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Abstract. The quick responsive and durable supercapacitive performance was achieved from reduced graphene oxide/
zinc hydroxide/polyaniline (rGO5.88%/Zn(OH)211.77%/PANI82.35%) (GZnP82) nanocomposite, synthesized by in-situ
single step. The GZnP82 provided a specific capacitance (Cs) of 173.60 F g–1, a specific capacity (Q) of 208.32 C g–1, a
specific energy of 34.7220 W h kg–1 and a specific power of 1516.8 W kg–1 at 0.25 A g–1. The GZnP82 exhibits only
28% decay of its initial Cs up to 12500 cycles at 2 A g–1. The GZnP82 is fast in response with the relaxation time (s) of
1.52 s. The capacitance of GZnP82 device obtained from impedance spectroscopy is 1.29 F. The comparison of electrochemical performance of GZnP82 measured from both chronopotentiometry and impedance spectroscopy, with similar
reported energy storage materials, apprises that the achieved performances are of similar order; and better than, the
reported materials. Most importantly, the addition of Zn(OH)2 has rendered the negative contribution to the GZnP82, as
the binary combination of it, the rGO/PANI furnished higher performances than the GZnP82.
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Introduction

The fast response and durability are the two important application-driving features of capacitors that the batteries lack. The
high specific energy (E) is a meritorious feature of batteries that
the capacitors lack [1–4]. Therefore, building an energy storage device that could deliver and store energy, quickly for
longer life time would be the energy storage device for the
future. Such, vital features of energy storage devices originate
from the nature of electrodes used to fabricate them. The
electrode materials are of two classes, which are faradaic
materials and non-faradaic materials. The faradaic materials
further classified into two classes, they are metal derivatives
like metal oxides, metal hydroxide, metal sulphides, etc., in
their micro and in nano forms and conducting polymers (CPs;
examples: polyaniline (PANI), polypyrrole, etc.). The two
major classes of electrode materials (faradaic and non-faradaic) differ in their energy storage mechanisms. The nonfaradaic carbonaceous materials store the energy as the electrostatic charges that get accumulated at the interface of electrode and electrolyte to give raise to electrical double-layer
capacitance (EDLC), whose formation depends on the specific

surface area (SSA) available on the electrode for the charge
accumulation (charging) and dissipation (discharging). Hence,
the carbonaceous materials with high SSA will be beneficial
[5] and they are known to provide high specific power
(P) (quick response) and long cycle life [5]. The SSA of carbonaceous materials follows the order of, 3D (carbon wafer,
carbon sponges, etc.)[2D (sheet-like structures)[1D (fibrelike structures) [ 0D (spherical particle-like structures) [6].
The examples of 2D carbonaceous materials are graphene
oxide, reduced graphene oxide (rGO), graphene (theoretical
capacitance of single sheet is 550 F g–1 [7]), etc. The rGO, is
easy to synthesize and mimic, the structure and properties of
graphene with the exception of possessing a few unreduced
oxygen functionalities in its structure [8]. The faradaic materials store energy by redox reactions that they undergo with the
electrolyte. The amount of energy stored is governed by the
extent of this redox reaction and the number of electrons
transported between the redox couples [5]. The metal-based
faradaic materials are CuO, ZnO, Al2O3, V2O5, NiO, Ni(OH)2,
RuO2, etc. Among them, the zinc hydroxide (Zn(OH)2) is a less
common material used for energy storage despite of its facile
synthesis. However, there have been energy storage evaluation
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of ZnO, in the form of its composite with carbonaceous and
polymer materials. A few of such composites and their specific
capacitances are as follows: graphene/ZnO—9 F cm3
(150 mA cm2) [9]; 2.67 mF cm-2 (0.2 mA cm-2) [10];
11.3 F g-1 (10 mV s-1) [11]; 61.7 F g-1 (50 mV s-1) [12];
172 F g-1 (0.2 mA cm-1) [13]; 192 F g-1 (2 mV s-1) [14];
122 F g-1 (5 mV s-1) [15]; PPy/ZnO/GO—94.6 F g-1
(1 A g–1) [16]; chitosan/ZnO/PANI—541 F g-1 (175 mA g–1)
[17]; PPy/PANI/ZnO—643 F g-1 (0.25 A g–1) and PANI
co-doped Zn2? and H?—369 F g-1 (0.1 A g-1) [18]. These
few specific capacitance values of ZnO composites infers
that, just the binary combinations of ZnO and graphene have
provided low energy storage values and these values are
increased when CPs are combined with these composites. The
motivation of this study is also to attain high-energy storage
using such ternary composite. The Zn(OH)2 (does not require
calcination) is easier to synthesize than that of ZnO (requires
calcination), and hence Zn(OH)2 is chosen instead of ZnO.
The CPs are also faradaic materials, which store energy
by the mechanism of doping and dedoping of ions of
dopants on their backbone [19]. The faradaic materials are
known to provide high E and rate capability [5]. Therefore,
producing an electrode material that consist of these three
afore discussed types of materials would be anticipated to
be tendering the essential application-driving features to the
energy storage device, and the use of such electrode
materials would essentially remove the limitations of batteries and capacitors; and combine their merits to yield an
efficient supercapacitor device. It is essential to be mentioned that the negative effect of minimization the individual properties of the constituents is also possible while
combining these constituents, if the mixing event of the
constituents induces the agglomeration instead of dispersion. These events of agglomeration and dispersion govern
the SSA of energy storage materials.
Therefore, the nanocomposite electrode materials constituted with the afore discussed three types of materials; particularly, rGO, Zn(OH)2 and PANI (GZnP) are synthesized
with different weight percentages of PANI, as to evaluate the
role PANI in enhancing the energy storage and in improving
the structural properties of the composite as a whole; and their
supercapacitor performances are furnished, herein.

2.
2.1

Experimental

Bull. Mater. Sci. (2021)44:179
and the reaction mixture was reduced at 90°C for 2 h using
hydrazine hydrate. The obtained product was purified by following the procedure mentioned in ref [21] to get GZnP. The
quantity of aniline, APS and dopant are changed proportionally
as to synthesis the GZnP nanocomposites, containing different
weight percentage of PANI. The reduction of GO to rGO, with
the same reduction procedure and their structural confirmations are presented elsewhere in ref [22]. The GZnP of different
amount of PANI were synthesized using different quantities of
aniline during the synthesis of GZnP. This different amount
of aniline was taken considering the density of aniline
(1.03 g m–3). The assumption is that the complete polymerization of 1 ml of aniline provides 1 g of PANI. The weight
(W), W% of constituents and the corresponding nomenclatures
of GZnP nanocomposites are presented in table 1.

2.2

Fabrication

The GZnP nanocomposite fabricated into a symmetrical
supercapacitor device following the reported method by
Viswanathan and group [21,23]. This fabrication process
involves a pair of carbon fabric of dimension 2 9 2 cm2 as a
conductive substrate, on which the GZnP nanocomposites
was coated by drop casting, a Whatman filter paper (cat. no.
1001 125) of dimension 2 9 2 cm2 as a dielectric medium,
and a pair of stainless-steel plates of dimensions as those of
carbon fabric and dielectric medium as current collectors.
The 1 M H2SO4 is used as electrolyte. The electrode material
mass loading on the carbon fabric is 2–3 mg cm–2.
Though most of the electrochemical energy storage studies
involving ZnO and Zn(OH)2 use either neutral [16,24] or basic
[15,25,26] electrolytes, 1 M H2SO4 was chosen as electrolyte
for electrochemical energy storage study of GZnP. The reason
is that, the theoretical specific capacitance of PANI
(2000 F g–1) [27] is higher than the theoretical specific
capacitance of Zn(OH)2 (1617 F g–1) (supplementary information, equation S1). Considering the higher energy storage of
PANI than Zn(OH)2 and as to provide the suitable energy
storage condition for the PANI and to the overall GZnP
nanocomposites, an acidic electrolyte was preferably taken
over the neutral and basic electrolytes. The supplementary
information, sections S1 and S2 provide details of calculations
of theoretical specific capacitance of Zn(OH)2 and characterizations, respectively.

Synthesis of GZnP
3.

Graphite oxide (GO; 30 mg in 50 ml of distilled water (DW)—
synthesized by modified hummer’s method [20]) was sonicated with aniline (150 ll) for 30 min. Following which
ammonium persulphate (APS; 300 mg in 10 ml of 2 M
H2SO4) along with dopant were added. The oxidative polymerization was carried out for 4 h, then zinc sulphate heptahydrate (5.1 ml, 2 M) was added and the stirring was carried
out for 1 h. Then, the pH was adjusted to 14 with 6 M NaOH

3.1

Results and discussion
Structural characterizations

The diffraction pattern of GZnP composite (figure 1a)
possesses multiple peaks, which are common for both
Zn(OH)2 and PANI at 34.35°, 38.13°, 46.42°, 48.57°,
52.91° corresponding to (200), (012), (041), (032) and (212)
planes of Zn(OH)2 (76-1778); and (221), (310), (115), (321)
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Weight, W% and nomenclature of GZnP nanocomposites.
Weight of constituents (mg)

Constituent under study

G

Zn

P

W% of PANI (%)

Nomenclature

PANI series

25
25
25
25
25
25

50
50
50
50
50
50

150
200
250
300
350
400

66.66
72.72
76.90
80.00
82.25
84.21

GZnP67
GZnP73
GZnP77
GZnP80
GZnP82
GZnP84

Figure 1.

(a) XRD profile and (b) FT-IR spectrum of GZnP nanocomposite.

and (006) planes of PANI (53-1717, 53-1891), respectively.
The wide peak at 23.17° corresponds to (002) plane of rGO
and (200) plane of PANI. The broadness of peak is the
indication of fruitful exfoliation of rGO layers by PANI,
causing the loose packing of rGO layers. The loose packing
of rGO is due to the embolism of PANI between them.
Also, this embolism of PANI between rGO layers resulted
in overlapped peaks of rGO and PANI; and restraining the
rGO layers from restacking. The peaks at 59.57° and 66.94°
correspond to (103) and (052) planes of Zn(OH)2, respectively. The peak 11.83° is owing to the traces of unreduced
oxygen functionalities present in the rGO [28].
The transmittances of GZnP composites (figure 1b) at
wavenumbers of 1637.64, 1501.07, 1299.50, 1189.20 and
1111.07 cm–1 correspond to C=C stretching vibrations of
quinoid and benzenoid forms [29], C–N stretching vibrations [30], C=N stretching vibrations [30] and C–N bending
vibrations [29] of segments present in PANI. The transmittance at 3426.81 cm–1 corresponds to vibrations of –OH
of surface-trapped water molecules and of Zn(OH)2. The
peak at 993.54 cm–1 corresponds to the Zn–OH bending
vibrations [31]. The transmittance from 408 to 616 cm–1
corresponds to Zn–O [32,33].
In GZnP, the PANI nanofibres (figure 2; diameter *10 to
*15 nm (figure 2c)) are inserted well in between rGO layer
and both are unified thoroughly by Zn(OH)2 nanoflakes

(diameter *20 to *25 nm (figure 2c)). There are a few
mesopores (diameters, *35 to *57 nm (figure 2d)) on the
surface of GZnP nanocomposites. The lesser availability of
mesopores limit the diffusion of electrolytes into the GZnP
and thus producing high intrinsic resistance and less specific
capacitance.
The elements of GZnP are confirmed by energy dispersive spectroscopy (figure 3), as C, N, O, Zn and S. The
existence of S and Si is due to the possible unreacted
ZnSO4, utilization of H2SO4 as a dopant for PANI during
the course of synthesis of GZnP and the accidental etching
of glass utensil, which was used for the purpose of sonication of GZnP, respectively. Table 2 presents the weight
percentage and atomic percentage of elements of GZnP.
The surface mapping of elements of GZnP (figure 4) displays the uniform arrangement of C, N, O and Zn,
throughout the GZnP nanocomposites.

3.2

Supercapacitor performance

The supercapacitive performances of GZnP nanocomposites
of different W% of PANI (six GZnP nanocomposites) were
investigated. In these six GZnP nanocomposites, the weight
of PANI are different and the weight of rGO and Zn(OH)2
are as constant as 25 and 50 mg, respectively. The weight of
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Figure 2.
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(a–d) FE-SEM images of GZnP nanocomposite.
Table 2. Weight percentage (W%) and atomic percentage (A%)
of nanocomposite.
Elements
C
N
O
S
Zn

Figure 3.

Energy dispersive spectrum of GZnP nanocomposite.

PANI increased from 150 to 400 mg. On increasing the
weight of PANI, the specific capacitance (Cs) increases, and
a weight of 350 mg resulted in high energy storage with the
Cs of 173.60 F g–1 and the corresponding composition of
GZnP is rGO5.88%: Zn(OH)211.77%: PANI82.35%. The
entire process of PANI weight alterations and the corresponding changes in electrochemical properties of GZnP
composites are elaborated in consecutive sections.
The combined action of faradaic (redox reaction) and
non-faradaic (EDLC) mechanisms in storing energy by
GZnP nanocomposites are evident from CV curves and CD
curves of GZnP nanocomposites at 5 mV s–1 (figure 5a) and

Weight%

Atomic%

24.81
6.39
66.09
5.14
72.18

24.31
5.50
49.82
1.93
13.31

at 0.25 A g–1 (figure 5b), respectively. The CV curves are
distorted rectangular with reduction/oxidation peaks and
CD curves are quasi triangular with plateaus [34,35]. The
area under the redox peaks (redox area) and discharge time
(td) increases with increase in W% of PANI till 82%,
beyond which the redox area and td decrease, signifying the
increase of energy storage with the increase of W% of
PANI till 82% and decrease in energy storage beyond the
82% of PANI. This phenomenon of increase of energy
storage with increase in W% of PANI is due to the increase
of SSA, increase of redox reactions and increase of extent of
charge accumulations. These are essential for high energy
storage. The later decrease of energy storage beyond 82% is
due to the overload of PANI, causing aggregation of PANI
in a random style, reducing the SSA and in turn limiting the
electrolyte dissemination into the interiors of the GZnP
electrodes, causing low magnitude redox reactions [21,36]
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Surface maps of C, N, O, Zn and S.

Figure 5. CV curves of (a) GZnP nanocomposites at 5 mV s–1 and (b) GZnP82 at different scan
rates. GCD curves of (c) GZnP nanocomposites at 1 A g–1 and (d) GZnP82 at different current
densities.

and eventually low energy storage. The consideration of
redox area and td as tools for measuring the amount of
energy storage is owing to the fact that the amount of
energy stored is directly proportional to redox area and td.
The PANI-induced redox reactions that bring about distorted CV curves and distorted CD curves are the conversions between leucoemeraldine and emeraldine [37]. At the
same time, the faradaic transformations of Zn(OH)2 also

contribute to the shapes of the CV and CD curves. Since,
the GZnP82 exhibited higher energy storage, the CV and
CD analyses were carried out at different potential scans
and current scans. The redox peaks of CV curves of
GZnP82 attained at different scan rates (figure 5c) exhibit
right shift with increase in scan rate, indicating the presence
of polarity in the nanocomposite due to the existence of
polarons and bi-polarons in PANI [38]. The GZnP82 is not
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Table 3.
Composite
GZnP67
GZnP73
GZnP77
GZnP80
GZnP82
GZnP84

Bull. Mater. Sci. (2021)44:179

Energy storage parameters of GZnP nanocomposites at 0.25 A g–1.
Cs (F g–1)

Q (C g–1)

E (W h kg–1)

P (kW kg–1)

g (%)

52.32
53.24
55.12
116.92
173.6
66.24

62.76
63.88
66.12
140.32
208.32
79.48

10.4656
10.6496
11.0252
23.3916
34.7220
13.2536

0.9324
1.1080
1.2400
1.1992
1.5168
0.8976

95.25
90.10
93.56
71.92
48.30
74.50

Figure 6. (a) Plots of Cs vs. current density. (b) Ragone plots. (c) Plots of g vs. current density of GZnP
nanocomposites. (d) Plots of % retention of Cs and g vs. charge/discharge cycles of GZnP82. (e) Nyquist plots of
GZnP82 obtained pre- and post-cyclic stability study. (f) Equivalent circuit fitment of Nyquist plot of GZnP82
obtained after cyclic stability study.
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Magnitudes of electrical elements of GZnP82.

No. of cycles
0
12500

Page 7 of 11

Rs (X)

Rct (X)

Q1 (lF)

n1

Rleak (X)

Cdl (F)

Q2 (lF)

n2

W (X)

0.71
0.56

3.53
0.80

20000
6209

0.71
0.80

0.92
3.51

1.33
6.02

2.78
38530

0.77
0.80

1.06
1.54

Figure 7. (a) Nyquist plots of GZnP nanocomposites and (b) equivalent circuit fitment of Nyquist plot.
(c) Plots of series resistance and capacitance vs. log frequency. (d) Bode magnitude and Bode phase angle
plots of GZnP82.

deviating from capacitive behaviour even at high potential
scan and current density of 1 V s–1 (figure 5c) and 4 A g–1
(figure 5d), respectively, signifying its good rate capability.
The CV curves are not exhibiting the features of electrolytic decomposition in the form of formation of peak due
to sudden drastic raise in current, confirming the stability
and the reversibility of 1 M H2SO4 up to 1.2 V. The energy
storage parameters such as Cs (supplementary information
equation S2), specific capacity (Q) (supplementary information equation S3), E (supplementary information equation S4), P (supplementary information equation S5) and
coulombic efficiency (g; supplementary information equation S6) [23], calculated for single electrode and for symmetrical supercapacitor device (supplementary information
equation S7) are furnished in table 3 and supplementary
information table S1, respectively.
The high Cs of GZnP82 and its high rate capabilities are
shown in figure 6a, as the GZnP82 furnishes a high Cs

of 173.60 F g–1 at 0.25 A g–1 and retains 41.68%
(72.36 F g–1) of it at 4 A g–1, demonstrating its better
energy storage performance even at higher current densities.
The GZnP82 furnishes a high E of 34.72 W h kg–1 and a
Table 5. Comparison of an EIS result of GZnP82 with similar
reported materials measured at an AC amplitude of 10 mV.
Composite
GNP48
ERGO-PANI (15)
ERGO-PANI (25)
ERGO-PANI (50)
PANI
rGO/PANI
rGO/CuO
GZnP82 (this study)

Capacitance (F)

Ref.

0.5500
0.0044
0.0071
0.0263
1.3200
0.2380
0.2760
1.2975

[39]
[40]
[40]
[40]
[40]
[21]
[21]
—

1.2

1
1.6
0.9
0.8
0.8
1
1
0.7
1
0.8
0.9
2
1
1
0.8
3
1
1
0.5
1
2
0.9
3
0.8
1.1
1
0.8
1.2
1.2
1
0.8
0.6

1 M H2SO4

KCl/PAAK gel
PMMA-PC-LiClO4 gel electrolyte

Na2SO4
Na2SO4
H2SO4
Na2SO4

1
2
1
1

1 M KCl
1 M H2SO4

1 M KCl
1 M H2SO4
Aqueous KOH
2 M KOH
1 M Na2SO4
1 M Na2SO4
6 M KOH
0.1 M TBAPC/DMF

1 M KOH
PVA-gel
2 M KOH
1 M KCl
1 M LiPF6 in (EC/MC = 50/50)
3.5 M KOH
6 M KOH
1 M KCl
3 M KCl
1 M H2SO4

—
0.4 M H2SO4
0.4 M H2SO4
1 M H2SO4
1 M H2SO4
1 M H2SO4

M
M
M
M

1.2

Potential
used (V)

1 M H2SO4

Electrolyte

—
2600
—
—
270
—
—
—
124.97

1.2 (mW h cm3)
0.88 (lWh cm-2)
10.65
15.67
—
—
—
—
—
—
—
—
4.37
37.5
—
13.1 (1 mA cm–2)
—
21.7
—
—
35
—
—
57
31.19
88
43.89
27.59
—
25
53.12

9 F cm3 (150 mA cm2)
2.67 mF cm-2 (0.2 mA cm-2)
94.6 (1 A g–1)
176.36 (0.25 A g–1)
541 (175 mA g–1)
238 (50 mA g–1)
61.7 (50 mV s-1)
369 (0.1 A g-1)
70.7 (5 mV s-1)
172 (0.2 mA cm-1)
192 (2 mV s–1)
303 (10 A g–1)
201 (1 A g–1)
275 (5 mV s–1)
122 (5 mV s–1)
59 (5 mV s–1)
554 (5 mV s–1)
156 (5 mV s–1)
316 (6.70 A g–1)
167.2 (5 mV s–1)
448
203 (1 A g–1)
389 (50 mV s–1)
643 (0.2 A g–1)
340 (1 A g–1)
898 (1 A g–1)
635 (0.8 A g–1)
219.46 (0.25 A g–1)
137.93 (0.25 A g–1)
763 (1 A g–1)
752 (1 A g–1)
1084 (3.22 mA cm–1)

—
—
—
18% decay up to 1000 cycles (5 A g–1)
9.2% decay up to 10000 cycles (10 A g–1)
14% decay up to 1000 cycles (50 mV s–1)

5.6% decay up to 2300 cycles (10 A g–1)
6% decay up to 5000 cycles (100 mV s–1)
No decay up to 1000 cycles (6.70 A g–1)
10% decay up to 2000 cycles (1 V s–1)
—
2% decay up to 10000 cycles (20 A g–1)
—
—
7.5% decay up to 5000 cycles (2 A g–1)
—

—
—
—
No decay up to 1000 cycles (10 A g–1)
7% decay up to 3000 cycles (2 A g–1)
2% decay up to 2000 cycles (1.5 A g–1)
—
—

—
10% decay up to 1000 cycles (0.5 A g-1)

26% decay up to 1000 cycles
—
20% decay up to 1000 cycles (175 mA cm–2)
1% decay up to 500 cycles (50 mA g–1)

—
—

28% decay up to 12500 cycles (2 A g–1)

—

Cyclic stability

[55]
[56]
[21]
[57]
[58]
[40]

[47]
[48]
[25]
[24]
[49]
[50]
[51]
[52]
[53]
[54]

[42]
[13]
[14]
[43]
[44]
[45]
[15]
[46]

[12]
[18]

[16]
[22]
[17]
[41]

[9]
[10]

—

—

Ref.

Page 8 of 11

499
1785.40
1773.40
—
—
500.61

530
26900
—
792 (1 mA cm–2)

—
—
20800

4800
—

258.26
1180.46
—
—

70 (mW cm3)
0.16 (mW cm-2)

379.2

8.68

43.4 (0.25 A g–1)

1516.8

P (W kg–1)

34.72

E (W h kg–1)

173.6 (0.25 A g–1)

Cs (F g–1)

Comparison of performance of GZnP82 with similar reported materials.

GZnP82 (single
electrode, this
study)
GZnP82
(symmetric device,
this study)
Graphene/ZnO device
Asymmetric graphene/
ZnO
PPy/GO/ZnO device
rGO/PANI
Chitosan/ZnO/PANI
Carboxylated
graphene/ZnO
Graphene-ZnO
PANI co-doped Zn2?
and H?
rGO/ZnO/rGO
Graphene/ZnO
Graphene/ZnO
rGO/ZnO
rGO/ZnO
ZnO/rGO/ZnO
Graphene/ZnO
Functionalized CNT/
ZnO device
3D graphene/ZnO
Graphene/ZnO device
Graphene/ZnO
Graphene/ZnO
Graphene/ZnO
rGO/ZnO
Graphene/ZnO
PANI/PPy/ZnO
ZnO/MOF/PANI
Graphene/CNF/ZnO/
PANI
Ag-ZnO/PANI
GP-Ni(OH)2
rGO/PANI
Graphene/PANI
Graphene/PANI
rGO/PANI

Composite

Table 6.
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P of 1516.80 W kg–1 at 0.25 A g–1 (figure 6b), which are
higher than the E and P exhibited by all other GZnP
nanocomposites. The GZnP82 maintains an E of
14.4796 W h kg–1 at 4 A g–1, which is 41.68% retention of
E attained at 0.25 A g–1, and the P of 52.1264 W kg–1 at
4 A g–1. This retention of high Cs and E is ascribed to the
effective penetration of electrolyte into the interior of the
GZnP82 even at high current loadings [21]. The GZnP82
exhibits a very low g at low current densities (figure 6c),
and as the current density increases the g increases and
reaches 100% at higher current densities. The low g at low
current densities is attributed to the slow migration of
electrolytic ions and low kinetic redox reactions, leading to
long time for charging at low current density. The results of
cyclic stability study, which was carried out at 2 A g–1 for
12500 cycles (figure 6d) using galvanostatic charge/discharge (GCD) technique, revealed that the GZnP82 could
retain 72% of its initial Cs up to 12500 cycles. The increase
of Cs higher than that of the initial Cs at the region of 4000
to 6000 cycles is due to the structural activation of GZnP82
by the continuous ingress of electrolytes into the electrode
materials, reducing the intrinsic resistance and increasing
the electrical conductivity of the GZnP82 electrode materials. This is also the reason for the low resistance along the
real axis of Nyquist plot, obtained after cyclic stability
study (figure 6e), than the Nyquist plot obtained before the
onset of cyclic stability experiments. The low resistance of
GZnP82 after cyclic stability study is further confirmed
from the values of electrical elements (table 4), which were
deduced by fitting the Nyquist plots attained pre- and postcyclic stability experiments (figure 6f) to an equivalent
circuit (EC) of Rs(RctQ1)((RleakCdl)Q2)W. The values of Rs
and Rct are reduced and the values of Cdl and Q2 are
increased after cyclic stability study, which favour the
increase of Cs and retention of Cs with increase in number
of cycles. At the same time the values of Rleak and W are
increased, after 12500 cycles, indicating huge loss of
capacitance by leakage resistance and inadequate dissemination of electrolyte into the GZnP82 electrode. This led to
the high charging time and low coulombic efficiencies as
the number charge/discharge cycles increases (GZnP82
exhibits 87.5% of g at the end of 12500 cycles; figure 6d).
The depressed semicircles and a linear Warburg at higher
frequency and lower frequency regions, respectively, of
GZnP nanocomposites (figure 7a) are the indicatives of
their capacitive nature [23]. The GZnP82 possesses the least
resistance along the real axis, indicating its least resistance
and high electrical conductivity of GZnP82 compared to all
other GZnP nanocomposites. The EC fitment of Nyquist
plot (figure 7b) of GZnP82 resulted in low magnitudes of
electrical elements compared to all other GZnP nanocomposites. The electrical elements and their magnitudes are
given in table 4 (at zero cycles). The description of electrical elements present in the EC are same as they were
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discussed by Viswanathan et al [23] and also detailed in
supplementary information section S4. The reason for the
depressed semicircle instead of a perfect semicircle is the
surface roughness of the electrode materials causing frequency dispersion during the analysis. Hence, the Q (constant phase elements (CPE)) is used instead of C (ideal
capacitor), the relation between the C and Q are given in
supplementary information equation S8. The magnitude of
roughness factor (n) are 0.71 (n1) and 0.77 (n2), representing
the moderate capacitive behaviour of the GZnP82
nanocomposite. The resistance along the real axis of
Nyquist plot is equivalent to the series resistance (figure 7c;
cumulative of various resistance involved in energy storage)
of the electrode material, which is as low as 8.715 X. The
value of Bode magnitude plots (figure 7d) exhibited impedance as low as 1.2054 X at low frequency, these low
impedance resulted in high capacitance (supplementary
information equation S9) of 1.2975 F at low frequency
(figure 7c) for GZnP82. The relaxation time (s) (supplementary information equation S10 [23]) obtained from
Bode phase angle plot (figure 7d) of GZnP82 is 1.52 s,
indicating its fast td. The measure of capacitance from EIS
technique is more direct route, reliable data and non-mass
dependent (supplementary information equation S9). The
attained capacitance (F) of GZnP82 using the AC amplitude
of 10 mV, at low frequency is compared with reported
composites having similar constituents (table 5). It is
observed that the GZnP82 exhibited second highest capacitance and the highest capacitance value is possessed by
pristine PANI.
This inference provides a hint that there could be
negative effects obtained by constituents of synthesized
GZnP composites. The binary combination of rGO and
PANI with the corresponding W% of GZnP82 is already
reported in [22] and the attained Cs is 176.36 F g–1 at
0.25 A g–1 using the electrolyte of 2 M Na2SO4. This
reported Cs is higher than the Cs obtained from GZnP82
(173.6 F g–1 at 0.25 A g–1), indicating that the presence
of Zn(OH)2 reducing the energy storage of GZnP82 as a
whole, thereby acting as negative constituent due to its
low electric conductivity in comparison with PANI and
rGO. The comparison of obtained results of GZnP82 with
the similar ternary and binary composites (table 6), also
indicate that the rGO/PANI composites exhibit high
energy storage than the GZnP82, generally. However, the
energy storage of GZnP82 is higher and comparable with
the composites that contain the derivative of Zn, like
ZnO and Zn2? composited with rGO, graphene, polypyrrole, CNT, PANI, etc., indicating the superiority of the
GZnP82 in storing energy. The data of supplementary
information table S1 are of the symmetric supercapacitor
device, in which the data of GZnP82 are highest
compared to the performances of devices presented in
table 6.
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Conclusions

The reduced graphene oxide/zinc hydroxide/polyaniline
(rGO5.88%: Zn(OH)211.77%: PANI82.35%) (GZnP82)
nanocomposite, synthesized by in-situ single step, furnished
a Cs of 173.60 F g–1, an E of 34.7220 W h kg–1, and a P of
1516.80 W kg–1 at 0.25 A g–1. The GZnP82 exhibits only
28% decay of its initial Cs up to 12500 cycles at 2 A g–1.
The GZnP82 is quick in response with the relaxation time of
1.52 s. The capacitance obtained from EIS is 1.29 F for
GZnP82 device. The comparison of electrochemical performance of GZnP82 measured from both GCD and EIS;
with similar reported energy storage materials apprises that
the achieved performances are of similar order; and better in
some cases than the reported materials. Most importantly,
the addition of Zn(OH)2 has rendered the negative contribution to the GZnP82, as the binary combination of it, the
rGO/PANI furnished higher performances than the
GZnP82. Therefore, this GZnP82 nanocomposite can be of
use to fabricate a supercapacitor featuring quick response
and long cyclic stability.
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