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$EVWUDFW This manuscript reports on the development of a thin-film paper supercapacitor, based on paper
electrodes sandwiching an integrated solid electrolyte and separator layer. A typical finished device with total
weight of 0.3 gm exhibits a planar capacitance of approximately 87 µF/cm2 and a specific capacitance estimated
to be 100 F/gm. The developed paper supercapacitor is an improvement over some of the state-of-art paper
supercapacitors reported till date, which show similar specific capacitance but have more mass than our device.
The low total weight of our finished device arises from a new combination of materials. The structural
characteristics of the developed device in conjunction with its electrical behavior make it a candidate for portable
and micro-electro mechanical systems (MEMS).
.H\ZRUGV supercapacitor, flexible supercapacitor, energy storage
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of-art. Improvements on existing state-of-art include
reduced device thickness and total mass. Another
positive attribute is the relative ease of development
due to the use of commercially available carbon paper
as the base material for the electrodes.

In the recent years, there has been considerable
interest in developing supercapacitor technology and
employing it in conjunction with battery technology
for electric energy storage applications [1]. This
combination
of
supercapacitor
and
battery
technologies is of particular interest for portable and
micro-electro
mechanical
systems
(MEMS)
applications where limited space availability
necessitates the need for thin and lightweight device
structures. There are advantages to thin and
lightweight supercapacitors, primarily in stacking a
large number of them to increase capacitance and the
capacitance-to-volume density. Such supercapacitors
can be realized by using paper materials in their
structures. A very limited number of reports exist on
thin film supercapacitors employing paper type
materials [2, 3]. These reported devices are primarily
based on using a liquid electrolyte with carbon
nanotube based composite electrodes prepared by
coating carbon nanotubes on fabric and paper by
relatively complex processes [4]. We propose an
innovative supercapacitor device that employs paper
electrodes sandwiching a free-standing solid
electrolyte. The electrodes are based on carbon microfiber paper with its surface modified by active
materials. The surface modification process involves
incorporating silver nano-particles in the carbon
micro-fiber paper, followed by attachment of multiwalled carbon nanotubes. An integrated solid
electrolyte/separator layer is sandwiched by the
surface modified paper electrodes to complete the
device (Fig. 1). This electrolyte layer is a composite
material of polyvinyl alcohol (PVA) and phosphoric
acid (H3PO4). Evaluation of this device showed a
capacitance performance comparable to existing state978-0-9743611-9-2/PMEMS2012/$20©2012TRF

















)LJ   6FKHPDWLF UHSUHVHQWDWLRQ RI WKH GHYHORSHG
WKLQ ILOP SDSHU VXSHUFDSDFLWRU 7KH HOHFWURGHV DUH
FDUERQSDSHUVLQFRUSRUDWHGZLWKVLOYHUQDQRSDUWLFOHV
DQG PXOWLZDOOHG FDUERQ QDQRWXEHV 7KH VROLG
HOHFWURO\WH OD\HU LV D FRPSRVLWH RI 39$ DQG +32
7KHILJXUHLVQRWWRVFDOH
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(OHFWURGH)DEULFDWLRQ
The base material for the electrodes was a
commercially available carbon micro-fiber paper
(Toray
TGP-H-060,
Fuel
Cell
Store,
www.fuelcellstore.com). The thickness of this paper
was 190 µm. The surface of the carbon paper was
modified by spin-coating a layer of silver (Ag) nano287
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particles (Fig. 2). For this purpose, silver nanoparticles in the form of a nano-particulate ink (UT
Dots Inc) were employed as obtained. Following the
spin-coating process, the silver nano-particulate ink
was allowed to cure at room temperature. In the next
step, a layer of multi-walled carbon nanotubes
(MWCNTs) was spin-coated on the carbon paper
(Fig. 2). The MWCNTs (diameter from 110-170 nm,
length 5-6 µm) were obtained from Sigma-Aldrich
Corporation. The MWCNTs were dispersed in
acetone by sonication in an ultrasonic bath.
Subsequently, the MWCNTs in acetone were spincoated on the carbon paper, followed by roomtemperature curing.

on a surface modified polyethylene teraphthalate
(PET) substrate and cured overnight at room
temperature to form a solid layer of electrolyte. This
solid layer is peeled off from the underlying PET
sheet after the curing process (Fig. 3).

)LJ  3KRWRJUDSKV RI $  D VROLG 39$+32 HOHFWURO\WH
OD\HUIRUPHGRQD3(7VXUIDFHDQGEHLQJPDQXDOO\SHHOHG
RIIDIWHULWVFXULQJSURFHVV % DUHOHDVHGVROLGHOHFWURO\WH
OD\HU


















)LJ   6FKHPDWLF GLDJUDP RI SDSHU HOHFWURGH
IDEULFDWLRQ SURFHGXUH VKRZLQJ $  D FDUERQ PLFUR
ILEHU SDSHU DV WKH EDVH VXEVWUDWH %  VLOYHU QDQR
SDUWLFOHV LQFRUSRUDWHG RQ WKH PLFURILEHU SDSHU E\
VSLQFRDWLQJVLOYHUQDQRSDUWLFXODWHLQN & DOD\HU
RIFDUERQQDQRWXEHVVSLQFRDWHGRQWKHVXUIDFHRYHU
WKHVLOYHUQDQRSDUWLFOHV7KHILJXUHLVQRWWRVFDOH

(OHFWURO\WH)DEULFDWLRQ
The PVA/H3PO4 composite electrolyte layer also
functioned as a separator between the electrodes. To
fabricate this layer, PVA (MW 10,000 – 13,000) and
H3PO4 (85 wt% in water, ACS reagent quality) were
obtained from Sigma-Aldrich Corporation. An
aqueous solution of PVA is prepared by dissolving
PVA in water (1:10 ratio by volume) with the aid of
magnetic stirring for 40 minutes at 75-80 °C. This is
followed by preparing a solution phase blend of PVA
and H3PO4 at a temperature of 70 °C with magnetic
stirring. Subsequently, the PVA/H3PO4 blend is cast


'HYLFH$VVHPEO\DQG7HVWLQJ
Following the fabrication of the electrodes and
electrolyte layer, these components were assembled
together to realize the supercapacitor. The electrolyte
layer was sandwiched between the electrodes and the
stack was placed in a specially designed mechanical
vise made of plastic (Fig. 4). The vise held the
individual layers together. The device was now ready
to be tested electrically. The testing of the assembled
devices was done by studying their capacitance
characteristics. This was accomplished by connecting
the two electrodes of an assembled device to a
precision LCR meter (Hewlett Packard 4284A) and
measuring capacitance as a function of frequency. The
precision LCR meter was used at a setting of 0 V DC
voltage bias.
















)LJ   6FKHPDWLF GLDJUDP RI WKH SDSHU VXSHUFDSDFLWRU
GHYLFH DVVHPEOHG DQG KHOG WRJHWKHU LQ D PHFKDQLFDO YLVH
7KHILJXUHLVQRWWRVFDOH
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'HYLFH'HYHORSPHQW
The fabrication processes described in the
preceding sections were successfully employed to
realize functional supercapacitors. A finished device
is shown in Fig. 5. A typical embodiment of the
developed supercapacitor had a total weight of 0.3 gm
with dimensions of 1 cm x 1 cm. This total mass of
the device is lower than that of similar devices
reported elsewhere where the total mass was more
than 1 gm [5]. The typical thickness of our device
ranged from 450 - 480 µm thick. This is thinner than
similar devices reported elsewhere [6]. The reduced
mass and thickness of the developed device make it a
candidate for portable and MEMS applications.
In reports of similar devices, only the mass of
active materials was considered while calculating
specific capacitance and energy density [5, 6].
Considering the mass of only Ag nano-particles and
MWCNTs in our case, the specific capacitance of the
developed device is estimated to be approximately
100 F/g, which is in the range of similar devices.

)LJ   3ODQDU FDSDFLWDQFH RI WKH GHYHORSHG
VXSHUFDSDFLWRU DV D IXQFWLRQ RI IUHTXHQF\ 7KH HOHFWURGHV
ZHUH  P WKLFN FDUERQ PLFURILEHU SDSHUV FRDWHG ZLWK
$JQDQRSDUWLFXODWHLQNDQG0:&17V

In control experiments, supercapacitors were made
with plain carbon micro-fiber papers serving as
electrodes. These devices showed almost negligible
capacitance values (Fig. 7). This indicated the role
played by Ag nano-particles in improving the
capacitance characteristics of the developed
supercapacitor. It is evident from Fig. 6 and Fig. 7 that
the presence of MWCNTs considerably improves the
electrical behavior of the device. This is a reason why
similar thin-film or paper based supercapacitors have
employed carbon nanotubes [7, 8].




















)LJ3KRWRJUDSKVRI $ DILQLVKHGSDSHUVXSHUFDSDFLWRU
ZLWKGLPHQVLRQVRIFPîFPDQGDWRWDOZHLJKWRI
JP % DYHUQLHUFDOLSHUVVKRZLQJWKLFNQHVV PP RI
VDPHGHYLFH





)LJ   3ODQDU FDSDFLWDQFH RI WKH GHYHORSHG
VXSHUFDSDFLWRUDVDIXQFWLRQRIIUHTXHQF\7KHILJXUHVKRZV
DFRPSDULVRQEHWZHHQWZRFDVHV7KHHOHFWURGHZDVDSODLQ
 P WKLFN FDUERQ PLFURILEHU SDSHU LQ RQH FDVH DQG
FRDWHG ZLWK $J QDQRSDUWLFXODWH LQN LQ WKH RWKHU FDVH ,Q
ERWKFDVHVDPWKLFN39$+32HOHFWURO\WHOD\HUZDV
HPSOR\HG


&DSDFLWDQFH&KDUDFWHULVWLFV
The capacitance characteristics of the developed
supercapacitor were studied as a function of
frequency. The highest planar capacitance recorded
was 87 µF/cm2 for electrodes employing Ag nanoparticles and MWCNT layer, and sandwiching a
PVA/H3PO4 layer of 70 µm thickness (Fig. 6). Our
experiments clearly indicated the importance of
employing carbon nanotubes as an active material.
This was further illustrated by our studies on the
effect of Ag nano-particles on capacitance behavior of
the supercapacitor. Devices with electrodes made by a
sole coating of Ag nano-particles on carbon paper
showed lower planar capacitance, as compared to
electrodes with both Ag nano-particles and carbon
nanotubes (Fig. 7).


',6&866,21

The main aspect of the electrode fabrication is the
surface modification processes i.e. the incorporation
of silver nano-particles, followed by MWCNTs. It
was challenging to deposit these materials on the
carbon paper by regular spin-coating processes. A
289

regular spin-coating scheme involves dispensing a
certain amount of material on a stationary substrate
and spinning the substrate at a pre-set rpm. In the
present case, when either Ag nano-particulate ink or
MWCNTs in acetone were dispensed on a stationary
carbon paper, the paper was immediately soaked with
these nano-materials and became sodden with loss of
structural rigidity. In some cases, this resulted in
insufficient active material being retained on the
surface of the carbon paper. To overcome these
problems, a modified spin-coating process was used
to deposit the active materials. The carbon micro-fiber
paper was initially rotated at a certain rpm and active
material was dispensed on the rotating surface. This
allowed the active material to be incorporated on the
paper’s surface without seeping through its bulk.
The fabrication processes developed for the
supercapacitor allow for easy scaling up or down of
dimensions, if required by the application at hand.
The nature of the developed supercapacitor allows for
stacking multiple devices to obtain the desired
electrical performance.
On the aspect of fabrication of the PVA/H3PO4
layer, it must be noted that PET surfaces are typically
hydrophobic, preventing effective solution casting on
these surfaces. Therefore, prior to solution casting, the
PET surfaces are modified by physical abrasion that
renders them hydrophilic.
The device assembly method used in this work
involves stacking the individual layers of the
supercapacitor and holding them together by a
mechanical vise. This method is relatively crude and
may not create a uniform electrode-electrolyte
interface over the area of contact. An effective
approach to bond the individual layers can involve the
electrolyte layer spin-coated on one electrode, cured
partially and placed over the other electrode. Upon
further curing, the electrolyte layer functions to hold
the two electrodes together. This method can address
the electrode-electrolyte interface aspect.
In a different set of experiments, we fabricated and
tested supercapacitors with carbon micro-fiber paper
of different thicknesses. It was observed that paper
thickness influenced the capacitance behavior.
Devices made on thicker papers yielded higher planar
capacitance. The thickness of the carbon paper
directly impacts its role as a current collector.

of the surface modification processes is the
incorporation of nano-structured active material and
the consequent enhanced surface area of the carbon
micro-fiber paper. This contributes directly to the
electrical behavior of the device. The importance of
the surface modification processes is underscored by
the capacitance characteristics of the supercapacitor
which clearly show the influence of both silver nanoparticles and carbon nanotubes as active materials.
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A thin-film paper supercapacitor was successfully
developed and evaluated. This device is based on
modifying the surface of a commercially available
carbon micro-fiber paper. An important consequence
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