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Abstract: Herein, for the first time, the growth of ZnO nanorods directly on aluminum (Al) substrate via
a low temperature (80 ◦C) wet chemical method, and used as binder-free electrode for supercapacitors
were reported. XRD pattern and HRTEM images showed that high crystalline nanorods grown on Al
substrate with c-axis orientation. Morphological studies revealed that the nanorods possessed well
defined hexagon phase with length and diameter of ~2 µm and 100–180 nm, respectively. Raman
spectrum of ZnO nanorods showed that the characteristic E2H mode corresponds to the vibration
associated with the oxygen atoms of ZnO. The optical properties of ZnO nanorods studied using
Room-temperature PL spectra revealed a near-band-edge (NBE) peak at ~388 nm emission and deep
level (DLE) at ~507 nm. Electrochemical measurements showed that ZnO nanorods on Al substrate
exhibited remarkably enhanced performance as electrode for supercapacitors with a value of specific
capacitance of 394 F g−1 measured with scan rate of 20 mV s−1. This unique nanorods structures
also exhibited excellent stability of >98% capacitance retention for 1000 cycles that were measured at
1A g−1. The presented easy and cost-effective method might open up the possibility for the mass
production of binder-free electrodes for efficient electrochemical energy storage devices.

Keywords: ZnO; binder-free electrode; X-ray diffraction; supercapacitors; nanorods

1. Introduction

In recent years, among the different energy storage systems, supercapacitors have gained the
significant interest of researchers and scientific community due to their superior power density, longer
life cycle, and cost effective maintenance as compared with the batteries/fuel cells, while it showed
better energy density than conventional capacitors [1,2]. These supercapacitors have been potentially
used in various applications, including hybrid electric vehicles, solar power plants, and portable
consumer electronics [3,4]. Furthermore, the utilization of cost-effective and non-toxic electrode
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materials used in supercapacitors made them a suitable choice for consumers with environmentally
friendly features [3–8]. Ideal capacitive materials, such as carbon nanostructure, have shown promising
results with excellent cycle life. In a report, Xiao et al. [9] inserted nitrogen into graphene using
nitric acid through thermal treatment at 500 ◦C, which showed a capacitance value of 370 F g−1 at
1 A g−1 in 6 M NaOH. On the other hand, in general, a pseudocapacitor consists of a transition metal
oxide, including RuO2 [10], MnO2 [11], V2O5 [12], or ZnO [13]. These oxides contain different valence
states in which the charges can be stored either by physical adsorption or by performing reversible
faradic charge-transfer reaction taking place on the surface of electrode. Thus, their relatively fast and
reversible faradic redox reactions made the pseudocapacitor a promising device with high power and
high energy density. Among the above-mentioned metal oxides, due to its excellent features of high
quasi-metallic conductivity and high capacitance, RuO2 has attracted enormous interest as a suitable
material for electrode [14]. Although, high cost, limited availability, and the environmental safety
problems make this material unsuitable. Therefore, inexpensive transition metal oxides materials
based electrodes with high energy density as a possible substitute for RuO2 are needed.

Recently, Zinc oxide (ZnO) with direct bandgap energy of 3.37 eV has been gained enormous
interestdue to cost effectiveness and excellent electrochemical properties [15,16]. Several reports
have been presented on ZnO based electrodes as a suitable candidate for supercapacitor. Chen et al.
showed that ZnO nanorods coated with MnO2 resulted to a specific capacitance value of 222 F g−1 at
25 mV s−1 [17]. A value of specific capacitance of 62.2 F g−1 obtained at 0.5 Ag−1 had been reported
for ZnO/graphene nanosheets [18]. In another work, A ZnO/graphene nanocomposites that were
synthesized by using microwave methods showed a value of specific capacitance of 146 F g−1 [19].
In case of carbon nanotube–ZnO nanocomposites electrodes, Zhang et al. [20] reported a maximum
specific capacitance of 323.9 F g−1. On the other hand, graphene–ZnO composite films exhibited
a specific capacitance of 11.3 F g−1 [21]. A composite containing ZnO/carbon that was reported
by Jayalakshmi et al. [22] demonstrated a value of specific capacitance of 21.7 F g−1. In another
report, composite electrodes containing activated carbon nanofiber and ZnO that was prepared by
Kim et al. [23] reported a specific capacitance of 178.2 F g−1. It is clear that all of these works mentioned
above were mainly focused on ZnO based composites for supercapacitors. However, less attention
has been given on the use of ZnO as an electrode material, thus there is a lack of research reported
on ZnO for supercapacitors. He et al. [24] demonstrated the growth of ZnO nanocones that were
obtained by chemically etching ZnO nanowires (NWs) and obtained a value of 378.5 F g−1 for ZnO
nanocones and 191.5 F g−1 for ZnO NWs, respectively. In another work [25], ZnO particles that were
prepared by hydrothermal method with various precursors nitrate, acetate and chloride produced
specific capacitance of 5.87 F g−1, 5.35 F g−1, and 4.14 F g−1, respectively. In recent work, Luo et al. [26]
showed maximum capacitance value of 160.4 F g−1 for the electrodes that were based on ZnO tetrapods
structures. Though the nanocomposites of ZnO and ZnO alone have been demonstrated to exhibit a
comparable specific capacitance value [17–26], during charge and discharge cycling, a loosely adhered
layer on the current collector might be risky and detached from the surface, leading to the poor
performance of ZnO electrodes [27–29].

Therefore, the key solution for these problems is the development of nanostructured ZnO by facile
synthesis methods. To achieve this target, the growth of nanostructures including nanorods, nanowires,
and nanotubes directly on conductive substrates could be considered. Particularly, conductive substrate
based electrodes provide excellent electrical contacts, which helps in achieving high electrochemical
performance by comparing with the powder electrodes that were coated by a common slurry pasting
method [30,31].

Until now, ZnO nanorods grow directly on the conductive substrates and are used as binder-free
electrode for supercapacitors has not yet been reported. In this work, we have demonstrated, for the
very first time, a facile and versatile strategy for the growth of ZnO nanorods vertically on Al substrate
by using low temperature (80 ◦C) wet chemical method for asymmetrical supercapacitors containing a
binder-free electrode. The wet chemical method has the advantage of low operating temperatures



Nanomaterials 2020, 10, 1979 3 of 12

(below 100 ◦C), and rapid and low process costs. Electrochemical studies of the ZnO nanorods electrode
demonstrated a high value of specific capacitance of 394 F g−1 at a scan rate of 20 mV s−1, and excellent
stability of >98% capacitance maintained even after 1000 cycles at 1 A g−1. The presented approach
for the growth of ZnO nanostructures might provide a path for the preparation of cost effective
binder-free electrode.

2. Experimental Details

ZnO nanorods with high crystalline nature were grown on Al substrate (15 µM thick sheets;
MTI, Richmond, CA, USA) that was seeded with ZnO particles. The Al foil was pre-treated prior to
the seeding step. The foil was washed by acetone (99.99%), ethanol (99.99%), and distilled water)
sequentially. After the cleaning, foil was dried in an oven at 80 ◦C. The dried Al foil was then used for
seeding. The fabrication of ZnO nanorods was performed in two steps. The first step was performed
to deposit a seed layer with spin coating using ZnO solution containing a mixture of 30 mM NaOH
and 10 mM zinc acetate solution in ethanol, followed by heating at 200 ◦C for 5 min. The second step
resulted in ZnO nanorods growth and was carried out by using the wet chemical method. An equimolar
(10 mM) aqueous solution of hexamethylenetetramine (HMT) (C6H12N4; 99.99%, Sigma Aldrich) and
zinc nitrate (Zn(NO)3·6H2O; 99.99%, Sigma Aldrich, St. Louis, MO, USA) was prepared for the growth.
For the synthesis, HMT solution was preheated at 80 ◦C, in which zinc nitrate solution was mixed,
and then Al substrate was put into the solution in seed facing down position. This reaction was carried
on for 1 h, and vertically aligned ZnO nanorods on Al substrate were grown. Lastly, the washing of as
grown ZnO nanorods was performed numerous times in deionized water, followed by drying at 80 ◦C
for 12 h. Figure 1 demonstrates a schematic drawing of the ZnO nanorods growth on Al substrate.
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Figure 1. A Schematic diagram for the growth of ZnO nanorods on Al substrate.

The structural information of the product was obtained using X-ray diffractometer (Phillips X’pert;
MPD 3040, EA Almelo, The Netherlands) that was equipped with Cu Kα radiations. Morphological
studies of the product were carried out by using field-emission scanning electron microscope (FE-SEM,
TESCAN, MIRA II LMH, Brno–Kohoutovice, Czech Republic) and transmission electron microscope
(TEM; JEOL 2100, Corporation Place, Singapore). To obtain further structural information of ZnO
nanorods, Raman spectrum was recorded with the help of Raman spectrophotometer (NRS-3100,
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JASCO, MD, USA) with a wavelength of 532 nm. In order to perform optical characterization of
ZnO nanorods, a Photo-luminescence (PL) spectrometer (JASCO, FP-6500, MD, USA) was used
at room temperature. Electrochemical measurements of the ZnO nanorods were performed using
three electrode cells by an electrochemical analyzer system (Gamry 600, PA, USA). For the working
electrode, binder-free ZnO nanorods on Al substrate were used. All of the electrochemical studies
were carried out in 2 M KOH with a counter electrode of a Pt wire and Ag/AgCl served for the
reference electrode. A potential range of −1.6 to 1.0 V was used for the cyclic voltammetry (CV) studies,
while Charge–discharge (CD) studies were conducted over 0 to 1.0 V. For the calculation of specific
capacitance using the CV and CD method, the following equations have been used [32]:

C =
1

2mVk

∫ V+

V−
I(V)dV By CV (1)

C =
I × ∆t
V ×m

By CD (2)

where C (F g−1) defines the specific capacitance, I (A) represents discharge current, ∆t (s) is discharge
time, while V (V) corresponds to the potential range, m (g) represents the mass used of the active
material, and k (V s−1) is scan rate. A frequency that ranges from 1 Hz–100 kHz was used for the
electrochemical impedance spectroscopy (EIS) analysis.

3. Results and Discussion

Figure 2 depicts the XRD patterns of ZnO nanorods grown vertically on Al substrate. Various
researchers have used Al2O3 substrate to grow ZnO nanorods. You et al. [33] reported the growth
of ZnO and ZnMgO films on Al2O3 (001) substrate. They have shown that besides the sapphire
substrate diffraction peak located at 41.7◦, only (002) and (004) diffraction peaks of ZnO at about
34.3◦ and 72.4◦ are observed for the ZnO film, which indicated that the ZnO thin film was grown
along a c-axis orientation of the sapphire substrate. Their XRD results indicated that, due to the
preferred single orientation (001) of the Al2O3 substrate, only peaks that are parallel to (001) planes
of ZnO are observed in the XRD pattern. While, no other peaks that belong to ZnO can be seen in
the XRD pattern. The similar behavior was also observed in another report that was presented by
Yang et al. [34] on the growth of ZnO thin films on sapphire (001) substrates. They showed that only
two peaks thatcontributed to the (002) and (004) planes of ZnO were observed. No other peaks were
detected within the detection limit of XRD, which conclude that ZnO grown on Al2O3 (001) substrate
results in the growth of ZnO along (001) parallel planes only. However, in our work, we have used Al
substrate for the growth of ZnO nanorods. Figure S1 shows the XRD pattern of Al substrate used in
our work. The diffraction peaks observed at 2θ values of 38.28, 44.59, and 64.91 correspond to the (111),
(200), and (220) planes of the bare Al substrate (JCPDF card # 85-1327) [35]. All the peaks in our XRD
pattern (Figure 2) are indexed to wurtzite ZnO structure, and in close agreement with the standard
data of JCPDS 89-1397. Among all of the planes of ZnO in the XRD patterns, the intensity of (002)
plane is extremely high, which clearly reveals that the ZnO nanorods possess single-phase with high
crystallinity and grow along the c-axis. There are other peaks present that correspond to ZnO with less
intensity than that of (002) plane of ZnO. However, the peak related to Al was not observed within the
detection limit of XRD, it might be due to very high intensity of (002) peaks of ZnO, which suppressed
other peaks either related to Al or ZnO. Therefore, it is clear that we have used Al substrate for the
growth of ZnO nanorods and Al2O3 was not used. IfAl2O3 substrate was used in our work, the XRD
pattern must have shown only peaks parallel to (001) plane of ZnO along with (006) peak of Al2O3

substrate, as reported in previous work, but this is not the case in our XRD results. Thus, the possibility
of the use of Al2O3 substrate in this work has been ruled out. Table S1 summarizes the discussion.



Nanomaterials 2020, 10, 1979 5 of 12
Nanomaterials 2020, 10, x FOR PEER REVIEW 5 of 12 

 

 
Figure 2. XRD patterns of ZnO nanorods grown on Al substrate. 

Morphological studies of the as-grown ZnO nanorods were performed by FESEM and TEM 
techniques and are shown in Figure 3. Figure3a shows the FESEM micrographs of vertically aligned 
ZnO nanorods that were grown on Al substrate synthesized at 80 °C. The overall morphological 
features of the ZnO nanorods could be evidently seen and revealed the formation of clear nanorods. 
The inset of Figure 3a shows that each individual ZnO nanorod consists of a well-defined hexagon 
facet. The nanorods have length and diameter of ~2 µm and 100–180 nm, respectively, and the size 
distribution is homogenous throughout the surface of Al substrate. The homogeneity of such 
nanostructures is helpful in achieving high energy density by facilitating the charge transport 
during charge and discharge [29,36]. Additionally, a good electrical contact could be assured with 
the unique design of the electrode with such morphology on Al current collector/substrate; as a 
result, the area of interaction on the electrode/electrolyte interface might increase. 

 
Figure 3. (a) Field-emission scanning electron microscope (FE-SEM) image of ZnO nanorods, inset 
shows a single nanorod. (b) HRTEM image, and inset shows the SAED pattern of ZnO nanorods. 

Figure 2. XRD patterns of ZnO nanorods grown on Al substrate.

Morphological studies of the as-grown ZnO nanorods were performed by FESEM and TEM
techniques and are shown in Figure 3. Figure 3a shows the FESEM micrographs of vertically aligned
ZnO nanorods that were grown on Al substrate synthesized at 80 ◦C. The overall morphological
features of the ZnO nanorods could be evidently seen and revealed the formation of clear nanorods.
The inset of Figure 3a shows that each individual ZnO nanorod consists of a well-defined hexagon
facet. The nanorods have length and diameter of ~2 µm and 100–180 nm, respectively, and the
size distribution is homogenous throughout the surface of Al substrate. The homogeneity of such
nanostructures is helpful in achieving high energy density by facilitating the charge transport during
charge and discharge [29,36]. Additionally, a good electrical contact could be assured with the unique
design of the electrode with such morphology on Al current collector/substrate; as a result, the area of
interaction on the electrode/electrolyte interface might increase.
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Additional morphological features and crystalline quality of ZnO nanorods were achieved
through TEM investigations. The atomic structure related information obtained from HRTEM image
in Figure 3b depicts the highly crystalline nature of ZnO nanorods with interlayer spacing of 0.266 nm,
which attributes to the d spacing of (002) lattice plane in ZnO structures. The results that were obtained
from HRTEM further confirm the XRD studies where the ZnO nanorods have preferred growth
direction along c-axis. The inset of Figure 3b shows the SAED patterns of the nanorods containing
bright dot patterns that correspond to single-crystal behavior of as-prepared ZnO nanorods.

Raman spectroscopy was performed at room temperature in order to study the defects and crystal
structure of ZnO nanorods. Generally, ZnO with a space group of C4

6V and wurtzite structure contains
two formula units in a primitive cell [37]. The origin of Raman active modes in the spectra are usually
governed by various symmetries, and the frequency of vibrations might shift due to the change in
chemical surroundings and spacing between lattices [38]. Figure 4 shows room temperature Raman
plot of ZnO nanorods with the peaks positioned at 332 cm−1, 435 cm−1, and 581 cm−1. The peak at
435 cm−1 corresponds to the characteristics E2H mode of ZnO wurtzite structure. The peaks that were
observed at 332 cm−1 and 581 cm−1 belong to the Raman E2H-E2L and E1L mode, respectively, of ZnO.
The high intensity of E2H mode as compared to other modes further reveals the c-axis orientation of
ZnO nanorods.
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Figure 5 shows the room temperature PL spectrum of the ZnO nanorods. A high intensity
near-band-edge (NBE) emission centered at ~388 nm, and a broad peak at ~507 nm (green light)
corresponds to deep level emission (DLE) were appeared. The free excitons of ZnO recombined
and resulted to the origin of NBE emission, while the photo-originated hole recombination with the
defects that were generated green light emission [39,40]. Moreover, the narrow size of full-width at
half-maximum (FWHM) of the NBE reveals that ZnO nanorods possess excellent crystalline quality,
which further confirms the FESEM study.

Figure 6a reveals the cyclic voltammograms (CV) of ZnO nanorods electrodes in aqueous electrolyte
containing 2 M KOH and recorded with various scan rates of 20, 50, 100, and 200 mV s−1 in the
potential window of −1.6 to +1.0 V vs. Ag/AgCl. It can be clearly seen from CV plot in Figure 6a
that by increasing scan rate, the current increases, which depicts the capacitance behavior of the ZnO
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nanorods. Additionally, as seen in Figure 6a, the CV curves exhibit redox peaks confirming the Faradic
nature of the ZnO. The value of specific capacitance of ZnO nanorods electrodes obtained from CV
curves was found to be ~394 F g−1 at 20 mV s−1 scan rate. It was observed that, with increasing in scan
rates, the value of capacitance tends to decrease, as shown in Figure 6b. The number of active ions
contributed during the redox reaction is the highest in lower scan rates, while it decreased in higher
scan rates. In order to make Al substrate stable in KOH electrolyte, on one side of the Al substrate,
ZnO was deposited, however, on the other side of Al substrate, a scotch tape layer was used to cover
and protect it from being reacted with KOH solution which makes the Al substrate stable in KOH.
A CV plot of bare Al substrate (covered with scotch tape on both sides) performed at a scan rate of
20 mV/s is shown in Figure S2. In the CV curve, almost negligible redox peaks of bare aluminum
substrate, and much smaller current in the range of µA as compared with those of ZnO nanorods
that is in Ampere range, which suggests that the capacitance contribution from the Al substrate is
insignificant. Therefore, ZnO nanorods grown on Al substrate have been successfully served as the
high performance asymmetrical supercapacitor electrode.Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 12 
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The charge and discharge characteristics of ZnO nanorods electrode were further confirmed from
galvanostatic charge–discharge (CD) curves that were studied at various current densities ranging from
1to 10 A g−1, as shown in Figure 7a. A high specific capacitance obtained from charge and discharge
curve was found to be ~332 F g−1 at a current density of 1 Ag−1 and ~301 Fg−1 at 10 Ag−1. Figure 7b
shows the plot of specific capacitance with the change in current density. Interestingly, yet at high
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value of discharge current density of 10 A g−1, there is a small reduction in the specific capacitance
depicting excellent rate capacitance features of ZnO nanorods electrode.Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 12 
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The cycling behavior of the ZnO electrode was performed for 1000 cycles in order to analyze
the cyclic stability of the ZnO nanorods electrode, as shown in Figure 7c. Long-term cycling of
ZnO nanorods electrode shows no obvious fade, except a very small decrease of ~2% in the specific
capacitance, even after 1000 cycles. These cyclic stability results of ZnO nanorods on Al substrate
based electrode indicated that minor changes might occur in the physical or chemical structure during
the charge discharge cycling procedure. The performance of the ZnO nanorods electrode in terms of
specific capacity (mAh/g) vs. cycle number has been studied and shown in Figure S3. It could be
clearly seen from Figure S3 that the specific capacity of 58.33 mAh/g was observed for the first cycle,
which was maintained for 1000 cycles with capacity retention of ~98%.

The highest specific capacitance of 394 F g−1 at a scan rate of 20 mVs−1 from CV and 332 F g−1 from
charge–discharge obtained in our work for ZnO nanorods is superior and highly attractive than that of
other ZnO based electrodes that were reported in the literature (see Table 1). He et al. [24] reported
a value of 378.5 F g−1 for ZnO nanocones and 191.5 F g−1 for ZnO NWs. Alver et al. [25] reported
specific capacitance of 5.87 F g−1, 5.35 F g−1 and 4.14 F g−1 for ZnO electrodes obtained from nitrate,
acetate and chloride precursor solutions, respectively. Luo et al. [26] showed maximum capacitance of
160.4 F g−1 for electrodes from ZnO tetrapods. By comparing our results with carbon nanostructures
based electrode without metal oxide, it was observed that a capacitance value of 370 F g−1 at 1 A g−1 in
6 M NaOH for graphene, as reported by Xiao et al. [9], is lower than that of the specific capacitance
(394 F g−1) of our ZnO electrode. Additionally, the performance of our ZnO nanorods supercapacitors
electrode is much better than the transition metal oxides, sulfides, and ZnO based nanocomposites
reported earlier [41–45] (see Table 1). In our work, the enhanced performance of ZnO nanorods might
be ascribed to the structural advantages of the ZnO on Al substrate assisted prepared electrode.

Table 1. A comparative study of specific capacitance between current work and earlier reports.

Electrode Material Scan Rate (mV s−1) Specific Capacitance (F g−1) Ref.

ZnO nanocones 20 377.4 [24]
ZnO nanostructures 5 5.87 [25]

ZnO tetrapods 10 160.4 [26]
ZnO coated with MnO2 25 222 [16]

ZnO/RGO 5 322.1 [41]
CeO2/Fe2O3 nanospindles 5 142.6 [42]

MoS2 on Mo foil 5 197.1 [43]
CoMoO4 5 98.34 [44]

ZnS/graphene 5 197.1 [45]
ZnO nanorods on Al substrate 20 394.1 This work

Electrochemical impedance spectroscopy (EIS) was used to further study the electrochemical
characteristics of the ZnO nanorods electrode/electrolyte interface. Figure 7d depicts the typical Nyquist
plots of ZnO nanorods electrodes before and after cycling test. In high frequency region, the x-intercept
of the Nyquist curve reflects the equivalent series resistance (ESR), which results from the origin of
resistance from various sources, such as the electrolyte, internal resistance of electrode material, and the
interface resistance [46]. While, the diameter of the semicircle attributes to the resistance of charge
transfer on the surface of the electrode (Rct) [47,48]. The value of ESR of ZnO nanorods electrode
before cycling test was measured to be 8.1 Ω, and after 1000 cycles, a little increase in the ESR value of
about 12.4 Ω was observed, as shown in Figure 7d. This smaller resistance and its minute change even
after 1000 cycles might be due to the enhanced contact of the electrode material with the electrolyte.
Interestingly, in the Nyquist plot, there was no distinct semicircle observed, which further indicated
that ZnO nanorods electrodes exhibit excellent capacitive behavior [49].
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4. Conclusions

In summary, ZnO nanorods on Al substrate as electrode for supercapacitors have been successfully
grown at low temperature of 80 ◦C while using a facile wet chemical route with excellent electrochemical
performance. As grown ZnO nanorods possessed high crystallinity and growth direction along the
c-axis which are in close agreement with the HRTEM and SAED results. The FESEM results demonstrate
well-defined hexagonal shape of ZnO nanorods homogeneously grown on Al substrate. Raman studies
show that a high intensity E2H mode of the wurtzite lattice is evidenced in addition to the low intensity
broad peaks of other modes. The PL spectrum demonstrates a strong NBE emission positioned at
~388 nm and a broad DLE emission at ~507 nm. The electrochemical studies demonstrate that the
grown ZnO nanorods electrode exhibit superior performance with the specific capacitance of 394 F g−1

at 20 mV s−1 scan rate and high cyclic efficiencies of >98% after 1000 cycles; thus, it could be considered
to bea potential candidate of electrode for supercapacitors. The presented simple and cost effective
approach for large scale production of ZnO nanorods on Al substrate is highly attractive and might be
applicable for the development of future binder-free metal oxide electrodes for supercapacitors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/1979/s1,
Figure S1: XRD pattern of Al substrate used in the present work., Figure S2: CV plot of bare Al substrate (covered
with scotch tape) in 2M KOH electrolyte, Figure S3: Plot of Specific capacity vs cycle number for ZnO nanorods
electrode at current density of 1 A/g, Table S1: Comparison of ZnO grown on Al and Al2O3 substrate.
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