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HIGHLIGHTS GRAPHICAL ABSTRACT

A flexible ZnO@C foam was fabricated as
supercapacitor electrode/support.
Zn0@C foam exhibits enhanced areal
specific capacitance of 1120 mFem ™2 at
4mAcm—2

The foam provides improved charge
transfer rate and high electrical
conductivity.

The asymmetric device delivers high
energy density and excellent cycling
stability.

Zn0@C benefits high potential applica-
bility in energy storage and production
devices.

ARTICLE INFO ABSTRACT

Artic{e history: In this work, we have synthesized a flexible ZnO@C foam for its potential applications in energy production and stor-
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deposition of ZnO@C nanostructure on Ni foam, and finally, removing Ni substrate to have ZnO@C foam. Based on
cyclic voltammetry, galvanostatic charge-discharge curves and electrochemical impedance spectroscopy, it was
concluded that the ZnO@C foam has a suitable electron transfer rate and conductivity. ZnO@C foam provides a
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+ Corresponding author. electrodes play an important role and make a major contribution to per-
E-mail address: moradlou@alzahra.ac.ir (0. Moradlou). formance and cost of the device [2,3]. In supercapacitors as promising

https://doi.org/10.1016/j.matdes.2020.108525
0264-1275/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.108525&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.108525
mailto:moradlou@alzahra.ac.ir
Journal logo
https://doi.org/10.1016/j.matdes.2020.108525
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes

2 Z. Fahimi, 0. Moradlou / Materials and Design 189 (2020) 108525

energy storage devices [4,5], the required electrode characteristics are
their low-cost, high specific surface area, high capacity, fast electron
transfer rate and good electrical conductivity.

For the fabrication of a supercapacitor (SC) electrode, in general, the
active material(s) is loaded on a suitable conductive substrate as a sup-
port. The challenge is selecting an ideal support for further deposition of
the electroactive materials with large amount of loadings per unit area
[6]. A substrate with the interconnected network and the hierarchical
and porous structure enables enough electrolyte access to the active
materials deposited on the substrate. In addition, the specific surface
area with higher conductivity, higher mechanical stability and the flex-
ibility of the substrate are key factors that offer higher power densities
for the final device. So, the selected support plays a vital role in improv-
ing the efficiency in charge/discharge processes of SCs. In most of the re-
searches in the field of batteries or supercapacitors, nickel foam or
carbon cloth is used as substrate/support for loading the active mate-
rials. Nickel foam (NF) in supercapacitors acts as both good electrical
conductive support and as the active capacitive material. The porous na-
ture of NF backbone provides excellent mechanical strength and allows
easy access of electrolyte for charge transportation.

Based on these issues, a large body of researches has been carried
out to introduce a novel support or foam to increase the capacity as
well as the power density of the fabricated SCs. Up to now, several
foam electrodes including nickel foam [7,8], carbon nanotube
(CNT) foam [9-11], hierarchically porous carbon foam [12,13], het-
eroatom engineered carbon foam [14], graphene (GR) foam [15,16]
and GR/CNT hybrid foam [6] have been reported for their energy
storage applications. These substrates/supports display their capaci-
tive (in carbon-based) [17] and pseudo-capacitive (in Ni-based) be-
haviors. However, fabrication of the supports or foams based on
metal oxides for their supercapacitive applications have rarely been
reported yet. Recently, 3D porous metal oxide (V,0s, MoO3, MnO-)
foams coated with nitrogen-doped carbon has been reported as
suitable foams for their lithium storage applications [18]. Feng et al.
have reported Fe—Mn oxide foams and studied their magnetic
properties [19]. Very recently, Sesu et al. have fabricated a CoCuBi
oxide foam structure as a significant electrocatalyst for methanol
electrooxidation [20] and Han and Zhao have reported a novel iron
oxide foam as acetone gas sensor [21].

For their supercapacitive applications, metal oxides provide higher
specific capacitance because of their multiple oxidation states for the re-
versible Faradaic reactions and unique redox properties [22,23]. Com-
pared to carbon materials, the advantage of metal oxide-based
supercapacitor electrodes is their pseudo-capacitive behavior raising
from their redox reactions. So, metal oxides with higher theoretical spe-
cific capacitance values such as RuO; [24,25], MnO; |26}, NiO [27], and
Co304 [25) have been widely investigated worldwide. However, among
these metal oxides, the supercapacitive behavior of one-dimensional
(1D) and two-dimensional (2D) ZnO nanostructures [29-31] have
been investigated because of their high energy density, low cost, and
eco-friendly nature. For example, carbon-ZnO nanocomposite has
been reported recently as an appropriate supercapacitive material due
to its high energy and power densities [32,33]. ZnO tetrapods have
also been synthesized and proposed as a suitable supercapacitive elec-
trode materials for its energy storage applications [34,35].

Although ZnO is one of the suitable material for its potential
supercapacitor applications, it does suffer from a number of flaws in-
cluding poor conductivity [36]. To address this limitation, several strat-
egies were developed including the addition of conductive -material,
the creation of porous structure and utilizing 3D structure [37-40]. Fab-
rication of 3D structure provides a large specific surface area with the in-
creased capacity. In fact, it is expected that the interconnected network
structure of 3D foam due to abundant porous at the surface, provides
the improved electrode/electrolyte contact area, increases the ion con-
tact sites, reduces the dead volume and shortens the ion diffusion pro-
cesses [41,42].

In this work, regarding the above-mentioned issues on electron
transfer rate, electrical conductivity, structure and the flexibility of the
substrate in the supercapacitors, we have focused on the fabrication
and introduction of a flexible 3D ZnO@C foam as a suitable substrate
in energy storage devices. For this purpose, at first, the flower-like
ZnO@C nanostructures were fabricated by using a simple hydrothermal
method, and then, ZnO@C foam was fabricated by using a nickel foam as
template. Significantly, the resulted foam does have high porosity to in-
crease the ion contact sites and shorten the ion diffusion in the ionic
transfer processes. Furthermore, the high conductivity of 3D ZnO@C
foam leads to an improvement in the capacity and performance of the
structure compared to a commercial nickel foam.

2. Experimental
2.1. Materials

All chemicals were of analytical grade. Deionized (DI) water was
used throughout the work. Zinc nitrate hexahydrate, urea, N-methyl-
2-pyrrolidone (NMP), polyvinylidene fluoride (PVDF), activated carbon
(AC), isopropyl alcohol, tetraethyl orthosilicate (TEOS), ammonium hy-
droxide (NH4OH), cetyltrimethylammonium bromide (CTAB), resor-
cinol, formaldehyde, hydrofluoric acid (HF), and hydrochloric acid
(HCI) were purchased from Merck and used without purification.

2.2. Preparation of flower-like ZnO

The flower-like ZnO powder was synthesized by a simple hydrother-
mal method as reported elsewhere [43] with modification. Briefly,
0.30 g of Zn(NO3),-6H,0 and 0.12 g of urea were dissolved in 70 mL de-
ionized water and the resulted solution was gently mixed at room tem-
perature for 30 min. Then, the mixture was transferred to a 50-mL
Teflon-lined stainless steel autoclave and the autoclave was heated to
95 °C for 6 h. The resulted white precipitate was filtered and washed 3
times with ethanol and distilled water and dried overnight in an oven
at 70 °C. Finally, ZnO powder was retrieved through a heat treatment
at 300 °Cin air for 2 h.

2.3. Preparation of ZnO@Si0,@C

The core-shell structure of ZnO@SiO,@C was synthesized via a sol-
gel method. At first, the synthesized ZnO nanostructure was mixed in
a solution containing 194 mL isopropyl alcohol, 18 mL DI water, 10 mL
NH4OH and 0.20 mL TEOS and stirred for 2 h at 40 °C. Then, 0.46 g of
CTAB and 14.1 mL of deionized water were added to above-
mentioned solution under the vigorous stirring condition. After 1 h stir-
ring, 0.70 g of resorcinol, 56.4 mL of absolute ethanol, and 0.2 mL of
NH,4OH were sequentially added to the solution. The resulting solution
was then stirred for another 30 min at 35 °C and finally, 0.1 mL of form-
aldehyde was added. After the continual stirring and consequently poly-
merization via aging overnight, the obtained ZnO@SiO,@RF
nanospheres (RF: resorcinol-formaldehyde) were collected and washed
several times with deionized water. The final product i.e. ZnO@SiO,@C
core-shell nanocomposite was prepared by the calcination of ZnO@
SiO,@RF powder at 600 °C for 3 h under the N, atmosphere (Scheme 1).

2.4. Fabrication of ZnO@C foam

For the fabrication of ZnO@C foam, a commercial nickel foam was
used as a template for coating ZnO@Si0,@C. Nickel foam (1 x 1 cm?)
was highly cleaned by consecutive sonication in DI water, ethanol, and
acetone for 10 min and dried for 2 h at 60 °C. The paste for the fabrica-
tion of ZnO@C foam was prepared by mixing of synthesized ZnO@SiO,@
C powder as the backbone and PVDF as bonding agent with the mass ra-
tios of 8:2 in NMP as solvent. The mixture was stirred for 12 h until a ho-
mogeneous slurry was obtained. Ni foam was gently coated by the
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Scheme 1. Schematic representation of preparing ZnO@SiO,@C composite.

resulted paste and dried at 60 °C for 12 h in an oven to obtain ZnO@
Si0,@C/Ni. Ni foam was chemically removed from ZnO@SiO,@C/Ni by
etching in 3 M HCl at 100 °C for 3 h. Then, the silica layer was etched
by 1 M HF for 1 h [44-46]. Finally, the resulted 3D ZnO@C foam was
dried at 60 °C for 12 h (Scheme 2).

2.5. Materials characterization

To identify the crystalline phase of the synthesized ZnO powder and
the resulted ZnO@C foam, X-ray diffraction (XRD) spectrometer
(Panalytical, X'Pert Pro system) with Cu K, radiation (A =
0.15418 nm) was used. The surface morphology of the flower-like
ZnO and ZnO@C foam was characterized by field-emission scanning
electron microscopy (FE-SEM, Tescan Mira3) equipped with energy-
dispersive X-ray spectroscopy (EDX) analyzer.

2.6. Electrochemical measurements

The electrochemical characteristics of the samples were investigated
by cyclic voltammetry (CV), galvanostatic charge-discharge, and elec-
trochemical impedance spectroscopy (EIS) techniques by using a
Galvanostat/Potentiostat Autolab PGSTATE 302 N (Metrohm Autolab,
Switzerland) with a typical three-electrode electrochemical system in-
cluding a Ni or ZnO@C foam as working electrode, an Ag/AgCl (KCI
3.0 M) as reference electrode and a Pt plate as counter electrode. Potas-
sium hydroxide solution (KOH, 3.0 M) was used as an electrolyte in all
of the electrochemical experiments. The asymmetrical supercapacitor
was fabricated by assembling fabricated ZnO@C foam as the positive

ZnO@SiO@C coating

Ni foam

- Chemical etching of Ni foam
- SiO2 removal

electrode and carbon clothes coated with 10 wt% activated carbon
(AC) and 10 wt% PVDF binder (NMP as the solvent of material slurry)
as the negative electrode. The polypropylene film was used as the sep-
arator which was soaked in 6 M KOH electrolyte.

3. Results and discussion
3.1. Characterization

The main challenge in the fabrication of ZnO@C foam by the pro-
posed method is the possibility of ZnO corrosion in etching solution
(HCI, 3 M) which is used for the removal of Ni foam. In fact, at the initial
stages of this work, to fabricate ZnO@C foam, we synthesized ZnO@C
powder. But, in the Ni foam chemical etching step, few amounts of
Zn0 from ZnO@C was dissolved in hot acidic solution. So, we designed
to have a protective layer to prevent the dissolution of ZnO in the chem-
ical etching step. The best choice was SiO,-based protective layer.
Therefore, ZnO@SiO,@C core-shell nanocomposite was synthesized via
the proposed three-step method. At first, ZnO nanostructure was syn-
thesized by hydrothermal method. Then, a thin layer of SiO, was coated
on ZnO via the conventional sol-gel method. The silica layer was coated
on ZnO by the hydrolysis and condensation of TEOS in a mixture of
water and ethanol in the presence of ammonia as a catalyst [47,48]. Fi-
nally, at the third step, ZnO@SiO, was coated with a polymeric layer of
resorcinol-formaldehyde (RF) via a sol-gel process [49] and then,
ZnO@SiO,@RF was calcined under the inert atmosphere to obtain
Zn0@Sio,@C.

In the hydrothermal synthesis of flower-like ZnO, OH™ species
through the coordination or electrostatic interactions can bind to Zn?*
to form Zn(OH), and Zn(OH)5~ (Egs. (1) and (2)):

Zn** + 20H™ -Zn(OH), (1)
Zn(OH), + 20H™ —-Zn(OH),*~ 2)

Then, ZnO is formed through the gradual dehydration of Zn(OH)3™
(Eq. (3)) under the hydrothermal conditions:

Zn(OH),>~—>Zn0 + H,0 + 20H~ (3)

So, it seems that the gradual delivery of OH™ by urea (as an OH~
source precursor) in the process plays an important role in the forma-
tion of flower-like ZnO nanomaterials (Fig. 1a) [50], the fact that the
FE-SEM images (Fig. 1b) and XRD pattern (Fig. 2) confirm the formation
of high crystalline ZnO. The mechanism for the formation of flower-like
ZnO nanomaterials is shown in Fig. 1. In the formation of flower-like
ZnO, ZnO nanoneedles/nanosheets are connected together through
the hydrothermal process to form ZnO spheres. Because of the large
number of nanosheets/needles in this structure, it is expectd that the

ZnO@C foam

Scheme 2. Schematic representation of preparing ZnO@C foam.
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Fig. 1. (a) Schematic illustration of the formation process of flower-like ZnO, (b) FE-SEM
images of synthesized ZnO.

electrochemical properties and the capacitive performance of the re-
sulted electrode based on this material will be improved.

To investigate the thermal stability and the content of carbon in syn-
thesized ZnO@SiO,@C composite, thermal gravimetric analysis (TGA)
was used in the temperature ranges from 25 °C to 700 °C under the am-
bient atmosphere at the ramp rate of 20 °C min ™~ (Fig. 2a). The weight
loss curve indicated that ZnO@SiO,@C has suitable thermal stability,
and carbon began to oxidize around 450 °C. The sharp decrease in the
weight of composite after 450 °C confirms the presence of carbon in
the structure.

Fig. 2b illustrates the XRD pattern of the flower-like ZnO@C. The
characteristic diffraction peaks for ZnO is observed at 26 values of
31.7°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, 66.4°,67.9°, 69.1°, 72.6°, and
76.9°, attributed to (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) planes, respectively. All diffraction
peaks can be indexed to the hexagonal ZnO crystallites (JCPDS
36-1451) [51-53]. The sharp peaks for the sample confirm the high
crystallinity of ZnO in the synthesized material.

After the chemical etching of SiO, layer by HF solution, ZnO@C foam
was obtained. Fig. 3 shows the FE-SEM images of ZnO@ SiO,@C and the
fabricated ZnO@C foam. Fig. 3b shows that the ZnO@C foam has a 3D po-
rous interconnected network structure and shows the original skeleton
of the initial nickel foam template. The elemental mapping of the sam-
ple (Fig. 3¢) indicates the uniform distribution of Zn and C elements in
the fabricated foam. In addition, to have a quantitative analysis, the elec-
tron dispersive x-ray spectroscopy (EDX) of the foam was investigated

(Fig. 3d) and the amount of Zn, O and C elements are obtained as 26.7,
23.1, and 50.2 wt%, respectively. The ratio of Zn and O is almost equal
and the amount of C in the nanocomposite is higher than Zn and O.
This indicates that flower-like ZnO particles are incorporated into car-
bon through resorcinol-formaldehyde reaction followed annealing.
The flexibility of the fabricated ZnO foam was also examined 10 times
without any destruction of the foam skeleton (Fig. 3e) indicating its po-
tential applications in the flexible supercapacitors.

The thickness of the fabricated foam was 1.32 mm. By using the four-
point probe measurement, the results (Table 1) indicate that the electri-
cal conductivity of the fabricated ZnO@C foam is high
(3.26 x 1072 S cm™!) with low resistivity of about 31 Q cm. The electri-
cal conductivity of fabricated ZnO@C foam is lower than that of
graphene foam (for example, 1 S cm™!) [54] and CNT/graphene foam
(for example, 1.9 S cm™!) [6]. The lower electrical conductivity of
ZnO@C foam is due to the lower conductivity of ZnO as semiconducting
material compared to graphene or carbon nanotube (CNT). As will be
discussed in folowing sections, the lower electrical conductivity of the
fabricated foam is compensated with fast electron transfer rate,
pseudocapacitance behavior and higher capacitance of foam without
any modification with other catalytic or capacitive compounds.

3.2. Electrochemical analysis

For the investigation of the electrochemical characteristics of ZnO@C
foam, it was firstly carried out with a standard three-electrode system in
3.0 M KOH aqueous electrolyte at room temperature. Cyclic voltammo-
gram (CV) of the ZnO@C foam at the scan rate of 20 mV s~ ! in the po-
tential window from 0 to 0.6 V is shown in Fig. 4a. CV of a commercial
Ni foam was also involved in Fig. 4a. A pair of Faradaic redox peaks oc-
curred around 0.35 V and 0.15 V vs. Ag/AgCl (as a reference electrode)
corresponding to the oxidation and reduction processes, respectively.
These redox peaks stem from the intercalation and de-intercalation of
cationic alkali metal K* from the electrolyte into ZnO@C structure.
The reaction at the electrode surface can be represented as follows
(Eq. (4)) [55-57]:

Zn0 + K* + e~ -Zn0OK (4)

The difference between the oxidation (Ep,) and reduction (Ep.) peak
potentials (AE,) is about 0.2 V, indicating the quasi-reversible behav-
iour of the electrochemical reaction at the electrode surface (Eq. (4))
with the accelerated charge transfer rates, the fact that will be discussed
in the following section based on the electrochemical impedance spec-
troscopic (EIS) data.

The oxidation and reduction peak currents are high enough to con-
firm its higher surface area, easier intercalation/de-intercalation of K™
into ZnO@C nanostructure, as well as its higher conductivity. CV of Ni
foam is also included in Fig. 4a. The oxidation and reduction peak cur-
rents of proposed ZnO@C foam are higher than that of Ni foam. Cyclic
voltammograms of ZnO@C foam were also investigated at different
scan rates (Fig. 4b). With the increase in the scan rate (v), the currents
are increased and the oxidation and reduction peak potentials shift to
more and less positive potential values, respectively, indicating the
quasi-reversible behavior of the electrode [58].

The specific capacitance values of the ZnO@C foam derived from the
voltammograms at different scan rates were calculated as follows

(Eq. (5)) [37]:
1
- v / J(V)dv (5)
Va

where C, v, V,, V, and ] are the specific capacitance (F cm™2), scan rate
(Vs™1), high and low potential limit (V), and instant current density
(A cm™2), respectively. Fig. 4c illustrates the plot of specific capacitance
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Fig. 2. (a) TGA curve of ZnO@SiO,@C nanocomposite, (b) XRD pattern of ZnO@C powder.
of ZnO@C foam as a function of scan rate. The graph shows a gradual de- the following equation (Eq. (6)) [38]:
crease in the specific capacitance with the increase of scan rate. It means
that at the lower scan rates, the electrolyte ions easily penetrate into al- Coo = o (6)

most all of the active cites of ZnO@C foam, while at higher scan rates, the
ion diffusion is limited to the accessible active cites for charge storage
[1,37].

To examine the practical applications of ZnO@C foam in
supercapacitors, the galvanostatic charge-discharge (GCD) curves in
the potential range of 0 to 0.45 V was investigated at the current density
of 4 mA cm™2 (Fig. 4d). The GCD curve of Ni foam was also included in
the plot, which was obtained under the same conditions. The charge and
discharge parts of GCD curve for ZnO@C foam keep the symmetric rela-
tion, indicating the excellent reversibility of the redox reaction as well
as good electrochemical behavior, which confirms the CV results
(Fig. 4a). Low IR drop in GCD curve of ZnO@C foam offers the lower
electrode-electrolyte interfacial resistance which is an important factor
in the improvement of a supercapacitor performance. Generally, the
foam acts as hybrid capacitor and the mechanism of charge and dis-
charge contains two different parts. In the potential range of 0.4 V to
0.2 V, the decay in discharge part indicates the occurrence of electro-
chemical process (pseudocapacitance), while in the potential range of
0.2 Vto 0V, the decay is from the discharge of double layer (EDL capac-
itance). The specific capacitance of an electrode is calculated by using

AV

where Cq, ], t and AV are the specific capacitance (mF cm™~2), discharge
current density (mA cm™2), discharge time (s), and the potential range
of charge-discharge (V), respectively. The specific capacitances (Cs.) of
both ZnO@C and Ni foams at 4 mA cm~2 are reported in Table 2. The en-
ergy density (E, Wh m™2) and power density (P, Wm™2) of both elec-
trodes have also been depicted in Table 2. A suitable electrochemical
supercapacitor is expected to provide a high specific capacitance as
well as the high energy density. The equations that describe E and P
are as follows (Egs. (7) and (8)): [38,59].

E= %CCSAVZ (7)
E
P=i 8)

where E, P, Ces, AV, and At are the energy density (Wh m™2), power
density (Wm™2), specific capacitance (F cm™2), potential window
(AV), and discharge time (s), respectively. Based on the results obtained
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Fig. 3. (a) FE-SEM image of ZnO@Si0,@C; (b) FE-SEM image, (c) elemental mapping, (d) EDX spectrum, and (e) photograph of the fabricated flexible ZnO@C foam.

by a three-electrode electrochemical system (Table 2), the specific ca-
pacitance of ZnO@C foam is higher than that of Ni foam. This discrep-
ancy is mainly due to the high conductivity, large surface area and the
higher pore volume in ZnO@C foam compared to Ni foam. Any improve-
ment in these physical properties would increase the interaction be-
tween the electrode and electrolyte through the pores and decrease
the ion transport pathway [37]. Also, the specific energy density and
the power density of ZnO@C foam is higher than that of Ni foam. So, it
can be concluded that ZnO@C foam due to its high specific capacitance,
high energy and power densities (Table 2) with high conductivity and
lower resistivity (Table 1) can be used as an alternative substrate for
the fabrication of supercapacitor electrodes.

The GCD curves of ZnO@C foam at various current densities are
shown in Fig. 5a. The GCD curves of ZnO@C foam exhibited a triangular
shape. The quasi-symmetric GCD curves indicate that the ZnO@C foam
has highly reversible faradaic reactions. The specific capacitances of
1298, 1120, 1005, and 906 mF cm ™2 were obtained at the discharge cur-
rent densities of 2, 4, 6, and 8 mA cm ™2, respectively. The specific capac-
itances of ZnO@C foam can be calculated from GCD curves according to
Eq. (6). As shown in Fig. 6b, the specific capacitance of ZnO@C foam is
gradually decreased with the increase of current density.

In Table 3, the specific capacitances of the fabricated ZnO@C foam
and carbon-ZnO electrodes have been compared and it can be con-
cluded that the proposed foam show superior supercapacitive perfor-
mance among the summarised reported values.

3.3. Electrochemical impedance spectroscopy
In order to get more insight into charge transfer resistance, the elec-
trochemical impedance spectroscopy (EIS) of ZnO@C foam was studied.

EIS is a powerful electrochemical technique for studying the charge

Table 1
Four-point probe measurement of the conductivity of ZnO@C foam.

Sample Resistance () Resistivity ({2 cm) Conductivity (S cm™1)

Zn0@C foam 2.71 31 326 x 1072

transfer rate in supercapacitor electrodes. Fig. 6a shows the Nyquist
plots for ZnO@C and Ni foams obtained in open circuit voltage in the fre-
quency range of 0.1 Hz to 100 kHz. Also, Fig. 6b shows the Bode plot of
the foam. In terms of the frequency region, the impedance spectra may
be classified into high-frequency redox reaction, mid-frequency diffu-
sion process and low-frequency capacitive phenomena. The mid-
frequency region in Nyquist plot of ZnO@C foam indicates the appropri-
ate diffusion rate of electrolyte ions from the electrolyte to the electrode,
which depends on the various physical factors including the porosity of
the active material, morphology and the thickness of deposited active
material at the electrode surface. Further, in this region, compared to
Ni foam, the Nyquist plot of ZnO@C foam displays a sharp rise of imped-
ance, indicating a good capacitive behaviour of the fabricated foam. In
low-frequency region, ZnO@C foam shows the capacitive behaviour,
and at the high-frequency region, shows the appropriate electrical con-
ductivity at the electrode-electrolyte interface. By fitting the data of the
Nyquist plot, the charge transfer resistance (R.;) of ZnO@C and Ni foams
were obtained to be 7.1 Q and 10.3 Q, respectively.

The Bode plots of the foam were also investigated (Fig. 6b).

In general, the impedance characteristics of a supercapacitor oscil-
late between a phase angle of 0° (pure resistor) to 90° (pure capacitor).
So, the phase angle for the ideal capacitor is 90° and when the phase
angle of the electrode approaches 90°, the device is an ideal capacitor.
The Bode plots of both foams show that the phase angle of the fabricated
ZnO@C foam reaches 77°, which is greater than that of Ni foam (bout
73°).

From the scrutiny of the frequency response of the foams, the re-
sponse time (T.s) of both foams can be calculated from the frequency
values (f) at the phase angle of 45° by using the following equation
(Eq. (9)):

1

Trs = 5o (9)

Trs for Ni and ZnO@C foams were obtained as 20 ms and 7 ms, re-

spectively. The lower T, value for latter indicates the fast electron trans-
fer and more conductivity for ZnO@C foam [64,65].
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Fig. 4. (a) Cyclic voltammograms of ZnO@C foam and Ni foam in 3.0 M KOH at the scan rate of 20mV s, (b) cyclic voltammograms of ZnO@C foam at different scan rates of 20, 40, 60 and
80 mV s~ !, ¢) plot of the specific capacity of ZnO@C foam versus scan rate, and d) charge-discharge curves of ZnO@C foam (Blue line) and Ni foam (Redline) at the current density of
4 mA cm 2 in 3.0 M KOH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The complex capacitance calculations for foam were also performed.
The frequency dependent complex capacitance (Csc) can be defined as a
combination of real and imaginary parts of the capacitance, C’ and C”,
and is calculated by Egs. (10)-(12) [64]:

Csc=C+C (10)

where:
(=2")

C = 11
07 (11)
(-2)

C= 12
PNV (12)

where, Z’, Z” and |Z| are the real, imaginary and modulus of total imped-
ance of the capacitance, respectively.

Fig. 6¢ illustrates the frequency response for the real part of ZnO@C
and Ni foams. Actually, the real part of the capacitance indicates the

Table 2
Specific capacitance, energy density and power density of Ni and ZnO@C foams.

Foam  Current density Specific capacitance Energy density Power density

(mA cm~?) (mF cm™2) (Wh m~2) (Wm™2)
Ni 4 13.6 1.5 0.93
Zn0@C 4 1120 224 217

variation of capacitance created via electrolyte ion penetration inside
the pores of foam at a particular frequency. At low frequencies, due to
the ion penetration into deep pores, the real part of the capacitance of
Zn0@C foam, C’, is increased. However, at high frequencies, C’ de-
creased because of the limited ion access the surface of the pores. In
these high frequencies, the real capacitance, due to the resistor behav-
iour of the foam, is very low and is independent of frequency. Therefore,
the amount of capacitance stored in the foam should be measured at
low frequency values. As Fig. 6¢ shows, in all low-frequency ranges,
Zn0@C foam has significantly higher capacitances compared to Ni
foam, mainly due to the higher conductivity of the former. As a result,
Zn0@C foam has a suitable superconducting performance than Ni foam.

The changes in the imaginary capacitance, C’, with change in fre-
quency for ZnO@C and Ni foams are also shown in Fig. 6d. The dielectric

. . 1 .
relaxation time (7,) can be calculated from T,=-;, where f is the fre-

f

quency at which C” is in its maximum values. So, T, represents the min-
imum time required for the discharge of all stored energy in the foam.
The results show that ZnO@C foam reaches to 7, faster than Ni foam, in-
dicating the excellent capacitive behavior of ZnO@C foam.

Finally, to evaluate the practical advantage of the fabricated ZnO@C
foam for supercapacitor purposes, the asymmetric supercapacitor
(ASC) was fabricated by using ZnO@C foam and active carbon as the
positive and negative electrodes, respectively. At first, cyclic voltamme-
try was performed in a three electrode system to find the electrochem-
ical potential windows of the positive and negative electrodes (Fig. 7a).
As the results show, the potential windows are in the ranges of —1.0 V
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Fig. 5. (a) GCD curves and (b) the specific capacitances of ZnO@C foam at various current densities of 2, 4, 6 and 8 mA cm 2.

to 0.0 V for negative electrode and 0.0 V to 4-0.6 V for positive electrode
and the capacitances of two electrodes are almost equal. The working
potential window of 0 to 1.2 V was selected, where the oxidation/reduc-
tion of water at the end of potential window was not occurred and the
transport of charge density was higher. The voltammetric responses of
ASC were also investigated at different scan rates in the capacitive po-
tential range of 0.0 to 1.2 V (Fig. 7b). By the increase in the scan rate,
ZnO@C foam//AC shows an excellent areal capacitance with increased
current density and without considerable changes in the shape of the

curves.
200
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Fig. 7c illustrates GCD profiles of the ZnO@C foam//AC device at the
various current densities from 4 to 10 mA cm™2. The low Ohmic drops
of ZnO@C foam//AC demonstrate the excellent rate capability and low
internal resistance. In addition, ZnO@C foam//AC illustrates a specific ca-
pacitance of 189.34 F cm ™2 at a current density of 4 mA cm™ ", which
shows suitable supercapacitor behavior. The Nyquist plot of the ZnO@
C foam//AC device is shown in Fig. 7d. In low-frequency region, a
sharp rise of impedance is observed, indicating the excellent perfor-
mance of ZnO@C foam//AC asymmetric supercapacitor. A slight change
in the Nyquist plot of the ZnO@C foam//AC after 1000 cycles indicates

b) 80 ¥——————————————— -
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0] Q@ - t--------
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= \
0 !
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Fig. 6. (a) Nyquist plots, equivalent circuit diagram and (b) Bode plots of ZnO@C and Ni foams. (c) Real capacitance, and (d) imaginary capacitance as a function of frequency for ZnO@C and

Ni foams.
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Table 3
Comparison of the electrochemical performance of ZnO@C foam with previous reports.
Electrode/foam Scan rate or current density Specific capaciance Electrolyte Ref.
Carbon sphere@Zn0O 2Ag! 630 Fg~! 6 M KOH [60]
Zn0O/RGO/ZnO 5mVs! 275 Fg™! 1 M Na,S04 [61]
RGO/ZnO 5mVs! 312Fg™! 1 M Na,S04 [62]
GR/ZnO 5mVs! 109 Fg! 1 MKCl [63]
Zn0@C foam 4 mA cm—2 1120 mF cm—2 3 M KOH This work

the excellent cycle stability and suitable performance of the ZnO@C
foam//AC.

Fig. 7e illustrates the cycling stability of the ZnO@C foam//AC
supercapacitor device for 3000 cycles at 20 mA cm™2. The obtained re-
sults show that the fabricated device exhibits high stable cycling perfor-
mance and reversible capacity. After 3000 cycles, the assembled device
has retained 95.8% of its initial capacitance. The excellent cycle stability
is attributed to the excellent ion conduction due to the high surface area
and a large number of porous on the ZnO@C foam surface.

4. Conclusions

The excellent electrochemical performance of the proposed flexible
ZnO@C foam promises its potential applications in energy production
and storage devices. In comparison with commercially available Ni
foam and synthesized metal oxide electrodes, the fabricated ZnO@C
foam provides a high areal specific capacitance of 1120 mF cm 2 at a
current density of 4 mA cm™2. Due to the high conductivity of the fabri-
cated ZnO@C foam, the efficiency of the charge/discharge processes was
improved. In addition, the porous structure of ZnO@C foam leads to the
creation of a convenient path for ion transportation which accelerates

the reversible faradaic reaction. The 3D structure of ZnO@C foam leads
to the creation of a large surface area which increases the contacts be-
tween the electrolyte and active materials and supplies more accessible
active sites for the electrochemical reactions. Finally, due to the remark-
able electrochemical properties including improved capacitance, high
electron transfer rate and conductivity as well as the flexibility of
Zn0@C foam, it is expected that the proposed foam benefits high poten-
tial applicability in energy storage and production devices.
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