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Abstract This paper describes the evaluation of carbon
paper electrodes for supercapacitor applications. The
electrodes are based on carbon micro-fiber paper modified
with active material consisting of layers of silver nano-
particulate ink and a nanocomposite of multi-walled carbon
nanotubes and silver nano-particulate ink. The electrodes
were characterized microscopically and electrically. Cur-
rent—voltage studies revealed a consistent Ohmic behavior
of the electrode when modified with different nanostruc-
tured active material. Among the active materials incor-
porated into the electrode, a nanocomposite of carbon
nanotubes and silver nano-particulate ink significantly
improved capacitance. The paper electrodes can be used
for lightweight and ultrathin supercapacitors and other
portable energy applications.

Keywords Carbon supercapacitors - Supercapacitor -
Paper supercapacitor - Carbon nanotubes

Introduction

The recent decades have witnessed growing interest in
energy storage devices for portable applications. Among
the energy devices being developed, the supercapacitor
holds significant promise for portable and other macro-
level applications requiring relatively large electric charge.
A supercapacitor is similar to a capacitor with one excep-
tion in that it exhibits much larger capacitance than a
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typical capacitor. This is made possible by different
mechanisms, primarily including the mode of operation,
the device structure and constituent materials. For
portable applications, the typical requirements involve high
energy density, lightweight structure and in some cases
structural flexibility. Thin and lightweight film type device
structures potentially allow for these criteria. This is the
primary reason why there has been recent research interest
in thin film and flexible supercapacitors. One of the
approaches to make these types of devices is using paper
and fabric in their structure, primarily as the basic electrode
materials. Recent developments on this front have focused
on rendering paper and fabric substrates suitable for elec-
trode applications. This has primarily involved the use of
carbon nanotubes (CNTSs) to make the substrates electri-
cally conductive while increasing their surface area sig-
nificantly, among other reasons. Some reports have
employed relatively complex methods and high-tempera-
ture processes to deposit CNTs on paper and fabric sub-
strates (Yuan et al. 2012; Hu et al. 2010; Kim et al. 2012).
To address such technology constraints, we developed
relatively easy and room-temperature processes to incor-
porate nanostructured active material including CNTs on
carbon micro-fiber paper surfaces (Korivi et al. 2012).
These processes based on established thin and thick film
technology allowed us to fabricate novel supercapacitor
electrodes that were thin and lightweight.

In this paper, we report on the development and inves-
tigation of supercapacitor electrodes made of carbon paper
surfaces modified by active nanostructured materials. We
present observations from our evaluation of different active
materials. This evaluation is primarily focused on studying
the electrodes microscopically and electrically. The elec-
trical characterization includes studies on current—voltage
behavior of the electrodes when coated with a particular
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active material and possible implications on supercapacitor
applications. This particular aspect has not been adequately
addressed by contemporary research on the development of
paper-based supercapacitors.

Experimental
Materials

The electrodes investigated in this work were fabricated on
commercially available carbon micro-fiber paper. Two
different thickness variants of this paper, namely Toray
TGP-H-030 (100 um) and Toray TGP-H-060 (190 pm)
were obtained from Fuel Cell Store, USA and used as the
base electrode material. The active material was primarily
based on two materials—multi-walled carbon nanotubes
(MWCNTs) (Product #659258, Sigma-Aldrich Co. LLC,
USA) and commercially available silver (Ag) nano-par-
ticulate ink (UT DOTs, Inc., USA). The Ag nano-particu-
late ink is referred to as Ag nano-ink in this paper. The Ag
nano-ink was either used in its procured form or solution
blended with MWCNTs (1 ml of Ag nano-ink 4+ 50 mg
MWCNTs) to form a nanocomposite (Ag nano-ink/
MWCNTs). The electrolyte material was based on a
composite of polyvinyl alcohol (PVA) and phosphoric acid
(H3PO4). PVA (Product #348406, MW 13,000-23,000,
Sigma-Aldrich Co. LLC, USA) and phosphoric acid (Pro-
duct #438081, >85 wt % in H,O, Sigma-Aldrich Co. LLC)
were used for this purpose.

Fabrication

The solid electrolyte was fabricated by solution casting a
mixture of PVA and H3PO,. The first step was preparing a
solution of PVA and H3PO4. PVA (3 g) was dissolved in
20 ml of deionized (DI) water at 65 °C with magnetic
stirring. To this solution, 2 ml of H;PO4 was added and the
mixture was thoroughly blended by magnetic stirring for
5 min. Finally, the mixed solution was poured on a plastic
surface and allowed to cure (solidify) at room temperature
(~35 °C) overnight. Subsequently, the solid PVA/H;PO,
layer was manually detached from the underlying plastic
surface, to yield a free-standing solid electrolyte layer of
approximately 200 um thickness. Based on active material,
three types of electrodes were investigated, namely—
electrode #1 (plain carbon paper), electrode #2 (carbon
paper + Ag nano-ink + Ag nano-ink/MWCNTs), and
electrode #3 (carbon paper + Ag nano-ink 4+ Ag nano-
ink/MWCNTs + MWCNTSs). All three electrodes had
typical lateral dimensions of 1 cm x 1 cm. Electrode #1
was a pure carbon paper without active material (Fig. 1a).
Electrode #2 was fabricated by sequentially spin-coating a

Jielae cllal sy .
;Acsrﬁmmq mﬁ @ Springer

Carbon micro-fiber paper

b Ag nano-ink

Carbon micro-fiber paper

Ag nano-ink

Carbon micro-fiber paper

Ag nano-ink

Carbon micro-fiber paper

Fig. 1 Schematic of electrode fabrication. The figure is not to scale.
Created by Microsoft Office PowerPoint

layer of Ag nano-ink on the carbon paper surface, followed
by a composite layer of Ag nano-ink and MWCNTs
(Fig. 1b, c). The spin-coating involved spinning the carbon
paper horizontally at 150 rpm for 50 s and dispensing
droplets of active material (~0.2-0.3 ml) on the spinning
surface. This was done to localize active material on the
surface, rather than allow it to seep through the paper. This
process varies from a typical spin-coating process which
involves dispensing liquid material on a surface prior to
spinning the surface. Electrode #3 was similar to electrode
#2 with one additional layer of pure MWCNTs (Fig. 1d).
This layer was formed by casting a solution of MWCNTSs
in acetone.

Electrode characterization

The electrodes fabricated in this work were characterized
microscopically by scanning electron microscopy and
electrically by current—voltage (I-V) testing. The latter was
done using a Keithley 4200 SCS semiconductor charac-
terization system. To conduct the -V tests on the elec-
trodes, a clean glass surface was coated with conducting
silver paint and an electrode was placed on the silver
(Fig. 2a). All the I-V tests were done at room temperature
(~35 °C). The three different electrodes were investigated
for supercapacitor applications. This was done by sand-
wiching the solid electrolyte between two electrodes of the
same type, and holding all the layers together in a
mechanical vise. An example is shown in the case of
electrode #3 (Fig. 2b). Subsequently, the device was
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Fig. 2 Schematic of a current— a
voltage measurements on the

electrodes; b assembly of

electrodes and electrolyte in a
mechanical vise to form a

supercapacitor device and its

capacitance testing. The

figure is not to scale. Created by
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measured for its capacitance using an HP 4284 A Precision
LCR meter (Fig. 2b).

Results and discussion

Scanning electron microscopy (SEM) was used to micro-
scopically study the carbon paper substrate and the distri-
bution of active material over the paper surfaces (TGP-H-
060). SEM images of an electrode #3 surface are shown in

Carbon micro-fiber paper

Fig. 3. A corner of the electrode surface is shown in
Fig. 3a. As highlighted in the figure, the dark rod-like
structures are the micro-fibers of the pure carbon paper
substrate. The brighter material at the bottom left corner of
the image is some electrode material coated on the sub-
strate. Figure 3b shows an image taken by tilting the
electrode, showing a perspective profile. We can clearly
see the active material (highlighted) deposited on the
underlying micro-fibers of the carbon paper substrate. The
coverage of active material is not uniform in this particular

Fig. 3 SEM micrographs showing a the micro-fiber structure of the carbon paper substrate (highlighted); b active material (highlighted)
deposited on the carbon paper; ¢ magnified image of electrode surface, showing a network of MWCNTs
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case due to its partial removal during handling for the SEM
imaging. Overall, the SEM images also show that the
micro-fiber network of the carbon paper substrate is pen-
etrated by the active material. Magnified imaging of the
electrode surface shows that it is covered by a dense net-
work of MWCNTs (Fig. 3c). The current—voltage (I-V)
behavior of the different electrodes was studied in this
work. Figure 4 presents the I-V plots of the three different
electrodes made on TGP-H-030 paper. As can be seen in
this figure, the I-V characteristics of the three different
electrodes are Ohmic in nature. This is important and
desirable when considering electrical contacts. In addition,
the I-V curves of the three electrodes are not significantly
different from each other, with a slight improved current—
voltage behavior shown by electrode #3 compared to
electrodes #1 and #2.

Electrode #2 shows slightly improved I-V behavior
compared to electrode #1. An important observation here is
that an Ohmic behavior is retained by the carbon paper
even after the incorporation of active material such as Ag
nano-ink and MWCNTs. This is again a desirable quality
for the use of such electrodes in supercapacitor applica-
tions. In Fig. 4, the current for all three electrodes shows
saturation at 0.1 A. This is because of a test limit of 0.1 A
set on the testing equipment prior to the measurements.

The three electrodes were evaluated in supercapacitor
device configuration. It was observed that the superca-
pacitor device made by electrode #3 showed higher areal
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Fig. 4 Current—voltage plots of electrodes evaluated in this work.
Created by Microsoft Office Excel

Table 1 Electrical and other parameters measured from superca-
pacitors developed in this work

Parameter Value

~2 mF/cm? (carbon paper + Ag nano-ink +
Ag nano-ink/MWCNTs + MWCNTSs)

<0.1 mF/cm? (carbon paper + Ag nano-ink

Maximum areal
capacitance

+ MWCNTs)
Maximum voltage ~2V
Total thickness 450-750 pm
Total weight <0.5 mg
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capacitance than the supercapacitor made by electrodes #2
and #1. The device with electrode #3 shows a maximum
areal capacitance of approximately 2 mF/cm? at 20 Hz, an
improvement over similar devices which show comparable
electrical performance, but have larger total weight and
thickness than our device (Hu et al. 2012). Devices with
electrode #3 can charge up to 2 V. These qualities make
this developed device an ideal candidate for portable en-
ergy applications. A major contributing factor to this
device’s superior electrical performance is electrode #3’s
unique combination of nano-structured active materials.
The fact that these active materials were deposited by
simple processes is an improvement over other reports on
similar devices which employ relatively complex processes
to deposit active nano-material on paper substrates (Yuan
et al. 2012; Hu et al. 2010). A summary of key results from
our supercapacitor development is provided in Table 1.

Observations indicate that the incorporation of the layer
of Ag nano-ink/MWCNT composite is significant in terms
of the overall performance of the supercapacitor (Wee et al.
2010). In an earlier work, we evaluated electrodes based on
the same type of carbon paper coated with a layer of silver
nano-particulate ink, followed by a layer of MWCNTs
(Korivi et al. 2012). These electrodes were used to make a
supercapacitor which showed a maximum areal capaci-
tance of <0.1 mF/cm? measured at a frequency of 20 Hz.
This is significantly lesser than the case of a device made
by electrode #3 which incorporates the Ag nano-ink/
MWCNT nanocomposite layer.

There are a few considerations that should be discussed.
The electrical characteristics of the electrode can be
improved by modifying the carbon nanotubes to improve
their dispersion behavior. To illustrate, it is well estab-
lished that using functionalized and treated CNTs improves
their dispersion behavior and decreases agglomeration,
potentially improving their electrical characteristics (Tang
et al. 2010; Ramasubramaniam et al. 2003; Chou et al.
2008; Ma et al. 2010; Sahoo et al. 2010). Another avenue
for improvement is in the fabrication procedure, more
specifically, the optimization of the spin-coating process of
depositing active materials on carbon paper substrates.

The choice of method to deposit active material is to an
extent influenced by the type of material being deposited.
The deposition of Ag nano-ink on a spinning paper sub-
strate is a viable technique to deposit this type of active
material. Previous experiments with solution casting of Ag
nano-ink showed that the material seeped through the paper
substrate and did not improve supercapacitor device per-
formance. However, in the case of depositing MWCNTs,
the solution casting method was a suitable method. Our
experiments with a spin-coating process to deposit
MWCNTs yielded electrodes which did not show appre-
ciable improvement over electrodes with only an Ag nano-
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ink coating. The use of solution casting, a room-tempera-
ture method to deposit CNTs on the micro-fiber paper is an
improvement over other reports which employed a higher
temperature chemical vapor deposition for the same
purpose.

A major advantage of using micro-fibrous paper as the
basic electrode material is the inherent surface area avail-
able. One aspect of using micro-fibrous paper substrates
such as that in the present work is that it is easy for liquid
materials to seep through the entire thickness of the paper.
This can pose problems while depositing active material on
the paper. Our results show the feasibility of using spin
coating to deposit active materials on paper substrates. In
some cases, this spin-coating process can be viable alter-
nate to other methods. At this juncture, the spin-coating
process is not optimized. If the spin-coating speed (rpm) is
too low, then there is a possibility of the active material
seeping through the paper substrate. If the spin rpm is too
high, then insufficient material gets deposited on the paper,
with most of the material getting thrown off from the
spinning paper substrate. It is, therefore, essential to opti-
mize the spin speed for a particular active material.

Conclusions

Paper electrodes have been developed in this work by
depositing nanostructured active material on carbon micro-
fiber paper substrates. The electrodes were characterized
microscopically and electrically. Current—voltage tests
show that the developed electrodes exhibit Ohmic behavior
with silver contacts. The electrodes were also evaluated in
a supercapacitor configuration. The presence of the
nanostructured active material clearly improves the
capacitive behavior. Further improvements are possible
with design and fabrication optimization. The current—
voltage studies and capacitance measurements indicate that
the nanostructured materials and their combinations
investigated in this work are feasible active material can-
didates on this type of carbon paper surfaces.
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