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One of the emerging challenges in tackling environmental issues is to treat electronic waste, with fast-
growing battery waste as a notable threat to the environment. Proper recycling processes, particularly
the conversion of waste to useful & value-added materials, are of great importance but not readily
available. In this work, we report a facile and fast production of graphene from graphite extracted from
spent Zn—C batteries. The graphene flakes are produced by electrochemically exfoliating graphite under
varying DC voltages in poly(sodium 4-styrenesulfonate) (PSS) solution of different concentrations. The
exfoliation takes place via the insertion of PSS into the interlayers of graphite to form C-S bonds as
confirmed by FTIR and XPS studies. Under an applied voltage of 5 V and in 0.5 M PSS, high quality
graphene flakes are obtained in a good yield, giving an Ip/Ig ratio of about 0.86 in Raman spectroscopy.
The transparent conductive film prepared from the dispersion of high quality graphene flakes shows
great promise due to its low sheet resistance (Rs) of 1.1 kQ sq* and high transmittance of 89%. This
work illustrates an effective and low-cost method to realize large scale production of graphene from

rsc.li/rsc-advances electronic waste.

Introduction

In 2014, the International Renewable Energy Agency (IRENA)
forecasted that the annual revenue for the battery market will
grow by about 80 times over a span of 10 years and reach USD 18
billion in 2023.* Among the batteries, low-priced Zn-C cells are
the most used in portable, low-power electronic devices and are
produced in huge volume. Consequently, spent Zn-C batteries
are currently a major electronic waste (e-waste) from households,
especially in developing countries.>® The introduction of the 3R
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(reduce, reuse, and recycle) strategy does help mitigate the impact
of electronic waste to some extent. However, the recycling work so
far is fairly preliminary and focusing mainly on the recovery of
metals,* with little done to recycle the graphite which may be
readily used for the production of a high-performance, value-
added, two-dimensional material, graphene.>®

In fact, since its discovery in 2004, graphene has attracted
various attention because of its remarkable merits, such as its
high electrical conductivity, transparency, thermal conductivity,
tensile strength and high capacitive performance.”® These
properties mark graphene's potential to make flexible and
transparent conductors used in LCDs,’ touch panels,' elec-
tronic papers,™ flexible displays,'* as well as flexible batteries or
supercapacitor devices.'>* Graphene can be produced by
bottom-up approach of chemical vapor deposition using suit-
able chemical precursors, or via top-down methods from
graphite by mechanical exfoliation, chemical exfoliation, liquid-
phase exfoliation and electrochemical exfoliation.”*® The elec-
trochemical exfoliation is gaining popularity in the last decade
due to its low instrumentation cost, simple procedure, short
duration of synthesis, and the possibility to produce high-
quality graphene as well as modifying its properties.**™*® Its
success has been demonstrated using costly HOPG (highly
oriented pyrolytic graphite) and graphite foil,* with few
attempts on graphite rods taken out of battery wastes.**** In the
attempts by Liu et al.® and Bandi et al.,* graphene was prepared
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by electrochemically exfoliating graphite rods in protonic acids
of H,SO, or H3;PO,-based, i.e. harmful and toxic electrolytes,
which possessed high defect ratio of 0.95 as measured by
Raman spectroscopy.* Later, Tiwari et al.*® tried to use a more
environmentally friendly approach by using sodium dodecyl
benzenesulfonate (SDBS) surfactant as the electrolyte. However,
the considerably high DC voltages (7.5-9 V) that were used
during the electrochemical exfoliation produced the insulating
graphene oxide.

On the other hand, the fast-growing and large-volume-need
of transparent conductive electrode by touch screens, LCDs,
OLEDs and solar cells demands supplement or even replace-
ment for their traditional material, ITO (indium tin oxide),
which is brittle and costly in production thus unsuitable for
emerging applications requiring flexibility.>® Graphene can be
a great choice as the substituent, thanks to its low density,
robustness, mechanical flexibility, chemical stability, as well as
potentially being produced at low cost.>*** Compared to ITO, it
also has a flatter transmittance spectra in the visible and
infrared range, highly desirable for solar cell and display
applications.> Chemical vapour deposition can produce trans-
parent graphene film with relatively low resistance (125-600 Q
sq "), it is however laborious and cost-ineffective.’®** Trans-
parent and conducting film prepared using graphene flakes
produced via electrochemical exfoliation gave diverse qualities
with varying sheet resistance.'*® Yang et al."” used graphene
produced from pristine graphite foil, and made a graphene film
with a sheet resistance of 3.91 kQ sq ™" with the transmittance of
85%. Blair et al.”® was able to achieve even higher transmittance
(>90%) for graphene film starting with pristine graphite foil.
Unfortunately, the large sheet resistance (100 kQ sq ") excludes
its applications in transparent conductive electrodes. It remains
a challenge to produce high quality graphene film with satis-
factory transmittance, good conductivity, cost-efficient, and
preferably from the spent batteries.

In this work, we took graphite rods out of spent Zn-C
batteries to produce graphene flakes via an electrochemical
exfoliation process, using the environmentally friendly poly(-
sodium 4-styrenesulfonate) (PSS) as the surfactant in the elec-
trolyte. This not only cuts down the amount of battery waste, but
also lowers the production cost of graphene (as compared to
those made from expensive HOPG and graphite foils). The use
of PSS in the electrolyte leads to the formation of graphene-PSS
complex, with a zeta potential favoring high yield graphene
production.””*® By varying the PSS concentration in electrolyte
and the applied DC voltage, optimum condition is identified for
the high-yield production of high quality graphene. The trans-
parent and conductive film fabricated from such graphene
exhibited low sheet resistance (Ry) of 1.1 kQ sq ' with the
transmittance of 89%, comparable to that of the best
performers reported previously where the fabrication was
notably more complicated and costly.'*?%**

Experimental

The graphite rods were extracted from spent Zn-C batteries
produced by the biggest Zn-C batteries manufacturer in
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Indonesia. They were washed and rinsed with distilled water to
remove the contaminants. Poly(sodium 4-styrenesulfonate)
(PSS, M,, ~ 70.000, Sigma-Aldrich) was dissolved in distilled
water and diluted to reach various concentrations (0.001, 0.02,
0.1 and 0.5 M) and used as the electrolyte. Graphite rod
extracted from unused Zn—-C battery was cleansed in the same
way and used as the cathode in the electrochemical exfoliation
set up. In brief, about 3 cm of the graphite rods were immersed
into the PSS electrolyte, and a constant DC voltage (3, 5 and 8 V)
from a power supply (GW-INSTEK GPS-3030D) was applied to
the system for over 4 hours at room temperature. The obtained
dispersion was then centrifuged at 1000 rpm to remove large
agglomerates (mostly unexfoliated graphite) at the bottom of
the tubes. On the top part of the tube is a stable dispersion of
graphene-PSS, which was decanted and kept for further char-
acterizations. Graphene-PSS thin film was prepared by repeat-
edly dip-coating a glass substrate in the as-obtained graphene-
PSS dispersion for 10 times. The deposition parameters,
including the dipping rate, drying time and removal speed were
controlled to remain constant for all samples.

The optical absorption of the samples was characterized
using a UV-Vis spectrophotometer (Hewlett Packard Agilent
Technologies 8453 series) with quartz cuvettes. Fourier-
transform infrared (FTIR) spectra were recorded on a Fourier-
Transform Infrared Spectrophotometer (Prestige 21 Shi-
madzu). XPS data was collected on a Thermo Scientific VG ES-
CALAB 200i-XL spectrometer with monochromatized Al Ko (A4
= 1484.6 eV). Crystal structure of the samples were acquired
using X-ray diffractometer (XRD, Bruker D8 Advance with Cu Ko
radiation (1 = 1.54060 A)). Raman spectra of the samples were
collected using a dispersive micro-Raman spectrometer SEN-
TERRA from Bruker Optics with laser excitation of 532 nm. The
Raman spectrometer was equipped with an Andor iDus DU420A
CCD detector. During the measurement, the CCD detector was
set into a deep-cool mode at —80 °C. The morphology was
studied using transmission electron microscope (TEM, HT7700
Hitachi and H9500 Hitachi) and scanning electron microscope
(SEM, HITACHI SU3500). The sheet resistance (R;) of the
transparent graphene film was measured with linear four-point
probe (with 0.5 mm distance of each probe tip) connected to
a current source (GW-INSTEK GPS-3030D) and a multimeter
(SUNMA DT830B amperemeter and MASDA DT830D voltmeter).
The transmittance of the graphene film was characterized using
the same UV-Vis spectrophotometer mentioned above.

Results and discussion

The proposed mechanism of the electrochemical exfoliation of
graphite in PSS solution in this study is given in Fig. 1a. It is
essentially an anodic exfoliation process where graphite of
battery waste is used as the anode. As electrons were drawn
away from the graphite anode by a positive current, positive
charges are created to encourage the insertion of poly-
styrenesulfonate anions into the graphite interlayers to main-
tain the overall charge neutrality. This increases the interlayer
spacing between graphene sheets notably, diminishing the
interlayer van der Waals force, causing them to fall apart and
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image of the graphene—PSS dispersion, 1 month after synthesis). (c) The UV-Vis spectra of graphene—PSS dispersion obtained via electro-
chemical exfoliation in 0.5 M PSS solution with varying DC voltages. (d) The UV-Vis spectra of graphene—PSS dispersion obtained via electro-
chemical exfoliation using 8 V of DC voltage with varying PSS concentrations. UV-Vis spectra of graphite—PSS dispersion is provided in (c) and (d).

become discrete graphene sheets.” Schematic of the electro-
chemical set up during the electrochemical exfoliation of
graphite is given in Fig. S1.7 To achieve good quality graphene
in high-yield, graphite rods extracted from battery waste were
electrochemically exfoliated in PSS solution of varying concen-
trations (0.001, 0.02, 0.1 and 0.5 M) at selected applied DC
voltages (3, 5 and 8 V) over a period of 4 hours. The as-
synthesized graphene-PSS dispersion remained stable even
after one month of storage (inset of Fig. 1b). At higher PSS
concentrations and higher applied voltages, the darkened gra-
phene-PSS dispersions (dark brownish, ESI Fig. S2t) are the
indication of higher graphene concentration. UV-Vis spectro-
photometry was utilized as the first-cut to semi-quantitatively
confirm the formation of graphene. In this case, the absor-
bance pattern of the graphene-PSS dispersion samples is
compared using that of graphite suspension as the control
(Fig. 1c and d). The graphite gives an absorbance pattern of little
features due to the electronic compressibility by polarization
effect in adjacent graphene layers which suppresses its photo-
luminescence.* In sharp contrast, graphene-PSS dispersions
exhibit a well-defined peak centered at the wavelength of
around 300 nm, a characteristic absorbance peak of graphene
arising from the w — 7* transition of its aromatic C-C bonds.**
From the UV-vis spectra (Fig. 1c and ESI Fig. S37), it clearly
shows that a DC voltage of 3 V is insufficient to initiate the
intercalation and exfoliation process for graphite rods from

10324 | RSC Adv, 2020, 10, 10322-10328

battery waste to produce graphene dispersions in PSS solution.
With a PSS concentration of 0.5 M and at an applied DC voltage
of 5 V the absorption peak of graphene becomes prominent,
which further grows in intensity and is accompanied by a red-
shift as the applied voltage was increased to 8 V (Fig. 1c). The
higher voltage likely provides a larger driving force for the
intercalation process, facilitating more efficient exfoliation of
the graphite rods into graphene sheets.

At an applied DC voltage of 8 V, but in the electrolytes of
lower PSS concentration, the absorption peaks showed notable
decrease in the intensity accompanied by a clear blue-shift in
the wavelength. The diminishing efficiency at reduced PSS
concentration may be due to a lower ionic conductivity of the
electrolyte, such that a larger voltage drop takes place in the
solution (by larger electrolyte resistance) which resembles the
scenarios where a lower applied voltage was adopted. Similar
observations were reported previously for graphite of other
forms and sources of which electrochemically exfoliated in
different electrolytes.”” From the UV-Vis spectra, it can be
concluded that the conditions for the most effective electro-
chemical exfoliation of the battery waste-derived graphite rods
in this study is the use of an applied voltage of 8 V at a PSS
concentration of 0.5 M. We denote the resultant graphene
dispersions as Graphene 0.5/8, and similarly the one is obtained
at a voltage of 5 V with the same PSS concentration as Graphene
0.5/5.

This journal is © The Royal Society of Chemistry 2020
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The absorption peak red-shift of graphene-PSS dispersion at
increased applied voltage and PSS concentration could also be
due to the enhanced interactions of graphene sheets with PSS in
the dispersion, similar to the report on a graphene-BzCl
(benzoyl chloride) dispersion.** In this study, the graphene and
aromatic ring of PSS are responsible for the -7 interaction that
leads to the formation of positively charged graphene as most of
the electrons in the graphene are attracted by poly-
styrenesulfonate anion.**** Consequently, both the electron-
electron and electron-hole interactions in the graphene sheets
are screened.’ The higher the charge transfer, the greater the
screening effect in the charge carrier of graphene. This explains
the longer peak wavelength in the UV absorption spectra of
graphene-PSS dispersions at larger applied voltages and higher
PSS concentrations.

Raman spectra were recorded from the dispersions of Gra-
phene 0.5/8 and Graphene 0.5/5. Unsurprisingly, two prominent
peaks were found in both samples at around 1357 and
1594 cm ™', known as the characteristic D and G peaks of gra-
phene (Fig. 2).> The former comes from the breathing modes of
rings or k-point phonons of A, symmetry in the graphene
structure, while the latter associates with the bond stretching of
C sp” atoms (i.e. E,, phonons).* The weak peak at 2694 cm ™" is
the 2D peak, originating from the second order of zone-
boundary phonons in the graphene structure.*” Its much
lower intensity here suggests more defects and disorders in the
graphene structure, giving more defect-associated bands with
a bump-like shaped 2D peak.?®

The intensity ratio of D and G band (Ip/Ig) in Raman spectra
has been used to determine the quality of graphene, where
a higher value elucidates increased defect density in the
graphitic structure.*® The Ip/I; of Graphene 0.5/8 and Graphene
0.5/5 is about 0.95 and 0.86, respectively, suggesting lower

—— Graphene 0.5/8
—— Graphene 0.5/5

Intensity / a.u.

) ) ) )
1500 2000 2500 3000

Wavenumber / cm™

1000

Fig. 2 Raman spectra of graphene obtained by electrochemically
exfoliating battery waste-derived graphite rods in 0.5 M of PSS
concentration at an applied voltage of 8 V (Graphene 0.5/8, blue line)
and 5 V (Graphene 0.5/5, red line). Larger Ip/lg ratio is seen for Gra-
phene 0.5/8, indicating more defects generated at elevated applied
voltage.
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defect density for the latter. This can be understood as with
a higher applied voltage in the electrochemical exfoliation
process, the intercalation and oxidation reactions were accel-
erated.*” Similar pattern was observed when we increased the
PSS concentration. The high concentration of PSS elevates the
ion production which increases the intercalation and exfolia-
tion rate, thereby resulting in more defects in the graphene
sheets.** Hence, Graphene 0.5/5 exhibits higher Ip/I; value as
compared to Graphene 0.02/5 (ESI Fig. S41). However, the yield
of Graphene 0.02/5 (~20 mg) is too small for further charac-
terization and practical application. A promising yield about
123 mg can be obtained from Graphene 0.5/5, which is
comparable to other reports that utilized similar method.”***
The Ip/I of Graphene 0.5/5 is higher than that of the graphene
obtained from CVD and mechanical exfoliation,'®** but lower
than that of the graphene obtained by electrochemically exfo-
liating pristine graphite of other sources.>***

To characterize the functional groups on Graphene 0.5/5, the
Fourier-transform infrared (FTIR) spectrum was taken (Fig. 3a).
The strong but broad peak at 3050-3800 cm™ ' is from the
stretching mode of O-H (hydroxyl) group,* produced over the
oxidation reaction in the process of electrochemical exfoliation
of graphite. The double peaks at 2918 and 2848 cm ' come
from the symmetric and anti-symmetric stretching modes of
CH-group, respectively.*® The one at 2370 cm ™" arises from the
anti-symmetric stretching of carbon-oxygen double bond in
CO,.*” CO, was likely the product of a decarboxylation process
in the electrochemical exfoliation synthesis of graphene.” A
number of other peaks are around 1381 and 1033 cm™* for C-O
bond, 1714 em™* for the vibration of C=0 bond,*® 1577 cm™*
for C=C bond in the graphene structure,*” 1174 and 1124 cm™
for C-S bond.*® The C-S bonds can be formed due to the
formation of PSS-graphene complex during the electrochemical
exfoliation method. The presence of C-S bond is known to favor
higher electrical conductivity,* thanks to the stronger electron
donating sulphur which adds extra electrons as free carriers to
increase the charge concentration of graphene.*

The surface elemental composition of Graphene 0.5/5 was
probed by X-ray Photoelectron Spectroscopy. The XPS survey

1

scan suggests the presence of C, O, and S, without other
noticeable impurities (Fig. 3b). The successful removal of other
residues inherited from the Zn-C cells was evidenced by the
absence of signals in the Zn2p, Mn2p, Fe2p and Cl2p spectra
(ESI Fig. S51). The Cl1s spectrum was deconvoluted into four
peaks (Fig. 3c) located at 285.02, 285.59, 286.91, and 289.34 eV,
for carbon in C=C/C-C, C-S, C=0, and O-C=0, respec-
tively.*>** The O1s spectrum with a prominent peak can be
deconvoluted into three peaks at 531.67, 532.65, and 533.81 €V,
for oxygen in carboxyl, epoxy and hydroxyl groups, respec-
tively.”>** The peak at 168.74 eV for S2p (Fig. 3e) can be asso-
ciated with C-SO,-C (x = 2, 3, 4),** further approving the
bonding in the PSS-graphene complex as a result of the inter-
actions between polystyrenesulfonate anions and graphene
during the electrochemical exfoliation process. The Graphene
0.5/5 was further characterized by X-ray diffractometry and the
pattern is shown in Fig. 3f. Two characteristic XRD peaks appear
ataround 26 of 26.5° and 44.75°, arising from the diffractions of
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spectra and (f) XRD patterns.

the (002) and (100) planes in the graphene structure, respec-
tively.”> The interlayer spacing (d-spacing) of graphene calcu-
lated from the first peak is about 0.336 nm, similar to those of
previous report on graphene.*> The notably smaller value than
that of graphene oxide (0.76 nm) which is often rich in hydroxyl,
epoxy, carboxyl groups,®® confirms the graphene type structure
of Graphene 0.5/5 despite the oxygen element detected in XPS
studies. Such structure would promise high electrical conduc-
tivity which is beneficial for a wide range of applications. SEM
images show that thin graphene sheets with various sizes are
stacked together in various orientation (Fig. S61). The
morphology of Graphene 0.5/5 was studied using transmission
electron microscope (Fig. 4 and S7t). The nearly transparent
feature of these flakes shown in the TEM image suggests that
they have a large and transparent lateral dimension (Fig. 4a).
The edge of the flakes (Fig. 4b) suggests Graphene 0.5/5 is
mainly few-layer or multi-layer graphene. The graphene
prepared from electrochemically exfoliating graphite rods in
battery waste is used to fabricate transparent and conductive

Fig. 4 TEM images of Graphene 0.5/5. It is a thin and transparent
graphene layer (a), that represents few-layer or multi-layer structure
confirmed by its edge (b).

10326 | RSC Adv, 2020, 10, 10322-10328

films needed for a number of applications in electronics.
Dispersion of Graphene 0.5/5 was fabricated into a thin film by
dip-coating method, with that of Graphene 0.5/8 being made in
the same way for comparison. The sheet resistance (R;) of the
graphene films were measured using linear four-point probe
technique, and shown in Fig. 5a. Notably, both graphene films
give relatively decent sheet resistance (1.1 and 1.8 kQ sq '), with
the Graphene 0.5/5 film also exhibits a high transmittance
(89%) at the wavelength of 550 nm (Fig. 5b). The slightly higher
sheet resistance of Graphene 0.5/8 film is likely due to its larger
fraction of sp® hybridized carbon (higher I,/I; ratio in Raman
spectra) associated with the oxygen functional groups, replacing
some of sp> carbons in graphene which will slow down the
electron movement consequently.*® Besides that, the insulating
nature of PSS may limit the conductivity of the graphene films.>”
Hence, the sheet resistances of these films are on the higher
side as compared to CVD graphene (125 Q sq~'),'° but notably

o
k=2

[ Graphene 0.5/5
[ Graphene 0.5/8

301 100+

89%

254

©
=3
L

2.04
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B [}
o o
T T
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=}
n
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Sheet Resistance / kohm sq™ T
=

0.04

400 500 600 700 800 900

Transparent and conductive film Wavelength / nm

Fig. 5 (a) Sheet resistance and (b) transmittance of a transparent and
conductive graphene film prepared from Graphene 0.5/5. Inset of (b):
a photo image of the graphene film on a glass substrate.
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outperform those of the electrochemically exfoliated graphene
using starting materials of costly graphite foil or HOPG (2.7-100
kQ sq~").77?*?° Our work presents a facile approach to prepare
high quality graphene from battery waste, providing a potential
solution to address the e-waste issues with ever-increasing
challenges.

Conclusion

Facile synthesis of graphene via electrochemically exfoliating
graphite rods out of spent Zn-C batteries in PSS solution has
been reported. High yield and high-quality graphene is readily
obtained under 5 V of DC voltage in 0.5 M PSS, as suggested by
the higher absorbance in UV-Vis spectra and lower defect
density (i.e. smaller Ip/I; ratio) based on the Raman spectra. The
higher applied voltage (i.e. 8 V) introduces more defects due to
the rapid intercalation and oxidation reactions in the synthesis.
In addition, C-S bonds have been detected as a result of the
interactions between graphene and PSS in the electrochemical
exfoliation process. Transparent and conductive films are
readily fabricated using the resultant graphene, showing a low
sheet resistance of 1.1 kQ sq ' and a high transmittance of 89%
at a wavelength of 550 nm. This method not only provides
a remedy solution, but also adds economic values to the nega-
tive impact of battery waste for the environment.
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