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Abstract In this paper, reduced graphene oxide—cobalt
doped ZnO/polyaniline (RGO-CZO/PANI) hybrid compos-
ites were synthesized through the two step approach: Cobalt
doped ZnO particles on RGO sheets by a simple chemical
co-precipitation method, followed by coating with PANI
through in situ polymerization method. Morphological and
structural properties were characterized by X-ray diffrac-
tion, Fourier transform infrared spectroscopy, Ultraviolet—
Visible absorption spectra, scanning electron microscopy
and transmission electron microscopy. Electrochemical per-
formance of the RGO-CZO/PANI hybrid composites were
carried out by cyclic voltammetry, galvanostatic charge—
discharge and electrochemical impedance spectroscopy
in IM H,SO, electrolyte medium. The findings show that
the charge storage of RGO-CZO/PANI hybrid compos-
ite is mainly due to the pseudocapacitance (reversible
redox reaction) behavior. The highest specific capacitance
of 515 F g~! with the energy density of 370 Wh kg~! and
power density of 3.1 kW kg~! could be achieved (For three
electrode system) in the potential region between —0.2 and
1.0. Notably, in a two-electrode system, the specific capaci-
tance, energy density and power density of the RGO-
CZO/PANI symmetric supercapacitor was obtained to be
208 F g~', 28.88 Wh kg~! and 0.694 kW kg™, respectively.
The results manifest that the synthesized RGO-CZO/PANI
hybrid composite is the promising electrode material for
supercapacitor applications.
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1 Introduction

Owing to the increase in energy consumption in modern
society, the development of renewable and sustainable
energy source is urgently needed. The growing demand for
portable energy and power system electric vehicles are an
essential in short period. The energy conversion and stor-
age device have attracted much attention due to the deterio-
rating environmental pollution and depletion of fossil fue 1
[1]. Vast work has been done in the improvement of super
capacitor materials when compared to rechargeable batter-
ies because they provide high energy and power density
with low maintenance cost. Super capacitor can be classi-
fied into two categories such as electric double layer and
faradic pseudocapacitor. (i) For the electric double layer
capacitor (EDL); the charge is stored on the electrode sur-
face due to the adsorption desorption phenomenon, nor-
mally activated carbons are used in the EDL. In other words
inert and high conductive carbon materials that store and
release energy by charge separation at the electrochemical
interface between an electrode and electrolyte (ii) Faradic
pseudocapacitor; the charge is stored through the surface
redox reactions based on electroactive material such as
transition metal oxides and conducting polymers [1]. The
important achievements of modern electrochemistry are the
development of electron-conducting polymers such as poly-
aniline (PANI), polythiophene and polypyrrole are used in
supercapacitors. Among the conducting polymers, polyani-
line is one of the most extensively used conducting mate-
rials. It has good electrical conductivity and environmen-
tal stability. The carbon backbone of the polymer matrix
contained some positively charged nitrogen atom which is
regulating the charges and keeping the charge neutrality of
the composite material [2]. However, the main drawback
of PANI is poor mechanical and electrical stability during
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the charge/discharge process. Hybrid composite material is
considered as a true electrode material for super capacitor.

As is well known, reduced graphene oxide (RGO) has
triggered an exciting new area in the field of carbon nano
science by always increasing scientific and technological
impetus [3, 4]. It contained less amount of oxygen func-
tional group such as hydroxyl, epoxide and carboxyl moie-
ties. These oxygen functional moieties can act as nuclea-
tion centers or anchoring sites for the attachment of metal
oxides particles and polymer matrixes. Furthermore, it
plays a dynamic role that not only restricts the agglomera-
tion of metal oxide particles, but also enhances the chemi-
cal and physical properties of the hybrid composite mate-
rial. It is used as the supporting platform for the attachment
of metal oxides to produce the hybrid composite for cata-
lytic and capacitive behavior applications [5].

Further, the effect of pseudocapacitance for improving
the total capacitance of carbon material combined conduct-
ing polymer hybrid materials by quick Faradaic reactions
have been realized by insertion of electro active transition
metal oxides such as ZnO, Co,0;, RuO,, MnO,, TiO, and
Fe,0; etc. [6]. Co,05 and ZnO are the well-known tran-
sition metal oxides. ZnO is not important only due to its
electronic, optical, electrochemical and electro catalytic
properties, but also for thermo-electric properties as well
[7, 8]. The Co,0;-based composites have demonstrated
great potentials in the fields of supercapacitor, heterogene-
ous catalyst, electrochemical sensors and Li-ion batteries
[9-13]. However, ZnO usually delivers poor rate capability
and reversibility during the charge/discharge process due to
its large crystalline size. Therefore, to modify the crystal
size of ZnO and increase the electrical conductivity of the
whole electrode is highly desired. Much more efforts have
been expended to modify the crystal size by doping mecha-
nism and increase the electrical conductivity by incorporat-
ing them into carbonaceous material and conducting poly-
mers such as graphene and polyaniline.

In recent years, many researchers are interested in the
synthesis of different composites using RGO, metal oxides
and polyaniline based materials such as RGO-ZnO, [14]
graphene—Co,0; [15] Co-ZnO, [16] sulfur-polyaniline-
graphene composite, [17] RGO-Co,0;, [18] PANI-Co,0;,
[19] graphene-SnO,—PANI, [20] RGO-Fe,0;—PANI [21]
and PANI-TiO,—graphene oxide [22]. In this context, the
ternary composites composed of carbon based materi-
als, conducting conjugated polymers and transition metal
oxides have been explored and demonstrated improvement
in the electrochemical behavior which delivers a new direc-
tion for the fabrication of the next generation high perfor-
mance supercapacitor. However, all the literature reports
focus on the single metal oxide inserted between the con-
ducting polymer and carbon based material. To the best of
our knowledge, reduced graphene oxide-cobalt doped ZnO/

polyaniline hybrid composite for supercapacitor application
has not been reported yet.

In the present paper, the RGO—-CZO/PANI hybrid com-
posites were synthesized by a two-step route. The Co doped
ZnO was successfully seated on the RGO sheet by a simple
chemical co-precipitation method, then an aniline mono-
mer was polymerized and interact with Co doped ZnO/
RGO in a molecular level. The morphology and structural
features of the synthesized composites were studied by
FTIR, XRD, Ultraviolet—Visible (UV—-Vis), scanning elec-
tron microscopy (SEM) and transmission electron micros-
copy (TEM) analysis. The supercapacitive characteristics
were evaluated by cyclic voltammetry (CV), galvanostatic
charge—discharge (GCD) and electrochemical impedance
spectroscopy (EIS) with 1M H,SO, as the electrolyte.

2 Experimental
2.1 Materials

Graphite powder was purchased from loba chemie Pvt.
Ltd., Mumbai, India. Zinc nitrate (Zn(NO;),-6H,0),
cobalt nitrate (Co(NO;),-6H,0), hydrogen peroxide
(H,0O,), sodium nitrate (NaNOs;), potassium permanga-
nate (KMnO,), sulfuric acid (H,SO,), hydrochloric acid
(HCI), sodium hydroxide (NaOH), hydrazine hydrate, ani-
line (CHsNH,), ammonium peroxydisulfate (NH,),S,0q
(APS) and ethanol were purchased from Sigma-Aldrich.
All chemicals were used as an analytical reagent grade and
without further purification. Deionized water was used in
all experiments.

2.2 Synthesis of graphene oxide and reduced graphene
oxide

Graphene oxide (GO) was synthesized from natural graph-
ite powder by modified Hummer’s method, as described
elsewhere [23, 24]. 1.5 g of GO was dispersed in 50 ml of
double distilled water and sonicated for 30 min. Then 5 ml
of hydrazine hydrate was added drop wise to the dispersed
suspension and it was heated at 100 °C for 5 h. At that time,
a hollow globule of gas was evolved indicating that GO
was converted into reduced graphene oxide (RGO). The
obtained product was washed several times with 1M HCI
and deionized water and dried in an oven at 300 °C for 5 h.

2.3 Synthesis of RGO-CZO/PANI hybrid composite
About 5.94 g of zinc nitrate (0.5 M) and 0.5 g of RGO were
dispersed in 50 ml of distilled water. The above mixed sus-

pensions were located in an ice water bath and the reaction
temperature was maintained at below 5°C and stirred for
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30 min. Then slowly 3M sodium hydroxide solution was
added to the mixed solution, white product formed first,
after addition of NaOH, the white product disappeared
and the mixed RGO contained [Zn(OH)4]2_ solution was
transparent again. During stirring, 0.1M cobalt nitrate
aqueous solution was slowly added to the RGO contained
[Zn (OH),]>~ solution, precipitate was regenerated and the
reaction temperature was maintained at 80°C. After 6 h,
the resulting product was filtered and washed several times
with distilled water and ethanol separately. The sample was
designated as beaker [A]. Then separately aniline hydro-
chloride (0.5 ml of aniline in 0.5M HCI) was polymerized
with (NH,),S,0y in ice bath for 1h, which is labeled beaker
[B]. Finally, earlier synthesized beaker [A] was slowly
poured into the beaker [B] with stirring for 30 min. Then
the whole solution was maintained at 0 °C for 12 h without
stirring to complete the chemical reaction. The final dark
green product was washed several times with deionized
water and ethanol separately and dried in an oven at 80 °C.
The sample was designated as RGO-CZO/PANI. Scheme 1
shows the schematic representation of RGO-CZO/PANI
hybrid composite synthesis process. For comparison pur-
pose RGO-ZnO, RGO-CZ0O, RGO/PANI and RGO-ZnO/
PANI were synthesized by a similar manner.

2.4 General characterization

The surface morphology and elemental analysis of the
samples were investigated by an HR-SEM coupled with

Stirring at 5°C
for 30 minutes

Polymerization
for 1 h at 0°C

EDXA, FEI- quanta FEG 250. Nanostructures of the com-
posites were investigated by a TEM analysis (FEG-TEM
300 kV). The crystallographic structures and phase for-
mation of samples were analyzed by powder X-ray dif-
fraction technique using a X’PERT-PRO model with Cu
Ka radiation sources (A=0.15406). The functional group
determination was performed by FTIR spectroscopy
(FT-IR, SHIMADZU, using KBr pellets) in the range of
4000—450 cm™!. UV-Vis spectra were recorded on a Shi-
madzu 2401 spectrometer along the composites dispersed
in N-methyl-2-pyrrolidone solution (NMP).

2.5 Electrochemical characterization

Electrochemical properties of the hybrid composites were
examined (CH instrument model AUTOLAB CHI1102A)
in 1M H,SO, solution by cyclic voltammetry, impedance
spectroscopy and galvanostatic charge/discharge. To pre-
pare working electrode, slurries made from synthesized
hybrid composites were used as the illustrative mate-
rial, acetylene black as the conductive agent and poly
(vinylidene fluoride) as the binder. They were mixed in a
weight ratio of 80:10:10 in N-methyl-2-pyrrolidone sol-
vent and coated on a stainless steel with an effective area
of 1 cm? using a doctoral blade. Before the electrochemi-
cal test, the electrode was soaked in 1M H,SO, solution
overnight. Electrochemical characterization was carried
out in a three-electrode system. A platinum foil and a satu-
rated calomel electrode (SCE) were used as the counter and

Dropwise addition
of
0.1 M cobalt nitrate

—)

6h at 80°C

—> Electrostatic attraction
@ [Zn(OH)]* © Co*

I
®
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Beaker

poured
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RGO-CZO

RGO-CZO/PANI

Scheme 1 Schematic representation of RGO-CZO/PANI hybrid composite synthesis process
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reference electrodes, respectively. The voltage range for
CV test varied from —0.2 to 1.0 V with the different scan
rates of 20 to 100 mVs™!, while the galvanostatic charge/
discharge testing was performed from —0.2 to 1.0 V at the
current density from 1 to 5 A g~'. EIS measurements for
the composites were recorded in the AC frequency range
from 0.01 Hz to 100 kHz at open circuit potential with AC
voltage amplitude of 10 mV. A two-electrode system was
further employed to obtain more accurate results about the
capacitance of as-prepared electrode material using galva-
nostatic charge/discharge between two symmetrical work-
ing electrodes with a polypropylene 2320 as separator in
IM H,SO, aqueous solution. Before electrochemical meas-
urements, all electrodes were first immersed in 1M H,SO,
solution for 2 h.

3 Results and discussion
3.1 XRD

Typical XRD pattern of as-synthesized hierarchical
structure of RGO, RGO-ZnO, RGO-CZO, RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI hybrid composites
are shown in Fig. 1. The XRD patterns of the pristine RGO
(Fig. 1a) revealed an intense, sharp peak centered at =25.3°
confirms the existence of an individual graphene sheet with
a stacking structure of the plane (002), which is consistent
with the reported reference result [25]. The XRD pattern of
RGO-ZnO is shown in Fig. 1b. The corresponding X-ray
diffraction peaks for (100), (002) and (101) planes confirm
the formation of the wurzite structure of ZnO (JCPDS card
No: 36-1451). It indicates the pure phase formation of ZnO
without any impurity [26]. The XRD pattern (Fig. 1c) of
the RGO-CZO hybrid composite can be indexed to the pre-
viously discussed wurzite structure of ZnO pattern as well
as the Co,0; peak is observed in the planes at (511) and
(440), which is consistent with the H. Yang group reported
work result [27]. In addition, the peak intensity has been
narrowed for the Co doped composite as compared to the
undoped RGO-ZnO. The appeared new peaks confirmed
that the Co®* ions are successfully incorporated into the
ZnO lattice at the Zn>" sites [28]. For RGO/PANI (Fig. 1d),
two broad peaks centered at 20=20.15 and 25.26° are
corresponding to (020), (200) crystal planes of PANI
(periodicity parallel and perpendicular to PANI chains),
respectively [29, 30]. Figure le, f shows that XRD pat-
terns of RGO-ZnO/PANI and RGO-CZO/PANI hybrid
composite, which are different from that of RGO-PANI
and they should be related to the presence of metal oxides.
These changes will play crucial role in the competi-
tion between the localization of the electronic charge to
a single chain and delocalization of the charge within the

Intensity (a.u)

T T T T T T
10 20 30 40 50 60 70 80
2©6/Degree

Fig. 1 XRD patterns of (a) RGO, (b) RGO-ZnO, (c) RGO-CZO, (d)
RGO/PANI, (¢) RGO-ZnO/PANI and (f) RGO-CZO/PANI hybrid
composites

three-dimensional amorphous structure [31]. The amor-
phous structure is beneficial for electrolyte infiltration and
cation diffusion.

3.2 FTIR

The FTIR spectra of RGO, RGO-ZnO, RGO-CZO, RGO/
PANI, RGO-ZnO/PANI and RGO-CZO/PANI hybrid
composites are shown in Fig. 2. The major peaks in FT-IR
spectrum of RGO (Fig. 2a) are 1066, 1616, 1753 and
3460 cm™!. These peaks are attributed to alkoxy (C-O),
aromatic (C=C), carbonyl (C=0) and O-H stretches
respectively [32, 33]. The FTIR spectrum of RGO-ZnO
(Fig. 2b) shows bands at 481,1054, 1604 and 3494 cm™!
corresponding to Zn—O stretching vibration, alkoxy C-O
stretching, C=C stretching of the aromatic carbon ring and

@ Springer



9840

J Mater Sci: Mater Electron (2017) 28:9836-9851

1753 cm-!
1616 cm-
1066 cm-

3460 cm

'E -
S §
3 3 y
w0 £
e =) S
- - s
() E <
<
o
<
© -
£
s - Q
£ < £ o
—_ - © £ o 0
9 g 0 S ~ ¥
< £ @ © o
© d) S w L I}
1K s e 8
[ = N~ Al
g S
g A
: X
E i - - ~ ©
= £ . £ < ©
S E =< & % 0
@ S E o E ©
g 2582
© 2g ¢ &
- 2 =
hs -
(e)
E E
< N
< 3 - T
ET o« 8 = E
CE w E © G
NOo Qo -
D & O ©
(f) o< Y <
0w -
- -

£
o
)
~
&
-

1307 cm”!

£
o
o
~
0
-

T T T T

| L )
2500 2000 1500 1000 500
Wavenumber cm-!

-11501 cm~

I
4000 3500 3000

Fig. 2 FTIR spectra of a RGO, b RGO-ZnO, ¢ RGO-CZO, d RGO/
PANI, e RGO-ZnO/PANI and f RGO-CZO/PANI hybrid composites

O-H stretching respectively. This result is good agreement
with the previously reported H. N. Tien group’s result [34].
Above results confirm the ZnO particles are well incor-
porated on the RGO sheets. In the RGO-CZO (Fig. 2c)
spectrum shows the band at 1146, 1533 and 3471 cm™
corresponding to C-O, C=C and O-H stretching respec-
tively. In addition, it shows strong absorption peaks at 597
and 459 cm™! which corresponds to Co;0, and ZnO peaks
respectively [35]. This result is consistent with the XRD
results.

The FTIR spectrum of RGO/PANI (Fig. 2d) shows
the band at 1593 and 1490 cm™ attributed to the stretch-
ing vibration of quinone and benzene rings respectively.
The band at 1295 and 1123 cm™' corresponds to the C-N
stretching vibration and N=Q=N (where Q=represents
the quinoid ring) respectively, indicating HCl doped PANI
formed in our samples [36]. The in-plane and out-of-
plane bending of C—H stretching of PANI are manifested

@ Springer

837 and 688 cm™!, respectively [37]. The FTIR spectra of
RGO-ZnO/PANI (Fig. 2e) and RGO-CZO/PANI (Fig. 2f)
hybrid composites represent the major PANI character-
istic peaks with slight variation when compared with the
RGO/PANI peaks. However the ZnO peak is appeared at
481 cm™! for RGO-ZnO/PANI and after loading of Co ions
the band shifted to higher wave number at 505 cm™! for
RGO-CZO/PANI. This result clearly confirmed the suc-
cessful formation RGO-CZO/PANI hybrid composite.

3.3 SEM

Figure 3 shows the SEM images of RGO, RGO-ZnO,
RGO-CZO, RGO/PANI, RGO-ZnO/PANI and RGO-CZO/
PANI hybrid composites. Figure 3a shows that the RGO
material consists of randomly aggregated ultra-fine few
layers crumbled sheets that are closely associated with
each other one by one. Due to the chemical reduction of
GO expanded and large oxygen functional groups decom-
posed to form very fine and few layer sheets [38, 39]. The
RGO-ZnO (Fig. 3b) composite possess grains and a porous
structure [40]. It was evident that the electrostatic attraction
formed between the negatively charged RGO sheets and
positively charged Zn** in the precursors, which played an
important role in the firm attachment of ZnO particles on
the RGO sheet to form grains and porous structure [41, 42]

The morphology of RGO-CZO particles are shown in
Fig. 3c. From this image rod like particles are viewed and
it can be clearly observed that the Co doping changed the
morphology of RGO-ZnO. This may be due to the fact
that, Co may start to occupy or substituted by interstitial
sites of nearby Zn atoms [43]. This behavior is possible due
to the small difference in radii of Co,05 (0.58 A) and ZnO
(0.60 A) [44].

The structure of the synthesized RGO/PANI (Fig. 3d)
composite appears to consisting of interconnected, uni-
form worm-like morphology with five micrometers. The
RGO-ZnO/PANI (Fig. 3e) hybrid composite possesses
grains and sponge-like morphology. The RGO-CZO/PANI
(Fig. 3f) hybrid composite exhibits closely connected nee-
dle like structure. It also retains the RGO-CZO compos-
ite structure after polymerization reaction. The contact of
PANI with metal oxide may be favorable for the enhance-
ment of the electrochemical performance.

34 TEM

The TEM image of RGO, RGO-ZnO, RGO-CZO, RGO/
PANI, RGO-ZnO/PANI and RGO-CZO/PANI hybrid
composites are displayed in Fig. 4. The morphology of
RGO (Fig. 4a) shows a wrinkled sheet like structure. In the
case of RGO-ZnO (Fig. 4b), it is clearly evident that ZnO
particles are decorated in RGO sheets within the scale of
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Fig. 3 SEM images of a RGO, b RGO-ZnO, ¢ RGO-CZO, d RGO/PANI, e RGO-ZnO/PANI and f RGO—-CZO/PANI hybrid composites
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50 nm

Fig. 4 TEM images of a RGO, b RGO-ZnO, ¢ RGO-CZO, d RGO/PANI, e RGO-ZnO/PANI and f RGO-CZO/PANI hybrid composites

50 nm. The TEM image of RGO-CZO (Fig. 4c) shows rod
like structure within the scale of 50 nm. Addition of cobalt
ions into the system produce more number of nanorods,
which was clearly observed from TEM image. It is inter-
esting to note that the similar morphology was observed in
previous discussed SEM analysis result. The nanostructure
of RGO/PANI (Fig. 4d) shows both wrinkled sheets and
core—shell structures. It is well known that RGO sheets are
a good electron acceptor and aniline is a very good electron
donor [45]. HCI is used as a dopant, therefore, the mono-
mer of positively charged aniline is to be absorbed onto the

@ Springer

surface of negatively charged RGO sheets through the elec-
trostatic attraction and by the formation of weak charge-
transfer complexes between the aniline monomer and the
graphitic structure of RGO [46]. Finally the result of this
absorption process, RGO sheets are strongly connected by
PANI particles by the chemical polymerization process. It
was found that the morphology of the RGO-ZnO/PANI
(Fig. 4e) changed to an accumulated core—shell structure
which is shown dark and bright areas in the image. The
dark portion denotes the ZnO nanoparticles, while bright
area represents the PANI matrix [47]. This dissimilarity
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in the image is due to the difference in the intensity of
the radiation when it is passing through the inorganic and
organic moieties [48]. The TEM image of RGO-CZO/
PANI (Fig. 4f) hybrid composite revealed a rod shaped
aggregated structure. The PANI particles contribute to
the form of the network, which can interconnect the metal
oxide particles, so that the electrons can be readily diffused
to the sites where redox reactions take place and can facili-
tate easy and fast ion/electron transport between the elec-
trode and electrolyte, which are an essential for achieving
enhanced electrochemical performance [49].

3.5 UV-Visible spectroscopy analysis

To examine the mid gap state availability of the polymeric
composites affected by charge transfer, the UV—Vis spectra

25 (a)
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was performed for the composites in NMP at the concen-
tration of 0.1 mg/ml. UV—-vis absorption spectra of RGO/
PANI, RGO-ZnO/PANI and RGO-CZO/PANI hybrid
composite are shown in Fig. 5a. The UV-vis spectrum of
RGO/PANI shows three dominated peaks at 283, 335 and
560 nm.

These three peaks are ascribed to the excitation of
nitrogen in the benzenoid segments (nm—m* transition),
polaron—t* and n—z* electronic transitions in the emer-
aldine salt form of PANI [50]. For the other two compos-
ites (RGO-ZnO/PANI and RGO-CZO/PANI) shows two
absorption peaks that are shifted when compared with
RGO/PANI. The shifting of peaks evidenced the delocali-
zation of charge through PANI chain [51].

The optical absorption spectrum of RGO/PANI,
RGO-ZnO/PANI  and  RGO-CZO/PANI  hybrid
100
(b)
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E
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>
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Fig. 5 a UV-Vis spectra of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI hybrid composite. b—d Optical band gap curves of RGO/

PANI, RGO-ZnO/PANI and RGO-CZO/PANI hybrid composites
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composites (Fig. 5b—d) were obtained and studied to
evaluate the absorption coefficient (a) energy gap (E,),
photon energy (hv) and nature of transition involved,
which can be written as below equation [52].

ahv=A(ho-E,)" )
where “E,” is the band gap energy of the materials and
“A” 1s a constant and it is different for different transitions,
“hv” is the energy of the photon and “n” is an index which
assumes the values 1/2, 3/2, 2, and 3 depending on the tran-
sition. When n=1/2, which implies the direct and allowed
transitions. n=3/2 which denotes the direct but forbid-
den. In the case of n=2 indicates the indirect and allowed
transitions and n=3 or more for forbidden cases. Of these
n=1/2 direct allowed transition equation can be written as:

aho=A(ho—E,)" ®)

From this equation, the band gap was found to be
3.2 eV for RGO-CZO/PANI hybrid composite, 3.3 eV
for RGO-ZnO/PANI, 3.8 eV for RGO/PANI. The shift
of the band gap additionally confirmed that the metal
ions firmly bind with PANI chain as well as RGO. We
are known that the metal-polymer interfaces have dif-
ferent Fermi levels (Eg). The electrons are carrying only
charges; the balance between donor-receiver is only keep-
ing the Ep level in the semiconductor [53]. So, ion trans-
port phenomenon was occurring between RGO and PANI
through the metal coordinate bonding [54]. The reduced
optical band gap enhances the electrical behavior of the
RGO-CZO/PANI hybrid composite material.
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3.6 Electrochemical performances

The potential application of these samples as electrode
materials for supercapacitor was tested by standard CV,
EIS and GCD method. The CV curves for the RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI hybrid compos-
ite electrodes are presented in Fig. 6a at a scan rate of
10 mV s~! in the potential window of —0.2—1.0 V using 1M
H,SO, as electrolyte. It can be seen from Fig. 6a, the RGO/
PANI, RGO-ZnO/PANI and RGO-CZO/PANI hybrid
composite electrodes exhibit redox peaks which indicate all
the electrodes have pseudocapacitive behavior.

It is worthy of note that the large loop area of the CV
curve of RGO—CZO/PANI is larger than those of other two
electrodes at the same scan rate. It is known that the spe-
cific capacitance is proportional to the integral area of CV
curves, suggesting its enhanced specific capacitance. This
improved electrochemical performance can be described
as follows: The RGO-CZO/PANI hybrid composite lead
to an easy and rapid penetration of the electrolyte ions,
which indicates enriching the charge transport between
the electrode and electrolyte interface. The superior elec-
trochemical behavior of RGO—-CZO/PANI hybrid compos-
ite is attributed to the significant synergistic effect of the
RGO, Co doped ZnO and PANI. In addition the Co ion
inclusion not only improves the double layer capacitance
but also improve the pseudo capacitance by increasing the
accessible surface area of the hybrid composite. The rate
capability for the RGO-CZO/PANI hybrid composite elec-
trode is an important factor. Therefore, the rate properties
of RGO-CZO/PANI hybrid composite electrode at differ-
ent scanning rates are also shown in the range from 20 to

3.0
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2.5
4 20 mV s+
2.0 1 40 mV s
15 60 mV s
E 80 mV s
z 101 100 mV s+t
E, -
z 05
@ .
S
3 0.0
b .
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3 ]
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1.5 -
2.0
2.5 4 v T T . T T T T T T T
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Potential (V) vs SCE

Fig. 6 a CV curves of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI electrodes in 1M H,SO, at a scan rate of 10 mV/s vs SCE. b Differ-

ent scan rate curves of RGO-CZO/PANI electrode
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100 mV s~! in Fig. 6b. It is seen that the CV curves display
similar shapes as the scanning rate increased. The notice-
able increase of peak current with a scan rate means that
there is a good kinetic process of electrolyte ion diffusion
in their pores for the electrode.

The galvanostatic charge—discharge was used to evalu-
ate the capacitive property of RGO/PANI, RGO-ZnO/
PANI and RGO-CZO/PANI electrode materials under vari-
ous current densities. As shown in Fig. 7, the galvanostatic
charge—discharge curves of RGO/PANI, RGO-ZnO/PANI
and RGO-CZO/PANI electrode materials have a simi-
lar symmetrical triangle shape. The symmetrical triangle
curves indicate good reversibility of the charge—discharge
process. In which all show favorable symmetry and linear-
ity. Furthermore, it was viewed that the discharging time
decreasing trend when a higher current density is applied.
It clearly denotes that the electrolyte ion cannot penetrate

RGO/PANI

Potential (V)

well into the inner part of active materials due to slow dif-
fusion at higher current density. The specific capacitance
(Csp) was calculated with different current densities using
the following equations (3).

Csp =Ix At/AV xm 3)
where ‘I’ is the current loaded (A), ‘At’ is the discharge
time (s), ‘AV’ is the potential window change during the
discharge process, and ‘m’ is the mass of active mate-
rial (g) [1]. The calculated specific capacitance values of
(from the Eq. 3) RGO-CZO/PANI is 515 F g~!, which
is nearly two fold times higher than that of RGO-ZnO/
PANI (265 F g~!) and three fold times higher than that of
RGO-PANI (169 F g~!). The improvement of capacitive
property of RGO—CZO/PANI is attributed to the synergis-
tic effect of the two different mechanisms such as electric
double layer capacitor and Faradic pseudocapacitor.
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Fig. 7 Charge discharge curves of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI electrodes at various current densities (1, 2,3,4,5 Ag"])
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Electrochemical impedance spectroscopy study has been
recognized as one of the principal techniques for investigat-
ing the electron and ion transport in electrode material. The
charge transfer resistance (Rct) value of the RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI were calculated
from the EIS over the frequency range of 0.01 Hz—100 kHz
using three electrode systems in 1M H,SO, solutions using
sinusoidal wave amplitude of 10 mV at the high frequency
region as shown in Fig. 8a. The RGO/PANI, RGO-ZnO/
PANI and RGO-CZO/PANI hybrid composite electrodes
are similar composed of semicircle at high frequency
region, which gives solution resistance (Rs) and charge
transfer resistance (Rct). Warburg impedance was viewed
from the project line (45°) at the low frequency region and
it displays the diffusive resistance of electrolyte ions in host
materials. The Rct values of RGO/PANI, RGO-ZnO/PANI

350

{(@)
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200 —#— RGO/PANI
—&— RGO-ZnO/PANI

—&— RGO-CZO/PANI

Z" (Ohm)

150 —

100 +

50

— 7717
0 100 200 300 400 500 600 700 800 900
Z' (Ohm)

400

and RGO-CZO/PANI hybrid composite electrodes were
calculated from EIS (Fig. 8a) and values found to be 748,
445 and 185 Q respectively. The Rct value of RGO-CZO/
PANI electrode is lower than that of RGO-ZnO/PANI elec-
trode, so there is an unrestricted charge transfer possessing
in RGO-CZO/PANI. Hence, EIS study shows good elec-
trochemical behavior for RGO-CZO/PANI compared to
RGO-ZnO/PANI.

Figure 8b represents the current densities versus specific
capacitance (Csp) curves for RGO/PANI, RGO-ZnO/PANI
and RGO-CZO/PANI hybrid composite electrodes. All
materials have linear plots with decreased current density
and increased the specific capacitance. The maximum spe-
cific capacitance (Csp) values of RGO/PANI, RGO-ZnO/
PANI and RGO—-CZO/PANI materials are 169, 265 and
515 F g~! for the current density of 1 A g~! respectively.
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(b)

500
—#— RGO/PANI

—&— RGO-ZnO/PANI
—4&— RGO-CZO/PANI

450

400 —

350 -:
300 -
250 -
200 -

150

Specific capacitance (F/g)

100

50

T T T v T T |
1 2 3 4 5
Current density (A g -)

{(c)

350

300
250
200

150

Energy density (Wh/kg)

100

50

0 T v T

—&— RGO/PANI
—&— RGO-ZnO/PANI
—A— RGO-CZO/PANI

v T
0.5 1.0 1.5

T v T T T
2.0 25 3.0

Power density (KW/kg)

Fig. 8 a Impedance spectra of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI electrodes. b Specific capacitance curves of RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI electrodes. ¢ Ragone plot curves of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI electrodes
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The RGO-CZO/PANI hybrid composite electrode showed
almost twice the specific capacitance of RGO-ZnO/PANI
and it shows the good capacitive performance for super-
capacitor energy storage applications. The specific capaci-
tance values obtained for this synthesized RGO-CZO/
PANI hybrid composite electrode is larger or compara-
ble with the values reported in a previous published work
(Table 1)

Figure 8c depicts the Ragone plots for RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI samples to evalu-
ate the energy density and power density for supercapacitor
applications. The energy (E) and power density (P) was cal-
culated using the following equations [63].

E = 1/2CV? “)

P=E/t )
where, ‘E’ is the energy density (Wh/kg), C’ is the spe-
cific capacitance (F/g), ‘V’ is the discharge potential (V),
‘P’ is the power density (KW/kg) and ‘t’ is the discharging
time (s). The RGO-PANI electrode can deliver an energy
density in the range of 121—44 Wh kg™' and power den-
sity in the range of 0.59-2.9 kW kg~!. The RGO-ZnO/
PANI electrode can provide an energy density in the range
of 190—72 Wh kg~! and power density in the range of
0.6-3 kW kg~!. It was observed that the RGO—CZO/PANI
material has high energy density values in the range of
370—152 Wh kg~!, while the power density values are in
the range of 0.62-3.1 kW kg~!. The enhanced energy and
power density of RGO-CZO/PANI hybrid composite may
be due to the synergistic effect between the conducting
organic material and inorganic metal oxides. Hence, the
RGO-CZO/PANI hybrid composite is a promising elec-
trode material with good capacitance and energy density
for super capacitor applications.

The electrochemical performances of RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI samples were fur-
ther studied in this work by a two-electrode cell configu-
ration. Given that the voltage window of 0.0-0.1 V is the
most appropriate one for supercapacitors and the results are

displayed in Figs. 9 and 10. Figure 9a shows the CV curves
of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI
electrode cells. It is obvious that the RGO-CZO/PANI
electrode cell shows the highest current density among
all the electrodes, implying its best capacitive perfor-
mance. Figure 9b—d shows the CV curves of RGO/PANI,
RGO-ZnO/PANI and RGO-CZO/PANI electrode cells at
different scan rates, demonstrating the good rate property
and excellent capacitance behavior.

The galvanostatic charge—discharge curves (Fig. 10a)
displays slightly distorted triangular shapes at the same cur-
rent density of 1 Ag™!, indicating capacitance performance
from the combination of double layer capacitance forma-
tion and redox reactions [63]. In addition, we can simply
observe that the discharging time of the RGO-CZO/PANI
sample has obviously been improved compared with other
samples owing to the pseudo-capacitive behavior derived
from synergistic contributions of individual components
assist charge transport and energy storage. The galvano-
static charge—discharge curves and different current densi-
ties of RGO/PANI, RGO-ZnO/PANI and RGO-CZO/PANI
are shown in Fig. 10b—d. The shape of the charge—discharge
curve deviates largely from linearity, indicating that the
charge storage mainly originated from Faradic redox reac-
tions [64]. The specific capacitance of the electrode mate-
rial is indicated through the discharging time; the longer the
discharging duration improves the specific capacitance of
the composite material [65]. Based on the discharge curve
the specific capacitance of the RGO-CZO/PANI (Fig. 10e)
electrode reaches up to 208 F g~' at 1 A g™, but the spe-
cific capacitance for RGO-ZnO/PANI and RGO/PANI only
reach 82 and 22 F g~ respectively.

The energy density and power density are two key
factors to estimate the performance of supercapacitors
for practical application. Figure 10f shows the Ragone
plot relating the energy density to the power density of
symmetric cell. Notably, the energy density decreases
with the increase of the current density, while the power
density enhances with the increase of the current density
[66]. The high energy density achieves 28.88 Wh kg~ at

Table 1 Specific capacitance

. . Material Electrolyte Current density Specific capaci- References
comparison of our hybrid It
| . tance (Fg™")
composite electrode with
previously reported work Graphene/PANI 1M H,SO0, 01Ag™ 257 [55]
Polyaniline/Graphene 1M H,SO, 025Ag™! 340 [56]
Layered PANI/Graphene IM H,SO, 05A¢g™! 384 [57]
Polyaniline/Graphene oxide IM H,SO, 05A¢g™! 355 [58]
Graphene/MnO,/PANI 1M Na,SO, 1Ag™! 305 [59]
Co;0,/MWCNT/GNS 1M NaOH CV10mVs™ 294 [60]
Graphene/ZnO 1M KCl CV5mVs™! 109 [61]
RGO-CZO/PANI IM H,SO, 1Ag! 515 This work
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a power density of 0.694 kW kg~! in RGO—CZO/PANI,
which is much higher than other electrodes such as
RGO-ZnO/PANI (11.38 Wh kg! at 0.595 kW kg~!) and
RGO/PANI (3.05 Wh kg~! at 0.494 kW kg™!). The supe-
rior energy-storage performance can be ascribed to the
following factors. First, the improved electronic conduc-
tivity provides quick charge transfer in the hybrid com-
posite electrode. Second, the synergistic contribution of
the individual components, such as Co doped ZnO, RGO
and PANI. Third, the effective porous network struc-
ture provides more response active sites, which is ben-
eficial for rapid ion diffusion and transport to the elec-
trode—electrolyte interface [67].

@ Springer

4 Conclusions

In the present work, RGO-CZO/PANI hybrid composites
were synthesized by simple chemical co-precipitation and
in situ chemical oxidative polymerization method. A series
of characterization methods (XRD, FTIR, SEM, TEM
and UV-Vis) were confirmed that PANI has successfully
coated the RGO—CZO hybrid composite. It is found that
the well-designed hierarchical nanostructure and the syner-
gistic effects among the three components (CZO, RGO and
PANI) are conductive to the high electrochemical perfor-
mance. The fabricated electrode of RGO—CZO/PANI could
absorb more electrolyte ions, shorten the electronic path
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length, and promote the usage of active material and lead-
ing to the excellent electrochemical performance, which
includes a specific capacitance, energy density and power
density. The supercapacitors exhibiting superior capaci-
tive performances can be implemented in the voltage win-
dows of —0.2 to 1.0 V and 0.0 to 1.0 V when conducting
in a three electrode system (515 F g~!) and two electrode
system (208 F g™1), respectively. Therefore, we hope that
such designed material could be considered as a perspec-
tive electrode material for high performance supercapaci-
tors. Furthermore, the process of forming and relating ideas
of constructing stable materials could open up a brand new
filed for fabricating supercapacitors.
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