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A self-supported, flexible, binder-free pseudo-supercapacitor
electrode material with high capacitance and cycling stability
from hollow, capsular polypyrrole fiberst

Zhenyu Li, °® Jie Cai, * ¢ Pavel Cizek, ® Haitao Niu, ? Yong Du, ? and Tong Lin*

Flexible energy devices with high performance and long-term stability are highly promising for applications in
portable electronics, but remain challenging to develop. As an electrode material for pseudo supercapacitors,
conducting polymers typically show higher energy storage ability over carbon materials and larger conductivity
than transition-metal oxides. However conducting polymer-based supercapacitors often have poor cycling
stability, attributable to the structural rupture caused by the large volume contrast between doping and de-
doping states, which has been the main obstacle to their practical applications. Herein, we report a simple
method to prepare flexible, binder-free, self-supported polypyrrole (PPy) supercapacitor electrode with high
cycling stability through using a novel, hollow PPy nanofibers with porous capsular walls as film-forming
material. The unique fiber structure and capsular walls provide the PPy film with enough free-space to adapt
volume variation during doping/de-doping, leading to super-high cycling stability (capacitance retention > 90%
after 11,000 charge-discharge cycles at high current density 10 A/g) and high rate capability (capacitance

retention ~ 82.1 % at current density in the ranging of 0.25 A/g ~ 10 A/g).

Introduction

Enormous demand for portable personal electronics has intensified
developing lightweight, high-power  energy
Electrochemical supercapacitors represent an advanced energy
storage device with high power-density, fast charging/discharging
rate, and excellent reversibility.1®* In particular, flexible and
wearable supercapacitors show great potential for applications in
portable electronics, because of the feasibility to integrate with
textile and clothing.’>?> To this end, it is vital to develop flexible
electrode materials with high capacitance performance. Free-

devices.'?

standing electrode materials such as pure carbon films, paper-
supported conducting polymers, and carbon/conducting polymer
composite films have been reported. 2636

Self-standing pseudo-supercapacitor electrodes from conducting
polymers have shown advantages in light-weight, flexibility and good
conductivity.3”%6 They have been reported to have higher energy
storage capacity than carbon materials and larger conductivity than
transition-metal oxides.*’"*° Despite the wide studies, conducting
polymer based electrodes often face obstacles to their practical
applications. Pure conducting polymer electrodes typically suffer
from poor cycling stability, attributable to the rupture originated
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from large volume variation between the doped and the de-doped
states which are associated with charging and discharging of the
device. Consequently, pure conducting polymers based
supercapacitor electrodes typically retain only up to 70% of the
capacitance after 1,000 charge/discharge cycles.>®%! To improve the
electrode stability, conducting polymers were reinforced with a
supporting material (e.g. paper,?>>° fabric,>* or carbon3>527).
However, the reinforcement may adversely cause issues, such as
complex processing ability and reduced contact area between the
supporting materials and electrolytes, though the improvement in
the cycle stability.3> %2%5 High capacitance retention achieved by an
electrode just comprising conducting polymer without external
reinforcement is highly desirable but has not been reported in
research literature.

In this study, we have prepared a flexible, self-standing,
polypyrrole (PPy) nanofiber film that can be used directly as a
supercapacitor electrode showing large specific capacitance, long
cycle life and high capacitance retention. Without binder and
reinforcement, the PPy film electrode has a specific capacitance of
200 F/g. Even at high current density (e.g. 10 A/g), it is still robust
enough to retain at least 90% capacitance after 11,000 cycles of
charge/discharge. Such unexpected stability and capacitance
performance were found to stem from the unique tubular structure
of PPy nanotubes which have porous capsular walls.

EXPERIMENTAL SECTION

Materials:

J. Name., 2013, 00, 1-3 | 1
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Polyvinylpyrrolidone (PVP, Mw ~1,300,000, Sigma-Aldrich),
polystyrene (PS, Mw ~100,000, BDH chemical Ltd), N, N-dimethyl
formamide (DMF, sigma Aldrich), vanadyl acetylacetonate (VA, 98%,
Sigma-Aldrich), hydrogen chloride (37%, Sigma-Aldrich), and pyrrole
(98%, Sigma Aldrich) were used as received.

Preparation of PVP/VA/PS fibers

An emulsion solution was prepared by mixing VA/PVP-DMF solution
(PVP concentration 0.15 g/mlL) with PS-DMF solution (PS
concentration 0.2 g/mL). The volume ratio of VA/PVP-DMF to PS-
DMF is 3:2 (The concentration of VA in the final mixture is 0.25
mol/L). The mixture was stirred mechanically for 12 h.
Electrospinning of the emulsion solution was carried out on a needle
electrospinning apparatus.”’ During electrospinning, the applied
voltage, spinning distance and flow rate were controlled at 20 kV, 22
cm and 2 mL/h, respectively.

Preparation of hollow V,0:s fibers

The PVP/VA/PS fibers were sintered in air at 430 °C for 0.5 hour to
remove any organic ingredient from the fibers and meanwhile to
convert the VA to V,0s.

Preparation of hollow, capsular PPy fibers

Vapor-phase polymerization was conducted to generate PPy on V,0s
fibers. In brief, hollow V,0s fiber mat was placed in a desiccator
containing 2 mL of concentrated HCl in the bottom layer. The
desiccator was then vacuumed for 10 min. In this way, and the V,0s
fibers were acidized by the HCl vapor. The acid treated V,0s fibers
were then placed in another desiccator filled with pyrrole (2 mL) to
conduct a polymerization reaction in vacuum for 1 h. At this stage,
the V,0s fibers turned from yellow to dark-yellow. In the second
stage, the PPy treated V,0s fibers were subjected to a second
acidization in HClI for 1 h and another pyrrole vapor-phase
polymerization for 12 h. After the second polymerization, the final
product was rinsed with HCI, deionized water and ethanol to remove
the unreacted Vanadium and any side product. The film was then put
into a 60 °C oven for 6 h.

Measurement of electrochemical characteristic

A two-electrode method was employed to test the electrode
performance. During testing a filter paper which was soaked with 1
M aqueous H,SO, solution was sandwiched with two pieces of PPy
films (length 1.1 cm, width 0.8 cm, thickness 20 + 1 um). Two flat Pt
plates were used as the current collector. The electrochemical
characteristics were characterized using an electrochemistry
workstation (CHI760D) at room temperature.

Characterizations

SEM and TEM images were taken on JEOL-2100 TEM with an
acceleration voltage of 200 kV and Supra 55VP SEM, respectively. X-
ray diffraction was measured with Scintag XDS 2000 diffractometer
with Cu Ka radiation. FTIR was scanned using Bruker Vertex 70 FTIR
spectrometer in ATR mode

Results and discussion

2| J. Name., 2012, 00, 1-3

Figure 1a illustrates the procedure for preparing the hollow PPy
fibers. The precursor fibers were prepared by electrospinning a dark-
green emulsion solution containing PVP, VA, PS and DMF, in which
PVP and VA in DMF formed the continuous phase and PS in DMF
formed discontinuous phase (see ESIt). The as-spun precursor fiber
mat was then subjected to a calcination treatment in air to remove
polymer and organic ingredients from the fibers and meanwhile to
convert the VA to V,0s. After calcination, yellow V,0s hollow fibers
with a porous wall resulted. Vapor phase polymerization was finally
carried out on the hollow V,0s fibers to form the PPy nanofiber film.
The color change on each steps has been tracked as shown in Figure
1b.
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Figure 1. a) Schematic illustration of capsular nanofiber preparation, b)

photos taken from each preparation steps, c) SEM top view and d) SEM cross-
sectional view of porous V20s nanotubes.

Figure 1c shows the morphology of the calcined V,0s nanofibers,
which have a diameter of 200 + 30 nm. The fibers had a rough surface
comprising irregular nanoparticles and nano-scaled pores (see more
SEM images in the ESIT). The cross-sectional image indicates that the
fibers have a tubular structure with an inner diameter around 100 £
10 nm (Figure 1d) (see more SEM images in ESIT). We also used XRD
and FTIR to characterize the V,0s fibers (see ESIt). The XRD
diffraction peaks matched an orthorhombic phase of V,0s (JCPDS No.
41-1426) with high V,0s purity.

In our study, a two-step vapor-phase polymerization was
employed to prepare hollow PPy nanofibers. In each step, the V,0s
material was treated with HCl followed by polymerization. The acid
treatment in the first step was conducted in a very short period (10
min). As a result, a thin acidized layer was formed on the V,0s
surface. Figure 2a shows the V,0s nanofibers after the first acid
treatment. The acidized layer is so thin that it is almost
indistinguishable. As expected, after polymerization such a thin
acidized V,0s layer resulted in a thin PPy layer (less than 10 nm)

This journal is © The Royal Society of Chemistry 20xx
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between the V,0s particles (see the arrowed layers in Figures 2b).
The color change of V,0s fibers confirmed the polymerization
reaction taking place (also see more electron microscope images in
ESIT).

The acid treatment and polymerization reaction in the second
step were conducted in longer period (1 h and 12 h, respectively).
After the second acidization and vapor-phase polymerization, the
fibers almost maintained the original morphology. As shown in
Figures 2c, a grain like structure is kept on the PPy fibers (Figure 2d,
also see more SEM images in the ESIT). However, the TEM image
indicates that the fibers have a hollow structure with lots of hollow
capsules in the wall. The sheath (dark line) of the capsules was
around 20 nm in thickness (see more SEM images in ESIt).

LA

0.5y

Figure 2. a) SEM image and b) TEM image of V.0s fibers after the first
acidization and polymerization; c) SEM image and (d) TEM image of hollow,
capsular PPy fibers after the second acidization and polymerization. (Scale
bars in a & c: 200 nm)

It was noted that the two-step vapor-phase polymerization was
essential to form the hollow capsules in the resulting PPy nanofibers.
When the polymerization was conducted in one step with equivalent
reaction time, hollow PPy fibers still resulted, however the wall had
a dense structure without hollow capsules. Such dense wall PPy
tubes were reported by the literature.®® In our case, the thin PPy
layer formed in the first polymerization step could restrict the
diffusion of pyrrole vapor into the V,0s phase. This leads to
incomplete polymerization on the acidized V,0s. When the
unreacted V,0s was removed by the final rinsing treatment, hollow
capsules resulted. Such a capsular structure in hollow PPy is unique

and has not been reported in research literature.
a b c

Figure 3. a) ~ d) TEM based EELS element mapping of hollow, capsular PPy
fiber; e) a series of photos to illustrate the flexibility of the PPy film.

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

TEM based electron energy loss spectroscopy (EELS) element
mapping was employed to characterize the element distribution in
the PPy fibers. As shown in Figures 3a~d, elements C, N and Cl exist
homogenously in the PPy fiber sample. FTIR and SEM-EDX spectra
confirmed that the fibers were PPy doped with Cl ions (see the ESIT).
The PPy film obtained was flexible. It can be folded by 180° for many
times without breaking, and the folded film can recover
automatically (Figure 3e). Such excellent flexibility was attributed to
the unique structure of the PPy film. The capsular wall with thin
sheath and hollow space inside the PPy fibers provide enough free-
space to endure large deformation without cracking. This remarkable
structure integrity would largely facilitate the development of self-
supported electrodes for supercapacitors.

To measure the electrode performance of the PPy film, we
fabricated a supercapacitor device using the freestanding PPy film
(without any binder) as electrode and 1 M H,SO, as electrolyte.
Figure 4a shows cyclic voltammetry (CV) curves in two-electrode
configuration (the counter electrodes is also the reference
electrode). When the device was scanned in potential window of -
0.1V to+ 0.7V at a scan rate in the range of 2 mV/s ~ 200 mV/s, all
the curves were approximately rectangular shapes, indicating
excellent capacitive behavior and low internal resistance. Here it
should be pointed out that redox peaks were not shown in the CV
curves because of using two-electrode configuration for
electrochemical measurement.®”%° For comparison, the CV curve in
3-electrode configuration (PPy as working electrode, a Pt wire as
counter electrode and a saturated calomel electrode as reference)
was also measured, which show redox peaks similar to normal PPy
(see the ESIT). It was also noted that the PPy film maintained the
original CV feature even if after multi-cycle of folding (see the ESIT).
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Figure 4. Capacitive performance of PPy film electrode. a) CV curves at a scan
rate from 2 to 200 mV/s; b) specific capacitance change with scan rate; ¢) GCD
curve at different current densities; d) specific capacitance change with
current density.

Time (s)

Based on the CV curves, the specific capacitance (Cs) at different
scan rates was calculated by the equation (1):

_ J1av
Cs = v xmxAV (1)
where | (A) is the response current, v (V/s) is the scan rate, AV (V) is

the potential window, and m (g) is the mass of the two active

J. Name., 2013, 00, 1-3 | 3
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electrode material. Increasing the scan rate from 2 mV/s to 200 mV/s
led to Cs change from 203 F/g to 160 F/g (Figure 4b).

Figure 4c shows the galvanostatic charge/discharge (GCD)
behavior of the device, in which the charge curves are almost
symmetric to their corresponding discharge counterparts in the
potential window, indicating the potential of our PPy film in making
supercapacitors. When the current density increased from 0.25 A/g
to 10 A/g, small potential drop can be detected (see the ESIT),
indicating the good capacitive behavior. Based on charge/discharge
curves, the Cs can also be calculated by the equation (2).

IxAt
C;=4 AVXM (2)

where | is the charge/discharge current, At is the discharge time, AV
is potential window (V), and M is the total mass of active materials
(g). Figure 4d shows the calculation result and the effect of current
density on Cs.

The specific capacitance showed a slight decrease with increasing
the current density from 0.25 A/g to 10 A/g. However, the
capacitance value was still higher than 150 F/g when the current
density was 10 A/g, proving the PPy electrode has a high rate
capability (> 82%). This can be explained by the thin sheath of the
capsules, which can short ion diffusion length for rapid
electrochemical reaction between the electrolyte and the PPy
electrode.

Figure 5a shows the electrochemical impedance spectroscopy
(EIS) spectra in the frequency range of 0.01 (final) Hz to 100 KHz
(initial) under 0.128 V. In the Nyquist plot, the semicircle at higher
frequencies corresponds to the electron transfer limited process,
whereas the linear part at lower frequencies represents the
diffusion-limited electron transfer process. The linear part in the low
frequency region indicated an ideal capacitive performance of the
device. The solution resistance (Rs) and charge-transfer resistance
(Rc) between the PPy electrode and the electrolyte were estimated,
being 0.84 Q and 36.06 Q (inset in Figure 6a), respectively. Figure 5b
shows the cycling stability result tested by GCD at a high current of
10A/g. After the first 1,000 cycles, the capacitance decreased slowly
from 155 F/g to 140 F/g, and the capacitance maintained at 140 F/g
in the following 10,000 cycles. Thus the capacitance retention was as
high as 90.3% for the whole 11,000 cycles. After the
charge/discharge cycles, the morphology of the whole PPy film did
not change (see the ESIT). After 11,000 cycles, element sulfur was
detected throughout the PPy film besides element Cl, confirming
both CI- and SO,%-doping (see the ESIt).
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Figure 5. a) Nyquist plot of the PPy film (AC voltage of 10 mV), b) effect of
charge/discharge cycles on capacitance stability and capacitance retention of

PPy film electrode (current density of 10 A/g).

As reported by the previous papers,®®®! structural rupture
caused by the volume contrast during doping/de-doping of

4| J. Name., 2012, 00, 1-3

conducting polymer is the main obstacle to the practical applications
of conducting polymer electrode materials as supercapacitor
electrode. Our PPy film offers opportunities to improve the long-
term stability without using any binder and reinforcing material. Such
high capacitance and excellent cycle life stem from the unique
structure of PPy fiber film. Here, the capsular structures within the
tubular walls of PPy fibers paly two roles: (i) the large free space in
the hollow fibers and within the capsules provide enough space to
adapt volume variation during doping/de-doping, which significantly
improves the film integrity; (ii) the thin sheath of the capsules
effectively shortens ion diffusion paths, leading to fast
electrochemical reaction between electrolyte and electrode. Such a
unique fiber structure makes our hollow, capsular PPy fiber film
surpass lots of conducting polymer-based supercapacitor electrode
materials (including those with a hollow structure) in long-term
cycling stability (see the data for comparison in the ESIt). To verify
the important role of the hollow, capsular fibers in improving the
cycle stability, we have also prepared normal PPy tubes without
hollow capsules, and examined the film electrode performance. As
expected, the device retained just 64% of the capacitance only after
1,000 cycles of charge/discharge (see detail results in the ESIT).

Conclusion

We have proved the excellent capacitance performance and
cycling stability of a flexible, self-supported, binder-free film
made of polypyrrole fibers having a novel hollow capsular
structure as pseudo-supercapacitor electrode. The PPy film
electrode shows high special capacitance of 203 F/g at scan rate
of 2 mV/s, excellent cycling stability (capacitance retention >
90% after 11,000 charge-discharge cycles at current density of
10 A/g), and large rate capability (capacitance retention ~ 82.1
% when current density changing from 0.25 A/g to 10 A/g).
Those remarkable features make our PPy film very promising for
development of flexible pseudo-supercapacitor electrode. It
may find applications in making flexible chemical sensors and
organic solar cells.
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