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ABSTRACT We propose a new material for high power and high density supercapacitors with excellent cycle

stability. Graphite oxide (PSS—GO) intercalated with poly(sodium 4-styrensulfonate) showed high performance

of electric double layer capacitance (EDLC) compared to that of the pristine graphite oxide. Specific capacitance of

the PSS—GO reached 190 F/g, and the energy density was much improved to 38 Wh/kg with a power density of

61 W/kg. Cycle test showed that the specific capacitance decreased by only 12% after 14860 cycles, providing

excellent cyclic stability. The high EDLC performance of PSS—GO composite was attributed to the wide interlayer

distance and simple pore structures accommodating fast ion kinetics.
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nergy storage devices, in particular
E electrochemical capacitors, are re-

ceiving a lot of attention recently for
building up a green renewable energy envi-
ronment. The electrochemical capacitors,
also known as supercapacitors, have high
power density and long cycle lifetime com-
pared to batteries and have been used in
such applications as memory back-up,
emergency power supply, hybrid bus, and
solar cell panels." 7 However, its low en-
ergy density has limited its use for numer-
ous possible applications. Therefore, im-
provement of the energy density of
supercapacitors is a prerequisite for devel-
oping green energy environment.

Graphite oxide (GO) and graphene su-
percapacitors have been investigated
recently.®~ "' However, the specific capaci-
tance and energy density are still low (be-
low 10 Wh/kg) compared to other
supercapacitors.'>” '® Interlayer distance in
the case of graphite oxide shrinks during
the charging/discharging process, which re-
sults in a reduction of the capacitance. The
shrinkage also takes place during the ther-
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mal annealing at 100 °C required in the
manufacture of supercapacitor elec-
trodes.!" Introduction of a simple thermally
stable bridge between the interlayers of
graphite oxide will make the interior layers
available for ion storage/retrieval. This pa-
per reports the enhanced performance of a
GO supercapacitor with such a structure
made by poly(sodium 4-styrensulfonate)
(PSS) which has a high melting point
(around 400 °C) and is water-soluble as
well as nontoxic. The physical properties,
thermal stability, and functional groups of
the PSS-intercalated graphite oxide
(PSS—GO) composites have been well in-
vestigated by our group.'” However, the
electrochemical properties of the compos-
ite are still missing. We herein show the
electrochemical properties of PSS—GO
composite which demonstrated high per-
formance of electric double layer capaci-
tance (EDLC) compared to that of the pris-
tine graphite oxide. Specific capacitance of
the composite reached 190 F/g, and energy
density was much improved up to 38

W - h/kg with a power density of 61 W/kg.
Cycle test of the cell showed excellent cy-
clic stability in which the specific capaci-
tance decreased only by 12% after 14860
cycles.

The synthesis method of the PSS—GO
composites has been reported earlier."”
First, graphite oxide (GO) was synthesized
by the modified Brodie’s method.'® The
graphite oxide obtained (200 mg) was then
dispersed in deionized water (250 mL) by a
slow addition of 0.1 M NaOH aqueous solu-
tion until the pH was equal to 10. The solu-
tion was further sonicated for 1 h. The PSS
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aqueous solution was made from 2 g of PSS

(Sigma-Aldrich, MW = 18000) and 200 mLof 0.1} (&) GO

DI water. The mixture was sonicated for 10 E ool s e

min for better dissolution (pH = 4.9). Thetwo ¢ o

solutions (GO and PSS) were then mixed § 01}k % 08p

and stirred for 12 h (pH = 8.0). Then, the © > ! )
PSS—GO composite was formed into a thin 02F 0.0} e STy - 0.3
film (average thickness of 45 um) on a filter 00 05 1o 15 20 o 4 s

(0.1 wm, Anodisc 47, Whatman) by a slow fil- 3 Potential (V) Time (s) 04
tration for over a day. Graphite oxide thin film (c) PSS-GO 20k (d)

was also prepared as a reference as follows. _ ’r Jo2
The graphite oxide (2 g), polyvinylidene fluo- E 1F s ST

ride (PVDF, 4.17 g), and kitchen black (KB, B g 1.0} W00
0.25 g) were mixed in N-methylpyrrolidone = %

(NMP). The mixture was spread onto 15 um o-1r > 05 /o °?l.0.2
thick aluminum foil with a micrometer ad- 2f 0.0} Ot 5500 77650 T3000
justable film applicator, oven-dried at 110 °C o:o ojs 1?0 1?5 2:0 25 5000 10000 15000 20000

for 6 h, and roll pressed into a film (thickness
~ 137 um).

Thin films of the PSS—GO composite and
GO were punched to make a round shape
electrode for a 1.6 cm diameter coin cell
(Wellcose, CR2016). The coin cell comprises two elec-
trodes that are isolated from electrical contact by a po-
rous separator. The separator and electrodes are im-
pregnated with tetraethyl ammonium
tetrafluoroborate (TEABF,, 1.0 M) that was dissolved in
propylene carbonate (PC). Electrochemical characteris-
tics were examined using a multichannel potentiostat
and galvanostat with an impedance spectroscopy (Bio-
Logic Science Instruments, France). The cyclic voltam-
metry was collected at a scan rate of 10 mV/s. The gravi-
metric capacitance of the electrodes was calculated
according to C; = i/(vm), where i is the current, v is the
scan rate or the linear slope of the discharging curve,
and m is the mass of active electrode. Energy and power
density (E, P) were calculated by the equations in which
E = /,CoaV? and P = 2E/unit time, respectively, where
Ciotal Is the total capacitance of the cell.’®

Cyclic voltammetry of graphite oxide (GO) in Figure
1a shows an elliptical curve, indicating a faradaic reac-
tion at the interface of electrodes with electrolyte ions,
which is a typical behavior of pseudocapacitors. The
current increases slowly as the potential increases, im-
plying that the electric conductivity of GO is too low to
transfer charges quickly. Galvanostatic
charge—discharge curve of GO in Figure 1b also sup-
ports the pseudocapacitive behavior because the
charging/discharging curve is nonlinear in GO. The non-
linearity indicates contribution of pseudocapacitance
due to the faradaic reaction. The IR drop in the discharg-
ing curve is also shown in the inset of Figure 1b. In the
case of the PSS—GO composite, however, the cyclic vol-
tammetry shows a big rectangular shape (Figure 1c),
which is a typical behavior of electric double layer ca-
pacitor (EDLC). The current increased quickly as the po-
tential increased and remained almost constant until
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the potential reached the maximum, and vice versa.
The linear curve simply indicates of the PSS—GO com-
posite support the EDLC capacitive behavior due to the
nonfaradaic interaction (Figure 1d). No appreciable IR
drop was observed, as evidenced by the inset. This is at-
tributed to the improvement of conductivity of the
electrode by the PSS intercalation. Gravimetric capaci-
tance was calculated from the Galvanostatic charge/dis-
charge curves. The specific capacitance of several GO
samples ranged from 0.05 to 14 F/g. On the other hand,
the capacitance was improved up to 190 F/g in the
case of PSS—GO samples. Average equivalent series re-
sistance (ESR) can be calculated from the ohmic drops
in the discharge curves,® which was about 1400 and 3
ohm for the GO and PSS—GO samples, respectively. The
ESR of the PSS—GO composite was lower by 3 orders
of magnitudes than that of the pristine GO. The low re-
sistance of the composite provides easy transport of
charges, resulting in high power density. The enhanced
conductance of the PSS—GO composite compared to
that of GO was predicted in the previous study in which
the conductance was derived from the dielectric con-
stant measurement, and the PSS—GO composite
showed higher conductance by 3 orders of magni-
tudes than that of GO sample."” This is consistent with
the current ESR results.

The dependence of the gravimetric capacitance on
the current density was presented in Figure 2a. The ca-
pacitance was 190 F/g at 0.1 A/g, and reduced and satu-
rated to about 90 F/g until the current density was 30
A/g with a discharge voltage of 2.0 V. The correspond-
ing energy density versus power density was plotted in
Figure 2b, marked by red-filled squares. When the dis-
charge voltage increased to 2.7 V, the energy density
also increased up to 38 W - h/kg at a power density of
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Figure 1. Cyclic voltammetry and galvanostatic charge/discharge curves of graphite ox-
ide (a, b) and PSS—GO (c, d). The scan rate was 10 mV/s and cycles of 10 times in CV, and
the current density of charge—discharge curves was 0.1 A/g with a discharge voltage
of 2.0 V.
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Figure 2. (a) Gravimetric capacitance as a function of the
current density, resulting from the galvanostatic measure-
ment. (b) Ragone plot of PSS—GO composites as a function
of current density at 2 V (filled squares) and 2.7 V (open
circles), discharge voltage at 1 A/g (filled triangles), and ref-
erences (filled star and circle from the ref 21 and 22).

61 W/kg, marked by open circles in Figure 2b. The maxi-
mum energy density obtained was 38 W - h/kg, which
is significantly improved compared to the previous
reports,”®'22%21 marked by the filled circle and star in
the Ragone plot (Figure 2b). The energy density also in-
creased from 0.3 to 34 Wh/kg as the discharge voltage
increased linearly from 0.4 V up to 3.0 V at a current
density of 1 A/g, marked by filled triangles in Figure 2b.
This indicates that the TEABF,/PC electrolyte is reliable
in the high voltage region for high energy density su-
percapacitor applications.

High electrochemical stability was found by the re-
peated galvanostatic charge/discharge cycling (2 V, 1
A/g) and cyclic voltammetry (2 V, 10 mV/s) from differ-
ent batches of the PSS—GO cells as shown in Figure 3.
The specific capacitance decreased very slowly until
14860 cycles and decreased by only 12% of the initial
capacitance, indicating that the capacitor has an excel-
lent cycle life. The inset shows the cycle test of another
cell, indicating reproducible cyclic behavior. Figure 3b
presents the cyclic voltammetry of the first and after
14860 cycles, and the rectangular shape, indicating that
the EDLC contribution still remained after the long
cycle test. The charging and discharging curves be-
came flattened compared to the first cycle. This indi-
cates that the contribution from faradaic reaction was
completely removed after first few cycles. The nonfara-
daic EDLC contribution then survives for a long cycle
test without an appreciable degradation. In this sense,
it is conjectured that the contribution from faradaic re-
action is less than 12%.

A‘“ﬁ%\@) VOL. 4 = NO.2 = JEONG ET AL.

150

- (a)
(=2}
oy
o 100
Q
[
8
8
2 50
o 50
o ol v o
. 0 500 1000
o 4 I L 3
0 5000 10000 15000
Cycle Number
150
_ (b) 1
5 100}
L% 8
8 50 §
c
s o} g
‘S g g
S o} & 5
o VT 8
(&) o
a -100}f
»
150 . " M N 1

00 05 1.0 15 20
Potential (V)

Figure 3. (a) Specific capacitance as a function of the cycle
number. Inset shows the cycle test of different batched
sample cell. (b) Cyclic voltammetry of the first and after
14860 cycles of PSS—GO sample (scan rate was 10 mV/s).

The reason for higher capacitance and energy den-
sity of the PSS—GO composite can be seen in absorp-
tion/desorption measurement of charges at a constant
potential (V = 2V for absorption and V = 0 V for de-
sorption) as shown in Figure 4a. The PSS—GO cell shows
higher charge absorption/desorption (~current of 400
mA) compared to that of the GO cell (~current of 2 mA).
Rectangular dashed box in Figure 4a was marked to
see the charge absorption/desorption of the GO cell in
detail. Figure 4b was the magnification of the dashed
box, indicating very small current in GO is by absorp-
tion and desorption of ions. The integrated current dur-
ing absorption (desorption) time indicates the total
charges of absorption (desorption). The calculated aver-
age absorbed charges of GO and PSS—GO capacitor
were 72 and 392 mG, respectively, resulting in 5.5 times
higher charge absorption in the PSS—GO capacitor. As
for the average desorbed charges, the GO has 43 mC
and the PSS—GO capacitor has 328 mC, which is about
5 times higher than that of the pristine GO capacitor.
The high absorption and desorption of charges in the
PSS—GO capacitor is strongly coupled to the high ca-
pacitance and energy density, which is consistent with
the CV and galvanostatic charge—discharge results.

To evaluate adsorption rate constants, the measure
of how fast ions transport and adsorb into pores, the ad-
sorption data were fitted to the first order kinetic equa-
tion; Q; = Q. (1 — e~ ), where k is the adsorption rate
constant, and Q; and Q. are the amount of charges ad-
sorbed at time t and equilibrium, respectively. Figure 4
panels c and d show the curve fittings with the ab-
sorbed charges with times of GO and PSS—GO, respec-
tively. Even though the fitting is poor, especially in the
case of GO, the adsorption rate constant of 0.009 for GO

www.acsnano.org



blocked, which results in fa-
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Figure 4. (a) Absorption and desorption of charges in GO and PSSGO cell under con-
stant potential (2 V for absorption and 0 V for desorption). Rectangular dashed box near
zero current was marked to see detail GO result. (b) Magnification of the dashed box
for the GO result. Integrated absorbed charges of (c) GO and (d) PSS—GO cell were
shown with the best curve fitting with the first order kinetic equation.

and 0.48 for PSS—GO from the first order kinetic equa-
tion gave qualitative comparison between GO and
PSS—GO. The 50-fold increase in the rate constant can
originate from several factors. One is the enhanced in-
terlayer distance (of up to 8 A) in the case of the
PSS—GO. Another is a robust prohibition of redox reac-
tive sites blocked by the PSS. Some redox groups such
as epoxide and hydroxyl groups in the pristine GO are
mostly covered by the PSS. Carboxylic groups that are
present at the edge of GO'#%2~2% could also be
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Figure 5. Nyquist plot of (a) GO and (b) PSS—GO in frequency
regime from 10 mHz to 100 kHz. Insets show magnification
of the impedance near zero and corresponding semicircle
marked by dashed line.
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ear shapes of CV and gal-
vanostatic charge/discharge
cycles, while the PSS—GO
shows very steep slope and
only imaginary impedance in
the same frequency regime,
indicating excellent EDLC performance (Figure 5b). The
ESR of GO and PSS—GO were obtained from the semi-
circles in insets, about 40 () for GO and 15 () for
PSS—GO. However, ESR of 15 () is still large enough
for PSS—GO showing poor power density characteris-
tics. Additional studies are needed to decrease the ESR
of PSS—GO and will be investigated in the near future.

It is worth noting that the surface area of GO and
PSS—GO is very low (3.2 and 9.5 m?/g for GO and
PSS—GO) according to the BET measurement under N,
gas. The nitrogen gas somehow could not enter the in-
terlayers in both of GO and PSS—GO, but the electro-
lyte ions could propagate well, especially in the case of
PSS—GO as shown in Figure 4. In addition, the surface
area estimates from the BET measurement took account
of only pores which were less than 100 nm. Larger
pores could be contributing to the improved perfor-
mance in charge storage. Detailed in situ change of in-
terlayer distance, surface area, and chemical compo-
nents in the electrolyte should be studied further.

In conclusion, we have investigated the electro-
chemical properties of the PSS—GO capacitors. The cy-
clic voltammetry and galvanostatic charge—discharge
cycles of the composites showed excellent EDLC perfor-
mance and stable specific capacitance with high cur-
rent density. Energy density was improved up to 38
W - h/kg with a power density of 61 W/kg, and the spe-
cific capacitance decreased by only 12% after 14860
cycles, providing excellent cyclic stability. The superior
EDLC performance of the PSS—GO opens new possible
material as a strong candidate for supercapacitor of
high energy density.
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