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ABSTRACT: Achieving convenient and accurate detection of indoor ppb-level form-
aldehyde is an urgent requirement to ensure a healthy working and living environment for
people. Herein, ultrasmall In,O; nanorods and supramolecularly functionalized reduced
graphene oxide are selected as hybrid components of visible-light-driven (VLD)
heterojunctions to fabricate ppb-level formaldehyde (HCHO) gas sensors (named InAG
sensors). Under 40S nm visible light illumination, the sensor exhibits an outstanding
response toward ppb-level HCHO at room temperature, including the ultralow practical
limit of detection (pLOD) of 5 ppb, high response (R,/R, = 2.4, 500 ppb), relatively short
response/recovery time (119 s/179 s, SO0 ppb), high selectivity, and long-term stability.
The ultrasensitive room temperature HCHO-sensing property is derived from visible-light-
driven and large-area heterojunctions between ultrasmall In,O; nanorods and supra-
molecularly functionalized graphene nanosheets. The performance of the actual detection
toward HCHO is evaluated in a 3 m® test chamber, confirming the practicability and
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reliability of the InAG sensor. This work provides an effective strategy for the development of low-power-consumption ppb-level gas

sensors.

KEYWORDS: In,0; nanorods, supramolecularly functionalized graphene, formaldehyde sensing, room temperature,

visible-light-driven heterojunctions

B INTRODUCTION

Formaldehyde (HCHO), one of the most toxic indoor
pollutants, is widely derived from the volatilization of interior
decoration materials such as furniture, paint, and wallpaper.1
The recommended exposure limit (REL) for HCHO given by
the World Health Organization (WHO) is 80 ppb.” Therefore,
it is imperative to develop high-performance ppb-level HCHO
monitoring sensors.

Conventional chemiresistive gas sensors based on metal
oxide semiconductors (MOS) are one of the most intensively
studied in the field of gas sensors.” However, high operating
temperatures are required due to very few reactive oxygen
species reacting with the gas on MOS’s surface at room
temperature (RT). Typically, the consequent problems of
shortened lifetime, high power consumption, and poor safety
further limit the application of MOS-based gas sensors.*”
Thus, room temperature detection of HCHO presents unique
advantages owing to its low power consumption and wide
safety margins. Light illumination is an important strategy for
achieving RT sensing.”” Li et al.® prepared Au-TiO, hollow
nanospheres by the template method and achieved good
detection of HCHO under 365 nm light. Despite these
advances, the application of most MOS-based sensors is still
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limited due to their low sensitivity, relatively high practical
limits of detection (pLOD), and poor selectivity. Precise
detection of HCHO below 100 ppb at RT is still challenging
and urgently needed.

To achieve better gas-sensing properties, hybridizing MOS
and graphene nanosheets to form heterojunctions is consid-
ered an effective way.”'’ Graphene has attracted much
attention in the field of RT gas sensing owing to its atomically
thick honeycomb lattice structure, high specific surface area,
and excellent electrical conductivity."""” In our previous work,
we reported that the supramolecular assembly of a dipole (e.g,,
S-aminonaphthalene-1-sulfonic acid, etc.) with reduced gra-
phene oxide (rGO) can significantly promote its charge
transfer rate.'”'* Compared with other MOS, indium oxide
(InyO3), as a typical n-type semiconductor with excellent
optoelectronic properties, good thermal stability, low resis-
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Figure 1. Schematic diagram of the preparation process of InAG nanohybrids and a gas sensor.
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Figure 2. (a) XRD patterns of InAG nanohybrids, pristine In,O; nanorods, and In(OH);. (b) Raman and (c) FTIR spectra of InAG, In,0,4
nanorods, ANS/rGO, rGO, and GO nanosheets. SEM images of (d) rGO and (e) ANS/rGO nanosheets. AFM images and corresponding height
profiles of (f) rGO and (g) ANS/rGO nanosheets. TEM images of (h) pristine In,O5 nanorods and (i) InAG nanohybrids. (j) HRTEM image and
(k) SAED pattern of InAG nanohybrids.

tivity, and high catalytic activity, is re%arded as one of the most is easy to modulate for defects due to the nonstoichiometric
promising HCHO-sensing materials. >'® Furthermore, In,O4 phase structure and readily obtains a homogeneous morphol-
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ogy by liquid phase methods.'”'® A recent study suggests that
In,O; containing defects has a strong adsorption capacity for
HCHO,’ which can effectively improve the selectivity without
additional molecular filter membrane coverings,19 etc. For the
past few years, some works have demonstrated that In,O;/
rGO composites exhibit high room temperature gas
responsivity.””>' However, the relatively higher pLOD still
limits their further application. To the best of our knowledge,
no one has tried to combine In,O; with rGO for room
temperature HCHO sensing so far.

In general, the specific surface area of nanoparticles increases
with the decrease of size.”” Hence, it is believed that when
small size nanoparticles are selected to assemble with
graphene, a larger interfacial contact area and more
heterojunctions of In,O;/rGO will be obtained, which should
be beneficial to improve the gas-sensing properties. Therefore,
the preparation of smaller In,O; nanoparticles to assemble
with S-aminonaphthalene-1-sulfonic acid (ANS)-modified
graphene nanosheets forming more interfaces of hetero-
junctions could be a good approach to verify the impact of
heterojunctions on gas sensing.

In this work, inspired by the above speculations, we designed
and prepared visible-light-driven (VLD) heterojunctions of
InAG which was composed of functionalized graphene
nanosheets and ultrasmall In,O; nanorods with an average
diameter of 3.2 nm which is lower than the Debye length. The
corresponding InAG-based gas sensor was fabricated for ppb-
level room temperature formaldehyde sensing. The InAG-
based sensor exhibited outstanding HCHO-sensing properties
under 405 nm illumination at room temperature and behaved
with remarkable practicability and reliability in a 3 m® test
chamber. The gas-sensing mechanism of InAG has been
proposed based on the measurement with ultraviolet photo-
electron spectroscopy (UPS) and the literature. It is illustrated
that the generation of more interfacial depletion layers and the
implementation of more efficient charge transfer are jointly
responsible for the ultrasensitive room temperature HCHO-
sensing properties of InAG.

B RESULTS AND DISCUSSION

Synthesis and Sensor Fabrication. Figure 1 illustrates
the process flow for the preparation of InAG nanohybrids and
an RT gas sensor. To solve the problem of poor dispersibility
of graphene, ANS molecules are attached to graphene through
m—n stacking supramolecular interactions. The negatively
charged —SO;~ groups provide sufficient electrostatic
repulsion to maintain excellent water dispersibility of ANS/
rGO nanosheets (Figure S1). As shown in Figure 1, the ANS/
rGO and the In,O; show opposite charges, indicating that they
can be easily assembled by electrostatic interaction.

Characterization of Gas-Sensing Materials. The crystal
structures of the synthesized samples were determined by XRD
analysis. As shown in Figure 2a, the diffraction peaks of the
In,0; nanorod precursor can be correlated with In(OH),
(ICDD card no. 01-085-1338). The highest-intensity dif-
fraction peak corresponding to the (200) crystal plane
indicates that In(OH); grows along the [100] orientation.’
According to ICDD card no. 00-006-0416, the diffraction
peaks of calcined In,O; nanorods at 20 of 30.58°, 35.46°,
51.03° and 57.55° match with the crystal faces of (222),
(400), (440), and (622) of the cubic In,0;. After assembling
with ANS/rGO nanosheets, the diffraction peaks of InAG
nanohybrids presented as similar to those of the pure In,O;

nanorods. Furthermore, no characteristic diffraction peaks of
carbon species are observed in the hybrids due to the relatively
low content of ANS/rGO. As shown in Figure 2b, the
reduction of GO and the presence of ANS/rGO in InAG
nanohybrids are confirmed by Raman spectroscopy. In the
spectrum of In,O; nanorods, the Raman peaks at 306 cm™
(Ei), 363 em™ (Ey), 492 em™ (A,,), and 624 cm™ (E,,)
correspond to the optical phonons associated with the cubic
crystal structure of In,O3.>® The peaks at 306 and 363 cm ™ are
attributed to the bending vibration of the InOg octahedron
[6(InOg)] and the stretching vibration of the indium—
oxygen—indium bond [v(In—O—1In)], respectively.”** The
peaks at 492 and 624 cm™' are assigned to the stretching
vibration of the InO4 octahedron [0(InOg)].>* As expected,
InAG displays two main D-band and G-band peaks at 1341
and 1599 cm™!, respectively, confirming the successful
assembly of In,O; nanorods on ANS/rGO nanosheets. The
D-band is related to structural defects in graphene, and the G-
band is attributed to the first-order scattering of the E,, mode
of the sp? bonds of carbon atoms.”® The peak intensity ratio of
the D-band and G-band (I,/I;) is customarily used to evaluate
the degree of disorder and defects in graphitic structure. The
I /I values of rtGO, ANS/rGO, and InAG are all higher than
that of GO, which indicates that GO has been successfully
reduced.”” The FTIR spectra of the samples are shown in
Figure 2c. In the spectrum of rGO, the characteristic
absorption band at 1568 cm™" is attributed to C=C skeleton
vibration.”® Moreover, the characteristic peaks of oxygen-
containing groups in GO, including C—O (1050 cm™), C=
O (1740 cm™), and O—H (3400 cm™),”*** are not found in
rGO, indicating that graphene oxide is reduced. Compared
with rGO, the broader peak at 3420 cm™" of ANS/rGO can be
attributed to N—H stretching vibration from the ANS
molecule, confirming the successful assembly of rGO with
the ANS molecule. For In,O; nanorods and InAG nano-
hybrids, the well-identified vibrational bands around 420, 567,
and 604 cm™" can be attributed to In—O lattice vibrations of
In,0,.”” A broad peak corresponding to the O—H stretching
vibration appeared at 3400 cm™', which may be related to the
adsorbed water vapor and hydroxyl groups on the surface of
In,O; nanomaterials.””

The morphology and microstructure of the prepared
samples were observed by SEM, AFM, and TEM. It can be
seen from Figure 2d that rGO has an obvious stacking
phenomenon. The height of the representative rGO measured
by AFM in Figure 2f is 35 nm. In contrast, the morphology of
the as-prepared ANS/rGO is typical of graphene sheets
(Figure 2e), demonstrating that the supramolecular assembly
of ANS molecules can prevent severe stacking between rGO
sheets. The AFM height profile in Figure 2g shows that the
ANS/rGO nanosheet has a thickness of 4 nm. Figure S2
exhibits the SEM images of In,O; nanorods, InAG, In,0;
microrods, and InMAG. It can be seen from Figure S2a that
the morphologies of the as-prepared In,O; nanorods are tiny
nanoparticles. For the InAG nanohybrids, In,O; nanoparticles
are embedded in the network composed of ANS/rGO
nanosheets (Figure S2b), which proves that the anchoring of
In,O; on ANS/rGO nanosheets through electrostatic inter-
action is an effective strategy. Owing to the small size of In,O;
nanorods and the good dispersion of ANS/rGO nanosheets,
large heterojunctions are formed at the interface, which is
favorable for gas sensing. As a comparison, SEM images of
In,O; microrods and InMAG are shown in Figure S2c,d. The
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Figure 3. (a) UV—vis DRS and (b) Kubelka—Munk plots of InAG nanohybrids, In,O nanorods, and In(OH);. (c) High-resolution O 1s spectra of
InAG and In,O; nanorods. (d) Secondary electron emission spectra, (e) valence band spectra, and (f) energy band structure schematics of ANS/

rGO and In,O; nanorods.

In, 0, formed by the calcination of In(OH); exhibit a nanorod-
like structure (Figure 2h). Figure S3 shows that the average
length and diameter of In,Oj; are 13.6 and 3.2 nm, respectively,
which are less than the Debye length (25 nm™) of In,Os.
Furthermore, the TEM image of InAG nanohybrids (Figure
2i) also clearly demonstrates that the In,O; nanorods are
anchored on the wrinkled ANS/rGO nanosheets, which is
consistent with the SEM image. In the high-resolution TEM
(HRTEM) image of InAG nanohybrids (Figure 2j), the lattice
fringes with spacings of 0.292 and 0.413 nm correspond to the
(222) and (211) crystal planes of cubic In,O;, respectively.
The selected area electron diffraction (SAED) pattern in
Figure 2k is composed of multiple concentric rings
corresponding to the (211), (222), (400), (440), and (622)
crystal plans of In,O;, separately, revealing the polycrystalline
structure of In,O,.”" Figure S4 presents the HAADF STEM
image and EDS mapping patterns of InAG nanohybrids, which
clearly show the uniform distribution of In, O, C, N, and S
elements. The In and O elements are derived from In,0,
nanorods, and the C, N, and S elements are derived from rGO
and ANS molecules, indicating the successful preparation of
InAG nanohybrids.

As shown in Figure 3a, InAG nanohybrids, In,O; nanorods,
and In(OH); have absorption in the UV region within the
range of 200—400 nm, while the absorption of In,O; and InAG
in the visible range (400—S00 nm) is significantly enhanced.
The appearance of the absorption band means that the 400—
500 nm photon energy is greater than the band gap of the
semiconductor, indicating that electrons in In,O; can transfer
from the top of the valence band to the bottom of the
conduction band.”* The band gaps can be estimated by the
Kubelka—Munk function formula (see the Supporting
Information for details).””** As shown in Figure 3b, the
forbidden band widths of In(OH);, In,05, and InAG are 3.73,
2.67, and 2.38 eV, respectively. According to previous
studies,'”** the reduction of the band gap of In,O; nanorods

18208

after calcination can be attributed to a large amount of oxygen
vacancy (O,,.) defects. New donor energy levels can be formed
by O,, in the band gap of In,O; expanding the light
absorption range and improving the separation efficiency of
photogenerated electrons and holes.

The EPR approach can identify oxygen vacancies by
capturing unpaired electrons in the sample. The g-factor
provides magnetic information on the material and can be
calculated from the resonance conditions (see the Supporting
Information for details).">** As presented in Figure S5, InAG
exhibits a g signal (2.003) at the magnetic field of 3511 G after
calcination owing to the presence of singly ionized oxygen
vacancies.” Figure S6a shows the full XPS spectra of In(OH),,
In,0; nanorods, and InAG. The high-resolution spectrum of
In 3d (Figure S6b) shows two peaks at 452.09 and 444.53 eV
which are attributed to the spin—orbit splitting of In 3d;,, and
In 3ds), in In,Os, respectively.'® After assembling with ANS/
rGO, the peak position of In 3d shifted slightly toward the
lower binding energy owing to the electron transfer and
interaction between In,O; and ANS/rGO.2Y*® The high-
resolution O 1s spectra of In,O; and InAG (Figure 3c) are
fitted to three peaks at 529.86, 531.36, and 533.16 eV,
corresponding to lattice oxygen (O, oxygen vacancies
(Oy), and adsorbed oxygen species (O,4), respectively.”’
The peak position and Oy, O,,, and O,y species relative
contents are listed in Table S1. The O 1s spectrum of In(OH),
is fitted to two peaks at 531.44 and 532.46 eV (Figure S6c),
corresponding to In—OH and surface-adsorbed oxygen/
water,”® respectively. In the C Is spectrum of InAG (Figure
S6d), three peaks with binding energies at 284.81, 286.16, and
288.86 eV are assigned to C=C/C—C (sp?/sp’ hybridized
carbon), C—O (hydroxyl or epoxy carbon), and C=O
(carboxyl) groups, respectively.”*”*” The N 1s peak at 400.57
eV and the S 2p peak at 167.78 eV can be observed in the
spectrum of InAG (Figure S6ef), proving the successful
assembly of ANS/rGO nanosheets and In,O; nanorods.
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Figure 4. (a) Typical responses of rGO, ANS/rGO, In,0; nanorods, In,05/rGO, and InAG after exposure to S00 ppb HCHO. (b) Response/
recovery characteristics of InNAG before and after exposure to SO0 ppb HCHO at RT. (c) Real-time response curves of the InAG sensor toward
different concentrations of HCHO at RT and (d) corresponding linear relationship between concentration and response. (e) Repeatability of InAG
nanohybrids toward S00 ppb HCHO at RT and (f) corresponding response/recovery times for each cycle. (g) Selectivity of the InAG sensor
toward 500 ppb HCHO and 10 ppm of various interfering gases. (h) Sensor response toward 100 ppb HCHO in the relative humidity range 20—
90% RH. (i) Long-term stability of the sensor toward 100 ppb HCHO for up to one month at RT.

UPS was used to confirm the band structure of In,O and
ANS/rGO, as well as the charge transfer between them. The
secondary electron emission spectra (Figure 3d) and valence
band spectra (Figure 3e) can be obtained from the UPS
spectrum of In,O; and ANS/rGO in Figure $7.°** The work
functions (®) of In,0; and ANS/rGO are calculated to be
4.12 and 4.62 eV. At the composite heterojunction interface,
electrons will migrate from In,O; to ANS/rGO. The position
of the top of the valence band (E,) with reference to the Fermi
level position (Ej) is extracted from the onset energy of the
valence band edge (E,,..). The E. values of In,O; and
ANS/rGO are 2.18 and 0.05 eV, respectively (Figure 3e). See
the Supporting Information for detailed calculations of ® and
E,. Based on the calculation results of UPS and UV—vis DRS
tests, the schematic diagram of the energy band of In,0; and
ANS/rGO is shown in Figure 3f.

Gas-Sensing Performance. Figure S8a displays the
current—voltage (I—V) characteristic curves of the nano-
hybrids under dark and different wavelengths of visible light
illumination (1 mW cm™2). The currents of the sensor increase
significantly after being exposed to 405 and 460 nm visible

light illumination, and the photocurrent decreases with the
increase of visible light wavelength. The electrical properties of
the InAG-based sensors were further tested under 405 nm
illumination with different power densities (Figure S8b). The
I-V characteristic curves show that the photoresponse
increases with the increase of power density, which can be
attributed to the transition of more electrons in the valence
band when the power density increases. All I-V currents show
a linear increase with increasing voltage, indicating a good
Ohmic contact between the sensing materials and Ag/Pd IEDs.
Figure S8c shows the effects of darkness and different
wavelengths of visible light illumination (1 mW cm™?) on
HCHO-sensing properties of the InAG-based gas sensor. The
InAG-based sensor exhibits a high response of 2.4 toward 500
ppb HCHO under 405 nm light illumination, which is higher
than that under 460 nm light illumination. Nevertheless, it
shows no response to the same concentration of HCHO under
dark and 530 nm light illumination. The effect of visible light
wavelength on gas sensing is related to the energy of the
photons. When the photon energy is greater than the band gap
of In, O3, electrons in the valence band are excited to transition
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Table 1. Performance Comparison of RT Formaldehyde Sensors

materials sensor type” light wavelength
VG/$n0,* CR no
ZnSnO,/MXene"’ CR no
rGO/N-MXene/TiO," CR no
Ni—In,0;/WS," CR no
PDA-GO* CR no
1T/2H-MoS,"** FET no
Pd/Au* FET no
Pt/Tig,sNbg,N*’ PEMEC no
MOF-ZnO*® CR 365 nm (8.31 mW cm™2)
POM@ZIF-8@Zn0O* CR Xe lamp (100 mW cm™2)
TiO,@Sn0,” CR 365 nm (2.5 mW cm™>)
SMMM/TiO,"" CR 365 nm (225 mW)
Au-TiO,* CR 365 nm (2.5 mW cm™)
In,0;/PW,,” CR Xe lamp (100 mW cm™2)
MoS,/rGO* CR >420 nm (1.2 mW cm™2)
ZnOx@ANS-rGO° CR 405 nm (2 mW cm™2)
In,05/ANS/rGO (this work) CR 405 nm (1 mW cm™2)

Reported to Date

conc.” (ppm) response” tros/ brec DY (ppm)
5 1.046° 46/9S s 0.3-5
100 2.94% 62/5.1s 5—100
20 2.328 —/— 4—40
5 1.34 76/123 s 0.05—20
300 1.24% 74/129 s 50—300
1 ~1.14" 150/330 s 0.1-10
1 1.358 —/— 0.02—0.8
50 10.42¢ 14/19 s 0.1-50
100 14.05* 6/22's 0.1-100
100 5.44 15.1/16.2 s 25—200
10 204 20/56 s 0.1-10
S 13522 95s/— 0.025-5
5 8.5% 36/110 s 0.1-10
100 1.824 -/- 5—100
10 1.64% 17/98 s 1-50
1 1.58* 47/39 s 0.01-1
0.5 244 119/179 s 0.005—0.8

“CR, FET, and PEMFC represent chemiresistive, field-effect transistor, and proton exchange membrane fuel cell type gas sensors, respectively.
bconc concentration. For ease of comparison, the evaluation of response is converted as A, response = R,/R,; B, response = R,/R,; and C,
response = [, — I, (uA). “Dy represents the detection range and is taken from the sensor’s real-time response curves for different concentrations of

formaldehyde

to the conduction band to produce photogenerated electron—
hole pairs. The photogenerated electrons are captured by
adsorbed oxygen to produce reactive oxygen which can react
with formaldehyde. The sensing performance of the sensor
decreases with the increases of wavelength of visible light
because only fewer electrons can be excited by the long
wavelength light (low energy wavelength). In view of the above
results, 405 nm light illumination was adopted in the following
work. The relationship between light power density and
HCHO-sensing response was further explored. As shown in
Figure S8d, the responses of the InAG-based sensor toward
500 ppb HCHO under 405 nm light illumination have little
dependence on the light power density ranging from 0.25 to 3
mW cm™2 The hlghest response value (R,/R, = 2.4) occurs
under 1 mW cm™ light power density. Thus, 1 mW cm ™ is

selected as the optimal light power density.

Figure 4a displays the sensing measurement response curves
of rGO, ANS/rGO nanosheets, pristine In,O; nanorods,
In,0;/rGO, and InAG nanohybrids toward 500 ppb HCHO
under 1 mW cm™ 405 nm illumination at RT. The pristine
In,O; nanorods, In,0;/rGO, and InAG nanohybrids exhibit
similar response curves toward HCHO. In contrast, the
response of InNAG nanohybrids is 1.7 and 1.3 times higher than
those of pristine In,O; nanorods and In,0;/rGO, respectively.
In comparison, the responses of INMAG toward HCHO are
significantly lower than that of InAG nanohybrids (Figure
S8e), which is attributed to the large area heterojunction of
InAG nanohybrids that enhances the sensing capability. In
addition, rGO and ANS/rGO nanosheets show no obvious
response after being exposed to HCHO. Figure 4b shows the
response/recovery resistance curve of the InAG nanohybrid
sensor toward 500 ppb HCHO. The resistance of the sensor
decreases rapidly after being exposed to HCHO and returns to
the initial value after HCHO release, showing n-type
semiconductor sensing characteristics. Response/recovery
time is an important indicator to evaluate the performance
of gas sensors. The response and recovery times of the InAG-
based sensor under 405 nm illumination are 119 and 179 s,

18210

respectively. Figure 4c shows the gas-sensing properties of
nanohybrids exposed to different concentrations of HCHO
under 405 nm illumination. The responses of the nanohybrid
sensor increase monotonically with the increase of HCHO
concentration in the range 5—800 ppb. There is an excellent
positive linear relationship between response value and HCHO
concentration, with a slope of 0.00242 ppb™' and an R* of
0.988 (Figure 4d). Moreover, the sensor shows significant
response/recovery characteristics even at a trace concentration
of S ppb HCHO (Figure 4c). The pLOD is much lower than
the HCHO permissible exposure limit of 80 ppb, which has
positive significance for the preparation and practical
application of trace HCHO sensors. The theoretical LOD of
the nanohybrids for HCHO detection is calculated to be 0.13
ppb based on the root-mean-square noise amplitude (rms, ;)
of the sensor (see the Supporting Information for calculation
details). A comparison of the sensing properties of typical
room temperature HCHO sensors reported in recent years is
summarized in Table 1. It is worth noting that our sensor
exhibits a high response (0.5 ppm, R,/R; = 2.4) and the lowest
pLOD (5 ppb) among the reported HCHO sensors. Excellent
sensing properties show a unique competitive advantage in the
field of RT formaldehyde sensing.

Figure 4e presents the response/recovery curves of the InAG
sensor for 6 cycles toward S00 ppb HCHO under 405 nm
illumination. The response values and response/recovery times
(Figure 4f) remain stable over 6 cycles, indicating the good
repeatability of the sensor. The gas selectivity of InAG
nanohybrids was investigated by exposure to 500 ppb
HCHO or high concentrations of interfering gases, such as
methanol, benzyl alcohol (C,HgO), isopropanol (C3HgO),
ethanol, ammonia (NHj;), acetone, benzene (C4Hg), toluene
(C;Hg), and ether (Figure 4g). The sensor exhibits out-
standing selectivity for HCHO compared to interfering gases,
which may be due to the strong adsorption capacity of In,O;
for formaldehyde.” Furthermore, large-area InAG hetero-
junctions provide an abundance of adsorption sites for
HCHO.>* The O,,. defects activate the adsorbed oxygen on

vac
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the surface of materials under light illumination, facilitating the
adsorption and surface reaction of HCHO.”> The response
values of the InAG nanohybrid sensor toward 100 ppb HCHO
were measured under different relative humidity (RH)
conditions. As shown in Figure 4h, the response decreases
gradually as humidity increases from 20% to 90%. Never-
theless, the response of the InAG sensor toward 100 ppb
HCHO reaches 1.26 at 90% RH, indicating that the sensor can
maintain operation under high humidity conditions. The
decrease in response is because the adsorbed water molecules
on the surface of sensing materials occupy some active sites,
which hinders the adsorptlon of the supposed oxygen and
HCHO molecules.*® The stability of the InAG nanohybrids
sensor toward 100 ppb HCHO over 30 days was further tested.
As shown in Figure 4i, the sensor exhibits good long-term
stability with a drop in response value of only about 7% within
a month.

To verify the practicability and reliability of the fabricated
RT sensor in actual environmental pollutant monitoring, a 3
m® simulated indoor environmental pollutant test chamber
equipped with a temperature and humidity control system and
air samplers was used for field detection (Figure Sa). 1.5-8.0

I W Response values
I

F 4 | [ Calibration values
f

"’ 'ﬂ!!

1sttest 2ndtest 3rd test 4th test  5th test

Figure 5. (a) 3 m® test chamber equipped with a temperature and
humidity control system and air sampler for the simulation of indoor
environmental pollutants. (b) Correlation between sensor response
values and spectrophotometric calibration values; the inset shows a
colorimetric tube with analytical reagents for formaldehyde
concentration.

uL formalin solutions were heated and volatilized to
formaldehyde gas of different concentrations. The form-
aldehyde concentrations (calibration values) in the test
chamber were accurately calibrated by phenol reagent
spectrophotometry”” (see the Supporting Information for
details). The responses of the sensor were brought into the
fitting equation (Figure 4d) to obtain the corresponding
formaldehyde concentrations (response values). As can be seen
from Figure Sb, the response values of the sensor are in
excellent agreement with the accurate calibration values, with
high accuracy and reliability, and show great practical
prospects in pollutant detection.

Formaldehyde-Sensing Mechanism. Here, we propose
a mechanism for the enhanced HCHO sensing of InAG
nanohybrids under visible light illumination (Figure 6). The
improved sensing properties of InAG nanohybrids can be
attributed to more interfacial depletion layers coming from
large-area heterojunctions and more efficient charge transfer
resulting from visible-light radiation. As one of the mainstream
gas-sensing mechanism models, the gas adsorptlon/ desorption
model is suitable for metal-oxide-based gas sensors.”® To better
understand the HCHO-sensing mechanism of InAG nano-

hybrids, the sensing mechanism of pristine In,O; is first
discussed. The abundant O,, . defects in In,O; endow it with
visible-light absorption properties. Under 405 nm light
illumination, electrons in the valence band gain energy and
transition to the conduction band to form photogenerated
electron—hole pairs. In fresh air, oxygen molecules (O,) in the
surrounding environment will be adsorbed on the surface of
In,0; and capture photogenerated electrons in the conduction
band to form active oxygen ions. Among these active 0x27§en
ions (0,7, 07, and 0*7), O, is the dominant species.
addition, an electron depletion layer (EDL) is formed on the
surface of In,O;, which is helpful for the increase of initial
resistance. When exposed to HCHO, O,” on the surface of
In,O; oxidizes HCHO molecules to form carbon dioxide
(CO,) and water (H,0).>> At the same time, the photo-
generated electrons captured by O, are released to the
conduction band, resulting in the narrowing of the EDL (n-
type sensing behavior). The reaction process is shown in eqs
1-4.

h — e () + K (ho) (1)
0,(g) = Oy(ads) (2)
0,(ads) + e (hv) — O, (ads) 3)
0, (ads) + HCHO(g) —» CO, + H,0 + ¢~ (4)

On one hand, the superior sensing properties of the InAG
sensor compared to pristine In,O; are attributed to ultrasmall
In,0; nanorods and more efficient charge transfer among
HCHO molecules, In,0; nanorods, and rGO nanosheets. The
diameter and length of In,O; nanorods are less than twice the
Debye length of In,O; (25 nm).”” Therefore, the EDL
occupies almost the entire grain, and the potential barrier at
the interface formed between In,O; is relatively high. As
shown in Figure 6b, when HCHO is introduced to react with
0O, (ads), the wider EDL is more sensitive to the released
electrons, and the potential barrier decreases sharply. The
larger change in the potential barrier at the grain boundaries
increases the response during the aerodynamic reaction. In
addition, organic molecules as surface dopants can effectively
modulate the electronic properties of graphene.® Accordmg to
the density functional theory (DFT) calculations,"* ANS with
a donor-z-acceptor (D—z—A) structure acts as a bridge for
charge transfer, accelerating the electron transfer among
HCHO molecules, In,O5 nanorods, and rGO, which promotes
the HCHO-sensing properties of InAG.

On the other hand, large-area heterojunctions drive the
generation of more interfacial depletion layers, enhancing the
HCHO-sensing properties. According to UPS results (Figure
3f), the work function of ANS/rGO (4.52 eV) is larger than
that of In,O; (4.12 V). In InAG nanohybrids, some electrons
migrate from In,O; to ANS/rGO, balancing the Fermi level
(Figure 6¢c). According to our previous work, orgamc—
molecule-modified rGO possesses p-type sensing behavior."”
Furthermore, the modification of ANS prevents the stacking of
rGO sheets and increases the contact area between ANS/rGO
nanosheets and In,O; nanorods. Compared to the large In,O;
microrods, ultrasmall In,O; nanorods have a larger interface
contact area with the well-dispersed ANS/rGO nanosheets.
Thus, large-area p—n heterojunctions and depletion layers are
formed at the interface of ANS/rGO and In,0;, and the built-
in electric field in the heterojunction leads to band bending at
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Figure 6. Enhanced sensing mechanism of InAG nanohybrids. (a) Reaction of HCHO molecules on the surface of INAG nanohybrids under 405
nm light illumination. (b) Changes in EDL thickness and potential barrier of In,O; homojunction in air and HCHO. (c) Energy band diagram of

InAG heterojunction in air and HCHO atmosphere.

the interface, which effectively improves the separation
efficiency of photogenerated carriers. Similar to what is
described earlier, the presence of the depletion layer increases
the resistance of sensing materials; electrons released
significantly increase the conductivity of the InAG sensor
when HCHO molecules are present.

B CONCLUSION

We presented a VLD heterojunction of InAG which was
composed of ultrasmall In,O; nanorods and supramolecularly
functionalized rGO nanosheets. The InAG-based sensor
exhibited outstanding properties toward low concentrations
of HCHO under 405 nm illumination, including high response,
relatively short response/recovery times, and reliable repeat-
ability, with the advantage of low power consumption. What is
commendable is that the sensor realized the ultralow pLOD of
S ppb toward HCHO at RT. Sensing mechanism studies
demonstrated that the generation of more interfacial depletion
layers and the implementation of more efficient charge transfer
were jointly responsible for the ultrasensitive room temper-
ature HCHO-sensing properties of InAG. The remarkable
practicability and reliability of the InAG sensor in monitoring
indoor HCHO pollutants were verified by using a 3 m® test
chamber. This work provides an effective strategy for the
development of ultrasensitive RT ppb-level gas sensors.

B EXPERIMENTAL SECTION

Preparation of ANS/rGO Nanosheet Dispersions. Graphene
oxide (GO) was prepared from high-purity graphite powder by an
improved Hummers’ method (for details, see the Supporting
Information). An ANS supramolecular functionalized graphene
nanosheet dispersion was synthesized as follows. A total of 90 mg
of ANS, 4 mL of GO dispersion (1 mg/mL), and S mL of NaOH
solution (4 mg/mL) were added to 10 mL of deionized water and
stirred for 10 min under 80 °C. Then, 10 mL of the hydrazine hydrate
solution (1.2 uL/mL) was added dropwise to the above-mixed liquid
and stirred for another 1 h. The product was naturally cooled to RT
and washed with deionized water by vacuum filtration using a 0.22
pm filter membrane. Subsequently, a homogeneous ANS/rGO
nanosheet dispersion was obtained by redispersing the resultant in
deionized water. For comparison, rGO was prepared in the same way
without adding ANS molecules.

Preparation of In,0; Nanorods. 0.3 g of In(NO;);-xH,0 and
0.14 g of hexamethylenetetramine were added into a flask filled with S
mL of deionized water and stirred at 100 °C for 2 h. After the solution
naturally cooled down below 30 °C, the white solid precipitated
product was collected by centrifugation, washed thoroughly with
deionized water and ethanol several times, and then dried at 60 °C in
air. The obtained samples, the precursor of In,O; nanorods, were
calcined in a tube furnace at 200, 300, and 400 °C, separately, for 2 h
under an argon atmosphere. The gas-sensing results showed that the
In,O; calcined at 300 °C had a higher response to formaldehyde
(Figure S9a). Hence, all In,O5 used in this work were calcined at 300
°C. For comparison, In,O; microrods were prepared using urea
instead of hexamethylenetetramine in the synthesis step to verify the
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effect of the interface area of the heterojunction formed between
In,O; with different sizes and graphene on gas-sensing properties.

Preparation of In,03/ANS/rGO Nanohybrids. 100 mg of In,0;
and a certain amount of ANS/rGO dispersion were introduced into §
mL of deionized water with stirring. The mass ratio of ANS/rGO
nanosheets and In,O; were 0.1%, 0.5%, 2.5%, and 12.5%. Then, the
mixture was ultrasonicated for 30 min to allow In,O; to evenly adsorb
on ANS/rGO nanosheets to obtain assembled In,0;/ANS/rGO
nanohybrids. The products were collected via centrifugation (10000
rpm) and then dried at 80 °C in air. For comparison, In,O,
nanorods/ANS/rGO and In,O; microrods/ANS/rGO were prepared
in the same manner. The gas-sensing results (Figure S9b) show that
nanohybrids with a mass ratio of 0.5% exhibit a better response to
formaldehyde. Here, 0.5% is chosen as the optimal ratio for
characterization and sensing tests. For convenience, In,O; nano-
rods/ANS/rGO and In,O; microrods/ANS/rGO are abbreviated as
InAG and InMAG, respectively.

Sensor Fabrication and Performance Measurements. The
sensor devices were fabricated using the drip-coating method. Briefly,
2 L of each sensing material dispersion (100 mg/mL) was uniformly
drop-coated on a ceramic substrate with 5 pairs of Ag/Pd
interdigitated electrodes (IDEs) and dried at 60 °C in air. The gas-
sensing properties of the InAG nanohybrid-based sensor under light
illumination were tested by a Keithley 2450 source meter (Tektronix)
under an excitation voltage of 0.01 V direct current. The light sources
used light-emitting diodes (LED) whose power density can be
controlled by an applied voltage and calibrated by a silicon
photodiode sensor S120VC (Thorlabs). Dry formaldehyde gas
(Dalian Special Gases Co., Ltd.) with a concentration of SO ppm
was selected as the target gas. The gas-sensing measurements were
carried out in a homemade sensor test system in ambient air with
relative humidity (RH) of 40 = 5% at RT (25 + 3 °C). In addition,
the applied bias voltage of the sensors during the tests was 0.01 V,
showing a low power consumption. In the process of the gas-sensing
test, the photocurrent value of nanohybrids reached a stable platform
under 405 nm illumination (power density: 1 mW cm™?) first, and
then, different volumes of S0 ppm formaldehyde gas were injected
into the test chamber (17 L) to reach the desired formaldehyde
concentration. For volatile organic compounds (VOCs, including
ethanol, acetone, benzene, etc.), the liquids were injected on a heating
plate inside the test chamber through a microsyringe and volatilized
for detection. The gas response (S) to reducing gases of the sensor
devices is defined as S = R,/R,, where R, and R, represent the stable
resistance of the sensors in the air and target gas atmosphere,
respectively. The response time (t,,) and recovery time (f..) are
defined as the times required for 90% of a full response and for a full
recovery, respectively.

Materials Characterization. The crystalline structures of the as-
obtained samples were characterized by an X-ray diffractometer
(XRD, Bruker D8 Advance) with Cu Ka. Fourier transform infrared
spectra were obtained by an infrared spectrometer (FTIR, Vertex 70).
The Raman spectra were tested by a Raman spectrometer (Raman,
Renishaw inVia) with a $32 nm laser source. The ultraviolet—visible
diffuse reflectance spectra (DRS) of the samples were measured by a
UV—vis spectrophotometer (UV—vis, Shimadzu UV-2600). The
morphology and microstructure of the as-prepared samples were
observed using field-emission scanning electron microscopy (FE-
SEM, ZEISS Gemini 500) and transmission electron microscopy
(TEM, JEM-2100HR). Energy dispersive X-ray spectroscopy (EDS)
mapping was analyzed by high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM, FEI Talos
F200X). Atomic force microscopy (AFM, Multimode8) was used to
measure the thickness and profile of rGO and ANS/rGO nanosheets
in ScanAsyst mode. X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) were characterized
using a photoelectron spectrometer (Shimadzu AXIS Supra). XPS was
used to analyze the surface elemental composition of the samples with
a monochromatic Al/Ag dual anode X-ray source, and C 1s at 284.8
eV was used as a reference. UPS was used to measure the work
function of the samples with a He I (21.2 eV) UV light source. {
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potentials of the samples were acquired in ultrapure water via dynamic
light scattering (Brookhaven NanoBrook Omni). The oxygen vacancy
signals were investigated by electron paramagnetic resonance
spectrometry (EPR, Bruker EMXPlus-10/12).
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