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Metal oxides have been exploited with various desired architecture due to their wide
applications. One of the promising advantages of metal oxides such as zinc oxide (ZnO) is it can
exhibit in many forms of nanostructures. Green synthesis approach is preferable as it is
environmentally friendly and offers easy fabrication. In this study, black tea extract has been
used to synthesize zinc oxide nanoparticles (ZnONPs) and further calcined at 500, 700, and
900°C. The physical properties of the ZnONPs were characterized using thermogravimetric
analysis, Fourier transform infrared, scanning electron microscope, X-Ray diffraction, and
Brunauer—Emmett—Teller specific surface area. The ability of the ZnONPs as anode material for
sodium-ion batteries was investigated via cyclic voltammetry and galvanostatic charge-
discharge. A pure phase of the ZnONPs was obtained with nanosized particles ranging from 90
to 200 nm in diameter. The ZnONPs showed a high initial discharge capacity of ~200 mAh g
and a promising discharge capacity retention of ~60% after 100 cycles. Therefore, the ZNONP
nanoparticles obtained through the green synthesis using black tea extract have a potential
application as an anode in a sodium-ion battery.
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During the past years, many approaches based on the
synthesis of zinc oxide nanoparticles (ZnNONPS)
through biological, physical as well as chemical
methods have become available [1]. There are various
chemical methods proposed for the synthesis of
ZnONPs, such as vapour transport, the reaction of zinc
with alcohol, hydrothermal synthesis, and the
precipitation method [2]. However, these methods
suffer from many disadvantages due to the
involvement of high temperature and pressure
conditions and the use of toxic chemicals [2].
Furthermore, the use of chemical methods to
synthesize ZnONPs can lead to harmful by-products
which are potentially risky for environmental and
biological applications [2, 3]. Compared to chemical
methods, the use of green synthesis methods is rapidly
increasing due to the usage of less toxic chemicals,
eco-friendly nature, and one-step synthesis of
nanoparticles [3]. The biological systems involved in
the green synthesis of nanoparticles are plants and
their derivatives such as microorganisms like bacteria,
fungi, algae, and yeast for synthesizing ZnONPs
through biological methods with synthetic strategies.
These green methods provide several advantages
compared to chemical methods as they do not require
really high temperature, pressure, and energy, and
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most importantly no toxic chemicals that are harmful
to the environment. Synthesis of ZnONPs by using
plant extracts is the best alternative since it is cost
effective and environmentally friendly compared to
available commercial chemicals. Moreover, the
physical methods used for sodium-ion battery
application also do not utilize toxic chemicals and
could be easily scaled up for large scale synthesis of
ZnONPs. Sodium-ion batteries become an alternative
to replace lithium-ion batteries since they share similar
electrochemical qualities. However, sodium-ion
batteries face slow ionic diffusion due to large ionic
size of sodium [4, 5] and the reaction kinetics becomes
sluggish. To date, only a few works have been
reported for the use of ZnO as the anode for sodium-
ion batteries [6-9]. The first work on ZnO as an anode
in sodium-ion batteries was reported by Xu et al. [6].
They reported that ZnO nanowires exhibited a
capacity of 650 mAh g. In another work [9], carbon-
coated ZnO nanosheets have been synthesized via
hydrothermal method. After 200 cycles, the
composites exhibited a discharge capacity of ~100
mAh g? at a current density of 100 mA g*. In this
study, we have conducted a simple and rapid green
synthesis of ZnONPs by using the powder extract of
black tea. Also, the ZnONPs showed a potential to
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store sodium ions with an initial discharge capacity of
~200 mAh g at 60 mA g.

EXPERIMENTAL SECTION
Synthesis of Zinc Oxide Nanoparticles

For the preparation of the black tea extract and
ZnONPs, the method was adapted and modified from
Fardood et al. [10]. 2 g of local black tea powder (Boh
tea bag) was weighed in a 50 ml beaker. The black tea
powder then was added with 100 ml of distilled water.
The black tea powder was boiled and maintained at
70°C for about 30 minutes until the change of colour
from watery to light color of the aqueous solution.
After that, the extract was cooled to room temperature.
The extract was then centrifuged for 20 minutes and
filtered by using the Whatman No.1 filter paper in
order to be used for further experiment.

For the preparation of ZnONPs, zinc nitrate
solution, zinc nitrate hexahydrate with 99% purity
purchased from Sigma-Aldrich was used as the
precursor in this experiment. 2 g of zinc nitrate
hexahydrate was weighed and dissolved in 10 ml of
distilled water. The solution was stirred constantly
using a magnetic stirrer for 10 minutes.

Then, 30 ml of black tea powder extract was
added and mixed homogeneously with the zinc nitrate
solution in Erlenmeyer flask at 75°C. Formation of a
brown precipitate occurred after continuous stirring up
to 12 hours until the solution almost fully evaporated
and the precipitation became a thick paste-like
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solution. The precipitate was kept in an oven at 75°C
overnight to dry. Samples were calcined at 500, 700,
and 900°C for 4 hours in a furnace and white powders
were obtained. The powders were ground to get finer
particles [10].

FTIR spectra of the ZnONPs were measured to
see the possible functional groups for the formation of
nanoparticles. Within the range of 4000 cm™ to 400
cm? resolution and 16 scans per sample, the FTIR
analysis was recorded by using a Nicolet iS10
spectrometer. TGA measured the sample’s weights
whether increased or decreased upon heated or cooled
condition. SEM analysis was performed to observe the
morphology of the synthesized zinc oxide
nanoparticles. Particle size of the ZnONPs was viewed
under two different magnifications, which were
5,000X and 10,000X with an acceleration rate of 10
kV at the scale of 1 pm. The samples were scanned in
all zones before images were captured. Additionally,
nitrogen adsorption isotherms were obtained from
accelerated surface area and porosimetry system
(ASAP), and the specific surface area of the samples
was obtained by using the BET method. The method
involved physical adsorption of nitrogen gas at its
boiling temperature. As adsorption or desorption
occurred, the pressure in the sample changed until
equilibrium was achieved. UV-Vis spectrophotometer
is an electromagnetic radiation which includes range
of ultra violet and visible light that is conducted as a
wave phenomenon, characterized by a wavelength or
frequency. The UV-Vis absorption spectra for the
Zn0 samples were recorded from 200 to 800 nm.
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Figure 1. Proposed mechanism by Fardood et al. (2017), where epigallocatechin gallate (EGCG) is first converted
into the radical ion “semidehydro-EGCG” and then into dehydro-EGCG through oxidation. Both semidehydro-
EGCG and ECGC constitutes the redox system to reduce Zn?* to Zn [10].
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RESULTS AND DISCUSSION

The formation of zinc oxide nanoparticles was
observed by the initial change in color, which was
brown to dark brown of the aqueous solution and
further confirmed with characterizations. As the
aqueous solution was continuously stirred up for 12
hours, the formation of a brown precipitate was
obtained. Tea is known of having water soluble
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epigallocatechin gallate (EGCG) which can act as
reducing and capping agents.

As shown in Figure 2, all spectra showed a
broad peak between 3,000 and 4,000 cm. This was
due to the vibration which indicated the functional
group of O-H stretching. The presence of this band
was due to adsorbed water molecules which is
common in metal oxide samples [9, 10]. Wide O-H
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Figure 2. FTIR spectra of ZnQ: (a) before calcined; (b) calcined at 500°C; (c) calcined at 700°C; and (d)
calcined at 900°C.
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Figure 3. TGA graph of ZnO samples before calcinations.
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peaks became narrower with increasing calcination
temperature [11]. The two peaks around 1650 cm™* to
1350 cm* may correspond to either the C-H bending
or C-N stretching due to the presence of alkyl groups
in tea. The mode of the vibration of C-O was observed
between 1000 cm™ to 1300 cm™. As the calcination
temperature  increased, precursors completely
decomposed and formed ZnO, hence the
disappearance of the peak at 1654 cm™. There was the
presence of Zn-O stretching vibration that appeared
between 447 and 472 cm™. Metal oxides generally
give absorption bands in the fingerprint region below
1,000 cm? arising from the inter-atomic vibrations
[12]. A slight peak shift of Zn-O observed may be
attributed to the change in the particle as the
calcination temperatures were different [11]. Overall,
the results showed that there were not many
differences between the spectra except slight shifting
of some of the functional groups.

Reproducibility is important in TGA analysis
and 3 sets of ZnO samples using the same method
were prepared separately. From Figure 2, TGA curves
(b) and (c) showed the same pattern as (a), thus
showed reproducibility of TGA analysis. Figure 3
shows the thermogravimetric graph of three samples
of ZnO before calcination. TGA curve for the ZnO
samples showed that weight loss continuously
happened up to 400°C, and thereafter no significant
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loss of heat was observed. From this information,
calcination temperation chosen were 500°C, 700°C,
and 900°C, and it could be concluded that the
formation of ZnO and complete crystallinity took
place with heating at more than 400°C [13].

From the micrograph shown in Figure 4(a),
the size of ZnONP particles calcined at 500°C
showed a mixture of irregular shaped particles. The
size for ZnO particles calcined at 500°C ranged
from 80 nm to 430 nm.

From Figure 4, some mixtures of irregular
shapes can be clearly be seen, which accumulated in
some parts of the area. From the micrographs, it was
shown that the particles have a smaller size which was
in the range of 100 to 200 nm. The size of the particles
in Figure 4 seemed larger compared with ZnONPs
calcined at 500°C and 700°C. An agglomeration of
nanoparticles during the heating process may be due
to the high surface energy of the nanoparticles [13,14].
This clearly explained that ZnONPs can obtain
different particle size by varying the calcination
temperature [15]. The particle sizes of ZnO were very
sensitive to the calcination temperature [15]. In this
study, by increasing the calcination temperature,
bigger sized particles with small surface area of
nanoparticles were obtained.
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Figure 4. SEM images of ZnO calcined at: (a) 500°C, (b) 700°C, and (c) 900°C; at 10,000X magnification.
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Figure 5 shows the typical X-ray diffraction
pattern for the samples. Based from JCPDS card
No0.89-1397, the ZnONPs obtained were in hexagonal
wurtzite structure. All the characteristic peaks
observed for the ZnONPs were in good agreement
with those taken from the joint committee of powder
diffraction standards (JCPDS) card No0.89-1397,
a=3.253 nm, ¢=5.213 nm.

The ZnONP peaks became sharper as the
calcination temperature increased. Furthermore, the
diffraction peak sharpness enhanced with respect to
the calcination temperature and FWHM values
decreased with increasing calcination temperature
[16]. The three most intense peaks corresponded to the
(100), (002) and (101) planes. The preferred
orientation corresponded to the (101) plane which was
observed for ZnONPs [11]. No peak that
corresponded to the impurities were detected as it did
not contain any characteristics of XRD peaks other
than the ZnO peaks. This verified that pure ZnO
nanoparticles were as synthesized. For average
crystallite size, ZnO calcined at 500°C and 700°C
shared the same value which was 28 nm. Meanwhile
for ZnO calcined at 900°C, the average crystallits size
deviated from this value, which was 45 nm.

For surface area study, N absorption-desorption
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measurement was carried out on isotherms of
commercial ZnO and ZnO nanoparticles calcined at
500, 700 and 900°Cy. From the isotherms obtained, all
can be classified as type 1V with an apparent hysteresis
loop in the low-pressure region (P/P° < 0.8). The
adsorption and desorption isotherms were completely
superpositioned, due to the adsorption of the ZnONPs
samples that occurred in the micropores. In addition,
in the high-pressure region (P/P° > 0.7), it occurred
due to the capillary agglomeration and the isotherms
increased rapidly and formed a lag loop [17]. For
cylindrical pores, capillary condensation occurred
during the adsorption via a “cylindrical meniscus”,
whereas capillary evaporation occurred during
desorption via a “hemispherical meniscus”. Hence, the
pores of a specific size were filled at higher pressure
and emptied at lower pressure, and thus the hysteresis
was observed [18].

Groen et al. [19] suggested that the use of either
adsorption and desorption branch for pore distribution
calculation is often more affected by the pore network
effects than the adsorption branch [20, 21]. Thus, for
a purely mesoporous material, using the desorption
isotherm branch is recommended for mesopore size
distribution calculation. The probability pore size of
commercial ZnO was estimated at about 28 nm.
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Figure 5. XRD diffractograms of ZnO; (a) commercial and calcined at (b) 500°C, (c) 700°C, and (d) 900 °C.
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Table 1. BET results of commercial ZnO and ZnO calcined at 500, 700 and 900°C.

Samples

BET surface area, Sser (m?/g)

Commercial ZnO
Zn0O calcined 500°C
ZnO calcined 700°C
Zn0O calcined 900°C

4.2864
3.6011
3.9003
1.0381

All the nanoparticles had a strong absorption
maximum below 400 nm, as shown in Figure 6. An
obvious red shift in the absorption edge was observed
for ZnO calcined at 500 and 700°C. The absorption
of the nanoparticles calcined at 500 and 700°C
showed wavelengths at 377 and 378 nm, respectively.
According to a previous study, the absorption of UV-
Vis spectrum of ZnONPs was reported between 355-
380 nm [22]. One small peak observed around 700
nm in the spectrum may due to some small
agglomerations of particles which were not fully

0.2

dissolved in the solution during measurement. In
addition, it is known that ZnO particles which have
an absorption at a higher wavelength in the UV-
visible spectrum have larger particle size [23]. These
data confirmed the presence of ZnONPs as the
absorption bands obtained were quite similar with
previous researches which deduced that the obtained
peaks could be assigned to the intrinsic band gap
absorption of ZnO [24]. The band gap of ZnO
increased due to the increment in particle size with
the increment in calcination temperature [11].
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Figure 6. UV-Visible spectra of ZnO calcined at 500, and 700°C.
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Figure 7. Cyclability of ZnONPs calcined at 500, 700 and 900°C over 100 cycles at a current density of
60 mA g,
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The electrochemical stability of the ZnONPs
was further confirmed by its cycling performance
shown in Figure 7. The test cells were cycled at 60 mA
g! between 0.01 and 3.0 V. ZnONPs calcined at
500°C delivered an initial discharge capacity of ~90
mAh g, while ZnONPs calcined at 700°C delivered
an initial discharge capacity of ~70 mAh g? and
exhibited a discharge capacity of ~50 mAh g after
100 cycles. ZnONPs calcined at 900°C displayed the
highest initial discharge capacity of ~200 mAh g* and
possessed a good cycling stability over 100 cycles.
After 100 cycles, the discharge capacity was ~80 mAh
gl The galvanostatic charge/discharge curves of
anode materials provided a deeper insight into the
sodiation/de-sodiation process and helped to
understand the reason for the poor electrochemical
performance better [6].

The charge-discharge profiles at selected
cycles and CV curves of ZnONPs calcined at 900°C
for selected cycles are shown in Figure 8. Similar
charge-discharge profiles have been reported [6, 7]
and were consistent with the respective peaks in the
CV curves. A clear discharge plateau at ~0.75 V
related to solid electrolyte interface (SEI) formation
was observed at the first cycle, and diminished upon
cycling. According to Li et al. [6], decomposition of
the electrolyte and formation of SEI on the surface of
electrode particles occureds during the first cathodic
cycle, which caused part of the irreversible capacity.
Also, the NaZniz and Na,O phases were formed
during first desodiation process, as demonstrated by
Xu et al. [6]. The discharge profiles at 50" and 100%"
cycles overlapped, indicating an excellent cyclability
and reversibility of the electrode. Overall, the full
electrochemical reaction of the ZnONPs can be
expressed as in Equation (1) [6, 25]:

The improvements on the electrochemical
performance of the ZnONPs could be due to the high
crystallinity, homogeneity, and uniform morphology
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of the ZnONPs. At high calcination temperature, the
ZnONPs became larger with low BET specific surface
area, however with well established crystallinity and
less agglomeration could lead to a better electric
connection  between  the  crystallites  [26].
Nevertheless, for other samples, the low crystallinity
and small particle size hampered their performances
since large surface area could cause instability
reactions between the active material and the
electrolyte [27,28].

CONCLUSION

In conclusion, this study successfully developed a
biological approach to prepare ZnONPs by using
black tea extract at different calcinations temperatures
(500, 700 and 900°C). White ZnO powder was
obtained after the calcination. The nanoparticles
prepared using this method achieved uniform particle
size, higher purity, well dispersed and irregular
shaped. The influence of calcination temperature on
the properties and morphology of the ZnONPs was
investigated. The prepared samples were confirmed as
Zn0 through the FTIR spectra. Under the observation
of SEM images, the prepared ZnO had a mixture of
irregular shapes. The particle size of the ZnONPs
increased as the temperature of calcination increased.
The prepared samples of ZnO calcined at 500, 700 and
900°C indexed with hexagonal wurtzite structure with
high crystallinity, as well as the commercial ZnO
powder. A detailed study of the structure of the
ZnONPs revealed a sharp peak at (101), indicating a
high crystallinity. For BET surface area analysis, as
the particle size of the ZnONPs increased, the surface
area of the particles became smaller. The performance
of each sample prepared was applied in sodium-ion
batteries as a potential anode material. It was shown
that the calcination temperature of ZnO at 900°C was
the optimum temperature as the cyclic performance in
sodium-ion battery was much better compared to ZnO
calcined at 500 and 700°C. The results illustrated that
the synthesized ZnO was an excellent candidate as an
anode material for the sodium-ion batteries.
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Figure 8. (a) Charge-discharge at selected cycles and (b) CV curves at a scan rate of 0.1 mV s for ZnONPs
calcined at 900°C.
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