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Abstract

This work reports the first utilization of anthocyanin extracted from black rice (Oryza sativa L.) grains as a
structure-directing agent for the synthesis of hollow zinc oxide (ZnO) spheres via a simple solvothermal
reaction and their subsequent modifications with various amounts of multiwalled carbon nanotubes
(MWCNTs). Following hybridization with MWCNTs, some MWCNTs are observed to penetrate into the
inner cavities of the spheres, while ZnO nanoparticles are formed on the surface of some MWCNTs. When
employed as a sulfur dioxide (SO,) sensor, the ZnO-MWCNT (15:1) composite displays a high response of
156 to 70 ppm of SO, at an optimum temperature of 300 °C as well as good selectivity to SO, with the response
to 50 ppm of SO, gas being three-times higher than those to other gases, such as CO, CO,, methanol, toluene,
hexane, and xylene. Interestingly, the sensing behavior of this composite is strongly influenced by the
proportion of MWCNTs. Specifically, n-type sensing behavior is observed for both ZnO-MWCNT (10:1) and
(15:1) composites, while p-type behavior is observed for the ZnO-MWCNT (5:1) composite. The switch in
sensing behavior suggests the major contribution of p-type MWCNTs to the electronic and sensing properties
of the ZnO/MWCNT composites. The density functional theory (DFT) simulations on the adsorption of SO,
on ZnO/CNT system reveals that SO, molecule only chemically interacts with the O adatom of ZnO (i.e.,
oxygen atom adsorbed on the surface of ZnO) to form sulfur trioxide (SOs) and charge transfer is observed
from ZnO to CNT, which creates a potential barrier at the ZnO/CNT interface and enhances the change in

resistance of the composite sensor upon exposure to SO, gas.

Keywords: Zinc oxide, Porous metal oxides, Sulfur dioxide sensor, Gas-sensing, Carbon nanotubes,

Nanocomposites
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1. Introduction

Sulfur dioxide (SO,) is considered as a toxic air pollutant in the atmosphere.!? In general, SO, is generated by
the combustion of sulfur-containing fuels in industries, automotive engines, and power plants.3-* Moreover,
SO, is also released during natural events, such as volcanic eruptions and forest fires.? > The discharge of SO,
gas into the atmosphere can have detrimental effects to both the environment and human health. Health
problems, including eye/skin irritation, lung failure, cardiovascular disease, breathing difficulty, and even
death can occur as a result of exposure to SO, gas.>¢ In addition, the combination between SO, and NO, in
the atmosphere can lead to acid rain that possesses danger to plants, aquatic animals, and infrastructure.> 7 To
date, several different sensors have been developed for monitoring the concentration of SO in air, including
chromatography®®, surface accoustic wave (SAW)!?, laser-induced fluorescence'!, and chemiresistive gas
sensors.'> Among them, the chemiresistive gas sensor is widely popular due to its simple design, low
manufacturing cost, ease of fabrication, high sensitivity, and good long-term stability.”

Various semiconducting metal oxides, such as zinc oxide (ZnO), tin oxide (SnQ,), tungsten oxide (WO3),
nickel oxide (NiO), titanium dioxide (Ti0O,), and cobalt oxide (Co3;0,), have been employed as sensitive gas-
sensing materials for the detection of various hazardous gases.'3?° The low cost, wide abundance, high
sensitivity, good thermal and chemical stabilities, and non-toxicity of ZnO have made it highly attractive for
gas-sensing applications.?!-?* Furthermore, as a n-type semiconductor with a wide band gap of 3.37 eV and
large exciton binding energy of 60 meV, the resistance of ZnO is strongly dependent on the chemisorbed
oxygen ions on its surface.?*?” To date, various ZnO nanoarchitectures ranging from 0D (e.g., nanoparticles,
nanoclusters), 1D (e.g., nanowires, nanoneedles, nanorods), 2D (e.g., nanosheets, nanoplates, nanoflakes), and
3D (e.g., nest-like and wool ball-like structures) nanostructures have been reported.! 2835 Apart from shape
control, ZnO-based nanostructures with various pore sizes, such as microporous, mesoporous, and
macroporous ZnO have also been synthesized to enhance the specific surface area.’® Among these, hierarchical
ZnO nanostructures with mesoporous features have the advantages of high surface area and large pore volume
due to their low density structure, which can promote high molecular transport to enhance the gas-surface

interactions.37-3°
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The formation of hierarchical ZnO nanoarchitectures typically requires structure-directing agents that
help the nanoparticles to assemble and build a specific structure. For instance, diethylene glycol (DEG) was
employed in the synthesis of nanoparticle-assembled ZnO spheres.*’-4! In other reports, hexamethyltetraamine
(HMTA) was used to produce ZnO hollow spheres which are assembled of nanosheets*?, while glycerol
promoted the self-assembly of nanoflakes into wool ball-like ZnO structures.** In order to reduce chemical
pollutants in the air and water, green synthetic approaches have been developed to subtitute synthetic chemical
agents with naturally-derived chemicals. This approach is considered eco-friendly, low cost, and
biocompatible.*+4> Currently, there have been many reports on the utilization of chemicals extracted from
plant extracts (e.g., aspalathus linearis and pongamia pinnata extracts*®-47), fruit rinds (e.g., aloe vera and
rambutan extracts*-*%), and micro-organisms (e.g., bacteria®*) as structure-directing agents for controling the
growth process of ZnO. However, the morphology of the resulting ZnO products has been limited to
nanoparticles. Recently, some success have been achieved in synthesizing ZnO nanostructures with controlled
ID (e.g., nanoneedles) and 2D structures (e.g., nanoflakes) using naturally occurring compounds.’® The
resulting ZnO products however exhibit solid structures and/or aggregated, features which are not desirable
for sensing applications. At present, it remains challenging to synthesize hollow ZnO nanoarchitectures with
controlled morphology using biologically active compounds found in plants (phytochemicals). Hollow
nanoarchitectures can offer higher surface areas (increased adsorption sites for gas molecules), enhanced gas
diffusion, and greater structural stability due to fewer agglomerations. In most cases, ZnO-based sensors
require high operating temperatures owing to the need for activation prior to interacting with gas molecules,
hence leading to high power consumption and poor long-term stability.! Moreover, due to their high
sensitivity, ZnO-based sensors typically suffer from low selectivity as they are unable to distinguish the target
gas in the presence of other gases.’!-33 Therefore, modifications of ZnO with other sensing materials are
necessary to address these critical problems.

In this work, we demonstrate for the first time, the utilization of anthocyanin extracted from black rice
(Oryza sativa L.) grains as a structure-directing agent to construct nanoparticle-assembled hollow ZnO
spheres with many cavities via a combination of solvothermal reaction and post-synthetic calcination in air at

350 °C for 2 h. The effects of important reaction parameters, such as the amount of anthocyanin and reaction
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time were investigated to reveal the underlying formation mechanism. The as-prepared hollow ZnO spheres
were subsequently modified with multiwalled carbon nanotubes (MWCNTs) at different atomic ratios from

5:1 to 15:1. The influence of MWCNT addition on the sensing performance of the ZnO hollow spheres,

oNOYTULT D WN =

including response, selectivity, and optimum operating temperature was analyzed. Finally, the possible

sensing mechanisms for pristine ZnO and ZnO-MWCNT composite sensors are proposed.
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2. Experimental Section

2.1 Anthocyanin extraction from black rice grains

Black rice (Oryza sativa L.) was purchased from a traditional market in Bandung city, Indonesia. Prior to
extraction, the black rice grains were washed with water for several times to remove dirt and subsequently
dried at room temperature overnight. Black rice powder was obtained by grinding these grains (see Figure
S1) using mortar and pestle. The anthocyanin extraction procedure was as follows: 100 g of black rice powder
was dissolved in 200 mL of methanol solution and stirred for 24 h in a dark room. After dissolution, the
supernatant containing anthocyanin was separated using a centrifuge machine with a speed of 14000 rpm. To
obtain the gel-like anthocyanin, the methanol in the solution was evaporated in a drying oven at 60 °C
overnight and stored in a refrigerator for further processing.

2.2 Functionalization of multiwalled carbon nanotubes (MWCNTYs)

The surface functionalization of MWCNTSs was carried out according to previous reports.!> 3 In a typical
process, 300 mg of MWCNT powder was dispersed in a mixture solution (40 mL) containing nitric acid
(HNO3) and sulfuric acid (H,SO,) with a volume ratio of 3:1. The acid-modified MWCNTs were then stirred
at 80 °C for 3 h following a short sonication. The functionalized MWCNT powder was collected by
centrifugation and washed with distilled water several times until its pH became neutral, followed by drying
at 80 °C overnight.

2.3 Anthocyanin-assisted synthesis of ZnO hollow spheres

ZnO hollow spheres were prepared via an anthocyanin-assisted solvothermal method. Typically, 0.5 mmol of
Zn(NO3),'6H,0 was dissolved in 40 mL of 2-propanol. Subsequently, a certain amount of the anthocyanin
extract was added to the solution and sonicated for 1 h to obtain a homogeneous solution. The purplish solution
was then transferred into a 100 mL stainless steel-lined Teflon autoclave and heated at 180 °C for 16 h. After
cooling, the precipitate was collected by centrifugation and washed several times with ethanol to remove the
unreacted substances. The as-prepared ZnO powder was obtained after drying at 80 °C overnight before being
calcined in air at 350 °C for 2 h under a slow heating rate of 1 °C min'!. To investigate the effect of anthocyanin

on the morphology of ZnO, the amounts of anthocyanin extract were varied to 0.0103 g, 0.0206 g, and 0.0352
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g. Furthermore, to understand the growth mechanism, the solvothermal reaction was carried out for different
reaction times, including 2 h, 4 h, 8 h, and 16 h.

2.4 Synthesis of ZnO hollow spheres-MWCNT composites

To synthesize the ZnO-MWCNT composite, a certain amount of the MWCNTSs was first dispersed in 40 mL
of 2-propanol followed by sonication for 30 min. Then, 0.5 mmol of Zn(NO;),'6H,O was added into the
suspension and stirred for 30 min. After that, 0.0103 g of the gel-like anthocyanin was added into the mixture
solution and sonicated for 1 h until fully dissolved. Next, the mixture solution was placed into a 100 mL
stainless-steel Teflon autoclave and reacted at 180 °C for 16 h. The product was collected by centrifugation,
followed by washing several times with ethanol and subsequent drying at 80 °C overnight. ZnO-MWCNT
powder was obtained after calcination at 350 °C for 2 h with a heating rate of 1 °C/min. ZnO/MWCNT
composites with different ZnO:MWCNT ratios (15:1, 10:1, and 5:1) were prepared to determine the effect of
the amount of MWCNTs on the gas-sensing properties of the composites.

2.5 Characterization

The crystallinity and phase composition of all products were characterized by X-ray diffraction (Rigaku Rint
2500X) with a Cu Ka source of radiation (A = 1.5418 A). The average crystallite size of each sample was

calculated using the Scherrer’s equation:

KA

D :ﬁcosg (1)

where D is the crystallite size, A is the X-ray wavelength, K is Scherrer’s constant (0.9), f is full-width at half-
maximum (fwhm) value, and 6 is the Bragg angle.The surface and interior morphology were checked using
field-emission scanning electron microscope (FESEM) (Hitachi SU-8000) and transmission electron
microscope (TEM) (Hitachi H9500). The IR spectra of anthocyanin and all prepared samples were collected
using a Thermoscientific Nicolet 4700 spectrophotometer. Thermal decomposition behaviors of the samples
were analyzed by thermogravimetric analysis (TGA) using a Hitachi HT-Seiko Instrument Exter 6300
TG/DTA in air with a heating rate of 10 °C min-! from room temperature to 800 °C. Optical characterizations
of all samples were performed using UV-visible spectroscopy (Thermoscientific Evolution 220) and the band

gap of each sample was estimated from the Tauc’s plot based on the equation:
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ahv=C(hv—E,)" (2)
where a is the absorption coefficient, v is the photon energy, C is proportionality constant, and E, is the
optical band gap. In this case, direct transition approach was used and the n value is %. Nitrogen (N,)
adsorption-desorption measurements were conducted with a Belsorp-mini II Sorption System at 77 K. The
specific surface areas of the samples were estimated using the Brunauer-Emmett-Teller (BET) method in the
relative pressure (P/P,) range of 0.05 to 0.30. All samples were degassed under vacuum at 150 °C for 16 h.
2.6 Sensor fabrication and gas-sensing measurements
Alumina substrates with silver (Ag) electrodes were used for the gas-sensing measurements. A thin film sensor
was prepared by using the doctor blade technique. Typically, a certain amount of the sensing material was
dispersed in ethylene glycol to form a slurry. This slurry was subsequently deposited onto the alumina
substrate and dried at 200 °C for 1 h. The prepared film was placed in 1 L testing chamber and each electrode
was connected to an external circuit through a gold needle. The change in the resistance of the sensor was
recorded using a digital multimeter (Picotest M3500A). During the measurement, the sample was heated using
an Omron G3PX-220EH instrument. The SO, concentration in the test chamber was monitored using the
Bacharach PCA3 portable gas analyzer. Moreover, an air compressor was used to supply clean air into the
testing chamber. In this study, the sensor response (S) was defined as S = R,/R, (for n-type sensor) or § =
R,/R, (for p-type sensor), where R, and R, are resistances of the sensor under air and SO, atmospheres,
respectively. The main gas-sensing measurements were carried out at a humidity level of 65%. To check the
effect of humidity, we have also varied the humidity level to 80%. The cross-selectivity test was carried out
by exposing the optimum ZnO-MWCNT composite to a mixture of 50 ppm of SO, and 50 ppm of the
interfering gas. Prior to the exposure, fresh air was flown into the testing chamber to get a baseline. After a
stable baseline was achieved, the gas mixture was introduced into the chamber and after 15 minutes of
exposure, fresh air was flown into the chamber to purge it.

2.7 Density functional theory (DFT) calculations
Density functional theory (DFT) simulations have been proven to be useful tools for understanding the
adsorption mechanisms of various gases on both inorganic and organic surfaces.>-3® In this work, DFT

simulations were employed to study the atomic interactions between CNT-ZnO system and SO, molecule. A
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ZngOg cluster was used to model the ZnO nanoparticle. This cluster size is selected as it is small enough to
accommodate the co-adsorption of SO, molecule and O adatom. The presence of O adatom is required to
model the sensing mechanism of a chemiresistive gas sensor.!3 362 The CNT is modeled using an armchair
(8,8) CNT with diameter of 10.860 A and length of 14.677 A. This particular size of CNT is selected because
it is large enough to accommodate the ZnsO¢ nanocluster. Based on our initial DFT calculations, CNT without
any defect could not bind well to the ZnO cluster. This is indicated by the low adsorption energy of -0.034
eV. A similar trend has been observed for Zn,O, cluster adsorption on CNT or graphene.%3-%* Previous studies
reported that metal cluster could be effectively adsorbed on a graphitic structure when the surface had a
monovacancy (MV) defect and experimentally, functionalization of CNTs is typically required before it could
bind with other materials, such as metals or metal oxides.>* > We adopted this model to our CNT model by
removing a C atom from the surface of CNT, i.e., creating a surface carbon monovacancy (CNTIMV]), By
creating such vacancy, the ZngOg cluster could be adsorbed on the CNT surface (CNTIMV]/ZngOg) with a high
adsorption energy of -2.40 eV, indicating a stable and strong adsorption. Since the adsorption of ZnsOg cluster
required the presence of carbon monovacancy, this caused the electronic structure of CNT to be
semiconducting. Therefore, we expect that semiconductor CNT and metallic CNT will have similar ZngOg
adsorption properties. The CNTIMVl/ZnOg structure was used as a model foundation for studying the
interaction with a single SO, molecule. The unit cell model of the CNTMV)/Zn4O4 configuration is shown in
Figure 1.

The DFT calculations were performed using the Quantum-Espresso 6 package.®® The generalized
gradient approximation (GGA) was used to include the exchange-correlation effect, using the Perdew-Burke-
Ernzerhof (PBE) functional.®’ The convergence of the electronic energy was achieved by using 30 Ry for the
cutoff energy for plane-wave basis sets. We utilized the projector augmented wave formalism (PAW) to
represent the valence-core interactions.®® All electronic structure calculation was done at Gamma point. The
effect of van der Waals interaction is described using the semi-empirical correction scheme of Grimme (DFT-
D3). The calculation for isolated ZnOs cluster and SO, molecule was performed in a 30A X 30A X 30A
cubic cell. The systems were relaxed until the residual force on each atomic component was less than 0.025

eV/A.
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Figure 1. Side view (a) and top-view (b) of the optimized structure of the CNTIMVI/ZnsOg4 unit cell. The

location of the carbon vacancy is indicated by CLval,

All atoms were relaxed during the geometrical optimization. The adsorption energy of a molecule (E 4 45)

is defined as:

Eags = Esystem — Esurt T Emolecule (3)
where Eyem corresponds to the total energy of an adsorption system, Eg, corresponds to the total energy of
a reference surface configuration and Egecue cOrresponds to the total energy of an isolated molecule. Atomic
charge calculations were performed using the Bader analysis.®® The extra charges residing in an adsorbed

molecule (AQ“ZZ;) were defined as the difference between the total charges of an adsorbed SO, molecule with

the total charges of an isolated SO, molecule. Visualizations of atomic structures and charge density were

conducted using the XCrySDen software.”?
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3. Results and discussion

3.1. Morphology, composition, and formation mechanism

The major phytochemical present in the anthocyanin extracted from the black rice is identified to be cyanidine-
3-O-glucoside based on our previous work”! and other related studies.”? 7> FTIR spectroscopy was also carried
out to confirm the presence of this compound, as seen in Figure 2a. The broad peak at around 3200-3400 cm'!
is attributed to the stretching vibration of O-H group, while the peaks at 2920 cm™!' and 2850 cm™! correspond
to the stretching vibration of C-H in aromatic and aldehyde group, respectively, in the glucose component of
anthocyanin. Furthermore, stretching vibrations of C=0 and C=C are marked by the peaks at 1710 cm™! and
1600 cm™!, respectively. The peaks between 1170-1500 cm! are assigned to the bending vibration of C-H and

the peak at 1042 cm! is assigned to the stretching vibration of C-O.

(a) (b) —
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Figure 2. (a) FTIR spectra of anthocyanin extracted from black rice grains (i) and as-prepared ZnO (ii). (b)
XRD patterns of standard hexagonal wurtzite ZnO (JCPDS No. 36-1451) (i), ZnO product obtained using the
anthocyanin-assisted solvothermal reaction before (ii) and after calcination in air at 350 °C for 2 h (iii). (c)

TG-DTA curve of the as-prepared ZnO sample in air from room temperature to 1000 °C. (d) XRD patterns of
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ZnO-MWCNT composites obtained with ZnO/MWCNT atomic ratios of 1:0 (i), 15:1 (ii), 10:1 (iii), and 5:1

(iv).

The formation of the ZnO phase is readily observed following the solvothermal reaction at 180 °C, as
shown in Figure 2b. This is supported by the presence of (100), (002), (101), (102), (110), (103), and (112)
peaks of hexagonal wurtzite ZnO (JCPDS No. 36-1451).7 However, the IR spectrum in Figure 2a(ii) and the
TGA curve of the solvothermally-produced ZnO product reveal that it does not only contain ZnO crystals but
also zinc complexes and anthocyanin residues or by-products. This is supported by the IR peaks at ~3400
cm!, ~1600 cm!, and 1451 cm!, which can be attributed to the stretching vibrations of O-H and C=C, and
the bending vibration of C-H, respectively. The TG curve of the ZnO product obtained from the solvothermal
process (Figure 2¢) shows three weight loss steps. The initial weight loss of 1.97% occurring in the
temperature range of 30-150 °C is due to the removal of physisorbed or chemisorbed water molecules. The
second weight loss of 5.41% between 150-400 °C is attributed to the primary decomposition of the by-products
of anthocyanin. Moreover, the highest weight loss of 14.5% is observed between 400-540 °C, which is due to
the secondary decomposition of anthocyanin by-products (such as glucose) and recrystallization of ZnO.
Moreover, the DTA curve shows three exothermic peaks corresponding to the crystallization of ZnO and the
decompositon of anthocyanin. Following the calcination process at 350 °C, hexagonal wurtzite ZnO with
lattice constants of @ = 3.25 A and ¢ = 5.20 A are obtained. The pristine MWCNTs display a strong peak at
26°, corresponding to the peak of carbon (graphite). The crystal structure of the MWCNTs is maintained after
the acid treatment, indicating that no significant structural destruction has occurred during this process (Figure
S2). In the case of the composites, no peak is observed at 20 = 26°, suggesting that the addition of MWCNTs
to the ZnO does not affect the formation of ZnO (Figure 2d). However, the intensities of the ZnO peaks are
noticeably reduced with increasing content of MWCNTs. Based on the Scherrer’s equation (Eq. 1), the average
crystallite sizes of pure ZnO and ZnO-MWCNT (15:1), ZnO-MWCNT (10:1), and ZnO-MWCNT (5:1)

composites are calculated to be 19 nm, 22 nm, 21 nm, and 19 nm, respectively.
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[0001]

Figure 3. SEM images of the ZnO product obtained using the anthocyanin-assisted solvothermal reaction
before (a, b) and after calcination in air at 350 °C for 2 h (c, d). TEM images of a single calcined hollow ZnO
sphere (e) and its constituent nanoparticles (f). (g) Selected area electron diffraction (SAED) pattern of a single

calcined ZnO hollow sphere from [0001] direction.

SEM images of the ZnO product obtained from the anthocyanin-assisted solvothermal reaction are given
in Figure 3a-d. The addition of anthocyanin during the solvothermal reaction leads to the formation of ZnO
spheres with inner cavities (i,e., ZnO hollow spheres). The diameters of these spheres vary from ~1 to 2 um
(Figure 3a, b). Anthocyanin plays a crucial role in the formation of the ZnO hollow spheres because in the
absence of anthocyanin, the resulting ZnO product exhibits a hemisphere-like morphology. The shrinkage of
the ZnO hollow spheres is observed after calcination with the average size of the calcined ZnO spheres being
1 um, roughly half of that of the non-calcined spheres. The size shrinkage is likely to originate from the
decomposition of anthocyanin and its by-products. From the high-magnification SEM images in Figure 3c,
d, it is clear that these spheres are assembled by small nanoparticles. The hollow nature of the calcined ZnO
product is confirmed by the TEM image shown in Figure 3e. Figure 3f reveals that the as-prepared ZnO
hollow spheres are constructed by nanoparticles with sizes between 8 to 15 nm, which are smaller than the
calculated crystallite size. Moreover, the selected area electron diffraction (SAED) pattern of a single calcined

hollow ZnO sphere (Figure 3g) reveals the preferred crystal growth along the direction perpendicular to the
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<0001> direction. It has been reported that the polar (0001) plane could provide more active sites for gas

adsorption due to the high abundance of oxygen vacancies.?> 7’

(e) / anthocyanin
|-

(i) (i) (iii) (iv)
Figure 4. SEM images of the products obtained after 2 h (a), 4 h (b), 8 h (c), and 16 h (d) of solvothermal
reaction in the presence of anthocyanin. (e) Schematic illustration depicting the growth mechanism of ZnO

hollow spheres in the presence of anthocyanin.

To investigate the effect of anthocyanin on the morphology of the ZnO product, different amounts of the
gel-like anthocyanin (0.0103, 0.0206, and 0.0352 g) were used during the solvothermal reaction. In the
absence of anthocyanin, the resulting ZnO product shows an aggregated hemisphere-like morphology which
is assembled of tiny rod-like particles (Figure S3a, b). Anthocyanin is observed to promote the formation of
spherical particles which are assembled of smaller nanoparticles and the addition of an optimum amount of
anthocyanin (0.0103 g) leads to the generation of well-defined hollow spheres (Figure S3c, d). However, the
use of excess anthocyanin leads to the collapse of these spheres which are undesirable for gas-sensing
applications (Figure S3e-h). Furthermore, the effect of reaction time was also investigated to understand the
formation mechanism of these hollow spheres. As presented in Figure 4a, sphere-like particles are readily
formed within 2 h of solvothermal reaction. The increase of reaction time basically increases the average
diameter of the spheres and promotes the formation of cavities on these spheres (Figure 4b-d). The spheres
obtained after 2 h have an average diameter of 1.5 um, which increases to 1.7 um, 2 um, and 2.2 pm after 4
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h, 8 h, and 16 h of reaction, respectively. It is clear that Ostwald ripening is responsible for the size increment
of these spheres. Based on the above observations, the following formation mechanism is proposed. The low
solubility of anthocyanin in 2-propanol indicates the higher polarity of anthocyanin relative to 2-propanol.
This difference in solubility leads to the formation of microemulsion of anthocyanin in 2-propanol system
(Figure 4e (i)). The aggregated microemulsion acts as a soft template for the growth of ZnO (Figure 4e (ii)).
Under the solvothermal condition at 180 °C, anthocyanin becomes unstable and decomposed into smaller
compounds’®, and leaves behind cavities inside these spheres (Figure 4e (iii)). As the reaction time increases,
further growth of ZnO takes place, leading to the increase of diameter (Figure 4e (iv)). This formation
mechanism is schematically illustrated in Figure 4e.

SEM images of the ZnO-MWCNT composites obtained with different atomic ratios of ZnO and
MWCNTs are presented in Figure Sa-f. The pristine MWCNTs exhibit diameters in the range of 20-40 nm
and the morphology remains identical after the acid treatment, as evident in Figure S4a, b. In the case of the
ZnO-MWCNT (15:1) composite, many cavities are seen on the ZnO spheres following the modification with
MWCNTs. Based on the TEM analysis, the average size of the cavities on the ZnO hollow spheres is around
500 nm, which is significantly larger than the average diameter of the MWCNTs (30 nm). As a result, at this
optimum ZnO/MWCNT ratio, many MWCNTs are able to penetrate into the cavities of these spheres,
providing good interconnection between the hollow spheres, which is useful for enhancing the electron
transport. At a ZnO:MWCNT ratio of 10:1, more cavities are formed on the ZnO spheres and some MWCNTSs
are observed to penetrate into these cavities. With a further decrease in the ZnO:MWCNT ratio to 5:1, many
of the ZnO spheres become partially broken and the MWCNTs are unable to enter the cavities of these spheres
and instead exist separately. Furthermore, at this ratio, the surface roughness of the ZnO spheres appears to
be enhanced due to the increase in the density of the assembling nanoparticles on MWCNTs.

Functional groups present on the surface of MWCNTs, such as hydroxyl (-OH) and carboxyl groups (-
COOH) as a result of the acid treatment provides favorable sites for the nucleation and growth of ZnO
nanoparticles. In this case, a strong interaction occurs between the -OH group on ZnO and carboxylic group
on functionalized MWCNT and the binding between the two groups is facilitated via esterification.” The

TEM images of ZnO-MWCNT composites with low (15:1) and high amounts of MWCNTs (5:1) are shown
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in Figure S5a, b. In agreement with the SEM observations, the surface roughness of the ZnO spheres appears
to increase with the increased amount of MWCNTSs. The growth of ZnO nanoparticle on the surface of the
MWCNT at a low ZnO:MWCNT ratio of 5:1 is observed from the HRTEM image shown in Figure S5c. The
multilayered nature of the CNTs is confirmed by the presence of several layers rolled up together along the

the same axis, as seen in Figure S5d.

Figure 5. Low- and high-magnification SEM images of ZnO-MWCNT composites with ZnO/MWCNT ratios

of 15:1 (a, b), 10:1 (c, d), and 5:1 (e, f).

To estimate the band gaps of the pristine ZnO and ZnO-MWCNT composites, optical characterizations
by UV-visible spectroscopy were carried out. As shown in Figure S6a, the ZnO hollow spheres exhibit a peak
at 367 nm which is red-shifted to 371 nm, 378 nm, and 381 nm for ZnO-MWCNT (15:1), (10:1), and (5:1)
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composites, respectively. From the Tauc’s plots (Figure S6b), the optical band gaps of pure ZnO and ZnO-
MWCNT (15:1), (10:1), and (5:1) composites are estimated to be 2.9 eV, 2.8 eV, 2.6 eV and 2.3 ¢V,
respectively. This trend indicates that the addition of MWCNTs to the ZnO enriches the charge carrier and

leads to the band gap contraction of ZnQ.80-81
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Figure 6. Nitrogen adsorption-desorption isotherms (a) and pore size distribution plots (b) of ZnO hollow

spheres (i) and ZnO-MWCNT (15:1) (ii), (10:1) (iii), and (5:1) (iv) composites.

Nitrogen adsorption-desorption isotherms and pore size distribution curves of the pure ZnO and ZnO-
MWCNT composites are given in Figure 6. The presence of hysteresis loops in the isotherms implies the
hollow nature of ZnO in all samples. BET method was used to estimate the specific surface areas of the
samples. The pristine ZnO hollow spheres have a relatively low specific surface area of 17 m? g! and exhibit
mostly mesopores (pore size between 2-50 nm) with some macropores (pore size > 50 nm) (Figure 6a (i)). In
comparison, the BET specific surface areas are 22 m? g'!, 23 m? g'!, and 43 m? g! for ZnO-MWCNT
composites with ZnO/MWCNT ratios of 15:1, 10:1, and 5:1, respectively (Figure 6a (ii-iv)). The increase in
surface area is attributed to the large surface area of the MWCNTSs, which is 148 m? g! (Figure S7).
Furthermore, increasing the amount of MWCNTs appears to slightly narrow the pore size of the resulting

composite (Figure 6b (i-iv)), thereby leading to the small increment in surface area.
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3.2. Gas-sensing properties
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Figure 7. (a) Response versus temperature plots for ZnO hollow spheres and ZnO-MWCNT (15:1, 10:1, and
5:1) composites towards 70 ppm of SO, gas. (b) Response versus concentration plots for ZnO hollow spheres
and ZnO-MWCNT (15:1, 10:1, and 5:1) composites at 300 °C. Response times (c) and recovery times (d) of

all prepared sensors on exposure to various concentrations of SO, gas at 300 °C.

The main purpose of adding MWCNTs to ZnO hollow spheres is to lower the operating temperature and
reduce power consumption, while also enhancing their gas-sensing performance. In this work, different ratios
of ZnO:MWCNT were selected to investigate the influence of the addition of MWCNTSs on the sensing
behavior, sensitivity, selectivity, and response-recovery properties of the ZnO hollow spheres. The operating
temperature is one of the most important parameters affecting the mobility of electrons and hence, the
conductivity of the material. As such, gas-sensing measurements were carried out at various temperatures
from 27 to 400 °C and the responses of the pristine ZnO and ZnO-MWCNT composite sensors with increasing
operating temperature are shown in Figure 7a. From Figure 7a, it is clear that the incorporation of MWCNTs

leads to lowering of the optimum operating temperature. In the case of pure ZnO, it starts to detect 70 ppm of
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SO, at 200 °C with a response (S) value of 18. In the case of ZnO-MWCNT (15:1) and (10:1) composites,
they start to detect SO, gas at 150 °C with response values of 8 and 1.3, respectively. In general, the responses
of these sensors gradually increase with increasing temperature up to the optimum temperature, before
decreasing as the temperature is increased beyond the optimum temperature. Thermal energy is required to
activate the surface reaction between oxygen and SO, and the optimum temperature is achieved when the
adsorption rate is equal to the desorption rate.3? Beyond the optimum temperature, the desorption rate is higher
than the adsorption rate and causes a decrease in the response. The pristine ZnO hollow spheres exhibit S
values of 18, 41, 50, 71, and 52 at 200, 250, 300, 350, and 400 °C, respectively. In comparison, the ZnO-
MWCNT (15:1) composite shows very high S values of 8.2, 27, 85, 156, 132, and 102 towards 70 ppm of SO,
gas at 150, 200, 250, 300, 350, and 400 °C, respectively. However, the ZnO-MWCNT (10:1) composite gives
low S values of 1.3, 1.8, 1.9, 2.2, 1.6, and 1.4 towards 70 ppm of SO, gas at 150, 200, 250, 300, 350, and 400
°C, respectively.

Further, the ZnO-MWCNT (5:1) composite shows a small response of 1.030 at room temperature. This
value decreases to 1.020, 1.015, and 1.010 as the temperature increases to 50, 100, and 150 °C, respectively.
However, the response value increases again to 1.017 and 1.030 at 200 and 300 °C, respectively , but decreases
to 1.01 at 400 °C. It is clear that different interactions occur at different temperatures. At low temperatures
(RT-150°C), physical adsorption occurs via Van der waals interactions. The increase of temperature leads to
the rise in entropy, which decreases the sensing response. At higher temperatures (150-400 °C), thermally-
activated chemisorption process takes place that involves the adsorption of oxygen ions. A similar
phenomenon has been observed in our previous work.®> From the above results, it is obvious that the
ZnO:MWCNT ratio has a profound influence on the sensing response to SO,. At all temperatures, the
incorporation of a very small amount of MWCNTs to ZnO (ZnO:MWCNT = 15:1) can greatly enhance its
sensing response, especially at 300 °C, where the response is increased by nearly three-fold from 50 to 156,
compared to that of pure ZnO. In this case, the synergistic effect between MWCNTs (p-type sensing material)
and ZnO (n-type sensing material) and the formation of the p-n heterojunction are believed to be responsible
for the enhanced sensitivity. The presence of a p-n heterojunction leads to an additional potential barrier, as

proven by the calculated activation energy. Using the Arrhenius equation, the activation energy of the ZnO-
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MWCNT (15:1) composite is determined to be 0.24 eV, which is higher than that of pure ZnO hollow spheres
(0.21 eV) (Figure S8). Moreover, the presence of the p-n heterojunction does not only generate additional
barrier potential but also increases the chemisorption of oxygen molecules. 8486 Ag a result, the change in

resistance of the ZnO-MWCNT (15:1) composite upon exposure to SO, gas is higher than that of ZnO hollow

spheres.
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Figure 8. Dynamic response-recovery curves of ZnO (a) and ZnO-MWCNT composites with ZnO:MWCNT

ratios of 15:1 (b), 10:1 (c), and 5:1 (d) towards 2, 10, 20, 50, 70, and 100 ppm of SO, gas at 300 °C.

The responses of pure ZnO and ZnO-MWNCT composites towards various concentrations of SO, gas
are depicted in Figure 7b. The pristine ZnO hollow spheres exhibit responses of 16.9, 18.3, 19.7, 34.9, 48.0,
and 99.4 to 2, 10, 20, 50, 70, and 100 ppm of SO,, respectively. In comparison, MWCNTs show some response
to SO, gas at low temperatures, however at high temperatures they show even lower response values,
indicating that alone, they are not suitable for high-temperature sensors. Compared to both ZnO and
MWCNTs, the ZnO-MWCNT (15:1) composite displays higher responses of 24.8, 29.4, 31.8, 63.3, 156, and

260 towards 2, 10, 20, 50, 70, and 100 ppm of SO,, respectively. Meanwhile, the responses of the ZnO-
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MWCNT (10:1) composite towards identical concentrations of SO, gas are 1.88, 1.92, 2.02, 2.12, 2.14, and
2.21, respectively. With the exception pure MWCNTs, the ZnO-MWCNT (5:1) composite shows the lowest
sensing performance as its response barely changes with the increase of SO, concentration. It is important to
note that the gas-sensing results shown in Figure 7 were obtained at a fixed humidity level of 65%. In order
to check the effect of humidity, the response of the optimum sensor (i.e., ZnO-MWCNT (15:1) composite)
towards SO, gas was also investigated at a higher humidity level of 80%. The response of this composite
towards 70 ppm of SO, at 300 °C decreases from 156 to 127 with the increase of humidity level from 65% to
80%. This is because the increased presence of moisture on the surface of the ZnO-MWCNT composite sensor
at a higher humidity level can reduce the amount of SO, molecules adsorbed on its surface.?’

For comparison, two control samples have been prepared, including ZnO solid spheres prepared with
ethylene glycol (EG) and ZnO-MWCNT (15:1) composite prepared without anthocyanin (Figure S9). As seen
in Figure S9a, the ZnO product synthesized in the presence of ethylene glycol (instead of anthocyanin)
displays solid spherical morphology with large diameters between 1.5-2.5 um and smoother surface. As shown
in Figure 7a, the ZnO hollow spheres readily give response to SO, gas at temperatures as low as 200 °C. In
contrast, the sensor based on ZnO solid spheres does not show any response to SO, gas at the same temperature
due to its high resistance (>100 MQ). In fact, they only start to show a response to SO, gas at 400 °C with a
response value of 210. This response is higher than that of ZnO hollow spheres at its optimum temperature (S
=156 at 300 C). However, such a high working temperature is not beneficial for practical sensing applications
as it will lead to high power consumption and reduced lifetime. The above results imply that the hollow
architecture is beneficial for lowering the working temperature of the ZnO sensor. The ZnO-MWCNT (15:1)
composite prepared without anthocyanin has an irregular morphology and size of more than 2 um and no
penetration of MWCNTs is observed, as seen in Figure S9b. When employed for SO, sensing, the composite
prepared without anthocyanin displays a response of 72 to 70 ppm SO, at 300 °C, which is only roughly half
of that of the ZnO-MWCNT (15:1) composite prepared with anthocyanin (Figure S9c).

A comparison of the SO, sensing performance of the optimum ZnO-MWCNT (15:1) composite against
previously reported metal oxide-based sensors is given in Table S1. From this Table, it can be observed that

the ZnO-MWCNT (15:1) composite displays a much higher sensing performance towards SO, gas than
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previous sensors based on CuO nanoplates?’, ZnO nanoflowers®®, SnO, nano-dodecahedrons®®, BiFeO; and
WOs; nanoparticles?®?!, and NiO-ZnO composites®?3, despite exhibiting slightly to moderately higher
optimum operating temperature. For instance, CuO nanoplates displayed a response of 2.80 to 10 ppm of SO,
gas at 200 °C.37 This value is considerably lower than that of the ZnO-MWCNT (15:1) composite, which
shows a 10 times higher response (S = 29.4) to 10 ppm of SO, at the same temperature. Moreover, at optimal
operating temperature of 300 °C, our composite shows a higher response of 24.8 to 2 ppm of SO, compared
to BiFeOj; nanoparticles which showed a response of 2.03 to 5 ppm of SO,. Furthermore, the ZnO-MWCNT
(15:1) composite also displays a response of 85 to 70 ppm of SO, gas at 250 °C, which is higher the responses
towards 100 ppm of SO, gas for ZnO nanoflowers (S = 30.4) at 260 °C and ZnO nanodisks (S ~50) at 240
°C.92-93 Furthermore, our composite also displays comparable sensing performance to NiO-decorated ZnO
nanoflowers which showed a response of 84.2 to 100 ppm of SO, gas at 220 °C.%? The relatively higher
performance of ZnO hollow sphere-MWCNT (15:1) results from a combination of the hollow structure and

the p-n heterojunction formed at the ZnO/MWCNT interface.
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Figure 9. (a) Individual selectivity tests of pristine ZnO hollow spheres and ZnO-MWCNT (15:1), (10:1), and
(5:1) composites towards 50 ppm of SO, gas at 300 °C. (b) Responses of the ZnO-MWCNT (15:1) composite
towards pure SO, gas (50 ppm) and SO, gas in the presence of various interfering gases (the concentration of

the interfering gas is also 50 ppm) at 300 °C.

The response and recovery times of all sensors towards various concentrations of SO, are given in Figure

7¢, d. The response time is defined as the time needed for the sensor to reach 90% of steady state after exposure
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to the gas. The response time basically increases as the amount of MWCNT increases to the ratio of 10:1 and
decreases with this ratio lowered to 5:1. At SO, concentrations of 2, 10, 20, 50, 70, and 100 ppm, the response
times of the pristine ZnO sensor are 165, 180,135, 105, 103, and 100 s, respectively, whereas the response
times of ZnO-MWCNT (15:1) composite are 290, 270, 240, 215, 165, and 84 s, respectively. The response
times for ZnO-MWCNT (10:1) composite are 744, 652, 744,642, 714, and 602 s, respectively, while for the
ZnO-MWCNT (5:1) composite, the response times are 648, 612, 576, 546, 546, and 516 s, respectively. These
results indicate that the addition of MWCNTs prolongs the response time, however the extension in the
response time can be minimized by using low amounts of MWCNTs, as seen in the case of the ZnO-MWCNT
(15:1) composite. The recovery time is defined as the time required for the sensor to reach 10% from the
baseline after removal of the gas. The recovery times of the pristine ZnO sensor towards 2, 10, 20, 50, 70, and
100 ppm of SO, are 300, 300, 318, 320, 256, and 120 s respectively, for ZnO-MWCNT 15:1 255, 290, 225,
225, 180, and 78 s respectively, for ZnO-MWCNT 10:1 are 90, 22, 42, 24, 54, and 18 s respectively, while
for ZnO-MWCNT 5:1 are 280, 320, 408, 355, 365, and 390 s, respectively. These results reveal that addition
of low contents of MWCNTs is beneficial for achieving faster recovery time.

The lower sensing responses of ZnO-MWCNT (10:1) and (5:1) composites may be attributed to two
main reasons. At lower ZnO:MWCNT ratios, the sensing contribution of MWCNTSs becomes dominant, and
while MWCNTs typically excel at lower operating temperatures (<100 °C), they tend to exhibit poorer sensing
performance at higher temperatures. Unlike pristine ZnO and ZnO-MWCNT (15:1) and (10:1) sensors which
display n-type sensing behaviors (i.e., the resistance decreases when exposed to SO, gas) as seen in Figure
8a-c, the ZnO-MWCNT (5:1) composite instead displays a p-type sensing behavior, in which the resistance
increases upon exposure to SO,, as shown in Figure 8d. The change in sensing behavior from n-type to p-
type is evident and further supports the dominant sensing contribution of MWCNTs in this composite. Another
possible reason is that at the lower ZnO:MWCNT ratios, many ZnO hollow spheres become broken and the
majority of the MWCNTs cannot enter the cavities of the spheres; rather they exist separately, and this leads
to poor interconnectivity between the particles. Moreover, the dominant role of MWCNTs in determining the
electrical properties of the two composites is also responsible for their poorer sensing performance at high

temperatures. The activation energies are calculated to be 0.17 and 0.06 eV for ZnO-MWCNT (10:1) and (5:1)
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composites, respectively. The decrease in activation energy with increasing MWCNT content is due to the
low activation energy of MWCNT (0.01 eV).
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Figure 10. (a) Schematic illustration showing the band diagram of the ZnO-MWCNT composite. (b)

Schematic diagram depicting the SO, sensing mechanism of ZnO-MWCNT composite.

To investigate the ability of these sensors to distinguish SO, in the presence of other gases, they were
exposed to 50 ppm of six different gases, including CO, CO,, methanol, toluene, hexane, and xylene. These
gases were selected as SO, gas may be generated together with CO, CO,, and other VOCs in fuel combustion
in power plants, wood treatment plants, and chemical industries.’*% Comparison of the responses of all
sensors to the above seven gases, including SO,, is presented in Figure 9a. The pristine ZnO sensor shows its
highest response towards methanol, while also displaying cross-sensitivity to other gases. It is clear that the
addition of a small amount of MWCNTs in the sample with a ratio of 15:1 can greatly enhance the selectivity
towards SO,. On the other hand, both ZnO-MWCNT (10:1) and (5:1) composites exhibit poor selectivity
towards SO,. These results suggest that the optimum ZnO:MWCNT ratio for achieving both high sensitivity
and selectivity towards SO, is 15:1. The enhancement in the selectivity of the ZnO-MWCNT (15:1) composite
towards SO, gas may be attributed to the presence of oxygen functional groups on the surface of the
MWCNTSs, such as hydroxyl and carbonyl groups that may promote the adsorption and selectively bind SO,.%¢
97 Moreover, we have also performed cross selectivity test for the optimum sensor (ZnO-MWNCT (15:1)

composite), where the SO, gas was injected simultaneously with each interfering gas, similar to that used in
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a previous report.”® Figure 9b displays the cross-selectivity or comparison between the responses of the ZnO-
MWCNT (15:1) composite to pure SO, gas and SO, gas in the presence of other interfering gases. The
response values of this composite to SO, gas in the presence of CO and hexane are almost identical to the
response value to pure SO, gas. Furthermore, the response values of the ZnO-MWCNT (15:1) composite to
SO, gas in the presence of CO, and toluene are only slightly lower than the response value to pure SO, gas.
These results imply the good selectivity of this composite sensor to SO, against CO, CO,, toluene, and hexane.
The lowest response is observed when the SO, gas was mixed with methanol, suggesting that this composite
sensor may not be able to distinguish between SO, gas and methanol effectively.

As a gas-sensing material, the electrical properties of ZnO are strongly affected by the chemical
environment, especially oxygen adsorption. It is well-known that oxygen species in air can adsorb on the
surface of ZnO, and dissociates and ionizes to different states of oxygen ions depending on the operating
temperature.!> °°-191 Below 100 °C, the ZnO surface is dominated by O, species and between 100-300 °C, the
number of O, species is reduced and O~ species become dominant, while above 300 °C, the surface of ZnO

is dominated by O?" species. The formation of ionic oxygen species can be expressed as follows!0%:

0O, (gas) & O3 (ads) “4)
0, (ads) + &~ & O, (ads) (5)
0, (ads)+ e < 20~ (ads) (6)
O +¢ & 0> (ads) (7)

The adsorption of oxygen ions generates an electron depletion layer on the surface of ZnO, which leads to the
increase of its resistance. At nanoscale, the sensing mechanism is mainly contributed by the change in the
width of the depletion layer. When the surface of the ZnO sensor is exposed to SO,, the SO, gas will react
with the oxygen ion species and becomes converted to SO; by releasing electrons to the surface and narrowing
the depletion layer, which leads to the decrease in resistance. This reaction can be expressed by the equation:

SO, + O% (ads) — SOz + 2e~ (8)
In the case of ZnO-MWCNT composites, there are three main mechanisms. First, on the surface of ZnO
spheres in the composites, a similar mechanism occurs as that in the case of pure ZnO sensor as described

above. Second, at the interface of ZnO and MWCNTs, a p-n heterojunction is formed. The smaller band gap
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of MWCNT (~0.05-2.0 eV) compared to that of ZnO (2.9 eV for ZnO hollow spheres) results in the band
diagram modification to a metal/semiconductor band diagram (Figure 10a). As the p-n heterojunction is
formed, the different work function between MWCNTs and ZnO and the electron affinity of ZnO promote the
transfer of electrons from ZnO to MWCNTs and holes from MWCNTs to ZnO. The transfer of these charge
carriers creates a space charge region at the ZnO/MWCNT interface which generates a built-in potential which

changes in the presence of SO, gas.
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Figure 11. (a) Initial structure of SO, interaction with CNTIMVl/ZnsOy4 system. The O adatom is labeled as
O.q. (b) SO, physisorption on the C-C cite of CNT. (¢) SO, adsorption on the CNTIMVl/ZnsOg with an O

adatom.

The third mechanism is related to the surface of MWCNT which exhibits the characteristics of a p-
type semiconductor. The sensing mechanism of the ZnO-MWCNT composite is illustrated in Figure 10b. In
contrast to ZnQO, the adsorption of oxygen ions causes the formation of hole accumulation layer on MWCNTs,
which lowers their resistance. Upon introduction of SO,, the oxygen ions (most likely O%~ at 300 °C) adsorbed
on the surface of the MWCNTs react with the SO, gas form SO; by releasing electrons to the surface (Eq. 8).
The recombination of electrons and holes occurs, leading to the narrowing of the hole accumulation layer and

the increase in resistance. The proposed sensing mechanism in Figure 10b is supported by previous studies
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on metal oxide/CNT composite sensors.!> 3485 The dynamic response-recovery curves of the pure MWCNT
sensor to 70 ppm of SO, at 300 °C are given in Figure S10. For the ZnO-MWCNT (15:1) composite, the
built-in potential formed at the ZnO/MWCNT interface can enhance the change in resistance of the composite
sensor upon the trapping of electrons, thereby leading to a higher sensing response towards SO,.!%* The much
higher proportion of ZnO than MWCNTs in this composite leads to the first and second mechanisms to be the
dominant mechanisms and the generation of n-type sensing behavior. For the ZnO-MWCNT (10:1) composite,
there is a competing mechanism between the first and the third mechanisms, however, the first mechanism
still prevails over the third one due to the higher proportion of ZnO in this particular composite, leading to the
n-type sensing behavior. On the other hand, for the ZnO-MWCNT (5:1) composite, the third mechanism is
the dominant one, largely due to the high concentration of MWCNTs in this composite. This consequently
leads to the p-type sensing behavior of the ZnO-MWCNT (5:1) composite.

To model reaction (8), we performed DFT calculations for SO, adsorption on the surface of
CNTMV)/ZngOg with the presence of an O adatom on the ZngOg cluster. This model was adapted from previous
references.®3-64 194 SO, molecule can only be adsorbed on the ZngOg cluster and not on the bare CNT surface.
The SO, molecule is only physically adsorbed on the C-C site of the CNT with a weak adsorption energy of -
0.03 eV. The most stable SO, adsorption is found when the SO, molecule is adsorbed on the proximity of the
O adatom with a strong adsorption energy (-2.00 eV), as shown in Figure 11. The optimization results show
that the incoming SO, molecule directly interacts with the O adatom of Zn¢O¢ to form SO; molecule, in
agreement with Eq. 8. The adsorbed SO, molecule donates its charge of about 0.46 e to the CNTMV)/Zn4Oy
system (0.12 e to the ZngOg and 0.36 e to the CNT) during the surface reaction. SO; is often considered as an
adsorbed gas that can be easily desorbed from the surface. The existence of charge transfer from ZnO to CNT
implies the presence of a potential barrier at the CNTIMV)/ZnsOy interface. This suggests that the CNT indeed

acts as an electron conduction channel in the ZnO/CNT composite.

4. Conclusions
This study demonstrates the first utilization of anthocyanin extracted from black rice (Oryza sativa L.) grains

as a structure-directing agent to promote the formation of ZnO hollow spheres which are constructed by the
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self-assembly of small nanoparticles. The modification of these spheres with the optimum amount of
MWCNTs leads to the creation of many cavities on the ZnO spheres. This in turn, allows the MWCNTSs to
penetrate into the interior of these spheres, thereby creating good interconnectivity between the particles and
smooth pathway for electron transport. However, the excess addition of MWCNTs is not preferable as it leads
to the structural breakdown of the ZnO hollow spheres. When tested for SO, sensing, the ZnO-MWCNT
(15:1) composite shows superior sensing performance compared to pristine ZnO and ZnO-MWCNT (10:1)
and (5:1) composites. This optimum composite displays a high sensing response of 156 to 70 ppm of SO, gas
at 300 °C, which is more than thrice that of pure ZnO sensor. Furthermore, the ZnO-MWCNT (15:1)
composite also shows good selectivity to SO, gas compared to other gases, such as CO, CO,, methanol,
toluene, hexane, and xylene, with relatively low cross-selectivity. The additional potential barrier generated
by the creation of a p-n heterojunction at the interface of ZnO/MWCNT leads to a greater change in the
resistance of the ZnO-MWCNT (15:1) composite upon exposure to SO, gas relative the pure ZnO sensor.
Interestingly, the sensing behavior of the composite strongly depends on the amount of MWCNT in the
composite. ZnO-MWCNT composites with ZnO/MWCNT ratios of 15:1 and 10:1 exhibit an n-type sensing
behavior, while the ZnO-MWCNT (5:1) composite displays a p-type sensing behavior. These observations
indicate the major contribution of MWCNTs in determining the electrical conductivity and sensing
performance of the composite. The DFT simulation results reveal that the SO, molecule interacts with the
oxygen adatom of ZnO to form SO; and confirm the occurrence of charge transfer from ZnO to CNT which
enhances the conductivity of the composite towards SO, gas. The present work is expected to promote future
utilization of phytochemicals in the green synthesis of metal oxide-based nanocomposites and the theoretical

simulation results will provide useful insights into the sensing mechanisms of metal oxide/CNT composites.
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13 This work reports the green synthesis of ZnO-MWCNT composite using anthocyanin extracted from black

15 rice grains with high sensitivity and selectivity to SO, and its sensing mechanism study by DFT simulations.
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