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Polypyrrole (PPy) is wildly used as electrode material in supercapacitors due to its high conductivity, low
cost, ease of handling, and ease of fabrication. However, limited capacitance and poor cycling stability
hinder its practical application. After developing carboxylated cellulose nanocrystals (CNC-COO�) as
immobile dopants for PPy to improve its cycling stability, we investigated the effect of different com-
monly used salts (KCl, NaCl, KBr, and NaClO4) as dopants during electrode fabrication by electropolymer-
ization. The film’s capacitance increased from 160.6 to 183.4 F g�1 after adding a combination of KCl and
NaClO4 into the electrodeposition electrolyte. More importantly, the porous and interconnected PPy/
CNC-COO�-Cl�(ClO4

�)_0.5 electrode film exhibited an excellent capacitance of 125.0 F g�1 (0.78 F cm�2)
at a high current density of 2.0 A g�1 (20 mA cm�2, allowing charging in less than 1 min), increasing
almost 204% over PPy/CNC-COO� films. A symmetric PPy/CNC-COO�-Cl�(ClO4

�)_0.5 supercapacitor
retained its full capacitance after 5000 cycles, and displayed a high energy density of 5.2 Wh kg�1 at a
power density of 25.4 W kg�1 (34.5 lWh cm�2 at 1752.3 lW cm�2). These results reveal that the porous
structure formed by doping with CNC-COO� and inorganic salts opens up more active reaction areas to
store charges in PPy-based films as the stiff and ribbon-like CNC-COO� as permanent dopants improve
the strength and stability of PPy-based films. Our demonstration provides a simple and practical way
to deposit PPy based supercapacitors with high capacitance, fast charging, and excellent cycling stability.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polypyrrole (PPy), as one of the most promising pseudocapaci-
tor electrode materials, has attracted a large research interest
due to its low cost, high electrical conductivity, environmental
friendliness, and wide potential window [1–5]. PPy can be easily
polymerized from its water-soluble monomer, which provides
opportunities to obtain different structures and properties by
adjusting the solutions’ composition. By adding different acid
dopants (hydrochloride acid, perchloric acid, sulfuric acid, p-
toluenesulfonic acid_p-TSA, phosphoric acid, and phytic acid) into
the electropolymerization electrolyte, PPy films with different
structures and electrochemical performance were obtained after
deposition on carbon cloth [6]. Among them, the PPy_HCl/carbon
cloth film exhibited the highest specific capacitance of 960 F g�1

at 5 mV s�1, the PPy_p-TSA/carbon cloth film showed the best
cycling stability (75% capacitance retention after 2000 cycles). By
introducing two-dimensional (2D) graphene oxide (GO) into a pyr-
role and LiClO4 electrolyte, a three-dimensional (3D) GO/PPy com-
posite electrode was fabricated by one-step electrodeposition [7],
achieving an area capacitance of 387.6 mF cm�2 (380 F g�1) at
0.2 mA cm�2 (0.2 A g�1) and a better rate capability (82%) than
for pure PPy electrodes (42.6%). Meanwhile, higher performance
PPy composite electrodes can be fabricated by combining PPy with
capacitive and/or structural materials, such as graphene oxide, car-
bon nanotubes, transitional metal compounds, 2D layered clays,
and metal–organic frameworks (MOFs) [8–14]. A PPy/Ti3C2Tx film
showed a specific capacitance of 420.2 F g�1 at 1 A g�1, which is
almost four times as high as the value for a pristine PPy film pre-
pared using the same method, because of the 2D layered structure
of the clay (Ti3C2Tx) template [9].

Although PPy possesses plenty of merits and has excellent per-
formance as pseudocapacitive material, in practical applications,
the cycling stability of PPy electrodes or supercapacitors (SCs) still
poses serious challenges due to its working mechanism [2,3,15–
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18]. Tremendous efforts to improve the cycling stability of PPy-
based materials have been taken [15,19–22]. One of these methods
is templating PPy with flexible substrates that can limit structural
damage by adapting to large volumetric changes during charge/
discharge cycles. The other method is to dope PPy with immobile
anions, which could minimize the counterion drain effect. For
example, by using functionalized partial-exfoliated graphite as a
scaffold and immobile b-naphthalene sulfonate anions as dopants,
fabricated PPy films achieved 97.5% capacitance retention after
10,000 charge/discharge cycles [23].

Our previous work also showed that immobile carboxylated cel-
lulose nanocrystals (CNC-COO�) contribute to building PPy SCs
with high cycling stability, e.g., at a scan rate of 50 mV s�1, 86%
of the original capacitance was retained after 1000 cycles, 70%
capacitance was retained after 10,000 cycles, and 47% of its capac-
ity after an excessive 50,000 cycles [24]. By adding KCl into the
pyrrole (Py) and CNC-COO� electrodeposition electrolyte, more
homogeneous, porous, and interconnected PPy SCs were fabri-
cated, giving a maximum energy density of 41.15 lWh cm�2

(4.46 Wh kg�1) and 111.2% of the initial capacitance after 3000
cycles. It suggests that KCl not only serves as a supporting elec-
trolyte for the electropolymerization of PPy, but that it also con-
tributes to the development of the 3D porous structure when
combined with CNC-COO�. The relatively high cycling stability of
PPy films is ascribed to the interconnected porous structure and
the rigid and immobile CNC-COO� [25]. Cellulose nanocrystals
(CNCs) are the ribbon-like crystalline sections of cellulose that
are obtained from native cellulose by hydrolyzing the non-
crystalline sections. Their high strength, lightweight, wide avail-
ability, ribbon-like morphology, and modifiable surfaces make
them interesting reinforcing materials to form porous hierarchical
structures [26–28].

In this work, we investigated the effect of different types of
commonly used inorganic salts (potassium chloride-KCl, sodium
chloride-NaCl, potassium bromide-KBr, and sodium perchlorate-
NaClO4) as supporting electrolyte/dopant in the CNC-COO� and
Py electrodeposition electrolyte on structure formation and elec-
trochemical performance of the PPy films. To optimize the perfor-
mance of the PPy/CNC-COO�-salt composites films, ratios of
different types of salts were adjusted in the electrolyte. The film
capacitance increased from 160.6 to 183.4 F g�1 after adding a
combination of KCl and NaClO4 into the electrodeposition elec-
trolyte. The porous and interconnected PPy/CNC-COO�-Cl�(ClO4

�)
_0.5 electrode film exhibited an excellent capacitance of 125.0 F
g�1 (0.78 F cm�2) at a high current density of 2.0 A g�1 (20mA cm�2)
where the discharge process was completed in one minute. After
assembling into a symmetric PPy/CNC-COO�-Cl�(ClO4

�)_0.5 super-
capacitor, it could retain its full capacitance after 5000 cycles, and
displayed a high energy density of 5.2 Wh kg�1 at a power density
of 25.4 W kg�1 (34.5 lWh cm�2 at 1752.3 lW cm�2).
2. Experimental

2.1. Materials

Cotton wool was purchased from Carl Roth GmbH & Co. KG.
Sodium hydroxide (extra pure), and acetone (98%) were purchased
from Fisher Scientific. Ethanol (absolute), sodium perchlorate
(98%), and sodium bromide (99%) were purchased from Sigma
Aldrich. Sodium hypochlorite (10%–15%), (2,2,6,6-tetramethylpiper
idin-l-yl)oxyl (TEMPO, 98%), hydrochloric acid (37%), methanol
(98%), pyrrole (99%), potassium chloride (3 M), and sodium chlo-
ride (99.999%) were purchased from VWR international. Potassium
bromide (99%) was purchased from Acros Organics. All products
were used as received.
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2.2. Preparation of PPy/CNC-COO�-salt composite films

CNCs were extracted from cotton wool using a modified Araki
method (see supporting information) [29]. Through TEMPO-
oxidation, the surface hydroxyl groups of CNCs were converted
into the carboxyl group as previously described [25,30]. PPy/
CNC-COO�-salt composite films were deposited in a three-
electrode system. A 3 mm diameter glassy carbon electrode
(GCE), a Ag/AgCl (3 M KCl) electrode, and a Pt sheet electrode
served as the working, reference, and counter electrode, respec-
tively. Before use, the GCE was polished with alumina (1.0,
0.3 lm) slurries on a polishing pad and rinsed with deionized
water before deposition. The electrodeposition electrolyte for
deposition PPy/CNC-COO�-salt films contained 160.7 mM Py, and
27 mM of different types of salts (KCl, NaCl, KBr, and NaClO4) in
a 13.4 mM CNC-COO� suspension (Table 1). Electrolytes for depo-
sition PPy/CNC-COO�-Cl�(ClO4

�)_x (where x is the ratio of [NaClO4]/
[KCl]) films, the concentration of Py, CNC-COO�, and the total con-
centration of salt remained the same, only the salt ratio (x) was
adjusted. The chronoamperometry method was applied to deposit
PPy/CNC-COO�-salt films, +0.8 V potential corresponding to the
Ag/AgCl (3 M KCl), and the deposition was stopped when the total
passed charge reached 30 C cm�2. The film’s area was measured by
SEM. Film’s weight was measured by a microbalance (XP6 Micro
and Ultra-Microbalances, Mettler Toledo) with an accuracy of
1 lg. Detailed information can be found in Fig. S1.

2.3. Fabrication of aqueous symmetric supercapacitors

Aqueous symmetric SCs were constructed by directly assem-
bling two PPy/CNC-COO�-salt films on GCEs, connected in a tube
cell with 1 M KCl as the electrolyte. The gap between electrodes
and the tube was sealed with parafilm. The mass (area) of two
films on the GCE for the PPy/CNC-COO�-ClO4

� SC and PPy/CNC-
COO�-Cl�(ClO4

�)_0.5 SC were 1.44 mg (0.24 cm2) and 1.39 mg
(0.21 cm2), respectively.

2.4. Materials and electrochemical characterization

For the CNC-COO� suspension, the concentration was deter-
mined by thermogravimetric analysis (TGA, Netzsch F3 Tarsus,
Table S1). The degree of carboxylation was measured by conducto-
metric titration using an automatic conductometric titrator
(Metrohm, 856 conductivity module), showing that CNC-COO�

contained ca. 0.69 mmol g�1 surface carboxylate groups after
TEMPO-oxidation (Fig. S2). The hydrodynamic diameter and zeta
potential of CNC-COO� were recorded by dynamic light scattering
(DLS, Tables S2 and S3) using a NanoBrook particle size and zeta
potential analyzer (Brookhaven). The full dataset of characteriza-
tion results for the CNC-COO� suspension is available in the Sup-
porting Information.

Morphology of the deposited films was characterized by scan-
ning electron microscopy (SEM, JSM-IT200LV, JEOL, Japan), carried
out at an acceleration voltage of 7 or 10 kV. Films were rinsed with
distilled water thoroughly and then were gently scraped off from
the GCE, which were mounted on aluminum studs with double-
sided adhesive carbon tape. No sputtering was performed before
imaging. The composition of deposited films was analyzed by
energy-dispersive X-ray spectroscopy (EDS, JSM-IT200LV, JEOL,
Japan), whole area analysis models were carried out at an acceler-
ation voltage of 20 kV, Std-PC at 50, a magnification of 2500, and
live time of 20 min. Fourier transform infrared spectroscopy (FTIR,
Bruker Alpha) was used to determine the bond and structure infor-
mation. Potassium bromide (KBr) was dried in an oven overnight
before use. After grinding with mortar, a blank KBr pellet was pre-
pared as the background by a Specac pellet die. A half wt% sample



Table 1
Composition of the electrodeposition electrolyte for different PPy/CNC-COO�-salt films.

Sample Concentration Salt type

Py (mM) CNC-COO� (mM) Salt (mM)

PPy/Cl�(K+) 160.7 N/A 27 KCl
PPy/CNC-COO� 160.7 13.4 N/A –
PPy/CNC-COO�-Cl�(K+) 160.7 13.4 27 KCl
PPy/CNC-COO�-Cl�(Na+) 160.7 13.4 27 NaCl
PPy/CNC-COO�-Br� 160.7 13.4 27 KBr
PPy/CNC-COO�-ClO4

� 160.7 13.4 27 NaClO4

PPy/CNC-COO�-Cl�(ClO4
�)_0.33 160.7 13.4 20.25(6.75) KCl + NaClO4

PPy/CNC-COO�-Cl�(ClO4
�)_0.5 160.7 13.4 18(9) KCl + NaClO4

PPy/CNC-COO�-Cl�(ClO4
�)_0.67 160.7 13.4 16.2(10.8) KCl + NaClO4

PPy/CNC-COO�-Cl�(ClO4
�)_1.0 160.7 13.4 13.5(13.5) KCl + NaClO4
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was added into the KBr for preparing samples. Spectra were col-
lected as the sum of 64 scans at a resolution of 4 cm�1 over a fre-
quency ranging from 4000 to 400 cm�1.

Electrochemical performance of films and SCs were performed
at room temperature employing an Autolab PGSTAT204 (Metrohm,
NOVA) instrument. One molar KCl was used as the electrolyte. The
electrochemical performance of the films was tested in a three-
electrode system with a potential window from �0.4 to 0.6 V vs.
Ag/AgCl (3 M KCl). The deposited film on GCE was used as the
working electrode, where a Ag/AgCl (3 M KCl), and a Pt sheet elec-
trode served as reference and counter electrode, respectively. For
SCs, a symmetric two-electrode set-up was built with a potential
window from 0 to 1 V. The cyclic voltammetry (CV) experiments
were carried out at varying scan rates between 2 and 200 mV s�1

for films and SCs. Galvanostatic charge/discharge (GCD) measure-
ments were tested at current densities ranging from 2 to
50 mA cm�2 (0.2–5 A g�1) for films, and from 1 to 20 mA cm�2

(0.1–2 A g�1) for SCs. The cycling stability of SCs was measured
under a current density of 20 mA cm�2 (2 A g�1) after resting in
1 M KCl electrolyte for 5 h. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out over a frequency
range of 100 kHz to 0.01 Hz at a potential of 0 V, using an alternat-
ing voltage amplitude of 5 mV. The mass loading (mg cm�2) of
films was obtained from the total weight of the freestanding film
divided by the area of the film measured by SEM (Fig. S1).

The specific capacitance C of the film in a three-electrode sys-
tem was calculated from cyclic voltammograms according to Eq.
(1) [31,32].

C ¼
R 2V0

v
0 ij jdt
2V0P

ð1Þ

The specific capacitance C was calculated from GCD according
to Eq. (2) [32].

C ¼ IDt
V0P

ð2Þ

The equivalent series resistance RES (X), time constant s (s),
energy density E (Wh P�1), and power density P (W P�1) of SCs
were calculated from GCD according to Eqs. (3)–(6) [32–34].

RES ¼ DV IRdrop

I
ð3Þ

s ¼ RES � IDt
V0

ð4Þ

E ¼ 0:5CV2
0

3600
ð5Þ

P ¼ V2
0

4RESP
ð6Þ
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where V0 is the voltage window, v is the scan rate, P represents the
area or the mass of electrodes, where for the three-electrode sys-
tem, it is the single electrode’s mass or area; and for the two-
electrode system, it contains the mass or area of both electrodes;
I, DVIRdrop, and Dt are the discharge current, the voltage of IR drop,
and the discharge time, respectively.
3. Results and discussion

3.1. Electrodeposition behavior, morphology, and electrochemical
performance of PPy/CNC-COO�-salt films

Fig. 1 shows the synthesis process of PPy/CNC-COO�-salt films.
Different commonly used inorganic salts were added to the Py/
CNC-COO� system, the components in the electrodeposition elec-
trolyte are detailed in Table 1. From the chronoamperometric
curves in Fig. 1(b), one can see that the presence or absence of salt
in the electrolyte led to different deposition behaviors, as discussed
in our previous work [25]. In the absence of salt, the deposition
current remained close to zero in the first thousand seconds sug-
gesting that the PPy film grew slowly and did not form a continu-
ous structure accommodating electron transfer at the beginning of
the deposition process. With salt present in the electrolyte, PPy
polymerized more rapidly, with a high current density achieved
within a short timeframe. As a result, PPy-based films showed a
different morphology in the presence and the absence of salt dur-
ing deposition (Fig. 1c and d). For different types of salts in the
electrolyte, after a sharp increase in current density due to fast
nucleation and growth of PPy at the potential step at the outset,
the current density showed different tendencies (rising or remain-
ing unchanged), which reflected the influence of different dopants
on the formation of PPy composite films due to their different dif-
fusion speeds and sizes.

Fig. 2 shows the morphology of the different PPy/CNC-COO�-
salt films. The PPy/Cl�(K+) film displayed a globular-shaped struc-
ture (Fig. 2a), consistent with previous studies [35–37]. The PPy/
CNC-COO� film showed a relatively dense structure, and at higher
magnification (Fig. 2b), one can see that the PPy/CNC-COO� film is
composed of cauliflower-like PPy with plenty of small holes in
between. When KCl was added into the pyrrole and CNC-COO�

deposition electrolyte, a porous and interconnected PPy composite
film (PPy/CNC-COO�-Cl�(K+)) was obtained (Fig. 2c). A similar
morphology was obtained when replacing KCl with NaCl or KBr.
Both films maintained the porous and interconnected macrostruc-
ture (Fig. 2d and e), while the connecting sections in the film with
KBr (PPy/CNC-COO�-Br�) became wider than the connecting sec-
tions in PPy/CNC-COO�-Cl�(K+) and PPy/CNC-COO�-Cl�(Na+) films.
With the widening of the connecting sections in the PPy/CNC-
COO�-Br� film, some holes closed. NaClO4, a commonly used sup-
porting electrolyte in the literature, was also explored in our Py



Fig. 1. Schematic illustrating the electrodeposition process of PPy/CNC-COO�-salt films. (a) Composition of the electrodeposition electrolyte. (b) Chronoamperometric plots
were recorded during deposition with different salts in the electrolyte. SEM images of (c) PPy/CNC-COO� and (d) PPy/CNC-COO�-salt films. For each PPy composite film, the
deposition stopped until the total passed charge reached 30 C cm�2 at the deposited potential of +0.8 V vs. Ag/AgCl (3 M KCl).
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and CNC-COO� system [2,20,38,39]. From Fig. 2(f) and its insert
image, one can see that the PPy/CNC-COO�-ClO4

� film had a porous
and more discrete structure. The formed structure was not as well
connected as the PPy/CNC-COO�-Cl�(K+), PPy/CNC-COO�-Cl�(Na+),
and PPy/CNC-COO�-Br� films. We can thus conclude that when the
electrodeposition electrolyte contained only pyrrole and salt,
globular-shaped PPy films were deposited, while deposition in
the presence of CNC-COO� and salt, porous PPy films were synthe-
sized, which can be expected to improve the PPy films’ electro-
chemical performance by providing transporting tunnels and
reservoirs for electrolyte ions [40].

The elemental composition and bonding information of differ-
ent PPy/CNC-COO�-salt films were determined by EDS and FTIR,
respectively. The appearance of nitrogen implies that PPy was
embedded in the films (Fig. 3a). Compared to the PPy/Cl�(K+) film,
a higher at% of oxygen in other PPy/CNC-COO�-salt films indicated
that CNC-COO� was incorporated into the films. FTIR spectra
(Fig. 3b), show characteristic bands located at 1531–1561 cm�1

attributed to the C=C/C–C stretching vibration of the PPy chains.
Bands at 1700 and 1299 cm�1 represent C=N/C=O and C–N vibra-
tions, matching well with PPy reported in the literature [41,42].
Compared with the PPy/Cl�(K+) film, the intensity of C–O, C–H,
and C=O bands for the doped CNC-COO� films are higher, which
suggests that CNC-COO� was embedded into the films, in line with
changes in the structure.

The electrochemical performance of PPy/CNC-COO� and PPy/
CNC-COO�-ClO4

� films in a three-electrode setup showed a pair of
broad redox peaks in line with their pseudocapacitive behavior
(Fig. 4a). PPy/CNC-COO�-Cl�(K+), PPy/CNC-COO�-Cl�(Na+), and
PPy/CNC-COO�-Br� films with more porous and interconnected
structures seem to have more capacitive behavior as their CVs
approximated a rectangular shape. CVs of PPy/CNC-COO�-salt
films at other scan rates between 2 and 200 mV s�1 are illustrated
in Fig. S3. At a current density of 0.5 A g�1, all PPy/CNC-COO�-salt
films exhibited almost symmetric and linear charge/discharge
plots (Fig. 4b), implying the fast charge/discharge process between
PPy and electrolyte ions. From the evolution of the specific capac-
itance with current density (Fig. 4c), one can see that the specific
capacitance of the PPy/CNC-COO�-ClO4

� film was significantly
higher than for other films at current densities from 0 to 5 A g�1.
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The highest capacitance reached was 196.1 F g�1 at 0.2 A g�1

(1.1 F cm�2 at 2 mA cm�2, with a mass loading of 5.6 mg cm�2).
It increased about 22% compared to the PPy/CNC-COO� film
(160.6 F g�1 at 0.2 A g�1 with a mass loading of 10.2 mg cm�2).
The PPy/CNC-COO�-Cl�(K+) and PPy/CNC-COO�-Cl�(Na+) films
had a similar capacitance, especially at high current densities.
Comparable results were obtained from the evolution of the speci-
fic capacitance with scan rate (Fig. 4d). It suggests that PPy com-
posite films doped with an identical anion had a similar
capacitance, while cations have an insignificant effect. The PPy/
CNC-COO� and PPy/CNC-COO�-Br� films showed a relatively low
capacitance.

The EIS behavior of PPy/CNC-COO�-salt films is shown in Fig. 4
(e and f). At high frequency (the insert image in Fig. 4e), no obvious
semi-circles were observed for any of the films, suggesting a low
charge transfer resistance. From the Bode plot of the phase angle
against the applied frequency (Fig. 4f), the knee frequency of films
is marked at a phase angle of �45� where the film behavior
changes from purely resistive to capacitive. The higher the knee
frequency, the better the rate capability [43,44]. The knee fre-
quency was 0.02, 0.16, 0.23, and 0.25 Hz, for PPy/CNC-COO�-
ClO4

�, PPy/CNC-COO�-Cl�(K+), PPy/CNC-COO�-Cl�(Na+), and PPy/
CNC-COO�-Br� films, respectively, which corresponds to 13%,
23%, 24%, and 23% capacitance retention when the scan rate
increased from 2 to 200 mV s�1. Hence, the PPy/CNC-COO�-ClO4

�

film possessed the worst rate capability. The value of the phase
angle indicates the diffusion resistance of electrolyte ions and the
electrical resistance of the films [45,46]. The PPy/CNC-COO�-
Cl�(K+) film had the highest phase angle, i.e., �65� at 0.01 Hz
(Fig. 4f), closest to �90� for ideal capacitors. The increase in phase
angle implies a smaller diffusion and electrical resistance. The PPy/
CNC-COO� film had a large diffusion resistance with a phase angle
lower than �40� at the applied frequency. The PPy/CNC-COO�-
ClO4

� film also exhibited the same performance as the PPy/CNC-
COO� film at frequencies higher than the knee frequency
(Fig. 4e). From the electrochemical performance of PPy/CNC-
COO�-salt films, the PPy/CNC-COO�-ClO4

� film showed the highest
specific capacitance, lowest rate capability, and smallest phase
angle, while the PPy/CNC-COO�-Cl�(K+) film had the largest phase
angle (lowest diffusion and electrical resistance). To combine the



Fig. 2. SEM images of (a) PPy/Cl�(K+), (b) PPy/CNC-COO�, (c) PPy/CNC-COO�-Cl�(K+), (d) PPy/CNC-COO�-Cl�(Na+), (e) PPy/CNC-COO�-Br�, and (f) PPy/CNC-COO�-ClO4
�

composite films. The insert is a high magnification image of the corresponding film. Each film was deposited at +0.8 V vs. Ag/AgCl (3 M KCl) reference electrode until the total
charge passed was 30 C cm�2.
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high capacitance of the ClO4
�-doped films with the high rate capa-

bility of the Cl�-doped films, we set out to create films doped with
ClO4

� and Cl� simultaneously.

3.2. Morphology and electrochemical performance of PPy/CNC-COO�-
Cl�(ClO4

�) films deposited at different ratios of NaClO4 to KCl

Different ratios of NaClO4 to KCl were added to the Py/CNC-
COO� electropolymerization solution while keeping the total salt
concentration constant at 27 mM as before. The detailed composi-
tion of the electrodeposition electrolytes is shown in the bottom
half of Table 1. The chronoamperometric plots of PPy/CNC-COO�-
169
Cl�(ClO4
�) films during deposition are shown in Fig. S4. All films

exhibited similar deposition behaviors as for the PPy/CNC-COO�-
ClO4

� film deposition (Fig. 1b). The morphology of the deposited
PPy/CNC-COO�-Cl�(ClO4

�)_0.5 film changed from the discrete
PPy/CNC-COO�-ClO4

� film structure (Fig. 2f) to the more intercon-
nected structure (Fig. 5a and b) seen for PPy/CNC-COO�-Cl�(K+)
films (Fig. 2c). PPy/CNC-COO�-Cl�(ClO4

�) films with other ClO4
�:

Cl� ratios (Fig. S5) presented a comparable porous and intercon-
nected structure to the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 films
(Fig. 5a and b). From the CV plots of PPy/CNC-COO�-Cl�(ClO4

�) films
(Fig. 5c), one can see that with increasing NaClO4 in the electrolyte,
the height of the broad oxidation and reduction peak increased (as



Fig. 3. (a) EDS and (b) FTIR results of PPy/CNC-COO�-salt films.

Fig. 4. (a) Cyclic voltammograms of PPy/CNC-COO�-salt films at a scan rate of 2 mV s�1 in 1 M KCl. (b) Galvanostatic charge/discharge plots of PPy/CNC-COO�-salt films at a
current density of 0.5 A g�1 between �0.4 and 0.6 V vs. Ag/AgCl (3 M KCl) in 1 M KCl. Evolution of specific capacitance with (c) current density and (d) scan rate of PPy/CNC-
COO�-salt films. (e) Nyquist plot of PPy/CNC-COO�-salt films, the insert shows the enlarged image of the high-frequency part. (f) Bode plot of PPy/CNC-COO�-salt films.
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the arrow shows), resulting in an increased area of the CV plots,
implying that more charges were stored during cycling. CV plots
of PPy/CNC-COO�-Cl�(ClO4

�) films at other scan rates between 2
170
and 200 mV s�1 are combined in Fig. S6. The prolonged charge/dis-
charge time for PPy/CNC-COO�-Cl�(ClO4

�) films (Fig. 5d) suggests
an increase in capacitance with the addition of NaClO4 into the



Fig. 5. SEM images of PPy/CNC-COO�-Cl�(ClO4
�)_0.5 films at (a) low and (b) high magnification. (c) Cyclic voltammograms of PPy/CNC-COO�-Cl�(ClO4

�) films at a scan rate of
2 mV s�1 in 1 M KCl. (d) Galvanostatic charge/discharge plots of PPy/CNC-COO�-Cl�(ClO4

�) films at a current density of 0.5 A g�1 between �0.4 and 0.6 V vs. Ag/AgCl (3 M KCl)
in 1 M KCl. (e) Evolution of specific capacitance with the current density and (f) bode plot of PPy/CNC-COO�-Cl�(ClO4

�) films.
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Py, CNC-COO�, and KCl electrolyte. From the evolution plots of the
specific capacitance with current density (Fig. 5e), one can see that
the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 film (6.1 mg cm�2) exhibited a
high capacitance of 183.4 F g�1 at 0.2 A g�1 (1.1 F cm�2 at
2 mA cm�2). More importantly, at a high current density of 2.0 A
g�1 (20 mA cm�2), the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 films still
retained a specific capacitance of 125.0 F g�1 (0.78 F cm�2),
increasing almost 204% over PPy/CNC-COO� films (28.2% over
PPy/CNC-COO�-Cl�(K+) film). These films could finish the charge/
discharge process in two min. The improved rate capability of
the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 films is also clear from its Bode
plot, a high knee frequency at a phase angle of �45� occurred at
0.2 Hz, 10 times higher than for the PPy/CNC-COO�-ClO4

� film.
The higher phase angle (�60� at 0.01 Hz) of the PPy/CNC-COO�-
Cl�(ClO4

�)_0.5 films compared to the PPy/CNC-COO�-ClO4
� films

implies reduced diffusion and electrical resistance. As a result, by
171
adding NaClO4 and KCl simultaneously into the deposition elec-
trolyte, we deposited the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 films with
a higher specific capacitance than the PPy/CNC-COO�-Cl�(K+) films,
combined with a higher rate capability and lower diffusion resis-
tance than the PPy/CNC-COO�-ClO4

� films.

3.3. Electrochemical performance of assembled aqueous
supercapacitors

The electrochemical performance of the PPy/CNC-COO�-ClO4
�

and PPy/CNC-COO�-Cl�(ClO4
�)_0.5 aqueous symmetric SCs is illus-

trated in Fig. 6. From CV plots (Fig. 6a and b), we could see that the
PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC occupied a larger area at high
scan rates than the PPy/CNC-COO�-ClO4

� SC, especially at
200 mV s�1. This suggests that more charges are stored in the
PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC at high scan rates. The linear
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and quasi-symmetric charge/discharge plots (Fig. 6c and d) imply a
fast charge/discharge speed of both SCs. From the discharge plot,
the PPy/CNC-COO�-ClO4

� SC exhibited a more pronounced IR drop
than the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC. The IR drop for the
two SCs is shown in Fig. 6(e), demonstrating a positive relationship
with the SCs’ equivalent series resistance (RES) and time constant
(s) following Eqs. (3) and (4). The time constant reflects the
responsiveness of the device, i.e., the smaller s, the faster the
responsiveness of the device [32]. s of the PPy/CNC-COO�-
Cl�(ClO4

�)_0.5 SC is 4.7 s at 2.0 A g�1, close to values for commercial
SCs, where s ranges from 0.5 to 3.6 s. The highest cell capacitance
reached was 38.3 F g�1 (0.23 F cm�2) and 37.4 F g�1 (0.25 F cm�2)
at 0.1 A g�1 for PPy/CNC-COO�-ClO4

� and PPy/CNC-COO�-Cl�(ClO4
�)

_0.5 SC, respectively (Fig. 6f).
The cycling stability of the two SCs was tested at 2 A g�1

(20 mA cm�2) in 1 M aqueous KCl (Fig. 7a). After 3000 cycles, the
Fig. 6. Electrochemical performance of aqueous symmetric SCs. Cyclic voltammogram
different scan rates in 1 M KCl. Galvanostatic charge/discharge plots of (c) the PPy/CNC-CO
between 0 and 1 V in 1 M KCl. (e) Time constant, (f) specific, and areal capacitance of t
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PPy/CNC-COO�-ClO4
� SC retained 77.5% of its initial capacitance,

similar to reported results in the literature for PPy SCs [15,20].
The capacitance of the SC increased during the first 500 cycles,
ascribed to structural rearrangement of PPy resulting in improved
ion transport inside PPy [23,25,47–49]. For the SC with a more por-
ous and interconnected structure (PPy/CNC-COO�-Cl�(ClO4

�)_0.5
SC), the capacitance retained 113.0% of the original capacitance
after 3000 cycles. The full initial capacitance was maintained after
5000 cycles, a value higher than most reported PPy composite elec-
trodes in the literature, as summarized in Table 2 [6–9,15,38,50–
53]. The PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC showed a similarly
improved capacitance as the PPy/CNC-COO�-ClO4

� SC at the begin-
ning. It seems that the interconnected structure formed by rigid
CNC-COO�, KCl, NaClO4, and PPy could resist the structural degra-
dation of PPy better than the discrete structure of the PPy/CNC-
COO�-ClO4

� SC during repeated charge/discharge cycling. From
s of (a) the PPy/CNC-COO�-ClO4
�, and (b) the PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC at
O�-ClO4

�, and (d) the PPy/CNC-COO�-Cl�(ClO4
�)_0.5 SC at different current densities

he PPy/CNC-COO�-ClO4
� and PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SCs.



Fig. 7. Cycling stability and Ragone plots of aqueous symmetric SCs. (a) Cycling stability, Coulombic efficiency, and (b) Ragone plot of the PPy/CNC-COO�-ClO4
� SC and PPy/

CNC-COO�-Cl�(ClO4
�)_0.5.

Table 2
Cycling stability of PPy composite electrode materials reported in the literature.

Samples Cycling stability Ref.

MnO2/PPy composite electrodes 71.2% retention after 500 cycles at 1A g�1 in 1 M Na2SO4 [53]
EX-GF/PPy-NMS electrodes 91% retention after 1000 cycles at 5 A g�1 in 3 M KCl [15]
PPy/Ti3C2Tx SC 85.6% retention after 5000 cycles at 5 A g�1 in PVA-H2SO4 gel [9]
Fe2O3@PPy//MnO2 SC 97.1% retention after 3000 cycles at 3 A g�1 in 0.5 M Na2SO4 [50]
PPy/EEG SC 81.4% retention after 5000 cycles at 6 mA cm�2 in 1 M KCl [38]
PPy/p-TSA SC 88% retention after 6000 cycles at 0.5 A g�1 in PVA-H2SO4 gel [6]
3D PPy/GO SC 84.8% retention after 5000 cycles at 10 mA cm�2 in 1 M KCl [7]
PPy/cellulose electrodes 82% retention after 1000 cycles at 0.4 A g�1 in 1 M NaCl [51]
MnO2@PPy//AC@ACFC SC 90.3% retention after 6000 cycles at 3 A g�1 in 1 M Na2SO4 [8]
PPy@NCF SC 93% retention after 5000 cycles at 30 mA cm�2 in 2 M NaCl [52]
PPy/CNC-COO�-ClO4

� SC 77.5% retention after 3000 cycles at 2 A g�1 in 1 M KCl Our work
PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC 103.3% retention after 5000 cycles at 2 A g�1 in 1 M KCl
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SEM and EDS analysis, we could discern no obvious changes in
morphology and composition for either of the SCs before and after
the cycling test (Fig. S7).

The energy and power density of two SCs were calculated based
on the mass and area of both electrodes. The PPy/CNC-COO�-ClO4

�

device reached the maximum energy power of 489.5 W kg�1 at an
energy density of 2.1 Wh kg�1, and a superior energy density of
5.3 Wh kg�1 at a power density of 24.5 W kg�1. The PPy/CNC-
COO�-Cl�(ClO4

�)_0.5 device could deliver the highest energy den-
sity of 5.2 Wh kg�1 at a power density of 25.4 W kg�1; this value
is almost comparable to the PPy/CNC-COO�-ClO4

� device, and also
higher than some previously reported PPy based SCs, such as the
PPy/NFs/PET symmetric SC (3.38 Wh kg�1 at 141.4 W kg�1) [54],
PPy/nanocellulose SC (3 Wh kg�1) [55], PPy/MWCNT SC
(4.5 Wh kg�1) [56], CNT/PPy/Hydroquinone SC (4.7 Wh kg�1)
[57], the sulfonated graphene/PPy SC (4.3 Wh kg�1 at
108.9 W kg�1) [58], PPy/GO nanocellulose SC (5.1 Wh kg�1 at
1500 W kg�1) [59], the PPy SC (4.22 Wh kg�1 at 257.91 W kg�1)
[60], and PPy hydrogel SC (4.13 Wh kg�1 at 270 W kg�1) [61].
The PPy/CNC-COO�-Cl�(ClO4

�)_0.5 device also had a high area
energy density, from 34.5 lWh cm�2 at 1752.3 lW cm�2 to
8.6 lWh cm�2 at 3331.8 lW cm�2, much better than some PPy
related reports in the literature, as shown in Fig. 7(b) [7,38,62–68].
4. Conclusions

By adding different commonly used salts into the carboxylated
cellulose nanocrystals (CNC-COO�)-pyrrole solution during elec-
tropolymerization, porous and interconnected PPy films were fab-
ricated by simple one-step electrodeposition. Different
173
electrochemical performances of PPy/CNC-COO�-salt film resulted
from the inclusion of the different anions (dopants) present in the
electrolytes. By adding NaClO4 and KCl simultaneously into the
deposition electrolyte, the performance of PPy/CNC-COO�-salt
electrode films was significantly improved. PPy/CNC-COO�-
Cl�(ClO4

�)_0.5 films had a high specific capacitance of 183.4 F g�1

at 0.2 A g�1 (1.1 F cm�2 at 2 mA cm�2), an increase of 22% over
the PPy/CNC-COO�-Cl�(K+) films. Meanwhile, PPy/CNC-COO�-
Cl�(ClO4

�)_0.5 films exhibited a higher rate capability and lower
diffusion resistance than PPy/CNC-COO�-ClO4

� films. After assem-
bling, a PPy/CNC-COO�-Cl�(ClO4

�)_0.5 SC showed a high energy
density of 5.2 Wh kg�1 at a power density of 25.4 W kg�1

(34.5 lWh cm�2 at 1752.3 lW cm�2) based on the whole mass
(or area) of two electrodes. The PPy/CNC-COO�-Cl�(ClO4

�) _0.5 SC
also showed excellent cycling stability, with about 103% capaci-
tance retention after 5000 cycles. Our strategy provides a simple
and practical way to design and fabricate PPy-based supercapaci-
tors with high capacitance and ultra-stable cycling ability.
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