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We present a novel method of the solution plasma exfoliated techniques for the production of graphene
sheets from recycled battery core at room temperature. This is a fast, simple and efficient method to pro-
duce graphene sheets using electrode pairs with DC high voltage power sources which were immersed in a
solution. The as-prepared samples were characterized by various techniques such as scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), Raman scattering, and optical emission spectroscopy
(OES). The obtained results showed that graphene has an average diameter of 1.5 ym and a thickness of
about 3 nm in respect of 7 to 10 layers. The prepared graphene was used as an effective adsorbent for the
removal of methylene blue (MB) and Rhodamine B (RhB) from aqueous solutions. As a result, the adsorp-
tion efficiency of MB and RhB was determined to be 91% and 87 %, respectively. This is an attractive

method to replace the previously reported graphene synthesis method.
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1. INTRODUCTION

Graphene is a single layer of carbon atoms arranged
into two-dimensional hexagonal lattices (honeycomb
lattices). Graphene was discovered by Andre Geim and
Kostya Novoselov in 2004 [1, 2]. Graphene is a material
with many special properties such as high thermal and
electrical conductivity, very large hardness (hundreds
of times higher than steel) and a large specific surface
area. Therefore, this material has been strongly re-
searched for many important application fields such as
energy storage, solar cells, transparent electrodes,
catalysts, sensors, composite polymer materials, and
environmental treatment [3-12].

In recent years, considerable efforts have been
made in developing various plasma device configura-
tions for nanomaterial synthesis and liquid phase
plasma processing for many potential applications [13-
26]. High-quality, inexpensive materials are becoming
more and more important to solve clean water envi-
ronmental problems and energy production. Plasma in
the liquid phase is divided into two types of configura-
tions, such as, for example, the plasma generated by
both electrodes immersed in the liquid [13-18, 25-30],
and the plasma generated by only one electrode in the
liquid and the other electrode above the liquid surface
[19, 20, 31-34]. In configurations with two electrodes
immersed in the liquid, the discharge is usually per-
formed by pulsed or sinusoidal high-voltage sources
with pulse widths from microseconds to nanoseconds.
For plasma systems in the gas phase above the liquid
surface, the plasma is generated by high-voltage
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sources such as pulse, direct current (DC) and alternat-
ing current (AC) sources [19, 20, 33-36].

The gas-phase plasma configuration (liquid-
interaction plasma) is suitable for nanomaterial synthe-
sis because the reactions occur at the boundary between
liquid and air. The in-liquid plasma method is simple
without the use of catalyst materials and high synthesis
efficiency compared to conventional techniques such as
chemical vapor deposition (CVD) and the chemical re-
duction of graphene oxide [37-41]. The cost of synthesiz-
ing graphene materials is significantly reduced because
this method consumes less energy in liquids and does
not require vacuum equipment for operations at low
pressure and high temperatures. However, the in-liquid
plasma method also has difficulties due to the use of
high-voltage pulse sources with high cost or the use of
graphite rods that require high purity. Therefore, it is
still necessary to continue the search for simpler, low-
cost and more environmentally friendly techniques to
prepare large-scale graphene for potential applications.

In this work, we focused on graphene synthesis by a
new method — in-liquid plasma exfoliation at atmospher-
ic pressure using a simple homemade high voltage DC
source and a graphite rod from a recycled battery core.

2. MATERIALS AND METHODS

Fig. 1a shows an experimental setup diagram of a
solution plasma processing. The system consists of two
electrodes placed in parallel and immersed in the elec-
trolyte solution. The first electrode is a graphite rod
removed from AA size alkaline battery (Panasonic,

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(5).05029
mailto:haonv@tnus.edu.vn
mailto:trinhpv@ims.vast.vn

N.V. Hao, D.H. TuNG, N.V. KHIEN ET AL.

Malaysia) 50 mm long and 5 mm diameter (Fig. 1b).
The second electrode is a pure platinum rod (99.9 %)
with a diameter of 2 mm and one end bent as shown in
Fig. 1a. The two electrodes are held together by two
quartz tubes. The electrolyte is composed of 0.238 mM
KOH and 0.111 mM (NH4)2SO4 in 500 ml distilled wa-
ter. The graphite electrode is connected to the anode
and the platinum electrode is connected to the cathode
of a high-voltage DC source (applied voltage is 2.95 kV
and current is 272 mA). The plasma is generated be-
tween the positive and negative electrode tips at a
distance of 0.5 mm. After that, the obtained solution is
filtered and cleaned by using the PVDF membrane
(pore size of 200 nm) to remove impurities and organic
matter from the battery core. Finally, the obtained
samples were dried at 60 °C in a vacuum for 12 h.

The samples were characterized by Raman spec-
troscopy using 532 nm wavelength at room tempera-
ture (XploRA, Horiba Jobin-Yvon), atomic force micros-
copy (AFM, PARK XN100) and field emission scanning
electron microscopy (FESEM, Hitachi S4800). The
optical emission spectroscopy (OES) of the plasma is
obtained by wusing a fiber optical spectrometer
(AvaSpec-ULS2048, Avantes) with a wavelength range
of 200-1100 nm and a resolution of 0.5 nm. The absorp-
tion spectral characteristics of methylene blue (MB)
and Rhodamine B (RhB) solutions were measured by
UV-Vis spectrophotometer (Jasco-V770).
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Fig. 1 - (a) Experimental setup for the solution plasma pro-
cessing, (b) raw graphite from the battery core

3. RESULTS AND DISCUSSION

Fig. 2 shows the morphology of graphene prepared
from the recycled battery core using the solution plasma
exfoliation technique. Fig. 2a shows a typical FESEM
image of graphene at high magnification. As can be seen,
graphene exists in the form of nanosheets. To further
investigate the morphology of the prepared graphene,
AFM measurement was conducted. The obtained result
is shown in Fig. 2b. As seen, the thickness of nanosheets
is below 3 nm in respect of 7 to 10 layers, the average
diameter is about 1.5 um with high cleanliness.

Fig. 3 shows the Raman spectrum of the initial
graphite rod and prepared graphene. As can be seen, all
spectra reveal the most prominent features of graphite
materials, including D (1330 cm 1), G (~ 1579 cm 1) and
2D (~ 2687 cm~1) bands. The intensity of the D band
(defective signature) of graphite is low, implying the high
graphitic quality of the used graphite rod. The intensity
ratio of D band to G band (Ip/Ig) is quite different be-
tween graphite and prepared graphene. The Ip/ls ratios
were determined to be 0.05 and 0.95 corresponding to
graphite and graphene, respectively. The increase in
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Ip/l indicated that further defects were induced in the
graphite structure of graphene during the plasma exfoli-
ation process. This is attributed to the presence of the
oxygen atoms on the surface of graphene nanosheets.
Besides, it is interesting to note that the 2D band of
graphene is slightly shifted to lower wavenumbers com-
pared to the initial graphite rod. This demonstrated that
the exfoliation of the graphite structure happened thus
resulting in the formation of graphene sheets.
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Fig. 2 — (a) FESEM and (b) AFM images of graphene synthe-
sized by solution plasma processing

Fig. 4 shows the optical emission spectrum of the
plasma during graphene synthesis. Plasma optical
emission spectra (OES) are collected in the range of 200-
900 nm. The results showed that OES contain H, O, C
and OH atoms. This suggests that the bubbles that form
and surround during the synthesis process are composed
mostly of water vapor, small amounts of hydrogen and
oxygen. A further observation of the color of the plasma
shows that the plasma has a bright purple color and
some bubbles during graphene synthesis. This result is
similar to that reported by Hoonseung Lee et al. [42].

To demonstrate the potential applications, we used
the prepared graphene as an adsorbent to remove
methylene blue (MB) and Rhodamine B (RhB) from
aqueous solutions. The initial solution has a concentra-
tion of 20 mg/l, 25 ml with characteristic colors are blue
and pink. After 2 h adding of about 25 mg graphene,
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the colors of the solutions changed to light blue and
light pink, indicating that graphene can remove MB
and RhB effectively. Fig. 5 shows the UV-Vis absorp-
tion spectrum of MB and RhB solutions with and with-
out graphene. The results show that the adsorption
efficiency of MB and RhB is 91 % and 87 %, respective-
ly. Therefore, our fabricated graphene has great ad-
sorption potential to treat organic pigments in water.

4. CONCLUSIONS

We have successfully prepared graphene nanosheets
from the recycled battery core at room temperature by

7 ——Graphite

G Graphene
e
s
=
‘@
e
e
£

500 1000 1500 2000 2500 3000

Raman shift (cm™)

Fig. 3 — Raman spectra of graphene prepared by solution
plasma exfoliation and raw graphite from battery core
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Fig. 4 — OES of the plasma generated during the synthesis of
graphene from the recycled battery core
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using solution plasma exfoliated technique. This tech-
nique exhibits a fast, simple and efficient method to
produce graphene sheets using electrode pairs with DC
high voltage power sources which were immersed in a
solution. The prepared graphene has an average thick-
ness of 3 nm and a length of 1.5 um. We used these
graphene samples as effective adsorbents for the re-
moval of methylene blue and Rhodamine B from aque-
ous solutions. The obtained results indicated that the
adsorption efficiency of MB and RhB was determined to
be 91 % and 87 %, respectively, as using the prepared
graphene.
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IIpamuii cuaTes rpadgeHy 3 mepepodJIEeHOrO CepaeYHNKA aKyMyJIATOPAa MeTOa0M excdoiamii
JIa3MU HU3BKOI I'YyCTHHHU Ta MO0 3aCTOCYBAaHHA IJIA BUOAJIEHHA
MEeTUJIEHOBOI'O CUHBOr0 Ta poaaMiny B 3 BomHux posuunis
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Mu npescrasisiemo HOBUE MeTof| ekcdoialii Ia3Mu HU3BKOI I'YCTHHU JIJIsI OTPUMAHHS IpadeHOBUX
IIapiB i3 MepepolJIEHOr0 CepAeYHNKA aKyMyJIATOpa IIpU KiMHATHIN TeMmnepartypi. e mBuakmii, mpoctuii Ta
edeKTUBHMI MeTO]] BUPOOHUITBA IpadeHOBUX IIAPIB 3 BUKOPHCTAHHSIM eJIEKTPOJHUX Iap 3 JKepesiamMu
THOCTIMHOTO CTPYMYy BHCOKOI HAIIPYTH, 3aHypeHuX y po3unH. [linroToBiieHi 3pasku XxapakTepu3yBaJuCh Pis-
HAMH MeTOJAaMH, TAKHMH SK CKAaHyl4Ya eJIEKTPOHHA Mikpockomisa (SEM), aToMHO-cHIoOBA MIKPOCKOITLS
(AFM), xomOiHaIliiHE PO3CIIOBAHHS Ta ONTHYHA BUpoMiHoBaJbHA crexkTpockomisa (OES). Orpumani pe-
3yJbTaTH TOKAa3asn, 1o rpadgeH Mae cepemHid mgiamerp 1,56 MKM 1 TOBIIMHY OJM3BKO 3 HM y BHIAIKY
7-10 mapis. Burorosienunit rpadeH BUKOPHUCTOBYBAJIH SK e(PeKTUBHUM a1COPOEHT IS BHIAJIEHHS METHIIe-
HoBoro cuaboro (MB) ta ponaminy B (RhB) 3 Bogaux posunnis. Ak pesysnbrar, ederrusHicTs agcopbiii MB
ta RhB Oyna Busmadena Bimmosimuo 91 % ta 87 %. Ile mpuBabimBuil MeTO IJIsT 3aMIHU METOMY CHHTE3y

rpadeHa, Ipo SKHUI II0BIIOMIISIIIOCS PaHIIIIe.

Kmouori cnosa: I'paden, Ilimasma Husbkol rycrunn, Excdomiaiia miasvu, YiIbTpasByKOBUN TLJIa3MOBHM

po3ps.
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