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I Supercapacitors

A Flexible and High-Voltage Internal Tandem
Supercapacitor Based on Graphene-Based Porous
Materials with Ultrahigh Energy Density

Fan Zhang, Yanhong Lu, Xi Yang, Long Zhang, Tengfei Zhang, Kai Leng,
Yingpeng Wu, Yi Huang, Yanfeng Ma, and Yongsheng Chen*

Pursuing higher working voltage and packaged energy density, an internal tandem
supercapacitor has been successfully designed and fabricated based on graphene-
based porous carbon hybrid material. Compared with the packaged energy density
of 27.2 Wh kg, ! and working voltage of 3.5V using EMIMBF, electrolyte for the
conventional single-cell supercapacitor, the internal tandem device with the same
material achieves a much higher working voltage of 7 V as well as a significantly
improved energy density of 36.3 Wh kg,,;”" (increased by 33%), which is also about
7 times of that of the state-of-art commercial supercapacitors. A flexible internal
tandem device is also designed and fabricated and demonstrated similar excellent

performance.

1. Introduction

Energy storage has become a global issue in modern society,
and searching for novel, environmental-friendly, low-cost,
and high-performance energy storage devices is under great
demand nowadays.[!l Supercapacitors,? also known as elec-
trochemical capacitors or ultracapacitors,[i“] have attracted
significant attention as an important and rapidly growing
class of energy storage and delivery devices. Compared with
batteries, there are many advantages of supercapacitors,
including ultra high power density, long cycle life, fast charge-
discharge rate, no memory effects, wide operational tempera-
ture range and improved safety.’] Thus, they are commonly
used in a wide range of applications, such as back-up systems,
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consumer electronics, uninterruptible power sources, and
hybrid electric vehicles (HEVs), etc.[]

Currently, the state-of-art supercapacitors have a single-
cell structure with a working voltage ranging typically from
1.0 to 3.5 V, which is limited by the electrolyte and has a great
impact for the energy and power densities since both of them
are proportional to the square of the working voltage. Thus,
it is highly desired to fabricate devices with higher working
voltage, as in the cases using organic and ionic liquid electro-
lyte systems compared with the aqueous systems.[”! Particu-
larly, using ionic liquids is preferred in terms of both higher
voltage (up to >3.5V) and wider working temperature range,
due to the advantages of excellent thermal stability, high
ionic conductivity, and the properties of being nonvolatile,
nonflammable, and nontoxic.[8]

In order to achieve higher voltages that are required by
many power devices in practice, another simple and effec-
tive approach is to optimize the device configuration, which
can be realized by using the internal tandem architecture.
Internal tandem supercapacitors (ITSC) consist of two or
more pairs of active electrodes with more separators in one
device and thus could greatly increase the working voltage
in one packaged device and also reduce the packaging cost
which generally takes a significant weight fraction (>60%) of
the whole cell. Compared with most cases in practice, where
the supercapacitor devices are packed in modules using

wileyonlinelibrary.com

MICRO

2285


http://doi.wiley.com/10.1002/smll.201303240

2286 www.small-journal.com

s full papers

many externally connected individual devices in series to
obtain a high working voltage, the internal tandem architec-
ture would make the increase of external voltage much more
convenient and more efficient. Moreover, as the packaged
energy density is a more reliable indicator than the energy
density of electrode materials for actual applications, the
internal tandem cell design is beneficial to increase the pack-
aged energy density, due to the increase of the active material
mass proportion of the whole device to 40% of that based
on the electrode materials, while the single-cell device only
reaches ~30%.1'91 Although this approach is commonly used
in fuel cells,''13] it has been studied only in a very few cases
of all-solid-state symmetric supercapacitors!!*'l or aqueous
electrolyte supercapacitors,[’'”] and has not been explored
for supercapacitors in organic/ionic liquid electrolyte systems
in the literature.

The performance of the electrode active material is the
most important factor for the overall device performance.
Thus, more desirable active materials have being sought
extensively,'82! and particularly for those sp? carbon based
materials with higher surface area, more preferable pore
size distribution and intrinsic conductivity?>?4 than the
conventional activated carbon (AC) which generally has a
gravimetric capacitance of only 70-120 F ¢! in organic elec-
trolytes.?>?”l Graphene has excellent intrinsic properties
such as high conductivity and surface area,?32] which per-
fectly fits in the requirements for high performance super-
capacitor electrode materials. For instance, graphene has
been widely employed in hybrid electrode materials such
as graphene/metal oxides,?*3 graphene/conductive poly-
mers,?* and graphene/CNTs.[41-44
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Figure 1. (a) Specific surface areas (SSAs) of graphene/lignin hybrid porous materials in
different ratios and commercial AC RP20. The SSA was measured based on the BET method.
(b) Pore size distribution for N, (calculated using a slit NLDFT model). (c), (d) High resolution

TEM images of a-HTGL24.
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Recently, we have developed a simple and environ-
ment-friendly approach to prepare a 3D cross-linked gra-
phene material in large scale.’] In this work, combining
all these ideas together and using the graphene-based
material prepared by a similar approach above as the elec-
trode active material, we have designed and fabricated an
internal tandem supercapacitor using 1 M TEABF,/AN and
EMIMBEF, as the electrolyte system. The ITSCs exhibit a
high working voltage up to 7 V, specific capacitance (213 F
glat 1 A g’!) and a significantly improved packaged energy
density (36.3 Wh kgt by 33% compared to single-cell
device) as well as good rate performance both in EMIMBF,
and 1 M TEABF,/AN electrolyte. Furthermore, flexible
ITSCs have also been fabricated and demonstrated similar
excellent performances.

2. Results and Discussion

2.1. Synthesis of Active Electrode Materials and Their Pore
Structure Analysis

First, to obtain a high performance active electrode mate-
rial, a series of graphene-based porous materials were
synthesized using the method we developed recentlyl?’]
starting from the graphene and lignin composites with dif-
ferent graphene oxide (GO)/lignin weight ratios (Detailed
in the Experimental section). Scanning electron microscopy
(SEM, Figure S1) shows that the morphology of the gra-
phene/lignin hybrid product material becomes looser with
an increase of graphene content. Based on the specific sur-
face area (SSA) results (Figure 1a) and
conductivity results (Supporting Infor-
mation, Figure S2) from the nitrogen
adsorption/desorption ~ BET  analysis
and conductivity results, the material
a-HTGL24 (from the GO/lignin com-
posite with weight ratio of 1:24) was
selected because it has the highest SSA
(3026 m? g!') and good conductivity
(75 S m™). The parameters of SSA and
porosity of all products with different
GOl/lignin ratios are listed in details in
Table S1, which could further reveal
great changes of the texture properties
of the products with the introduction of
GO. Overall, the addition of GO makes
the pore size distribution of the mate-
rials moves to the mesopore range. This
is demonstrated clearly in Figure 1b for
the product a-HTGL24, where the pores
are made of mainly mesopores (3-7 nm),
contrary to that for the controlling sam-
ples of a-HTGO or a-HTLIG from GO
or lignin only, and the commercial AC
product RP20. The nitrogen sorption iso-
therm of a-HTGL24 shown in Figure S3
also reveals the mesoporosity with a type
IV characteristic sorption/desorption
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isotherm. Moreover, the morphology of a-HTGL24 that
characterized by transmission electron microscopy (TEM)
shown in Figure 1c further demonstrates the presence of
a dense pore structure, which is composed of abundant
pores with 2-3 nm pore size, and the pores are surrounded
by highly winkled and ridged graphene sheets (Figure 1d).
It is expected that the abundant presence of mesopores
in a-HTGL24 could facilitate the overall electrolyte ion
transportation and interface contact (wetting) between the
electrode and the electrolyte ions and thus improve the
supercapacitor performance.

2.2. Single-Cell Supercapacitor Device Performance
Evaluation

For the purpose of comparison, the performance of conven-
tional single-cell supercapacitor (SCSC) based on the opti-
mized material a-HTGL-24 was evaluated. All electrodes
of these materials were made by adding 10 wt% polytetra-
fluoroethylene (PTFE) as the binder but with no conduc-
tive additives, because of the enhanced intrinsic conductivity
by graphene introduction for a-HTGL24 (Figure S2, Sup-
porting Information). All electrochemical measurements
of the supercapacitor devices were conducted in a symmet-
rical cell system at room temperature in 1 M TEABF,//AN
and EMIMBEF, electrolyte respectively, and investigated by
standard galvanostatic charge-discharge test, cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy
(EIS).

The performance of the SCSC in EMIMBF, electrolyte
is shown in Figure 2. CV curves shown in Figure 2a exhibit
very rectangular shapes from 0 to 3.5 V in a wide range of

small

scan rates (50-200 mV s7), indicating an excellent capacitive
behavior and rate performance of a-HTGL24 for superca-
pacitors. Figure 2b shows the galvanostatic charge/discharge
curves at different current densities, where the specific capaci-
tance was calculated to be 213,205, 194 and 183 F/g at current
densities of 1,2,5 and 10 A g! respectively, while the corre-
sponding volumetric capacitance is up to ~66 Fcm = at 1 A g'.
The values of energy density calculated on weight of the active
electrode materials follow the same tendency and the highest
energy density achieves 90.6 Wh kg~!. For the practical pack-
aged supercapacitor device, the energy density can be esti-
mated to be 30% for the electrode material,'”! which is about
27.2 Wh kg, ! in this case. Figure 2c further summarizes the
excellent galvanostatic charge-discharge results of superca-
pacitor based on a-HTGL24 compared with those based on
a-HTGO and a-HTLIG. At the current density of 1 A g™, the
specific capacitance of supercapacitors based on a-HTGL24
exhibits the highest value of 213 F g™!, while a-HTGO device
and a-HTLIG device are only 132 F g™! and 180 F g7!; in addi-
tion, the rate performance of a-HTGL24 also shows the best
compared to the other two samples. Figure 2d shows the EIS
measurement results, where the Nyquist plots of a-HTGO,
a-HTLIG and a-HTGL24 are characterized by an inconspic-
uous semicircular arc in the high frequency region. Compared
with the devices from a-HTGO and a-HTLIG prepared from
GO or lignin only, the devices from a-HTGL24 prepared
from the composite of GO and lignin shows the most vertical
curve in the low-frequency region, indicating the best nearly
ideal capacitive behavior of the a-HTGL24-based superca-
pacitor.*’] The slope of the 45° portion of the curve in the
middle frequency range called the Warburg resistance implies
the frequency dependence of ion diffusion/transport in the
electrolyte.**#l Moreover, the Warburg curve region (inset

in Figure 2d) of a-HTGL24 electrodes is

obviously the shortest compared to that
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Figure 2. SCSC performances of a-HTGL24 in EMIMBF, electrolyte. (a) CV curves with different
scan rates. (b) Galvanostatic charge/discharge curves under 1 Ag?, 2 Ag?, 5Ag!and
10 A g%, (c) Galvanostatic charge/discharge testing of a-HTGL24 under 1 A g%, 2 A g1,
5A g !and 10 A g!, with a-HTGO and a-HTLIG for comparison. (d) Nyquist plot of a-HTGO,
a-HTLIG and a-HTGL24 based supercapacitors. The inset shows an expanded view for the

high-middle frequency range.
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mance of a-HTGL24 was also observed
in 1 M TEABF, electrolyte at 0-2.7 V
working voltage, as detailed in Figure S5.
All these results indicate that the opti-
mized material a-HTGL24 is a preferable
active electrode material for high-perfor-
mance supercapacitors.
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Figure 3. (a) Schematic diagram of ITSC assembly design based on our graphene-based porous material. (b) Structure of flexible ITSC device, inset
is the digital image of the device. (c) The working mechanism of ITSC architecture.

2.3. Internal Tandem Supercapacitor Performance

With the optimized material in hand, the internal tandem
supercapacitor (ITSC) was designed and fabricated pursuing
better performance. The details of fabrication are described
in the Experimental section and its structure diagram is dis-
played in Figure 3a and 3b. All electrochemical performances
were measured by a similar method for the SCSC devices
above. Figure 3c illustrates the working mechanism of ITSC
for charge storage and release in higher voltage. In the initial
state (left image), cations and anions are distributed disor-
derly in the system. When the charge process starts, similar
to the common SCSC,[*! cations and anions pass the sepa-
rators and transport to negative electrode and positive elec-
trode respectively due to the electrostatic physical adsorption
(right image). In the middle part of the device, unlike the
SCSC device, the additional middle-electrode with double-
sides material loading would adsorb opposite ions in each
side and separate the device into two electric double-layers,
which thus forms the internal tandem state, as seen from
the simplified model in Figure 3c. When the discharge pro-
cess starts, electrons flow from the negative electrode to the
positive electrode, while cations and anions gradually return
back to the electrolyte system, finally the two electric double-
layers disappear and recover to the initial state.

The ITSC was evaluated in both 1 M TEABF,/AN elec-
trolyte and EMIMBE, electrolyte, with a double-increased
working voltage to 5.4 V and 7 V, respectively, as well as
excellent supercapacitor performances, as shown in Figure 4
and Figure S6. It can be clearly seen from Figure 4a that at
all applied scan rates (50, 100, and 200 mV s7'), the CV plots
are semi-rectangular in shape between 0 and 7 V, indicating a
closely ideal characteristics of a supercapacitor and also fast
electrode kinetics and low internal resistance up to a high

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

working voltage of 7 V. It is also worthy to point out that
using the internal tandem architecture, the applied voltage
scan rate can be theoretically shared equally by each unit
cell, which is an advantage for an individual cell when fast
voltage change and large voltage range are needed in prac-
tice.”l Figure 4b shows the galvanostatic charge/discharge
test results at different current densities of 2, 5, 10 A ¢! in
0-7 V, with all the linear profiles of the charge/discharge
curves at different current densities and their symmetry.
These also reveal the good capacitive performance of the
ITSC, which is similar to the SCSC discussed above but at
a much higher working voltage. Meanwhile, the calculated
specific capacitance of the ITSC still remains almost the
same as those based on the SCSC at different current den-
sities, demonstrating the great rate performance can still be
kept in the ITSC as well. Figure 4c shows the Nyquist plots
of the ITSC and the SCSC for comparison. Obviously, both
plots show very vertical curves in the low-frequency region,
indicating that the ITSC still keeps nearly ideal capacitive
behavior. The inset plots give a little larger equivalent series
resistance (ESR) equals to 0.91 Q of ITSC, but still smaller
than the double value of that of SCSC (1.12 Q), indicating a
smaller ESR of the internal tandem device than the external
tandem device.

The Ragone plots of the packaged energy density vs.
power density of the ITSC and SCSC in EMIMBF, are shown
in Figure 5a. For the ITSC devices, the packaged energy
density reaches to 36.3 Wh kg.,~' (at a power density of
305.7 W kg 1) in EMIMBF,, a 33% increase compared with
that (27.2 Wh kg ! at a power density of 242.8 W kg, 7))
of the conventional SCSC device, which is mainly due to
the increased weight proportion of the electrode material
in the whole device. Besides, the packaged energy density of
ITSC devices is also about 7 times of that of the commercial
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Figure 4. Electrochemical performances of a-HTGL24 based ITSC in EMIMBF,. (a) CV curves with different scan rates of 50-200 mV s7! in the
potential range of 0-7 V. (b) Galvanostatic charge/discharge test results at different current densities of 2, 5, 10 A g~ in 0-7 V. (c) Nyquist plots of
a-HTGL24 based ITSC and the compared SCSC in the frequency of 100 kHz — 10 mHz. (d) Cycle stability of a-HTGL24 tandem cell over 3000 cycles

in EMIMBF, at a constant current density of 2 A g1 in 0-7 V.

single supercapacitor.[*’] Even at a faster charge/discharge
rate (10 A g!, within 66 s fully charged and discharged),
the energy density still remains at 29.3 Wh kg ' with a
high power density of 4946.0 W kg ., ”'. In addition, all these
values of the ITSCs are also much higher than the values in
the literature for the conventional SCSC devices at similar
conditions.[3:22:43-50]

Our concern using ITSC architecture to achieve higher
working voltage and packaged energy density are also appli-
cable to other electrolyte systems and materials. For example,
in the 1 M TEABF,/AN system using the same material
a-HTGL24, the packaged energy density of ITSC device can
reach up to 19.3 Wh kg !, ~34% increase compared with that
(14.4 Wh kg ;1) of the SCSC device (shown in Figure 5b).
In addition, the working voltage can also be double-increased
to 0-5.4 V with extraordinary performances such as high

specific capacitance and good rate performance, which is
shown in Figure S6. In another case, when the commer-
cial material such as RP20 was used, similar significantly
improved performance was achieved as shown in Figure 5b.

In addition, the long-term cycling performance (Figure 4d)
still remains at a high retention of 89% after 3000 cycles at 2 A
¢! for a-HTGL24 material in the EMIMBF, system, demon-
strating good cycle stability even at fast charge/discharge rate
and a high working voltage of 7 V. Similar cycling stability was
also observed for other materials and electrolyte systems.

2.4. Flexible Internal Tandem Supercapacitor Performance
The flexible internal tandem supercapacitors (FITSC, 1.0 cm

x 2.5 cm for each electrode) were further fabricated to show
the universality for application of the

a 100 b internal tandem design, as already shown
-HTG SC . . .
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i el © ] —_— .
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Figure 5. (a) Ragone plot of a-HTGL24 based ITSC and SCSC in EMIMBF,,, with values obtained
from common SCSC devices based on various materials in the literature for comparison.
(b) Ragone plot of ITSC and SCSC in 1 M TEABF,/AN based on different electrode materials
including a-HTGL24 and RP20. The two Ragone plots indicate the universal performance
improvement of the internal tandem design for different electrolytes and materials.
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FITSC device was placed under various
mechanical deformations to evaluate the
flexibility and electrochemical perfor-
mance stability. The CV curves collected
at a scan rate of 200 mV s~! for the FITSC
device under different bending angles

cell
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Figure 6. Electrochemical performance of a FITSC in EMIMBF,. (a) CV curves with different scan rates of 50-400 mV s~! in the potential range of
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showing good flexibility.

(0-180°) have displayed almost similar semi-rectangular
shape in Figure 6c, demonstrating that FITSC preserve a con-
stant capacitance output under extreme bending conditions
without declining performance.’!] Furthermore, the galva-
nostatic charge/discharge curves of FITSC bent before and
after almost overlap together at different current densities in
Figure 6d, showing the good rate performance preservation
at bending condition.

It is worthy to note that the FITSC can be easily scaled
up to large-scale production, which is illustrated in Figure S7.
The FITSC devices with a-HTGL24 electrodes area of 1.0,
2.5, 5.0, and 10.0 cm? exhibit a capacitance of 0.515, 1.287,
2.558 and 5.157 F at a current density of 2 A g™!, respectively.
In addition, the dependence of capacitance values on elec-
trode areas follows a linear relationship, indicating the prom-
ising application of fabricating the large-scale FITSC for
flexible portable energy storage device in the future.

3. Conclusion

In summary, a novel supercapacitor architecture with
internal tandem structure was designed and fabricated,
and its packaged energy density increases by ~33% (up to
36.3 Wh kg, ™)) and has a much higher operating voltage
window (up to 7 V). This packaged energy density is 7 times
that of commercial supercapacitors and equal to that of
nickel-metal hydride batteries or lead acid batteries. Fur-
thermore, the tandem devices also demonstrate an excellent
cycling stability and rate performance, and this new design is
also applicable to different materials and electrolyte systems.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

More importantly, similar performances were even observed
for the flexible devices based on the internal tandem architec-
ture. Thus, the universal improvement with this new design,
together with the same performance for the flexible devices
based on the same architecture, is expected to have impor-
tant implication for the emerging supercapacitor industry
and may be applied to other device design.

4. Experimental Section

Materials: Graphite (average particle diameter of 44 pm,
99.95% purity, Qingdao Huarun Graphite Co., Ltd.), lignin (Tianjin
Guangfu Chemical Co., Ltd.) and potassium hydroxide (KOH,
Wuhan Chujiang Chemical Co., Ltd.) were used as raw materials.
Polytetrafluoroethylene (PTFE, solid powder, Dupont), commercial
activated carbon RP20 (Kuraray Chemicals), electrolyte 1.0 M tetra-
ethylammonium tetrafluoroborate in AN (TEABF,/AN, Novolyte) and
1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,, Lanzhou
Kaite trade Co., Ltd) were all used as purchased. The cellulose film
(TF4840, NKK) was used as separator for supercapacitor. Graphite
oxide (GO) was prepared using modified Hummers method from
flake graphite as previously reported.[>2:53

Preparation of Graphene-Based Porous Material a-HTGL24:
The graphene-based porous materials were prepared as previ-
ously reported.[?3! Briefly, lignin aqueous solution (250 mg mL™)
and GO aqueous solution (5 mg mL™?) were homogeneously mixed
together with weight ratio of GO to lignin = 1:8, 1:16, 1:24, 1:32,
respectively, and transferred to a 100 mL Teflon-lined autoclave.
Then, the mixed solution was heated to 180 °C and maintained
for 12 h. After cooled down to the room temperature, the solid
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product was washed with distilled water and dried in vacuum at
120 °C for 24 h to get the intermediate product. After that, this
intermediate product (1 g was mixed with KOH (4 g) and placed
in a horizontal tube furnace, heated up to 800 °C at 5 °C min~!
and kept for 1 h under Ar gas flow. After cooled down to the room
temperature, the obtained product was washed with 0.1 M HCl and
distilled water until pH = 7. The final product was obtained after
dried in vacuum at 120 °C for 24 h, with the name of a-HTGLS,
a-HTGL16, a-HTGL24, and a-HTGL32 respectively according to the
feed ratio. The product named a-HTGO and a-HTLIG that derived
from pure GO and pure lignin respectively were synthesized by the
same procedure as controlled materials.

Characterization: Transmission Electron Microscopy (TEM)
observation of the material microstructure was carried out using
a JEOL TEM-2100 electron microscope. The nitrogen adsorption/
desorption analysis was done at 77 K on a Micromeritics ASAP
2020 apparatus. The specific surface area was calculated by the
BET method based on adsorption data in the relative pressure (P/
Py range of 0.05 to 0.3. The total pore volume was measured from
the amount of nitrogen adsorbed at a relative pressure (P/P,) of
0.99. The pore size distribution (PSD) was analyzed using a NL-DFT
method with a slit pore model from the nitrogen adsorption data.
The electrical conductivity of all the products was tested using the
following method. Typically, the sample was mixed with 1 wt.%
polytetrafluoroethylene (PTFE, Dupont) as a binder, homogenized,
rolled into 100 pm thickness sheet and cut into 3 cm x 1 ¢cm sheet.
The resistance (R) of the sheet was tested using a four-probe
method, and the electrical conductivity of the film was calculated
according to the formula A = L/(R x W x d), where A is the con-
ductivity, L, W, d is the length, width and thickness of the sheet,
respectively.

Fabrication of Supercapacitors Based on Porous Material
a-HTGL24:

1. All the single supercapacitor devices based on our product
a-HTGL24 were fabricated and evaluated by the recommended
industry standard method,%>4 using the two-electrode system
to get reliable performance data. Typically, the final product was
mixed with 10 wt% polytetrafluoroethylene (PTFE, solid powder,
Dupont) as a binder, and homogenized in an agate mortar.
Then it was rolled into 80-100 um thickness sheets and
punched into 12 mm diameter electrodes. The single typical
electrode material had a weight between 3.0 and 4.0 mg after
dried at 120 °C for 6 h under vacuum. Then two identical (by
weight) electrodes were hot pressed onto conductive carbon
coated aluminum foils as current collectors and further dried at
180 °C for 6 h. After cooling down to the room temperature, the
two electrodes were transferred into a glove box and assembled
in a test fixture, which consisted of two current collectors, two
electrodes, and an separator (TF4840, NKK) fastened in a fix-
ture with two aluminum plates. The electrolyte was 1 M tetra-
ethylammonium tetrafluoroborate in AN (TEABF,/AN, Novolyte)
which was used as purchased.

2. As a proof of concept, the symmetric internal tandem cell was
fabricated based on our a-HTGL24 electrodes that prepared
as described above. The cell was assembled in an argon filled
glove box in a different configuration. First, the two end elec-
trodes were prepared by one-side loading electrode materials
onto conductive carbon coated aluminum foils as described
above, then the bipolar electrode in the middle was prepared
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similarly by double-sides loading electrode materials onto con-
ductive carbon double-coated aluminum foils. Two separators
were settled between the electrodes, and the electric insula-
tion between the two individual symmetric electrode pairs was
achieved by sticking polyimide tape around the edge of each
electrode (by 2 mm width). Finally the device was infused with
1 M TEABF,/AN or EMIMBF, electrolyte and fastened in a fix-
ture with two aluminum plates and sealed. The loading mass of
active materials on each side of electrodes was all the same.

3. The flexible ITSC device was fabricated using a similar method.
Each electrode was cut into 1.0 ¢cm x 2.5 cm sheet, and the
packed material is soft aluminium foil. The injection of the
electrolyte was operated in the glove box after the negative
electrode, positive electrode, and separator were assembled
together to make the core of FITSC.

Electrochemical Measurements: The electrochemical perfor-
mance of the single supercapacitor and internal tandem cell based
on our product were both studied by galvanostatic charge/dis-
charge test using a supercapacitor tester (Arbin MSTAT, America),
while cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques were also carried out using Autolab
(Metrohm). CV tests were carried out in various scan rates from
50 mV s to 400 mV s7! at potential ranges of 0-5.4 V and
0-7 V for single supercapacitor and ITSC respectively. Galvano-
static charge/discharge tests were done in the same potential
range at current densities from 1 A g7! to 20 A g1, respectively.
EIS measurements were carried out at AC amplitude of 10 mV in
the range of 100 kHz to 10 mHz. All the electrochemical tests were
carried out at room temperature. The gravimetric specific capaci-
tance of the material, C;, (F g1), was calculated from galvanostatic
charge/discharge test according to the formation

21
Co = mdv T @
where / is the constant current, m is the mass of carbon in each
electrode, and dV/dt was calculated from the slope obtained by
fitting a straight line to the discharge curve over the range of V (the
voltage at the beginning of discharge) to %2 V. The energy density
based on the total mass of the electrode materials, E (Wh kg™?),
was estimated using the formula

L C,V?
“8x3.6

The power density P (W kg™) was calculated using the
formation

E @

_E 3
P=7 )]

Where E is the energy density (Wh kg™, and ¢ is the discharge
time (s).
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