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A B S T R A C T

Activated carbon is widely used for electrodes in supercapacitors. Fabrication of supercapacitors is
currently based on hydraulic pressing method, which is a lengthy process (several h) with challenges in
controlling the layer thickness and mass. This work reports an electrophoresis method that can efficiently
deposit activated biochar onto metal electrodes. The authors demonstrated that a suitable binder (ethyl
cellulose) could ensure sufficient coating adhesion. Using commercial activated carbon (YP-50) as
electrode material, supercapacitors were fabricated using electrophoretic deposition and the specific
capacitance reached 158.6 F g�1. The electrophoretic deposition was highly efficient as it only took about
3 min and enabled accurate control of the electrode mass by simply varying the deposition time. This
work demonstrates that electrophoretic deposition has the potential to replace the conventional
hydraulic press method in manufacturing supercapacitors that use sustainable and environmentally
friendly biochar.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Supercapacitors also known as electric double layer capacitors
(EDLCs) have the potential to become the leading energy-storage
devices to meet the increasing demands for electrical energies [1–
3]. Different from batteries, supercapacitors can provide high
power density (>10 kW kg�1) with fast charge/discharge and
superior stability (>106 cycles) [4,5]. Current supercapacitors are
particularly suitable for applications that require high energy for a
time range of 10�2–102 s [6–11]. A few examples are power grid
stabilizing units, IC memories, engine starters, uninterruptible
power supplies, and electrical automobiles [6,12]. The list of
applications is expanding with the rapid increase in supercapacitor
capacity. The main components of supercapacitors include
electrodes that feature large surface areas, electrolyte that
provides charged ions, and metal contact that is usually the
casing. This along with a thin dielectric separator makes it possible
to increase capacitance of several orders of magnitude higher than
that of the conventional capacitors. EDLCs make use of the electric
double layer formed at the electrode/electrolyte interface where

charges are accumulated on the electrode surfaces and ions of
opposite charge compensate them by electrostatic attraction [13].
Among the variety of electrode materials tested [14], carbon
materials meet the essential requirements for EDLCs electrodes:
good electrical conductivity, excellent electrochemical stability,
and abundance [2,15]. The state-of-the-art supercapacitors use
synthesized carbon nanotubes, graphene, carbon aerogel and
activated carbon for electrodes [7,16,17]. Graphene and carbon
nanotubes have been reported with high specific capacitance due
to pore size distribution, pore volume and average pore size [18].
However, fabrication of graphene and carbon nanotubes requires
expensive techniques and is not sustainable [19]. Activated carbon
is a low-cost alternative to graphene and carbon nanotubes.
Therefore, many commercial supercapacitors use activated carbon,
such as YP-50, which is derived from coconut shell. Such biomass-
based activated carbon is sustainable and environmentally friendly
[18,20]. Recent research has shown that activated biochar has
surface areas comparable to that of other types of activated carbon
after proper activation [21].

Supercapacitors made from activated carbon YP-50 have two
essential limitations. First, the specific capacitance (�100 F g�1)
still needs improvement. Second, the conventional method for
fabricating the electrodes is based on hydraulic pressing of carbon
slurry into porous metal contact. This process involves multiple
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steps that take �60 min followed by a lengthy drying in oven for
over 8 h. Furthermore, the fabrication requires sophisticated
instrumentation to control the carbon thickness and mass [22].
Recently electrophoretic deposition of carbon nanotubes and
graphene onto metal substrate was reported, showing the
potential for efficient fabrication of supercapacitors [23–25].
Electrophoretic deposition uses an electric field to drive polarized
particles suspended in a liquid to move towards a conductive
substrate (electrode). This method has the advantage of short
formation time, low-cost, simple setup, and high reproducibility
for mass production [23,26–29]. However, it appeared very
challenging to deposit activated carbon or biochar using electro-
phoresis method; the deposited layer generally had poor adhesion
[30].

Electrophoretic deposition of carbon nanotubes was first
investigated by Du et al. in 2002 [31]. Multi-walled carbon
nanotubes were electrophoretically deposited by various research
groups [27,32]. It was found that low electric field (<5–10 V cm�1)
resulted in low density and non-uniform coating, and higher
electric field (>20 V cm�1) or longer deposition time led to
aggregation of carbon nanotubes, resulting in poor homogeneity
of the carbon nanotube films [23,33]. One of the major issues of
electrophoretic deposition of carbon nanotubes is adhesion.
Kurnosov et al. in 2003 reported the improvement of adhesion
of carbon nanotubes onto the metallic electrode by adding a
resistive material on top of the conductive electrode using a
suspension of carbon nanotubes in NiCl2/isopropyl alcohol [34].
However, the film deposited was not uniform at the edges of the
electrodes. An interesting work conducted by Wu et al. in 2010
demonstrated that electrophoretic deposition of nickel decorated
activated carbon could promote the coating adhesion. They mixed
Ni particles with activated carbon and deposited the mixture onto
nickel foils for supercapacitors. They reported a specific capaci-
tance of 140 F g�1 using activated carbon, BlackPearls 2000 (Cabot
Corp.) [35]. However, the cyclic voltammetry curve they obtained
was not rectangular in shape and showed high peaks of oxidation
and reduction. The reasons might be: (1) the raw Ni nanoparticles
were oxidized, and (2) the polytetrafluoroethylene (PTFE) binder
they added in the mixture during the electrophoretic deposition
did not result in sufficient adhesion as it used to be in the
conventional slurry process. It is worth noting that Black Pearls
2000 is synthesized from incomplete combustion of heavy
petroleum products, such as coal tar, and is not sustainable. So
far, no work was reported on electrophoretic fabrication of
supercapacitors using biomass-based activated carbon.

In this work, we report electrophoretic deposition of activated
biochar YP-50 for achieving high specific capacitance super-
capacitors. We particularly compare ethyl cellulose with conven-
tional binder PTFE in electrophoretic co-deposition of biochar onto
electrodes in order to achieve sufficient adhesion. We demonstrate
that electrophoretic deposition of activated carbon YP-50 with
ethyl cellulose as binder and acetylene black as conductive carbon
has the potential to become a scalable and cost-effective method to
produce supercapacitors with better performance than conven-
tional methods. We also show that the mass of the carbon
materials deposited on the electrodes is reproducible and can be
accurately controlled by varying the deposition time.

2. Experiment

Commercial YP-50 from Kuraray Chemicals was used as the
activated carbon. The raw material used to derive the activated
carbon was coconut and the activation was done by heating the
coconut biochar in steam. YP-50 carbon powder, ethyl cellulose,
and acetylene black were mixed in a weight ratio of 8:1:1 in 80 mL
of isopropyl alcohol. This solution was ultrasonicated for 50 min

before starting the electrophoretic deposition. Nickel foil of 50 mm
thickness from Alfa Aesar was cut into �2.5 �1.5 cm2 rectangular
shape. The nickel foil and a copper foil (as counter-electrode) of the
same size were clamped to two electrode holders and immersed in
the carbon solution. The carbon solution was stirred throughout
the electrophoretic deposition. The distance between the nickel
and copper foils was 0.8 cm. The backside of the Ni substrate was
covered with a 3 M scotch tape to avoid deposition. A DC voltage of
80 V was applied to the nickel and the copper electrode was
connected to ground. The deposition time for all the samples was
3 min unless otherwise specified. All the samples were deposited
at same voltage for same time to make the mass of the deposited
carbon consistent. Increasing the deposition time yielded thicker
film with higher mass of carbon.

The carbon coated Ni foils were dried in air for 10 min followed
by annealing at 120

�
C for 12 h in atmosphere to evaporate the

solvents in the film and improve the film adhesion. After the
carbon deposition, the electrode thickness became �200 mm with
active mass �4 mg. The supercapacitor electrodes were prepared
by cutting the carbon-coated foil into a circular shape of 15 mm
diameter using a MTI precision disc cutter (MSK-T-06). Two
microporous separators (3501, Celgard) were dipped in 6 mol L�1

KOH electrolyte and were set between two pieces of electrodes.
These components were then sealed in a CR2032 coin cell using a
hydraulic crimping machine (MSK-110, MTI Corp.). The fabricated
cells were kept in room temperature overnight before the
measurements in order to allow the electrolyte to disperse
uniformly within the carbon electrodes.

The surface morphology of the materials was analyzed using a
Hitachi S3400-N scanning electron microscope (SEM) and the
structure of the biochar was studied using a Horiba Raman
spectrometer at room temperature. Cyclic voltammetry measure-
ment was conducted using an Ametek VERSASTAT-450 Potentio-
stat in two-electrode configuration. Scan rate for the measurement
was 20 mV s�1. The cyclic potential sweep was set from �1.0 V to
1.0 V. The Ametek VERSASTAT-450 Potentiostat was also used to
measure the impedance of the supercapacitors. Impedance was
measured at frequencies ranging from 0.1 Hz to 100 kHz with
potential amplitude of 10 mV. The specific capacitance of the
capacitor is calculated from the following equation,

C ¼ 2IDt
mDv

where, C is the specific capacitance (F g�1), I is the charge or
discharge current density, Dt is the charge or discharge time, m is
the carbon electrode mass, and Dv is the total change in voltage.
The capacitor performance was evaluated using galvanostatic
charge/discharge cycling in the potential range 0.0–1.0 V at current
density of 100 mA g�1 using MTI Corporation 8 channels battery
analyzer (BST8-3).

3. Result and discussion

Fig. 1 shows photograph images of the electrodes used to
fabricate supercapacitors. Fig. 1(a) is the cleaned Ni foil before
carbon deposition and Fig. 1(b) is the Ni foil with electrophoretic
deposited YP-50 biochar film. The YP-50 film appeared highly
uniform. Fig. 1(c) is the circular YP-50 biochar electrode used to
assemble supercapacitors. We did standard tape adhesion tests on
the electrodes with PTFE or ethyl cellulose binder. Classification of
the adhesion was based on the amount of carbon left on the metal
substrate. More than 65% of the carbon on the electrode with PTFE
binder was removed by the tape, indicating poor adhesion strength
of 0 B level. However, less than 5% of the carbon was removed from
the electrode with ethyl cellulose binder, indicating good adhesion
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