitridation was examined under various irradiation con
ditions. The value of N/C increased with increasing ultrasonic power as 
well as irradiation time. However, the longer irradiation resulted in a 
slight decrease of N/C value. 
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