Open Access Article. Published on 25 May 2023. Downloaded on 1/15/2026 8:09:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 15826

Received 29th January 2023
Accepted 18th May 2023

DOI: 10.1039/d3ra00608e

ROYAL SOCIETY
OF CHEMISTRY

(3

An ultrasensitive isoprene gas sensor based on the
In,Oz/Mo0S, nanocomposite prepared by
hydrothermal synthesis
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Isoprene is one of the specific biomarkers of liver disease in human exhaled gas, which should be detected
with a high response at an order of ppb in actual application. In this paper, the heterojunction between n-
type In,Oz and MoS, was proposed to improve the isoprene sensing properties. Both In,Oz and MoS, were
prepared by a hydrothermal method, and nanostructured In,O3z flowers and solid micro irregular MoS,
particles were mixed into the In,O3z/MoS, composite with a mol ratio of 6:4. The composite was
characterized by EDS and XRD to confirm the element types and crystal types. The isoprene sensor was
prepared by dipping the composite suspension on a ceramic substrate integrated with a sensing
electrode and heating unit. The testing results of the sensor showed the highest response value of 1.8 to
100 ppb isoprene at 200 °C. Besides, the low detecting limit (less than 5 ppb isoprene) and excellent
selectivity are also revealed, showing that the composite can be a good candidate sensing material for
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Introduction

There are thousands of different components in human exhaled
gases. The type and concentration of these gases depend on the
body's internal metabolites and can reflect the health status of
the body. For example, asthma can be diagnosed by detecting
the exhaled low concentration NO gas.' Further study showed
that the exhaled gases can be sensitive biomarkers of serious
diseases. Kumar et al. compared the exhaled gases of patients
with gastric/esophageal cancer and healthy volunteers, and
found that the concentrations of exhaled VOCs (volatile organic
compounds) like valeric acid, caproic acid, phenol, methyl
phenol, ethyl phenol, butenal, valeric aldehyde, hexanal, hep-
tanal, octanal, nonanal and isoprene in the cancer patients were
significantly higher than those of the healthy body.” So far,
many efforts have been paid to screening diagnosis of serious
diseases at their early stage by detecting the concentrations of
relative VOCs in the exhaled gases.

For the liver diseases, many researchers investigated the
possibility of diagnosing them by the exhaled gases analysis.
Vincentis et al. verified that some VOCs are specific respiratory
markers for liver metabolic diseases.® Pijls et al. concluded that
various types of VOCs of the human exhaled gases vary obvi-
ously in concentration during cirrhosis, which include alkenes,
alkanes, alcohols and ketones.* Among the VOCs, isoprene is
a typical one, which is sensitive and specific to abnormal
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isoprene for application in breath analysis.

conditions of liver metabolism to a certain extent.” Research
indicated that the concentration of isoprene in the human
exhaled gas ranges from several ppb to hundreds of ppb. In
order to detect the trace isoprene quickly, the gas sensors based
on the metal oxide nanomaterial are often used for this
purpose. Therefore, the nanostructured metal oxide gas sensors
with high response, and very low detecting limitation to
isoprene are needed badly in the breath analysis for liver
diseases.

The metal oxide based gas sensors appeared in 1960s, and
now they have been widely used in many applications.*® The
metal oxides have been thoroughly investigated such as SnO,,
TiO,, In,03, ZnO, and so on.”** In,0; as a typical n-type metal
oxide with a wide band gap, and small resistivity, has high
catalytic activity to VOCs. In addition, the nanostructured In,0;
exhibits good response characteristics to some gases even at low
concentration. For example, the In,O; nanosheets can be used
to detect the ppb-level ethanol with high response, good selec-
tivity and long time stability, which attributed to the large
specific surface area and a large number of oxygen vacancies.*
The work of Yanbai Shen showed that In,O; nano-film has high
response, fast response to the ppb-level NO,.™ In addition, to
further improve response, heterojunction composite can be
used by mixing the In,O; with other metal oxides. For example,
the In,O; and ZnO composite has a high response to H,S at
room temperature consumption.’ In recent years, more works
studied different In,O; nanomaterials,***” and some of them
tried to decrease low limit of detection of isoprene using In,O3.
Testing results showed that nanostructured In,O; is more
suitable for the detection of ppb-level isoprene as being

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compared with other metal oxide materials, and it has the
advantages of higher conductivity and lower detecting limita-
tion. The research showed high responses of the pure nano-
flower In,O; (ref. 18) or nanoflower In,O; doped by Pt to
isoprene.” Q. Zheng et al. found that the nanoparticle In,03
sensor has a high response to isoprene and a very short
response time, and can detect ppb-level isoprene. The signifi-
cantly improved sensing performance of the In,O; sensor for
isoprene detection may be attributed mainly to a large number
of oxygen vacancies generated during synthesis.”® H. Jung et al.
verified that Pd-coated In,O; has excellent isoprene sensing
performance due to the higher density of oxygen vacancies.** In
order to have better isoprene detection characteristics, In,0;
can be combined with other metal oxides to form hetero-
junctions, such as the flower-like Cr,0;3-doped In,O; nanorods
showing ultra-low detecting limitation to isoprene.** Moreover,
the sensors based on Au@Cr,05;-In,0; nanorods can detect
isoprene at high humidity.”®

When one attempts to develop a p-n heterojunction, MoS, is
often used as a p-type semiconductor, which is widely used in
gas sensors.* Nano-structured MoS, has high specific surface
area and electron mobility, which is conducive to detect ultra-
low concentration VOCs.*® MoS, can be modified or doped
with other metal oxide to form composite materials to further
improve its performance as a gas sensing material.>® Dongzhi
Zhang et al. prepared p-n heterojunction nanocomposite of
MoS, and In,0; for formaldehyde detection. The In,Oj3 is nano-
cube-shaped nanostructure, and the In,O; nanocube contacts
well with the flower-like MoS, microsphere. The testing results
showed that the gas-sensitive properties of the In,0;/MoS,
nanocomposite are better than those of the single In,O; or
MoS,, and it has the characteristics of fast response, short
recovery time and good repeatability. The improved response
characteristics by a p-n heterojunction composite are mainly
attributed to the stable depletion layers of the two materials
caused by the energy band bending, the unique nanostructure,
the high proportion of gas diffusion reachable sites and the
special interaction between formaldehyde gas and the nano-
composite.”” Furthermore, the presence of p—n heterostructure
is also beneficial to improve the long-term stability of the
material gas sensitive response.”® In the breath diagnosis,
extreme high response is expected to isoprene for the gas
sensor, and the nanocomposite consisting of nanoflower In,0;
and nanoparticles MoS, is supposed to be a good candidate for
the isoprene sensing. Theoretically, the two nanostructured
materials have different work functions and band gaps, and the
heterojunction formed in the composite may lead to energy
band bending of the two materials, resulting in the more oxygen
vacancies on the surface of the MoS,. Therefore, the composite
will obtain the enhanced responses, fast responses and low
detecting limitation to isoprene. The combination of nano-
flower In,0; and nanoparticles MoS, has seldomly been re-
ported before. In this paper, both nanoflower In,O; and
nanoparticle MoS, were prepared by hydrothermal method, and
their composite as gas sensitive material to isoprene was
studied. The response characteristics of the sensor were
analyzed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Synthesis of the In,03;/MoS, composite

The In,03;/MoS, composite was prepared by hydrothermal
method. First, we put 5 mmol ammonium molybdate, 30 mmol
thiourea, and 5 mmol ammonium fluoride into 50 ml distilled
water, and stir it vigorously in a magnetic mixer for 30 minutes,
and then add 2 mmol citric acid. Then put the mixed solution
into the 100 ml PTFE lined reactor, and then put the reactor into
the constant temperature drying oven, and the temperature is
set at 200 °C, heated for 24 h. Next, the obtained MoS,
suspension was washed by anhydrous ethanol and deionized
water for several times, followed by ultrasonic cleaning for 10
minutes, and then was centrifuged in a centrifuge at 4000 rpm
for 30 minutes, and repeat the above cleaning step 3 times. The
remaining suspension was dried in a thermostatic drying oven
at 80 °C for 18 h to produce a black MoS, powder. Next,
0.6 mmol indium chloride and 3 mmol sodium hydroxide were
added to 50 ml distilled water, respectively, and stirred in
a magnetic mixer for 30 minutes. We put the mixed solution
into 100 ml PTFE lined stainless steel reactor, and then put the
reactor into a constant temperature drying oven. The tempera-
ture was set at 160 °C, heated for 18 h to get In,O; suspension.
Then the obtained 0.4 mmol MoS, in the first step was mixed
with 0.3 mmol In,0; and stirred by magnetic force for 6 h, and
then put into a drying oven with a constant temperature of 190 ©
C for 24 h. The precipitation was washed by anhydrous ethanol
and deionized water for several times, followed by ultrasonic
cleaning for 10 minutes, and then was centrifuged in a centri-
fuge at 4000 rpm for 30 minutes, and repeat the above cleaning
step 3 times. The remaining suspension was then dried in
a thermostatic drying oven at 80 °C for 18 h to produce the black
In,0;/MoS, powder. The preparation process is shown in Fig. 1.

Fabrication and measurement of the gas sensors

The prepared powder of the sensitive material was put into the
test tube. A small amount of anhydrous ethanol was added, and
the suspension of the sensitive material was prepared by
ultrasonic for 10 minutes. And then, we selected a 3 x 3 X
0.25 mm planar ceramic sheet, with two sensitive electrodes on
the front side, and heating wire and two heating electrodes on
the back side. The suspension were coated in the middle

200°C b
Hy;MoNgOs ) ‘

CH,N,S 30h
o Mos,

NH,F
C4H:0,

Magnetic
stirring 190°C

1n,0, In,04/MoS,
InCl, ) ) ) powder
18h 6h Mos, 30h
NaOH 1n,05:3H,0

Fig. 1 Preparation of composite material process diagram.
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Fig. 2 Flat ceramic sheet and TO package.

position of the ceramic sensitive electrode with a dropper, so
that the originally disconnected sensitive electrode formed
a closed loop through the sensitive material. The resistance
change between the two sensitive electrodes was measured with
a multimeter, and the voltage was applied to the two heating
electrodes. The heating plate provided different temperatures to
the sensor. Finally, the four pins of the ceramic sheet were
welded to the sensor TO packaging base with soldering tin as
shown in Fig. 2.

The gas distribution system used for testing is shown in
Fig. 3. The mass flow meter was controlled by computer, and
different percentages of isoprene and dry air were added
respectively to configure different concentrations of isoprene.
Marked resistance to stability of the sensor in the air as R,, and
then recorded the change of sensor resistance after inletting
isoprene. Marked resistance to stability of the sensor in
isoprene as R, and the response of the sensor was defined as
eqn (1). The response time and recovery time were defined as
the time required for the sensor to reach 90% of the total
resistance changes in the case of adsorption or desorption,
respectively. In the process of testing, the change of the resis-
tance was tested and recorded by using the multimeter (Agilent
34970 A) with a computer real-time.

Response = R./R, (1)

When we tested isoprene, gas 1 was 100 ppb of isoprene with
dry air as the background gas, and gas 2 was dry air. Different
concentrations of isoprene can be prepared by controlling the
percentage of the two gas channels with the mass flow meter.

Mass flowmeter

i I
Reducing valve Heating electrode

—

Sensitive electrode
Gas1 DC stabilized power supply
Digital multimeter —

. g
|

Computer
Sensor

o

il

Gas2 Mass flowmeter

Fig. 3 The system for testing of the gas sensor.
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For example, 5 ppb isoprene can be prepared by 5% gas 1
(100 ppb isoprene) and 95% gas 2 (dry air). When we test other
gases, gas 1 is a 5 ppm standard gas with dry air as the back-
ground gas, and gas 2 is dry air. For example, when we test
formaldehyde selectivity, 2% gas 1 (5 ppm formaldehyde) and
98% gas 2 (dry air) can prepare 100 ppb formaldehyde. All tests
are carried out in dry air.

Results
Characterization

As seen from Fig. 4, In,0; is in the shape of flower nanospheres
with a diameter of about 2 pm, and MoS, is in the shape of
particle micro/nano structure with a size of about 2 um. The
final composite is about 100-200 nm nanoparticles with larger
specific surface area, which is predetermined by the composite
material. EDS shows the distribution of Mo and In elements,
and it can be seen that the two materials are uniformly
distributed on a whole, which can maintain the consistency of
material preparation and the repeatability of gas sensitive
response characteristics of the material.

XRD (X-ray diffraction) patterns of In,03, Mo0S,, and In,05/
MoS, composite were shown in Fig. 5 (using an instrument
model D8 ADVANCE A25, Germany, rated voltage 60 kV, rated
current 60 mA) using Cu Ko radiation (wavelength A = 1.54056
A), and the test range was 10°-80°. The diffraction angle is good.
and compare with In,O; standard card (JCPDS 71-2195), the
angle of the main characteristic peaks are observed at 26 of
21.253°, 30.631°, 35.518°, 45.683°, 51.039° and 60.691°, which
correspond to the (211), (222), (400), (431), (440) and (622)
planes respectively when it was compared with In,0; standard
card (JCPDS 71-2195). The material belongs to cubic crystal type
iron manganese ore type, with grain size in 26-37 nm. The MoS,
pattern was compared with the standard card (JCPDS 74-0932),
showing that the angles of the main characteristic peaks are
observed at 26 of 13.659°, 32.903°, 37.879° and 57.111°, which
correspond to (003), (101), (104), and (110) planes. The crystal

Elenent | Weight % | Atomic %
d n :
0K | 10.93 | 5041

ALK 5.04 5.91

Mo L 3.89 1.93

s K 0.2 0.2

WL | 7095 | 2047

Intensity(a.u.)

Energy(keV)

Fig. 4 SEM images of (a) In,Osz, (b) MoS, and (c) In,O3/MoS,
composite. (d) EDS of In,Oz/MoS, composite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD patterns of In,Os, MoS,, and In,O3/MoS, composite.

type was tri-crystalline molybdenite type, and the grain size was

in 12-21 nm.

900000

View Article Online

RSC Advances

Gas sensing characteristics

The optimal operating temperature of the sensor is an impor-
tant gas sensing property, and then Fig. 6(a) describes the
response curves of In,03/MoS, sensor towards 100 ppb isoprene
at operating temperature ranges from 150 to 250 °C. The
response of the sensor increased at beginning and reached
maximum response at the optimum operating temperature,
and then it declined. So the optimal operating temperature of
In,03/MoS, sensor is 200 °C as shown in Fig. 6(b). The response
of the sensor with different isoprene concentrations from 5 ppb

(a) 204 200C
1.8
175C
Q
1.6+
2 250°C
o
Q
3
& 14
124
1.0+
T T T T
0 200 400 600 800
Time(S)
(b) (c)
o * o
P %
G // \o 700000
3 * ‘\\ e
g 74 % 5 oo
At / N Lssomo
2 / ‘\ 500000
o] * \* 450000
i S0P
w e e = 2@ w W T a0 0 fa0 200 200 a0 %0

Temperaturel~ } Time(s)

Fig. 6 (a) Response curves at different temperatures, (b) the optimum

operating temperature of the sensor and (c) the response to different
concentrations of isoprene.
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Fig. 8 Response, response time and recovery time of the sensor to
different concentrations of isoprene.

to 100 ppb at the optimal operating temperature as shown in
Fig. 6(c). The results show that the sensor has an obvious
response to low concentration of isoprene, with a response
value of 1.18 to 5 ppb isoprene while the pure In,0O; sensor get
1.10. The real-time response resistance of the sensor as shown
in Fig. 7, and the results show that a short response time is 38 s
of the sensor with a response value of 1.8 to 100 ppb isoprene.
The response and recovery time and response of the sensor to
different concentrations of isoprene is shown in Fig. 8. With the

20

184

1.758

Response
>
1L

ES
1

Isoprene Pentane Benzene Formaldehyde Ethanal

Fig. 9 Selectivity of the sensor.
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Fig. 10 The long-term stability of the sensor to different concentra-
tions of isoprene at 200 °C.

increase of isoprene concentration, the recovery time and the
response of the sensor increase, and the response time
decreases, and the fastest response time is 38 s at 100 ppb
isoprene. The response of the sensor to five gases at the same
concentration (100 ppb) and same work temperature (200 °C)
are shown in Fig. 9. The sensor is more sensitive to isoprene
than other gases, so it has better selectivity. The long-term
stability of the sensor to different concentrations of isoprene
at 200 °C is shown in Fig. 10, and the response of the sensor
decreased significantly after 20 days. As shown in Table 1, the
response time of In,O; NPs* is shortest, but the working
temperature of this material is very high. Besides this material,
the In,03/MoS, sensor in this work has the fastest response
speed. Pd-coated In,0; (ref. 21) has minimum detection limit,
but no specific response value, so in terms of test results, the
In,03/MoS, sensor in this work has the lowest detection limit.

Discussion

The isoprene gas sensor based on the In,0;/MoS, nano-
composite prepared by hydrothermal synthesis demonstrated
excellent sensing properties, such as low detecting limitation
(less than 5 ppb isoprene), and faster response (38 s of 100 ppb
isoprene). Once materials are brought into the air, nano-
materials will adsorb oxygen in the air, and then react with
isoprene. After electron gain and loss, a large number of free
electrons will be generated, resulting in an increase in the
electrical conductivity of the material and a decrease in the

View Article Online
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.... Air
H,0+CO, Isoprene

. Oxygen

@ Electron

Fig. 11 Gas sensing process.

electrical resistance. The existence mode of oxygen is mostly as
O~ with the temperature between 150 °C to 400 °C.** The
specific reaction process is as eqn (2)-(5) and Fig. 11.

Osgas) = Ox(adsorbed) (2)

Os(adsorbed) T € = Oxadsorbed) 3)
Oz(adsorbed) T €~ = 20(adsorbed) (4)
CsHg(gas) + 1407 — 4H,O(ga5) + SCOxp(gas) + 14€™ (5)

The composite material of In,0; and MoS, has larger specific
surface area, which enables the sensor to absorb more gas
molecules when contacting isoprene, acquiring electrons more
quickly and reducing resistance;*" on the other hand, the work
function and band gap of MoS, and In,O3 are W; = 5.2 €V, Egy =
1.9 eV (ref. 31) and W, = 4.3 eV, E,, = 3.6 €V, respectively.*

The band gaps of the two metal oxides are different, that
leads to the band bending at the junction of the two materials,*
and increases the electron migration rate.** Moreover,
compared to a single metal oxide semiconductor material, two
kinds of composite materials can form heterojunction, and
when the sensor exposed to isoprene, the sensor can produce
electronic depletion region faster, forming more oxygen
vacancies or free electrons, as shown in Fig. 12. The electron can
increase, electrons and holes recombination rate larger so as to
overall improve the response of the sensor and the lower
detection limit.

Table 1 Comparison of gas-sensing characteristics of isoprene sensors based on nanostructured In,Osz

Sensing materials Isoprene (ppb) Response Operation temperature (°C) Response time (s) Reference
Flower In,0; 500 3.1 190 53 18
Pt-decorated In,0; 1000 69.6 200 124 19
Cr,0;-doped In,03 500 2.6 240 135 22
Au@Cr,0;-In,0; 1000 6.4 180 52 23
In,0; NPs 1000 231 350 3 20
Pd-coated In,0O5 0.4 — 196 100 21
In,03/MoS, 100 1.8 200 38 This work

15830 | RSC Adv, 2023, 13, 15826-15832
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Fig. 12 Energy band structure diagram of (a) p-type MoS,, n-type
In,03 and (b) n-type 1n,O3/MoS, heterojunction.

Conclusions

The isoprene sensor based In,05;/MoS, composite was prepared
by the dipping the composite suspension on a flat ceramic
sheet, and the sensor was characterized and tested. Test results
showed the sensor has low detection limit of less than 5 ppb
and the fastest response time is 38 s at 100 ppb isoprene and
higher responses to isoprene over other gases. In,O;/MoS,
composite has a very low detection limit for isoprene gas, and
has good response and selectivity. We can continue to study the
application of this composite material for the feasibility of
breath detection.
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