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Abstract
In consideration of effective supercapacitors which are also affordable and lightweight, metal oxides can be considered 
because of the higher charge storage capability. This work establishes the in situ fabrication of a supercapacitor electrode, 
employing spent Zn–C batteries as precursor. Every year, extensive number of waste batteries including Zn–C battery 
end up in landfill, which prolonged the compulsion of waste disposal in landfill and creates environmental and health 
threat. The transformation of waste battery materials into fabricating components for energy applications, is of great 
significance for sustainable strategies but it is a challenging work to produce nanomaterials with purity by green methods. 
The present study proposes the in situ fabrication of ZnO NPs as ultra-thin film on a porous silicon (P-Si) substrate from 
spent Zn–C battery at 900 °C in the horizontal tube furnace under argon atmosphere. The particles were around 45 nm 
size and semi-spherical in morphology and showed uniform distributions all over the substrate as a discrete ultra-thin 
film. The ZnO ultra-thin film basically comprised of several ZnO film layer which stacked with each other periodically 
and made one thin layer of ~ 390 nm, where the single layer was ~ 45 nm. Formation of ZnO NPs were detected by the 
analysis of XRD, EDS and XPS. Using cyclic voltammetry as well as impedance spectroscopy in 0.6 M KOH as electrolyte, 
electrochemical properties of developed electrodes and supercapacitor have also been examined. The ZnO/P-Si electrode 
demonstrated a highest value of specific capacitance 547 F g−1 at 5 mV s−1 scan rate. Obtained results demonstrate that 
spent Zn–C battery can be selected to fabricate the energy storage devices which can offer economical, technological 
and environmental advantages.
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1  Introduction

Supercapacitors are kind of electrochemical capacitors 
which are charge storage device that have got attention 
owing to higher specific energy than the conventional 
capacitors along with their greater density of power than 
the batteries [1, 2]. Generally, two types of electrode mate-
rials have been used to fabricate the supercapacitor: (1) 
carbon materials having higher surface area, for instance 
carbon aerogel and activated carbon etc. [3]; (2) metal 

oxides for example oxides of Ni, Ru, Co and Zn etc., and 
polymers with conduction properties [4]. Because of hav-
ing the higher specific capacitance and noticeable elec-
trochemical properties, ruthenium (Ru) oxides are broadly 
used in the electrochemical supercapacitor [5]. However, 
commercial acceptance of Ru has been abated because 
of the high cost and a cheap metal oxide such as tran-
sition metal oxides with numerous oxidation states has 
become popular for the supercapacitor application. Nickel 
oxide (NiO) [6–8], cobalt oxide (CoO) [9] and manganese 
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oxide (MnO) supercapacitors [10], are low-priced and have 
pseudocapacitive behavior like the ruthenium oxide. The 
various physical properties of nanoparticles of zinc oxide 
(ZnO) are widely accessible [11–14] in literature but the 
pertinence of ZnO as an important candidate for applica-
tion of supercapacitor is less reported. ZnO nanoparticles 
are in chief striking for forthcoming applications because 
of biocompatible, environmentally friendly, possession of 
high electron mobility and relatively inexpensive prop-
erties of them. Most importantly, because of the high 
energy density, ZnO is renowned as battery active mate-
rial though it can have disadvantage to form of dendrite 
development during the successive cycling, which can 
decrease in cycle life. Still, owing to its ecofriendly nature 
and decent electrochemical activity, zinc oxide can be 
selected as a potential material of electrode for fabrica-
tion of supercapacitor.

ZnO nanoparticles are usually synthesized by the col-
loidal chemical methods together with polymer stabiliza-
tion, sol–gel process, reversed micelles, and also alkoxide-
assisted methods [15–18]. By using these approaches, 
monodisperse particles of ZnO with small size (75 nm) was 
possible to synthesize. Nevertheless, these kinds of chem-
ical synthesis need numerous and lengthy step by step 
processes which uses various organic solvents along with 
surfactants to make steady the nanoparticles [19]. They 
also propose restricted control over the dispersion and 
composition, resulting in agglomeration of ZnO nanopar-
ticles with the increased quantities of defects in structure.

With controlled and limited size and high purity of 
chemical, physical synthesis techniques propose a facile 
way to the development of the ZnO nanoparticles. Physi-
cal synthesis techniques have also been broadly used to 
make ZnO structures with molecular beam epitaxy, chemi-
cal vapor deposition (CVD), pulsed laser deposition as well 
as vapor phase transport (VPT) [20–22]. The temperatures 
are noticed above the 500 °C, and sometimes 1000 °C in 
most of the physical synthesis techniques.

In this current study, an in-situ fabrication route of a 
thin film of ZnO nanoparticles on porous silicon substrates 
at temperature 900 °C reported which can be operated 
at atmospheric pressure. ZnO nanoparticles have been 
noticed to grow on porous Si (1 0 0) substrate inside a 
covered crucible in a horizontal tube furnace under inert 
condition. In this method, battery powder of spent Zn–C 
can easily be used as a main source of precursor which 
are essential for the development of ZnO nanoparticles 
instead of pure precursor. As far the literature survey, no 
study has reported on ZnO nanoparticles as an ultra-thin 
film manner synthesized from waste materials/waste bat-
tery and applied directly in supercapacitor application 
without any further modification. However, as an energy 
storage appliance waste carbonaceous material like 

bio-waste, polymers etc. have been reported, but metal 
oxides from waste were disregarded. Consequently, in-situ 
fabrication process of ZnO nanostructured thin film from 
spent battery for supercapacitor application will be per-
ceptibly attractive and economically viable for large scale 
fabrication simultaneously diverting hazardous battery 
waste from landfill.

In landfill, the chemical inside the battery leaks and 
pollutes the land and water which causes environmental 
hazard and human health risk. In accordance with other 
countries (Directive 2006/66 of the European Commis-
sion), the Australian standard for electronic waste recy-
cling (AS/NZS 5377:2013) does not accept the process of 
disposal of wasted batteries to landfill. Approximately 350 
million (less than 1 kg in weight) batteries are utilized in 
Australia per year [23]. Primary/non-rechargeable/single-
use batteries count 81% and zinc-carbon battery (Zn–C) 
counts 19% of the total handled batteries mostly goes to 
landfill [23]. Therefore, it is highly demanded to find out 
an appropriate and feasible solution to recover the value-
added materials for various functions. Zn–C is one of the 
most valued sources of metal such as Zn, Mn, or oxide. 
Nowadays, several studies like mechanical method of 
separation, pyrometallurgical, hydrometallurgical and bio-
hydrometallurgical treatments reported to recover value 
added content from wasted Zn–C batteries. However, the 
applications of recovered materials are not popular yet in 
most of the literatures studied so far.

Here, we report on the first electrochemical investi-
gation of a bare semiconductor nanostructure-based 
electrodes for supercapacitance which is prepared with-
out adding any conductive carbon materials. We choose 
ZnO NPs for our investigation because of its high elec-
tron mobility and synthesized these nanoparticles as an 
ultra-thin film manner on porous silicon substrate from 
spent Zn–C battery powder. Our investigations revealed 
that ZnO NPs based electrodes provide 547 F g−1 spe-
cific capacitance at the 5 mV s−1. Such performance of 
fabricated electrode is a promising green alternative 
input for high-capacitance supercapacitors for practical 
applications.

2 � Experimental

2.1 � Raw material

Cylindrical shaped spent zinc-carbon (Zn–C) battery, col-
lected from Environmental sustainability estate manage-
ment, UNSW Sydney and was used as a raw material for 
this investigation. Zn–C type battery is mainly made of a 
combination of anode (negative) and cathode (positive). 
Outer layer of the battery (consists of Zn) mainly works 
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as anode and powdered materials holding manganese 
dioxide (MnO2) perform as cathode that is wetted along 
with the zinc chloride (ZnCl2) solution in heavy duty Zn–C 
battery. The paste of ZnCl2 is considered the electrolyte 
which can guarantee the continuous current flow. A rod 
of carbon has been put in centre of battery and it can act 
as a current conductor. Spent Zn–C battery has been dis-
mantled to distinct zinc casing, separator, carbon rod as 
well as powder material holding ZnCl2 as well as MnO2. The 
obtained powder has been used for synthesis of raw mate-
rial of ZnO nanostructured thin film. Before using this as 
raw materials, powdered materials found from spent Zn–C 
type battery have been dried in the oven at 60 °C for 24 h 
to eliminate moisture. Schematic demonstration of various 
components of a Zn–C type battery and also dismantled 
fractions of these used for this study are shown in Fig. S1.

2.2 � In‑situ fabrication method of ZnO 
nanostructured thin film

Figure 1 illustrates the schematic demonstration of dia-
gram of the in-situ fabrication method of ZnO nanostruc-
tured thin film using Zn–C battery. The system is made 
of a furnace along with the heating zones with two vari-
able temperatures and a source of argon (Ar) by means 
of the carrier gas. As demonstrated in the Fig. 1, a graph-
ite rod has been utilized as an important support to hold 
ceramic crucible in the core reaction unit into heating 

region or area or out of furnace. A bigger view of the cru-
cible is exhibited in the box well-defined along with a red 
dashed line. From the figure, it is clearly noticeable that 
the substrates remained away from precursor. Moreover, 
a controlled flow of the carrier gas has been required to 
reproduce the growth of the materials. At a certain tem-
perature, the battery powder began to decompose and 
freed a volatile matter, which can be carried using flow of 
Ar gas for interaction with target substrate.

2.3 � Substrate preparation

In synthesis process, all the used chemicals are considered 
analytical grade which have been purchased from Sigma-
Aldrich Co. Inc. and have been used without any further 
purification.

For synthesise of the porous silicon (P-Si), a p-type 
(phosphorus-doped) (100) Si wafer (5 mm × 5 mm) which 
has a resistance ranging from 0.003 to 0.03 Ω cm and a 
thickness of 500 ± 25 mm, has been used. The wafer has 
been ultrasonically cleaned in methanol (CH3OH), acetone 
((CH3)2CO), and deionized (DI) water. After cleaning, it has 
been dried using nitrogen at the temperature of 100 °C 
for 20 min on the hot plate. Afterward, the wafer has been 
immersed in the solution of buffered oxide etch (BOE) for 
removing the layer of oxidation from Si wafer at normal 
temperature. Afterwards, the wafer has been immersed 
in solution of etchant composed of Hydrogen fluoride, 

Fig. 1   Schematics of experimental set up to fabricate ZnO NP thin film on P-Si substrate from spent Zn–C battery
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Hydrogen peroxide, and DI water at a 5:2:1 volume ratio 
at normal temperature for 2 min in the Teflon vessel for 
obtaining the P-Si. Lastly, the Si wafer has been rinsed with 
the DI water, and dried with nitrogen at the temperature 
of 60 °C.

2.4 � Characterization technique

X-ray fluorescence (XRF) of Axios Advanced WDXRF with 
Rh end-window tube “Supreq Software” was used for the 
elemental analysis of battery powder. The morphology 
and microstructure of this powder were observed by JEOL 
7001F. Later, fabricated thin film, discussed above have 
extensively been characterised for examining their prop-
erties. Scanning electron microscopes (FEI Nova NanoSEM 
230 and NanoSEM 450) has been used for investigation of 
microstructure and the surface morphology of materials.

For examining the chemical composition as well as 
the structure of the resultant grown nanostructures, a 
transmission electron microscope (Philips cm200) joined 
with the energy dispersive spectroscopy (EDS) and an 
X-Ray Photoelectron Spectroscopy (XPS) have been used. 
Measurements of XPS have been done by an equipped 
monochromatic Al anode X-ray thermo ESCALAB250Xi 
system and the data analysis has been carried out using 
Advantage software with the reference energy of 284.8 eV 
for adventitious C1s. A dual beam focused ion beam 
microscope (FIB, FEI Nova NanoLab 200) has been used 
to prepare samples for transmission electron microscopy 
analysis. Different phases of raw material were identified 
by PANalytical X’Pert Pro Multipurpose XRD using CuKα 
radiation. Thin film X ray diffraction (PANalytical Empyrean 
XRD) has been used for the study of materials structural 
properties. The contact angles of water droplet have been 
examined by contact angle goniometry (Kruss DSA 100 
easy drop) using the sessile drop method along with dis-
tilled DI water droplets (about 3 µl) at normal temperature.

2.5 � Cell fabrication and measurement

The working electrode of the supercapacitor cell was fab-
ricated with ZnO/P-Si substrate (5 mm × 5 mm) using Cu 
wire as the current collector. By using the Ag paste, Cu wire 
was attached with the ZnO/P-Si. In addition, to avoid the 
more contact between sample as well as current collector 
of any polymer binder, for instance poly (vinylidene fluo-
ride), or conducting agent, for example super-p was not 
used for preparing the device. Only, by using the Ag paste, 
Cu wire was attached with the ZnO/P-Si. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy 
(EIS) have been performed at room temperature using a 
Biologic VSP-300 electrochemical workstation.

The supercapacitance/electrochemical studies have 
been done in a standard asymmetric three-electrode sys-
tem consisting of in situ fabricated ZnO film as working 
electrode, Pt wire as a counter electrode, and saturated 
calomel (Hg2Cl2) electrode as a reference electrode. The 
electrolyte used was aqueous solution of 0.6 M KOH. CV of 
the unit cell was performed between − 0.5 and 0.8 V for the 
aqueous electrolyte at different scan rates (5–100 mV s−1). 
The measurements of electrochemical impedance spec-
troscopy have been carried out under the open circuit 
voltage in an alternating current frequency range of 
10 kHz–100 MHz with an excitation signal of 0.6 V.

3 � Results and discussion

3.1 � Characterization of spent Zn–C battery

Figure 2a illustrates the FESEM image of spent Zn–C bat-
tery powder. From the figure it was observed that, there 
was no orientational morphology appeared in the spent 
Zn–C battery powder rather than agglomerated particles. 
In addition, due to the co-existence of coarse and fine par-
ticles in aggregated manner, it was difficult to distinguish 
the sizes of the particles throughout the composition. Fig-
ure 2b shows the XRD analysis of spent battery powder 
where the diffraction peaks mainly showed the presence 
of ZnMn2O4 (hetaerolite) and Zn5(OH)8Cl2·H2O (simonkol-
leite) phases. EDS analysis in Fig. 2c also demonstrated the 
Zn, Mn, O, Cl peaks which are really high in spent battery 
powder. Existence of C peak is recognized as a form of car-
bon from in the cathode mixture and/or from carbon rod 
while dismantling. As discussed in the Experimental sec-
tion, the powdered materials of spent Zn–C battery were 
characterized for the elemental analysis by XRF. Accord-
ing to the XRF results (shown in Fig. 2d), the powdered 
materials of spent Zn–C battery has 50.72% manganese 
(Mn), 18.67% Zinc (Zn), 7.28% chlorine (Cl), and 0.42% Iron 
(Fe) as major element (all compositions are expressed in 
weight percentage and except chlorine, other elements 
are in oxide form). Elemental and phase analysis of the 
spent Zn–C battery by EDS, XRF and XRD are compatible 
with each other and with existing literature of the Zn–C 
battery.

Figure 3 illustrates the thermogravimetric analysis 
(TGA) of spent battery powder at the rate of 20 °C min−1 
from normal temperature (RT) to 1200 °C under nitrogen 
atmosphere. From the TGA analysis, it was observed that 
significant weight loss of approximately 52% occurred 
which could be attributed to decomposition, evapora-
tion of materials. From the figure, it is clearly visible that 
weight loss occurred in three major regions. First region 
or initial weight loss below 350 °C can be attributed to 
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the loss of moisture. In the second region, at 450 °C to 
700 °C temperature, weight loss is attributed to the oxy-
gen/moisture loss due to decomposition of ZnMn2O4 
and Zn5(OH)8Cl2·H2O phases in spent Zn–C battery [24]. 
Most importantly, in region three, major weight loss was 
observed from 800 °C, is referred to evaporation of ZnO 
through formation of Zn vapor. From the literature it is 
well known that, evaporation of Zn/ZnO mainly occurred 
in the temperature region in between 800 and 950 °C 
[24] though the TGA data showed maximum weight 
loss at 1150 °C due to Zn/ZnO evaporation. The optimal 
temperature of 900 °C is considered for this study to 
fabricate ZnO nanoparticles as a discrete thin film man-
ner on P-Si substrate employing spent Zn–C battery as 
precursor.

Fig. 2   a FESEM image, b XRD pattern, c EDS spectra, and d chemical composition of spent Zn–C battery powder

Fig. 3   Thermogravimetric analysis of spent Zn–C battery powder



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:302 | https://doi.org/10.1007/s42452-019-0302-1

3.2 � Growth of ZnO nanoparticles as discrete 
ultra‑thin film manner on the P‑Si substrate 
using waste Zn–C battery as precursor

After chemical analysis, the powdered material of spent 
Zn–C battery was considered to the heat treatment at 
900 °C to produce the needed pulp for the fabrication 
process of ZnO nanoparticles development on the sur-
face of P-Si. To fabricate the ZnO nanostructured thin film, 
the powdered material of spent Zn–C battery samples and 
the porous Si substrate were kept in the covered cruci-
ble, maintaining an optimum height and were also put 
into the front path of the furnace (cold zone: ~ 180 °C) 
by the graphite rod and were placed there for 10 min. 
After that, the graphite rod was placed gradually to the 
hot area of furnace, where the high temperature was set 
(900 °C) and placed there for 60 min. A continuous flow 
of Ar gas (0.6 L min−1) was maintained throughout the 
experiment. During the increasing temperature variation 
from cold to hot zone, simonkolleites (Zn5(OH)8Cl2. H2O) 
phase of the spent battery powder lost the single mole 
of water. At higher temperature (900 °C) and prolonged 
heating Zn5(OH)8Cl2 decomposed to ZnO and hetareolite 
(ZnMn2O4) phase of the spent battery powder also started 
to change their phases to ZnO and MnO [25]. ZnO reduced 
to Zn vapor by carbothermal reduction (LECO carbon 
analysis showed, C ~ 9.5%) and converted to ZnO again 
by in-situ oxidation [26]. Due to the optimal temperature 
and flow of the carrier gas, formation of ZnO pulp was 
higher, which predominantly increased the density of the 
ZnO pulp inside the crucible. The lighter weight of the ZnO 
pulp inside the crucible chamber, facilitated the good con-
tact with the targeted substrate. P-Si substrate can provide 

larger internal surface, high resistivity and strong and high 
surface absorbability. The wettability characteristics and 
surface energies of the P-Si substrate also played a vital 
role to form the uniform ZnO NPs ultra-thin film without 
agglomeration. Due to hydrophobic nature and lower sur-
face energy of the P-Si substrate, when the pulp of ZnO 
came to the contact of the substrate, the grain size of ZnO 
became smaller along with reduced inter-grain distances 
and created a discrete manner ultra-thin film. The graph-
ite rod was taken back to the cold zone after 60 min to 
cool down and substrate was taken out for analysis and for 
electrode fabrication. Figure 4 shows the overall reaction 
mechanism for the formation of ZnO nanoparticles as an 
ultra-thin film manner on P-Si substrate.

FESEM micrographs of ZnO NPs are shown in Fig. 5. The 
particles were semi-spherical in morphology and showed 
uniform distributions all over the substrate as a discrete 
ultra-thin film manner. Density of the nanoparticles was 
almost same in all over the substrate and the average 
diameter size of particles was ~ 45 nm. Most importantly, 
no aggregation and particle stacking were observed any-
where in the substrate. This could be attributed to the opti-
mal reaction time, conditions and controlled flow of the 
carrier gas during the experiment [27].

The thickness of the ZnO ultra-thin film was measured 
by taking a cross-sectional TEM image from the ZnO/P-Si 
substrate and is given in Fig. 6a. The figure illustrates that 
ZnO ultra-thin film basically consists of several ZnO film 
layer which stacked with each other periodically and made 
one thin layer. It was observed that uniform pores formed 
in between every two layers which made the ultra-thin film 
as discrete. The thickness of the ultra-thin film was around 
~ 390 nm, where the single layer was ~ 45 nm. The amount 

Fig. 4   Schematics of steps of in-situ fabrication of ZnO NP thin film on P-Si substrate from spent Zn–C battery
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of layers in ultra-thin film could be controlled by chang-
ing the time of deposition. To confirm the distribution of 
ZnO on the surface of lattice, elemental mapping has been 
done and the results have been depicted in the Fig. 6b–d. 
The analysis refers that Zn and O which are spread homog-
enously over the entire P-Si substrate, and it further con-
firms the formation of extremely uniform ZnO film.

The elemental composition of as-synthesized ZnO film 
on the P-Si substrate was characterized by EDS spectra 
(Fig. 7a). The existence of several peaks of zinc (Zn), oxygen 
(O), and Silicon (Si) and the lack of any peaks associated 
with contaminants, settled the formation of a pure nano-
structured material which was further confirmed by XRD 
analysis. The relatively low counts of nanomaterial (Zn, 
O) proposed the formation of the ultra-thin film over the 
porous Si substrate. In addition, EDS mapping analysis con-
firms the homogeneous property of the nanoparticles all 
over the substrate (Fig. S2). Figure 7b illustrates the X-ray 
diffraction (XRD) patterns of the synthesized pure ZnO 
NPs on the porous Si substrates. The presence of peaks 

Fig. 5   FESEM images of synthesized ZnO nanoparticles on P-Si sub-
strate as discrete ultra-thin manner (inset shows the average diam-
eter of ZnO NPs)

Fig. 6   a Cross-sectional dark field TEM image and b–d elemental mapping of ZnO ultra-thin film on P-Si substrate
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of characteristic diffraction for pure ZnO corresponding 
to (002), (101), (102), and (103) planes at 2θ = 33.8°, 35.9°, 
46.8°, and 63.5°, respectively, are in good agreement with 

standard XRD peaks of crystalline ZnO with a hexagonal 
wurtzite structure (JCPDS card No. 36-1451) [28, 29]. There 
is not found any characteristic peaks from the intermedi-
ates for instance Zn(OH)2 in the samples. This result refers 
the formation of high purity of the ZnO NPs. The estimated 
crystalline size of the ZnO nanoparticles have been meas-
ured from the dominant peak (002) using formula of Scher-
rer and has been found to be about 47 nm.

To calculate the surface energy and wettability of ZnO 
NPs deposited on porous Si substrate, characterization 
of the water droplets is carried out. The Young’s equation 
refers the equilibrium forces among the tensions of sur-
face at a 3 phase boundary. The equation is as follows,

where �sv , �lv and �sl , and refers the energies of surface of 
the solid–vapor, liquid–vapor interfaces and solid–liquid, 
correspondingly, and �w refers the equilibrium contact 
angle. Contact angle images of bare porous Si substrate, 
and of ZnO NPs on P-Si are shown in Fig. 8. From the litera-
ture, it is familiar that if θw > 90°, the surface will be hydro-
phobic, and otherwise the surface will be hydrophilic; thus, 
the modified porous Si substrate was highly hydrophobic 
in nature [30]. On the other hand, the deposition of ZnO 
NPs on the P-Si substrates made the modified substrate 
more hydrophilic.

This hydrophilic property of the ZnO NPs/P-Si can be 
suitable for the application as electrode in aqueous elec-
trolyte based electrochemical capacitors. Since this kind 
of property can offer a highly wettable, superabsorbent 
and ionized material in electrochemical solution, it can 
increase accessibility of the pores and can facilitate ion 
transport within the electrode [31]. Furthermore, surface 
roughness remains directly proportional to the contact 
angle and therefore inversely proportional to the energy 
of surface [30]. It can be considered that surface roughness 
and chemical composition are the key factors to deter-
mine the surface energy of the thin films. To calculate the 

(1)cos �w = �sv −
�sl

�lv

Fig. 7   a Typical EDS spectrum and b XRD pattern of ZnO NPs/P-Si

Fig. 8   Contact angle images 
of a porous Si, and b ZnO 
NPs/P-Si
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surface energy, the equation of Owens and Wendt and 
that of Wu were each used; these are presented as Eqs. (2) 
and (3), respectively.

Here, �D
lv

 , �D
sv

 and �p
lv

 , �psv refer the dispersive and also polar 
components of liquid–vapor ( �lv ) energy and solid–vapor 
( �sv ) energy, correspondingly. The energy of surface has 
been measured for entire samples in the same way. The 
lower contact angle of the ZnO NPs/P-Si specifies the maxi-
mum surface energy. Table 1 shows the measured surface 
energies and contact angles for both samples.

(2)�sl = �sv + �lv − 2

(

√

�D
sv
�D
lv
+

√

�
p
sv�

p

lv

)

(3)�sl = �sv + �lv − 4

(

�D
lv
× �D

sv

�D
lv
+ �D

sv

+
�P
lv
× �P

sv

�P
lv
+ �P

sv

)

ZnO NPs/P-Si was analysed by the X-ray photoelectron 
spectroscopy (XPS). Figure 9a demonstrates the usual XPS 
with widespread survey spectra of the ZnO nanoparticles. 
From the figure it was observed that Zn, O, and C peaks 
have been spotted in survey spectra with minor impu-
rity. The spotted carbon is associated with the adsorbed 
carbon on the surface at time of exposure of the sample 
to the ambient atmosphere. Total binding energies have 
been corrected for the charge shift by the C1s peak of gra-
phitic carbon (BE = 284.6 eV) as a Ref. [32]. From Fig. 9b 
and Table 2, it was observed that the Zn 2p core-level of 
ZnO NPs has two fitting peaks located at about 1044.6 and 
1021.5 eV attributed to Zn 2p1/2 and Zn 2p3/2, respectively 
[33]. These results refer that the chemical valence of Zn at 
the surface of the nanoparticles is in oxidation state. For the 
ZnO nanoparticles, the binding energy difference between 
the Zn 2p1/2 and Zn 2p3/2 was 23.1 eV. Figure 9c displays 
XPS spectra of O1s region of ZnO nanoparticles. The O1s 
core-level spectrum of ZnO nanoparticles showed three 

Table 1   Contact angles and calculated surface energy of porous silicon, and ZnO NPs/P-Si

Sample Contact angle (°) Owens–Wendt method Wu method

�sv (mN/m) �D
sv

 (mN/m) �
p
sv (mN/m) �sv (mN/m) �D

sv
 (mN/m) �

p
sv (mN/m)

Porous Si (P-Si) 127.6 0.0075 0.0075 0.0075 −5 −1.259 −2.7
ZnO NPs/P-Si 50.6 70.85 31.69 39.46 79.02 41.32 37.69

Fig. 9   XPS spectra of a survey spectra, b Zn 2p, and c O1s for ZnO NPs/P-Si

Table 2   XPS analysis of ZnO 
nanoparticles

Peak Position BE (eV) FWHM (eV) Raw area (cps eV) Atomic Conc. (%)

Zn 2p 1021.57 1.57 830,124.83 40.74
O1s (1) 530.26 1.15 64,849.36 27.49
O1s (2) 531.47 1.15 15,239.58 6.46
O1s (3) 532.41 1.15 8694.1 3.69
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different forms of oxygen. Three fitting Gaussians peaks 
marked as (1), (2) and (3) were used to fit the experimen-
tal data. Peak (1) and (2), positioned at the lower binding 
energy of 530.26 eV and 531.47 eV is assigned to O2− ions 
in the Zn–O bonding of the wurtzite structure of ZnO [33]. 
The other peak (3) located at 532.41 eV is related to Zn–O/
Si. Binding energy (BE) in eV for the core levels Zn 2p and 
O1s and their related full-width at half maximum (FWHM) 
with the respective atomic concentrations are listed in 
Table 2. The results demonstrate that the O/Zn ratio is a 

little lower than unity which confirms that the synthesized 
nanostructures are pure ZnO as confirmed by XRD and EDS 
results.

3.3 � Electrochemical analysis

The overall performance of ZnO NP based electrode has 
been analysed using electrochemical impedance spectros-
copy (EIS) as well as cyclic voltammetry (CV). Figure 10a 

Fig. 10   Electrochemical performance of the ZnO NPs/P-Si in 0.6 M 
KOH (aq.) electrolyte at room temperature: a CV at a scan rate 
of 100  mV  s−1 (inset shows the charge transfer across interface 

through surface redox reaction), b CV curves at different scan rates 
(from 100 to 5 mV s−1), c specific capacitance as a function of a dif-
ferent scan rates, and d Nyquist plots of the ZnO NPs/P-Si electrode
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illustrates the CV curve over a voltage range from − 0.5 to 
0.8 V for the ZnO/P-Si based electrodes measurement at 
a scan rate of 100 mV s−1 in 0.6 M KOH electrolyte. From 
the figure, two peaks at − 0.23 V and 0.6 V can obviously 
be observed, caused by redox reaction between the ZnO 
and electrolyte. The redox process is primarily governed 
by intercalation as well as deintercalation of K+ from elec-
trolyte into ZnO: ZnO + K+ + e− ↔ ZnOK [34, 35]. These out-
comes proposed that the high specific capacitance related 
to ZnO electrode that originated from pseudocapacitance 
of the electrochemically active ZnO NPs. Figure 10b dem-
onstrates the CV curves for the as-fabricated electrode 
at a scan rate of 5 mV s−1 to 100 mV s−1. As an essential 
parameter, the specific capacitance (Csp) has extensively 
been used to calculate the overall performance of the elec-
trochemical supercapacitors, and it can be measured by 
dividing the capacitance by total weight of the deposited 
ZnO, that is:

where i refers the current density, t refers the time, x and 
y refers the time at lowest and highest voltage range (V), 
ΔV refers the potential window width (in V) and w refers 
the sample weight.

It appears to be familiar that a higher Csp value than a 
wide range of scan rates is actually significant for a material 
for real time application in supercapacitors. Figure 10c dem-
onstrates the differences in specific capacitance of ZnO NPs 
as a function of scan rates. From the figure it is clearly vis-
ible that, with the rise of scan rate from 5 to 100 mV s−1 the 
specific capacitance decreased. At the high scan rates, the 
movement of the electrolyte ions are bounded by diffusion 

(4)Csp =
1

wΔV

x

∫
y
idt

because of the time restrictions, and simply the outer active 
surface is employed for storage of charge, thus at high scan 
rate specific capacitance value was low. At lower scan rates, 
all the active surface areas of ZnO thin film can be used for 
storage of charge and the highest specific capacitance of 
547 F g−1 was achieved at 5 mV s−1 scan rate for the ZnO/P-
Si electrode. The discrete structure of ZnO NPs not only 
inhibited the stacking of the porous silicon substrate as film 
manner, similarly improved the electrochemical uses of ZnO 
NPs. Along with this, the outstanding interfacial contact and 
enlarged contact area among several layers of ZnO thin film 
(Fig. 6a) could potentially increase the nanoparticles acces-
sibility to the electrolyte ions and could also shorten the ion 
diffusion plus migration pathways.

The EIS is one kind of analysis which is fundamental 
technique to examine significant behaviour of the elec-
trode materials for the supercapacitors. The EIS data 
has been examined by Nyquist plots. These plots which 
demonstrate the response of frequency of the electrode/
electrolyte system, are plotted with − Z″ (imaginary 
component) of impedance against the Z′ (real compo-
nent) (Fig. 10d). The impedance of ZnO/P-Si electrodes 
have been measured over the frequency ranges of 
0.1 Hz–100 kHz. However, the impedance plots have been 
drawn of a straight line in low frequency range and also a 
semicircle arc in high frequency range. The high frequency 
arc relates to the transfer of charge limiting process which 
is also ascribed to capacitance (Cp) in parallel through 
charge transfer resistance (Rct) at the interaction inter-
face between the electrode and solution of electrolyte. 
Rct can directly be measured as a semicircle diameter. The 
charge-transfer resistance (Rct) are caused by the Faradaic 
reactions on the grain surface. It is identified that the as-
fabricated electrode has a low Rct (6.5 Ω) value as a result 

Table 3   Summary of reported electrochemical performance for metal oxides and metal oxide composites

Materials Synthesis method Electrolytes Scan 
rate 
(mV s−1)

Operating 
temperature 
(°C)

Specific 
capacitance 
(F g−1)

References

AC-RuOx composite Chemical route followed by sol–gel 
method

0.1 M H2SO4 1 25 1580 [3]

MnO2/Ni foil (a) Sol–gel method
(b) Electrochemical deposition

0.1 M Na2SO4 50 25 (a) 566
(b) 311

[9]

(a) Pure ZnO
(b) Bare rGO
(c) ZnO/rGO Composities

(a) Chemical route
(b) Hummer method
(c) Chemical route

0.1 M Na2SO4 5 25 (a) 135
(b) 157
(c) 308

[33]

CoOx xerogel Sol–gel method 1 M KOH 5 150 291 [8]
NiO/Au Electrochemical deposition 3 M KOH 5 300 104 [7]
NiO/Ni composite Electrochemical deposition 1 M KOH – 25 64 [6]
Mesoporous RuO2 Chemical route 2.5 M H2SO4 50 25 58 [2]
ITO-Graphene-ZnO USP followed by hummer method 1 M KCl 100 25 11.3 [32]
ZnO/P-Si In-Situ fabrication from spent Zn–C battery 0.6 M KOH 5 25 547 This study
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of the incorporation of the ZnO, which improves the per-
formance of charge transfer in the fabricated electrodes. 
In the low frequency ranges, there notice a straight line 
associated with the diffusive resistance or Warburg resist-
ance of electrolyte into the electrode interior and ion dif-
fusion/transport into the surface of electrode. The nearly 
vertical shape which represents the swift of ion diffusion in 
the electrolyte and also adsorption in the surface of elec-
trode, also suggestes an perfect capacitive behaviour of 
electrodes.

A comparative table of other metal oxide and metal oxide 
composites with their maximum values of specific capaci-
tance, synthesis methods, operating temperature from lit-
erature are summarised in Table 3. It has been found that 
the thin film of fabricated ZnO electrode using spent Zn–C 
battery showed promising capacitance value compared to 
other oxides except RuO. Future investigations will be car-
ried out to improve the capacitance value by changing the 
ZnO morphology and/or making composite electrodes.

4 � Conclusions

This study opens new opportunity of ZnO NPs electrodes 
fabrication using spent Zn–C battery powder as precursor 
for supercapacitor application. As confirmed by analysis 
of SEM and also TEM, the fabricated ZnO NPs were placed 
on P-Si substrate as the manner of ultra-thin film and con-
tained nanopores in between stacking film layer. XRD and 
EDS analysis confirm the purity of the synthesized active 
materials. The electrochemical studies of electrode based 
on this ZnO NPs showed the highest specific capacitance 
of about 547 F g−1 in 0.6 M KOH electrolyte at 5 mV s−1 scan 
rates. This study expands opportunities to revive waste 
battery as an effective material for fabricating electrodes 
for energy storage applications.
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