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The thermally-stable perovskite (La, Sr)CoO; (LSCO) nanoparticles significantly enhance the NO, gas
sensitivity of wide-bandgap B-Ga,0; nanorod arrays at 800 °C. The p-n junction formed in the
LSCO/Ga,0; interface plays an important role in improving the gas sensor performance.
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Amongst various gaseous pollutants, NO, is one of the major exhausts originating from fossil fuel and gas combustions in

vehicle engines and power plants at high temperature. Under such scenario, in situ and real-time gas detection and

monitoring solutions are largely limited, which hinders the energy-efficient and resource-saving operations of these

advanced energy systems. In this report, a new type of perovskite-sensitized 3-Ga,0; nanorod-array has been successfully

fabricated to detect NO, at high temperature selectively and sensitively. The demonstrated gas sensors are highly sensitive

to NO, at 800 °C, with excellent reversible and reproducible response characteristics. Through the surface decoration of

perovskite-type LaggSry,Co0; (LSCO) nanoparticles, the sensitivity of B-Ga,03; nanorod array gas sensors is enhanced by

nearly an order of magnitude, along with much faster response dynamics. A remarkable selectivity toward oxidative gases

was also demonstrated with the robust differentiation of NO,.

Introduction

High-temperature gas sensing has played a significant role in
monitoring, control, and efficient operation of various energy
production and chemical processing routes. Typical examples
include, but not limited to, operations of combustion engines,
boilers, gasifiers, as well as turbines, and the emission and process
control during the combustion processes involving these systems
and other industrial chemical processes.’® Such processes usually
emit the major atmospheric pollutants including CO, hydrocarbons
(HCs), SO,, and NO, due to the high temperature combustions.*
Amongst these emissions, NO, has been named one of the major
challenges toward establishing a sustainable global environment.> It
is noted that exhaust or feed processing temperatures can reach up
to 800 °C during combustions in close proximity to the engines or

combustors.? Current commercial sensing and monitoring
approaches including calorimetry, chromatography, and
spectroscopic techniques are less cost-effective and space

consuming for in-situ and on-board measurements. In this regard,
solid-state gas sensors present an alternative option for harsh
environment gas detection. At present, solid state gas sensors
operated at high temperature face tremendous challenges,
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including thermal and long-term stability, detection limit,
reproducibility, and selectivity. Specifically, the high temperature
and highly corrosive environment may degrade the sensing
materials and even irreversibly destroy the reproducibility. Besides,
usually weak adsorption of gaseous analytes at high temperature
may hinder a high sensitivity towards analytes in ppm quantities.
Thus, suitable gas sensors with careful material choice and
structure design are urgently demanded at high temperature for

monitoring combustion processes at low cost.”%0

The detection and monitoring of NO and NO; are usually required in
automotive engines combustion and industrial after-treatment
systems.11-13 The sensors in this case must be able to work at high
temperatures above 500 °C considering the typical engine
combustion process taking place at high temperatures. However,
most reported solid-state NO, sensors can operate only at
temperatures ranging from room temperature to 300 °C 4 15, and
up to 500 °C'% 16 17 These reported sensors displayed good NO,
response at ~ 200—400 °C, but tend to lose sensitivity and function
at higher temperatures. Meanwhile, various strategies can be
applied to improve the performance of sensory material, such as
functionalization,22¢ and use of

doping,'® 1°  surface

heterojunctions.?>22Among these, the surface decoration of
catalytically active noble metal particles over the active sensor
material has been one of the most effective techniques used widely
in practice. However, the prohibitive nature of noble metals due to
their scarcity as well as their limited high-temperature stability
resulting from sintering effect are two ongoing hurdles for their
high temperature.?® Alternatively,

perovskite oxide nanoparticles are good candidates for replacing

commercial utilization at

noble metals due to their low cost and ease in synthesis; recently
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we discovered that the surface decoration of perovskite
nanoparticles could enhance the CO sensing performance of Ga,0s-
nanorod-array-based conductometric gas sensors at 500 °C.3 In
addition, perovskite oxides have been known as an important class
of functional materials exhibiting remarkable physical and chemical
properties as in high temperature superconductors,333 colossal
and high/medium-temperature

magneto-resistant manganites,

solid oxide fuel cells.34 3>

Wide bandgap semiconductors have been widely adopted in solid
state sensors and electronics. In the past few years, a ramping
research interest has been paid on the ultra-wide bandgap oxide
semiconductors such as gallium oxide (Ga,0s3). This is a chemically
and thermally stable metal oxide semiconductor with a wider band
gap (~4.9 eV) than ones in typical metal oxides such as ZnO (~3.2
eV) and SnO; (3.8 eV). In comparison to other non-oxide systems
(e.g., AlGaN, AIN, GaN), Ga,03 possesses the largest band gap and
could be grown in large volume(>1 kg) with good crystalline
structure.3® Owing to its large band gap and high visible light
transparency, the Ga,0; has shown a good potential as the next
generation candidates as photo detectors.37-3° Besides, wide-band
gap semiconductors are efficient and can also handle a high power
with superior power conversion efficiency. For example, a novel
hybrid structure of graphene/Ga,0; was designed as a metal—
semiconductor field-effect transistor (MESFET) showing excellent
subthreshold swing of 68.9 and 84.6 mV/sec.* In addition, with the
Ga,0; exhibiting the second highest critical electric field and
excellent critical breakdown strength of all wide bandgap
semiconductors, a flexible high-power diode is realized using
printed Ga,0s; on a plastic substrate. Under bending condition, a
critical breakdown field strength of 1.07 MV cm was recorded.*!
Meanwhile, the Ga,0; could also be tapped as a promising
candidate for ultra-high temperature gas sensing due to its high
thermal and chemical stabilities that can allow a stable sensor
operation at temperatures up to 1000 °C.**** However, the
detection of NO,, based on Ga,03; has rarely been studied,
especially at temperatures above 500 °C. In terms of gas sensor
performance, sensitivity is one of the most important figures of
merit beside selectivity and stability of sensors. The sensitivity of a
conductometric-type metal oxide semiconductor sensor s
determined by measuring the change of resistance (conversely
conductance) or current when target gas molecules interact with
the sensor surface.*> However, this type of gas sensors generally
show lower sensitivity at high temperature due to usually
unfavourable surface chemistries at high temperature.*® Therefore,
rational selections of sensor material and architecture design are
critical for achieving highly sensitive and selective sensors at high

temperature.

In this work, we have successfully developed a sensitive, robust,
and low-cost nanorod-based gas sensor designed for monitoring
NO, at high temperature, by utilizing perovskite oxide nanoparticle
surface decoration on B-Ga,03 nanorods. A drastic enhancement
was observed in the enabled sensor performance by incorporation

2 | J. Mater. Chem., 2020, 00, 1-3
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of catalytical LaggSrg,CoOs3 (LSCO) nanoparticles. A comparative
study is conducted on the sensing properties of pristine B-Ga,0;
nanorod arrays and LSCO-nanoparticle-decorated -Ga,0; nanorod
arrays, and we demonstrate the NO, sensitivity enhancement by an
order of magnitude at 800 °C.

Results and Discussion

(XRD) that the
hydrothermal growth yielded orthorhombic GaOOH (Figure 1a,

X-ray diffraction patterns confirm initial
top), and the following post annealing at 1000 °C finally converted
GaOOH to monoclinic B-Ga,03 (Figure 1a, bottom). The synthesized
GaOOH array has a preferred growth direction

perpendicular to (111); therefore, the intensity of (111) peak in XRD

nanorod

is stronger than that of (110) peak which is typically observed in
GaOOH powders (JCPDS #06-0180).

Figure 1b is a typical energy dispersive x-ray spectroscopy (EDXS)
spectrum of GaOOH nanorods with clearly revealed peaks of Ga and
O from the nanorods and Si from the Si substrate. Figure 1c shows a
SEM
nanorods grown perpendicular to the substrate with a length of
~1.8 um. The top-view SEM images of the tips of GaOOH and Ga,03
nanorods clearly display a uniform diamond shape with an average

typical cross-sectional image of as-synthesized GaOOH

diagonal length of ~200 nm (Figures 1d and 1e).

Figure 1f shows a low-magnification TEM image of as-synthesized
GaOOH with ~100 nm effective diameter. The corresponding
selected area electron diffraction (SAED) pattern in the inset
features a set of discrete diffraction spots, confirming the nanorod’s
single-crystalline nature with an orthorhombic structure (a = 4.58 A,
b=9.8A, c=2.97A). The GaOOH nanorod grows perpendicular to
the (111) plane. The TEM image in Figure 1g displays an individual
B-Ga,03 diagonal width ~200 nm. The
corresponding SAED pattern of the B-Ga,0; nanorod confirms the

nanorod with a

monoclinic structure of B-Ga,03; nanorod and its preferential growth
orientation perpendicular to (001) plane.

The XRD patterns of Ga,03; nanorod arrays decorated with two
different nominal deposition thicknesses (3 nm vs. 8 nm) of LSCO
nanoparticles are shown in Figure 2a, where most of the peaks
match the monoclinic -Ga,03 and the SnO, seed layer. Meanwhile,
the two strongest peaks from LSCO are too close to the peaks from
Sn0, to be differentiated from them. The corresponding top-view
SEM images of LSCO-nanoparticle-decorated B-Ga,0s; nanorods
reveal negligible difference compared with pure B-Ga,0; nanorods
with no apparently visible nanoparticle decoration (Figures 2b and
2c), indicating very small LSCO nanoparticle sizes to be resolved
under the given SEM magnification. EDX spectrum shown in Figure
2d, however, clearly shows the presence of La, Sr, Co, O originating
from the LSCO nanoparticle decoration, along with Ga and O from
the nanorod cores.

A low-magnification bright-field STEM image in Figure 3a reveals a
typical B-Ga,0s; nanorod of rough surface after LSCO nanoparticle

This journal is © The Royal Society of Chemistry 20xx



lournal of-Materials' Chemistry A

Journal Name

—_
A%
e
—
—
o

+{-202002)

*-110)

3
£
[t
b=
L")
510
it
5
Si
l:_!:mzr_.t_{\jr= C[{EV;

ARTICLE

Figure 1. Structural characterization of [3-GaZO3 nanorod arrays: (a) X-ray diffraction (XRD) patterns of GaOOH (bottom) and [3-Ga203

(top) nanorod arrays. (b) Cross-sectional view SEM image of GaOOH nanorod array, and (c) the corresponding energy dispersive X-
ray (EDX) spectrum. Top view SEM images of (d) GaOOH and (e) Ga203 nanorods. (f) and (g): respective TEM images of a GaOOH

nanorod, and a |3-Ga203 nanorod, with insets being corresponding electron diffraction patterns. Scale bar: 1 um.

decoration besides the nanorod mesoporous nature. The insets
show the high-resolution lattice images of the LSCO decorated
nanorod. LSCO nanoparticle with (110) plane is found at the
nanorod surface layer, and B-Ga,03 core is exposed with (002)
planes. In Figures 3b—f, the elemental mapping displays strong and
uniform intensities of Ga and O signals through the entire nanorod,
while those of La, Sr, and Co are weakly revealed over the nanorod
surface. The EDXS spectrum in Figure 3g confirms the presence of
Ga and O from the nanorod, and La, Sr, and Co from the
nanoparticle surface decoration.

The in situ NO, cyclic detection at 800 °C was employed to exploit
the thermal stability of $-Ga,0s. It is worth pointing out that NO, is
generally decomposed to NO and O, at high temperature region
(>600 °C), and the conversion of NO, versus temperature is detailed
in Figure S1, where the NO, starts to decompose to NO and O, at
432 °C, and the decomposition is completed at temperatures below
800 °C. As displayed in Figure 4a, the NO is stored typically in the
form of bidentate nitrites and monodentate nitrite indicated by the
strong bands at 1052 cm™ and 1455 cm, respectively. Besides, the
strong bridging nitrates bands at 1229 cm is probably ascribed to
oxidation of nitrites by oxygen ions. However, with the presence of
0,, an oxidation reaction of nitrite to nitrate is clearly observed

This journal is © The Royal Society of Chemistry 2020

(Figure 4b). The bidentate nitrites band is significantly weakened
and monodentate nitrites still exist due to its stronger N=0 bond. In
addition, new peaks 1340 cm™, 1399 cm?, and 1630 cm are
bidentate nitrate,
respectively. In comparison to NO, adsorption results (Figure 4c),
only part of nitrite species (bidentate nitrite) is oxidized to nitrates
in NO and O, co-adsorption scenario while monodentate nitrite

ascribed to nitrate and monodentate

may remain intact due to the stronger N=0O bond. The impact of
temperature on NO and O, co-adsorption is studied in the Figure
S2. The intensity of all absorbed species on Ga,0; changes
obviously with the temperature. When temperature reaches 300 °C,
a sharp decline in overall intensity is observed on the spectra.
Generally, the activities of electrons are enhanced with increased
temperature and more electrons are capable to promote the
analytes adsorption after jumping over potential barrier. However,
the enhancement of temperature may significantly boost thermal
decomposition of the nitrates and nitrites, which results into the
drastic decay of major peaks. The desorption of pre-adsorbed
species was investigated by temperature-programmed desorption
(TPD) spectra as shown in Figure S3. On the pristine Ga,03; sample,
a major peak is observed at around 383 °C, accounting for desorbed
nitrates species. In addition, a weak NO, desorption peak centred
approximate 121 °C is observed and ascribed to the removal of

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Morphology characterization of LSCO/B-Ga,0; nanorod arrays: X-ray diffraction (XRD) patterns from (a) B-Ga,03 nanorod
arrays with 3 nm (middle) and 8 nm thick (top) LSCO nanoparticle deposition. A top-view SEM image of B-Ga,0; nanorod arrays with
(b) 3 nm, and (c) 8 nm LSCO nanoparticle decoration. (d) EDX spectrum of B-Ga,03 nanorod arrays with 3 nm LSCO decoration, and
the inset table is the composition analysis of B-Ga,03 nanorod arrays with LSCO decorations.

weakly physiosorbed species.*’” Particularly, the desorption of
nitrates or nitrites still occurred at 800 °C, indicating the remained
nitrites and nitrates could still trigger the electrical response due to
the narrowed conduction band. With the incorporation of LSCO, a
new peak observed around 205 °C is assigned to desorption of
nitrates in LSCO, indicating that NO, could also be stored in LSCO
upon exposure to target analytes. The
concentration may broaden electron depletion region in Ga,03; and

increased holes

further enhance the response in comparison to pristine Ga,0s. The
desorption peak centred around 452 °C in O, TPD spectra is
ascribed to the desorption of oxygen ions (O, and O°). It is worth
pointing out that such peaks are also observed in NO, desorption
spectra because O, is always added to help stabilize NO, in the NO,
gas cylinders used for the testing.

A typical electrical response of the B-Ga,03; nanorod array towards
NO; in 800 °C is shown in Figure 5a as a function of time, where the
NO, balanced in air are used as target analyte and pure air was used
to drive the recovery of the sensor. Upon exposure to NO,, the
formation of gallium nitrites and nitrates may sharply decrease the
free electron concentration, forming the charge depletion layer as
indicated in Figure S4. The pure B-Ga,03 nanorod array shows a
fast, reproducible, and concentration-dependent
resistance (from ~5x to ~6x), confirming the functionality of B-

increase in

Ga,03 nanorod array for sensing NO, at high temperature. This is a
remarkably high response compared with previously reported

4 | J. Mater. Chem., 2020, 00, 1-3

resistive-type Ga,0s-based NO, gas sensors; for example, Jin et al.
demonstrated multiple networked B-Ga,0s-based NO, gas sensor,
but the response of pristine B-Ga,0; toward NO, at 100 and 200
ppm was only about 1.47 and 1.76 (relative response is ~47 and
76%) at 300 °C, respectively.*®* Meanwhile, our data show that by
purging with air, the resistance of B-Ga,03; nanorod arrays could be
fully reduced back to its base value, indicating a quick desorption of
NO, molecules from the surface of B-Ga,03 nanorod array. We also
tested the cyclic response towards NO, balanced in nitrogen (Figure
S5), and in this case, the response was slightly higher than that
towards NO, balanced in air, which is likely due to the pre-adsorbed
0O, that can slightly increase the initial resistance. The observed
response time (tg) of the B-Ga,03 nanorods, defined as the time
when the normalized current change reaches 90% of the maximum
response after NO, exposure, is 33 seconds towards 100 ppm NO,,
and it decreases for higher NO, concentrations (i.e., faster
response). Overall, the Ga,0; nanorod sensor response is fast at
high temperature while displaying a negligible drift in the baseline
for repeated operations. This improved baseline drift performance
might be due to the high operation temperature that enables faster
analyte adsorption and desorption kinetics.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Structural characterization of LSCO/B-Ga,03 nanorod arrays: (a) TEM image of a post annealing B-Ga,03 hanorod coated

with 8 nm LSCO decoration. The insets are the high-resolution images of coated LSCO nanoparticles on the surface (lower left corner)
and B-Ga,03 (upper right corner). (b)-(f) show the element mapping of 8 nm LSCO-coated B-Ga,0s; nanorod, presenting the element

distribution of La, Sr, Co, Ga, O respectively. (g) The corresponding LSCO-coated B-Ga,0s; nanorod energy dispersive X-ray spectrum.

In detail, the consistently observed sensor response to NO, via the
increase in resistance indicates that the majority charge carriers in
our B-Ga,0s3 are electrons (thus an n-type semiconductor sensor).
The predominant point defects in B-Ga,03 are oxygen vacancies,
and they are known to be n-type dopant, generating free electrons
via following mechanism:*°

1
Ga;0302Gag, +205+ Vg +e™ +50; (1)

where Gagq and 0p represent the regular lattice ions, while Vg is
the charged defect with single ionized oxygen vacancy. It is worthy
to note that the oxygen vacancies can also act as preferential
adsorption sites for NO, molecules,’® 5! facilitating the sensor
response of the Ga,03; nanorods. And the response in resistance of
B-Ga,03 nanorod array upon exposure to oxidizing gas NO, is
generally explained by the formation of an electron depletion layer
on the surface of nanorods.'® 32 As NO, molecules may decompose

This journal is © The Royal Society of Chemistry 2020

to NO and O,, nitrites may be firstly formed, and then the bidentate
nitrites would be oxidized to nitrate as described in the following
reactions.

Gay03(Vp*) +NO + e~ >GaNO, (2)

Ga(N0,)(bidentate) + 0,~GaNO3 (3)

In addition, the decoration of catalytic LSCO nanoparticles on
pristine B-Ga,0s; nanorods could greatly enhances the NO, gas
sensing performance at high temperature (800 °C). The dynamic
sensing characteristics of LSCO-nanoparticle-decorated B-Ga,0;
nanorod arrays under different NO, concentrations are shown in
Figures 5b and 5c. We tested two different nominal thicknesses of
LSCO nanoparticle deposition conditions (3 nm or 8 nm). Regardless
of the thickness and tested NO, concentration, the NO, response of
B-Ga,03 nanorod arrays is enhanced over 500% with the LSCO
nanoparticle decoration. The pristine $-Ga,03 nanorod arrays shows

J. Name., 2013, 00, 1-3 | 5
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Figure 4. Time-resolved in situ DRIFTS study of adsorption of NO, on Ga,03 at room temperature: (a) 500 ppm NO (b) 500 ppm NO +

1000 ppm O,, and (c)500 ppm NO,.

a base response ~5.12 at 200 ppm NO, exposure, while the
response of 3 nm and 8 nm-LSCO-nanoparticle-decorated samples
reach around 25.7 and 32.6, respectively (Figure 5d). Such high and
reproducible response is excellent among the reported design for
high temperature NO, detection shown in the Table 1. Meanwhile,
thicker LSCO nanoparticle decoration (8 nm) appears to modestly
increase the sensitivity (by ~ 10%) compared with 3 nm LSCO
nanoparticle decoration, which is most likely resulted from too
large nanoparticle surface coverage. The same trend was observed
when NO, was balanced in N, as shown in Figures S4b-S4e. In the
meantime, as indicated in Figures 5(e) and 5(f), the incorporation of
LSCO facilitates the response with shorter response time but
lengthens the recovery time. The slower sensor recovery might be
due to a slower desorption kinetics of NO, (or NO,) and
corresponding nitrates and nitrites decomposition on the LSCO
nanoparticle surface than that on B-Ga,0;. While the relatively
faster desorption of NO, from the B-Ga,0s; nanorod surface
primarily drives the decrease in resistance (i.e., main sensor
recovery, via reduced depletion region) during the absence of NO,,
the relatively slower NO, desorption from the LSCO surface results
in a residual temporal resistance and consequently lagged sensor
recovery as the depletion region near the LSCO nanoparticles is
relieved with a slower pace.

In addition to the significantly enhanced NO, sensitivity, the LSCO-
nanoparticle decoration on Ga,0; nanorod arrays also enables a
faster temporal sensor response to a given NO, exposure compared
with pristine Ga,03 nanorod arrays. For instance, the sample with 8
nm LSCO nanoparticle decoration has a response time of ~5
seconds at the highest NO, concentration (300 ppm), which is about
60% shorter than that of pristine B-Ga,03 nanorod arrays. The 3 nm
LSCO-nanoparticle decoration also results in a similarly reduced
response time (by ~67% and ~60% at NO, concentration of 100 and
300 ppm, respectively) (Figure 4d). Meanwhile, the recovery of B-
Ga,03; nanorod sensors at the absence of NO, becomes slower with
the LSCO nanoparticle decoration by ~20%, compared with pristine
B-Ga,03 nanorod array sensors (Figure 4e). This might be due to the

6 | J. Mater. Chem., 2020, 00, 1-3

different desorption kinetics of NO, on LSCO and Ga,03 surfaces as
discussed later.

Generally, the mesoporous distribution of LSCO decoration is
revealed as discrete “islands” on the surface of Ga,0s; nanorods as
indicated by TEM characterization, instead of a continuous layered
structure. The LSCO nanoparticles are p-type semiconductor and
the resulting p-n heterojunction with B-Ga,03 should lead to the
charge carrier diffusion between n-type f-Ga,03 and LSCO,
amplifying the overall n-type response of the heterostructure
because the increased hole concentration in LSCO by analyte
adsorption can drive a further electron diffusion (i.e., electron
depletion) from B-Ga,0; to LSCO. For the observed enhancement in
the NO, sensitivity by LSCO nanoparticle decoration, the island-
shape or mesoporous LSCO decoration should also provide higher
surface area and more adsorption sites, which is significantly
helpful in improving sensing performance.>® >* As indicated already,
the p-n junction formed in LSCO/Ga,0; interface region is another
dominant mechanism responsible for the enhanced response.>
Specifically, the formation of space charge region (i.e., depletion
region) in B-Ga,03; near the p-n junction interface with LSCO
reduces the volume of conducting channel within the individual B-
Ga,03; nanorods. For a typical p-n junction, the width of space
charge region is the sum of p-type region and n-type region.>®
Particularly, the n-type space charge region is connected to external
circuit, and the conductivity of B-Ga,03; is determined by the
thickness of space charge region,*’

(4)

Xq=xn+x,

This journal is © The Royal Society of Chemistry 20xx
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Table 1, Configuration and performance of various metal oxide semiconductor-based NO2 gas sensors for high-temperature NO,

detection, where sensitivity is calculated based on Rg/Ra per ppm.

Materials Nanostructure Temperature range Sensitivity(ppm-?) Reference
Cr-TiO, Nanotube 300-500 °C 0.0023 58
LSFC/LSAIO Film 700-800 °C 0.11 59
YSZ/CoTa,0¢ Film 650 °C 0.32 mV/ppm 60
YSZ/In,05 Film 700 °C 0.2~9 mV/ppm 61
Pyrochlore/Sm,Zr,0; Film 500-700 °C 0.06 pA/ppm 62
GaN Nanowire 450-650 °C 0.002557 63
Gd0.25r0.8Fe03-6 Porous Film 500-800 °C 0.0038 64
YSZ/Pt Film 700 °C 0.00036 65
LSCO/Ga,03 Nanorod 800 °C 0.1625 This work

where xq4 is the total thickness of depletion layer, x, is thickness of
depletion layer in n-type region, and x, is thickness of depletion
layer in p-type region.

The electric field varies linearly in the depletion region and reaches
a maximum value at certain location and the maximum field can be
expressed as

qNaxp qNaxy
Emax = — "¢ T T ¢

(5)
where Ng and N, are the number of acceptors and donors

respectively, and € represents the dielectric permittivity. And the
relationship between x, and x, could be depicted as

Naxn, = Ngxp

(6)
Combining the equations (5) and (6) yields

Nq
Xn = Ng+ Naxd (7)

The total potential across the p-n junction must equal the
difference between the built-in potential ¢; and the applied voltage
Va.

qNaxpz quxnz
bi—Va= e T 2 (8)

Thus, the width of depletion layer in n-type region is obtained

2eN, 1
Xn = quNa+Nd(¢i_Va) (9)

Upon exposure to oxidizing NO, molecules, the adsorption of NO,
molecules occurs on the both surfaces of LSCO nanoparticles and
uncovered B-Ga,0s. Especially, the unpaired electron of the NO,
molecule reacts with the dangling bonds available on the LSCO
nanoparticle surface, which in turn increases the free hole
concentration in the valence band of LSCO.% The donors in Ga,03
(i.e. oxygen vacancies) are consumed while the concentration of
acceptors in LSCO increase, respectively. Thus, the enlarged
difference in concentration of holes or electrons may drive the
diffusion of electrons from Ga,0; to LSCO and holes from LSCO to
Ga,03;, which further decreases the concentration of electrons in

This journal is © The Royal Society of Chemistry 2020

Ga,0s. Under constant external bias voltage, according to equation
(8), increased N, and decreased Nyg may lead to thicker depletion
layer in n-type region in comparison to pristine Ga,0s. This is the
extra contribution to the intrinsic resistance increase of pristine
Ga,03 upon the NO, exposure, being responsible for the overall
enhanced NO, sensitivity by the LSCO nanoparticle decoration. By
the same explanation, it is natural that the increased surface
coverage of LSCO nanoparticles (i.e., larger nominal thickness of
LSCO deposition condition) further improves the NO, sensitivity of
B-Ga,03 nanorod arrays as we observed.

Finally, we demonstrate a highly selective sensing of NO, over O,
using the LSCO-nanoparticle-decorated B-Ga,0s; nanorod array
sensor. In addition to the sensitivity, the selectivity is another major
challenge for gas sensors used in harsh industrial environments
(e.g., high temperature, high pressure, highly corrosive, presence of
contaminants or particulate matters, dynamic gas flow).
Particularly, it becomes a key issue when there are multiple species
of gas analytes with similar chemical natures. For example, O, is a
well-known oxidizing gas that induces the increase in resistance
(i.e., sensor response similar to NO,) of n-type metal oxides upon
the surface adsorption.®”> 8 In this study, we find that the LSCO-
nanoparticle-decorated B-Ga,03; nanorod array sensor clearly
differentiates NO, from O, via highly distinguishable sensitivity and
response time (Figure S6). The NO, sensitivity of LSCO-nanoparticle-
decorated (8 nm) Ga,0; nanorod array sensor is ~10 times larger
than that toward O, at the same analyte concentration (300 ppm)
(Figure S6b). Furthermore, there is a distinct difference in response
time; the sensor response time for NO, only is 5 seconds while it is
around 400 seconds for O,. One possible reason for this difference
in response time is the difference in adsorption energies between
NO, and O, on the surfaces of LSCO and Ga,0;. The actual
evaluation of the mentioned adsorption energies of NO, and O, is
not covered by the current the scope of study, and further
investigations are being planned to verify this hypothesis.

Experimental Methods:
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Figure 5. NO, gas sensing performance of Ga,0; nanorod: Dynamic response of (a) pure Ga,0s3 nanorod array, (b) 3 nm LSCO/B-Ga,03,

and (c) 8 nm LSCO/B-Ga,0; tested at 800 °C with compressed air as background atmosphere and its corresponding NO, concentration;
(d) Response, (e) Response time, and (f) Recovery time versus NO, concentrations characteristics of B-Ga,0; and LSCO/B-Ga,03

nanorod arrays tested at 800 °C.

Si wafers with (100) orientation and 1 um SiO, insulator layer on
top are used as substrates. Prior to Ga,03 nanorod synthesis, the
substrate was immersed in acetone solution and sonicated for 5
min, followed by sonication in deionized (DI) water for 5 min, which
were repeated twice to remove the surface grease and organic
deposits. High N, was used for blow-drying the Si wafer, which was
then put on a hot plate at 80 °C for complete drying. Before
growing nanorod arrays by hydrothermal synthesis, a 50 nm thick
seed layer of SnO, was deposited on SiO,/Si substrate by radio
frequency (R.F.) magnetron sputtering, followed by post annealing
at 900 °C for 2 h in ambient atmosphere to improve crystallinity.
During the hydrothermal synthesis of nanorods, 0.6 g of Ga
(NO3)3-9H,0 was used as the precursor and fully dissolved in 40 mL
DI water by stirring for 10 min. The prepared solution was poured
into the Teflon bottle with SnO,-seeded substrates, and sealed in
the autoclave. The reaction temperature was kept at 150 °C for 12 h
to grow GaOOH nanorod arrays. After hydrothermal growth, the
samples were washed and rinsed by DI water and dried in air on a
hot plate at 80 °C overnight. After air annealing at 1000 °C for 4 h,
the as-grown GaOOH nanorods were finally converted into pure -
Ga,03 nanorods.

Nanoparticles of La-based LSCO perovskite oxide were decorated
on B-Ga,03 nanorod arrays by R.F. magnetron sputtering method
with controlled nominal thickness of 3 or 8 nm as monitored by a
quartz microbalance. An X-ray diffractometer (Bruker D2 Phaser), a
scanning electron (SEM, JEOL JSM-6335F),

microscope a

8 | J. Mater. Chem., 2020, 00, 1-3

transmission electron microscope (TEM, FEI T12), and a scanning
transmission electron microscope (STEM, Talos F200X) were used to
characterize the structure, morphology and composition of the
nanorod array samples.

In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies were carried out via Nicolet™ iS50 Fourier
transform infrared spectroscopy (FTIR) spectrometer equipped with
tungsten-halogen light its scanning
wavenumbers window range from 400 to 4000 cm™. Each spectrum

a white source and
was recorded at a resolution of 2 cm™ and 64 scans were averaged
for sample spectrum resulting into a time resolution of 24 s. In each
DRIFTS experimental section, 500 mg Ga,03; powder sample (Fisher
Sci.) was placed in the sample holder, and a filling bar was
employed to achieve a reproducible reflecting plane. In the next
step, the samples were tested through following procedure: 1)
Purging with N, flow (30 mL/min) at 500 °C for 4 h, and then cooling
down to room temperature in N, flow. 2 ) Background
collection/recording N, temperature. 3)

Replacement of N, with target gas analytes (NO, NO, and NO+0,)

in flow at room
until achieving a saturated state. TPD experiments were carried out
with Automated Catalyst Characterization System Il 2920
(Micromeritics Inc.). In a typical run, 400 mg Ga,0; or LSCO/Ga,03
was put in a quartz U-shape microreactor. In the first step, the
in Ar at 500 °C to

contamination and cooled to room temperature. Then, the sample

sample was pre-treated remove the

was exposed in 200 ppm NO, and 1% O, for 2 h until a saturated

This journal is © The Royal Society of Chemistry 20xx



Journal ofcMaterials Chemistry A

state was achieved. The spectrum was continuously recorded in
TPD signal under Ar flow (25 cm3/min) while the temperature was
enhanced to 850 °C at 10 °C/min.

The resistor-type B-Ga,03 nanorod array device was fabricated and
tested in a high temperature tube furnace using a flow-through
configuration. An alumina ceramic tube containing two through
holes was used to hold and fix two Ni/Cr wires. As for the gas sensor
device, the B-Ga,0s;—based gas sensor was fixed on the alumina
holder with two 10 um thick platinum (Pt) wires, which were used
as the electrodes of the gas sensor device. The Pt wires were
connected the nanorod array gas sensor device with Ni/Cr wires,
which were connected to a CHI 601C electrochemical workstation
for recording the signal outputs continuously. The sensor circuit
was subjected to a fixed 1 V direct current (DC) bias. The device was
heated from room temperature to 800 °C in air with a ramp rate of
20 °C/min. The sensor device was placed and tested at the furnace
centre. Gas sensing tests were performed under the exposure of
NO, of varying concentration at 1 atm total pressure and 800 °C.
The responses of the sensor to NO, were evaluated by measuring
the current change upon exposure to NO, in a dynamic gas flow
system under a gas flow rate of 1.5 L/min, which was regulated by a
computer-controlled gas mixing system (S-4000, Environics Inc.,
USA). The air is used as the balance gas to monitor the response in
practical air atmosphere. In addition, to better understand the
sensing mechanism and investigate its selectivity over O,, the cyclic
tests in N, were conducted to eliminate the O, interference. The
sensor response is defined by Ryg/Ro, Where Ryo; is the measured
resistance of Ga,03 nanorod device under NO, exposure, and Ry is
the initial resistance under balance air or N,. All dynamic cyclic tests
were carried out at 800 °C.

Conclusions

In summary, the perovskite LSCO-nanoparticle decoration
enabled a highly enhanced NO, sensitivity in wide-bandgap B-
Ga,03 nanorod array gas sensors at high temperature with fast
sensor response and high selectivity over O,. The formation of
p-n heterojunction is suggested to play major roles in the
observed enhancement of sensor performances as it
contributes to the modulation of depletion region with
differentiated analyte desorption kinetics. These findings
provide unique insight into rational design and development of
high-performance gas sensors for oxidative gas pollutants at
high temperatures.
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