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Abstract: For the first time, common printing paper is converted to electrode for
high-performance flexible and foldable electrochemical supercapacitor using water-
dispersible conductive polymer, polyaniline-poly(2-acrylamido-2-methyl-1-pro-
panesulfonic acid) (PANI-PAAMPSA) and poly(vinyl alcohol) (PVA) as conducting
agent and polymer matrix, respectively. PANI-PAAMPSA is used to convert insulat-
ing paper to conductive substrate while PVA provides ion channels for electrolyte as
well as mechanical durability for paper substrate. The paper-based supercapacitors
exhibit excellent electrochemical energy storage capability. The maximum mass
and area specific capacitances of the paper-based supercapacitors reached up to 41
F g’ and 45 mF cm? at 20 mV s7, respectively. In addition, the PANI-PAAMPSA/
PVA/paper-based supercapacitors demonstrate high mechanical durability and
flexibility during the bending tests. The specific capacitance of the paper-based
supercapacitors are changed up to 16 % compared to the initial value as they are
bent progressively from 0° to 100°. The excellent electrochemical stability of the paper-based supercapacitors is attributed to high water
dispersibility and conductivity of PANI-PAAMPSA. The high mechanical durability is attributed to employment of PVA as robust polymer
matrix allowing for ion channels of electrolyte. Our work can open up opportunities of next-generation paper-based electronics and
energy storage devices.
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1. Introduction

Recently, paper has attracted significant interest as novel and
flexible substrate. Papers are composed of cellulose fibers
with versatile properties such as flexibility, lightweightness,
and foldability.! Paper can be produced from raw materials
which are earth-abundant and renewable, making it one of
the cheapest flexible substrates. Furthermore, the printing
technology is fully established to facilitate the next-genera-
tion paper-based electronics.

There has been steady progress in employing papers as novel
flexible substrates for electronic devices including microfluid-
ics,* thin film transistors,” printed electronics,®” and conductive
papers?’ One of the most promising applications of paper sub-
strates is the electrodes for the energy storage device. Due to
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the development of flexible and wearable personal electronics,
novel flexible and efficient electrode materials of energy storage
devices are becoming increasingly important. The integrated
flexible energy storage systems are necessary to fully utilize the
flexible electronics. The conductive papers possess high flexi-
bility as well as electrical conductivity. Papers have highly
porous structure due to the networks of the cellulose fibers.
The flexibility of papers could overcome the mechanical crack-
ing and failure of the tin indium oxide (ITO) film, which is the
conventional transparent electrode. The high porosity of
papers enables sufficient surface area required for the flexible
electrodes of lithium ion batteries and electrochemical capaci-
tors or supercapacitors which are the state-of-the-art energy
storage devices.

To realize paper-based electronics or energy devices, several
technical issues need to be resolved. Firstly, common printing
papers made of cellulose fibers have weak adhesion to metal
films which are critical to make papers conductive.”’ Secondly,
papers tear easily, indicating that their mechanical durability
needs to be significantly improved for paper-based devices.

Herein, we report high efficiency flexible and foldable super-
capacitors on paper substrates using polyaniline-poly(2-acryl-
amido-2-methyl-1-propanesulfonic acid) (PANI-PAAMPSA) mixed
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with polyvinyl alcohol (PVA) as electrode materials. The PANI-
PAAMPSA and PVA-based supercapacitors overcome the two
obstacles mentioned above. Common printing papers are con-
verted successfully to conductive substrates without use of any
metal coatings. Due to its high water solubility and conductiv-
ity, PANI-PAAMPSA is deposited effectively, making papers
conductive enough to be used as electrodes for supercapaci-
tors. The PVA admixed with PANI-PAAMPSA plays a role of
the polymer matrix to allow for ion conduction in PANI-
PAAMPSA while significantly enhancing the mechanical sta-
bility of paper substrates.

2. Experimental

2.1. Synthesis of PANI-PAAMPSA

To synthesize the water soluble conductive polymer, PANI-
PAAMPSA, poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
or PAAMPSA (Aldrich, MW : 800,000) was dissolved in deion-
ized water. PAAMPSA solution was mixed with aniline monomer
(Aldrich) and stirred at room temperature for 30 min. Ammo-
nium persulfate (98%, Aldrich) used as an oxidizing agent was
dissolved in deionized water and stirred for 30 min. The ammo-
nium persulfate solution was added dropwise to the PAAMPSA-
aniline solution. The reaction medium of Ammonium persul-
fate and PAAMPSA-aniline solution was kept at ice-water tem-
perature for 6 h and subsequently at room temperature overnight.
Finally, the polymer suspension of PANI-PAAMPSA was pre-
cipitated by acetone.

2.2. Preparation of PANI-PAAMPSA/PVA solution and paper
electrodes

The PANI-PAAMPSA in a powder form was dissolved in deion-
ized water at 2.4 wt%. To admix the PANI-PAAMPSA with PVA,
PVA (99%, Aldrich) was added to the aqueous solution of
PANI-PAAMPSA and ultra-sonicated for 30 min. The common
printing papers were drop coated with the PANI-PAAMPSA/
PVA solution.

2.3. Materials characterization

The surface morphology of the paper electrodes hybridized
with PANI-PAAMPSA and PVA was investigated by using field
emission scanning electron microscopy (SEM) (JEOL) at the
acceleration voltage of 10 kV. The exposed (measurement) area
of the electrode ranged from ~660x660 nm? to ~350x350 um?
depending on the magnification. For the cross-section SEM
measurements of the paper electrodes, the electrodes were
cleaved with a razor knife, and SEM images of their cross sec-
tion were taken. The thickness of the electrode was measured
to be ~126 um. The X-ray photoelectron spectroscopy (XPS)
measurements were performed on the paper electrodes using
a Quantera SXM. The maximum energy resolution of XPS was
0.5 eV. The weights of the electrode material were measured
using a microbalance (Mettler Toledo). The size of the elec-
trodes is typically 1 cm*
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2.4. Electrochemical measurement of the paper-based
supercapacitors

The cyclic voltammetry (CV), galvanostatic charge-discharge,
and electrochemical impedance spectroscopy (EIS) measurements
on PANI-PAAMPSA/PVA/paper electrode were performed in a
three-electrode configuration using 2 M H,SO,aqueous solution
as electrolyte. The electrolyte was prepared by diluting the
concentration of sulfuric acid (98%, Daejung, Korea). The as-
prepared PANI-PAAMPSA/PVA/paper electrode, Ag/AgCl electrode
and Pt foil or wire were used as the working, reference, and
counter electrode, respectively. The bending tests were conducted
on the paper-based supercapacitors in two electrode configura-
tion. A glass fiber filter (Whatman, GE) was used as the separator.
The bending angle ranged from 0° to 100° with the step of 5°.
Electrochemical characteristics of the supercapacitors were mea-
sured by potentiostat (Versastat 4). All the electrochemical mea-
surements were conducted at the room temperature.

3. Results and discussion

3.1. Material characterizations of paper coated with PANI-
PAAMPSA/PVA

The chemical structures of PANI-PAAMPSA and PVA are shown in
Figure 1(a). PANI-PAAMPSA is the electrically conductive emeral-
dine salt forms of PANI doped with the excess pendant sulfonic
acid groups from PAAMPSA to enable its water dispersibility."*
PVA is a well-known polymer with high water-absorbing and
holding capacity, high gel strength and low cost. PVA plays a role
of the polymer matrix for PANI-PAAMPSA. The PVA polymer
matrix provides two capabilities for PANI-PAAMPSA conduct-
ing agents of papers. Firstly, PVA allows for effective ion channels
for mobile ions of the electrolytes, which is the reason for its being
used main polymer matrix of gel electrolytes in supercapaci-
tors.*'* PVA also can dramatically enhance mechanical strength
of conducting polymer films or papers. It is reported that PANI
embedded in PVA polymer matrix significantly enhances the
mechanical strength and adhesion of the PANI film."® Figure 1(b)
shows a photo of aqueous solution of PANI-PAAMPSA mixed
with PVA. The dark green PANI-PAAMPSA solution is shown to
be uniformly dispersed in water. When the PANI-PAAMPSA solu-
tion was mixed with PVA, the uniformity of dispersion did not
change from that of PANI-PAAMPSA solution. The paper elec-
trode fabricated by dip coating of common printing paper and
original paper are also shown in Figure 1(b). The white paper is
transformed to flexible and porous electrodes. The change of
color (from white to dark green) is noticeable.

Figure 1(c) and (d) show the surface morphology of the paper
hybridized with PANI-PAAMPSA and PVA. Each SEM image shows
a uniform coating of the conductive polymer on the paper. Cross
sectional SEM image of a PANI-PAAMPSA/PVA/paper electrode is
shown Figure 1(f). The networks of the cellulose fiber as seen
in Figure 1(e) are not seen anymore. The aggregation of poly-
mers suggests that the cellulose fibers are covered or coated by
the conductive polymer (PANI-PAAMPSA) embedded in poly-
mer matrix (PVA). This image also indicates that the whole vol-
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Figure 1. (a) Chemical structure of PANI-PAAMPSA and PVA. (b) Photo of PANI-PAAMPSA/PVA mixture dissolved in water, bare printing paper, and

PANI-PAAMPSA /paper substrate. (c)-(e) SEM images of PANI-PAAMPSA/PVA/paper substrate. (f) Cross-sectional SEM image of PANI-PAAMPSA/
PVA/paper substrate.
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Figure 2. (a) High resolution XPS spectra of as-prepared PANI-PAAMPSA powder. (b) XPS spectra near the nitrogen (1s level) of as-prepared PANI-
PAAMPSA powder and PANI-PAAMPSA/PVA /paper substrate.

ume inside the paper is fully hybridized with PANI-PAAMPSA  successful synthesis of PANI-PAAMPSA. Figure 2(b) shows the
and PVA. XPS spectrum near the nitrogen (1s level) in as-prepared PANI-

The XPS measurements were also carried out to confrm  PAAMPSA in powder form. Conventionally, this N1s peak is
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deconvoluted into three components with the Gaussian functions
using the non-linear least square analysis.'® A peak located at
399.50 eV resulted from the amide groups (denoted as NH) in
PAAMPSA. There are two peaks associated with the protonated
nitrogens. One peak at 400.40 eV (N;") corresponds to proton-
ated nitrogens associated with polarons and bipolarons in the
conducting polymer. The peak centered at 401.50 eV (N,") is
attributed to the sulfonic acid groups in PAAMPSA. This result
confirms the successful synthesis of PANI-PAAMPSA.

The XPS measurements were also performed on the paper
electrode hybridized with PANI-PAAMPSA and PVA. It is seen
that the XPS spectrum near the nitrogen (1s level) from PANI-
PAAMPSA/PVA /paper resulted in significantly lower intensity
than that from as-prepared PANI-PAAMPSA powder. The low-
ered intensity indicates the relative content of PANI-PAAMPSA
in PANI-PAAMPSA/PVA mixture is reduced due to the content
of PVA. Since the content of PANI-PAAMPSA affects the conduc-
tivity of PANI-PAAMPSA/PVA /paper electrodes, the conductivity
of the electrodes can be controlled and optimized by varying
the relative concentration of PANI-PAAMPSA in PANI-PAAMPSA/
PVA mixture. This XPS observation suggests that characteris-
tics of PANI-PAAMPSA/PVA /paper —based supercapacitor can be
further enhanced by controlling the PANI-PAAMPSA concen-
tration.
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3.2. Electrochemical characteristics of PANI-PAAMPSA/PVA/
paper-based supercapacitors

To explore the possibility of PANI-PAAMPSA/PVA/paper elec-
trodes in electrochemical applications, cyclic voltammetry (CV)
tests were performed. Figure 3(a) shows the resultant CV curves
obtained from a PANI-PAAMPSA/PVA/paper electrode in 2 M
H,S0, (aq) electrolyte. The voltage range is -0.2-0.8 V and the
scan rates are 150, 120, 100, 80, 60, 40, and 20 mV s*. The CV
curves exhibit the redox peaks, suggesting the pseudocapac-
itve behavior of the PANI-PAAMPSA/PVA /paper electrodes. In
addition, the mass-specific current densities increased with
increased scan rates, indicating the typical rate capability of
supercapacitors. The CV curve measured at a scan rate of 100 mV
s'is redrawn in Figure 2(b). Itis clearly seen that the oxidation
and reduction peak appear within approximately 0 to 0.5 V. Simi-
lar redox peaks were reported in previous work on electrochemis-
try of PANI-PAAMPSA electrodes in acetate buffer solution."” It
was reported that the redox peaks were attributed to the tran-
sitions between the pernigraniline/leucoemeraldine base state
to the emeraldine form."” Since our supercapacitors employed
regular paper without prior cleaning and PVA besides PANI-
PAAMPSA, it is not clear the peaks originate totally from PANI-
PAAMPSA or other chemical species are playing role or not.
The CV results above can be employed to determine the spe-
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Figure 3. (a) CV curves of PANI-PAAMPSA/PVA /paper-based supercapacitor using 2 M H,S0, as an electrolyte. The scan rates are 20-150 mV s™’. (b) CV
curve at 100 mV s™* shown in (a). () The mass specific capacitance (C),) obtained from the CV curve in (a). (d) The area specific capacitance (C,) obtained

from the CV curve in (a).
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cific capacitances of the supercapacitors according to Cy=IS*-M"*
or C,=I'S"A", where Cy, (C,) is the mass (area) specific capaci-
tance, I is the corresponding current at the voltage applied.®
The maximum specific capacitances (Cy and C,) of the PANI-
PAAMPSA /paper-based supercapacitors obtained by using these
equations are depicted in Figure 3(c) and (d). The plots show that
the capacitances increase with the decreased scan rates, which
is the limited rate performance of the supercapacitors. It is
reported that the possible reason for this rate performance is
the inhomogeneous porosity of the electrodes.'® The mass and
area specific capacitances reached up to 41 F g* and 45 mF cm™
at 20 mV s, respectively.

Since the CV curves are not rectangular, the following equa-
tions can be used to calculate the average mass and area spe-
cific capacitances:

1"
Cy=———————|1dV 1
"= WSV, V) ()
1
C,= A—S(VZ—Vl)VIIdV )

where C), is the mass specific capacitance, C, is the area specific
capacitance, M is the mass of the active materials (PANI-
PAAMPSAS), A is the area of the electrode, S is the scan rate, I/
and V, are the lower and upper limit of the potential range, and
lis the current in the CV curves.

The average specific capacitances are also shown in Figure
2(c) and (d). Again the highest capacitances are obtained at the
lowest scan rate of 20 mV s™ as shown in the curves of average
specific capacitances vs. scan rates. At 20 mV s’ the average
mass and area specific capacitances are 12 Fg* and 13 mF cm?,
respectively.

Herein, it is noteworthy to discuss and compare the specific
capacitances of our PANI-PAAMPSA/PVA /paper-based super-
capacitors with other reports in literature. Since the first report
on the synthesis of PANI-PAAMPSA is recent, the works on the
electrochemistry or electrochemical energy devices employing
PANI-PAAMPSA as electrodes are limited. Probably, we can com-
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pare the specific capacitances of the PANI-PAAMPSA/PVA /paper
electrodes with those from PANI electrodes in literature. The
maximum and average C, values discussed above are compa-
rable to ones obtained from PANI-based supercapacitors. Various
PANI-based supercapacitors in various electrolytes are reported
to demonstrate the mass specific capacitances of 5-107 F g%
The specific capacitances of PANI-PAAMPSA/PVA /paper-based
supercapacitors could be further increased by engineering the
surface structure of the electrode to increase the surface area
as reported in graphene-based supercapacitors.?**

The electrochemical properties of PANI-PAAMPSA/PVA /paper-
based supercapacitors were further characterized by the galva-
nostatic charge-discharge tests. The resultant charge-discharge
curves at the current densities of 1, 2, and 4 A g are shown in
Figure 4(a). The specific capacitances (Cy and C,) can be also
obtained from the charge-discharge curves using C,=IAt (MAV)™?,
where [ is the discharge current, At is the discharge time, M is
the mass of active material of electrode, and AV is the potential
window. The mass specific capacitances of PANI-PAAMPSA/
paper-based supercapacitors determined from charge-discharge
curves at the current densities of 1, 2, and 4 A g (Figure 4(a))
are5.1,4.4,and 2.8 F g, respectively.

To further characterize the electrochemical performances of
the PANI-PAAMPSA/PVA /paper-based electrodes, the EIS mea-
surements were carried out in the same 2 M H,SO, (aq) electro-
lyte. Figure 4(b) shows the Nyquist plot from EIS data in the
frequency range of 1 MHz to 125 mHz. The applied potential
was 10 mV RMS. The Nyquist plot shows two distinct parts of a
semicircle in the high frequency region and a line in the low fre-
quency region. In literature, the intersection point on the x axis
at high frequency is defined as the internal resistance or R; of
supercapacitor electrodes, which determines the operation
rates of a capacitor or power capability.252°

The diameter of the semicircle originated from the charge trans-
fer resistance on the electrode surface (R.).**® An EIS simulation
tool was employed to determine R, and R, by fitting the exper-
imental data in Figure 4(b) (Supplementary information). The
R;value of PANI-PAAMPSA/PVA /paper-based supercapacitors,
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Figure 4. (a) Galvanostatic charge-discharge curves of PANI-PAAMPSA /PVA /paper-based supercapacitor using 2 M H,S0, electrolyte. The charge densi-
ties are 1,2,and 4 A g. (b) EIS result (Nyquist plot) from the PANI-PAAMPSA/PVA/paper-based supercapacitor. The inset: a magnified view of the high

frequency region of the impedance spectra.

© The Polymer Society of Korea and Springer 2018

230

Macromol. Res., 26(3), 226-232 (2018)



Macromolecular Research

which is defined by the intersection point on the x axis, is 25 Q.
This value of R, or the internal resistance is comparable to those of
supercapacitors in literature. The carbon nanotube-based superca-
pacitors are reported to exhibit the internal resistances of 0.5~
500 Q in various electrolytes.”**° The R,, value was determined
to be 9.2 Q. In the equivalent circuit, the charge transfer resis-
tance is placed in parallel being responsible for the self-discharge
of the capacitors.®**Since the projected area of the paper elec-
trode is 1 cm?, the normalized R, and R, can be expressed as 25
and 9.2 Q cm™ It is also seen that the Nyquist plot demonstrates
the change in slope in the low frequency region, suggesting the
ionic diffusion limitation or different diffusion process in vari-
ous pores in electrodes, as observed in various supercapaci-
tors in literature.?****’ For instance, two regimes of 45° line
and an almost vertical line were observed during the EIS mea-
surements of single walled carbon nanotubes.***” The change in
the slope was attributed to the diffusion through the pores of
different electrode materials (bucky-paper and nanotubes).
Similarly, the change in the slope in our paper-based superca-
pacitors could be attributed to the different diffusion process in
various pores in the electrodes. The observation on the EIS results
indicates that the paper with PANI-PAAMPSA is a promising
supercapacitor electrode.

As mentioned above, one of the limitations of papers for flex-
ible substrates is their low mechanical durability. We adopted
PVA to significantly enhance mechanical stability of paper sub-
strates. PVA gel impregnating papers provides the resistance to
being torn apart. Furthermore, PVA enables sufficient ion chan-
nels for electrolytes as shown in PVA gel electrolytes for super-
capacitors. To test mechanical stability and flexibility of the PANI-
PAAMPSA /paper supercapacitors, mechanical bending test was
conducted. The supercapacitor was bent at the angle which
increased progressively from 0° to 100° at the step of 5°. The
charge-discharge tests were performed at each bending angles
(Figure 5(a)). It is seen that the distinct triangular charge-dis-
charge curves appear at all angles. Using the discharge times in
each charge-discharge test, the ratio (C/C,) of capacitance (C) to
initial capacitance (C;) can be calculated at each angle (Figure 5(b)).
Compared to the initial angle (0°), the capacitance increases until
the bending angle reaches up to 10°. The maximum increase of
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the specific capacitance is 16 % at 10°. After the bending angle
of 10°, the capacitance is found to gradually decrease. The increase
of the capacitance at the early range of bending angle (5°-10°)
may have been caused by increase of pressure on the electrodes,
resulting in the enhancement of electrolyte transport in the glass
fiber filter. At the maximum bending angle of 100°, the specific
capacitance is 89%. The capacitance change is 11% compared
to the original capacitance (C,). These results indicate that the
specific capacitance of PANI-PAAMPSA /paper supercapacitor
showed the maximum change of 16% up to the bending angle
0f 100°. The high mechanical durability is attributed to employ-
ment of PVA as polymer matrix allowing for ion channels of
electrolyte and enhancement of mechanical durability.

4. Conclusions

In summary, common printing paper was converted to electrode
for high-performance flexible and foldable electrochemical
capacitors using the conducting agent and polymer matrix. The
water-dispersible conductive polymer PANI-PAAMPSA and PVA
were employed as the conducting agent and the polymer matrix,
respectively. By depositing PANI-PAAMPSA and PVA mixture
on papers, PANI-PAAMPSA effectively transformed the insulating
papers into conductive electrodes. PVA gel in the mixture hard-
ened the paper substrate to enhance the mechanical stability of
paper substrates while providing sufficient ion channels for
electrolyte ions. The paper-based supercapacitors exhibit excellent
electrochemical energy storage capability as evidenced by the high
maximum mass (41 F g*) and area specific capacitances (45 mF cm?)
at 20 mV s, PANI-PAAMPSA/PVA /paper-based supercapaci-
tors also demonstrated high mechanical durability and flexibility
during the bending tests. The excellent electrochemical charac-
teristics are attributed to high water dispersibility and conduc-
tivity of PANI-PAAMPSA, which converts the insulating papers
into conductive substrates effectively. The use of PVA enabled
sufficient ion channels of electrolyte ions and enhancement of
mechanical durability of entire PANI-PAAMPSA/PVA/paper sub-
strate. The overall electrochemical and mechanical properties can
be further enhanced by optimizing PANI-PAAMPSA content in
PANI-PAAMPSA/PVA /paper substrate. The results indicated that
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Figure 5. The result of the mechanical bending test performed on PANI-PAAMPSA/PVA /paper-based supercapacitor. The inset shows an illustration to

define the bending angles.
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our strategy could help us to realize highly efficient paper-based
conductive substrates for next-generation paper-based elec-
tronics and energy storage devices.

Supporting information: Information is available regarding
the conductivity measurements of paper electrodes and the EIS
fitting. The materials are available via the Internet at http://
www.springer.com/13233.
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