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ABSTRACT: Hierarchical mesoporous In,O; nanocubes and
nitrogen-doped reduced graphene oxide—indium oxide nano-
cube (Iny,go) composites were prepared for carbon monoxide
(CO) sensing. The as-synthesized materials were systemati-
cally investigated by different characterization techniques such
as field emission scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, thermogravimetic
analysis, X-ray photoelectron spectroscopy, micro-Raman,
Fourier transform infrared spectroscopy, and photoluminesce
analysis. The obtained results are consistent with each other.
The CO-sensing characteristics of the In,O; nanocubes and
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Iny,go composites were examined at different operating temperatures (35 °C < T, < 300 °C) and CO concentrations (1—1000
ppm). Owing to their large surface-to-volume ratio and porosity, the In,O; nanocubes exhibited a superior sensitivity with a
detection limit of 1 ppm at 250 °C. Furthermore, to enhance the sensing characteristics and reduce the operating temperature, a
composite of NrGO and In,O; nanocubes was fabricated. The incorporation of NrGO drastically improved the sensing
performance of the In,O; nanocubes, showing an excellent sensitivity (Sg ~ 3.6—5 ppm of CO at ~35 °C) with appreciably fast
response (I'ggs ~ 22 s) and recovery (I'ggc ~ 32 s) times. The sensing studies supported by the structural and morphological
material characteristics lead to the plausible sensing mechanism proposed.

KEYWORDS: NrGO, indium oxide, hybrid nanocomposite, room-temperature CO detection, highly sensitive

Bl INTRODUCTION

In the current situation of global health awareness and pollution
norms, environmental monitoring and the safeguarding of
human health is of prime importance, and sensors can play a
significant role in these areas. Air pollutants are major concerns
to human health and other environmental issues."” Among
various air pollutant gases, CO is one of the most toxic, as its
inhalation leads to the depletion or diminution of oxygen in
animal tissues. CO is a colorless, odorless, and tasteless gas;
therefore, it is hard to detect. CO poisoning causes headache,
nausea, dizziness, and confusion, and exposure to high
concentrations may result in death.”* Therefore, an effective
sensor for early detection with fast response time to low
concentrations of CO at ambient temperatures is crucial for
ensuring safety in industrial environments.

Gas sensors based on metal oxide semiconducting nanoma-
terials have attracted significant research interest.”” Among
several metal oxides, In,O; has received significant attention as
a potential gas-sensing material, and its response to various
toxic and combustible volatile organic compounds (VOCs) has
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been investigated. However, a drawback associated with In,O3-
based gas sensors is their high operating temperatures. For
example, Neri et al. prepared hierarchical In,O; materials and
studied their CO gas-sensing behaviors at 250 °C."" Lim et al.
prepared mesoporous In,O; nanofibers by an electrospinning
method and achieved enhanced CO sensitivity at 300 °C.""
Over the past few years, significant research efforts have been
directed to improving the sensitivity of the sensors by
employing various approaches.'” Recently, Lee suggested that
hierarchical structures can lead to enhanced sensing properties,
including high sensitivity and substantially improved response
and recovery times. The author also noted that a porous
structure provides numerous channels for gas diffusion,
presenting high accessible active sites for the chemisorption
of gases.” The best and most widely accepted method to
decrease the operating temperature and improve the sensing
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Scheme 1. Illustration of the Synthesis of Mesoporous In,0; Nanocubes and Nitrogen-Doped Reduced Graphene Oxide—In,0;
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characteristics relies on the incorporation of metal nano-
particles into metal oxide matrices."*~" In general, nanosized
gold is an efficient catalyst for CO oxidation at lower operating
temperatures. For instance, Fu et al. prepared rodlike Au/In,0;
nanocomposites and demonstrated their utility as sensitive CO
sensors at room temperature.19 However, using precious metals
is not advantageous from an economic perspective, owing to
their higher price. As a result, there have been extensive
ongoing investigations to identify efficient, durable, and
inexpensive alternative catalysts for CO oxidation.

Currently, the incorporation of reduced graphene oxide
(rGO) into metal oxides is considered an effective route to
improve the efficiency of gas-sensing materials because of its
enhanced gas adsorption capacity, chemically active defect sites,
high conductivity, and outstanding charge-carrier mobility.””*'
rGO has been incorporated with several metal oxides, and the
resultant composites have been successfully demonstrated to
efficiently sense several target gases.”””>* However, the sensing
properties of rGO—metal oxide composites to CO gas
detection have not been well-studied. Furthermore, theoretical
studies have revealed that chemical doping with catalytically
active materials can enhance the catalytic and electrical
properties of rGO, rendering them much more sensitive to
CO compared to pristine graphene.””** Among the different
dopants tried for rGO, nitrogen (N) because of its proximity to
C is highly preferred because of the size equivalence and the
five valence electrons that are easily amenable for bonding with
carbon.” Previous reports suggest that N-graphene presents
more versatile properties compared to pristine graphene. For
example, nitrogen doping enhances the graphene metallic
nature, affects the lattice alignment, and creates several “active
regions” by influencing the charge distribution of the carbon
atoms. This type of “active region” can effectively increase
catalytic reactions, as has been experimentally proven in
reactions such as hydrogen evolution, oxygen evolution, and
oxygen reduction.”>*?

With this background, and considering the advantages of the
excellent properties of In,O; and NrGO, we prepared a new
type of composite based on N-doped reduced graphene oxide
and indium oxide (Iny,co) for ultrasensitive CO detection.
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Gas-sensing studies revealed that the NrGO composite shows
improved sensing characteristics over pristine rGO. The Iny,go
sensing material was prepared via a three-step synthetic process.
First, In,0; nanocubes were prepared under hydrothermal
conditions using indium acetate and Trizma base. Next,
graphene oxide was prepared by a modified Hummers’s
method. Finally, the Iny,go composites were prepared under
hydrothermal conditions at 180 °C using ammonia/hydrazine
hydrate as the nitrogen source. To optimize the sensing
characteristics, different weight percentages of NrGO were
incorporated with In,O; nanocubes, and the composites were
named as Inyngo.p, Inngoy and Inggo.s. The CO-sensing
characteristics of the In,O; and Iny,go composites were studied
as a function of the gas concentration (1 ppm < G, < 1000
ppm) at different operating temperatures (35 °C < T, < 300
°C). Owing to the large surface area (71.6 m*g~') and high
porosity, the as-prepared In,O; nanocrystals exhibit an
enhanced sensor response (Sg ~ 82—100 ppm of CO at 250
°C) with a sensitivity as low as 1 ppm. Meanwhile, the Inygo 3
composite exhibits a superior sensing response of Sy ~ 273 at
175 °C and Sg ~ 53.4 at room temperature (Ts ~ 35 °C) to
100 ppm of CO. The fabricated sensor also shows excellent
sensitivity (S ppm; Sy ~ 3.78) and selectivity to CO at room
temperature.

B EXPERIMENTAL SECTION

Chemicals. Graphite flakes (+100 mesh), sulfuric acid (H,SO,),
nitric acid (HNOj), hydrazine hydrate (NH,NH,), ammonia solution
(NH,), indium(III) acetate dihydrate (In(C,H;0,);2H,0), and
Trizma base (NH,C(CH,0H);) were purchased from Sigma-Aldrich
Chemical Co. All the chemicals were of analytical reagent (AR) grade
and used without further purification.

Preparation of Mesoporous Indium Hydroxide (In(OH);)
Nanocubes. First, indium acetate dihydrate (0.483 g) was dissolved
in 50 mL of deionized water under continuous stirring, followed by the
addition of Trizma base (0.969 g). After 15 min of stirring, the
resulting mixture was poured into a Teflon-lined stainless autoclave
and heated at 200 °C for 24 h. Subsequently, the autoclave was
naturally cooled to room temperature. The obtained product was
purified with deionized water and ethanol by centrifugation, then dried
at 80 °C.
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Figure 1. Electron microscopy images of the as-prepared In(OH); nanocubes in scanning and transmission modes. Representative FESEM images of
the In(OH); nanocubes at (2) low and (b) high magnification; (c—e) TEM images of the In(OH); nanocubes at different magnifications; (f) a high-
resolution TEM image of the as-prepared In(OH); nanocubes; inset: selected area electron diffraction pattern.

Figure 2. Electron microscopy images of the as-prepared In,O; nanocubes in scanning and transmission modes. (a, b) FESEM images of the as-
prepared In,O; nanocubes at two different magnifications; representative TEM images of the In,O; nanocubes at (c) low and (d) higher
magnification; (e, f) corresponding SAED pattern and HR-TEM image of the In,O; nanocubes.

Preparation of Mesoporous Indium Oxide (In,0;) Nano-
cubes. The presynthesized In(OH); precursor was loaded into a
alumina boat, heated to 400 °C at a heating rate of 10 °C/min in a
conventional furnace, and calcined at that temperature for 3 h to
obtain the In,O; powder.

Preparation of Nitrogen-Doped Reduced Graphene Oxide—
Indium Oxide Nanocube (Inyco) Composites. First, graphene
oxide (GO) was synthesized by a modified Hummers’s method,** as
described briefly in the Supporting Information. The preparation of
Iny,go composites is represented in Scheme 1. Calculated amounts of
the resulting GO and In,O; nanocubes were ultrasonically dispersed in
30 mL of water followed by the addition of 3 mL of 1:1 hydrazine
hydrate/aqueous ammonia. The resulting mixture was poured into an
autoclave and heated at 180 °C for 12 h. Subsequently, the collected
products were purified with water, ethanol, and acetone by
centrifugation to yield the nitrogen-doped reduced graphene oxide—
In,0; nanocube composites.

Preparation of Reduced Graphene Oxide—Indium Oxide
Nanocube (In,go) Composites. In a typical synthesis, calculated
amounts of GO and In,O; nanocubes were ultrasonically dispersed in
30 mL of 1:1 water/ethanol. The final mixture was poured into an
autoclave and heated at 180 °C for 12 h. Subsequently, the product

was isolated using a method similar to that discussed for the previous

hybrids.

B RESULTS AND DISCUSSION

The morphologies of the as-prepared materials were inves-
tigated by field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM).
Figure 1 shows the electron micrographs of the In(OH),
nanocubes prepared by a typical hydrothermal reaction. The
low-magnification FESEM image (Figure la) clearly shows
numerous nanocubes of two different sizes with mean
diameters of ~200 and ~20 nm. The high surface roughness
of the nanocubes is clearly demonstrated in the higher-
magnification image (Figure 1b), illustrating the porous
structure of the material. The TEM image (Figure lc) clearly
shows the cubic morphology of most of the particles. The
higher-magnification image (Figure 1d) reveals well-faceted
nanocubes with sharp edges. The TEM particle size distribution
analysis indicates that more than 80% of the as-synthesized
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Figure 3. Electron micrographs of the as-prepared Iny,go.; composites. Representative (a, b) FESEM and (¢, d) TEM images at different
magnifications; inset of panel d: HR-TEM of the Iny,go.; hybrid; (e) the corresponding In, O, N, and C elemental mapping images.

In(OH); particles are cubic in shape of size ~20 nm, as
measured for 250 cubes. In addition to smaller nanocubes, ~20
nm in size, the as-prepared In(OH); contained some larger
nanocubes, ~200 nm in size. The higher-magnification TEM
image (Figure le) reveals the porosity of the material. The
electron-dense and electron-depleted regions demonstrate the
mesoporous nature of the materials. The inset of Figure 1f is
the selected area electron diffraction (SAED) pattern, which
confirms the polycrystalline nature of the obtained material.
The diffraction rings are attributed to the (200), (220), (222),
and (400) planes of the body centered cubic (bcc)-In(OH),4
structure. Similarly, the high-resolution (HR)-TEM micrograph
(Figure 1f) exhibits a lattice plane spacing of ~0.397 nm, which
corresponds to the (200) plane of bee-In(OH);. ™

Figure 2 shows the electron micrographs of the In,O;
nanocubes. As illustrated in the FESEM images (Figure 2a,b),
the In,O; nanocubes appreciably retained the parent
morphology of In(OH);. The TEM images (Figure 2c,d)
show the high degree of surface roughness and mesoporosity of
the In,O; nanocubes compared with the parent In(OH),
nanocubes. This is due to the removal and dehydration of
the capping agents and other residual organic impurities from
the surface of the materials during calcination. The SAED
patterns (Figure 2e) correspond to the (222), (400), (431),
and (440) planes of the bcc-In,O;. The HR-TEM image
exhibits a d-spacing of 0.30 nm, attributed to the (222) lattice
planes of the bee-In,05.°%%

A detailed morphological evaluation of Iny,go (Figure 3)
confirms the structure of the as-prepared composites. Figure 3a
presents the FESEM image of the Iny,go.3 hybrid, illustrating
that the In,O; nanocubes are successfully incorporated into the
NrGO nanosheets. Furthermore, the crumpled graphene sheets
showed many folds and wrinkles and contained several In,O;
nanocubes, as observed in the higher-magnification image
(Figure 3b). As observed in the FESEM images, a slight
structural modification of the In,O; nanocubes occurred during
the reduction of GO, when the obtained In,0; nanocubes were
ultrasonically dispersed in water along with GO and reduced
through a hydrothermal reaction. The high pressure and
temperature induce a small structural irregularity in the In,O;
nanocubes. The TEM image clearly shows several In,O;
nanocubes located on the surface of the two-dimensional
NrGO nanosheets (Figure 3c,d). The observed lattice spacing
(~0.30 nm) of Iny,go.; (inset of Figure 3d) corresponds to the
(222) plane of the bee-In,O;. The HR-TEM images of pristine
NrGO are provided in the Supporting Information (Figure S1)
with corresponding discussion. The elemental mapping image
(Figure 3e) further reiterates the homogeneous presence of
indium, oxygen, carbon, and nitrogen in the Iny,go.; hybrid.
The corresponding energy dispersive analysis spectra (Figure
S6) show that the atomic percentage of nitrogen is ~5.38% in
the composites.

Furthermore, the chemical compositions of the as-prepared
materials were investigated by X-ray photoelectron spectrosco-
py (XPS) analysis. The XPS survey spectrum (Figure S7)
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Figure 4. High-resolution (a) C 1s and (b) N 1s core-level X-ray photoelectron spectra of the as-prepared Iny,o.; composite.
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Figure S. (a) Powder X-ray diffraction pattern of (i) as-prepared In(OH); nanocubes, (ii) In,O; nanocubes, (iii) as-prepared graphene oxide, and
(iv—vi) different weight percentage nitrogen-doped reduced graphene oxide nanosheets—In,0; nanocube composites; (b) micro-Raman spectra of
(i) as-prepared graphene oxide and (ii—iv) different weight percentage nitrogen-doped reduced graphene oxide-In,0; nanocube composites (inset:
micro-Raman spectra of In,O; nanocubes); (c) Fourier transform infrared spectra of the as-prepared (i) In,Os, (ii) Ingo.s, and (iii) Inngos
composites; (d) thermogravimetric analysis of the as-prepared Iny,go samples. Each sample was heated from room temperature to 800 °C at a scan
rate of 10 °C/min.

clearly shows the photoelectron peaks of indium, oxygen, (Figure 4a) is deconvoluted into three peaks. The peak at
nitrogen, and carbon. Figure 4 shows the core-level spectra of 284.60 eV corresponds to sp” C atoms bound to N; other one
Iny,go.; in the carbon and nitrogen regions. The carbon peak at 285.8 eV originates from the hydroxyl and epoxy carbons.
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The peak at ~288.9 eV corresponds to the carboxylic carbon
bond.”® The core-level high-resolution XPS spectrum in the N
1s region, shown in Figure 4b, is deconvoluted into three peaks,
where the peaks observed at 399.3 and 400.1 eV correspond to
the pyridinic and pyrrolic N, while the peak at 401.7 eV is
ascribed to quaternary N.>”*’ The inset in Figure 4b represents
the different forms of nitrogen doped into graphene. Table S1
shows the atomic percentages of nitrogen, carbon, oxygen, and
indium in the Ing,go.s hybrids. The chemical reduction of
graphene oxide under hydrothermal conditions with the
introduction of N (2.35 at%) by hydrazine and ammonia into
graphene led to the successful doping of nitrogen.

The crystal structure of the obtained materials was
determined by X-ray diffraction (XRD) (Figure Sa) analysis.
The diffraction peaks in Figure Sa(i) could be indexed to the
bee-In(OH), with lattice parameter a = 0.7972 nm, which is
consistent with previous reports.”" The highest-intensity peak
corresponding to the (200) plane indicates that the In(OH),
nanocubes grow along the [100] direction. Figure Safii)
displays the diffraction pattern of In,O; obtained by the
calcination of as-prepared In(OH);. The diffraction peaks
correspond to the bce-In,O; with lattice parameter a = 1.002
nm (JCPDS card no.: 71-2195).** The diffraction peaks of the
GO (Figure Sa(iii)) displays a strong peak at 11.7°,
corresponding to the d-spacing (dyy,) of 0.75 nm, indicating
the hydration and exfoliation of GO.* The diffraction patterns
of the as-synthesized Iny,go hybrids are illustrated in Figure
Sa(iv—vi). The GO diffraction pattern (dyy;) completely
disappears after the hydrothermal reaction, indicating that the
ordered crystallographic orientation may have been lost,
resulting in random packing of the graphene sheets. The
other peaks are indexed to the bcc-In,O;. Absence of other
impurity phases unambiguously establishes the formation of
phase-pure Iny,go composites.

Figure Sb represents the Raman spectra of the obtained
materials. The Raman bands observed at 360 (Ezg), 490 (Alg))
and 624 (Ezg) cm™" (inset in Figure Sb) correspond to the
optical phonons associated with the bcc crystal structure of
In,0,.*" The peaks at 490, 631, and 308 cm™" correspond to
the stretching v(InOg) and bending 6(InOy) vibration of the
InOg octahedra, respectively. The band at 360 cm™ could be
indexed to the stretching vibration of the indium—oxygen—
indium plane.”* The Raman spectra of the obtained GO and
Iny,go composites (Figure Sb(i—iv)) show two prominent
peaks located at 1345 and 1587 cm ™" originating from the well-
defined D and G bands.* The defects in the graphitic
structures are usually determined by the peak intensity ratio of
the D and G bands (Ip/I;). The Iy/I;; values of GO, Iny,go.1,
Inyicoy and Inyos are 0.982, 1.0425, 1.0442, and 1.0478,
respectively. The increase in I,/I; clearly indicates that
graphene oxide is reduced in the Iny,go sample, resulting in
the formation of more disordered and defective carbon
materials during hydrothermal synthesis.*

Figure Sc shows the Fourier transform infrared (FTIR)
spectrum of the obtained materials. The bands located at lower
wavenumbers correspond to the fundamental overtones of
In, 0, (Figure Sc(i)). The strong absorptions at 420 and ~620
cm™! are assigned to the stretching and bending vibrations of

In,0,."”* The FTIR spectrum (Figure 5c(ii)) of indium
oxide—graphene oxide (Ingo) clearly shows the strongest
absorption bands, which originate from the vibrational bands of
several oxygen containing functionalities such as >C=0/
COOH (1713 cm™), epoxy (1032 cm™), C—OH (1151

cm™'), and —OH (3442 cm™). These bands do not appear in
the FTIR spectrum of the Iny,go.3 composite (Figure Sc(iii)),
indicating that graphene oxide is completely reduced.”

Furthermore, thermogravimetric analysis (TGA) was per-
formed to identify the thermal stabilities and compositions of
the as-prepared Iny,go materials (Figure Sd). The TGA/DTA
profile of the obtained In(OH), shows (Figure S12) a three-
step mass loss. The initial mass reduction below 200 °C
attributed to the eviction of OH and bound H,0 molecules.
The mass reduction between 200 and 300 °C corresponds to
the eviction of organic molecules that were used during
synthesis. The final mass loss between 300 and 400 °C
corresponds to the phase transformation of In(OH); to In, 0.
Overall, the 20% mass reduction observed during the phase
transformation process is consistent with previous reports.49 As
observed in Figure 5d, the TGA curves of all the Iny,o
materials show a two-step mass loss. The preliminary mass loss
below 300 °C is mostly attributed to the removal of trapped
H,0 and other organic molecules. The subsequent mass
reduction observed between 300 and 500 °C corresponds to
the burning and removal of carbon molecules from the Iny,go
composites. Drawing inference from TGA analysis, the
approximate calculated weight percentages of NrGO in the
InnyGo.y Innego.r and Ing,go.3 composites are ~5.4, 9.5, and
11.4%, respectively.

The surface area of the obtained products was determined by
N, adsorption—desorption isotherm analysis (Figure 6). All the
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Figure 6. N, adsorption—desorption Barrett—Joyner—Halenda (BJH)
isotherms of the as-prepared In,O; nanocubes and Iny,go composites.
Inset: the corresponding BJH pore size distributions from the
adsorption branch.

samples provide a typical IV isotherm with a clear H3-type
hysteresis loop. The hysteresis loop, with its relative pressure in
the range of 0.3—0.8 and 0.8—1.0, is attributed to the
mesopores and macropores of the as-prepared materials.”””’
The Brunauer—Emmett—Teller surface areas of the In,O,
nanocubes, Inygo.; Inngo. and Ing,gos are found to be
71.6, 77.8, 104.9, and 125.2 m*g~", which are appreciably high
and beneficial for enhancing the gas-sensing characteristics. The
pore size in all the as-prepared samples is around 2—20 nm as
seen from the pore size distribution plots in the inset of Figure
6.

Gas-Sensing Characteristics. The fabrication techniques
and measurement setup52 used to characterize the sensors are
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briefly described in the Supporting Information. The CO-
sensing performance of the developed gas sensors was analyzed
in a dry air environment from 35 to 300 °C. The sensors show
a maximum sensor response at an elevated temperature, at
which the adsorption—desorption kinetics of the gas are
optimum. Thus, to determine the elevated sensing temperature,
the sensing characteristics of In,O; and the Iny,go composites
to 100 ppm of CO were studied as a function of temperature
(RT < T, < 300 °C). Figure 7a shows the sensing characteristics

In,0,-Nanocubes
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Figure 7. (a) Sensing responses of the as-prepared In,O; nanocubes to
100 ppm of CO as a function of the sensing temperature; (b) dynamic
sensing response of the as-prepared In,O; nanocubes as a function of
the gas concentration at a sensing temperature (T,) of 250 °C. Inset:
linear fitting curve of the sensing response of In,O; nanocubes toward
different concentrations of CO.

of the as-prepared In,O; nanocubes to 100 ppm of CO. The
temperature-dependent sensing studies show that the rate of
CO adsorption increases with increasing sensing temperature
up to an optimum operating temperature. The as-prepared
In,0; nanocube sample shows the highest response of Sy ~ 82
at 250 °C. The sensing result suggests that the highest
sensitivity of the as-prepared In,O; nanocubes at lower
temperature is attributed to the large surface-to-volume ratio
and hierarchical mesoporous nature of the material. The large
surface area and the porosity of the as-prepared In,O;
nanocubes provide additional advantages by increasing the
effective reaction sites for the surface chemisorption of the CO.

To investigate the maximum detection limit of the as-
prepared In,O; nanocubes, additional CO-sensing analyses
were performed at 250 °C as a function of the gas
concentration (1 ppm < G¢ < 100 ppm). As shown in Figure
7b, the sensor response improves with increasing CO
concentration. The dynamic sensor response clearly demon-

strates that the sensor shows a wide detection limit with a
sensor response of Sy ~ 3.7 for 1 ppm of CO and S ~82.6 for
100 ppm of CO. The CO response (I'ggs) and recovery time
(Trge) for the In,O nanocube sensor (Figure S13) to 100 ppm
are estimated to be I'ggg ~ 16 s and I'ggc ~ 29 s, whereas the
I'ggs and I'rgc of the sensor to 1 ppm are ~21 s and ~14 s,
respectively.

Furthermore, to effectively enhance the sensing character-
istics, In,O; nanocubes were incorporated into nitrogen-doped
reduced graphene oxide. Figure 8 shows the temperature-
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Figure 8. (a) Sensing response of sensors based on the Inygo
composites to 100 ppm of CO as a function of the sensing
temperature; (b) corresponding Arrhenius plots.

dependent sensing characteristics of sensors based on the
Iny,go composites to 100 ppm of CO. As observed from the
sensing characteristics (Figure 8a), the sensors constructed with
the Iny,go composites exhibited improved sensing performance
over those composed of pristine In,O; nanocubes. The sensor
based on the Inygo.; composite shows a maximum sensing
response of ~273 at 175 °C, whereas the sensor responses of
Inygo, and Ing,go.q are Sg ~ 222 at 175 °C and Sy ~ 170 at
200 °C, respectively. The sensors based on the Inygo
composites also showed detectable sensing responses close to
ambient temperatures (35 °C). The sensor response of the
Iny,co.3 composite at room temperature is ~53.4, while those
of Iny,go and Ing,go.q are ~35.4 and ~8.3, respectively. The
Arrhenius plots of the sensing responses (Figure 8b) to 100
ppm of CO, shows a strong linear dependence of the sensor
responses on the sensing temperature. From the Arrhenius
plots, the sensor responses of Iny,go.1, Innygo.» and Inygo.; at
room temperature are found to be In(Sg) ~ 1.9, 3.42, and 4.03,
respectively. The activation energies of the Iny.go.;, Inngow
and Inygo; sensing materials were calculated from the
Arrhenius plots of the sensor response and were found to be
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Figure 9. Dynamic sensor responses of sensors fabricated with (a) Iny,go.; (b) Inngo.3 composites to different concentrations of CO at an
operating temperature of ~35 °C, as a function of time; (¢, d) linear fitting curve of the sensing response of Iny,go., and Iny,go.3 composites toward

different concentrations of CO.

~0.21, 0.096, and 0.064 eV. The lower activation energy of
Iny,go.; compared to that of Iny,go.; and Iny,go., signifies the
higher sensing response of the material.

To effectively compare the effect of nitrogen doping, further
CO-sensing analyses were performed on pristine rGO-
incorporated In,O; nanocubes (In,;o). The temperature-
dependent sensing characteristics of the In,go composite are
provided in Figure S14. The sensor responses of the In,gq.;,
In,0.,, and In,go 3 composites are found to be ~128, 159, and
197 at 200 °C; meanwhile, the sensor responses at room
temperature are significantly lower at ~1.6, 6.6, and 15.2,
respectively. The bar plot in Figure S15 depicts a comparison of
the sensor responses of all the fabricated gas sensors. Among
the various sensors, the one based on the Iny,go.; composite
shows the best sensor response at all operating temperatures.

The dynamic sensor responses of the Iny,go., and Inggos
composites to different concentrations of CO (500, 200, 100,
50, 30, 15, 10, and S ppm) were further investigated at 35 °C to
determine their maximum sensitivity limit. As observed in
Figure 9, the sensor response improves dramatically with
increasing CO concentration. Although the dynamic sensing
studies unambiguously demonstrate that sensors based on both
the Iny,go., and Iny,go.;3 composites exhibit excellent sensing
characteristics of CO at 35 °C, the Iny,go.3 sensor exhibited a
maximum sensitivity greater than that of the Iny,go., sensor.
Both sensors can sense CO as low as S ppm at ambient
temperatures, indicating their broad linear range and wide
detection limits. The response (I'ggg) and recovery (I'pgc)
times of the Iny,go., and Iny,go.3 sensors at room temperature
to 500 and S ppm of CO are shown in Figure S16. The I'gg
and Tz of the Iny,go, sensor to SO0 ppm (Sy ~ 172) are
estimated to be ~36 s and ~46 s, whereas the I'ggg and I'gpc of
the Iny,go.3 sensor to 500 ppm (Sg ~ 236) are ~48 s and ~52
s. The I'ggg and I'ygc of each of these sensors to S ppm of CO

31735

are found to be ~16 s and ~32 s for Ing,go, (Sg ~ 2.6) and
Tres ~ 22 s and Tgpe ~ 32 s for Ing,gos (Sg ~ 3.7).

The long-term stability of the Iny,go., and Iny,go.3 sensors
was investigated at 35 °C to 100 ppm of CO for 50 days. As
shown in Figure S17, the sensor responses even at the 50th day
show only very small depreciation, indicating the high stability
of the sensors. The influence of humidity on the Iny,go.3 sensor
performance was probed (Figure S18) in dry nitrogen and
ambient air with a controlled relative humidity (RH 55%). The
sensing responses of the sensor to 100 ppm of CO in dry
nitrogen and ambient air at room temperature are found to be
Sr ~ 53 and Sp ~ 54, respectively, indicating that the sensor is
insensitive to humidity. Furthermore, the selectivity of the
Iny,co.; sensor was investigated at 35 °C to 20 ppm of CO and
other interfering gases. As observed in Figure 10 the sensor
shows the maximum response (Sg ~ 11) to CO, which is ~4.2,
35, 4,5, 75 42, and 9 times higher than its responses to
hydrogen sulfide, ammonia, ethanol, methanol, hydrogen,
acetone vapors, and RH 50% H,O, respectively, indicating its
high selectivity to CO. The gas-sensing studies conclude that
the Iny,go.; composite is the optimized material with the
maximum CO-sensing response (Sg ~ 53.4 at 35 °C and Sy ~
273 at 175 °C). To demonstrate the improved performance of
the Iny,go.3 sensor, we compared the CO-sensing performance
of our device with those of various reported CO sensors (Table
1).

Plausible Gas-Sensing Mechanism. The gas-sensing
characteristics establish that incorporating NrGO with In,0O;
nanocubes has been successful in improving the CO-sensing
characteristics of pristine In,O;. The high sensitivity of the
proposed CO sensor is attributed to (i) the large surface-to-
volume ratio and hierarchical mesoporous structure of the
In,0; nanocubes, (ii) electric effects induced by the
heterojunction between NrGO and the In,O; nanocubes, (iii)
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Figure 10. Bar plot depicting the sensor responses and selectivity of
the Iny,go.3 composite to 20 ppm of CO, hydrogen sulfide, ammonia,
ethanol, methanol, hydrogen, acetone vapors, and RH 50% H,O at 35
°C.

the spillover effect induced by nitrogen-doped reduced
graphene oxide, and (iv) electrical conductivity effects of the
NrGO network. To further understand the exact sensing
mechanism of the Iny,go hybrids, we first describe the sensing
principle of pristine In,O;.

The most commonly accepted gas-sensing theory for n-type
materials like indium oxide is that at elevated operating
temperature, the surface adsorbed O, molecules are ionized by
accepting electrons from the semiconducting oxide and form
oxygen radicals. The specific reactions are as follows:*’

Oz(gas) — 0,(ads) (1)
0,(ads) + e~ — O, (ads) (2)
0, (ads) + e~ — 20 (ads) 3)

Upon exposure to a reducing gas such as CO, a chemical
reaction is initiated whereby the ionized oxygen releases
electrons thereby increasing the electrical conductivity (o) of
the sensor. The chemical reaction paths are as follows.®'

CO+0 — CO, +e (4)

©)

Although the chemisorption—desorption of oxygen radicals is
the influencing factor of the sensing characteristics, the amount
of surface-adsorbed and desorbed oxygen species that can

2CO(gas) + O, (ads) — 2CO,(gas)

actually participate in gas sensing is strongly dependent on the
sensing material. As observed from the sensing results, pristine
In,O; nanocubes can detect CO concentrations as low as 1
ppm at 250 °C. The enhanced sensitivity is attributed to two
key features of the material. First, the surface of the In,O,
nanocubes is more reactive owing to its high surface area (~72
m?/g). The highly reactive sites of the In,0; nanocubes adsorb
more oxygen molecules and form a high density of ionized
oxygen species. Second, an important factor is the hierarchical
and porous structure of the materials. The high porosity and
large accessible surface area provide numerous pathways for the
diffusion of CO gas molecules, thereby reducing the gas
diffusion distance, increasing the gas diffusion rate, and
enhancing the kinetics of surface gas adsorption and
desorption.

The incorporation of catalytic material into metal oxide
sensors can effectively enhance the room-temperature sensing
response and selectivity of the sensor. The reason is that metal
oxides are unable to generate a substantial volume of oxygen
species at ambient temperatures. As discussed earlier, the
chemisorption of the oxygen species is influenced by the
operating temperature and the surface characteristics of the
sensing material.”**> The enhanced sensing performance at
ambient temperature is attained by the incorporation of In,O;
nanocubes into the NrGO matrix. The effect of N doping in
rGO can be explained based on two rationales: (i) electronic
modification and (ii) chemical functionalization (Figures S19
and S20). The abundance of free-flowing 7-electrons renders
rGO a potential catalyst; however, these s-electrons are too
passive at room temperature. Doping with nitrogen, a
comparatively stronger electronegative element than carbon,
activates the carbon 7-electrons through conjugation with the
lone-pair electrons.”’ Furthermore, the electron-gaining capa-
bility of the N element generates net positive charges on the
neighboring C atoms to promote oxygen adsorption. Thus, the
adsorbed O, molecules are ionized and form molecular oxygen
species (O,7) on the positively charged C. These then spill
onto the sensor surface through a chemical sensitization
process. This explains the decrease in the optimum sensing
temperature with the addition of NrGO. N doping into rGO
provides additional charge carriers thereby altering the
electronic properties of graphene®® that could be favorable in
CO-sensing. As demonstrated by Ma et al,, CO molecules can
be effectively adsorbed on pyridinic N, accompanied by an
ample charge transfer.’® The nitrogen species also increase the
polarizability of CO and the rate of CO dissociation, both of
which lead to an enhanced sensor response.

Table 1. CO-Sensing Performance of the Proposed Sensor and That of Other Published CO Sensors”

material T, (°C) MY
Pt—In,Oy; Pd—In,0, RT 50
Au nanoparticle-In,O; RT 104
Au/SnO, RT N/A
CNT/Au/SnO, nanotubes RT 70
Co;0,/PEI-CNTs RT 30.3
Au/ZnO nanowires RT S
ZnO/Au nanostars RT 58.5
CoOOH RT S
RGO/Au/SnO, RT 203
In,0;—N-rGO RT 44 + 5%

Gc (PPm) Irgs (S) Irec (5) ref.
~2.8=72 50 60 Lai and Chen®’
200-5 130 50 Singh et al.**
500 20 200 Manjula et al.®
500—2500 <20 N/A Du et al.>®
5—1000 8 30 Dang et al.*®
100 N/A N/A Joshi et al.*”
500—-50 41-10 40—-12 Arunkumar et al.>
50 20 20 Geng et al.**
180 199 Kim et al.*’
S 22 32 this work

“Ts, sensing temperature; RT, room temperature; S, sensor response; G, gas concentration; I'ygg, response time; 'ygc, recovery time.

31736

DOI: 10.1021/acsami.7b06253
ACS Appl. Mater. Interfaces 2017, 9, 31728—31740


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b06253/suppl_file/am7b06253_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b06253/suppl_file/am7b06253_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b06253

ACS Applied Materials & Interfaces

Research Article

Scheme 2. (a) Representative Physical Models and (b) Energy Band Diagrams Depicting the CO-Sensing Mechanism in Air and

CO Environments
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Figure 11. High-resolution core-level X-ray photoelectron spectra of the as-prepared In,0; nanocubes and Iny,go.; composites in the (a) indium
and (b, c) oxygen regions; (d) photoluminescence spectra of the In,O; nanocubes and Iny,go 3 hybrids.

In an alternative proposition, the enhanced CO-sensing
response of Iny,go at ambient temperature could be explained
based on the formation of the N-graphene—In,O; hetero-
junction and an active interface between N-graphene—In,O,
nanocubes, as represented in Scheme 2. The In,O; nanocubes
are uniformly distributed on the N-graphene sheets, and
heterojunctions are regularly formed in the Iny,go composites.
Before the chemisorption of oxygen species from air, the
heterojunction between NrGO—In,O; would be ohmic because
the work function of each material is different (®; < ®@y,).
Hence, some electrons are accumulated on the surface of the
In,O; nanocubes to align the Fermi level positions.
Subsequently, the electrons are shifted to the chemisorbed

31737

O, species (Scheme 2b), generating the depletion region at the
heterojunction, with a width Wyo and barrier height @y,
causing a decrease in the electrical conductivity of the sensing
material.

This can be explained based on the X-ray photoelectron
spectra and photoluminescence (PL) spectra of the In,O,
nanocubes and Iny,go; hybrids (Figure 11). The core-level
spectra of the In,O; nanocubes and Iny,go.3 hybrids (Figure
11a) show the characteristic doublet of In 3d;/, and In 3dg/, at
~444.18 and 451.9 eV. As observed, the band position of the
characteristic doublets of In** in the Iny,go.3 composite shifts
to lower binding energy by ~0.7 eV, indicating the strong
chemical and electronic interaction between NrGO and In,0;.
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The O 1s core-level spectra of In,O; and Iny,go.3 are shown in
Figure 11b,c, which are deconvoluted into three sub-bands
depending on their different properties, denoted as Oa, Oc’,
and Op. As shown, the O Is binding energy of the Iny.go.;
nanocomposite is lower than that of the pristine In,O;
nanocubesby almost 1 eV, further indicating the strong
electronic interaction between In,O; and NrGO. This
observation also illustrates that the heterojunction of In,O,
and NrGO enhances the adsorption of oxygen species at the
interface, even at lower temperatures. The PL spectrum (Figure
11d) of the Iny,go.3 hybrid exhibits a slight blue shift and has a
much lower intensity compared to that of pristine In,O,
nanocubes. This suggests that the NrGO nanosheets serve as
electron acceptors, thereby quenching the PL of In,0,
nanocubes by decreasing radiative recombination.”” On the
basis of these observations, we propose the key mechanism
underlying the synergetic effect of the In,O; nanocubes and
NrGO. The heterojunctions between In,O; and NrGO act as
electron migration paths that accelerate the sensor response
during gas sensing.

In a CO environment, the dissociated CO species can
preferentially and strongly adsorb at graphene—metal oxide
interfaces because these interfaces present several active sites,
like vacancies, line defects, and strong electronic interactions
between graphene and the metal oxides.””*” The CO adsorbed
at the interfaces of N-graphene—In,O; nanocubes reacts with
molecular oxygen species as described in eqs 4 and S, leading to
the electron transfer to the conduction band of the In,O,
nanocubes. Under these circumstances, the NrGO nanosheets
receive electrons from the adjacent In,O; nanocubes, which act
as electron transporters. This results in an extensive decrease in
the depletion width and potential barrier height, as depicted in
the energy band model (Scheme 2). All these features of the
Iny,go composites manifest together, leading to enhanced CO
sensing at room temperature.

H CONCLUSION

Hierarchical In,O; nanocubes and composites of NrGO and
In,O; nanocubes were successfully prepared via a facile
hydrothermal route. The findings from different character-
ization techniques were consistent. N, adsorption—desorption
isotherm analysis revealed the high surface area of the materials.
The as-synthesized materials were systematically investigated
for CO sensing at different sensing temperatures. The gas-
sensing studies revealed that NrGO incorporation into In,O;
led to a dramatic improvement in the sensing response to 100
ppm of CO from Sy ~ 82 at 250 °C to Sy ~ 273 at 175 °C. The
incorporation of NrGO not only increased the sensor response
but also effectively reduced the sensing temperature. The
Iny, o, and Ing,o 3 sensors showed a wide detection limit and
a maximum sensitivity limit as low as 5§ ppm at ~35 °C.
Furthermore, the sensor also showed an excellent selectivity
toward CO against hydrogen sulfide, ethanol, methanol,
ammonia, hydrogen, acetone vapors, and RH 50% H,0. The
enhanced sensing performance of Iny,go hybrids at ambient
temperature is attributed to the 3D porous structure and high
surface area of the In,O; nanocubes along with the excellent gas
adsorption and superb charge-transport capabilities of NrGO.
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