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The effect of particle size and morphological structure on the electrical and electrochemical properties of
ZnO (nanowires, nanorods, and nanospheres) prepared by two various routes: soft-wet and dry methods
were investigated. The electrochemical performance is analyzed by cyclic voltammetric and galvanostatic
charge-discharge measurements in 1 M KOH, whereas their electrical conductivity, and dielectric con-
stant are measured by electrochemical impedance spectroscopy in a temperature range 293-383 K
and frequencies from 102 to 107 Hz. All samples showed semiconducting behavior with conductivity val-
ues depending on the particle size and the morphological structure of the sample. The prepared samples
showed supercapacitance behavior with capacitance values lie between 77 and 330 F g~! and depend
upon the morphological structure. The nanowire’s structure showed the highest capacitance and good
cycling stability. The high performance depends on the nanocrystalline size and the high surface area
of the nanowire sample.
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1. Introduction

Nano-sized particles own amazing physical and chemical prop-
erties and possess several potential applications in a widespread
range of industrial divisions [1-5]. In nano-materials, the big sur-
face to volume ratio as well as the presence of unlimited grain
boundaries that occupy a great density of defects, have great
effects on the physical properties such as electrical and electro-
chemical properties [5]. The nanomaterials offer several advan-
tages in energy switching and loading applications, which
comprise physical interaction and/or chemical reaction at the sur-
face or boundary regions in the crystalline materials. Thus, the sur-
face texture and surface energy and conductivity at the grain
boundary play a very important role.

Nowadays more effective electrical storage is a demanding
necessity to meet future social requisites. This need for more main-
tainable, efficient energy storage has motivated new scientific
advanced capacitor designs in which nanotechnology are playing
a serious role. Supercapacitors can match or substitute the
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batteries in electrical energy storage and gathering uses when
great power delivery or uptake is required [6-11].

Supercapacitor behavior originates from the weighing scales
between inner grain conductivity and grain boundary dielectric
barrier. The properties of the supercapacitors mainly depend on
the electrode materials by which they are made up of. In recent
times, nanostructure-based electrode materials are focused enor-
mously due to the properties of nano-materials such as enhanced
diffusivity, greater electrical resistivity, a large fraction of atoms
at the grain boundaries, and lower thermal conductivity. The
increase in surface area of the nanomaterial causes an increase in
the energy storage of the electrode. Generally, the transport of ions
becomes simple once the distance between the electrode and elec-
trolyte becomes smaller. Just a while ago, transition metal oxides,
carbon materials and conducting polymers have been extensively
accepted as electrode materials with outstanding capacitive prop-
erties [12-15].

Zinc oxide is an interesting metal oxide material owing to its
distinctive physical and chemical properties, for example, the dis-
tinguished chemical and mechanical stability, a broad range of
radiation absorption, high photocatalytic efficiency, non-toxic nat-
ure, etc. Zinc oxide is an n-type semiconductor with a significant
energy gap of 3.37 eV [16]. The zinc oxide nanoparticles are used
in different nanoscale devices e.g. ultraviolet lasers [17],
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light-emitting diodes [18], flat panel display [19], photocatalysis
and solar cells [20]. Zinc oxide is the topic of interest in these days
due to its presence in much unique and important morphology like
nanorods, nanoflowers, nanowires, nanodendrites and nanoparti-
cles [21-25]. The ZnO nanoparticles can be prepared via different
methods such as sol-gel [26], hydrothermal [27], precipitation
[28], spray pyrolysis [29], and solid-state reaction [30].

We reported previously the preparation and characterization
of ZnO with different morphological structures (nanorods,
nanowires, and nanosphere) and studied the effect of both par-
ticle size and morphological structure on its optical and photo-
catalytic properties [31]. In continuation of our earlier
research, this work was done to study and report the variation
in electrical and specific capacitance with the change in parti-
cle size and morphological structure of ZnO by using impe-
dance spectroscopy, cyclic voltammetry, and charge/discharge
techniques.

2. Experimental
2.1. Materials and characterizations

The ZnO nanoparticles were prepared by wet and thermal dry
methods reported in detail in our previous work [31]. In the wet
method, we used a conventional precipitation method with and
without CTAB surfactant. The prepared sample with surfactant
denoted as Zcrag and that without surfactant denotes as Zs. And
in the dry method, ZnO nanoparticles were prepared by each of
the oxidation of Zn metal and denoted as Z, and by the thermal
decomposition of zinc carbonate and denoted as Z4. As explained
in our previous work [31], during the formation process of ZnO,
the CTAB surfactant act as a transporter of the particles and as a
modifier that leads to the orientation growth of ZnO nanorods in
(1 0 0) direction. Whereas, in the preparation of ZnO via oxidation
of zinc powder by oxygen, ZnO is formed in the form of nanowire
structure due to the difference in the growth rate of the prominent
crystalline facets during the oxidation process. The surface
energies of different hexagonal ZnO facets increases as (0 0 0 1)
>(1011)> (101 0) planes. Therefore, the growth rate of the
(0 0 0 1) plane was the most rapid leading to the sharp formation
of the nanowires [31].

The nanocrystalline powders were pressed into cylindrical
pellets of 7 mm diameter and 2 mm thickness with a pressure of
0 0.3 Gpa for 3 min using a hydraulic press. Final densities of
the pellets were measured by the Archimedes method. The particle
size, morphological structure, density and surface area of the
prepared samples are summarized in Table 1.

The density of pellets depends on the pressure used and thus
their transport properties will be different from bulk properties.
However, we used in our measurements the same pressure for
making the pellets used in electrical measurements and the densi-
ties of the samples are not changed largely and in turn, the effect of
pellet density on the electrical properties of the samples is not
considered.

2.2. Electrical measurements

Two faces of the prepared pellets were coated with silver paste
and sandwiched between two platinum electrodes. The tempera-
ture dependence of dc conductivity measurement was performed
by Keithly (2400). The temperature dependence of dielectric con-
stant (€'), dielectric loss (¢”), and ac- conductivity (c,.) studies
were done at a frequency range of 102-10” Hz using Fluke PM
6306 programmable automatic (RCL) bridge.

2.3. Electrochemical measurements

The working electrodes for the supercapacitor were prepared by
making a paste of the ZnO nanoparticles with a binder polytetraflu-
oroethylene (1%, w/w) with the mass ratio 95:5 to form a thick
paste. The paste was then regularly coated onto a sheet of pre-
cleaned indium tin oxide (ITO) glass (sheet resistance 18-20 Q2 cm
~2) and dried at 100 °C. The electrochemical tests were performed
in a three-electrode cell with a 1 M KOH aqueous electrolyte. A Pt
mesh was used as a counter electrode and saturated calomel work-
ing as the reference electrode. The electrochemical analyses were
carried out using a Gamry G750 potentiostat/galvanostat instru-
ment with the EIS300 software.

3. Results and discussion
3.1. Electrical studies

A single crystal of ZnO is an n-type semiconductor that shows
electrical conduction due to the presence of several defects mainly
zinc interstitials and oxygen vacancies [32]. In the present work,
the electrical properties of our samples were studied using dc- cur-
rent and ac-impedance spectroscopy at a temperature range
between 300 and 400 K. The dc - conductivity refers to the unidi-
rectional flow of electric charge which traverses the entire con-
ducting ZnO pellet when the pellet is mounted between two
inert electrodes. Unlike the DC method which provides a global
response of the sample, the AC method distinguishes between dif-
ferent mechanisms involved in the overall conductivity response of
a material like grain conduction, grain boundary conduction, and
electrode response.

The temperature dependence of dc- conductivity (cqc) for all
samples are represented in Fig. 1a-g. The electrical conduction is
found to follow the Arrhenius equation:

Odc = Uo,dcexp(fEdc/ka) (1)

where G, qc is the pre-exponential factor, E, 4. is the activation
energy under dc-field and k;, is the Boltzmann's constant. The
dc- conductivity data calculated from the slope of the linear fit of
Arrhenius plots are listed in Table 2. The table shows that oqc is
size-dependent and increases at room temperature as the particle
size increases Zs > Zq > Zctas > Zo. However, this trend is changed
by increasing the temperature due to the change occurring in each

Table 1

Particle Size, Morphological structure and surface textural data for ZnO samples.
Sample TEM particle size XRD particle size Specific surface area Pore volume Pore size Density

(nm) (nm) Sger (M?/g) Vp, (ml/g) r(A) (glem?®)

Z, Nano wires (11; diam.), (300; length) 11 349 0.331 26.8 5.601
Zy 24 21 225 0.321 23.1 5.602
Z 37 41 15.3 0.309 219 5.600
ZcraB Nano rods (17; diam.), (80; length) 15 283 0.294 21.1 5.599




M.G. El-Shaarawy et al. / Advanced Powder Technology 31 (2020) 1333-1341 1335

-9
4 Grain (G)
".'E -10 1 ® Grain boundary (GB)
_o A1 4 Adc
E -12 A
S)
2 -13 4
2
= 14 1 Z
(d) “ 9
-15 T T T T o2
25 27 29 31 33 35 ap )
) 1000/T (K_l) - 10 WICTAB
o v 1
. ¢ Grain(G) E -11 1 Azo
- 110 4 B Grain boundary (GB) —"E i
D Adc = 121
: J
_TE -11 4 b_g 13 4
=
51 = 1
< ®)
g 13 4 -15 T T T T
=)
© Zcras 25 21 29 § 31 33 35
14 ‘ ‘ ) ‘ 9 1000/T (K™)
25 2.7 29 _13.1 33 3.5 U
5 1000/T (K™) 10 § nICTAB
. 4 Grain (G) ..'.’“ A0
< .10 A B Grain boundary (GB) g A1 05
g Adc ".'E 2
—'E -11 4 £
= g 13 4
S 12 ] 3
2 £
€ = 141
5 13 A ®
(b) Zs -15 T T T T
-14 T T T T 25 27 29 31 33 35
2.5 2.7 2.9 3.1 33 35 1000/T (K)
1000/T (K™) 107
9 4 ezd
#Grain (G) 112 L mZCTAB
— -10 4 M Grain boundary (GB) = A0
g a1 ! Adc .-E 417 1 L
- ‘g 122 |
£ =
.12 -
5 S 127
13 S
€ £ 132 |
S = 137
5 (@) Zo 1374 (e)
) ) ) ' j -14.2 : . T T
25 27 29 31 33 35 25 27 " 3 33 5
1000/T (K™) 1000/T (K™

Fig. 1. The temperature dependence of dc-, grain (G)- and grain boundary (GB)-electrical conductivity of all samples.

Table 2

Electrical data of the studied ZnO samples.
Parameter Zy Zcra Zq Zs
XRD- Particle size (nm) 11 15 21 41
o (ohm™em™") x 10° at 300 K 3.1 35 4.1 5.8
E.g (eV) 0.33 0.30 0.29 0.26
Ggb (Ohm™cm™") x 10° at 300 K 0.61 2.0 2.5 2.7
Eagb (eV) 0.36 033 0.32 0.29
Gac (ohmem™) x 108 at 300 K 0.89 1.1 1.2 1.4
Eadc (eV) 0.32 0.27 0.27 0.26
Tgn x 10% (s) at 300 K 16.25 10.2 10.0 5.15
Eaxgb (€V) 0.37 0.35 0.34 0.31
Tz x 10% (s) at 300 K 32 5.8 6.1 24
Eaz ¢ (eV) 0.31 0.28 0.27 0.24
€ (at 300 K, 10 kHz) 115 104 100 46
€ (at 400 K, 10 kHz) 660 422 361 200
€’ (at 300 K, 10 kHz) 60 58 55 40

€’ (at 400 K, 10 kHz) 338 211 150 110
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of the grains and grain boundaries in the investigated samples, as
shown in Fig. le.

TEM results (Table 1) showed that the diameter of Zcrag (rods)
is larger than that of (Z,) wires, whereas the length of (Z,) wires is
larger than that of Zcrap (rods). And the conductivity results, shown
in Fig. 1e illustrated that the dc-conductivity of Zcrag (rods) is lar-
ger than that of (Z,) wires, at room temperature and vice versa at
higher temperatures. This can be explained based on the presence
of three kinds of resistance in the sample with wire structure, (i)
the resistance of the wires, (ii) the wire—wire junction resistance,
and (iii) the tunnel resistance between wires. All these resistance
types increases as diameter decrease and length increase, which
are affected by temperatures and in turn cause the variation
observed in conductivity of the two samples with the change in
temperature [33].

In nano metal oxides, the popular of ions are existing in the
grain boundaries. These grain boundaries have significant density
defects that modifying the electrical properties. To determine,
the dynamics of bound or mobile charges in the interfacial and
bulk region of our samples the ac-impedance spectroscopy tech-
nique was used. The investigation was carried out at a frequency
range of 10>-107 Hz and over a temperature ranging between
300 and 400 K. All samples showed similar behavior at different
frequencies and temperatures. The typical Nyquist diagram
(Z" vs. Z') obtained at room temperature is shown in Fig. 2. Each
plot shows two depressed semi-circles with centers lying below
Z' axis, the first one appears in a low-frequency domain character-
izes the resistance of grain boundary (Rg,) and the second one
appears in a high-frequency domain corresponding to the resis-
tance of grain (Rg). The resistances determined from the circular
arc intercepts on Z' axis are found to hinge on the particle size
and morphological structure of ZnO nanoparticles.

The capacitances of both grains (C,) and grain boundary (Cgy)
are derived from the circular arcs according to:

Cg = 1/(Rgag) (2)

Cop = 1/(Rgpgp) 3)

where ®g; and g, are angular frequencies for grains and grain
boundaries at the semicircle peaks, respectively. And from which
the corresponding relaxation times are calculated by 1ty = 1/0g
and tg, = 1/0gp.

The conductivity of grain (cg) and grain boundary (og,) at
different temperatures were calculated using the relations (4)
and (5):

Og = 1/Rg x (t/A) (4)

25

—120
—ZCTAB
20 A —7d
—1s

15 A

10 4

-Z>" x 10* (Ohm)

0+ . . , : r
0 5 10 15 20 25 30
Z x 10 (Ohm)

Fig. 2. Nyquist plots of Z"-Z' for ZnO samples.

where R, , t, and A are the sample thickness and electrode area,
respectively.

Ogr = (Tg/Tgp) X O (3)

T, and T, are the time constants of the grain and grain boundary
polarizations, respectively [34].

The temperature dependence of the grain and grain boundaries
conductivity for all the studied samples showed Arrhenius behav-
ior, as illustrated in Fig. 1a-g. The conductivity data for all samples
are summarized in Table 2. It is evident from the figure that in spite
of the dc-conductivity of all samples are not changed largely, but
each of the grain and grain boundary conductivity of the Z, sample
(nanowire structure) showed higher conductivity values than
those of other morphological structures. This can be explained on
the basis that the native point defects are present in the bulk of
ZnO nanowire and not just on their surface [35,36]. These defects
inside nanowires and their metal junction can dominate the elec-
trical contact properties, yet they can be moved by applied electric
fields [37].

Relaxation times of the studied samples were found to decrease
with increasing the temperature. The temperature dependence of
relaxation time was found to follow the Arrhenius equation. The
obtained data are summarized in Table 2.

The conductivity data obtained shows that oy is higher than
that o4, and both are smaller than that recorded for ZnO single
crystals (room temperature conductivity is ~10~> Ohm~'cm™1)
[38]. This can be explained based on the trapping of electrons by
the localized states’ interior or at the grain boundaries of nano-
ZnO [39]. The grain boundaries possess a huge number of interface
locations kept between the adjacent grains. These interface loca-
tions are created by dislocations offered by a crystallographic
incompatibility between the neighboring grains, consequently
achieving various interfacial defects [40]. Thus, bulk grains can
be operated like a recompensed semiconductor with no- uniform
spatial distribution [40]. This causes a collection of electrons at
the grain boundary divisions leading to an enhancement in the
grain boundary conductivity. In opposite to the ZnO single crystal,
the majority of electronic trapping in ZnO nanoparticles is shallow
[41,42]. The de-trapping process from such shallow is much sim-
pler than that obtained from the deep levels in the ZnO single crys-
tal leading to the smaller activation energy for the conduction
process in nano-ZnO as shown in our results, Table 2.

The electrical conductivity (o,) of the studied ZnO samples has
been investigated at different temperatures over a frequency rang-
ing between 10? - 10° Hz. The G,-value was calculated from the
relation [43].

Oac = (cos¢/Z) x (1/A) (6)

where ¢ is the phase angle. All samples show similar behavior for
the frequency dependence of G,. (®) at several temperatures,
Fig. 3. One can note that the conductivity rises with the increase
in frequency and temperature. Fig. 3a—d also shows that at low fre-
quencies, conductivity displays the frequency-independent class of
the sample. But, at the higher frequencies, ¢,. demonstrates fre-
quency dispersion. Generally, the G, (@) of the studied samples
at an individual temperature over a frequency range can be
expressed as [44]:

Oac(w) = A" (7)

where A is the temperature-dependent constant and n is the fre-
quency exponent whose value and it's conducting with frequency
and temperature decides the central conduction mechanism. The
n values of the studied samples have been calculated using the
slope of logG, versus logm plots at various temperatures and found
to be ranging between 0.15 and 0.5 and increase with reducing the
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temperature. This indicates that the correlated barrier hopping
(CBH) model is the main conduction process in the investigated
samples [45].

3.2. Dielectric properties

3.2.1. Dielectric constant

Grain boundaries operate as barriers for the cross transference
of the charge carriers. Therefore, a comprehensive dielectric study,
especially at grain boundary barriers, is essential for the investi-
gated samples.

The relative permittivity of ZnO samples is calculated using
equation (8):

&= (C/e&) x (I/A) (8)

where &, is the permittivity of free space, £, = 8.854 x 107'%F/m.
The temperature and frequency dependence of the relative

permittivity € demonstrated analogous behavior for all the

investigated samples; typical plots are shown in Fig. 4. A similar
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Fig. 4. (a) Relative permittivity €' vs. ac-frequency for the studied samples at room
temperature. (b): Relative permittivity € vs. temperature for the Z; - sample at
different frequencies.

power-law dispersion is observed for the relative permittivity of
each sample. The rapid increase in relative permittivity € at lower
frequencies, is at which all four types of polarization contribute,
the rapid increase in dielectric constant is essentially attributed
to space charge and dielectric polarizations, which are temperature
dependent [46,47]. The plots of ¢ -log (®) (Fig. 4a) show relatively
high relative permittivity at low frequencies, which reduces with
increasing the frequency. The € - values can be produced from
the contribution of deformation, dipolar and interfacial polariza-
tion [46]. Each of the interfacial and dipolar polarization is pre-
dominant in the low-frequency range [47]. In our nano ZnO, the
volume fraction of the interfaces is about 10'® interfaces/cm?,
much bigger than those found in bulk ZnO [48,49]. Therefore, the
space charge polarization produces in nano-ZnO and consequently,
the dielectric constant will be higher than that of bulk ZnO. In our
nano ZnO, a great number of positive oxygen vacancies [Vg] are
produced in the huge number of interfaces present in the sample
to be acting as shallow donors [40-42]. On applying the
ac-electric field, the lot amount of the dipoles formed between
0~ and V; are rotating. Where, at higher frequencies, the dipoles
cannot be able to rotate suitably, hence their swinging will start
to delay after the applied ac- field. Consequently, relative permit-
tivity at high frequencies comes close to a limit value. On the other
hand, at lower frequencies, the dipoles track the electric field pro-
ducing a high €' value.

Fig. 4b demonstrates the dependence of €(®) on the tempera-
ture at a frequency between10? to 107 Hz. It can be seen an enlarge
in €¢'(w) with temperature. This trend is due to that the dipoles pre-
sent in the nano-ZnO cannot orient themselves at low tempera-
tures. Whereas with increasing the temperature, more and more
dipoles will be oriented to develop the space charge polarization
and in turn increases the dielectric constant [50]. More looking
in Table 2, points to that the relative dielectric €'- value changes



1338 M.G. El-Shaarawy et al./ Advanced Powder Technology 31 (2020) 1333-1341

with both particle size and its morphological structure. The
Z,- sample with a wire structure exhibits the highest €'- value.

3.2.2. Dielectric loss

The frequency and temperature dependence of the dielectric
loss €” for the investigated samples show analogous behavior as
that observed for the relative permittivity (&), Fig. 5a. The obtained
dielectric loss values are due to absorption a part of the electrical
energy of the applied ac-field to overcome the internal friction
forces between dipolar molecules through their reorientation
along the direction of the electric field. At lower frequencies, the
higher values of dielectric loss are attributed to the presence of
space charge polarization as a result of charge lattice defects [51].

Fig. 5b shows a typical plot for the temperature and frequency
dependence of &’ of the Zs; sample. It shows a temperature-
independent up to about 330 K, and after that, it increases with
temperature. The obtained trend agrees with fairly accurate dis-
persion free high-frequency response, which recommends that
the phenomenon is also connected to the space charge effect [52].

Both dielectric constant and dielectric loss changes largely with
the change in each of the morphological structure and the porosity
of the samples. Penn [53] reported that dielectric loss decreases
with increasing the porosity as shown in our results.

3.3. Electrochemical study

The CV measurements were performed to deduce the specific
capacitance of the investigated ZnO electrodes in 1 M KOH elec-
trolyte using a three-electrode cell with Platinum foil used as the
counter electrode and saturated calomel serving as the reference
electrode. Fig. 6 presents the obtained cyclic voltammograms at a
scan rate of 10 mV s~!. The CV curves of all samples show a pair
of redox peaks at ~0.29 V and 0.45 V (versus S.C.E), demonstrating

90
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Fig. 5. (a) Dielectric loss €” vs. frequency for the investigated samples at room
temperature. (b): Dielectric loss vs. temperature for the dielectric loss of Z; ~sample
at different frequencies.
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Fig. 6. Cyclic voltammetric curves for ZnO samples at a scan rate of 10 mV/s.

pseudocapacitive comportment. In the course of the Faradaic redox
process, the intercalation and deintercalation of the K* ion taking
place on the electrode surface are signified as [54,55]

Zn0 + K" + e~ « ZnOK 9)

The redox peak current density and in turn the specific capaci-
tance (Csp) of the Zn electrode are found to increase in the order:
Zo > Zq > Zs > Zcrag. The specific capacitance of the electrodes is cal-
culated from the CV curve by the next equation [56] and listed in
Table 3:

Y,

where m is the mass of the active material on the electrode, s shows
the potential scan rate, A V shows the sweep potential window and
i, is the voltammetric current on CV curves. Fig. 7 represents the CV
curves of the Zn- (NW) electrode (highest capacitance, Z,) at
numerous scan rates ranging from 5 to 50 mV s~ '. As the scan rate
increases, the total peak current also increases demonstrating the
good rate properties and capacitance behavior.

The specific capacitance calculated from Eq. (10) is found to
decrease with increasing the scan rate: 371, 347, 331, 312 and
211F/g for 5, 10, 15, 20 and 50 mv s~ !, respectively.

3.4. GCD study

The galvanostatic charge-discharge (GCD) measurements for
the investigated ZnO electrodes were also studied to give more
light on their electrochemical behaviors. Fig. 8 illustrates the
GCD- curves of the different ZnO electrodes at a current density
of 1 A g~'. The discharge curves showed a non-linear trend owing
to the pseudocapacitance character for the investigated samples.

The specific capacitance (Csp) was calculated from the discharge
curve using the following equation [57] and the results obtained
are listed in Table 3:

Cop = Igt/AV (11)

where Iy is the discharge current density (A/g) and At is the dis-
charge time(s). The specific capacitance obtained was found to
increase in the order: Z, (NW) > Z4 (nanosphere) > Z
(nanosphere) > Zcrag (nanotube) as that observed from CV results.
The GCD of ZnO (NW, Z,) electrode with the highest capacitance
was studied at different current densities of 1, 2, 4 and 8 A g™!
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Table 3
Supercapacitance data from CV curves GCD data for the ZnO samples.
Sample Csp(F/g) from CV curves at 10 mV s~ Csp(F/g) from GCD dataat 1 A g™! E (Wh/kg) P (kw/Kg)

Z, 347 330 15.13 0.31
Zq 299 278 11.68 0.27
Z 267 254 11.64 0.30
Zctas 81 77 3.53 0.25

(Fig. 9) and showed specific capacitance of 250, 237, 222, 214F g1,

20 p——E respectively. It has to be noted here that the changes in electrode

15 sheet resistances at room temperature is not too high to induce

the significant changes in the capacitance, and therefore, the latter

10 + can be attributed either to the morphology of the electrodes or to

their surface areas. However, the obtained results showed that the

5 ce . . . . .

™ variation in the specific capacitance with the change in the morpho-

3 0 - logical structure differs from that observed for the variation in sur-

— face area, which increases in the order: Z, > Zcrag > Zg > Zs (Table 1).

-5 1 This means that the morphological structure plays an essential role

10 - in determining the capacitance value. It was found that the order of

increasing capacitance matches the order of increasing both pore

-15 - volume and pore size besides the different morphologies (sphere,

wires, and nanotubes) of samples. So the high specific capacitance

-20 ' ' ' ' ' ' attributed to many factors (i) the mesoporous composition gives

0.05 015 025 035 045 0.55 0.65 more tunnels which might quicken the diffusion of electrolyte ions
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Fig. 9. GCD - curves for Z, sample at various current densities.

electrons. (iii) the morphological structure of animated material
with the highest capacitance of wires structure with high surface
area, pore volume and pore size enhance those contact zones
between electrolyte and electrode, accordingly encouraging the
transport of electrons to the current collector and electrolyte ions
(OH-) flow inside the inner region of the electrode [58,59].

One of the most important parameters for supercapacitor oper-
ations is its long cycling stability. Thus, the electrochemical stabil-
ity of the Z, (NW) electrode (highest C,,) was investigated at a
current density of 1 A g!, which showed a retained about 92.2%
of its first capacitance after 500 cycles, Fig. 10.

To further understand the electrochemical performances of the
studied electrodes, the impedance measurements (EIS) were car-
ried out in the same used electrolyte at a frequency ranging
between 102 and 10° Hz with an open circuit potential of 5 mV
RMS. The obtained data are represented in Fig. 11. The crossing
point on the Z-axis at the high-frequency section corresponds to
the equivalent series resistance (ESR) [60] has values of 1.5, 1.8,
2 and 3.4 O for Z,, Zg4, Z, and Zcrag, respectively. The low internal
resistance of the NW sample (Z,) is ascribed to the expanded sur-

350 1
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200 A

C,, (F/g)

150 A
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0 T T T T d
0 100 200 300 400 500
No. of Cycles

Fig. 10. Cycle stability of Z, sample during 500 GCD cycling at a current density of 1
A g—l.
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Fig. 11. Impedance spectra of different ZnO electrodes in 1 M KOH.

face area and increased the contact of the active material with the
electrolyte. The diameter of the semicircle on the Z-axis corre-
sponds to the charge transfer resistance on the electrode surface
(Ree) and found to be 1.6, 0.7,0.5 and 0.4 Q for Z,, Zg, Zs, and Zcrag,
respectively.

The time constant (7, s) of the capacitor has been calculated
from the frequency (f°, Hz) at the maximum value of Z” according
to t = 1/f° [61]. The obtained values are found to be 15.1, 25, 41,
and 51 ms for Z,, Z4q, Zs, and Zcrap, respectively. The variation
observed in the t - value can be attributed to the difference in each
of the particle size and morphological structure of the nano-ZnO.
Low values of 1 are desired for electrochemical capacitors for rapid
charge-discharge processes [62].

Energy densities (E, Wh kg~ !) for the investigated capacitors
were calculated using the following equation [15]:

E = 0.5C,,(AV)? (12)

where C, is the capacitance value determined from the discharge of
the GCD curve and V is the potential window. And the correspond-
ing power density was calculated according to

P = E/At (13)

The results obtained are listed in Table 3.
Maximum power density (P, Wkg™!) was calculated by using
the equation [63]:

Pmax = V?/4ESR

The lower ESR will develop high power density through practi-
cal applications. Maximum power densities of supercapacitor are
41.66 kW/kg, 34.72 kW/kg, 31.25 kW/kg and 18.38 kW/kg for Z,,
Za, Zs, and Zcrpg, respectively.

4. Conclusion

The electrical conductivity, dielectric constant and capacitance
behavior of ZnO with different morphological structure and parti-
cle size in the range of 11-41 nm have been studied. All different
ZnO samples exhibit grain and grain boundary regions with differ-
ent electrical properties depending on the particle size and mor-
phological structure of the sample. The ac conductivity is
explained according to the correlated barrier hopping (CBH) model.
The dielectric results reveal that the dielectric response of ZnO
nanoparticles is due to both the polarization of the ZnO-rotation
direction and space charge polarization formed by plenty of oxy-
gen vacancies and negative oxide anions present at the interfacial
planes inside the nano-ZnO samples. The highest dielectric con-
stant is found for the sample with a nanowire structure. The elec-

trochemical study of the different ZnO samples showed specific
capacitances ranging from 77 to 330F g~! depending upon the
morphological structure, and the best capacitance found for the
nanowire structure with good cycling stability. EIS studies also
confirmed that nanowire ZnO is respectable in supercapacitor
application due to its minor charge transfer resistance (Re) com-
pared with that of other morphologies In addition to its high sur-
face area and large porous structure, which can offer comfortable
charge moving across the material with stress-free lodging for ions
from the electrolyte. The results obtained refer to that supercapac-
itors with greater charge storage can be devised across a nanos-
tructure morphology selection strategy.
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