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Abstract

Engineering of highly performing nanomaterials, capable of rapid detection of trace
concentrati f gas molecules at room temperature, is key to the development of the next
generatior&:rized chemical sensors with application extending from personalized
medical d!gnostlcs to public space safety and environmental monitoring. Here, we present a

highly pe@g nanoheterojunctions layout for the rapid room-temperature chemical

sensing of e organic compounds down to 10 particles per billion concentrations. The
layout congi a three-dimensional network of NiO-ZnO p-n semiconductors with grain
size of ca3: nanometres and a porosity of ca. 98%. Notably, we observe that the
formation o -n heterojunctions by decoration of a ZnO nanoparticle networks with NiO
increases or response by more than 4 times, while improving the lower limit of
detection.@olar light irradiation, the optimal NiO-ZnO nanoheterojunction networks
demon ong and selective room-temperature response to two important volatile
organic com s utilized for breath analysis, namely acetone and ethanol. Furthermore,
these N10-ZnO nanoheterojunctions show an inverse response to acetone from that observed
for all otISrs reducing gas molecules (i.e. ethanol, propane and ethylbenzene) responding
with an in@wd decrease of their resistivity to the former and the latter, respectively. We
believe tha se novel insights of the optoelectrochemical properties of ultraporous
nanoheterdjunctions networks provide guidelines for the future design of low-power solid-

state ch sors that can be integrated in wearable and portable devices for numerous
g p

emerging applicaions including detection of volatile biomarkers and explosives.

<
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Introduction
Sensing of ultra-low concentrations of volatile organic compounds (VOCs) is becoming
increasingl important, due to their potential as non-invasive biomarkers for medical
diagnostim, several VOCs present in the human breath are related to the important
N . . : 12
metabohcsrocesses and can serve as an effective non-invasive tool for health monitoring.
For instauormal concentrations of ethanol and acetone in the breath have been
recognised

markers for diseases such as non-alcoholic fatty liver disease, hepatic

steatosis wetes.3 Despite the potential of human breath analysis for the early-stage

diagnosis an 1t0ring of several diseases by point-of-care or wearable devices, its future
implementati qulres the development of highly sensitive chemical gas sensors capable of
selectivel ing ppb to ppt concentrations of VOCs in complex gas mixtures such as
the huma@with possibly low-power consumption.'™

Metal i iconductor (MOS)-based chemical sensors can fulfil many of the
requirements reath analysis, due to their high sensitivity, ease of miniaturisation and low

cost.” However, MOS sensors are typically operated at relatively high temperatures of 200 -
400 C,® Shich not only increases the power consumption but also the complexity of the
sensors 1 d overall device. Furthermore, the high temperature operation induces
crystal gro metal oxides resulting in a reduced long-term stability.”° Recently, various
nanostructired designs such as one-dimensional (1D) metal oxide nanostructures, noble
metal d‘wiﬁcation, and light-activated nanomaterials have been explored to decrease
the operation te§erature of MOS sensors while trying to preserve their excellent lower limit
of detection i ppb range.” "

Many di OS such as ZnO, SnO,, TiO, and In,O; have been investigated for light-
powered gas sensing at low temperature.””?° In particular, nanostructured MOS have

demonstrated significant potential for gas sensing owing to their large surface-to-volume
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ratio, high specific surface area, and abundant reactive surface sites.””"''*"** Different MOS
nanostructures such as Bi,O3-core/ZnO-shell nanobelt, SnO, functionalized GaN nanowire,
SnOz-corel _shell nanowires, ZnO nanorods and fibers have been utilised to enhance the
material 1 ture gas sensing performance.'®'"'**2% Despite significant progress,
the sensn!uy and detection limits of MOS gas sensors are in the range of ppm level and
required f@nprovements for many applications including their use in breath analysis
devices.

Use of he

S

ions of the metal oxide semiconductors is a promising approach to improve

the light-assistc@y gas sensing performance of MOS sensors.'>>’ An effective interface

U

between t rojunction can provide intimate electrical contact between different

[

semicond d improve interfacial charge transfer.'> Especially, p-n heterojunction

between t onductors are interesting due to the formation of a charge depletion layer at

d

their 1 lame synthesis is a scalable method for the synthesis of metal oxide
nanoparticle films with controlled primary nanoparticle sizes and structural properties.’
In particular, it allows the in situ fabrication of highly porous semiconductor nanoparticle
networkszswith Brimary particle size below two times of Debye length.® Flame synthesis of
various n ured films has been previously reported for applications as VOC sensors

such as Si WOs,"*!* Si doped SnO,," and CuO dispersed SnO,'® demonstrating limit

h

of detecti ew ppb. However, these systems generally require elevated operating

{

temper. such highly resistive ultraporous nanoparticle networks have not been able

to be utilized at r@om temperature.

U

Here, we re e fabrication of novel ultraporous p-n heterojunction networks comprising

of n-type ide (ZnO) nanostructures and p-type nickel oxide (NiO) for enhanced VOC

A

gas sensing at room temperature. The ultraporous ZnO nanostructures were fabricated by

flame synthesis and aerosol self-assembly of nanoparticle networks. Thereafter, NiO was
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sputtered on the ZnO nanostructures to create an ultraporous NiO-ZnO p-n
nanoheterojunction, which was utilized to sense important VOCs such as ethanol, acetone,

propane anﬁlbenzene. Under solar light illumination, these NiO-ZnO gas sensor devices

demonstr t room-temperature sensitivity to two common medical VOCs detecting
N . . .

acetone ang ethanol gas (~10 ppb). The impact of simultaneous light irradiation and thermal

activation Qplored demonstrating to extend the detection limit down to 2 ppb at an

optimal op temperature of 150 °C. Moreover, an excellent selectivity to acetone was

S

observed ondl temperature, which can be utilised to develop portable and point-of-care

devices for the dfagnostics of type 1 diabetes.

U

Results an ssion

1

A schema iption of the chemical sensor layout is shown in Figure 1a. An ultraporous

Zn0O film ited on interdigitated Pt electrodes by thermophoretic deposition of flame-

made rticle aerosols.”® The thickness of ZnO film can be controlled linearly by

increasing th sol deposition times.”*® A thickness of ~6 pm of ZnO has been selected in
line with previous literature on high performance visible-blind UV-photodetectors.”® This
results in mity of 98% and a bi-modal hierarchical pore size distribution with large
pores of IQnd small mesopores of few tens of nms (Fig. S1a-c). Subsequently, a NiO
bulk thickn rom 1 to 9 nm was sputtered on these ultraporous films increasing the

sputterin osition time from 5 to 45 s to form NiO-ZnO heterojunction networks with

h

{

control ntent. These NiO-ZnO films were further annealed at 300 °C for 12 hours

to improve the ifterparticle connectivity and carrier transport through the grain boundaries.

Gl

Light illu n induces the formation of photo-generated -electron-hole, in the

semicon which are efficiently separated by the p-n nanoheterojunctions formed by at

A

the NiO-ZnO interface. The generated electrons are trapped on the surface resulting in the

formation of highly reactive photo-induced oxygen ions. The introduced VOC molecules are
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then oxidized by these oxygen ions releasing the trapped electrons and increasing the NiO-

ZnO film conductivity. The resulting change in film resistance, or rise in photocurrent, can be

utilized for ing numerous VOC:s.
Figure lmure S1d,e show scanning electron microscopy (SEM) images of as

. . . .
deposited & nm NiO on ZnO films after annealing at 300 °C. For comparison, SEM images of

{

the pure ZQ are also shown in Figure Sla-c. The SEM analysis reveals that upon NiO
sputtering ms retain the typical fractal-like morphology with micron-sized pores

between al

S

sintered nanoparticles, which is obtained by aerosol deposition of

. . . . 14.23.6.2 o . .
nanoparticles m4the diffusion regime.*'****® Similarly, the cross-sectional SEM images

U

(Figure 1c e films show no visible cracks nor other defects in line with previous

1

reports. ™ penetration of the NiO in the ZnO nanoparticle network was recently

validated for ar NiO-ZnO nanoheterojunctions used for UV-photodetectors.”’ Figure 2a

(O

shows ion electron microscopy (TEM) of NiO coated ZnO particles that were

collected fro films made with a sputtering time of 1 nm of NiO. The TEM images

shows that the N10-ZnO nanoparticles are quasi-spherical in shape with primary particles of
ca. 20 nn{agglomerated in larger fractal structures (Figure 2a). Furthermore, their high-
resolutionQHRTEM) images reveal the crystalline features of ZnO with a lattice
spacing of C8™0.26 nm (Figure 2b), which is consistent with the (002) plane of Zn0O.*® The
selected electron diffraction (SAED) patterns of these particles also verify the
crystalHHO (Figure 2a, inset). It is noted that the diffraction rings of NiO could not
be discem@any samples due to the low mass fraction of NiO. In order to further
investigate t ation of NiO-ZnO nanoheterojunctions as a function of the NiO content,
the 9 nm O nanostructures were investigated by TEM (Figure S2). It was observed
that at a NiO average thickness of 9 nm, the originally smooth surface of the ZnO

nanoparticles (Figure S2b) becomes very rough indicating the formation of a series of
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nanoheterojunctions. The X-ray diffraction (XRD) spectra of the 9 nm NiO-ZnO films
further confirm the high crystallinity of ZnO (Figure 3a) with an hexagonal wurtzite
structur#No. 36-1451).”® In line with the SAED, it was not possible to detect the
NiO XRD, e to the low mass content of the latter.

N _ . ' .
To ascertzs the presence of the NiO, energy-dispersive X-ray spectra (EDS) were obtained

from the w films (Figure 3c). The EDS spectra of the 9 nm NiO-ZnO film shows the
presence o the Ni and Zn peaks, while no Ni peaks can be observed on the pure ZnO
films. Hi Ig¥annular dark field images of the NiO-ZnO particles and their corresponding

element mapp15 further confirm the successful deposition of NiO on the ZnO surface
(Figure 2c It is observed that Zn, Ni and O are uniformly distributed on the surface of
1 nm Ni

rticles. Similarly, Fourier Transform Infrared (FTIR) spectra were used to

verify thefico W sition of NiO-ZnO films (Figure 3b). FTIR spectra shows that the ZnO

peaks 30 cm™' disappears and a new peak at 521 cm™ is formed after sputtering of
NiO, which i ibed to the presence of Ni-O stretching vibration.” Furthermore, the FTIR
peaks at 3450, 1134 and 900 cm™' suggest the adsorption of atmospheric moisture and are

assigned t§ the O—H stretching and bending vibrations of the hydroxyl groups.” The peaks at
1600 and ! can be attributed to the asymmetrical and symmetrical stretching of
carboxylate ps.”® Figure 3d shows the optical absorption spectra of the NiO-ZnO films
as a functi®n of the NiO thickness. We see that the NiO-ZnO films have a prominent cut-off
absorptm at ca. 375 nm, corresponding to the band gap of ZnO. No shift in the
optical ab@ spectra of ZnO can be observed upon deposition of NiO. This indicates
that NiO do alter the optical properties of ZnO as expected from its higher bandgap of
3.6 eV{eV of the ZnO. X-ray photoelectron spectroscopy (XPS) was conducted on
the pure ZnO and 1 nm NiO-ZnO nanoheterojunction films. Figure 3e,f show the high-

resolution XPS spectra of the Zn 2p and Ni 2p. The binding energy of Zn 2p is not shifted by
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the deposition of NiO (Figure 3¢), while the Ni 2p signal is only detected for the 1 nm NiO-

ZnO films (Figure 3f). These spectra further validate the successful formation of a NiO-ZnO

nanoheteroj ion structure.
To investi tential of these flame-made ultraporous NiO-ZnO nanoheterojunctions

for roogl-!mure chemical sensing, ethanol was initially chosen as a model analyte, due
to its comugon mge for testing of MOS devices. As shown in Figure 1a, the response of the
NiO-ZnOQ

applied vwwgure S3 shows the dynamic response of pure ZnO film at room

temperature w5 dosed with the different concentrations of ethanol gas in dark and under

nsors was recorded by monitoring the current change under a constant

light illumﬁAMl .5 solar simulator, 67 mWcm™). In line with previous report, the pure

ZnO film detectable response to the ethanol in dark condition.'®***> Notably, the

sensor reeﬁned as (Lanalyte/Lair) -1, increases significantly under light irradiation and

this efi ly lost once the light source is switched off. The sensor response increases

from 0.2 to 0 ith increasing ethanol concentration from 0.2 to 1 ppm indicating that even

the pure Zn

under liglasrradiation.

Notably, n of NiO on the ZnO strongly enhanced the sensor response to ethanol. The

nanoparticle networks can be utilized for ethanol sensing at room temperature

sensor resp of ZnO films to 1 ppm of ethanol increased from 0.62 to 2.6 after deposition

of 1 nm & ; ;Figure 4a) and the detection limit reached as low as 10 ppb (Figure S4).

Varyinm thickness and the sensor operating temperature influenced the sensor

response and seisitivity. Figure 4b compares the room temperature sensor response at
different co ations of ethanol as a function the NiO thickness. The 1 nm NiO-ZnO
showe(mt enhancement in sensor response and sensitivity. Increasing the NiO bulk
thickness from 1 to 5 nm decreased the sensor response, which, however, remained

comparable when further increasing the NiO thickness to 9 nm. Nevertheless, all the NiO-
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ZnO nanoheterojunctions demonstrated a higher sensor response than that of the pure ZnO

sensors (e.g. 1.66 at 1 ppm ethanol for the 5 nm NiO vs. 0.62 for the pure ZnO). Table 1

shows a co ative summary of the NiO-ZnO performance with other literature on light-
assisted ca

sors operating at room temperature.'*>2%**364 Notably, the 1 nm NiO-
ZnO film gexhibits significantly higher sensitivity (between 3-60 times higher at 1 ppm of
ethanol) agd camy2000 times lower limit of detection than several other recent studies.'”
20,22,26,34,36-

Further inw the performance and sensing mechanism of the NiO-ZnO were obtained
through investigating the correlation between sensitivity and responsivity. Figure 4c shows
the senso&e of the 1 nm NiO-ZnO films at different operation temperatures. It was

observed ensor response increases with increasing operation temperature from 30 to

150 °C ama record-high response of ~29 to 1 ppm of ethanol. This is a ca. 11 times
enhanc mpared to its response of ~2.6 at room temperature (Figure 4a). However,
further incre the operation temperature to 250 and 300 °C decreased the sensor response
to ethanol, with exception of that to 1 ppm of ethanol at 250 °C. This is attributed to the
increased @atalytic activity of these films with increasing operating temperature that combust
most of t 1 molecules before reaching the most sensitive bottom layer of the device
in proximit e interdigitated electrodes.® Furthermore, an operation temperature of 150
°C with 11£; illumination enables to achieve an excellent sensitivity with a detection limit
down twanol (Figure 4d). Notably, this is the highest sensitivity so far reported for
light-assis@nol chemical sensors (see Table 1) made of single semiconductors and p-n
heterojuncti e Table 2).'72%3¢38

The selec f the NiO-ZnO nanoheterojunctions to different VOCs was further evaluated
with acetone, ethylbenzene and propane. It was observed that the NiO-ZnO films have an

excellent selectivity for ethanol over the latter two VOCs (Figure 4¢) with a sensor response
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to ethanol of ~15 times higher than that for ethylbenzene and propane. Interestingly, the

sensor response to acetone was reversed showing a drop of the measured current, a

phenomeng t is normally demonstrated by p-type semiconductors.”’ To further elucidate

this aceto sponse, the sensor response to 1 ppm of acetone was investigated as a
. H _

function qf the temperature. It was observed that the sensor resistance decreases gradually

while the gsghsomgesponse to acetone gas switched from a negative to a positive value as the

C

operation t ature was increased from 30 to 150 °C (Figure 4f). Notably, the transition

S

point for r response occurred between 100 - 120 °C (Figure S5). This suggests that

the negative reSponse might be due to the interaction of the moisture adsorbed on the

U

nanostructu face with the acetone molecules, and it is lost once the surface temperature

N

is above t condensation point. Importantly, this negative response to acetone at room

temperatume utilized to selective sense this important analyte for breath analysis. In

fact, t films show excellent response to acetone at different concentrations at

room temper; and can be utilized for the selective detection of acetone gas at ambient
conditions (Kigure S6).

The excelSnt performance of these NiO-ZnO films as gas sensors is attributed to (a) the
formation eterojunctions between NiO and ZnO, which can enhance the separation of
the photoge ed electron-hole pairs, and (b) the unique ultraporous morphology of the
NiO-ZnO s with electron-depleted NiO and ZnO domains (i.e. less than Debye length). A
possiblwm 1s suggested below, under ambient conditions, the nanostructured NiO-

ZnO adsorbs OJ on its surface, which results in the trapping of electrons from the

Gl

semiconduc nduction bands to form the oxygen ion (O;") in dark condition.’’ Usually,

these ox s are thermally stable at low temperature and cannot desorb from the NiO-

A

ZnO surface.”’ Thus, the NiO-ZnO film shows no response for gas sensing in dark condition

(see Figure 4a)."®** Upon illumination, photon absorption occurs within ZnO layer (as NiO
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does not contribute significantly to the optical absorbance, see Figure 3d) and the

photogenerated charge carriers can be separated at the NiO-ZnO interface due to Fermi level

mediated ¢ transfer between NiO and ZnO (Figure S7).% This significantly reduces the

possibilit n-hole recombination and increases the density of photogenerated
N _ ‘

electrons @Figure S8). These photo-generated electrons can react with the ambient oxygen

molecules g® f photo-induced oxygen ions (O, + ¢ (hv) — O, (hv)), that have high

18,38 .
~% When the sensor is

reactivity in comparison to the chemisorbed oxygen ions (O,).
exposed t ing gas such as ethanol under solar irradiation, these photo-induced oxygen
ions will particip@ite in the redox reactions at room temperature (e.g. C,HsOH + 30, (hv) —
2CO, +3 ") and release electrons in the process.”’ This increases the conductivity of
the NiO- s and leads to an increase in the measured current (Figure 4a). We propose
that the f¢ E of highly active photo-induced oxygen ions is the main contributor to the
enhanc e NiO-ZnO sensor performance at low temperatures. The formation of
NiO-ZnO erojunctions improve the separation of photo-generated electron/hole pairs
increasing the formation of photo-induced oxygen ions, and thus the concentration of highly
reactive sWes for chemical sensing. As a result, while both the pure ZnO and the NiO-
Zn0O are @ pd by light illumination, the p-n nanoheterojunction sensors have a
signiﬁcantlf 1m:r0ved chemoresistive sensor response. In addition, the hierarchical

ultrapo, tructure morphology of the NiO-ZnO nanoheterojunctions facilitates the
penetrawes into the film layers allowing to a larger fraction of the film to participate
in the gas seESng process.28 Meanwhile, the high surface area of the ultraporous
nanostruct o provide a large amount of active sites for the gas sensing,”® which
enhances s nsitivity and decreases the lower limit of detection significantly over that

previously reported.

Conclusions
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A novel ultraporous NiO-ZnO nanoheterojunction layout was demonstrated for the room-
temperature sensing of volatile organic compounds. Chemical sensing devices were rapidly
fabricated t osol deposition of an ultraporous network of flame-made nanoparticles and
their NiOQby sputtering. An enhancement of ~4-5 times in the sensor response at
room te-mmwas observed after NiO deposition when compared to the pure ZnO films
achieving agrecgd-low detection limit of 10 ppb ethanol. The NiO-ZnO sensor mechanism
and perfogas further investigated as a function of the sensor operation temperature.
The room@ture sensor response was enhanced by ca. 10 folds when operated at an
optimal workingdjemperature of 150 °C reaching a detection limit of 2 ppb ethanol. Notably,
an excellen electivity to ethanol and acetone was observed with the acetone inducing
an opposiﬁie response at room temperature than that to ethanol. The enhanced sensing
performa'm[hese NiO-ZnO nanostructures is ascribed to its unique ultraporous

morph e formation p-n nanoheterojunctions, which promote the separation of the

photo-gener lectron-holes and their interaction with the target analyte molecules. We
believe that this highly performing nanostructured layout and insight can provide guidance

for the degn of the next generation of miniaturized chemical sensors for portable and point-

of-care mQ and sensing of volatile biomarkers.
Experimental'Section

A flam&spray pyrolysis (FSP) system was used for the synthesis and direct deposition of

1

|

Zn0O na films onto Pt interdigitated electrodes. The ultraporous ZnO and NiO-ZnO

films were prepdted as follows: A total Zn-metal atom concentration of 0.3 mol L™ was

Gl

prepared b g zinc naphthenate (10% Zn, Sigma—Aldrich) in xylene (Sigma—Aldrich).

This solu s supplied through a syringe pump at a rate of 5 mL min ', and dispersed

A

into a fine spray with 7 L min_' oxygen at a constant pressure drop of 2 bars. The spray was

ignited by supporting premixed methane/oxygen flames (CH; = 1.2 L min"', O, =2 L min ).
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A water-cooled substrate holder placed at 20 cm height above the burner (HAB) was utilized
to keep the substrate temperature below 150 °C. NiO was deposited by an AJA ATC 2400
magnetronHing system using a Ni target in an Ar/O, ambient (18/2 sccm). The chamber
was evac 07 Torr before deposition and sputtering deposition was performed at a
.
gas pressug of 4x10™ Torr for 5, 25 and 45 seconds at room temperature with a power of 200
W. The gagsseniggr substrate was made of glass with interdigitated Pt lines with 5 um width
and spacin a total electrode area of 7 mm x 5 mm (G-IDEAUS, DropSens, Oviedo,
Spain). AWtes were cleaned 3 times by ethanol before FSP deposition. The substrates
were kept@nace (Brother High Temperature Furnace XD-1.2KN) at 300 °C for 12 h at
ambient pr. prior measurement, to stabilize the nanoparticle size and avoid resistive-
sintering ﬁe gas sensing measurements.

High Amnular Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM § o and element mapping were carried out using a FEI Titan G2 80-200
TEM/STEM ChemiSTEM Technology operating at 200 kV. The elemental mapping
was obtained by energy dispersive X-ray spectroscopy using the Super-X detector on the
Titan Wiﬂi Rrobe size ~1 nm and a probe current of ~0.4 nA. The morphology and its EDS

analysis sttigated by a Hitachi H7100FA TEM at 100 kV and an analytical SEM,
1SS

using Ze aplus (FESEM) at 3 kV. The surface compositions were analyzed by Fourier

transfo@ spectroscopy (FTIR-ATR, Bruker-Alpha, U.S.A). The crystalinity was

charactwﬂray diffraction using Bruker system (XRD, D 2 Phaser, USA) equipped

with Cu Ka radiation of average wavelength 1.54059 A. The absorbance spectra were
measured wi erkin—Elmer (Lambda 1050 UV/vis/NIR) Spectrophotometer and a 150
mm in‘%ere. X-ray photoelectron spectroscopy (XPS) spectra were collected in a
Thermofisher Kratos Axis Supra photoelectron spectrometer, with a monochromated Al k o

source (1486.7 eV) at pass energy 20.
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The sensor measurements were performed as follow: VOCs (ethanol, 9.91 ppm in N,

Coregas; acetone, 10.1 ppm in N, Coregas; ETBZ, 10 ppm in N, BOC gas; and PROP, 10

ppm in N; C gas) was controlled by a mass flow controller (Bronkhorst) and further
diluted w

ed air (0.1 L/min O, + 0.4 L/min N;, BOC) to reach the desired
N . .

concentrateon (from 2 ppb to 1 ppm) and the total gas flow rate was still kept at 0.5 L/min.

The tempmof the hotplate in a chamber (Linkam) was controlled by a temperature

controller ¢ sample was illuminated through a quartz window by a solar simulator

(NewSpewOO) with an AM1.5 filter glass. The dynamic response of gas sensor was

recorded by an Sectrochemical workstation (CHI 660E, USA) at a constant applied voltage
of 1 V.
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. SEM images of exemplary films with a NiO and ZnO thickness of 9 nm
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O, respectively. A highly porous and uniform (b) surface and (c) cross-
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0.26 nm
(002)

Figure (a), HRTEM (b), high angle annular dark field (c) and elemental image
mapping of Inm NiO-ZnO (d), inset in (a) is its SAED pattern.
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Figure 4.%@ responses of 1 nm NiO-6 um ZnO nanoheterojunction film to ethanol
molecu nction of its concentration from 0.1 to 1 ppm at room temperature in dark or
under sola jation (a). Ethanol response of 6 um ZnO nanoparticle films as a function of
the NiO thickness at room temperature under solar irradiation (b). Response of a 1 nm NiO-
ZnO nanoheterojunction film as a function of temperature and ethanol concentration from 0.1

to 1 ppm under solar irradiation (c). Dynamic responses of a 1 nm NiO-ZnO film to ethanol
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with concentrations from 2 to 20 ppb at 150°C under solar irradiation (d). Sensor response of
a 1 nm NiO-ZnO film to 1 ppm of ethylbenzene, propane, acetone and ethanol at 30°C under

solar irM). Sensor responses and resistance of a 1 nm NiO-ZnO film to 1 ppm of

acetone aﬂ of the temperature ().
Table 1. omBarlson of light-assisted VOC gas sensing at room temperature.

Material Temperature Responsivity (Igcon/Liir-1) LOD* (ppm)  Ref.
to EtOH (ppm)

SC

ZnO-NiO RT 0.77 (0.1) 0.01 This
nanoheter@j 2.6(1.0) work
ZnO nano@ RT 0.3 (100) N/A 31
1.2 (800)
ZnO ﬁberc RT 0.04 (10) N/A 13
CB 0.8 (60)
ZnO nanedi RT 0.17 (100) 20 32
2 0.73 (500)
ZnO nanorods RT 1.26 (220) N/A 33
Cu-dopedh_ RT 0.37 (1120) N/A 34
nanocrysta
Au decorate RT 0.53 (20) N/A 35
ZnO nanogers
hollow i RT 0.8 (3.0) N/A 18
microsph
Sn0, fun:d RT 1.55 (500) N/A 24

GaN nanowi

A

LOD#*, limit of detection; RT*, room temperature
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Table 2. Comparison of p-n heterojunction nanostructures for VOC sensing.

Temperature Responsivity (Igcop/Lair-1)  LOD' (ppm)  Ref.

Q °C) to EtOH (ppm)

H
ZnO-NiOL 150 1.95(0.1) 0.002 This
nanoheterQj@ncmens work
: 2 29 (1.0)
CuO deco 0, 8
. 320 0.5 (0.02) N/A
nanopartlcm
50 (10)
Mn304-decorate§ 400 ca. 6 (2.5)" 0.15° 36
Zn0O nano
Bi203-decc 200 ca. 1 (10)" N/A 37
In,O3 nan
16.74 (200)
' ' 160 ca. 20 (10)” N/A 38
450 0.75 (20) N/A 39
nano-coaxL 260 39 (100) N/A 40
CO304/I1—T'
heterojund @
NiO-derO 450 0.82 (0.05) 0.017 41
nanowire
25.15 (5.0)

t

Co304-decorated ZnO 400 Ca. 6 (5.0) 0.47 42

nanowire

U

LOD', li ection; " extracted from the figures; " calculated based on Rair/Rgas > 1.2

A
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Three-dim untraporous network of NiO-ZnO is constructed for the detection of volatile

organic c@mpounds at room temperature under solar irradiation. The formation of p-n

1

nanoheterojunctions not only increase the sensor response, but also improve the lower limit of

detection, ovides guideline for the design of low-power solid-state chemical sensors in the
near futur
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