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In this work, we have put forward a novel heterogeneous interface induced formation strategy to prepare
balsam pear-like polypyrrole (PPy) film by using binary electrodeposition. The as-prepared PPy film
exhibited a balsam pear-like structure with plenty of vertically aligned serrations and offered a longer
conjugation length of PPy chains. Beneficial from the reasonable structure, the serrated PPy (SE-PPy) pro-
vided abundant electro-active contact area with the electrolyte, thus leading to the ultrafast-spreading of
electrolyte ions and high utilization efficiency of active electrode. Based on this, the SE-PPy electrode
showed outstanding electrochemical performance with a large specific capacitance of 773.6 F/g at
1 A/g in 1 M KOH electrolyte, and still retains �77.6% of its initial capacitance at a high current density
of 20 A/g, which is superior to the reported PPy and most of PPy-related electrodes.

� 2019 Published by Elsevier B.V.
1. Introduction

Polypyrrole (PPy) has received much attention due to its high
conductivity, reversible doping/dedoping electrochemistry, and
low cost [1]. The synthesis strategies of PPy are mainly chemical
oxidation and electrochemical deposition [2]. The products
obtained by traditional one phase electrochemical deposition are
usually aggregated spherical films. However, the aggregated struc-
ture of PPy films impedes the ion diffusion into the inner active
material, leading to a decreased capacitance. To overcome the
obstacles, special PPy structures (such as nanotube, nanoscale
and nanowire, etc.) have been prepared to reduce the charge/ion
transfer routes [3].

Balsam pear has serrated protrusions on the surface, which
greatly enlarge its specific surface area and provide a shorter nutri-
tional transport path. Accordingly, the balsam pear with bulges can
transport and store more nutrients compared with that with flat
surface. Herein, we reported a novel heterogeneous interface
induced formation strategy to prepare balsam pear-like PPy film,
which was constructed by plenty of serrated protrusions on the
surface. The polymerization occurs at aqueous/organic heteroge-
neous interface, and the interfacial electro-polymerization is few
reported in conducting polymers. The PPy film grown on nickel
foam (NF) by a facile binary electrodeposition can be used as a
binder-free electrode. Beneficial from the reasonable structure,
the SE-PPy electrode can provide abundant electro-active contact
area with the electrolyte, thus leading to the ultrafast-spreading
of electrolyte ions and high utilization efficiency of active electrode
(Fig. 1).
2. Experimental

The schematic illustration of the synthesis of PPy film is shown
in Fig. 2a. The NF was ultrasonically washed with acetone, ethanol
and deionized (DI) water, respectively, and dried. 40 mL of pyrrole
dichloromethane solution (0.1 M) and 40 mL of H2SO4 aqueous
solution (0.1 M) were transferred to an electrolytic cell succes-
sively, where a liquid/liquid two-phase interface formed. Subse-
quently, the NF used as a working electrode was inserted into
the down liquid. The Pt counter electrode and Hg/Hg2SO4 reference
electrode were inserted into the upper liquid. The PPy film was
electrodeposited on the upper part of NF in a three-electrode sys-
tem under the constant potential of 0.8 V for 300 s. The as-
prepared SE-PPy film was washed with DI water and ethanol for
several times, and dried at 60 �C for 8 h. As control, the spherical
PPy (SP-PPy) was prepared under the same conditions, except the
electrolyte was replaced by one phase of 0.1 M pyrrole and 0.1 M
H2SO4 aqueous solution.
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Fig. 1. The electron transfer and ion diffusion pathway on SE-PPy.
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The samples were characterized by SEM (ZEISS Merlin Com-
pact), Raman (InVia, Renishaw), FTIR (FTS2000) and XRD (XRD-
6000). The electrochemical measurements were carried out in
1 M KOH with a three-electrode system, where Pt and Hg/HgO
was served as the counter and reference electrode, respectively.

3. Results and discussion

As schematically illustrated in Fig. 2a, the synthesis process of
PPy took place at the heterogeneous interface between the dilute
sulfuric acid solution and pyrrole/dichloromethane solution, and
then PPy grew on the upper side of NF in the dilute sulfuric acid
solution. However, the PPy grew on the whole surface of NF in a
Fig. 2. (a) Schematic illustration of the electrochemical deposition of PPy film on NF; SE
patterns of SE-PPy and SP-PPy.
one-phase system. The morphology of PPy films was explored by
SEM (Fig. 2(b and c)). As observed, SE-PPy presents plenty of ser-
rated protrusions, just like the surface structure of balsam pear.
The surface protrusions of SE-PPy can furnish a larger contact area
between the electrolyte and the electrode, and thus effectively
boost the accessible active sites for electrolyte ions and electrons.
By contrast, the SP-PPy was spherical and relatively flat.

The Raman spectra of both samples (Fig. 2d) presented the char-
acteristic Raman shifts of PPy, such as 1590, 1495, 1405, 1330,
1044, 982 and 927 cm�1 [4]. It was reported the intensity ratio of
the C = C stretching mode at 1590 cm�1 (I1590) and the skeletal
band at 1495 cm�1 (I1495) can reflect the conjugation length of
PPy chains [5], and the conjugation length increases with the
increase of the I1590/I1495. The I1590/I1495 of SE-PPy (1.9) is higher
than that of SP-PPy (1.6), indicating a longer conjugation length
of SE-PPy. The longer conjugation length can offer a higher conduc-
tivity and faster charge transport rate of SE-PPy.

Fig. 2e shows the FTIR spectra of SE-PPy and SP-PPy. The char-
acteristic peaks of PPy are presented at 1465, 1553, 1633, 1050,
901 and 780 cm�1.[6] The conjugation length of PPy can be evalu-
ated by the ratio of integrated absorption area of the asymmetric
ring stretching (Aas1553) to the symmetric stretching (As1465) [6].
And the conjugation length increases with the decrease of
Aas1553/As1465. Compared with SP-PPy (7.06), a lower Aas1553/
As1465 value of SE-PPy (4.09) indicates a longer conjugation length,
which is consistent with the Raman result. As shown in Fig. 2f,
there are three strong XRD diffraction peaks at 44.2�, 51.6�, 76.1�,
which were indexed to (1 1 1), (2 0 0) and (2 2 0) planes of NF,
respectively. Both PPy samples are amorphous as indicated by
the broad peak located at around 23� (inset of Fig. 2f).

Fig. 3a shows the CV curves of SE-PPy and SP-PPy at a scan rate
of 50 mV/s. A pair of redox peaks on the CV curves indicates that
M images of (b) SE-PPy, (c) SP-PPy; (d) Raman spectra, (e) FTIR spectra and (f) XRD



Fig. 3. (a) CV curves of SE-PPy, SP-PPy at 50 mV/s; (b) CV curves of SE-PPy at different scan rates; (c) GCD curves of SE-PPy at various current densities; (d) Specific
capacitance at different current densities. (e) EIS plots of SE-PPy and SP-PPy; (f) cycling stability at 5 A/g, the insert is SEMs of SE-PPy and SP-PPy after 1000 cycles.
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the energy storage of polypyrrole electrodes follows the pseudopo-
tential mechanism. Compared with SP-PPy, the integral area of the
CV curve of SE-PPy is apparently larger than that of SP-PPy, which
reveals the superior capacitance of SE-PPy. With increasing the
scan rate, the oxidation and reduction peak shifts toward to higher
and lower potential (Fig. 3b), respectively, which may be ascribed
to the polarization effect of the electrode. Moreover, no distinct
distortion can be observed on CV curves with increasing the sweep
rate, suggesting a low resistance and good reversible property of
the SE-PPy. The electrochemical kinetics of electrodes can be
described by the relationship of peak current (i) and scan rate
(v): i ¼ avb. The calculated b-value (the adjacent value) of SE-PPy
for the anodic and cathodic peak currents is 0.67 and 0.71, respec-
tively, suggesting that the process is not only controlled by the
capacitance effect, but also determined by the diffusion.

The nearly symmetric GCD profiles of SE-PPy at different cur-
rent densities are shown in Fig. 3c. The obviously observed pair
of platforms in the GCD curves correspond to the redox processes
of the CV curves. The SE-PPy exhibits the highest specific capaci-
tance (Cs) value of 773 F/g, which is much higher than that of
SP-PPy (266.4 F/g). With the current density increased from 1 to
20 A/g, the Cs of the SE-PPy maintained at about 77.6%, which is
much better than that of SP-PPy (53.9%) (Fig. 3d). The electrochem-
ical impedance spectroscopy (EIS) test was employed in the fre-
quency range from 100 kHz to 0.01 Hz as shown in Fig. 3e. In the
low frequency region, the straight line parts of SE-PPy is more par-
allel to the imaginary axis than that of SP-PPy, suggesting its better
capacitive response [7]. The Nyquist plot of SE-PPy and SP-PPy can
be well fitted to an equivalent circuit consisting of Rs (equivalent
series resistance), Cdl (double-layer capacitance), Rct (charge trans-
fer resistance), Zw (Warburg-type resistance) and Q (pseudocapac-
itance) (inset of Fig. 3e). The intercepts with the x-axis, used to
determine the Rs, are obtained to be 0.763 and 1.276X for SE-
PPy and SP-PPy, respectively. The cycling performance of SE-PPy
showed the capacitance retention of 90.3% after 1000 cycles at
5 A/g, superior to that of SP-PPy (75.5%) (Fig. 3f). In addition, the
morphology of SE-PPy and SP-PPy electrodes scarcely changed
after 1000 cycles (inset of Fig. 3f).
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The outstanding performance of SE-PPy (773.6F/g at 1 A/g) is
superior to that of PPy and most of PPy-related electrodes, such
as PPy nanoparticles (356 F/g at 10 mV/s) [8], GO/PPy composites
(481.1 F/g at 0.77 A/g),[9] PPy/rGO/ZrO2 composites (341 F/g at
0.5 A/g) [10], and so on (Table S1). This superior electrochemical
performance is attributed to the following reasons. The longer con-
jugation length of SE-PPy introduced by the binary electrodeposi-
tion provides a higher conductivity and a faster charge transport
rate. And the unique structure supplies much more accessible
active sites for electrolyte ions and electrons and improves the uti-
lization efficiency of active electrode.

4. Conclusions

In summary, a novel heterogeneous interface induced forma-
tion strategy was reported to prepare balsam pear-like PPy film,
which was constructed by plenty of serrated protrusions on the
surface. The specific capacitance of SE-PPy at 1 A/g was 773.6 F/g,
and the capacitance retention is 90.3% after 1000 cycles at 5 A/g.
It maintained �77.6% when the current density was increased to
20 A/g. Considering the facile fabrication and outstanding perfor-
mance, this work represents a quantum leap forward in the search
of new electrode materials for high performance supercapacitors.
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