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Abstract

Two kinds of flexible ozone (O3) sensors were obtained by placing pristine ZnO nanorods and gold-modified ZnO nanorods
(NRs) on a bi-axially oriented poly(ethylene terephthalate) substrate. The chemiresistive sensor is operated at typically 1 V at
room temperature under the UV-light illumination. The ZnO nanorods were prepared via a hydrothermal route and have a highly
crystalline wurtzite structure, with diameters ranging between 70 and 300 nm and a length varying from 1 to 3 um. The ZnO NRs
were then coated with a ca. 10 nm gold layer whose presence was confirmed with microscopy analysis. This sensor is found to be
superior to detect ozone at a room temperature. Typical figures of merit include (a) a sensor response of 108 at 30 ppb ozone for
gold-modified ZnO NRs, and (b) a linear range that extends from 30 to 570 ppb. The sensor is stable, reproducible and selective
for O3 compared to other oxidizing and reducing gases. The enhanced performance induced by the modification of ZnO nanorods
with thin layer of gold is attributed to the increased reaction kinetics compared to pristine ZnO NRs. The sensing mechanism is

assumed to be based on the formation of a nano-Schottky type barrier junction at the interface between gold and ZnO.
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Introduction

Room-temperature gas sensing is desirable to monitor and
control gas emission associated with pollution and industrial
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processes [1, 2]. Power consumption during the sensor oper-
ation is also a concern for applications in battery-powered
mobile healthcare systems and wearable sensing devices [3].
The challenge is to produce sensing units with these desir-
able features at a sufficiently low cost to allow for wide
deployment, which can only be reached with efficient ma-
terials and fabrication procedures. Nanostructured metal
oxides have been strong candidates for such sensors, espe-
cially in chemiresistor devices due to their wide bandgap.
Zinc oxide (ZnO) is a multifunctional material with a wide
band gap of 3.4 eV (at 300 K), excellent for gas sensing
[4]. Pristine ZnO sensors have been reported to exhibit
high sensitivity and fast response/recovery speed for de-
tecting ammonia and ethanol with relatively high working
temperatures which might limit sensor lifetime and stabil-
ity [5]. On the other hand, sensing performance can be
improved with UV-light activation [6] as a large number
of photocarriers are generated when ZnO is illuminated by
a UV-source. This can cause the decrease of both depletion
layer width and the inter-grain barrier height to promote
catalytic reactions between the target gases and oxygen
ions [7, 8]. The precise mechanisms of this enhanced per-
formance brought by UV illumination are still unclear, de-
spite the successful use in metal oxide gas sensors [9].
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This manuscript describes the UV-assisted gas sensing
properties of ZnO nanorods (NRs) and gold-modified ZnO
NRs deposited onto flexible substrates. In order to probe the
mechanisms responsible for the sensing, the structure, micro-
structure, and surface properties of the sensing units were
investigated with X-ray diffraction (XRD), scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy
(XPS). Electrical measurements were employed to verify the
enhanced sensor response with operation at room temperature
induced by UV-irradiation, particularly when a gold layer was
deposited onto the ZnO NRs. Also to be noted is that the
sensors are produced on flexible substrates, in contrast to most
sensing layers that are normally deposited on mechanically
rigid substrates, such as alumina, glass, quartz or Si. This is
in line with the trend toward flexible devices, e.g. solar cells,
chemical sensors, supercapacitors, etc., with attracting fea-
tures that include light weight, flexibility, transparency and
low cost compared to their inorganic counterparts.

Experimental details

The chemical reagents zinc(Il) acetate (Zn (CH;COO),-2H,0
(99%)), cobalt(Il) acetate (Co(CH3COO),-4H,0 (99%)), so-
dium hydroxide (NaOH), hexamethylenetetramine (HMTA)
and ethylene glycol (HOCH,CH,OH, A.R.) were supplied
by Sigma-Aldrich Co. LLC. and used without any further
purification.

Fabrication of the interdigitated flexible electrodes

Flexible interdigitated electrodes were fabricated via photoli-
thography in a clean room by coating bi-axially oriented
poly(ethylene terephthalate) (BOPET) sheets with interdigi-
tated Pt electrodes with the linewidth and spacing of 50 pm,
as shown in Fig. 1. The BOPET sheets were initially cleaned
with deionized water and dried, according to Refs [10, 11],
and then coated with a layer of positive photoresist AZ4210
using a spin coater (Chemat, KW-4A). An interdigitated pat-
tern was created by exposing a photoresist film to UV light
with a mask aligner (Karl Suss, MJB3) for 50 s. After devel-
oping the exposed area, 5 nm of chromium (adhesive layer)
and 100 nm of Pt were deposited by sputtering (Leybold,
7400). The excess of photoresist was removed using a lift-
off process. The substrate in Fig. 1 features an interdigitated Pt
electrode with line width and spacing of 50 pm.

Hydrothermal growth of ZnO nanorods on flexible
substrates

The ZnO nanorods were grown in-situ onto the flexible BOPET

using the hydrothermal method [8], in which ZnO nanoparticles
were first prepared by dissolving zinc acetate dihydrate
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Fig. 1 Schematic illustration: (a) UV-enhanced flexible ZnO sensor; (b)
Photos of flexible interdigitated electrodes fabricated with pristine ZnO
and gold-ZnO

(30 mM) in methanol (250 mL) under stirring at 60 °C. Then,
15 mM of sodium hydroxide in methanol (250 mL) were added
dropwise and the reaction mixture was stirred for 2 h at 60 °C.
The ZnO seed solution was drop cast on the flexible interdigi-
tated electrode and treated for 10 min at 60 °C. The growth of
ZnO NRs on this flexible electrode occurred by suspending in
an aqueous solution of zinc nitrate and HMTA at 95 °C for 7 h.
The substrates were washed with deionized water and dried at
60 °C for 30 min. In the following step, the flexible substrates
with the nanorods were functionalized with a 10 nm thick layer
(i.e. a film, see the atomic force microscopy image in Fig. S1 in
the Supporting Information) of gold by thermal evaporation
under a vacuum pressure at 10"® bar, current of 2.2 A applied
during 21 s. A detailed description of gold deposition is given in
[12, 13]. Henceforth, the gold modified ZnO films will be re-
ferred to as gold—ZnO. Figure 1 schematically illustrates the
ZnO and gold-ZnO NRs deposited onto flexible substrates for
the gas-sensing experiments.

Characterization and gas sensing measurements

The structural characterization of ZnO NRs was performed
using X-ray diffraction (XRD) in a 20 range from 30 to 60°
with a 0.02° step at a 2° min ' scanning speed using CuKox
radiation (1.5406 A; Rigaku, Rotaflex RU-200B). The micro-
structural analysis was carried out with field emission scan-
ning electron microscopy (FE-SEM, Zeiss Sigma) operating
at 5 kV, equipped with X-ray energy dispersive spectroscopy
(EDS; Oxford Instruments). The chemical state and
composition of NRs surface were probed using X-ray
photoelectron spectroscopy (XPS) with Al K«
(1486.6 eV) radiation and the recorded data was cali-
brated using C-1 s spectrum with the binding energy of
284.6 eV (ESCALAB-MKII spectrometer (UK)).



Microchim Acta

Page 3 of 9

The gas sensing performance of the flexible ZnO NRs was
evaluated at room temperature (~26 °C) under UV-light illu-
mination provided by an UV light-emitting diode (LED,
Nichia, A =370 nm; 200 uW). The distance between the sens-
ing film and UV-LED was kept at 10 mm. The DC electrical
resistance was monitored with a Keithley (model 6514) elec-
trometer under a bias of 1 V. Details about the gas sensing
workbench can be found in Ref. [10]. To investigate sensor
selectivity, its response was compared with those obtained
with other oxidizing and reducing gases, namely CO,, CO,
NO,, NH3, and formaldehyde (CH,0), keeping UV illumina-
tion at room temperature. The sensor response (S) was defined
as S = Rg,o/Ryir for oxidizing gases (O3, CO, and NO,) and
S = Rair/Rgys for reducing gases (CO, NH; and CH,0), where
R,ir and Ry, are the electric resistances of the sensor device
exposed to air and target gas, respectively.

Results and discussion
Structural and microstructural characterization

Figure 2(a) shows that as-grown bare ZnO NRs are randomly
oriented, with diameter varying between 70 to 300 nm and an
average length of 2 um. Decoration of ZnO surfaces with gold
nanoparticles (of ca.10 nm) did not affect the crystal shape of
NRs, as seen in Fig. 2(b-c). The XRD patterns of as-prepared
pristine ZnO NRs and gold-ZnO NRs are shown in Fig. S2,
where all reflections can be indexed to hexagonal wurtzite
structure of ZnO (JCPDS file 36-1451). The gold-ZnO sample

Fig.2 FESEM images of (a) pure
ZnO NRs and (b-¢) low and high
magnification gold-ZnO NRs

presented two additional XRD peaks at approximately 38.3°
and 44.5°, which can be assigned to metallic gold nanoparticles
(JCPDS file 89-3697) [14]. Since the nanorods are randomly
oriented, the surface to volume ratio is high, which is expected
to enhance the response kinetics towards target gases [15].
The purity of ZnO NRs and gold-ZnO NRs was en-
sured with the EDS analyses in Fig. S3, where only Zn,
O, Au elements were identified uniformly distributed
throughout the ZnO NRs. The chemical composition of
the surfaces was further confirmed with XPS, whose sur-
vey spectra in Fig. S4 indicate the presence of Zn, O and
Au elements. The existence of C is attributed to adventi-
tious carbon contamination. The high-resolution spectra
of Zn 2p, O 1 s, C 1 s, Au 4d and Au 4f photoelectron
lines of ZnO and gold-ZnO NRs are shown in Fig. 3(a-d).
The spin—orbit transitions of Zn 2p,, and 2p;, binding
energy peaks appear at approximately 1045 and
1021.8 eV, respectively. The binding energy difference
between these two lines was 23.2 eV, in good agreement
with the reference value of ZnO [16]. The binding energy
of O 1 s (Fig. 3(b)) is resolved into two peaks (O; and
Opp), one at 528.6 eV assigned to chemisorbed oxygen
species (O, ) in the Zn—-O bonding of the ZnO wurtzite
structure and the other at 530.8 eV associated with oxygen
deficient regions (O~ and O®" ions) in the sample matrix.
The Cls spectrum (Fig. 3(c)) can be deconvoluted into
three peaks associated with C—C, C-O, and C =0 bands
at 284.6 eV, 286.6 ¢V, and 288.9 eV, respectively. The
oxygen and carbon peak matched the reported value
[17], with the bands at 82.5 and 86.2 eV in Fig. 3(d) being
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Fig. 3 XPS spectra of (a) Zn 2p XPS spectrum; (b) Ols XPS spectrum; (¢) Cls XPS spectrum of pure ZnO NRs, and (d) Au 4f for the gold-ZnO NRs

attributed to Au 4f7/2 and Au 4f5/2 [16, 18]. No oxidized
gold species are observed, and the peaks at 85.5 and
86.3 eV confirm the presence of metallic gold on the
ZnO nanostructures [19].

Gas sensing measurements with ZnO and gold-ZnO
nanorods (NRs)

The sensing behavior of pure ZnO NRs in Fig. 4 is typical of
n-type semiconductors, since the electrical resistance in-
creases under exposure to an oxidizing gas [20]. The UV
illumination did not affect the gas-sensing performance; how-
ever, the electrical resistance returned to its initial value when
the O3 exposure was turned off, while no recovery was ob-
served for the sample without UV illumination (in the dark).
This latter behavior is due to the slow reaction rate at room
temperature, while the UV-LED irradiation provides sufficient
energy to release chemisorbed oxygen species attached to
ZnO surfaces and induces a fast adsorption-desorption process
at room temperature [21, 22].

Sensor performance in terms of sensitivity, selectivity and
response time, is normally enhanced by the incorporation of
single and binary metal oxides [23, 24], hierarchical metal
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oxides [25, 26], dopants, conducting polymers [27-29] and
surface modification with noble metals such as Pd, Au, Pt
[11-13, 30]. Basically, these sensitizers provide additional
catalytic sites to enhance surface chemical reactions and elec-
tron transfer. Herein, we modified ZnO NRs surface with a ~
10 nm layer of gold, possibly forming gold clusters which
facilitate the transport of charge carriers on the surface of
ZnO NRs and improve the overall conductivity of the sensing
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Fig. 4 Resistive response curve of pure ZnO NRs exposed to 30 ppb of
O3 gas under dark and continuous UV irradiation at room temperature
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films. The sensitivity and selectivity are expected to increase
for the following reasons: (i) a nano-Schottky barrier is
formed on the metal oxide surface which should be modulated
by the adsorption of gases, thus improving sensitivity, and (ii)
the amount of chemisorbed oxygen increases (spillover effect)
to create additional active catalytic sites [31-33]. The room
temperature response of ZnO and gold-ZnO NRs sensors for
concentrations between 30 and 570 ppb of O; gas are shown
in Fig. 5(a). The response (S) of the gold-ZnO sensor was 108
and 207 for 30 and 570 ppb, respectively, considerably higher
than those for the pure ZnO NRs, which was 44 and 76,
respectively. The enhancement induced by gold modification
can be seen in the enlarged view of the response for 30 ppb of
O; gas in Fig. 5(b). Furthermore, gold-ZnO NRs exhibited an
almost linear dependence of sensor response on ozone expo-
sure up to 570 ppb according to Fig. 5(c). From the data, it is
clear that the sensor can detect concentrations below 30 ppb,
but in our gas-sensing workbench, it is the lowest concentra-
tion that can be reliably exposed to the sensing material. The
reliability and reproducibility of the sensor working at room
temperature under continuous UV illumination were also eval-
uated. The results in Fig. 5(d) indicate good repeatability for
three testing cycles for 30 ppb O3 gas.

Figure 6(a) shows the response curve of gold-ZnO NRs at
room temperature under UV-illumination, pointing to an

improvement in recovery time. The transients for 30 ppb of
ozone also revealed a stable response and recovery character-
istics. The corresponding response (T,s) and recovery times
(Tree), calculated for 30 ppb ozone, were 13 s and 29 s, respec-
tively. Figure 6(b) shows the selectivity histogram of gold-
ZnO NRs films for oxidizing and reducing gases at room
temperature under UV-illumination. A negligible response
was observed for all the interfering gases, namely CO, CO,,
NO,, NH3, and CH,0. The enhanced performance may be
related to electronic sensitization in reaction kinetics which
is attributed to the catalytic role of gold in catalytic dissocia-
tion of molecular oxygen species [34]. Since the long-term
stability and reproducibility of sensing devices is crucial for
practical applications, we also tested these features. Fig. S5
shows the long-term stability of a gold-ZnO sensor at room
temperature under UV illumination, with the sensor being
stable over a period of 12 days, even after repeated exposures
to 30 ppb of ozone. The base line resistance and response were
found to vary with time due to a “pre-aging” effect typical of
most metal oxides from the microstructure of sensing mate-
rials operated at low temperatures [35]. Preliminary experi-
ments with bent gold-ZnO sensors indicate that the
response/recovery behavior is not significantly affected by
bending, as shown in Fig. S6 in the curve for 80 ppb of O3
under UV-illumination.
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Fig. 6 a Typical response-recovery characteristics of gold-ZnO sensor at room temperature for 30 ppb of ozone with UV activation. b Selectivity
histogram of the gold-ZnO sensor to several possible interferents at room temperature under UV-illumination

Table 1 shows a brief summary of UV-enhanced room tem-
perature ZnO gas sensors compared to our current work.
Significantly, the pure and gold-ZnO NRs exhibit enhanced
response at room temperature compared to other sensors.

The gas sensing mechanism of metal oxide gas sensors has
been proposed in previous reports [10, 11], which may serve
to understand the sensing response of gold-ZnO nanorods
under UV light illumination. The ozone gas sensing mecha-
nism of gold-ZnO samples under UV light can be explained as
follows. At room temperature, the ionic O, species are dom-
inant because oxygen molecules are chemisorbed on ZnO
exposed to the air, and electrons are transferred from the con-
duction band. The ionic species (O, ) are formed according to
the following reactions [42]:

02(g)—0(ads) (1)
O, (ads) + e —0, (ads) (2)

A depletion layer is formed on the surface of ZnO NRs as
electrons are consumed in the surface region, causing the elec-
trical resistance of ZnO NRs to increase. Under UV light, a
large number of electron-hole pairs are generated since the
photon energy is higher than the band gap of ZnO. These

photo-generated electrons and holes will recombine and many
of the photo-generated holes react with oxygen species (O, )
on the surface of ZnO NRs in the reaction [20, 43]:

h* (hv) + O (ads)—01(g) (3)

As a result, oxygen species are photodesorbed from the
ZnO surface and the width of the surface depletion layer is
reduced. On the other hand, the photo-generated electrons will
contribute to the decrease of both the depletion layer width
and electrical resistance. Upon exposure, ozone gas adsorbs
on the ZnO NRs and photo-generated electrons are released
from the surface as they are attracted to the adsorbed ozone
molecules to act as electron acceptors (oxidizing gas) [6, 44]:

0Os(g) + ¢ (hv)—>0;,(des) (hv) + O (ads) (hv) (4)

This reaction broadens the surface depletion layer in ZnO
NRs, as depicted schematically in Fig. 7. The electrical resis-
tance is thus increased because the number of electrons par-
ticipating in the above reaction increases. For gold-ZnO NRs,
the ozone gas molecules spilt over ZnO surface, with chemi-
sorption and dissociation of ozone gas enhanced due to the
high catalytic activity of gold. In summary, the enhanced

Table 1 UV-enhanced room temperature ZnO-based gas sensors

Sensing Material Gas Concentration Operating temperature (°C) Sensor response (Ry/Ry) Reference
ZnO HCHO (100 ppm) RT 12.61 [36]
gold-ZnO Ethanol (100 ppm) RT 1.18 [37]
SnO,—ZnO Ozone (20 ppb) RT 8.0 [6]

CdS/ZnO NO, (1 ppm) RT 153 [38]

In,04 NO (50 ppm) RT 41.7 [39]
Ag—7Zn0O Formaldehyde (40 ppm) RT 1.2 [40]

Ni-ZnO Acetone (100 ppm) RT 1.61 [41]

ZnO Ozone (30 ppb) RT ~44 Present Work
gold-ZnO Ozone (30 ppb) RT ~108 Present Work
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sensor response of gold-ZnO is attributed to the increased
number of electrons via the transfer process from gold to the
conduction band of ZnO, in addition to the strong chemisorp-
tion and dissociation of gas molecules. The depletion layer
width of ZnO NRs under UV illumination is larger than that
in the dark state [45, 46].

Conclusion and further work

ZnO nanorods were successfully deposited on flexible sub-
strates (BOPET) by a simple hydrothermal method to be ap-
plied as UV-assisted gas-sensors operating at room temper-
ature. The structural and surface morphology reveals the
highly crystalline wurtzite structure with nanorod diame-
ters ranging between 70 to 300 nm with length varying
from 1 to 3 um. ZnO NRs modified with a thin gold layer
had good sensing performance for ozone under UV-LED
illumination at room temperature. The significant enhance-
ment in the response of the gold-ZnO NRs to ozone gas by
UV irradiation was attributed to the photo-generation of
electrons and holes. The adsorption of gold enhanced the
n-type properties of ZnO as a catalyst to improve gas sens-
ing properties. The flexible gold-ZnO gas sensor may be a
suitable candidate for the selective detection of ppb level of
ozone gas. In future work, we shall vary the gold thickness
to assess its effect on the gas sensing performance and to
test the sensor performance for ozone gas at various levels
of other parameters such as relative humidity.
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