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Graphene ink was produced using graphene, polyvinylidene fluoride, and acetylene black with 1-
methyl-2-pyrrolidinone in a ball mill and the thickness and viscosity of the ink were characterized.
Afterwards, the conductive silver ink was screen printed and thermally cured onto a poly(ethylene
terephthalate) substrate. In addition, the prepared graphene ink was screen-printed onto the conductive
silver layer and dried to create a flexible supercapacitor electrode. A PVA-H,SO, gel was coated onto
the flexible electrode as electrolyte. Finally, a symmetric supercapacitor was successfully assembled
and shows a specific capacitance of 190.6 F g at 0.5 A g™ and a maximum energy density of 16.94 W
h kg™. The three devices connected in series to light up a light-emitting diode. The printed flexible
electrodes created using a simple process could play an important role in the energy storage field.
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1. INTRODUCTION

All-solid-state flexible supercapacitors occupy a prominent position in energy storage systems
and have a promising application in wearable electronics and flexible printed electronics. [1-2] The
flexible electrode, gel electrolyte and porous separator have a large influence on the electrochemical
performance of supercapacitors. Various fabrication methods for flexible supercapacitor electrodes
have been reported such as spray coating [3] and spin-coating techniques, filtering the conductive and
active materials onto paper, [4] electrophoretic deposition on carbon cloth [5], magnetron sputtering
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combined with electrodeposition method [6] and others.However, these methods for making
supercapacitor electrodes are complex and expensive. Printed electronics have the merits of low cost,
large area and roll-to-roll or the fabricating of electronic devices. Luhai Li et al have performed work
on printing electronics and have acquired high quality conductive inks and flexible conductive films.
[7-9] Therefore, we adopted a the printing technology to create flexible supercapacitor electrodes.
Among the printing techniques, the screen-printing method is a convenient and effective method to
acquire specific patterns and thicknesses on a large-scale flexible substrate [10-11] Here we used the
technique to fabricate supercapacitor electrodes including the current collector and active electrodes on
a poly(ethylene terephthalate) (PET) substrate using commercial conductive silver paste and a
homemade graphene active materials paste.

Carbon materials such as active carbon (AC) and graphene are commonly used as active
electrode materials in electric double layer capacitance (EDLC) supercapacitors due to their large
surface area, controllable pore size distribution and good cycling performance. Above all, graphene
electrode high conductivity has great potential for energy harvesting and storage in solar cells, fuel
cells, batteries and supercapacitors. [12-15] In this work, we explored a graphene ink formulation and
presented a facile method to fabricate a flexible supercapacitor electrode using printing technology. In
addition, a symmetric supercapacitor was assembled using two pieces of the above flexible electrodes
and separating them with a separator using a PVA-H,SO, gel as the electrolyte. The electrochemical
properties of the device were studied. We explored a simple and quick approach to make a
supercapacitor electrode using screen printing technology and the method has a wide application for
energy devices.

2. EXPERIMENTAL

2.1 Materials

Graphene was purchased from the Six Element (Changzhou) Materials Technology Co, Ltd.
The conductive silver paste (BY-2000) was purchased from Shanghai Baoyin Electronic Materials Ltd.
H.SO, was purchased from Sinopharm Chemical Reagent Co., Ltd. PVA-124 was purchased from
Aladdin Chemistry Co., Ltd. All chemicals were used as received. Acetylene black, polyvinylidene
fluoride (PVDF, HSV900, ARKEMA), N-methylpyrrolidone (NMP, > 99.9%), and the membrane
(TF4030, NKK) were purchased locally. The polyethylene terephthalate (PET) film with a one-sided
hydrophilic coating was supplied by the China Lucky Group Corp. The graphene powder was
characterized by a surface area & pore size analyser (Quadrasorb SI, Quantachrome Instruments) and a
Raman spectrometer (LabRAM, Horiba Jobin Yvon).

2.2 Preparation of the graphene ink and PVA-H,SO, gel

The screen-printed graphene ink was prepared by mixing the graphene (6 g), PVDF (0.75 Q)
and acetylene black (0.75 g) with amount of NMP and grinding the mixed materials using planetary
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ball mill (PM 0.4L, Droide Instrument & Equipment (Shanghai) Co., Ltd) with zirconia beads for six
hours. To meet the requirements of screen printing, the viscosity of the paste was measured with a
rheometer (ARES, TA Instruments) and the measuring temperature was controlled using Hakke K10
instrument (Thermo Electron Corp., Germany) in the range of 25 £ 0.1 °C.. The fineness was tested
using a scraper fineness test.

A PVA-H,SO, gel was used as the solid electrolyte [16]. Briefly, 10 g of H,SO,4 was placed
into 100 ml of de-ionized water, and 10 g of PVA was added into the sulfuric acid solution. The above
mixture was stirred at 85 °C until a clear solution formed and then the solution was allowed to stand
without stirring at the same temperature in a water bath.

2.3 Fabrication of the all-solid-state flexible supercapacitors

The fabrication process of the solid-state supercapacitor is shown in Fig. 1.

Silver screen printed Active layer screen printed
Sintered at 120°C Dried at 120°C
for 30 min for5h
Silver layer

Active electrode

Active layer
Gel coated and
water evaporated

Device Assembled face to face

All-solid state \

flexible supercapacitor Separator PVA-H,80, gel

PET Silver Active carbon PVA-H,80, gel Separator

Figure 1. Schematic diagram illustrating the design of the symmetric supercapacitor device.

First, the conductive silver paste was screen printed onto the PET substrate with a 300 mesh
nylon printing plate using an automatic screen-printing machine (OS-300FV, OLAT) and then, the
paste was dried at 120 °C for 30 min in an electronic oven. The silver electrode was used as the current
collector electrode. Second, the as-prepared graphene ink was manually printed onto the silver layer
2.5 cm x2.5 cm and dried at 120 °C for approximately five hours. Thus the flexible electrodes
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including the current collector electrode and active electrode were obtained. In addition, third, the
PVA-H,SO, electrolyte was dropped onto the surface of the graphene active electrode and spread out
using a capillary tube. Then, the electrodes with the PVA-H,SO, gel were maintained at room
temperature overnight to volatilize the water. Finally, the two as-prepared electrodes were placed face
to face and separated by a piece of the separator.Then the device was pressed using a pressure of 0.25
MPa from an infrared tablet press. The average mass of the graphene in each electrode was 2.56 mg.

2.4 Electrochemical measurements

All the electrochemical tests were conducted on an AUTOLAB PGSTAT302N potentiostat
galvanostat. The cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS) were performed using a two-electrode system. The EIS was
characterized at an open circuit potential in the frequency range from 10° Hz to 0.01 Hz with an
amplitude of 10 mV. The GCD curves were tested at different current densities of 5, 3, 2, 1 and 0.5 A
g™ in the cut off potential range from 0 to 0.8 V. The specific capacitance (Cq, F g*) of the
supercapacitor device was a quarter of that of the specific capacitance (Csp) of the electrode. The
specific capacitance, the power density (P, kW kg™), and energy density (E, W h kg™) of the

supercapacitor device were calculated from the GCD curve using Eq.(1) to Eq.(3): [17-19]
Cy =(U/AC,, =(1/2)(I xAt)/[(mx AV)

1)
E=(1/2)C, x(AV)?/3.6 ()
P = E/Atx3600 (3)

where I/m (A g%) is the discharge current density based on the average mass of the graphene in
each electrode, At (S) is the discharge time corresponding to the cell voltage after excluding the IR
drop and AV (V) is the applied potential window.

3. RESULTS AND DISCUSSION

3.1 Characterization of the graphene, printed graphene electrode and graphene ink

Fig. 2 shows the N, adsorption-desorption isotherm (inset: pore size distribution of graphene)
and the Raman spectrum of the graphene. The graphene has a high specific surface area of 2492.4 m?
g™, which was calculated using the multi-point BET method. The specific surface area was smaller
than the theoretical value of 2630 m? g%, which was due to the re-aggregation of the graphene sheets.
[20] The pore size distribution was calculated with N, at 77K on carbon (slit/cylindrical pore NLDFT
equilibrium model). The graphene has a mesoporous microstructure with the most probable pore
diameter of 4.9 nm and a total pore volume of 1.8 cc g™
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Figure 2. (a) N, adsorption-desorption isotherm (inset: pore size distribution of graphene) and (b)
Raman spectrum of graphene.
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Figure 3. SEM images of (a) the screen printed electrode, (b) graphene layer and (c) silver layer of the
electrode; (d) viscosity curve of the graphene ink

The D band at 1333 cm™ and the G band at 1587 cm™ for graphene as shown in Fig. 2b,
correspond to the breathing mode of Ay and the in-plane bond-stretching motion of E,q for the sp?
carbon atoms, respectively. The shift in the D band peak towards lower wavenumbers compared to the
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reported values and the large peak intensity ratio (Ip/lg) of 1.22 demonstrate that the graphene has
obvious defects and disorder which can provide more active sites. [20-23]

Fig. 3 shows the morphology of the screen-printed supercapacitor electrode and the viscosity of
the graphene ink. The surface of the current collector electrode (Fig. 3a and Fig. 3c) was smooth and
the silver particles aggregated together after they were thermally cured at 120 °C. The square
resistance of the conductive silver layer was 50 mQ/o. In Fig. 3a, the rough surface of the graphene
active electrode formed because the ink printed onto the substrate adhered to the silk of the screen
plate during the separation process. Nevertheless, the special surface structure increased the contact
area between the electrolyte and the electrode. The particles in the graphene ink as shown in Fig. 3b,
were relative large and there were gaps between the particles. The electrolyte gel could easily infiltrate
the graphene electrodes [24] and fully contact the surface of the particles. Fig. 3d shows the graphene
ink has a high viscosity of 540.3 Pa-s at a shear rate of 1 s™. The viscosity decreased with the
increasing shear rate, which suggested a unique shear thinning behaviour of the non-Newtonian fluid.
To acquire a relatively high mass loading of the active material in a supercapacitor electrode, and to
ensure the pintable properties, the viscosity is an important parameter. The viscosity of the ink can be
tuned by changing the NMP content in the formulation. The fineness of the graphene ink was less than
10 pm.

3.2 Electrochemical performance of the supercapacitor

Fig. 4a shows the cyclic voltammetry (CV) plots at scan rates of 5-100 mV s™ and Fig. 4b
shows the galvanostatic charge/discharge curves at various current densities of 0.5-5 A g™. No redox
peaks were observed in the CV curves and no platform was observed in the charge-discharge curves of
the symmetric supercapacitor, which demonstrated the electrical double-layer capacitance of the
graphene electrode. In Fig. 4c, the specific capacitance was 190.6 F gt at 0.5 A g™ and decreased to
100 F g* at a current density of 5 A g™. The capacitance retention rate retained 52.5% of its initial
capacitance at a large current density. The electrochemical performance of the all-solid-state
supercapacitor based on the screen-printed electrodes and other supercapacitors with a similar structure
are summarized in Table 1. Table 1 shows that the supercapacitor based on the screen-printed
electrodes has a superior electrochemical performance.

Table 1. Comparison of the supercapacitor based on screen-printed graphene electrode and other
similar supercapacitors

Electrode material Electrode fabrication Electrolyte Specific capacitance Ref.
method (Fgh
Graphene screen printing PVA-H,SO, 190.6 This work
Porous graphene electrophoretic deposition  PVA-H,SO, 79.19 [25]
rGO electrophoretic deposition ~ PVA-H3PO, 86 [24]
rGO electrophoretic deposition ~ PVA-H3PO, 150 [26]
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The Ragone plot is shown in Fig. 4d and the symmetric supercapacitor exhibited promising
characteristics with a maximum energy density of 16.94 W h kg™ at a power density of 400 W kg™.
The energy density was still 8.89 W h kg™ at a large power density of 4000 W kg, which is higher
than the previously reported value [24]. Fig. 4e shows the Nyquist plot of the device and the intercept
on the x-axis indicated an equivalent series resistance of 0.5 Q. The low ohmic resistance was due to
the full contact among the printed conductive film, printed active layer and electrolyte gel. The
supercapacitor retained 68.3% of its initial capacitance after 250 charge/discharge cycles at a current
density of 2 A g™ as shown in Fig. 4f. The cycling stability of the device can be improved by
encapsulating the device to prevent the degradation of the electrolyte gel and by exploring new types
of electrolyte gels [27].
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Figure 4. Electrochemical properties of the symmetric supercapacitor. (a) CV curves at different scan
rates, (b) GCD curves at different current densities, (c) Specific capacitances calculated at
different current densities, (d) Ragone plot, (e) Nyquist plot and (f) cycling stability.
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3.3 Electrochemical properties of the supercapacitors in series

The electrochemical properties of the supercapacitors connected in series were studied and the
GCD curves was tested at a charge/discharge current of 10 mA, as shown in Fig. 5a. The voltage
window of the single device is 0.8 V and the charge/discharge potential of the devices in serial can be
multiplied by the number of the supercapacitors. The potential of the three devices assembled in serial
achieves 2.4 V. The discharge time increases slowly with the number of devices. The coulombic
efficiency of the single supercapacitor is superior. While the charge time of the three devices in serial
became larger than that of the single device, which were caused by the discrepancy of each device and
the connection method [28]. The digital photograph of the single flexible supercapacitor is shown in
Fig. 5b and the circuit for the driving light-emitting diode (LED) lamp is shown in Fig. 5c. The three
devices connected in series can light up a red LED.
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Figure 5. (a) Electrochemical performance of the single device and the devices connected in series, (b)
a digital photograph of the all-solid-state flexible supercapacitor, and (c) the three devices
connected in series to light up an LED.

4. CONCLUSIONS

In summary, graphene ink was obtained via a grinding method in a ball mill and a
supercapacitor electrode was fabricated using the obtained graphene ink and conductive silver ink
using a screen printing technology. A flexible supercapacitor was successfully assembled and three
devices connected in a series were used to light up a red LED lamp. The maximum specific
capacitance of a single device was 190.6 F g™* and the energy density was 16.94 W h kg™ at a power
density of 400 W kg™. A flexible electrode with a facile fabrication method has wide application in
energy storage fields and a flexible supercapacitor has great potential for wearable electronics and
smart packaging industries.
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