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The well-designed network structure of synthetic polypyrrole (PPy) nanoparticles embedded on a nitrogen-
doped graphene (N-rGO) surface was utilized as a cathode for aqueous zinc-ion hybrid supercapacitors.
Owing to the combination of the redox surface of PPy and the two-dimensional network structure of N-
rGO, the PPy/N-rGO cathode affords rapid transport channels for Zn?* ion adsorption/desorption and
a faradaic reaction toward the synergistic composite materials. Subsequently, the constructed zinc-ion
hybrid supercapacitors with the optimized PPy/N-rGO cathode composites deliver the highest capacity
of 14532 mA h gt at 0.1 A gt and the maximum energy density of 232.50 W h kg™ at a power density

iii:g’ti% 1]_89?]“]0"12;()28;12021 of 160 W kg~*. Besides this, excellent cycling stability of 85% retention after 10 000 charge—discharge
cycles at 7.0 A g~ was achieved. The high-rate capabilities with long life cycle performance of these

DOI: 10.1038/d1ra05503h novel zinc-ion hybrid supercapacitors could find practical use in a wide range of applications, ranging
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1. Introduction

Recently, the tremendous increase in the demand for energy
storage has attracted attention because of the concerns about
the environmental impact of fossil fuels, and the need to
develop sustainable green energy and highly efficient energy
resources, as well as energy conversion and energy storage tech-
nologies. Besides this, the continual development of next-
generation electrical devices, electric vehicles, and large electrical
grids, for intermittent energy resources including wind and solar
radiation, have driven the development of energy-efficient storage
systems, in terms of their high-performance, safety, long life cycles,
fast charge features, and so on.™” Electrochemical energy storage
(EES) is regarded as a promising technology to store electrical
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from next-generation electronic devices to large-scale stationary energy storage.

energy obtained from renewable and sustainable energy resources.
Among the various EES technologies, lithium-ion batteries (LIBs)
have been intensively used in a multitude of applications due to
their high energy density and high potential voltage operation.?
Nonetheless, the high increasing demands on increasing lithium
are reducing its availability as a resource, limiting its further
development for use in large-scale applications.* It is critical to
note that there are issues with lithium-ion batteries in terms of
their life-cycle performance, safety, and environmental pollution in
the form of their organic electrolytes.

Various aqueous-based rechargeable batteries with other
metal-ion charge carriers (i.e., Li", Na*, K", Ca*, Zn**, Mg**, and
AI’") have emerged as alternatives to Li-ion batteries.>® Among
them, zinc-ion batteries (ZIBs) exhibit a high theoretical gravi-
metric capacity (820 mA h g~') and volumetric capacity (5845
mA h L"), are low in cost, show intrinsic non-flammability due
to their aqueous electrolyte, and are environmentally friendly.”
Over the past decade, many challenges have been set to produce
ZIBs through comparisons with LIBs. Several cathode materials,
including manganese oxides, vanadium oxides and Prussian
blue, have been developed based on conversion and intercala-
tion reactions. Nevertheless, unfavorable issues, from phase
transitions, structural changes, and side reactions during the
charge/discharge process of these cathode materials, are
observed, which decrease the life cycles of the resultant ZIBs.”*

Zinc-ion hybrid supercapacitors (ZIHSCs) were originally
developed from the combination of a battery-type faradaic
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electrode as an energy density source and a capacitive-type
electrode as a power density source. Interestingly, the high
ionic conductivity of aqueous electrolytes is favorable for
achieving ZIHSCs with a high-power energy output.® Unlike
those of ZIBs, the cathode materials of ZIHSCs mainly store
charge based on a SC mechanism, classifying them as electric
double-layer capacitors (EDLCs) and pseudocapacitors (PCs).
Several cathode materials have been developed for ZIHSCs
based on capacitive-type materials, including active carbon
materials,'" conductive polymers' and redox materials graf-
ted on carbon.'® However, these materials still have limitations
in terms of their low energy density and short voltage operation
due to their capacitive-type characteristics.

Graphene, a honeycomb lattice structure consisting of single-
layer of sp*-hybridized carbon atoms, has been explicitly proven to
be a forefront potential material for energy storage technologies
owing to its high electronic conductivity, large specific surface
area, and modified architecture structures.™ In fact, carbon-based
material cathodes generally store Zn>* only by electro-absorption,
with a capacity limitation of 80-120 mA h g~ ".*° Furthermore, the
stacking of graphene sheets during their fabrication results in
a decrease in surface area, which limits the Zn>* storage energy of
graphene. To enhance its electrochemical storage, many
researchers have taken advantage of the use of heteroatom (i.e.,
boron, nitrogen, sulfur, and phosphorus) doping on carbon to
boost the electrochemical properties of graphene, leading to an
enhancement in its surface redox reactions and functional
conductivity.**"” Furthermore, to achieve capacitive-type mate-
rials with good electrochemical properties, the combination of
hybrid SCs (EDLCs and PCs) with optimized features, such as
high surface area, electroactive properties and good electrical
conductivity, is a key concept for designing synergistic composite
materials for SC and ZIHSC cathode applications."®?° Conducting
polymers (such as polypyrrole, polyaniline, etc.) are well known as
PCs, which have Zn>" storage ability for ZIHSCs by participating in
redox reactions. However, this class of materials suffers from
stability issues due to the irreversible redox reactions that occur
during the cycling process.

Methods, including the development of composite nano-
materials by integrating a conductive polymer with a carbon
matrix, have been widely studied for electrode materials of SCs*®**
and metal-ion batteries.? However, to the best of our knowledge,
there have been no reports on the use of polypyrrole (PPy)
combined with nitrogen-doped graphene (N-rGO) for ZIHSCs.
Herein, we firstly demonstrate a zinc-ion hybrid supercapacitor
through the direct design of Zn foil as both an anode and current
collector, and synthetic PPy nanoparticle-embedded N-rGO as
a promising material for a ZIHSC cathode. Subsequently, this
hybrid material cathode composed of a PPy/N-rGO composite is
viewed as a potentially ideal candidate for high-rate performance
long-life cycle ZIHSC applications.

2. Experimental procedures
2.1 Materials

Zinc foil (100 pm thickness) was purchased from Alfa Aesar.
Pyrrole (99% purity, Sigma-Aldrich) was distilled under reduced
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pressure and stored in the dark before use. A glass fiber sepa-
rator (GF-C) was purchased from Whatman. Other chemicals
and reagents were of analytical grade and used as received
without any further purification.

2.2 The preparation of nitrogen-doped reduced graphene
oxide

Graphene oxide (GO) was synthesized using modified
Hummers' method, as described elsewhere.”® Briefly, 3.0 g of
graphite and 1.5 g of NaNO; were mixed with 69 ml of
concentrated H,SO, at 4 °C. KMnO, (9.0 g) was firstly added at
35 °C for 7 h and added again at 50 °C for 7 h. Subsequently, the
mixture was gradually poured into 500 ml of deionized water
with 6 ml of H,0,. The filtered products were washed several
times with 10% w/v HCI, purified by dialysis and dried at 60 °C
for 24 h to obtain graphite oxide powder. In order to obtain N-
rGO, graphite oxide was dispersed in deionized water (1 mg
ml ") in an ultrasonic bath at 50 Hz for 6 h to obtain exfoliated
GO. The as-prepared GO was further refluxed with an equivalent
weight of melamine for 3 h. Then, the obtained N-rGO powder
was obtained after filtration and a freeze-drying process.

2.3 The preparation of nitrogen-doped reduced graphene
oxide/polypyrrole composites

1.0 mg ml~ " of N-rGO was dispersed in 50 ml of an aqueous
solution of 0.1 M sodium dodecyl sulfate with the aid of an
ultrasonic bath at 50 Hz for 3 h. Then, equivalent moles of
pyrrole monomer and ferric chloride were added to the
dispersed N-rGO aqueous solution. Subsequently, in situ poly-
merization was carried out and stirring was maintained at room
temperature for 24 h. Finally, the mixture was washed with water
and ethanol several times. The N-rGO/PPy product was obtained
after a freeze-drying process. A similar process was performed at
different weight ratios of N-tGOto PPyof1:1,2:1,4:1,6: 1and
8:1, denoted as N-rGO1/PPyl, N-rGO2/PPyl, N-rGO4/PPyl1, N-
rGO6/PPy1 and N-rGO8/PPy1, respectively.

2.4 Fabrication of the zinc-ion hybrid capacitor Zn//N-rGO/
PPy

The zinc-ion hybrid capacitor Zn//N-rGO/PPy was assembled
using a typical CR2032 coin cell structure using zinc foil as an
anode (100 pm thickness) and N-rGO/PPy as an active material
cathode. Cathode materials comprising 80 wt% N-rGO/PPy,
10 wt% conductive carbon, and 10 wt% polytetrafluoro-
ethylene (PTFE) were mixed with ethanol to form a slurry
coating. Then, the coating material was pasted onto carbon
fiber paper with a specific mass loading of 1.0-1.2 mg cm 2. A
zinc anode and N-rGO/PPy cathode were assembled into
a CR2032 cell with 2.0 M ZnSO, aqueous solution as the elec-
trolyte and commercial glass fiber as the separator.

2.5 Characterization

The morphologies of rGO, N-tGO, PPy and PPy/rGO samples
were characterized by scanning electron microscopy (SEM: JSM-
6480LV) and transmission electron microscopy (TEM: EM,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hitachi H-7650). Nitrogen adsorption-desorption isotherms
were measured using the Brunauer-Emmett-Teller (BET:
Micromeritics 3 Flex 3500) method employing high purity
nitrogen gas at 77 K. The pore size distribution of the pores was
evaluated by non-local density functional theory (NLDFT). X-ray
photoelectron spectroscopy (XPS: AXIS ultra DLD) was con-
ducted to analyze the chemical binding energies of PPy/rGO.
Fourier-transform infrared spectroscopy (FTIR: Nicolet 6700,
Thermo Fisher Scientific) was performed in the wavelength
range of 4000-400 cm ™" to confirm the chemical structures of
the samples using the KBr method.

2.6 Electrochemical measurements

To evaluate the electrochemical performance of the Zn//N-rGO/
PPy samples, cyclic voltammetry (CV) was carried out on CR2032
coin samples on an electrochemical measurement system
(Metrohm, Autolab PGSTAT204, Netherlands) at a scan rate of
5mvV s " in the voltage range of 1.0-1.6 V versus Zn>*/Zn. A coin
cell battery tester (BTS-4000, Neware, China) was used to
investigate the capacity performance and rate performance of
the samples. The evaluated capacity values were calculated
based on the mass loading of the cathode material. A CV study
to investigate the charge mechanism of the samples was tested
at scan rates from 2.0 to 10.0 mV s~ " between 0 and 1.6 V.

3. Results and discussion
3.1 Morphology study

Representative SEM micrographs of the surface morphologies
of the N-rGO, PPy and N-rGO/PPy composite samples are shown
in Fig. 1. N-rGO exhibits a two-dimensional sheet structure with
awrinkled surface (Fig. 1A). The as-synthesized PPy presents an
agglomerated nanoparticle structure with a diameter in the
range of 50-200 nm (Fig. 1B). All of the N-rGO/PPy composite
samples reveal the corresponding surface morphology of the
PPy nanoparticles embedded on the N-rGO surface, depending
on the ratios of N-rGO to PPy, as displayed in Fig. 1C-G. At N-
rGO to PPy ratios of 1:1 and 2:1, the PPy nanoparticles
reveal a densely agglomerated structure embedded on the N-
rGO surface, as seen in Fig. 1C and D, respectively. Obviously,
the decrease in the PPy content tends to decrease the packing
density of the agglomerated PPy nanoparticles embedded on
the N-rGO surface (Fig. 1E). At an N-rGO/PPy ratio of 4 : 1, the
PPy nanoparticles are dispersed on interconnected N-rGO
sheets, which is beneficial for faradaic reaction and leads to
a good synergistic structure. The pseudocapacitive behavior and
ion/charge diffusion were enhanced, participating in a charge/
discharge process. Upon continuing to decrease the PPy
content, a few traces of PPy nanoparticles on the N-rGO surface
were observed, as demonstrated in rGO6/PPy1 (Fig. 1F) and N-
rGOS8/PPyl (Fig. 1G). Furthermore, energy-dispersive X-ray
(EDX) spectroscopy was further performed to analyze the
elemental compositions of the PPy/N-tGO samples at various
PPy/N-rGO ratios. Fig. 1H presents the elemental mapping
results of the N, C and O elements on the surface of the N-rGO4/
PPyl composite sample, confirming the elemental

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative SEM micrographs of (A) N-rGO, (B) PPy, (C) N-
rGO1/PPy1, (D) N-rGO2/PPyl, (E) N-rGO4/PPy1, (F) N-rGO6/PPy1, (G)
N-rGO8/PPy1, and (H) elemental color mapping of N-rGO4/PPy1.

compositions of PPy and N-rGO. Table 1 exhibits the corre-
sponding feed ratio of PPy to N-rGO according to the actual
surface elements, revealing the increase in the % N with
increasing PPy content. This result suggests the successful
incorporation of PPy into N-rGO.

TEM observations of PPy and N-rGO/PPy samples were
further carried out, as shown in Fig. 2. The as-synthesized PPy

Table1 Element compositions of the N-rGO/PPy samples at different
ratios

% element

Samples C N o

N-rGO1:PPy1 69.91 14.66 15.43
N-rGO2:PPy1 68.59 12.90 18.51
N-rGO4:PPy1 18.62 11.70 18.62
N-rGO6:PPy1 71.08 9.41 19.51
N-rGO8:PPy1 74.55 8.03 17.42
N-rGO 71.08 9.41 19.51
PPy 72.34 16.34 11.33

RSC Adv, 2021, 11, 35205-35214 | 35207
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reveals individual PPy nanoparticles with a diameter ranging
from 50-150 nm (Fig. 2A). For the N-rGO/PPy samples, the
growth of nanostructured PPy on the N-rGO surface was
observed, corresponding to the ratio of N-rGO to PPy. At an N-
rGO : PPy ratio of 4:1, good distribution of the PPy nano-
structure embedded on the N-rGO surface is illustrated
(Fig. 2B). In contrast, at a high PPy content, N-rGO1/PPy1, as
shown in Fig. 2C, reveals an interconnected PPy nanostructure
on the N-rGO surface, occurring from the growth of individual
PPy particles (Fig. 2D).

3.2 Characterization

The Brunauer-Emmett-Teller (BET) nitrogen adsorption
method was used to determine the surface areas of the N-rGO
and N-rGO/PPy samples. According to IUPAC classification,
the nitrogen adsorption/desorption isotherm shown in Fig. 3A
is a type IV isotherm with a H3 hysteresis loop at P/P, > 0.5. With
increasing PPy content on the N-rGO surface, the hysteresis
loop with a H3 shape is obviously enhanced, suggesting the
presence of slit-shaped pores or assemblies of graphitic sheet-
PPy interlayers with a mesoporous size.**** The well-developed
PPy embedded on the N-rGO surface greatly improves the
specific surface area of the composite materials. The specific
surface area of the N-rGO/PPy sample increases from 24.23 to
89.82 m” g~ " with increasing PPy content from N-rTGO8/PPy1 to
N-rGO4/PPy1, respectively. The insertion of PPy nanostructures
on the N-rGO sheet at the optimized content prevents the
stacking of N-rGO at the interface layer, boosting the generation
of mesopore-dominated architectures.”® However, at high PPy
content, a decrease in the specific surface area is observed for N-
rGO2/PPy1 (51.45 m*> g~') and N-rGO1/PPy1 (41.395 m> g~ ).

BN
\!

150 nm

Fig. 2 Representative TEM images of (A) PPy nanoparticles, (B) N-
rGO4/PPy1, (C) N-rGO1/PPy1, and (D) the interconnected PPy nano-
structure of the N-rGO1/PPyl sample.
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Fig. 3 (A) N3 sorption isotherms of N-rGO and N-rGO/PPy at various
N-rGO/PPy ratios, and (B) BJH desorption pore distribution plots of
the samples.

These results are consistent with the SEM and TEM results,
demonstrating the occurrence of aggregated PPy nano-
structures on the N-rGO surface at high PPy content. Fig. 3B
shows the Barrett-Joyner-Halenda (BJH) desorption pore
distribution plots of the N-rGO and N-rGO/PPy samples. It is
seen that the increase in the relative amounts of mesopores in
the N-rGO/PPy samples is in line with the trend in the specific
surface area. With an increase in the PPy content in the
composites up to N-tGO4/PPy1, an increase in larger mesopore-
dominant architectures can be observed. This phenomenon can
be attribute to improving the sites of partial overlapped/stacked
N-rGO sheets due to the good distribution of PPy nano-
structures on the N-rGO sheets. However, at a high PPy content
(N-rGO2/PPy1 and N-rGO1/PPy1), the ordinate values in the
desorption pore distribution plots are decreased, arising from
the aggregation of PPy nanostructures on the N-rGO sheets.
FTIR spectra of the N-rGO, PPy, and N-rGO/PPy composites
are shown in Fig. 4. In the N-rGO spectrum, the peaks at 3300,
1595 and 1190 cm ™' can be assigned to OH stretching vibra-
tions, C=C stretching and epoxide (C-O-C) bond stretching,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively. The peaks at 1043 cm ' can be assigned to the
stretching vibrations of C-N.?® In the PPy spectrum, the peaks at
1637 and 1575 cm™ ' can be identified as characteristic peaks of
the C=C stretching and -C-H bending of the pyrrole ring,
respectively. The peaks at 1043 and 903 cm ! correspond to the
C-N stretching of the pyrrole ring and the in-plane deformation
vibration of N-H, respectively.'® For the N-rGO/PPy composites,
the spectra obviously displays the characteristics of both PPy
and N-rGO. It can be clearly seen that the increase in the PPy
content of N-rGO appears to increase the intensity of the C-N
(1043 em™") and N-H (903 c¢cm ') peaks, confirming the
successful increase in the PPy content in the N-rGO matrix.
Furthermore, the broad center peak of the C=C stretching
(1560 cm™ ") and the strong intense C-H stretching (1175 cm™")
peak evidently indicate the combination of signals from the
pyrrole and benzene rings of N-rGO.

XPS was further adopted to analyze the chemical binding
energies of the N-rGO/PPy sample. As seen in Fig. 5A, N-rGO/PPy
exhibits a predominant peak in the C 1s region at 284.5 eV,
which can be deconvoluted into five different chemical binding
energies. The deconvoluted signals at 284.5, 285.4, 286.5, 287.7
and 288.5 eV can be identified as the energy bonding charac-
teristics of C-C, C-N, C-O, C=0 and O-C=0O0, respectively.*”
Besides this, N-rGO/PPy also reveals three Gaussian compo-
nents of N 1s deconvolution at 400.2, 398.9 and 397.6 eV,
assigned to oxidized/protonated amine (-NH'-), neutral N (N-
H) and imine-like nitrogen (=N-), respectively (Fig. 5B). These
results are in good agreement with many reports on N-rGO, PPy
and N-rGO/PPy composites.'>'®

3.3 Electrochemical measurements

Fig. 6 shows the configuration of the designed electrode
samples for the ZIHSCs in this study, comprising zinc foil as an
anode and the as-synthesized N-rGO/PPy samples as a cathode
in 0.2 M ZnSO, aqueous electrolyte. It is essential to note that
Zn*" ions dissolve from the zinc anodic electrode, which was

C-N N-H
N-rGO1/PPy1 b
W
~  |N-rGO2/PPyT L
=
&  [N-rGO4/PPy Lo
>
‘4: 1
E |N-rGO8/PPy L
v
A U e Vee Vo s e
£ [NaGO L
h o
o
o
L
A
[
[
[
T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

Fig. 4 FT-IR spectra of PPy, N-rGO, and N-rGO/PPy samples at
various N-rGO/PPy ratios.
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Fig.5 XPS spectra of N-rGO/PPy sample for (A) C 1s spectra, and (B) N
1s spectra.

pretreated in ZnSO, aqueous electrolyte and solvated in the
form of solvated Zn** ions during the discharge process. The N-
rGO/PPy cathode undergoes two characteristic mechanisms: (i)
electro-adsorption of Zn>* ions on the N-rGO surface and (ii) the
intercalation of Zn>" ions into the PPy structure via a redox
reaction. In contrast, when the charging process begins, the
Zn" ions are de-intercalated/de-absorbed from the N-rGO/PPy
electrode, solvated with counter ions and reduced to Zn on
the Zn electrode. The electrochemical reactions can also be
expressed as in eqn (1) for the Zn electrode and eqn (2) for the
PPy on the N-rGO surface electrode:***°

Zn 2 Zn** + 2e” 1)

[PPy], + nySO4>~ 2 [PPy"(SO4*"),], + nye” =
[PPyy+(Zn2+)y(so427)y]n (2)

where y is the degree of doping and 7 is the repeated unit.
The electrochemical properties of the assembled Zn//N-rGO,
Zn//PPy, and Zn//N-rGO/PPy CR2032 cell samples were evalu-
ated by CV within the potential range of 0-1.6 V vs. Zn/Zn>" at
a scan rate of 5 mV s~ . As seen in Fig. 7A, the CV curve of the N-
rGO cathode displays a rectangular-like shape with the presence
of a small pair of redox peaks at 1.0 and 0.9 V, corresponding to
the typical characteristics of electrochemical Zn/Zn>"
depositing/stripping on the Zn anode. Besides the redox reac-
tions, the electrochemical active surface area (ECSA) can also be
identified as the areas within the CV curves, indicating the
electro-absorption processes of ions in the electrolyte on the N-
rGO surface during CV cycling. For the PPy cathode, the CV
curve exhibits two distinct redox reactions: an anodic peak at
around 0.8 and 1.4 V and a cathodic peak at around 0.7 and
1.5 V. These peaks can basically be attributed to electrochemical
Zn/Zn** depositing/stripping on the Zn anode, participating
with the doping/de-doping process of the PPy cathode. For the
CV curve of the N-rGO/PPy cathode, the cathodic and anodic
peaks are slightly shifted to lower potentials compared to the
PPy cathode, indicating an improvement in the conductive
surface of the N-rGO/PPy composites via a synergistic effect.
This decrease in the anodic and cathodic peak separation of N-
RGO/PPy can be ascribed to fast kinetic reversibility, implying
the capacity enhancement of the N-rGO/PPy composites. The
largest CV area of the N-rGO/PPy cathode also suggests a better
ESCA, arising from the synergistic effect of N-rGO and PPy

RSC Adv, 2021, 11, 35205-35214 | 35209
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Fig. 6 Schematic of the possible mechanism of the designed PPy/N-rGO cathode composites for a ZIHSC system.
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inducing the electro-absorption/desorption of Zn** ions. Fig. 7B
shows the CV curves of Zn//N-rGO/PPy samples with different N-
rGO/PPy ratios. It can be seen that the different ratios of N-rGO

35210 | RSC Adv, 2021, 1, 35205-35214

to PPy strongly affect the response current densities and redox
peak positions. At a high PPy content (N-rGO1/PPyl and N-
rGO2/PPy1), the two pairs of redox reactions with an anodic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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peak at 0.7/1.3 V and a cathodic peak at 0.5/1.1 V are observed,
implying the coexistence of a doped/dedoped PPy process
during the Zn/Zn** depositing/stripping. Obviously, the N-
rGO4/PPy1 cathode shows the highest CV area with the high-
est current intensity, indicating that it has the highest ESCA.
With decreasing PPy content, a pair of redox peak at 0.7 and
0.5 V disappear with the presence of the shifted anodic peak at
1.1 V and a cathodic peak at 0.8 V, indicating the inefficient
redox reaction at low PPy content.

The comparative galvanic charging/discharging curves
between 0.2-1.6 at 0.1 A g ' of Zn//N-tGO/PPy battery samples
with different ratios of N-rGO and PPy were examined, as shown
in Fig. 7C. It can be evidently seen that the N-rGO4/PPy1 cathode
reveals a larger discharge plateau than that obtained from the
other cathode samples, implying the highest capacity for Zn>"/
S0,>~ ion absorption on N-rGO/PPy. The calculated discharge
capacity of the N-rGO4/PPy1 cathode is 145.32 mA h g ' at
0.1 Ag ™", whereas the N-rGO, PPy, N-tGO1/PPy1, N-rGO2/PPy1, N-
rGO6/PPy1 and N-rGO8/PPy1 cathodes yield discharge capacities
of 73.80, 28.76, 51.11, 52.96, 138.59 and 82.01 mA h g~ ', respec-
tively. These results suggest that the redox surface of the N-rGO4/
PPyl cathode shows the highest efficiency, which is in good
agreement with the CV curves shown in Fig. 7B and the SEM
results in Fig. 1E. As is evident from the SEM and TEM results, the
enhanced electrochemical properties of N-rGO4/PPyl can be
attributed to the good uniform distribution of PPy nanoparticles
embedded on the N-rGO surface, offering a fast redox reaction
and high surface area for facilitating ion/charge transportation.
Fig. 7D reveals the specific capacity values of the N-rGO4/PPy1
cathode at various current densities, indicating good capacity
performance through the retention of the capacity of approxi-
mately 60% from 0.1 Ag ' to 1.0A g .

3.4 Rate capacity performance and cycling stability

The capacity rate performance at different current densities of
the cathode samples was evaluated, as seen in Fig. 8A. The
assembled CR2032 cells of the Zn-hybrid supercapacitor
samples were evaluated by charge-discharge cycling at various
specific current densities of 0.1, 0.2, 0.5, 0.7, 1.0, 5.0 and
7.0 A g, with five cycles for each rate. Manifestly, the N-TGO4/
PPy1 cathode delivers the highest capacity performance, with
the performances in the order of N-rGO6/PPy1 > N-tGO8/PPy1 >
N-rGO > N-rGO2/PPyl > N-rGO1/PPy1 > PPy. It can be clearly
seen that the optimized ratio of N-rGO to PPy plays a critical role
in improving the rate capacity performance. At a low content of
PPy, the prompt decrease in capacity at a very high current
(>1.0 A g7") is observed for N-rGO6/PPy1 and N-rGO8/PPyl. A
low content of PPy results in a lower efficiency of the redox
surface at a high rate, meaning that fast ion exchange on the
redox surface is required. Meanwhile, at a high content of PPy
(N-rGO1/PPy1 and N-rGO2/PPy1 cathodes), the aggregated PPy
nanostructure covering the N-rGO surface limits the ion diffu-
sion through the inner N-rGO surface and obscures the syner-
gistic effect of N-rGO/PPy, resulting in low capacity values.
Interestingly, the N-rGO4/PPyl1 cathode reaches the highest
discharge and charge capacity of 69.72 and 69.53 mA h g™ " at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a high rate of 7.0 A g, suggesting that the optimized homog-
enous PPy nanoparticles embedded on the graphene surface
promote a fast ion diffusion rate, even at a high current density.
Furthermore, when the current reverts back to 0.1 A g%, the N-
rGO4/PPyl cathode also retains almost the same initial
discharge and charge capacities of 115.69 and 117.83 mAh g™,
respectively. Thus, the optimized ratio of N-rGO4/PPy1 not only
improves the capacity rate performance of the ZIHSCs but also
preserves the stability during current cycling.

In addition, the cycling behaviors of Zn//N-rGO, Zn//PPy and
Zn//N-rGO/PPy at different N-rGO/PPy ratios were investigated
at a specific current density of 0.1 A g~ over a potential range of
1.0-1.6 V, as presented in Fig. 8B. As expected, the N-rGO
cathode exhibits a gradual capacity fading only over the 10
initial cycles and retains almost 98% capacity after 1000 cycles,
which is a typical characteristic of non-faradaic carbon-based
materials. In contrast, the pristine PPy cathode reveals abrupt
capacity fading during the initial 150 cycles and retains only
43% capacity after 150 cycles. This capacity fading may be
attributed to the dissolution of PPy into the electrolyte and
irreversible redox reaction of PPy during cycling at the initial
state. For the N-rGO/PPy cathode, the addition of PPy embedded
on the graphene surface in turn lowers the cycling stability of N-
rGO corresponding to the amount of PPy loading. Similar
gradual capacity fading was observed for the N-rGO8/PPy1, N-
rGO6/PPyl and N-rGO4/PPyl cathodes during the initial 100
cycles, with >90% capacity retained after 1000 cycles. Thus, the
optimized ratios and structures of the N-rGO/PPy composites
promote excellent long-term stability of the ZIHSCs. Neverthe-
less, at a high PPy content, the N-rGO/PPy cathode samples
show an abrupt capacity fading rate during the initial 150 cycles
and retain only 79% capacity for N-rGO2/PPy1 and 72% capacity
for N-rGO1/PPy1 after 1000 cycles. The decrease in performance
can be attributed to the large proportion of irreversible redox/
degradation structure of PPy during long term cycling. The
charge-discharge cycling performance of the N-rGO4/PPy1
cathode along with the corresponding coulombic efficiency
was also observed, as shown in Fig. 8C, confirming its excellent
stability with 85% capacity retention after 10 000 cycles at
70Ag " (69mAhg "to58mAhg ).

The performance of the assembled Zn-capacitor CR2032 cell
with the N-rGO4/PPyl cathode was compared with other re-
ported energy storage technologies, as illustrated in the Ragone
plot in Fig. 8D. Impressively, this rGO4/PPyl cathode for
ZIHSCs can achieve an energy density in the range of 232.50-
110.40 W h kg~ " at power density values in the range of 160-
11200 W kg™, showing much higher values than those of
commercial zinc batteries and conventional capacitors. Our
report of a ZIHSC with a rGO4/PPy1 cathode is also superior to
many previous reports of similar cathode-based materials, such
as hollow carbon spheres (59.7 W h kg™ " at 447.8 W kg™ 1),** kelp
activated carbon (111.5 W h kg™ " at 1300 W kg '),** graphene
(1063 W h kg at 31 W kg '),** graphene/MWCNTSs
(137 W h kg™' at 199 W kg '),** graphene/MXene
(349 W h kg™" at 279.9 W kg™ !),*® PPy (112 W h kg ' at
360 W kg™ ') and nanostructured PPy (64 W h kg™" at 1170 W
kg "),** PPy/carbon (164 W h kg " at 390 W kg ),** PANI/
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molecular-decorated carbon cloth (185.7 W h kg™* at 9742 W
kg~ ") and so on'**"° (see more details in Table S1t). Thus, our
results suggest that the optimized N-rGO4/PPy1 cathode can be
well utilized for ZIHSCs.

3.5 Pseudocapacitive behavior

To further emphasize the electrochemical storage mechanism of
the N-rGO4/PPy1 cathode, CV of the assembled CR2032 cell of the
Zn//N-tGO4/PPy1 sample was carried out at different scan rates
from 2 to 10 mV s~ in the voltage range of 0~1.6 V, as shown in
Fig. 9A. Obviously, it can be seen that as the scan rate increases,
the current response in the CV area along with the maximum
currents of the reduction and oxidation peaks is efficiently
increased. The logarithm relationship between the peak currents
and the scan rate is calculated using a power law to exemplify the
charge storage mechanism, as shown in eqn (3) and (4):*

i=a’ 3)
(4)

Ini=blnv+Ina

where i and v are the peak specific current and scan rate,
respectively, and a and b are adjustable parameters. Principally,
the b value is represented by the slope of the plot, corresponding
to the electrochemical characteristics of materials. If the b value is

35212 | RSC Adv, 2021, 11, 35205-35214

close to 0.5, the charge/discharge process is mainly controlled by
ionic diffusion, while a b value of 1 indicates that pseudocapaci-
tive behavior dominates the charge/discharge process.*” As shown
in Fig. 9B, the specific current plot exhibits a linear increase with
the scan rate. The calculated b values for the oxidization (b,) and
reduction (b,) of N-rGO4/PPy1 are 0.838 and 0.8317, respectively.
This result indicates that the charge/discharge mechanism of N-
rGO4/PPy1 is mainly controlled by pseudocapacitive behavior
combined with ion diffusion kinetics. The contribution mecha-
nism of the assembled CR2032 cell of Zn//N-rGO4/PPy1 can be
calculated using eqn (5):*"

i=kw + ko'

(5)

By plotting i/v"/* vs. »"?, the term k,»"* indicates diffusion-
controlled contribution and the term of k;» refers to capacitive
contribution. The charge-discharge mechanism of Zn//N-tGO4/
PPy1 at different scan rates is presented in Fig. 9C. The pseudo-
capacitive contributions of Zn//N-rGO4/PPy1 are 55.05%, 63.39%,
67.96%, 71.01 and 73.25% at 2, 4, 6, 8 and 10 mV s~ ', respectively.
With an increase in the scan rate, the pseudocapacitive contri-
bution is increased, with a gradual decrease in diffusion contri-
bution. This result evidently confirms the contribution of both
diffusion and pseudocapacitive behavior, manifesting in the high-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and (D) capacitive contribution at a scan rate of 2 mV s™%.

rate capacity of Zn//N-rGO4/PPy1. Fig. 9D reveals the contributing
fraction of Zn//N-tGO4/PPy1 at 2 mV s~ ', consisting of 55.05%
pseudocapacitive contribution in equilibrium with 45.95% ion
diffusion, resulting in a high-rate performance and good cycling
stability. Therefore, the great improvement in the capacity
performance of Zn//N-rGO/PPy can be attributed to: (i) the opti-
mization ratio between PPy and N-rGO and (ii) the homogenous
distribution of the PPy nanoparticles embedded on the N-tGO
surface facilitates fast charge Zn>' ion transportation and the
effective doping/de-doping process of PPy through interfacial
composite layers.

4. Conclusion

In summary, PPy/N-rGO has been successfully synthesized via in
situ polymerization, presenting a PPy nanoparticle-embedded
N-rGO surface, which enhances the EDLC and PC of
capacitive-type materials. Through optimizing the ratios of the
N-rGO/PPy composites, the constructed ZIHSC using zinc foil as
an anode and 4N-rGO/PPyl as a cathode with 0.2 M ZnSO,
aqueous electrolyte affords the highest specific capacity of
145.32 mA h ¢ ' at 0.1 A g~ . Its excellent electrochemical
performance manifests in high energy density values in the
range of 232.50-110.40 W h kg™ " at power density values in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

range of 160-11 200 W kg™, with excellent cycling stability of
85% capacity retention after 10 000 charge-discharge cycles at
7.0 Ag™ . Such an outcome with the designed PPy nanoparticles
embedded on the N-rGO surface thus demonstrate the mate-
rial's practicality as a cathode material for use in ZIHSCs.
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