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Metal oxide-based sensors have been widely used to detection biomarkers in exhaled breath for identification of
various diseases such as asthma, diabetes, halitosis, and lung cancer. Herein, we proposed one step hydrothermal
method for the preparation of SnO, nanospheres and reduced graphene oxide incorporated SnO, nanospheres for
the detection of two important biomarkers such as decane and heptane from the exhaled breath of lung cancer
patients. The as prepared materials are investigated in detail through various analytical techniques and the findings
are consistent with each other. The sensing response of the proposed sensors were systematically investigated to
enhance their sensing performance as a function of operating temperatures and gas concentration, and different
analyte gases. The sensors showed maximum sensing response toward heptane and decane compared to other
interfering gases such as hydrogen, carbon monoxide, acetone, ethanol, and methanol at 125 °C. The proposed sen-
sors exhibit excellent detection range as low as 1 ppm with appreciably fast response and recovery time. Lung cancer
patients may be easily screened using the proposed sensor, by detecting decane and heptane in their exhaled breath.
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Introduction

According to the World Health Organization (WHO),
lung cancer is one of the leading cause of deaths in both
men and women. Therefore, the detection and diag-
nosis of lung cancer at early stage is important to save
millions of people life. Over the years techniques have
been proposed such X-ray, computed tomography (CT)
scan, and magnetic resonance imaging (MRI). Despite
their high accuracy, these approaches are not imme-
diately adaptable to routine lung cancer screening and
early detection due to their high cost. Additionally, these
approaches need skilled personnel to operate and inves-
tigate. Recently, several non-radiative techniques have
been proposed among them, detection of biomarkers in
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exhaled breath considered as an effective technique for
early diagnosis of lung cancer.

Recently several techniques have been proposed for
the detection of biomarkers in exhaled breath such as
chromatography-mass spectroscopy [1], infrared spec-
troscopy [2], opto-chemical fibers [3], ion flow tube
mass spectrometry [4], surface acoustic wave sensors [5].
Nonetheless, these breath analysis systems are not read-
ily portable, are often costly, and have a somewhat long
reaction time. To overcome the drawbacks of these tech-
niques, metal oxide-based semiconductors have been
used for the detection of biomarkers in exhaled breath
owing to its excellent sensing response, fast response,
and recovery time. To date, several metal oxide-based gas
sensors such as SnO, [6, 7]. In,O4 [8, 9], ZnO [10, 11],
Fe;O, [12], WO, [13] have been proposed for the detec-
tion of various biomarkers including acetone, formalde-
hyde, acetaldehyde, heptane, benzene, isoprene, styrene,
methanol, ethanol, toluene, xylene, n-pentane, hep-
tane, propanol, isopropanol, cyclohexane, cyclopentane,
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n-decane, and ammonia are associated with the lungs
[14]. However, the concentration of these biomarkers in
the exhaled breath are too low sometime in ppb level.
Thus, the detection of these biomarkers in the exhaled
breath remains challenge for the researchers. Therefore,
an effective, and efficient biosensing platform to detect
the lung cancer biomarkers is highly desired to save mil-
lions of human’s lives.

Herein, we propose one step hydrothermal method to
preparation of SnO, nanospheres and reduced graphene
oxide incorporated SnO, nanocomposite for the detec-
tion of heptane and decane in the exhaled breath. The
proposed sensor showed maximum sensing response
toward decane, and heptane compared to other interfer-
ing gases at 125 °C. The reduced graphene oxide incorpo-
rated SnO, nanocomposite sensor can detect decane and
heptane as low as 1 ppm with the response (15 s, 19 s)
and recovery time (90 s, 48 s) and remarkable selectiv-
ity at the optimal working temperature of 125 °C, which
makes it possible for real-time detection of decane and
heptane biomarkers in exhaled breath.

Experimental section

Chemicals

Graphite flakes (4100 mesh), potassium permanganate
(KMnO,), sulfuric acid (H,SO,), hydrochloric acid (HCI),
hydrogen peroxide (H,O,), tin (II) chloride (SnCl,-2H,0),
urea (CH,N,0), ethanol (C,H;OH), were purchased
from Sigma-Aldrich Chemical Co. All chemicals were of
analytical reagent (AR) grade and used as received.

Preparation of SnO, nanospheres

In a typical synthesis procedure calculated amount of
tin (II) chloride was dispersed in distilled (DI) water fol-
lowed by the addition of urea under constant magnetic
stirring. After 60 min of stirring, ethanol was added into
the above solution to get the desired reaction mixture.
After 3 h of vigorous stirring, the solution was poured
into a stainless-steel autoclave and kept inside the pro-
grammable oven at 120 °C. After 24 h of hydrothermal,
the autoclave was cooled down to room temperature
naturally and the precipitate formed at the bottom of the
autoclave was collected and centrifuged to remove the
residual impurities. Then, the material was dried at 70 °C
for 12 h.

Preparation of reduced graphene oxide
incorporated SnO, nanocomposite

The preparation of graphene oxide (GO) is described in
detail in Additional file 1. In a typical synthesis procedure
of Reduced graphene oxide incorporated SnO, nanocom-
posite, firstly calculated amount of tin (II) chloride was
dispersed in a DI water. Then, calculated amount of GO
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was ultrasonically dispersed in the above solution. After
30 min of ultrasonication, urea was added to solution fol-
lowed by the addition of ethanol. The solution mixture
was then transferred into the Teflon-lined stainless-steel
autoclave and kept in a programable oven at 120 °C and
maintained at that temperature for 24 h. The autoclave
was naturally cooled to room temperature after 24 h of
hydrothermal, and the precipitate formed at the bottom
of the autoclave was collected and centrifuged to remove
any remaining contaminants. The material was then
dried for 12 h at 70 °C.

Results and discussion

Details of the experimental methods and characterisa-
tion techniques is described in Additional file 1. Powder
X-ray diffraction analysis was used to characterize the
crystal structure and phase purity of as-prepared SnO,
nanospheres and Reduced graphene oxide incorporated
SnO, nanocomposite (Fig. 1). The diffraction patterns
of the as-prepared SnO, nanospheres and Reduced gra-
phene oxide incorporated SnO, nanocomposite are
rutile (JCPDS No. 41-1445, a0=4.738, c0=3.178) [6, 7].
The Reduced graphene oxide incorporated SnO, nano-
composite exhibits a similar diffraction pattern to SnO,
nanospheres. The absence of the reduced graphene oxide
diffraction pattern in the Reduced graphene oxide incor-
porated SnO, nanocomposite may be attributable to the
composite’s low graphene oxide concentration, which
beyond the X-ray diffractor’s detection limit [15, 16]. No

RG-SnO, (a)

—— Sn0O, (b)

Intensity (a.u.)

T T
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20(deg)
Fig. 1 Crystal structure and phase purity analysis. Powder X-ray
diffraction pattern of the as-prepared a SnO, nanospheres and
b reduced graphene oxide incorporated SnO, nanospheres
nanocomposites
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other impurity phase was observed indicating the phase
pure formation of the as-prepared materials.

The morphologies of the as-prepared materials were
characterized by the field emission scanning electron
microscope (FESEM) and transmission electron micro-
graph (TEM) along with high resolution transmission
electron micrograph (HRTEM) and selected area elec-
tron pattern (SAED) analysis. Figure 2 shows the FESEM
images of the as-prepared SnO, nanospheres and (c, d)
reduced graphene oxide incorporated SnO, nanospheres
nanocomposites at two different magnifications. Fig-
ure 2a, b shows the birds view and closer view of the as-
prepared SnO, nanospheres. The lower magnified image
shows the several nanoparticles of size ~50 nm. The
higher magnified image reveals hierarchical mesoporous
nature of the as-prepared SnO, nanospheres. Each of the
SnO, nanospheres are composed of smaller nanoparti-
cles of size ~5 nm. Figure 2c¢, d shows the FESEM images
of the as-prepared reduced graphene oxide incorporated
SnO, nanospheres nanocomposites at lower and higher
magnifications. In the low magnification FESEM image,
the presence of smaller SnO, nanospheres evenly dis-
persed across the RGO sheets is clear. The higher mag-
nification FESEM image demonstrates the formation of
a hybrid nanocomposite comprising SnO, nanospheres
and rGO nanosheets.

TEM was used to further clarify the morphology of
the as-prepared Reduced graphene oxide incorporated
SnO, nanocomposite. As seen in Fig. 3a, the Reduced
graphene oxide incorporated SnO, has a sheet-like
structure with some curvatures. The rGO nanosheets
contains many ultrafine SnO, nanospheres that are
homogeneously scattered. Numerous darker nanopar-
ticles were observed in the low magnified TEM image,

Fig. 2 Electron microscopy images of the as-prepared materials
in scanning mode. a, b FESEM images of the SnO, nanospheres
and ¢, d reduced graphene oxide incorporated SnO, nanospheres
nanocomposites at two different magnifications

(2022) 10:13

Page 3 of 9

indicating that SnO, nanospheres attached on both
sides of rGO nanosheets. The higher magnified image
shows the lattice fringes with spacing of 0.32 nm cor-
responding to the (110) plane of the rutile SnO, crystal
structure. The selected area electron diffraction pattern
shows the diffraction rings which can be indexed to the
(110), (101), (200), and (211) planes of the rutile SnO,
crystal structure [6, 7].

The detailed gas sensors fabrication and techniques
used for the measurement of sensing response toward
analyte gases were described in detail in Additional
file 1. Figure 4 shows the dynamic heptane and decane
sensing characteristics of the fabricated sensors based
on SnO, nanospheres and reduced graphene oxide
incorporated SnO, nanospheres. Figure 4a shows the
schematic diagram of the gas sensing measurement
system that has been used for the heptane and decane
sensing analysis. The proposed pristine SnO, nano-
spheres and reduced graphene oxide-SnO, sensors
were exposed to heptane and decane for one minute to
compare their sensing response. The operating temper-
ature of the sensors where the surface adsorption—oxi-
dation—desorption gas kinetic reactions are optimum
were investigated by measuring the sensing response as
a function of temperature to 4 ppm of decane and hep-
tane. Figure 4a shows the temperature-dependent sens-
ing characteristics of the sensors to 4 ppm of heptane
and decane. The sensing response of the sensors were
increased with increasing operating temperature. All
the fabricated sensors were showed maximum sensing
response towards decane and heptane at 125 °C. The
maximum sensing response of the sensors based on
SnO, nanospheres and rGO incorporated SnO, nano-
spheres at 125 °C toward 4 ppm of decane and heptane
was found to be ~28.27, and 59.10, respectively.

The activation energy of the sensing materials is
another important factor which determine the sensing
performance of the sensors. The activation energy can
be described as the minimum energy that is required
to take out the electron from the sensor response. The
activation energy of the sensing materials can be calcu-
lated using Arrhenius equation [15, 16].

Eg
S = Soexp W) (1)

where S, Sy, Kg, T, and E, are the sensor response, pre-
exponential factor, Boltzmann constant, thermodynamic
temperature, and activation energy, respectively.

The calculated activation energy of the sensors based
on SnO, nanospheres and Reduced graphene oxide
incorporated SnO, nanocomposite toward decane and
heptane was found to be ~0.34 eV, 0.32 eV, and 0.22 eV
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incorporated SnO, nanospheres nanocomposites at two different magnifications. ¢ High-resolution transmission scanning electron micrograph
of the as prepared reduced graphene oxide incorporated SnO, nanospheres nanocomposites. d Selected area electron diffraction pattern of the
as-prepared reduced graphene oxide incorporated SnO, nanospheres nanocomposites

and 0.19 eV, respectively. The minimum activation
energy of the Reduced graphene oxide incorporated
SnO, sensor toward heptane indicating the improved
sensing performance of the sensors toward heptane.
Figure 4c, d shows the dynamic sensing characteristics
and sensing response of the sensor based on Reduced
graphene oxide incorporated SnO, nanocomposite
as a function of different decane concentrations rang-
ing from 1 to 4 ppm at 125 °C. The sensing response
of the sensors increased with increasing the gas con-
centration. Besides, the sensing response increased
with increasing gas concentration then saturated and
recovered back to its original base resistance once the
gas is turned off. The maximum sensing response of

the Reduced graphene oxide incorporated SnO, nano-
composite sensor for 1, 2, 3, and 4 ppm of decane was
found to be ~2.72, 3.15, 3.94, 4.56, respectively. Fig-
ure 4e, f shows the dynamic sensing characteristics and
sensing response of the sensor based on Reduced gra-
phene oxide incorporated SnO, nanocomposite toward
1-4 ppm of heptane at 125 °C. The Reduced graphene
oxide incorporated SnO, nanocomposite sensor exhib-
its excellent response and recovery sensing capabilities
toward heptane as shown in Fig. 4e. The base response
resistance of the sensors increased with the gas con-
centration and saturated then came back to its original
resistance value once the gas turned off. The sensing
response of the Reduced graphene oxide incorporated
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Fig. 4 Heptane and decane sensing characteristics of the sensors based on SnO, nanospheres and reduced graphene oxide incorporated SnO,
nanospheres. a Schematic diagram of the gas sensing measurement system. b Temperature-dependent sensing characteristics of the sensors

to 4 ppm of heptane and decane and ¢ corresponding Arrhenius sensing response of the sensors. d, f Dynamic heptane and decane sensing
characteristics of the sensors based on SnO, nanospheres and reduced graphene oxide incorporated SnO, nanospheres at 125 °Cto 1-4 ppm. e, g
Corresponding sensing response of the sensor as a function decane and heptane concentration at 125 °C

Gas concentration (ppm)

SnO, sensor for 1, 2, 3, and 4 ppm heptane was found
to be 6.63, 8.03, 9.24, and 12.31, respectively. Although
the Reduced graphene oxide incorporated SnO, nano-
composite sensor could detect both decane and hep-
tane at 125 °C, the sensing response of the sensor
toward heptane is ~ 3 times higher compared to that of
the sensing response of the sensor toward decane.
Figure 5a, b shows the response and recovery time
of the sensor based on Reduced graphene oxide incor-
porated SnO, nanocomposite toward 4 ppm of decane

and heptane at 125 °C. The response and recovery
time of the sensor based on Reduced graphene oxide
incorporated SnO, nanocomposite toward 4 ppm of
decane at 125 °C was found to be 15 and 90 s, respec-
tively. Whereas the response and recovery time of the
Reduced graphene oxide incorporated SnO, nanocom-
posite sensor toward 4 ppm of heptane at 125 °C was
found to be 19 s and 48 s, respectively. The repeatability
and long-term stability of the sensor are the impera-
tive factors that determines the practical feasibility of
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Fig.5 a, b Response and recovery time of the sensors based on reduced graphene oxide incorporated SnO, nanospheres to 4 ppm of decane and
decane at 125 °C. ¢, d Reproducibility and long-term stability of the sensors based on reduced graphene oxide incorporated SnO, nanospheres
to 4 ppm of decane and heptane at 125 °C. e Effect of humidity on the sensing response of the sensors based on reduced graphene oxide
incorporated SnO, nanospheres to 4 ppm of decane and heptane at 125 °C to 5 ppm. Selectivity of the fabricated sensor toward different target gas
such as heptane, decane, hydrogen, carbon monoxide, acetone, ethanol, and methanol

the proposed sensor. Therefore, repeatability and long-
term stability of the proposed sensor were investigated
toward 4 ppm of decane and heptane. The sensing
response of the Reduced graphene oxide incorporated
SnO, sensor toward 4 ppm of decane during 1st, 2nd,
3rd, 4th, and 5th cycles was found to be ~4.51, 4.53,
4.28, 4.13, 3.98, respectively. Whereas the sensing
response of the Reduced graphene oxide incorporated

SnO, nanocomposite sensor to 4 ppm of heptane dur-
ing 1st, 2nd, 3rd, 4th, and 5th cycles was ~12.21, 12.05,
11.91, 11.62, and 11.62, respectively. The deviation of
the sensing response of the Reduced graphene oxide
incorporated SnO, during 5 repetitive cycle was within
+2% indicating the excellent reproducibility of the
proposed sensor. As shown in Fig. 5d, the long-term
durability of the fabricated sensor based on Reduced
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graphene oxide incorporated SnO, nanospheres nano-
composite was assessed by measuring the sensor’s sens-
ing response toward 4 ppm of decane and heptane for
3 weeks at 125 °C. During the 21-day period, the sens-
ing response values of the Reduced graphene oxide
incorporated SnO, based sensor were relatively consist-
ent, with fluctuations of less than 2.1%, demonstrating
the proposed sensor’s good long-term stability toward
decan and heptane.

The sensing response of the Reduced graphene oxide
incorporated SnO, nanocomposite sensor was exam-
ined at various relative humidity levels (RH). Figure 5e
demonstrates the sensing response of the Reduced
graphene oxide incorporated SnO, nanocomposite-
based sensors at various ambient humidity. The sen-
sor’s sensing response reduced as RH increased for
both decane and heptane, which might be because the
adsorbed water molecules occupied the adsorption
sites on the surface, inhibiting oxygen adsorption. The
selectivity of the Reduced graphene oxide incorporated
SnO,-nanocomposite sensor was tested in the presence
of several other interfering gases such as hydrogen, car-
bon monoxide, acetone, ethanol, and methanol. The sen-
sor showed highest sensing response toward heptane,
compared to other gases. However, the sensing response
of the sensor toward decane is significantly higher com-
pared other analyte gases.

Generally, the sensor response of hybrid nanoparticle
metal oxides with reduced graphene oxide are catego-
rized into two groups. In the first category, the sensor
response is dominated by metal oxide. The gas sens-
ing principle of n-type metal oxide semiconductors like
SnO, follows chemisorption-charge transfer- and des-
orption pathway. At elevated operating temperature the
oxygen molecules adsorbed on the SnO, surface. The
surface adsorbed oxygen molecules are then converted
into oxygen radicals such as O™, O*~ and O®" by taking
the electrons from the SnO, conduction band. This led to
decreased sensor conductivity thereby generating elec-
tron depletion region. The formation of specific oxygen
radicals can be explained as follows.

Oz (gas) — Oa(ads), ()
O (ads) + e~ — O, (ads), (3)
O, (ads) + e~ — 207 (ads). (4)

When the sensor exposed to volatile organic com-
pounds (VOC) such as heptane and decane, the gas
molecules reacted with the chemisorbed oxygen radi-
cals and released the electrons into the conduction band
of the sensing material thereby increase the electrical
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conductivity of the sensor. The sensing response of the
sensor can be calculated by measuring the sensor resist-
ance in the presence of gas and in the presence of air. The
specific gas kinetic reaction between the analyte and the
chemisorbed oxygen radicals are as follows

VOC(gas) + OF " (ads) & VOC-O + ne™. (5)

Even though the chemisorption/desorption of oxy-
gen species is the underlying principle of sensor perfor-
mance, the amount of surface adsorbed/desorbed oxygen
species involved in gas sensing is highly dependent on the
capability of the sensing materials. The surface of SnO,
nanospheres is highly reactive due to their nanoscale
size. The surface of the highly reactive SnO, nanospheres
absorbs more oxygen species and generates many oxygen
radicals on its surface, hence accelerating the gas kinetic
processes.

In the second category, the role of reduced graphene
oxide is more important than that of metal oxides, where
the sensor adsorb and react with the analyte gases. It rep-
resents that the sensor shows p-type behavior in which
the resistance increases in the presence of a reducing
gas. Besides, the excellent sensing characteristics of the
reduced graphene oxide incorporated SnO, nanocom-
posite sensor toward heptane and decane compared to
that of the bare SnO, nanospheres could be attributed to
the hierarchical mesoporous nature of the SnO, nano-
spheres and the formation heterostructure between the
reduced graphene oxide nanosheets and SnO, nano-
spheres. The SnO, nanospheres are uniformly distrib-
uted on the reduced graphene oxide nanosheets thus
heterojunction is formed in the hybrid nanocompos-
ite. When a sensor is exposed to an analyte gas, dis-
sociated gas may preferentially and strongly adsorb at
reduced graphene oxide—SnO, nanospheres interfaces
because these interfaces have high active sites such as
vacancies, line defects, and strong electronic interaction
between graphene and metal oxides. Under these con-
ditions, the reduced graphene oxide nanosheets acting
as electron transporters will accept electrons from the
adjacent SnO, nanospheres, hence enhancing the sens-
ing response of the sensor [17]. The proposed reduced
graphene oxide-SnO, nanospheres sensor showed sig-
nificantly better or comparable sensing performance
compared to the reported heptane and decane sensors
as shown in Table 1. Additionally, the excellent selectiv-
ity of the Reduced graphene oxide incorporated SnO,
nanocomposite toward heptane and the significant sens-
ing response toward decane remain unknown and need
additional investigation.
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Table 1 Heptane and decane sensing characteristics of SnO,/
rGO sensor and that of other reported heptane and decane
sensors

Sensing material T G S Tpe/Tpec  Ref.

MnFe,O, (Decane) 210 72 425 NAS® Zhang et al. [18]

CuO (Decane) 230 3000 2 20/200 Xiaetal. [19]
Au@ZnO (Decane) 400 100 7 30/3 Feng et al. [20]
TiO, (Heptane) RT 3 217  5/2780 Saffary et al. [21]
Au-ZnO (Heptane) 360 50 5 30/14 Han et al. [22]
BNQDs-ZnO 370 100 16 3/4 Choudhury et al.
(Heptane) [23]

Sr-In,O5 (Heptane) 200 100 6 NAS® Shen et al. [24]
RG-SnO, (Decane) 125 1 272 15/90 This work
RG-Sn0O, (Heptane) 125 11231 19/48 This work

2 Sensing temperature

b Gas concentration

€ Sensor response (Rg/Ra or Ra/Rg)
4 Response and recovery time

€ Not applicable

Conclusion

In this work, we have prepared rGO incorporated SnO,
nanospheres through one step hydrothermal strategy
for the detection of biomarkers of lung cancers such as
decane and heptane. The crystal structure and morphol-
ogy of the as-prepared materials were thoroughly stud-
ied using XRD, FESEM, TEM, HRTEM, and SAED, and
the results were consistent. The sensing characteristics of
the fabricated sensors based on SnO, nanospheres, and
Reduced graphene oxide incorporated SnO, nanocom-
posite were investigated toward different analyte gases
and the sensor were showed excellent sensing character-
istics toward heptane and significant sensing response
toward decane at 125 °C compared to other interfering
gases. The Reduced graphene oxide incorporated SnO,
nanocomposite sensor also exhibits appreciably fast
response and recovery time toward heptane and decane
along with good excellent long-term reliability and stabil-
ity. The proposed sensor can be used for the easy screen-
ing of the lung cancer patient by detecting decane and
heptane in their exhaled breath.
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