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one-pot hydrothermal synthesis route by using zinc acetate as the metal precursors, ethanolamine as
the organic Lewis base and water as the reaction medium. The versatile zinc oxide architectures such as
(i) nanostars (ZNS), (ii) marigold flower (ZMF), (iii) nanorods assembled flower (ZNF) and (iv) nanorods
(ZNR) were successfully synthesised by the controlled variation of the reaction medium mole ratio. The
. . crystal structure and morphological evaluation of the as prepared material were investigated in detail
Zinc oxide nanostructures . . . . .
Gold nanoparticles by several analytical techniques, and the findings are consistent with each other. The carbon monox-
Carbon monoxide sensor ide (CO) sensing ability of the as prepared materials was carried out at different sensing temperature
Room temperature CO sensing (Ts <300°C) and at different gas concentration (5-1000 ppm). Gas sensing study clearly shows that the
sensor responses are found to be morphology and surface area dependent. Among all the zinc oxide
nanostructures, nanostars exhibits excellent sensitivity (Sg ~ 31 toward 5 ppm) at the optimized sensing
temperature of 275 °C. Further, to improve the sensing characteristics and to reduce the operating tem-
perature, different wt% of gold nanopartilces were decorated on the surface of zinc oxide nano-stars by
solution impregnation technique. Surface decoration of only 3 wt% gold nanoparticles incorporated zinc
oxide nanostars exhibits enhanced sensing response (Sg ~15 toward 50 ppm) at 35°C with an excellent
response (I'res ~8s) and recovery (I'gec ~15s) time. Sensor also posses excellent selectivity toward CO
compare to other interfering gases such as methanol, ethanol, acetone and hydrogen.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Air pollutants released from the automotives and industries
cause major concerns to human safety and environmental issues.
Among all air pollutants, carbon monoxide (CO) is one of the most
harmful pollutants which reacts readily with haemoglobin and
damages the human body by causing areduction in cellular respira-
tion. A trace amount of carbon monoxide (TLV ~50 ppm) inhalation
causes large number of deaths annually in the world [1-4]. There-
fore, the development of sensor for selective and sensitive detection
of CO with a faster response at ambient temperature is highly
desired.

Over the years, several solid state gas sensors have been devel-
oped to detect CO but most of the commercial sensors available
in the market, work at relatively high temperature. The disad-
vantage of the higher operating temperature sensor is the less
long term durability due to a thermally induced growth of metal
oxide grains. The other problem associated with those sensors is
the sensor fabrication costs and power consumption. Hence devel-
oping the ambient temperature sensor system is very important
as it provides very low power consumption. More importantly
we can simplify the device fabrication by eliminating the heater
component and reduces the operating cost [5]. This major bot-
tleneck calls for worldwide research effort in the areas of design
and development of novel materials, their complete characteriza-
tion, sensor fabrication, calibration and testing of the sensor device.
This has been achieved by several years of research on metal-oxide
based gas sensors that has provided key understanding on the con-
trol parameters and processes for materials engineering. Over the
years, quite a few strategies have been employed to reduce the
working temperature. Some of the most popular approaches are
morphological control [6], metal oxide composites [7] doping [8],
carbon/graphene based nanostructured materials [9,10], incorpo-
ration of metal nanoparticles [11], ultra violet light illumination
[12], micro electro mechanical system fabrication [13], etc.

Chemical gas sensing based on metal oxide semiconductors
(Sn0,, In,03, ZnO, Fe,03, W03, etc.) have been considered as
one of the most important technological developments for the
pollution monitoring, environmental sustainability, and personal
healthcare [14-18]. Among these metal oxide semiconductors, zinc
oxide has received great attention for the detection of various
toxic/hazardous gases owing to their excellent physico-chemical,
opto-electronic properties, high mobility of conduction electrons,
thermal stability, high response, long term stability and recyclabil-
ity [19-25]. In spite of all these interesting advances, the usage of
zinc oxide based gas sensor has met limited success due to their
higher operating temperature and lower selectivity.

Since the gas sensing kinetics reactions occurring on the metal
oxide surface, several intensive efforts have been made to improve
the gas sensing characteristics of zinc oxide by engineering their
structure, size, morphology, surface and porosity to suit the mate-
rials for better sensor performance. For example Zhang et al.
successfully prepared zinc oxide hollow nanofiberes and evalu-
ated its ethanol gas sensing properties at 280 °C, which exhibited
excellent sensing properties due to their special one-dimensional
nanostructural properties [26]. Tian et al. demonstrated in detail
the role of zinc oxide surface structure for the enhanced benzene
sensing performances of zinc oxide nanorods at 320°C [27]. Yin
etal. reported the successful formation of zinc oxide hollow spheres

and demonstrated that they could perform well as the efficient
alcohol sensor at 300°C [28]. Over the years, several strategies
demonstrated that the incorporation metal nanoparticles such as
Au, Pt, Pd, and Ag to the metal oxides surface can effectively reduce
the operating temperature and improve the lower limit detection,
sensor response, sensitivity, and selectivity [29-33]. Many studies
have established that the gold nanopartilces can be effectively used
for the CO oxidation at low temperature. For instance, Joshi et al.
demonstrated the enhanced catalytic and the chemical sensitiza-
tion effect of Au nanoparticles towards CO through Au decorated
zinc oxide nanowires and they could successfully detect carbon
monoxide at room temperature [34].

In continuation of these great efforts here we have devel-
oped a highly effective and efficient room temperature carbon
monoxide sensor one-pot hydrothermal synthesis route. The
versatile zinc oxide nanostructures include (i) nano-stars, (ii)
marigold flower, (iii) nanorods assembled flowers and (iv)
nanorods were successfully prepared by the controlled variation
of Zn2*[ethanolamine mole ratio. The as prepared materials were
characterised extensively by different analytical techniques. Mor-
phological evaluations of the as prepared materials were carried
out by field emission scanning electron microscopy and trans-
mission electron microscopy along with selected area electron
diffraction analysis. The CO gas sensing properties of as pre-
pared zinc oxide nanostructures were also evaluated at different
sensing temperatures (Ts) < 300°C towards different gas concen-
trations ranging from 1000 to 5 ppm. The as prepared zinc oxide
nanostructures showed the enhanced sensitivity, and reasonably
fast response/recovery time. Among other zinc oxide nanostruc-
tures, nanostars possess enhanced sensing behaviour in terms
of higher sensor response, sensitivity (Sg=Ra/Rg ~31), with fast
response (I'ggs ~12s)/recovery time (I'ggc ~11s) toward 5ppm
of CO at 275°C. In order to improve the sensitivity, selectivity
and to reducing the working temperature, different wt% gold (Au)
nanoparticles were incorporated into the zinc oxide nanostars
by solution impregnation technique. By loading of only 3 wt% Au
nanoparticles we are able to sense CO as low as 35°C. Sensor
also shows the excellent selectivity towards CO compare to other
interfering gases such as methanol, ethanol, acetone, and hydro-
gen. To show the enhanced performance of our device we have
also compared the sensing performance of our device with various
semiconductor metal oxides based gas sensor toward CO (Table 1).

2. Experimental detail
2.1. Chemicals

Zinc acetate dehydrate (Zn(CH3COO), - 2H,0), gold chlo-
ride (HAuCl3), sodium borohydride (NaBH4) and ethanolamine
(NH,CH,CH,0H) were purchased from Sigma-Aldrich. All the
chemicals are analytical reagent (AR) grade and used without any
further purification. Deionised water was used throughout the
experiment.

2.2. Preparation of ZnO nano-stars
The hierarchical zinc oxide architectures were prepared by the

following the literature method with some modifications [35]. In
a typical synthesis procedure 2 mmol of zinc acetate dehydrate
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Table 1

Comparison of sensing performances of our proposed CO sensor with other published CO sensors based on metal oxide composites.
Material Ts (°C) Sr Gc Ires I'Rec Ref
Al-doped ZnO nanoparticles. 300 80 50 ppm 6-8s 16-30s [69]
Sn0, nanoparticles 300°C 6.4 3000 ppm 2.6s 3.6s [70]
Tin Oxide Mixed Cerium Oxide Thin Films 430°C 190 500 ppm 26s 30s [71]
Sn02-SBA-15 250 312 1000 5 (min) 40 (min) [72]
ZnO thin film 300 23 10-1660 56 (s) 67 (s) [73]
Cu-doped ZnO 300 50 68 15(s) N/A [74]
CuO NWs 300 30 ~0.07 N/A N/A [75]
Pt-In203; Pd-In203 R/T 50 ~28~72 50 (s) 60 (s) [76]
PdO nanoflake thin films 100°C, 1.5 4000 ppm N/A N/A [77]
Gold-Nanoparticle-Functionalized In, O3 Nanowires RT 104 200ppb-5 ppm 1305/ 50s [78]
Co304/PEI-CNTs RT 30.3 5~1000 ppm 8s/ 30s [79]
CNT/Au/SnO;nanotubes RT 70 500~2500 ppm Less than 20s N/A [80]
Au/ZnO nanowires RT 5 100 ppm N/A N/A [34]
ZnO Nanostars 275 681 5ppm-1000 ppm 21s 12s This work
ZnO/Au Nanostars RT 55.3 500 ppm -50 ppm 41s-10s 40s-12s This work

N/A: Not available.

was dissolved in 30 mL of water under vigorous magnetic stirring,
followed by drop by drop addition of 20 mmol of ethanolamine.
After 15 min stirring the solution was transferred to the Teflon
lined stainless steel autoclave and kept at 150°C for 12 h in a pro-
grammable oven at the heating rate of 10 °C/min. After the reaction
time the Teflon autoclave was oven cooled. The product was col-
lected and washed several times with deionised water and ethanol
to remove the residual impurities. Finally the product was dried at
80 °C before carrying out further characterizations. Other interest-
ing zinc oxide architectures were prepared by the similar protocol
except varying the Zn?*/ethanolamine mole ratio. All these details
are explained in detail in the following sections.

2.3. Incorporation of gold nanoparticles

The zinc oxide nanostructures were synthesized through the
method described in the preceding section. To incorporate different
weight percentages of gold nanoparticles, a solution impregnation
technique was employed. The required amount of gold chloride salt
was added to the as synthesized powder suspended in an aqueous
medium under the constant magnetic stirring and then ultrason-
ically treated for 15 min. Thereafter, calculated amount sodium
borohydride was added to the solution to reduce the gold chlo-
ride salt to metallic gold, Au(0), in situ. After stirring for 3 h, the
precipitate was centrifuged and washed with deionized water and
ethanol to remove the residual sodium borohydride and then dried
at 80°C for overnight.

2.4. Gas sensor fabrication and measurements

The fabrication techniques and sensor characteristics measure-
ment setup were described in detail in our previous work [36]. For
device fabrication, the as prepared zinc oxide nano structures were
made into a thick homogeneous paste. The paste was coated on a
cylindrical ceramic tube on which a pair of Au electrodes provided
for electrical contacts. The coated substrate was mounted along
with a Ni-Cr coil inserted through the ceramic tube that functions
as a heater. The control on operating temperature was achieved and
monitored using a PDI controller equipped with a Chromel-Alumel
K-type thermocouple positioned in close proximity with the gas
sensor surface. A standard resistor connected in series with the
sensing element served as reference to form a complete measure-
ment circuit. Prior to each experimentation the sensing element
was pre-heated at 150 °Cfor 3 hiin air to stabilize the sensor surface.
The gas sensing capabilities of the synthesized nanostructures were
thus carried out in a dry air environment from room temperature
to 300 °C. All gas sensing experiments were carried out at a gas flow

rate of 100 cm3/min. Gas dilution to achieve the required concen-
tration was attained by mixing requisite volume of CO with clean
dry nitrogen gas. The gas sensing measurements were carried out
by monitoring the changes in resistance under a constant applied
voltage during cyclic exposure to different gas concentrations.

3. Details of experimental methods and characterization
techniques

The morphological evaluations of the as prepared products
were analysed by the field emission-scanning electron microscopy
(JEOL JSM-7500F), Energy dispersive X-ray analysis (EDAX) per-
formed with OXFORD Inca detector interfaced at 15kV without
sample sputtering, and transmission electron microscopy (TEM,
HR-TEM, JEM-2100F, JEOL). The crystal structure identified by pow-
der X-ray diffraction (XRD) measurements were carried out on X
—Pert-pro using CuKa (A =0.15406 nm) radiation over a 20 range
of 2-70°. The Raman spectroscopy was performed using a NRS-
5100, JASCO spectrometer. The X-ray photoelectron spectroscopy
studies were carried out using a XPS, ESCALAB-MKII with AlKo X-
ray (hv=1486.6eV) as the emission source. UV-DRS analysis was
carried out on a GBC Varian UV/Vis spectrometer with KBr-diluted
pellets of solid samples and pure KBr as the reference. The specific
area was determined by the surface area and pore size distribution
measurements using a BET (Micromeritics (ASAP2010)), surface
area and pore size analyser at liquid nitrogen temperature.

4. Results and discussions
4.1. Morphological and crystal structure evaluations

The morphological evaluations of the as prepared zinc
oxide nanostructured materials were characterised by electron
microscopy in both scanning and transmission mode along with
the selected area electron diffraction analysis and high resolu-
tion transmission electron microscopy. Fig. 1 shows the electron
micrograph of the as synthesised zinc oxide architecture obtained
through 1:20 mol ratio of Zn?*/EA in 30 mL of water at 150 °C. The
panoramic view (Fig. 1a;) discloses the numerous nearly uniform
size and shape zinc oxide with star like architecture of size ~1 to
2 pm. The higher magnification (Fig. 1a;) clearly shows, each star
is the building blocks of several spindle like architecture which are
radiating from the centre core. Closer inspection of the spindles evi-
dently illustrates that the each spindle is composed of numerous
primary nanoparticles of size ~20 nm. The analysis clearly demon-
strates the remarkable self-assembly of ultrafine nanoparticles
(primary structure) to form secondary structures (spindles) which
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(100),—(001)
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Fig. 1. (a-d) Electron microscopic images of as prepared zinc oxide nanostructures
in scanning and transmission mode. Morphological evaluations of the as prepared
zinc oxide nanostructures obtained at 150 °C with different Zn?* /ethanolamine mole
ratio. (a) nanostars, (b) marigold flower, (c), nano-rods assembled flowers and (d)
nano rods.

reorganize perpendicular to the centre core to finally yield star like
architecture (primary structure). The TEM analyses (Fig. 1(as&ag))
concur, well with the FE-SEM findings. The contrast based elec-
tron dense and electron poor region indicating the porous nature
of the materials. The SAED pattern (Fig. 1as5) shows well defined
Laue spots specifying the high crystalline nature of the materi-
als. The diffraction rings indicates the poly crystalline nature of
the material with wurtzite crystal structure. The high resolution
TEM (Fig. 1ag) shows clear two-dimensional lattice fringes, which
further confirms the nanostars are well crystalline. The observed

lattice with a distance of 0.28 nm corresponds to the {100} lattice
spacing of wurtzite zinc oxide.

4.2. Effect of ethanolamine

The imperative role of ethanolamine on the nucleation and
growth of zinc oxide architectures were studied in detail by vary-
ing the Zn%* to ethanolamine mole ratio from 1:20 to 1:100 while
maintaining other reaction parameter constant. The FE-SEM and
TEM analysis (Fig. 1(b1-dg)) clearly reveals that the controlled vari-
ation of Zn2* to ethanolamine facilitate the morphological variation
of zinc oxide nanostructures. Hierarchical mesoporous marigold
like flower architecture was obtained when the Zn?*/ethanolamine
mole ratio in 1:40. Fig. 1(b;-by) shows the FE-SEM images of the
as prepared zinc oxide marigold like flower at lower and higher
magnification and Fig. 1(bs) shows the corresponding TEM image.
The electron microscopy images clearly show the porous nature
of the product and closer inspection reveals that the nanoparti-
cles of size ~10 nm are the building blocks (primary structure) for
the marigold like flower. Nanorods assembled flower like archi-
tectures were obtained when the Zn?*/ethanolamine ratio in 1:60
(Fig. 1(c1—-cg)). Nanorods (Fig. 1(dy-dg)) of size ~100nm were
obtained with further increasing the Zn?*/ethanolamine concen-
tration (1:<<100). Although, the obtained morphologies are very
appealing this findings need further detailed investigations to
demonstrate the plausible formation mechanism of these interest-
ing morphological evaluations.

Fig. 2(a, b) shows the TEM images of 3 wt% gold nanoparticles
incorporated zinc oxide nanostars at different magnifications. The
presence of the gold nanoparticles of size explicable from the higher
magnified TEM image (Fig. 2(b) marked region and Fig. 2(c)). The
average size distribution of the gold nanoparticles is found to be
~5-6nm (Fig. S1). The high resolution TEM (Fig. 2(d)) shows the
lattice fringes corresponding to Au and ZnO. Further, the elemental
mapping (Fig. 2(e)) analysis was carried out to confirm the exis-
tence of gold nanoparticles on the surface of zinc oxide nanostars
and the obtained result clearly reveals the presence of Zn, O and
Au. The elemental analysis was performed comparatively in order
to examine the composition of Au and ZnO.

Powder X-ray diffraction analysis was used to elucidate the crys-
tal structures, phase purity and composition of the as-synthesized
products. Fig. 3A shows the X-ray diffraction pattern of as-prepared
zinc oxide nanostructures. All the diffraction patterns can be per-
fectly indexed to the hexagonal wurtzite crystal structured zinc
oxide and the calculated lattice parameters (a=b=3.24 A° and
c=5.20 A°) are exactly matches well with the reported values
(JCPDS card no. 36-1451) [37,38]. The sharp and strong diffrac-
tion pattern indicates the high crystalline nature of the as prepared
material. The well resolved Bragg’s diffraction (Fig. 3B) at 38.2°,
44.5° and 64.6° can be assigned to the cubic crystal structured gold
(Au)planesof(111),(200),and (220) (JCPDS no.4—784)[39,40].The
remaining diffraction patterns are corresponding to the wurtzite
structure of zinc oxide which confirms the successful formation of
zinc oxide/Au composites. No other crystalline phase correspond-
ing to any impurity was detected, indicating the high purity of the
synthesised product.

Micro-Raman spectroscopy analysis were carried out to further
examine the phase purity and crystal structure of the as prepared
zinc oxide nanostructures. The observed optical phonon modes at
330cm~!, 383cm1, 437cm1, 574cm! (Fig. 4) are corresponds
to the wurtzite crystal structure of zinc oxide which is in good
agreement with the XRD analysis [41-43]. The sharp and strong
intense peek at 437 cm~! corresponds to the fundamental optical
E; (high) mode. Raman band at 383 cm™! arises due to the first order
Raman scattering corresponding to A; (TO) phonon mode. The peak
at 330cm~! has been assigned by the second order or multiple-
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(b)

Electron Image 1 O K series Zn K series Au L series

E ) .
100nm'

Element Weight% Atomic%
OK 22,115 54.41
Zn L 74.80 44.98
AuM 0.6
Totals 100.00

B Map Sum Spectrum

Fig. 2. (a-b) Transmission electron microscopy images of as prepared Au nanoparticles incorporated zinc oxide nanostars at lower and higher magnifications, (c) elemental
mapping and corresponding energy dispersive spectrum indicating the presence of gold in zinc oxide matrix.
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Fig. 3. (A) Powder X-ray diffraction patterns of as-prepared ZnO nanostructures (a)
nanostars, (b) marigold flower, (c), nanorods assembled flowers and (d) nanorods;
(B) Powder X-ray diffraction patterns of ZnO nano-stars/gold composites (a) ZnO/Au
1wt%, (b) ZnO/Au 2 wt%, (c) ZnO/Au 3 wt%, and (d) ZnO/Au 4 wt%.

phonon (E;high- E;low) scattering arising due to the overtones
or combination of first order modes [44,45]. The Raman band at
574 cm~! corresponding to A; (LO) phonon mode is associated with
the presence of oxygen vacancies [46,47].

In order to investigate the chemical state and elemental com-
position of zinc oxide nanostars and zinc oxide nanostars/Au
composites, X-ray photo electron spectroscopy analysis (Fig. 5) was
carried out in which Cy5 (284.4 eV) was used for the calibration. The
survey spectrum (Inset: Fig. 5a) reveals the existence of photo elec-
tron peaks of Zn, O, Au and Cys. The remaining smaller peaks are
satellite shake-ups of the assigned components [48]. The high res-
olution core level spectra of Zn 2p region (Fig. 5a) clearly indicates
the characteristic symmetric peaks at 1021.38 eV and 1044.47 eV
corresponding to (Zn 2p3p) and (Zn 2pqp;) evidently illustrating
that the zinc species are in the normal oxidation state of Zn2* in zinc
oxide. The core level spectra of oxygen in O; region (Fig. 5b) reveals
the peak, which can be de-convulated and assigned to the lattice
oxygen in crystalline zinc oxide (530.2 eV), chemisorbed oxygen
caused by the surface hydroxyl groups (531.4 eV) and small binding

Intensity (a.u.)

330 cm™
383 cm”
574 cm”

(a)

I I I I
200 300 400 500 600 700 800
Wavenumber (cm™)

Fig. 4. Room temperature micro-Raman spectra of as synthesized ZnO nanostruc-
tures (a) nano-stars, (b) marigold flower, (c), nano rods flowers and (d) nano rods.

energy contributions from adsorbed molecular oxygen (532.7) [49].
The core level binding energy of Zns, and Auys electrons are shown
in Fig. 5c which is de-convoluted into three peaks. The peak centred
at 91.9eV is corresponds to Zn 3py,. The other two peaks located
at 83.6eV and 87.3 eV are attributed to Au 4f;, and 4fs;, which
is found to be slightly shifted towards the lower binding energy
in comparison to 84 eV of the bulk Au. It is generally believed that
this small shift is caused by strong electronic interaction (plasmonic
effect) between Au and zinc oxide [50-55].

The optical band gap of the as prepared zinc oxide nanostruc-
tures were characterised through ultra violet-diffused reflectance
spectroscopy (Fig. S2A) in the% of reflectance mode. Zinc oxide
is known as an indirect semiconductor; and the band gap ener-
gies can be estimated from plot of (ahv)!/2 versus photon energy
(hv). The relationship between the absorption coefficient (o) and
incident photon energy (hv) can be written as o =A(hv — Eg)?/hv,
where A is the absorption constant, () is the absorption coeffi-
cient, h is the planks constant, v is the wave number and E; is
the band gap of the material [56,57]. The calculated band gaps
(~3.33eV,3.33eV,3.35,and 3.36 eV for nanostars, marigold flower,
nanorods assembled flower, and nanorods respectively) are exactly
matches with the reported value of the zinc oxide [58]. The diffuse
reflectance spectrum (Fig. S2B)of ZnO nanostars/Au composites
exhibits two adsorption regions, the sharp edge ~384 nm due to
band edge adsorption of zinc oxide and broad adsorption in the
visible region ~560 nm resulting from the characteristics surface
plasmon adsorption of Au nanoparticles.

The surface area and pore size distribution of as prepared
zinc oxide nanostructures were characterised by N, adsorp-
tion/desorption isotherm method. The adsorption-desorption
(Fig. 6) profile exhibits typical type-IV isotherms hysteresis loops,
indicating the mesoporous nature of the sample. The inset shows
the corresponding pore size distribution ranging from 5 to 50 nm,
and the average pore diameter is ~2-10 nm. The calculated surface
area of nanostars, marigold flower, nanorods assembled flower and
nanorods are 23.67, 19.67, 7.04, 4.52 m?/g respectively.

5. Gas sensing characteristics

It is well established that the sensor response of a semicon-
ducting metal oxide gas sensor is highly affected by the operating
temperature where the temperature dependent, adsorption-
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desorption kinetic process are optimum [59]. Therefore, to find the
optimum operating temperature the sensor fabricated by using zinc
oxide nanostars, marigold flower, nanorods assembled flower, and
nanorods were tested towards 1000 ppm of CO as a function of dif-
ferent sensing temperatures (200 °C < Ts >300 °C). Sensor response
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Fig. 6. Surface area and pore size distribution of as prepared zinc oxide nanostruc-
tures, (a) nanostars, (b) marigold flower, (c), nanorods assembled flowers and (d)
nanorods, [Inset: corresponding pore size distributions].
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Fig. 7. Sensing response characteristics of zinc oxide nanostructures such as nanos-
tars (ZNS), marigold flower (ZMF), nanorods assembled flowers (ZNF), and nanorods
(ZNR) as a function of different operating temperatures towards 1000 ppm of CO;
[Inset: Arrhenius plot depicting the sensor response].

is defined as Sg=Ra/Rg, where R; is the sensor resistance in air
and Rg is the sensor resistance in the presence of gas. The sen-
sor responses of nanostars, marigold flower, nanorods assembled
flowers, and nanorods sensors show the typical n-type (decrease in
resistance) behaviour i.e. increasing sensing response with increas-
ing operating temperature. From the sensor response curve (Fig. 7)
it is evident that, at each sensing temperature nanostars sensor
exhibits a much higher sensor response than the other zinc oxide
morphologies. At the elevated sensing temperature (Ts=275°C),
the nanostars sensor offers a maximum sensitivity of Sg~ 681,
whereas the sensor response of marigold flower, nanorods assem-
bled flowers, and nanorods are found to be ~600, ~375, and ~275.
The Arrhenius plots of the sensor response, In(S) vs Ts (sensing
temperature), clearly indicates the strong linear dependence in
the sensor response as a function of operating temperature (Inset:
Fig. 7).

The response and recovery time is considered as one of the pri-
mary factor in evaluating the gas sensor performances. Response
time (I'ggs) of the sensor is defined as the time taken by the sensor
to reach 90% of its saturation limit after exposure to test gas, while,
the recovery time (I'grgc) is defined as the time necessary for the
sensor to reach 10% of its original resistance value once the target
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Fig.8. (a) Dynamic sensing response representing the response and recovery time of
fabricated zinc oxide sensors such as nanostars, marigold flower, nanorods assem-
bled flower, and nanorods at 275°C towards 1000 ppm of CO; and (b) Dynamic
sensor response of zinc oxide nanostars (ZNS) as function of different gas con-
centration at operating temperature of 275°C. [Sg: Sensor response, Gc: Gas
concentration].

gas is switched off. The CO response-recovery times (I'res — ['rec)
of all four fabricated zinc oxide sensors are presented in Fig. 8(a).
The response and recovery time of each sensor toward 1000 ppm of
COareestimated tobe 21,23,17,16sand 12,13, 8, 7 s, respectively.
Though the studies unambiguously demonstrate that all the sens-
ing elements possess good capability for the detection of CO, the
sensor fabricated using the mesoporous nanostars exhibited much
higher response Sg ~ 681 with the faster response (I'grgs) and recov-
ery time (I'ggc) of 21s and 12s. The above investigations directly
imply that the magnitude of sensor response is greatly influenced
by the morphology of zinc oxide nanostructures, and the sensing
performance of nanostars is far superior to the other morpholo-
gies. The enhancement in sensitivity of the zinc oxide nanostars is
attributed to the high surface area and porosity.

In order to identify the maximum sensitivity of nanostars,
further gas sensing analysis were carried out at the elevated
temperature (Ts=275°C) as a function of different gas concen-
tration (G¢ ~1000, 500, 200, 100, 50, 20, 10, 5ppm of CO). The
dynamic sensor response (Fig. 8(b)) clearly demonstrates the grad-
ual augmentation of sensor response with the increase of the gas
concentration. After exposure to air, the sensor responses drop off
to the baseline, indicating a good repeatability and reproducibility
of the sensors. The nanostars sensor exhibits the highest response
of Sg ~681 on exposure to 1000 ppm, whereas the lowest response
of Sg ~15 were observed toward 5 ppm of CO indicating the wider
range of detection limit and its excellent sensing behaviour.

In order to improve the sensing characteristics such as sensi-
tivity, selectivity and to reduce the sensing temperature, different
weight percentage of gold nanoparticles were incorporated into the
zinc oxide nanostars matrices. Fig. 9 shows the sensor response for
the 1, 2, 3, and 4 wt% Au loaded zinc oxide nanostars as a function
of operating temperature towards 500 ppm of CO. As evident from
Fig. 9 the sensor response increases with increasing gold concen-
tration from 1 to 3 wt%. A loading of 1 wt% of Au nanoparticles was
enough to bring down the operating temperature and the maxi-
mum sensor response observed at room temperature (Ts =35°C) is
Sgr ~ 5.3. The sensor response of 3 wt% Au loaded zinc oxide nanos-
tars is up to Sg ~35 at 35°C and Sg ~ 562 at 100°C respectively.
However, further loading of gold content is leading to lowering
down the sensor response. This can be explained based on the fol-
lowing lines. Uniformly distributed Au nanoparticles on zinc oxide
nanostars matrices have a remarkable influence on the sensor per-
formances. Incorporating the higher amount of Au nanopartilces
on zinc oxide nanostars may affect the active surface area of zinc
oxide due to the masking and agglomeration of Au nanoparticles

Fig. 9. Sensor response of ZnO/Au nanostars toward 500 ppm of CO as a function of
different operating temperature.

[54]. Therefore, the optimized 3 wt% Au nanoparticles loaded zinc
oxide nanostars were selected for further analysis.

Fig. 10 shows the dynamic sensor response of 3 wt% Au incor-
porated zinc oxide nanostars sensor as a function of different gas
concentration at 35°C and 75°C respectively. As expected the
sensor response gradually increases with increasing the gas con-
centration and completely recovered to the initial value after the
removal of CO gas. ZnO nanostars/Au 3 wt% sensor shows the broad
range detection limit at RT (Fig. 10a). The sensor responses to CO gas
were quite stable and reproducible for the repeated test cycles. The
ZnO nanostars/Au 3 wt% sensor showed responses of ~8.16, 14.87,
24.52, and 55.03 toward 50, 100, 200, and 500 ppm of CO at 35°C. In
contrast, the sensor responses are found to be increased to ~33.21,
64.53, 93.09, and 208 toward 50, 100, 200, and 500 ppm of CO at
75°C (Fig. 10b). The CO response-recovery times (I'rgs — ['rec) of
the sensor (Fig. 10(c, d)) at 75°C for 500 ppm of CO is about ~54
and ~37 s, whereas the sensor response (I'ggs) at 35°Cis ~41 s and
the corresponding recovery time (I'rgc) is 40s. Selectivity of the
ZnO nanostars/Au 3 wt% was tested in the presence of other reduc-
ing gases, including methanol, ethanol, acetone, hydrogen with a
gas concentration of 50 ppm at 35°C. As seen in Fig. S3, the sensor
responds significantly very low to the other interfering gases com-
pare to CO. The sensor response to CO (Sg ~ 8.1) is almost 4, 5, 5 and
7 times higher than to methanol, ethanol, acetone and H, indicating
the strong selectivity of the sensor toward CO at RT. To investigate
the effect of humidity on the sensor response further gas sensing
analysis were carried out ~35 °C towards 500 ppm of CO at differ-
ent%RH (Fig. S4). The sensor response at dry air environment is S~
35 and it found to be S~ 32, 29, and 25 at 30, 50 and 70% of RH. For
practical applications, the gas-sensing stability needs to be verified
to ensure the long-term reliability of the sensor. To evaluate the
long-term stability the sensor were tested daily towards 100 ppm
of gas at 35 °C for 50 days. The sensing measurement analysis (Fig.
S5) shows repeatable sensor response with only a small fluctua-
tion indicating the excellent repeatability of the fabricated Au/ZnO
sensor.

6. Generalised sensing mechanism

The enhanced sensing response of zinc oxide nanostars and Au
loaded zinc oxide nanostars sensor could be explained based on the
following lines. As discussed in the preceding section, the nanostars
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Fig. 10. Dynamic sensor response of ZnO nanostars/Au 3 wt% as a function of dif-
ferent gas concentrations at (a) 35°C and (b) 75°C; (c, d) Dynamic sensor response
characteristics depicting the response and recovery time of ZnO/Au 3 wt% sensor
toward 500 ppm of CO at different operating temperature (c) 75°C and (d) 35°C.
[Gc-Gas Concentration; Sg-Sensor Response; Ts-Sensing Temperature].

are composed of numerous ultrafine nanoparticles of size ~20 nm
which provides more active sites for adsorption of molecular oxy-
gen. When the operating temperature of the sensor element was
increased, the adsorbed oxygen gets ionized by extracting electrons
from the conduction band of zinc oxide and creating chemisorbed
reactive oxygen species (0,~, 0~, 02~) which leads to the increase
in electrical resistance of the sensing material. Upon the sensor
exposed to CO, it gets oxidized by reactive oxygen species from the
surface of the material and release electrons into the conduction
band of zinc oxide. Due to this process n-type zinc oxide will be
more negative, thus leads to narrowing of depletion layer which
results in the decrease in electrical resistance of the zinc oxide.
Further, the sensor response is greatly improved by the incorpora-
tion of gold nanoparticles. The enhanced sensing response at room
temperature could be attributed by the following two rationales:
(i) spillover effect and (ii) work function modulations. The electron
rich sites of gold nanoparticles on the surface of zinc oxide nanos-
tars catalytically interact with oxygen by transferring electrons
from the conduction band to the adsorbed oxygen atoms, form-
ing reactive oxygen species (0O, 0,7, and O7). This is then spilled
onto metal oxide surface even at room temperature. This elucidate
why the optimum sensing temperature decreases with increasing
amount of gold nanopartilces [60,61]. This chemical sensitization
is the predominant mechanism for the gold decorated zinc oxide
to detect CO. Another important function of Au nanopartilces is
the work function modulations. After decorating gold nanoparti-
cles on the surface of zinc oxide strong electronic interaction was
formed between gold and the defect sites of zinc oxide. This cre-
ates the nanoscopic depletion region at metal and metal oxide
interface, which alter the Schottky barrier height [62,63]. This local-
ized depletion regions around metal and metal oxide interface
enhancing the sensor response for the gas detection. In the oxy-
gen environment, adsorbed oxygen traps the electron from the
conduction band (0,7, 0,7, and O~) and significantly magnifies
the Schottky barrier height and thus the electrical resistance of
the sensor is increases. Upon the CO exposure (O™ +CO —CO, +e™)
the Schottky barrier height is decreases and a lower the sensor
resistance. This dramatically changed Schottky barrier height also
contributes to the enhanced CO gas sensing. Fig. 11 shows the rep-
resentative energy band diagram of the zinc oxide nanostar and Au
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Fig. 11. Energy band diagram of zinc oxide nanostar and Au nanopartilces incorporated zinc oxide nanostar before and after CO exposure.
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nanopartilces incorporated zinc oxide nanostar before and after CO
exposure is shown as schematic 1. All these factors coupled with
the hierarchical architecture with porous structure of the as synthe-
sised zinc oxide provides numerous channels for gas transport and
the higher surface to volume ratio giving large accessible surface
area for the surface adsorbed chemical kinetics reactions leading
the enhanced CO sensing response.

7. Proposed sensing mechanism based on FTIR analysis

In order to effectively understand the CO oxidation at room
temperature and to found the exact reason behind the enhanced
gas sensing response the FTIR analysis was carried out on zinc
oxide/Au (ZnO/Au-3 wt%) sensing material before and after expo-
sure to CO gas. This involves the taking the IR spectra of the
sample before passing the gas, then the material were exposed to
CO (500 ppm at 35°C) and immediately IR spectra were recorded.
Finally ~5-10 min were waited for desorption of CO from the mate-
rial surface and again recorded for the FTIR spectra.

The FTIR spectra of the as prepared zinc oxide nanostar and zinc
oxide/Au3 wt% sensing material before and after passing the CO gas
are shown as Fig. S6. Prior to sensing experiments, the FTIR spectra
of zinc oxide/Au3 wt% were recorded (Fig. S6(a)) as the reference,
then the sensing materials exposed to CO towards 500 ppm of CO
at 35°C and recorded the FTIR spectra (Fig. S6(b)). As seen from
the spectrum several bands were observed due to the adsorption-
desorption-dissociation of CO on the zinc oxide/Au surface. The
band observed at 2014cm™! is corresponds to the CO-adsorbed
on the Au-nanopartilces. The peak at 1548 cm~! can be assigned to
the CO species o-bonded to Au nanoparticles and n-bonded to Zn
ions (marked as region-1). The band at 2133 cm~! can be indexed
to the CO-adsorbed on the Au oxidized sites. The several bands
observed at 1700-1000cm~! range could assign to carbonate like
species (marked as region-2). The band at 2400-2250 cm~! range
adsorption bands are observed due to the asymmetric stretching of
the different isotopic molecular CO, formed during the gas sensing
[64] (marked as region-3).

This observation is an indication that the two independent path-
ways are possible for CO oxidation through ZnO/Au composites; (i)
due to the catalytic effect of Au, in this process the adsorption-
desorption chemical kinetics of CO takes place on the surface of
Au nanoparticles and reacts with the readily available molecular
oxygen species and converted into the molecular CO; (ii) the disso-
ciated CO converted into the molecular carbonyl species (Fig. S6(b))
interacts with the Au and Zn through the o-bond and the n-orbital
|65,66]. This process changes the charge state of CO that would
easily react with adsorbed molecular oxygen species and get oxi-
dized by generating the delocalised electrons through the following
reactions.

2C0 + 03 445 — 2C05 + e~

CO + O_ads — C02 +e"

These delocalised electrons are back-transfer to the conduction
band of ZnO which leads to the higher sensing performance [67,68].
Finally the sensing material were allowed for desorption of CO from
the sensing material for 5-10 min and then the FTIR spectra were
recorded. As observed from the FTIR analysis the CO, CO, and the
other intermediate CO32~ 4 Peaks are getting disappeared after 5
and 10 min desorption of CO (Fig. S6(c, d)) indicating the complete
recovery of the ZnO/Au sensing material. Where as the pure zinc
oxide sensing material shows no significant difference in the spec-
tra before and after passing the gas (Fig. S6(e, f)) indicating that the
there is no significant CO oxidation at room temperature.

8. Conclusion

In summary, we have successfully demonstrated a facile
hydrothermal synthetic strategy to obtain the exotic super struc-
tural hierarchical zinc oxide with impressive unique architectures.
Appreciable control on the morphology and self-assembly of
nanostructures was achieved by the controlled variation of the
Zn?*[ethanolamine mole ratio. The as prepared materials were
characterised in detail by several analytical techniques and the
findings from XRD, micro-Raman, XPS, and UV-DRS analysis were
consistent with each other. The as prepared zinc oxide architec-
tures were investigated in detail their gas sensing characteristics
towards CO by evaluating the sensitivity, sensor response, and
recovery time. At an optimum sensing temperature (Ts=275°C)
zinc oxide nanostars exhibits maximum sensor response of Sg~
681. The sensor response of marigold flower, nanorods assembled
flower, and nanorods are ~600, ~375, and ~275 respectively. The
zinc oxide nanostars sensors exhibits the wide range of detection
limit (Sg ~681 to 1000 ppm and Sg ~31 to 5ppm of CO) indicat-
ing its excellent sensing behaviour. Zinc oxide nanostar sensor
able to sense CO at room temperature (Ts ~ 35 °C) by incorporating
only 3wt% of gold nanoparticles and it exhibits enhanced sens-
ing response (Sg ~15 toward 50 ppm) at 35°C with an excellent
response (I'grgs ~8s) and recovery (I'grgc ~155) time. The sensor
also shows excellent selectivity (Sg ~ 8.1 to 50 ppm of CO) is almost
4, 5,5 and 7 times higher than to other interfering gases such as
methanol, ethanol, acetone and H; indicating the strong selectivity
of the sensor toward CO.
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