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ABSTRACT 
Novel inexpensive, light, flexible, and even rollup or wearable devices are required for multi-functional portable 
electronics and developing new versatile and flexible electrode materials as alternatives to the materials used in 
contemporary batteries and supercapacitors is a key challenge. Here, binder-free activated carbon (AC)/carbon 
nanotube (CNT) paper electrodes for use in advanced supercapacitors have been fabricated based on low-cost, 
industrial-grade aligned CNTs. By a two-step shearing strategy, aligned CNTs were dispersed into individual 
long CNTs, and then 90 wt%–99 wt% of AC powder was incorporated into the CNT pulp and the AC/CNT paper 
electrode was fabricated by deposition on a filter. The specific capacity, rate performance, and power density of 
the AC/CNT paper electrode were better than the corresponding values for an AC/acetylene black electrode. 
The capacity reached a maximum value of 267.6 F/g with a CNT loading of 5 wt%, and the energy density and 
power density were 22.5 W·h/kg and 7.3 kW/kg at a high current density of 20 A/g. The AC/CNT paper electrode 
also showed a good cycle performance, with 97.5% of the original capacity retained after 5000 cycles at a scan rate 
of 200 mV/s. This method affords not only a promising paper-like nanocomposite for use in low-cost and flexible 
supercapacitors, but also a general way of fabricating multi-functional paper-like CNT-based nanocomposites 
for use in devices such as flexible lithium ion batteries and solar cells. 
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1. Introduction 

Portable electronic devices (such as mobile phones, 
notebooks, and cameras) are becoming more and more 
multi-functional. Novel inexpensive, light, flexible 
and even rollup or wearable electronic devices are 
required [1–4]. Thus, it is necessary to develop new 
versatile and flexible electrode materials as alternatives 

to the materials used in contemporary energy 
conversion and storage devices such as batteries and  
supercapacitors [3–10].  

Among various advanced functional materials, 
electronically conducting polymers (such as polypyrrole 
(PPy) and polyaniline (PANI)) and metal oxides (such 
as RuO2, MnO2, NiO, and Co3O4) [11–16] are widely 
used in supercapacitors. However, their applications 
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are severely limited by their poor solubility and 
mechanical brittleness [11]. Anchoring the conductive 
polymers or metal oxides to cellulose fibers or other 
textile fibers has inspired the design of their paper- or 
textile-based composites which show excellent cycling 
stability, mechanical flexibility and robustness [4, 11, 
17]. However, the textile fibers are usually insulators. 
Advanced carbon materials, such as carbon nanotubes 
(CNTs) [18–21], graphene [14, 20, 22, 23], ordered 
mesoporous carbon [24–26], carbon aerogels [13, 26], 
hierarchical porous carbon [27], carbide-derived carbon 
[28], and their composites/hybrids [29–35], have been 
widely explored for use as supercapacitor electrodes. 
The carbon materials can also be combined with 
conductive polymers or metal oxides to obtain flexible 
CNT/PANI [36, 37], carbon nanofiber (CNF)/PANI [10], 
graphene/PANI or graphene oxide/PANI [14, 16, 38], 
or CNT/CuO [39] composite electrodes with improved 
electrochemical performance. Very recently, biscrolling 
nanotube sheets and functional guests into yarns, which 
contained up to 95 wt% of otherwise unspinnable 
particulate or nanofiber powders, has been used to 
fabricate yarns for use in supercapacitors and lithium- 
ion battery materials [40]. However, the large scale 
production of inexpensive, flexible electrode remains  
a great challenge. 

Activated carbon (AC), which is widely used in 
commercial products, is a cheap electrode material 
with a high surface area giving a moderate capacity in 
supercapacitors [31]. It can be divided into AC particles 
or powder and AC fiber cloth. The AC in powder 
form is difficult to handle as an electrode material. 
Thus, conductive agents (carbon black) and binder 
(poly(tetrafluoroethylene) (PTFE)) are always needed. 
Recently, CNTs, which can be mass produced by 
fluidized bed chemical vapor deposition (CVD) at low 
cost, have been used as conductive agents and/or the 
electrochemical active phase for advanced electrodes. 
Supercapacitors with AC/CNT nanocomposite electrodes 
have been shown to exhibit enhanced electrochemical 
performance compared with CNT-free carbon materials 
[30, 41–44], although the original CNTs were strongly 
entangled with each other, and acid purification was 
always required. As a result, those CNTs well-dispersed 
in the electrode were too short to form a self-supporting 
network. The as-obtained AC/CNT nanocomposites  

were still in powder form, and a binder was still needed. 
Recently it has been shown that vertically aligned 

CNTs, in which the CNTs with large aspect ratio are 
well oriented, can be well dispersed into individually 
long CNTs by a two-step shearing strategy [45]. The 
as-obtained CNT pulp, in which long CNTs have 
good dispersion in the liquid phase, can be used as a 
feedstock for CNT transparent conductive films [45] 
and buckypaper [46]. As a result of great efforts to mass 
produce aligned CNTs, they can be easily produced by 
radial growth on spheres [47] or intercalated growth 
in lamellar catalysts [48]. A 3.0 kg/h productivity of 
aligned CNTs at a low cost has been achieved in a 
fluidized bed reactor [49]. This provides industrial grade 
aligned CNTs for practical applications in composites,  
catalysis, energy conversion and storage.  

In this contribution, industrially produced aligned 
CNTs, together with AC powder, were used as raw 
materials to fabricate flexible electrodes. It is expected 
that the CNTs will bind AC particles together to give a 
paper-like composite. 90 wt%–99 wt% of AC was first 
incorporated into the CNT pulp, and the deposited on 
a filter to make composites. Flexible paper-like and 
binder-free electrodes with as high as 90 wt%–95 wt% 
of AC loading were obtained. The electrical conductivity, 
rate performance, and power density of the paper- 
like electrode were improved compared with the 
corresponding values for an AC/acetylene black (AB) 
electrode. The paper-like electrode also exhibited a  
good cycle performance. 

2. Experimental 

2.1 Aligned CNT production and purification 

Aligned CNTs were mass-produced on a natural 
vermiculite catalyst in a fluidized bed reactor [50]. 
The CNTs in arrays had an inner diameter of 3–6 nm, 
an outer diameter of 7–12 nm, and a length of tens of 
micrometers. The vermiculite layers can be removed 
by impregnation in 3.0 mol/L HCl solution for 1.0 h 
followed by 1.0 mol/L HF solution. The CNT arrays still  
possessed good alignment after acid treatment [50]. 

2.2 AC/CNT paper electrode fabrication 

Purified aligned CNTs were directly sheared in benzyl 
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alcohol [45]. About 210 mL of CNT suspension with a 
concentration of 100 mg/L was first stirred in a disin- 
tegrator for 30 min at a rotation speed of 6000 r/min. 
Then it was divided into five parts with the volumes 
of 10, 20, 30, 50, and 100 mL. Each of these was diluted 
to about 250 mL by benzyl alcohol and further stirred 
in the disintegrator for 30 min at a rotation speed   
of 6000 r/min. Then 0.1 g of AC was added to each 
suspension and the mixture stirred for 1 h at a rotation 
speed of 600 r/min. The as-obtained AC/CNT pulp was 
filtered through a nylon filter membrane (220 nm pore 
size) to remove benzyl alcohol. Another 100 mL of 
anhydrous ethyl alcohol was passed through the filter 
to remove benzyl alcohol. Finally, 100 mL of deionized 
water was passed through the filter to remove the 
ethyl alcohol. The filter cake was peeled off from the 
filter membrane and dried in an oven at 100 °C for 1 h. 
This process gave five AC/CNT paper electrodes with 
different CNT loadings. The as-obtained CNT paper 
electrodes are denoted AC-CNT-1%, AC-CNT-2%, 
AC-CNT-3%, AC-CNT-5%, and AC-CNT-10%. The 
AC/CNT paper electrodes were pressed against a piece 
of Ni foam directly under a pressure of 5.0 MPa. The 
area of the electrode for electrochemical tests was about  
1.0 cm × 1.0 cm. 

For the purposes of comparison, an AC/acetylene 
black (AB) electrode was also fabricated. AC, AB and 
PTFE were mixed in a mass ratio of 75:15:10 and 
dispersed in ethanol. Then the resulting mixture was 
coated onto the nickel foam substrate with a spatula, 
and dried at 100 °C for 6 h in an oven. The area of the 
electrode was also about 1.0 cm × 1.0 cm. The loading  
on each electrode was ca. 5.0 mg. 

2.3 Characterization 

Macroscopic photographs were taken using a Nikon 
4500 digital camera. The microscopic morphology of 
the samples was characterized by scanning electron 
microscopy (SEM, JSM 7401F) operating at 3.0 kV. The 
electrical conductivity was measured by a four probe 
method. The AC/CNT paper-like composites with 
different CNT loadings were directly measured. AC, 
AB and PTFE were mixed in a mass ratio of 75:15:10 
and dispersed in ethanol. The mixture was pressed 
between two pieces of paper and dried to make a disk- 
like material for conductivity tests. The N2 adsorption 

and desorption isotherms were measured by N2 adsor- 
ption at liquid N2 temperature using a Micrometrics 
Flow Sorb Ⅱ 2300. The BET specific surface area was 
measured and the pore volume and pore size distri- 
bution was obtained using the Barrett–Joyner–Halenda  
(BJH) method.  

The electrochemical measurements were conducted 
in a three-electrode setup: a Ni foam coated with 
electrode materials served as the working electrode, 
and a platinum foil electrode and a saturated calomel 
electrode (SCE) served as counter and reference 
electrodes, respectively. The measurements were carried 
out in a 6.0 mol/L KOH aqueous electrolyte at room 
temperature. Cyclic voltammograms (CV), galvanostatic 
charge/discharge, and electrochemical impedance 
spectroscopy (EIS) were measured using a Solartron 
1470E electrochemical station equipped with a 1455A 
FRA module. CV tests were done between –1.0 and 
0 V (vs. SCE) at different scan rates of 10, 20, 50, 100, 
and 200 mV/s. Galvanostatic charge/discharge curves 
were measured in the potential range –1.0 to 0 V 
(vs. SCE) at different current densities of 1, 2, 5, 10, 
and 20 A/g. EIS measurements were also carried out 
in the frequency range from 100 kHz to 0.1 Hz at open 
circuit potential with an ac perturbation of 5 mV.  
The Nyquist plots were fitted by Simpwin (ver. 3.10)  
software. 

3. Results and discussion 

It is difficult to handle AC powder as an electrode 
material for supercapacitors (Fig. 1(a)). Thus, a binder 
(such as PTFE) has to be added to maintain good 
mechanical properties. It has been demonstrated that 
aligned CNTs can be dispersed into long individual 
CNTs, and the as-obtained CNT pulp can be formed 
into CNT paper by filtration [46]. By adding the AC 
powder into CNT pulp, the CNTs bind AC particles 
together affording a flexible paper electrode. In order 
to utilize the high capacity of AC, the amount of AC 
should be as large as possible. Thus, 90 wt%–99 wt% 
of AC was first incorporated into CNT pulp. A typical 
macroscopic photograph of a flexible paper electrode 
with an AC loading as high as 95 wt% (AC-CNT-5%) is 
shown in Fig. 1(b). When the AC loading was between 
90 wt%–95 wt%, the paper electrodes were highly 
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flexible and can be bent elastically (see the insert in 
Fig. 1(b)). The AC/CNT paper electrode can be expected 
to extend the applications of AC as an electrode  
material for supercapacitors. 

An AC/AB electrode made of a mixture of AC with a 
traditional conductive agent, AB (15 wt%), and binder 
of PTFE (10 wt%) was used for comparison. SEM 
images of AC/AB and AC/CNT composite electrodes 
are shown in Fig. 2. The irregular AC particles had a 
size of about several tens of micrometers (Fig. 2(a)), 
while the AB existed as spherical particles with a 
diameter of 40–60 nm (see the insert in Fig. 2(b)). In 
the AC/AB electrode, the AB particles formed a 
conductive network surrounding the AC particles 
(Fig. 2(b)). With the addition of AB, the conductivity 
of the AC electrode was increased from 8.52 × 10–5 to 
1.22 × 10–2 S/cm. However, the AC particles cannot be 
uniformly encapsulated by AB. Many AC particles are 
exposed at the surface of the electrode, which may 
reduce the performance of the AC electrode. For the 
AC/CNT composite with 99 wt% of AC (AC-CNT-1%), 
although a few large AC particles were exposed at the 
surface of the paper electrode (Fig. 2(c)), most of the 
small AC particles were well coated by the CNTs (see 
the high magnification SEM image in Fig. 2(d)). The 
1 wt% of CNTs were well dispersed. The conductivity 
was increased to 0.83 S/cm (Fig. 3), four orders of mag- 
nitude higher than the conductivity of pristine AC 
(8.52 × 10–5 S/cm), indicating the formation of a con- 
ductive network. The conductivity was about two orders 
of magnitude higher than that of an AC/AB electrode 
containing 15 wt% of AB. When the CNT amount was 
increased to 5 wt% (AC-CNT-5%), most of the AC  

 

Figure 1 Macroscopic photographs of (a) AC powder and (b) 
AC-CNT-5% paper. The insert image shows the bending of the 
paper using a pair of tweezers 

particles were well coated by CNTs (Figs. 2(e)–2(g)). 
The CNTs bind the AC particles together, and the 
mechanical strength of composites increased greatly and 
they could even be bent (Fig. 1(b)). The conductivity 
increased from 0.83 to 1.8 S/cm when the CNT amount 
increased from 1 wt% to 5 wt% (Fig. 3). According to the 
percolation theory, one-dimensional rod-like nanotubes 
are much more efficient in constructing percolation 
networks than the three-dimensional spherical AB 
particles [51, 52]. The dispersed CNTs from aligned 
CNTs used in this work were long CNTs (10–30 μm), 
rather than short ones (usually 0.5–2 μm) prepared from 
agglomerated CNTs. Thus, by adding 1 wt% of CNTs, 
the conductivity increased dramatically. The long CNTs 
also facilitated the fabrication of flexible AC/CNT  

 

Figure 2 SEM images of (a), (b) an AC/AB electrode, (c), (d) 
an AC-CNT-1% electrode, and (e)–(g) an AC-CNT-5% electrode. 
The insert in (b) shows an enlarged image of the AB particles 
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Figure 3 The conductivity of AC, AC/AB electrode ( ), and 
AC/CNT composite ( ) 

paper-like electrodes without the need to add an 
insulating binder such as PTFE, which also contributed 
to the enhanced conductivity compared with the 
AC/AB electrode. This will favor electron transport  
when used as an electrode for supercapacitors. 

The specific surface area, pore volume and pore- 
size distribution are also the important factors affecting 
the electrochemical performance of supercapacitors. 
The N2 adsorption isotherms and pore size distri- 
butions of AC powder, AC/AB and AC-CNT-5% 
electrodes and CNTs are shown in Figs. S-1(a)–S-1(c) 
in the Electronic Supplementary Material (ESM). The 
quantitative data extracted from the N2 adsorption 
isotherms are given in Table S-1 (in the ESM). AC 
presents a type-Ⅰ isotherm, which is typical for a micro- 
porous material. The BET surface area and average 
pore diameter of AC powder were 1374 m2/g and 
2.35 nm, respectively. After the addition of AB or CNTs, 
the N2 adsorption was almost unmodified in the small 
relative pressure region corresponding to micropores, 
whereas a noticeable enhancement at P/P0 > 0.9, in the  
range of mesoporosity, was observed. 

The pore size distribution of CNTs showed two 
peaks at about 2.5 and 20 nm. The former may arise 
from the inner space of CNTs and the latter probably 
arise from the pores between CNTs [53, 54]. The pore 

size distribution of AC-CNT-5% also showed two 
small peaks at about 10 and 25 nm. The former may 
be generated by the pores in bundles of CNTs formed 
during the liquid phase process [53]. The latter results 
from the pores generated by the stacking of CNTs, and 
its size was slightly increased due to the presence of 
AC particles. The BET surface area and average pore 
diameter of AC/AB were 1011 m2/g and 2.64 nm. The 
total pore volume decreased due to the addition of 
15 wt% AB and 10 wt% PTFE. However, the ratio 
between the mesoporous and microporous volumes 
(Vmeso /Vmicro) was almost the same. The BET surface 
area and average pore diameter of AC-CNT-5% were 
1223 m2/g and 2.99 nm. The micropore volume of the 
AC was slightly diminished by the presence of CNTs, 
whereas the mesoporous volume increased from 0.32 
to 0.38 cm3/g. The Vmeso/Vmicro ratio showed a significant 
increase from 1.21 to 1.69. The enhanced mesoporous 
volume will favor the diffusion of ions during electro-  
chemical processes [27, 55]. 

The CV curves of AC/AB and AC-CNT-5% electrodes 
at different scan rates are shown in Figs. 4(a) and 4(b). 
At a scan rate of 10 mV/s, the CV curve of the AC/AB 
electrode was close to a rectangular shape, without 
obvious redox peaks. However, when the scan rate 
was increased to 50 mV/s, the rectangle shape became 
severely distorted and it changed into a diamond  
shape when the scan rate was increased to 200 mV/s, 
indicative of a poor rate performance. The CV curve of 
AC-CNT-5% electrode was also close to a rectangular 
shape at a scan rate of 10 mV/s, indicating an ideal 
capacitive behavior. Even when the scan rate was 
increased to 200 mV/s, the shape of CV curve did not 
change dramatically, demonstrating an improved rate 
performance. Compared with the AC/AB electrode, 
the current at the AC-CNT paper electrode increased 
greatly, indicating an obvious improvement in the  
specific capacity. 

The specific capacity of an electrode can be calculated 
according to the following equation: 

= Δ∫ dIC V v V
m

               (1) 

where C is the specific capacity (F/g), I is the response 
current (A), m is the total mass of electrode materials 
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(g), ΔV is the potential range of CV (V), v  is the po- 
tential scan rate (mV/s), and I/m is the current density  
(A/g). 

The capacity of AC/CNT paper electrodes with 
different CNT loadings is shown in Fig. 4(c). As the 
CNT loading was increased from 2 wt% to 5 wt%, the 
capacity increased from 242.5 to 267.6 F/g. This can 
be attributed to the increase of electrical conductivity 
of the nanocomposite, which facilitates the electron 
transport during the CV scan process. However, it 
decreased to 233.4 F/g when the loading was increased 
to 10 wt%. Since the capacity of CNTs is only ca. 20 F/g 
[31, 56], the capacity can be mainly attributed to AC. 
Thus, the capacity decreased when the loading of 
CNTs was too high. The capacity reached a maximum 
value at a CNT loading of 5 wt%. It was also observed 

that the capacities of all the AC/CNT composites were 
higher than that of the AC/AB electrode (181.4 F/g), 
indicating that CNTs are better conductive agents  
than AB.  

The relationships between capacity and scan rate 
for AC/AB and AC-CNT-5% electrodes are shown in 
Fig. 4(d). When the scan rate was increased, the capacity 
decreased. For the AC/AB electrode, the capacity was 
199.7 F/g at a scan rate 10 mV/s. It decreased to 43.6 F/g 
at a scan rate of 200 mV/s, corresponding to only 21.8% 
of the value at 10 mV/s. However, for AC-CNT-5%, 
the capacity was 270.9 F/g at a scan rate 10 mV/s. It 
decreased to 160.5 F/g at the scan rate of 200 mV/s 
corresponding to 59.3% of the value at 10 mV/s,  
indicating a better rate performance (Fig. 4).  

The galvanostatic charge/discharge curves of 

 
Figure 4 The CV curves of (a) AC/AB and (b) AC-CNT-5% electrodes at different scan rates. (c) The specific capacity of the AC/AB
electrode and AC/CNT composites at a scan rate of 20 mV/s. (d) The relationship between capacity and scan rates for AC/AB and
AC-CNT-5% electrodes 
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AC-CNT-5% at different current densities of 1, 2, 5, and 
10 A/g are shown in Fig. 5(a). All the curves are linear 
and symmetrical, indicating that the paper electrode 
possessed excellent electrochemical reversibility and 
charge–discharge properties. The capacity can be 
calculated by dividing the electric quantity by the  
discharge time: 

= = = = ⋅
Δ Δ − −

∫ discharge discharge

drop drop

d

( )

I t It tQ IC
m V m V m V IR m V IR

 (2) 

where Q is the electric quantity during discharge, ΔV 
is the potential range of discharge (V), V is the po- 
tential at the end of charging (V), IRdrop is the initial 
potential change at the current reversal from charge 
to discharge (V), and tdischarge is the discharge time (s). 
When the current reversed from charge to discharge, 

an IRdrop occurred due to internal resistance. Thus, the  
effective potential range should be (V–IRdrop). 

The capacities calculated from the discharge curve 
were 297.9, 282.6, 268.7, and 260.4 F/g at current 
densities of 1, 2, 5, and 10 A/g, respectively. When the 
current density was increased to 20 A/g, an obvious 
IRdrop of ca. 0.133 V was observed (Fig. 5(b)). For the 
AC/AB electrode, IRdrop was even as high as 0.485 V, 
some 3.6 times that of AC-CNT-5% electrode. The 
capacities were 256.0 and 190.1 F/g for AC-CNT-5% 
and AC/AB electrodes at a current density of 20 A/g, 
respectively. The AC-CNT-5% electrode had a higher 
energy density than that of AC/AB electrode. The 
relationship between IRdrop and current density of the 
two electrodes is plotted in Fig. 5(c), and both showed 
a linear behavior. The internal resistance of AC-CNT-5% 
electrode (IRdrop(V) = 0.0038 + 0.0065I) was much lower 

 
Figure 5 (a) The charge–discharge curves of the AC-CNT-5% electrode at different current densities. (b) The charge–discharge curves
at 20 A/g. (c) The relationship between IRdrop and current density, and (d) the Ragone plots for AC/AB and AC-CNT-5% electrodes 
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than that of the AC/AB electrode (IRdrop(V) = 0.0061 +  
0.0024I), indicating a better power density performance. 

The energy density can be calculated by integrating 
the discharge curve, and the power density can be cal- 
culated by dividing the energy density by the discharge  
time. The equations are given below: 

= =∫ ∫
d

d
VI t IE V t
m m

              (3) 

=
discharge

EP
t

                  (4) 

where E is the energy density of the electrode material 
(W·h/kg), V is the potential vs. SCE (V), and P is the 
power density of the electrode material (W/kg). Ragone 
plots for AC/AB and AC-CNT-5% electrodes are shown 
in Fig. 5(d). Both the energy density and power density 
were improved for the AC-CNT-5% electrode, especially 
at a large current density of 20 A/g. The energy density 
and power density were 6.04 W·h/kg and 4.4 kW/kg for 
the AC/AB electrode, and 22.5 W·h/kg and 7.3 kW/kg 
for AC-CNT-5% paper electrode. Both the enhanced 
conductivity and mesoporous volume play important  
roles in the improvement of power density. 

EIS analysis is one of the principal methods exa- 
mining the fundamental behavior of electrode materials 
for supercapacitors. The Nyquist plots for AC/AB and 
AC-CNT-5% are shown in Fig. 6. From the enlarged 
view in Fig. 6(b), the internal resistances (i.e., the 
intercept at the Re (Z) axis) were 0.33 Ω (12.6 kHz) and 
0.46 Ω (10 kHz) for AC-CNT-5% and AC/AB electrodes, 
respectively. Because the capacitive response was fast 
for these electrodes, their internal resistances were 
obtained at frequencies larger than 1 kHz. The standard 
equivalent series resistances (ESR) measured at 1 kHz 
were also obtained for comparison: 0.46 Ω for the AC- 
CNT-5% electrode and 0.52 Ω for the AC/AB electrode. 
The values of the internal resistance and ESR indicated 
that the addition of CNTs decreased the resistance, 
which was in good accordance with the conductivity 
test shown in Fig. 3. Furthermore, the impedance curve 
intersected the real axis (Re(Z)) at a 45° angle, is con- 
sistent with the porous nature of the electrode when 
saturated with electrolyte [57]. Usually, the knee 
frequency represents not only the maximum frequency 
where the capacitive behavior is dominant, but also 

the power capability of a supercapacitor [15, 58].  
The knee frequency of the AC-CNT-5% electrode was 
31.6 Hz, higher than the value of 25.1 Hz for the 
AC/AB electrode, indicating better power capability. 
The results are in agreement with the power density  
data in Fig. 5(d).  

The insert in Fig. 6(a) shows an equivalent circuit 
model to simulate the capacitive and resistive elements 
of the cells under analysis. These elements include the 
internal resistance (Ri), the capacitance and resistance  

 

Figure 6 Nyquist plots of AC/AB and AC-CNT-5% electrodes 
and the fitting curves. The insert in (a) is the equivalent circuit. 
(b) is an enlarged view of (a) 
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due to the contact interface (Cc and Rc), a Warburg 
diffusion element attributable to the ion migration 
through the carbon film (ZW), and the capacitance inside 
the pores, Cd [59, 60]. The Warburg element is given by 

ω
=W

WZ
j

                 (5) 

=
RTW

n F Ac D2 2
e

              (6) 

where j is the imaginary unit ( = −1j ), ω  is the 
angular frequency, W is the Warburg parameter in 
units of Ω/s1/2, R is the gas constant, T is the absolute 
temperature, n is the number of electrons transferred, 
F is the Faraday constant, A is the geometric electrode 
area, c is the electrolyte concentration, and De is the 
effective diffusivity for electrolyte motion in carbon 
electrodes. This shows that the Warburg parameter  
is a decreasing function of ionic conductivity. The 
impedance data in Fig. 6(a) were fitted to this model, 
and the fitting parameters are shown in Table 1. Ionic 
transportation was promoted for the AC-CNT-5% 
electrode (W = 2.41 Ω/s1/2) compared with the AC/AB 
electrode (W = 4.09 Ω/s1/2). However, the Rc for the AC- 
CNT-5% electrode (0.24 Ω) was higher than that of the 
AC/AB electrode (0.10 Ω). Since the CNTs were directly 
used without functionalization, the contact resistance 
with aqueous solution was high. The Cd increased, which  
is in agreement with the capacity data in Fig. 4(c). 

Table 1 Fitting parameters of the Nyquist plots for AC/AB and 
AC-CNT-5% electrodes 

Sample Ri 
(Ω) 

Rc 
(Ω) 

Cc 
(F/g) 

W 
(Ω/s1/2)

Cd 
(F/g)

AC/AB      0.47 0.10 0.1 4.09 132 

AC-CNT-5% 0.35 0.24 0.14 2.41 158 

 
The cycle stability of supercapacitors is a crucial 

parameter for practical applications. The cycle stability 
of the AC-CNT-5% electrode was evaluated by repeating 
the CV test between –1.0 and 0 V (vs. SCE) at a scan rate 
of 200 mV/s for 5000 cycles. The capacitance retention 
ratio as a function of cycle number is presented in 
Fig. 7. The capacitance only decreased by 2.5% of the 
initial capacitance after 5000 cycles, and the shapes of 
the CV curves before and after 5000 cycles were almost 

the same (Fig. 7, insert), demonstrating the excellent 
electrochemical stability of the flexible paper nano-  
composite electrode.  

There have been previous reports of the combination 
of carbon materials with conductive polymers or metal 
oxides to obtain flexible CNT/PANI [36, 37], CNF/PANI 
[10], graphene/PANI or graphene oxide/PANI [14, 16, 
38], or CNT/CuO [39] composite electrodes with im- 
proved electrochemical performance. In these mate- 
rials, a thin PANI layer (several tens to hundreds of 
nanometers) was usually coated onto the surface of 
CNT, CNF or graphene materials to obtain flexible 
composites [10, 14, 16, 36–38]. Nanoparticles, nano- 
wires or nanobelts of metal oxide have also been 
combined with CNTs to obtain flexible composites 
[39, 40]. Such nanoarchitecture gives rise to an increase 
the contact surface area between the electrode, and a 
decrease in the transport path length for both electrons 
and ions [31]. We have demonstrated the feasibility 
of fabricating flexible composites using AC particles 
several tens of micrometers in size. Furthermore, the 
method can also be employed to fabricate flexible 
composites with nanostructured conductive polymer 
or metal oxides in order to meet the needs of versatile 
applications in devices such as flexible lithium ion  
batteries and solar cells. 

 
Figure 7 The cycle performance of AC-CNT-5% at a scan  
rate of 200 mV/s. The insert shows the CV curves of the 1st and 
5000th cycles 
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4. Conclusions 

Aligned CNTs, which can be mass produced in a 
fluidized bed reactor at an industrial scale at a low 
cost, were first sheared to obtain CNT pulp. Then 
90 wt%–99 wt% of AC powder was incorporated into 
the CNT pulp and passed through a filter to make a 
composite. Flexible and binder-free paper-like AC/CNT 
electrodes with 90 wt%–95 wt% AC loading were 
obtained. Due to the availability of long CNTs, a more 
effective conductive network was formed. The meso- 
porous volume was also enhanced due to the addition 
of CNTs. The capacity reached a maximum value of 
267.6 F/g (at a scan rate of 200 mV/s) at a CNT loading 
of 5 wt%. The rate performance was improved and 
the capacitance retention ratio increased from 21.8% 
for the AC/AB electrode to 59.3% for the AC-CNT-5% 
electrode, when the scan rate changed from 10 to 
200 mV/s. The internal resistance of the AC-CNT-5% 
electrode (IRdrop(V) = 0.0038 + 0.0065I) was much lower 
than that of the AC/AB electrode (IRdrop(V) = 0.0061 + 
0.0024I). The energy density and power density  
were 22.5 W·h/kg and 7.3 kW/kg for the AC-CNT-5% 
electrode, and 6.04 W·h/kg and 4.4 kW/kg for the 
AC/AB electrode at a large current density of 20 A/g. 
The internal resistance and ESR decreased and the 
knee frequency increased for AC-CNT-5%. By fitting 
the EIS spectra, the Warburg parameter also decreased, 
indicating better ionic conductivity. The AC-CNT-5% 
electrode also showed a good cycle performance, with 
the capacity retaining 97.5% of the original value after 
5000 cycles at a scan rate of 200 mV/s. These properties 
show this paper nanocomposite is a promising mate- 
rial for use in low-cost and flexible supercapacitors. 
Furthermore, the method can also be employed to 
fabricate various kinds of CNT-based composite papers 
with different properties in order to meet the require- 
ments for applications in devices such as flexible  
lithium ion batteries and solar cells. 
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