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The boom in ultra-thin electronic devices and the growing need for humanization greatly
facilitated the development of wearable flexible micro-devices. But the technology to deposit
electrode material on flexible substrate is still in its infancy. Herein, the flexible symmetric
micro-supercapacitors made of carbon nanotubes (CNTs) on commercial printing paper as
electrode materials were fabricated by combining tetrahedral preparator auxiliary coating
method and laser-cutting interdigital configuration technique on a large scale. The electro-
chemical performance of the obtained micro-supercapacitors can be controlled and tuned by
simple choosing the different models of tetrahedral preparatory to obtain CNTs film of dif-
ferent thicknesses. As expected, the micro-supercapacitor based on CNTs film can deliver an
areal capacitance of up to 4.56 mF/cm2 at current of 0.02 mA. Even if, micro-supercapacitor
undergoes continuous 10000 cycles, the performance of device can still remain nearly 100%.
The as-demonstrated tetrahedral preparator auxiliary coating method and laser-cutting in-
terdigital configuration technique provide new perspective for preparing microelectronics in
an economical way. The paper electrode appended by CNTs achieves steerable areal capac-
itance, showing broad application prospect in fabricating asymmetric micro-supercapacitor
with flexible planar configurations in the future.
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I. INTRODUCTION

With the rapid boom of portable electronic devices,
wireless sensor networks and increasingly serious prob-
lem of environment population caused by traditional
energy excessive consumption, delicate and flexible new
energy source (such as photovoltaic cells, supercapaci-
tors) starts to come into people’ view [1−5]. In terms
of charging property, cells are typically charged with
a certain voltage, limited lifetime and low power den-
sity [6, 7]. While supercapacitor can be charged with
maximum current and can be powered by supplier with
lower cost, higher cycling and power density than these
of batteries [8−10]. Therefore, micro-supercapacitors
have become new-emerging energy storage for offer-
ing a superior frequency response and excellent rate
capability [11, 12]. Miniaturizing energy storage de-
vices is beneficial for them to be integrated directly
with the chips and facilitate the fabrication of complex
equipment with multiple functions. In addition, pla-
narization of microdevices can simplify the complex-
ity of circuit design in the process of integrating dis-
crete power sources into microelectromechanical sys-
tems [13, 14]. In terms of miniaturization and pla-
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narization, electrochemical micro-supercapacitors with
two-dimensional configuration have attracted a lot of
attention. The basic configuration of electrode contains
substrate, electrode materials film and current collec-
tors, which would influence the performance of micro-
supercapacitors. The assembly of elementary composi-
tion for micro-supercapacitors greatly depends on the
fabrication technology.

According to previous reports, the electrode in all-
solid-state flexible ultrathin micro-supercapacitors can
be fabricated by combining photolithography with elec-
trophoresis technology [2] or using a vacuum filtration
process followed by transferring thin film to polyethy-
lene terephthalate (PET) as the working electrodes [15].
These fabrication processes involved complex steps,
which is not beneficial for fabricating planar configu-
rations of flexible supercapacitors on a large scale. In
addition, generally, Au film usually need be used as cur-
rent collectors, which greatly increase the cost of prepa-
ration. From a business point of view, it is highly nec-
essary to develop a facile assembly technology, which
can decrease the cost and maximize the capacitive per-
formance of electrode materials at the same time. The
first thing for exploring fabrication techniques is to de-
termine the substrate, electrode materials film and cur-
rent collectors.

Paper is an unconventional substrate with low cost.
The cellulose fibers of paper with hierarchical arrange-
ment and high solution absorption provide porous and
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rough surface for efficient adhesion of active materials
[16, 17]. Therefore, paper can be used as an ideal flexi-
ble substrate.

On the basis of energy storage mechanism, superca-
pacitor can be divided into two categories, including
pseudo-capacitors and electrical double-layer capacitors
(EDLCs) [18−20]. Pseudo-capacitors storing energy de-
pend on faradic reactions at the surface of the electrode
materials. The typical pseudo-capacitance materials are
metal oxides, which usually show poor electrical con-
ductivity. EDLCs store energy by adsorbing electrolyte
ions on the surface of electrode. Carbon based nanoma-
terials, such as carbon sphere, carbon nanotube (CNT),
are usually used as the electrode materials of EDLCs
[21−23]. Among them, CNTs have attracted much at-
tention due to their freestanding, flexible skeleton and
conductive network structures [24]. CNTs not only can
be used as electrode active materials of flexible elec-
tronic devices, but also can act as current collectors
due to their excellent electrical conductivity, avoiding
the complex process of depositing current collector ma-
terials [24, 25]. CNT can be endowed with strong adhe-
sion by introducing oxygen functional groups to interact
with electrodes [26]. In addition, CNTs also can inte-
grate with other materials to further optimize the per-
formance of supercapacitor [27]. Based on these mer-
its, CNT film on paper is expected to be a desirable
electrode for exploring the assembly technology, process
and architecture of micro-supercapacitor device [28, 29].

In this work, tetrahedral preparator auxiliary coat-
ing method and direct laser machining process were
used to fabricate interdigital electrode made of CNT
film deposited on office printing paper. The obtained
CNT flexible interdigital electrodes were assembled to
fabricate planar micro-supercapacitors. The electrical
performance of symmetric supercapacitors with three
kinds of CNT interdigital electrodes prepared by tuning
model parameter of tetrahedral preparator was mea-
sured. The results testify that the areal capacitance
of as-prepared symmetric supercapacitor depends on
the thickness of CNT film, which can be easily tai-
lored. Combined with inherent advantages of paper,
this work advances the commercialization process for
micro-energy storage and conversion devices.

II. METHODS

A. Preparation of interdigital microelectrodes

In order to form a CNT ink, CNTs were dispersed in
deionized water with a concentration of 200 mg/mL by
ultra-sounding deposition for 30 min to obtain product
A. In addition, sodium carboxymethyl cellulose (CMC)
was dispersed in deionized water with a concentration
of 20 mg/mL to obtain product B. And then, product B
was added to product A to mix together for obtaining
the ultimate ink. Next, the CNT ink was dipped on the

surface of commercial printing paper followed by uni-
formly pulling the tetrahedral preparator with different
standards to obtain CNT coated film.

B. Construction of symmetrical micro-supercapacitors

Polyvinyl alcohol (PVA) was added into purified
water with stirring at the temperature of 90 ◦C for
2 h. Next, H2SO4 was added into the PVA solution
under the disposition of stirring to obtain 1 mol/L
H2SO4/PVA electrolyte. Interdigital CNT film coated
paper electrode was moulded by laser beam cutting.
The obtained interdigital electrode can be fixed to any
substrate by double sided adhesive tape.

C. Electrochemical tests

Typically, the electrochemical performance of as-
fabricated symmetrical micro-supercapacitors was
conducted by employing three-electrode system us-
ing CHI760D (ChenHua/Shanghai) workstation.
Electrochemistry impedance spectroscopy (EIS)
curve was acquired by selecting frequency range of
0.01−100 kHz. Cyclic voltammetry (CV) and galvano-
static charge/discharge (GCD) curves were explored
to investigate electrochemical quality under different
scanning rates and currents, respectively.

III. RESULTS AND DISCUSSION

The detailed procedure for fabricating micro-
supercapacitors is schematically presented in FIG. 1.
First, CMC and CNT were added into deionized water
to mix together with a ratio of 1:9 for preparing CNT
ink sizing agent. Among them, CMC was used as adhe-
sive for efficiently connecting CNT and facilitating the
imbedding of ink sizing agent on paper matrix. Based
on the intrinsic properties of printing paper such sol-
vent absorbability and the stronger adhesion force with
CNT ink sizing agent, tetrahedral preparator auxiliary
coating method was adopted to coat CNT ink sizing
agent on daily printing paper. With drying at 60 ◦C
for 12 h, the CNT film was uniformly deposited cover-
ing the entire A4 printing paper. The uniformity coeffi-
cient of ink sizing agent and solvent evaporation kinet-
ics process determine the flatness of CNT film. The de-
signed profile of interdigital electrode was imported into
the laser machining to control the movement of laser
beam. The local high temperature of laser beam in-
duced fusion of CNT/paper matrix in imported pattern
to engrave symmetrical interdigital electrode. The ob-
tained interdigital electrode can be transferred to PET
or glass substrate by double faced adhesive tape. Next,
H2SO4/PVA hydrogel electrolyte was deposited to the
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FIG. 1 Flow chart of fabricating symmetric micro-
supercapacitors.

electrode for realizing the assembling of symmetrical
micro-supercapacitor.

FIG. 2(a) shows the designed electrode contour and
shape parameters associated with the electrode. To cal-
culate the precise area of the electrode, actual parame-
ters of interdigital electrode were measured to compare
with the designed parameters in laser cutting machine,
as shown in FIG. 2(b). Obviously, the width of inter-
digital electrode and the space between two electrodes
are consistent with the designed parameters in laser ma-
chining. The sum of actual length of interdigital elec-
trode approaches 2.5 cm, while the width of that is 0.121
cm with interval of 0.345 mm. According to these pa-
rameters, the electrode area for whole device was calcu-
lated to be about 0.6 cm2. Seen from real products, the
optical micro-image and scanning electron microscope
(SEM) of CNT/paper interdigital electrode, it can be
found that the path area of laser beam is CNT material-
free, indicating the efficient removement of material on
pattern boundary by laser patterning technology, which
availably avoid short circuit phenomenon. In addition,
non-conducting substrate (paper/PET) can be selected
as a supporting plane to prevent the contact between
two electrodes. The interdigital electrode real products,
optical micro-image and SEM image of interdigital elec-
trode show that the edges of electrode are uniform (FIG.
2(c), (d) and (e)). Seen from low resolution SEM im-
age of electrode material (FIG. 2(f)), it can be deduced
that the CNT film is very smooth as a whole. When the

FIG. 2 (a) The designed shape construction of interdigital
electrode. (b) The designed parameters and actual param-
eters of interdigital electrode. (c) The interdigital electrode
real products. (d) Optical micro-image of interdigital elec-
trode. (e) SEM image of interdigital electrode. (f) Low
resolution SEM image of electrode material. (g) High reso-
lution SEM image of electrode material.

SEM image of electrode material is enlarged, it can be
found that there are enough CNTs even in the position
of some small cracks (FIG. 2(g)), connecting each part
of CNT film, which is conductive to providing faster
electronic channel.

In order to demonstrate the cutting power of laser
beam and further explore the influence of CNT film
thickness on the performance of a supercapacitor, CNT
films of different thicknesses were obtained by select-
ing different models of tetrahedral preparators for con-
trolling the distance between drawing rod of tetrahe-
dral preparators and A4 printing paper. As shown
in FIG. 3(a, b c), through replacing and using differ-
ent tetrahedral preparators, the three CNT films with
thicknesses of about 100 µm, 120 µm and 140 µm were
obtained, which were referred as CNT-1 film, CNT-2
film, CNT-3 film, respectively. The obtained structure
of CNT electrode shows intricately linked CNT layer
without apparent void layer judge by the intimate con-
tact of CNT with paper, which was endowed by the
coarse surface of paper and the adhesive attraction of
CMC (FIG. 3 (d)). Seen from the SEM image (FIG. 3(e,
f)), there are many micro-nano empties formed by tubu-
lar interlacing structure, which can act as storage to
contain abundant aqueous electrolyte providing larger
contact area between CNT electrode and electrolyte as
well as enough ionic conduction channel for electrolyte
ion of CNT micro-supercapacitors [30].

With the aim of exploring the electrochemical perfor-
mance of CNT based micro-supercapacitors with sym-
metric configuration, CV curves were measured by em-
ploying H2SO4 and polyvinyl alcohol (PVA) gel as elec-
trolyte in two-electrode configuration. FIG. 4(a, b,
c) show CV curves of micro-supercapacitors fabricated
with CNT-1, CNT-2, CNT-3 electrode at various scan
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FIG. 3 SEM images of the samples obtained by choosing different models of tetrahedral preparators: Cross-section diagram
of (a) CNT-1 electrode, (b) CNT-2 electrode. (c) CNT-3 electrode. (d) Magnified cross-section diagram of CNT-3 electrode.
(e, f) Vertical view-image of CNT-3 film.

FIG. 4 CV curves at scan rates of 10, 20, 50, 100, and 200 mV/s of (a) CNT-1 micro-supercapacitor, (b) CNT-2 micro-
supercapacitor, (c) CNT-3 micro-supercapacitor. (d) CV curve comparison of CNT-1, CNT-2, CNT-3 micro-supercapacitors
at scan rates of 100 mV/s.

rates of 10, 20, 50, 100 and 200 mV/s, respectively.
It can be deduced that the CNT micro-supercapacitors
show voltage window from 0 V to 0.8 V. The CV curve
presents rectangular shape, indicating electrochemical
double layer capacitors behaviors. With the increase of
scan rate, the integral area of CV curve for the three
micro-supercapacitors gradually increases. In higher
scan rates, CNT-3 micro-supercapacitor still maintains
superior rectangular shape. But for CNT-1 and CNT-
2 micro-supercapacitors, the shape of CV curve be-
gins to deviate rectangular, indicating that the CNT-3

micro-supercapacitor exhibits the weaker resistive be-
havior endowed by efficient interlayer charge transfer
as well as purer capacitive behavior even at high scan
rates of 200 mV/s [12]. In addition, the integral area
of CV curve for CNT-3 micro-supercapacitor is appar-
ently larger than those of CNT-1 and CNT-2 (FIG.
4(d)), demonstrating the higher capacitance of CNT-
3 micro-supercapacitor, which can be attributed to the
larger thickness that provides larger interlayer spacing
for insertion of the electrolyte ion and thus facilitating
the enhancement for ionic conduction. The in-plane de-
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FIG. 5 GCD curves at various currents from 0.02 mA, 0.04 mA, 0.06 mA, 0.08 mA to 0.1 mA of (a) CNT-1, (b) CNT-2, (c)
CNT-3 micro-supercapacitors. (d) GCD curves of CNT-1, CNT-2 and CNT-3 at current of 0.1 mA. (e) Areal capacitance
of CNT-1, CNT-2, and CNT-3 under different currents. (f) Capacity retention of CNT-1, CNT-2, and CNT-3.

TABLE I Comparison of areal capacitance C of electrochemical double-layer micro-supercapacitors.

Electrode materials Configuration Electrolyte C/(mF/cm2) Ref.

CNT Interdigital (PVA)/H2SO4 electrolyte (1 mol/L) 4.56 This work

Carbon/CNT(carbon) Interdigital (PVA)/H2SO4 electrolyte (1 mol/L) 4.80 (3.52) [27]

Reduced graphite oxidea In-plane circular Graphite oxide serves as a solid electrolyte 0.51 [33]

Onion-like Carbon Interdigital Et4NBF4/anhydrous propylene carbonateb 0.9 [4]

Oxidized CNTs Sandwich Ionic-liquid-based electrolyte (PYR14TFSI) ∼2.1 [26]
a With micrometre resolution.
b With concentration of 1 mol/L.

sign of interdigital CNT electrodes makes the CNT film
electrode exhibit high accessible ionic conductance. In
addition, compact side to side design of the electrodes
(about 0.345 mm) shorts the distance between elec-
trodes decreasing diffusion ions way. Compared with
CNT-1, CNT-2 electrodes, the thicker film for CNT-3
electrodes possesses larger cross section facilitating the
improvement of electro-chemical activity.

For the sake of further exploring the electrochemi-
cal performance of micro-supercapacitors, GCD tests
were conducted to research the capacitive specialty of
devices with potential windows between 0 and 0.8 V.
The micro-supercapacitor fabricated with CNT inter-
digital electrodes possesses linear and symmetric GCD
curve. By comparison, the IR drop of CNT-3 micro-
supercapacitor is smaller than that of CNT-1, CNT-
2, indicating the excellent electrical conductivity (FIG.
5(a, b, c)). The areal capacitance can be calculated

judging by the relationship [31, 32]:

C =
I

(dV/dt)
S (1)

where I represents the discharge current, dV /dt repre-
sents the slope of the discharge curve, and S represents
the total areal of the active electrode materials.

The interdigital CNT-3 micro-supercapacitor shows
areal capacitance of 4.56, 4.41, 4.33, 4.28, 4.21 mF/cm2

at different currents of 0.02, 0.04, 0.06, 0.08, and 0.1
mA, respectively. The areal capacitance of CNT-3
micro-supercapacitor is larger than those of CNT-1,
CNT-2 micro-supercapacitors (FIG. 5(d)), and com-
parable to previously reported electrochemical double-
layer micro-supercapacitors (Table I). In terms of
the result of the charge/discharge curves, the almost
isosceles triangle for the GCD curve of CNT micro-
supercapacitors manifests their high coulombic effi-
ciency, indicating the superior charge/discharge re-
versibility. Seen from FIG. 5(e), the areal capacitance
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FIG. 6 EIS curves of CNT-1, CNT-2, and CNT-3 micro-
supercapacitors.

of as-fabricated CNT-2 micro-supercapacitor is larger
than that of CNT-1 micro-supercapacitor and lower
than that of CNT-3 micro-supercapacitor, indicating
that the areal capacitance of micro-supercapacitor fab-
ricated with the developed method in this work de-
pends on the thickness of CNT film. When the CNT
film was used as one electrode of asymmetric micro-
supercapacitor, the well-designed tetrahedral prepara-
tor auxiliary coating method and laser-cutting interdig-
ital configuration technique are expected as new strate-
gies for application in tuning the positive and negative
electrode capacities match problem. At smaller den-
sity intensity, the specific capacitance presents large
value, which can be attributed to the weak current
which can guarantee plenty of time so that ions have
enough charge-accumulation time to insure the interac-
tions of ions with CNT materials [8]. When current of
CNT micro-supercapacitors increases from 0.02 mA to
0.1 mA, areal capacitance still can retain 90% indicat-
ing enough efficient infiltration of ions into CNT film at
higher scan rates (FIG. 5(f)).

The EIS measurement was used to investigate the
feature of supercapacitors. Clearly, the obtained micro-
supercapacitor has almost a straight line in the low fre-
quency regions of Nyquist plots, showing typical EDLCs
behavior (FIG. 6). The 45◦ Warburg region is re-
lated with diffusion of the electrolyte ions into CNT
electrode [7]. The Warburg region of CNT-3 micro-
supercapacitor is shorter, indicating their better diffu-
sion of ions into the electrode. X-intercepts of Nyquist
plots represent the equivalent series resistance (ESR).
CNT-3 micro-supercapacitor shows lower ESR com-
pared with CNT-1 and CNT-2 devices, which should
be due to that CNT-3 device provides with large sur-
face area in favor of transfer of electrolyte ions.

As a significant index of miniature device, the stabil-
ity determines the application prospect of micro-devices
in a sense. In the light of in-depth understanding micro-
supercapacitors based on CNT film, the long-term dura-
bility measurement was conducted at a certain current
density of 0.8 mA/cm2 under cycling for 10000 cycles.
As shown in FIG. 7, the relationship of capacity re-

FIG. 7 Capacity retention and coulombic efficiency of CNT-
3 micro-supercapacitor.

tention ratio, estimated coulombic efficiency and cycle
number represents a horizontal line approaching 100%.
The extremely stable capacitance can be attributed to
intrinsic stability of CNT and the well-designed elec-
trode configuration with short diffusion path. The eco-
nomical film-forming technology and ingenious plane
configuration design provide new perspective for com-
mercial supercapacitors. The paper based interdigi-
tal electrode can expose the surface of paper to com-
bine with double-sided tape for the sake of fixing elec-
trode and also can be simply assembled realizing se-
ries/parallel of device.

IV. CONCLUSION

In summary, we have prepared interdigital electrode
with CNT film by combining tetrahedral preparator
auxiliary coating method and laser-cutting interdigi-
tal configuration technique. The obtained symmetri-
cal micro-supercapacitors with CNT interdigital elec-
trode show superior areal capacitance and long-terms
durability. In addition, it was deduced that the
areal capacitance of the obtained symmetrical micro-
supercapacitors can be easily tuned by applying differ-
ent models of tetrahedral preparators. Taking advan-
tage of the low cost and easily tunable areal capacitance,
the interdigital electrode made by CNT film shows
bright prospect for fabricating micro-supercapacitor in
the commercial applications of the future.
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