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ABSTRACT: Lung cancer detection includes detection of a pattern formed by
multiple volatile organic compounds. An individual material has limited
selectivity and hence requires tailoring to improve the selectivity and sensing
properties. An electronic nose (e-nose) is a concept/device that can help in
achieving selectivity and specificity for multiple volatile organic compounds at
the same time by using an array of sensors. In this paper, Co and Ni doping in
tin oxide was used to investigate as a sensor material for e-nose development.
These were synthesized using a sol−gel method and were characterized for
structural, morphological, and elemental assessment using X-ray diffraction,
field emission scanning electron microscopy, and Fourier transform infrared
spectroscopy, which indicated the formation of the composite nanomaterial of
SnO2. These synthesized materials were then used as a working electrode in the
form of a screen-printed electrode to determine 1-propanol and isopropyl
alcohol (IPA) sensing characteristics. Electrochemical characterization was
done by cyclic voltammetry (CV) and electrochemical impedance spectroscopy. In the case of CV studies, well-defined and distinct
redox peaks are observed at different potential values indicating the changes due to the dopants. Ni doping in SnO2 shows the
highest sensitivity of 2.99 μA/ppb for isopropyl alcohol and 3.11 for 1-propanol, within the detection range. Furthermore, Co−SnO2
shows selectivity for IPA, while Ni−SnO2 is selective to 1-propanol against all other volatile compounds analyzed.

1. INTRODUCTION

Cancer has become the second leading cause of death globally
following the cardiovascular disease. According to the World
Health Organization, one in six deaths is due to cancer.
Survival rates vary drastically subject to the type of cancer, its
severity, and how early it is detected. Among various types of
cancer, lung cancer (LC) has emerged as one of the vulnerable
types, leading to death universally irrespective of the gender. It
is yet a big challenge to detect LC at an early stage to
significantly enhance treatment success and survival rate.
Recently, development of an inexpensive, convenient, and non-
invasive technique based on the analysis of multiple volatile
organic compounds (VOCs) that originate from diseased cells
to improve cancer detection has drawn increasing research
attention worldwide,1,2 which can serve as a good tool for early
diagnosis and treatment. In terms of biochemistry, VOCs can
offer an insight into the various ongoing physiological
processes in both healthy and diseased humans. The analysis
of VOCs in exhaled air during breathing is an evolving method
for the screening and diagnosis of the LC disease.3−9 The early
studies suggest LC-specific VOCs can be detected not only in
the exhaled air but also in the headspaces of blood from an LC
patient.10 It has been reported that VOCs in exhaled air
resulting from cancer patients exhibit specific patterns that are

significantly different from healthy individuals.11 According to
a report, approximately 250 volatile organic compounds are
present at ppm or ppb (parts per million/billion level) or a
trace amount in the exhaled air that can be marked as a
biomarker for the detection of lung cancer.12

The routine diagnosis of LC is based on a biochemical study,
imaging, endoscopic, immunological, genomic, and patholog-
ical procedures having varied pros and cons including cost
effectiveness, risk of life, etc. The traditional techniques are
also utilized to detect these compounds, such as gas
chromatography−mass spectrometry (GC−MS), selected-ion
flow tube mass spectrometry (SIFT-MS), proton-transfer-
reaction mass spectrometry (PTR-MS), and ion mobility,
which are bulky, limited to lab use, requires skilled manpower,
and are time consuming.13−23 Recently, a wide range of gas
sensors and sensor arrays are being developed for the ppm or
ppb level detection of VOCs. Colorectal sensors, quartz
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microbalance sensors, surface acoustic wave sensors, and
chemiresistors or chemicapacitors are some of the develop-
ment examples.10,24 Furthermore, these sensors are nonspecific
to detect multiple VOCs simultaneously in the complex VOC
mixtures, which explains a need to develop an inexpensive,
portable, highly sensitive/selective VOC detector.
An electrochemical technique provides an opportunity to

develop such cheap, portable, and highly sensitive sensors for
the detection of VOCs in the exhaled air and the combined
analysis of VOCs emitted from different bodily sources.25

These sensors are non-invasive and have the potential for VOC
detection in exhaust mixtures due to their high selectivity and
reliable performance under harsh conditions, e.g., high
humidity and temperature. Implementation of an electro-
chemical approach will help in the development of a true
point-of-care, non-invasive, easy to use, and relatively low-cost
system like an electronic nose (e-nose), which can be an
optimal screening tool for severe diseases including various
types of cancer. However, there is a need to improve the
sensitivity of electrochemical sensors to detect at the ppb level
concentration of VOC markers in the exhaled air.26 Various
methods are investigated to improve the sensitivity of
electrochemical sensors (such as UV-illumination that doubled
the sensitivity of the sensor during detection) for an early stage
disease diagnosis.10,26

Nanostructured semiconducting metal oxides (NMOs) are
broadly used in chemiresistors as a sensing layer for oxidizing
and reducing gases. Metal oxide (MO) nanoparticles are
promising candidates for the sensor element design because of
their extra ordinary surface properties, adjustable physico-
chemical property, and good stability.26,27 NMOs have high
density of trapped charged oxygen species, i.e., O2

−, O−, and
O2−, resulting into a surface charged layer in terms of electron-
depletion or hole-accumulation subject to n-type and p-type,
respectively. The gaseous phase reacts with the adsorbed
negatively charged oxygen on the metal oxide surface, altering
the surface-trapped charge density and the resistance. MOs
owing to their more than one oxidation states are preferably
used for gas sensing at the ppb level by controlling their shape,
size, and composition.28 Among these oxides, SnO2, a wide
band gap n-type semiconductor, is one of most investigated
materials for gas sensing owing to its excellent physical,
chemical, and thermal properties and chemical stability.29 In
addition, SnO2 has nonstoichiometric oxygen composition,
e.g., SnO and Sn3O4, which is an additional advantage in
improving the sensing properties. However, undoped SnO2 has
a low electrical conductivity due to its intrinsically low carrier
density and mobility; tailor-designed/engineered SnO2 by
doping or complexes with an advantage of chemical and/or
morphological modifications and optimized operating con-
ditions have been used for the detection of different gases.28−32

Many metal elements are used as a dopant to improve the
electrical and optical characteristics of SnO2. Transition metals
like Fe, Mn, Al, Co, Fe, Ni, Cu, Sb, etc. are preferably used as
dopants due to their more than one oxidation states to improve
the electrical and optical properties and also sensitivity for
gases. Ni and Co metals are chosen in this work to control the
electronic properties of SnO2, which are among the best
choices, other than this, they may play a role to control the
synthesis of the SnO2.
Choosing the sensing element for the formation of the array

is the key to making the sensor array or an e-nose.
Nanoparticles are one of the most important candidates for

the sensor element design because of their extra ordinary
surface properties, adjustable physicochemical property, and
good stability. Based on this concept, in this paper, we
prepared and used Co- and Ni-doped SnO2 nanoparticles as
the matrix for the electrochemical sensor to detect 1-propanol
and isopropyl alcohol, VOC reported as biomarkers for lung
cancer (LC).

2. RESULTS
2.1. Morphological and Structural Analysis. Figure

1(a−c) presents the FESEM micrographs of undoped SnO2,

Co−SnO2, and Ni−SnO2, respectively. Figure 1(a) revealed
uniform-sized spherical particles of undoped SnO2 (∼25 to 40
nm as shown on the image) evenly distributed over the surface.
Figure 1(b,c) is the FESEM images of Ni−SnO2 and Co−
SnO2, respectively, shows the agglomerated particles consisting
of small spherical particles of about 15 to 20 nm in size; which
are smaller than that of undoped SnO2 (Figure 1(a)). Such
morphology of fine particles would offer a higher surface to
volume ratio and hence may improve the sensitivity due to the
high density of adsorbed charged oxygen species, i.e., O2

−, O−,
and O2−. Furthermore, such morphology is favorable for
adsorption-based sensors, as discussed in the later part of the
manuscript.
Figure 2 depicts the XRD spectra of undoped SnO2 (black),

Co- (red), and Ni (green)-doped SnO2. From the diffraction
pattern, major characteristic peaks are oriented along (110),
(101), (211), and (200), while minor peaks are oriented to
(111), (220), (112), (301), (202), and (321) planes of SnO2
with the structure of tetragonal rutile (a = 4.738 Å, c = 3.187
Å), matched with the standard JCPDS file number 41−1445.
These peaks exist in all the samples, i.e., undoped and doped
SnO2; however, in Ni- and Co-doped samples, the intensity of
peaks have reduced, while minor peaks in undoped SnO2 are
still seen as small humps. It is realized that the Ni and Co
doping effect is not seen in the XRD pattern in the form of a
distinct peak but is seen as changes in the peak width or
changes in the crystalline nature of the synthesized material.
This implies that undoped SnO2 has larger crystal size and Ni

Figure 1. FESEM images showing the shape and size of the
synthesized nanomaterial: (a) Undoped SnO2, (b) Co−SnO2, and
(c)Ni−SnO2.
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and Co doping results in minimum-sized nanocrystals on
synthesis, in agreement with the FESEM images shown in
Figure 1. This is in agreement with the earlier reports for Ni-
and Co-doped SnO2.

30 The average crystallite size calculated
using the Scherrer formula for the undoped, Co-, and Ni-
doped SnO2 is approximately 16 nm, 8 nm, and 11 nm
following the same trend as observed from FESEM. There is
no significant change in the lattice parameters and cell volume
possibly due to the almost similar crystal radii of Sn (0.69 Å),
Co (0.54 Å), and Ni (0.70 Å). No peak observed related to Ni
and Co oxide or the composite phase confirms the low
concentration of dopants in synthesized nanoparticles. The
strain ε estimated using the Williamson−Hall (W-H) relation ε
= βhkl/4tanθ, in undoped SnO2 is 0.7532, in Ni-SnO2 it is
0.619, and it is 0.9984 in Co-SnO2, which reveal that Co-
doped SnO2 possesses high strain that results in a reduced
particle size as evident from FESEM.
Contact angle measurement was carried out to understand

the surface wetting properties of the sensing electrode. Figure
S1 (ESI) shows the images of water drops on undoped and
doped SnO2-coated glass slides. The contact angle (WCA) of
the undoped SnO2-coated glass slide is observed to be 51.9°.

In Co-doped SnO2, the contact angle reduced to 44.54°, i.e.,
surface wettability has increased while for Ni-doped SnO2, the
contact angle increased to 58.6°, which shows that the surface
is more hydrophobic; this hydrophobic nature helps in self-
cleaning of the sensor. Significantly, it demonstrates that the
synthesis with dopants has resulted in a different surface
wetting property, which is an advantageous thing for any
adsorption-based sensor development.

2.2. UV−Vis and FTIR Study. Figure 3 shows the UV−vis
spectra of undoped and doped SnO2, which all exhibit the
absorption peak centered at about 270 nm. Using UV−vis
spectra, the Tauc’s plot of sqrt (αhν) vs energy (in eV) was
plotted to estimate the value of the band gap. The band gap for
SnO2 is 3.69 eV and that for Ni-SnO2 is 3.67 eV, whereas for
Co−SnO2 it is 3.45 eV. The doping results in the 0.54 to 6.5%
reduction of the band gap for Ni−SnO2 and Co−SnO2,
respectively. Such phenomenon is reported due to the Moss−
Burstein effect in which the Fermi level shifts towards the high-
energy side for doping of transition metals.
Figure 4 depicts the FT-IR spectra of calcined undoped

SnO2, Ni−SnO2, and Co−SnO2 obtained in the span of 600−

Figure 2. X-ray diffraction pattern (XRD) of undoped SnO2, Co−
SnO2, and Ni−SnO2.

Figure 3. (a)UV−visible absorption spectra of synthesized nanoparticles, i.e., undoped SnO2, Co−SnO2, and Ni−SnO2 powder; (b) Tauc plot for
undoped SnO2, Co−SnO2, and Ni−SnO2 powder.

Figure 4. FT-IR spectrum of undoped and Co- & Ni-doped SnO2
powder.
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4000 cm−1. The wide vibration band observed at ∼600 cm−1

for all samples is the fingerprint region of MOs corresponding
to the metal−oxygen stretching vibrations, and it confirms the
synthesis of the MO compound. A band around 1200 cm−1 is
due to C−O stretching, whereas a band around 1400 cm−1 is
that of O−H bending vibrations. The strong band around
1690 cm−1 is due to CO stretching. A broad weak vibration
band at 3000 cm−1 is correlated to C−N stretching due to
ammonia water used to neutralize pH. A very weak band
around 3454 cm−1 is due to O−H stretching. The results
indicate that the synthesized material has functional bands that
may be useful for adsorption-based sensing studies.
2.3. Electrochemical Analysis. Figure 5 depicts the cyclic

voltammograms obtained with 10 ppb of 1-propanol and 6 ppb
of isopropyl alcohol with a sweeping voltage between −1 V to
+1 V for the SPE prepared with undoped SnO2, Co−SnO2,
and Ni−SnO2. It can be seen that all samples exhibit a distinct
redox reaction with different voltage and current values for
both the analytes. The values of the difference between the
redox potential obtained from Figure 5 for 1-propanol and
isopropyl alcohol are listed in Table 1. For undoped SnO2, the

difference of the reduction and oxidation potential is 0.59 eV
for 1-propanol and 0.68 eV for isopropyl alcohol, which
suggests a reversible electrochemical reaction, as known in the
literature. On the other hand, for doped SnO2, the difference
between the reduction and oxidation potential for both the
analytes are between 0.30−0.5 eV (Table 1), which indicates
the possibility of a quasi-reversible reaction.
Figure 6 depicts the voltammogram obtained at a scan rate

of 100 mV/sec for different concentrations of 1-proponal (0, 1,
5, 10, and 15 ppb) for undoped and doped SnO2 wherein the
change in the output as a function of concentration is visible.
Figure 6(a) reveals the CV curves for undoped SnO2 at

different concentrations of 1-propanol (0, 1, 5, 10, and 15 ppb)
where a marginal increase in the oxidation peak current and
the corresponding peak voltage is noticed. Similarly, the

reduction peak current and peak voltage have marginally
changed suggesting low sensitivity. Figure 6(b) shows the plot
of the peak current as a function of concentration, which is
used to calculate the sensitivity of the developed sensors, i.e.,
the slope of the curve is used as the sensitivity value (i.e.,
change in current per unit concentration). Sometimes, the area
of the working electrode is also considered while calculating
the sensitivity. The linearity for the oxidation peak current is
96%, while it is 90% for the reduction peak current over the
detection range of the analyte (excluding the measurement in
PBS: 0 ppb). It is worth noting that the sensor exhibited a
linear response over the detection range used in the
experiment.
In the case of Co−SnO2 (Figure 6(c)), a noticeable

reduction in the oxidation peak current and an increase in
the reduction peak current are seen while the value of the
redox peak potential remains the same at all concentrations. An
increase in sensitivity (Figure 6(d)) compared to undoped
SnO2 is noted.
Ni−SnO2 (Figure 6(e)) exhibited a maximum change in the

redox current as a function of the 1-propanol concentration
from 0−15 ppb. Figure 6(f) depicts the graph of the peak
current as a function of the 1-propanol concentration with the
sensitivity estimated from the oxidation peak current as 2.99
μA/ppb. This behavior may be correlated to both the smallest
particle size (Figure 1(c)) and the high degree of mesoporosity
arose due to the localized agglomeration of particles.
Similar characterization was carried out for the IPA analyte

too using the SPE fabricated with undoped SnO2, Co−SnO2,
and Ni−SnO2, and the CV curves are shown in Figure 7. These
were obtained at a scan rate of 100 mV/sec for different
concentrations of IPA in the solution. The corresponding plot
of the peak current as a function of the IPA concentration is
also shown, which was used to estimate the sensitivity.
Figure 7(a) shows that the CV curves of undoped SnO2 at

different IPA concentrations from 2 to 10 ppb increased and
exhibits an almost constant value of the oxidation/reduction
peak current and peak voltage. The inset shows the magnified
view of the peak area. The graph of the peak current as a
function of concentration is monotonous (Figure 7(b)), which
implies a significant change in the charge transfer resistance of
the sensor during the electrochemical reaction, with a
sensitivity of 2.2 μA/ppb over the detected range.
The voltammogram of Co−SnO2 (Figure 7(c)) shows a

noticeable increase of the oxidation current, whereas the
reduction current is almost saturated beyond 6 ppb. The

Figure 5. Cyclic voltammetry (CV) curves of the SnO2, Co−SnO2, and Ni−SnO2 printed electrodes at 10 ppb of 1-propanol and 6 ppb of
isopropyl alcohol.

Table 1. Details of the Peak Separation Potential as a
Function of the Dopant

nanomaterials
1-propanol peak
separation (V)

isopropyl alcohol peak
separation (V)

SnO2 0.59 0.68
Co−SnO2 0.28 0.3
Ni−SnO2 0.32 0.5
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corresponding graph of the peak current as a function of the
IPA concentration (Figure 7(d)) depicts that the slope of the
oxidation current is 2.75 μA/ppb, which almost same as that of
the reduction peak current. In the case of Ni−SnO2, linearity
in response with the concentration is 99% with a sensitivity
value of 3.11 μA/ppb (based on the oxidation peak current).
As can be seen from Figure 7(e,f) the changes in the reduction

peak current is much larger meaning a higher sensitivity value
for the IPA concentration from 2 to 10 ppb (Figure 7(e)). The
results obtained for 1-propanol and IPA are summarized as a
bar graph in Figure 8, which indicates that Ni−SnO2 exhibits
the best sensitivity both for 1-propanol (Figure 8(a)) and IPA
(Figure 8(b)). The LOD values estimated using a standard

Figure 6. CV curves of the (a) SnO2, (c) Co−SnO2, and (e) Ni−SnO2 modified electrodes at different concentrations (0−15 ppb) of 1-propanol.
(b, d, f) Redox peak currents as a function of concentration. Dotted lines are the result of the best fitting.
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method (3.3σ/slope (sensitivity)) are shown in Figure 8 for
the two analytes.
An e-nose based study was carried out to understand the

highest sensitivity and selectivity. The cross sensitivity of all the
sensors, i.e., SnO2, Co−SnO2, and Ni−SnO2, were obtained for
many other volatile organic compounds at different concen-
trations, such as 1−20 ppb of ethyl acetate, 1−15 ppb of 1-
propanol, 10−600 ppb of acetone, 1−40 ppb of toluene, 2−10

ppb of isopropyl alcohol, 0.1−4 ppb of 1-butanol, and 1−10
ppb of formaldehyde. Figure 9 presents the radar chart that
shows the selectivity of the developed sensor for different
volatile organic compounds. The chart in Figure 9 clearly
suggests that Ni−SnO2 shows the highest sensitivity and
selectivity for 1-propanol and then IPA against all other volatile
compounds analyzed. However, Co−SnO2 exhibits the highest
sensitivity for IPA against all the volatile compounds tested. It

Figure 7. CV curves of the (a) SnO2, (c) Co−SnO2, and (e) Ni−SnO2 modified electrodes at different concentrations (0−10 ppb) of isopropyl
alcohol. (b, d, f) Redox peak currents as a function of concentration. Dotted lines are the result of the best fitting.
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is noticed that except acetone, the sensors have significant
sensitivity to all the volatile organic compounds tested;
however, the difference in sensitivity may be correlated to
the different mechanisms involved during the electrochemical
interaction of the target on the surface of the sensing electrode
like physisorption, chemisorption, charge transfer, and induced
dipole scattering.
Theoretically, a critical factor that governs the sensitivity of a

material is the ratio between the energy barrier and electron

transport between two adjacent grains: SnO2, and Co and Ni.
In general, when the particle size approaches to a nano range,
as observed from XRD and FESEM studies, not only the
surface or interfaces are influenced but also the entire
properties of the particle are dramatically influenced due to
the solid−gas/liquid interaction that leads to significant
enhancement in sensitivity properties. Thus, it is anticipated
that the higher surface area and the nano range of the
synthesized material will critically influence the sensitivity of a
material. In sync with this mechanism, the material analysis
results indicated that the synthesized particles are in a
nanometer range (less than 100 nm) and hence provided a
higher surface to volume ratio. The FTIR studies also indicated
that the synthesized material has functional characteristics to
bind with the analyte and thus resulting in better electronic
conduction through an electrochemical reaction at the working
electrode.

3. DISCUSSION
To analyze the possible reaction mechanism that might be
occurring during sensing, the scan rate study of all the sensors
was performed by changing the voltage step from 10 to 100
mV/s for both 1-proponal and isopropyl alcohol, and CV
curves are shown in Figure S2 (ESI). For 1-propanol (10 ppb),
the value of the peak current linearly increases and the
oxidation potential is constant for undoped SnO2 (Figure
S2(a)), Co−SnO2 (Figure S2(b)), and Ni−SnO2 (Figure
S2(c)) sensors. It is expected that during the electrochemical
reaction, there could be water hydrolysis resulting in creation
of ionic radicals supporting the redox reaction at the electrode
surface. The increase of the peak current is correlated to the
reduction in depletion resulting in better charge transfer
characteristics even at a higher scan rate, whereas the constant
redox potential indicates the reaction is diffusion-limited.31

The linearity of the peak current with the scan rate (Figure
S3(a)) is due to the adsorption of the VOC molecule on the
surface resulting in rapid charge transfer, in turn, current
increases even at a high rate and hence slight nonlinear
behavior is observed with the square root of the scan rate
(Figure S3(b)) and log[scan rate] (Figure S3(c)). The scan
rate study of isopropyl alcohol (6 ppb) reveals a slight redshift
of the oxidation potential along with the increase of the peak
oxidation current for undoped SnO2 (Figure S2(d)), Co−
SnO2 (Figure S2(e)), and Ni−SnO2 (Figure S2(f)). The
increase of potential suggests kinetics is slow and reaction time
is insufficient at a high scan rate. The graph of the peak
oxidation current versus scan rate gives a linear increase of the
current with the scan rate, whereas the relation becomes
nonlinear with the square root (Figure S3(e)) and/or log of
the scan rate (Figure S3(f)). This is correlated to the diffusion-
related phenomena on the surface due to adsorbed VOC
molecules.31

Furthermore, electron transfer properties of the developed
sensors were studied by electrochemical impedance spectros-
copy (EIS). The charge transport processes in nanosensing
electrodes were studied by monitoring the charge transfer
resistance (Rct) at the electrode/electrolyte interface. The
value of the electron transfer resistance depends on the
dielectric and insulating features at the electrode/electrolyte
interface. The impedance plot of −Z imaginary part versus Z-
real part, i.e., Nyquist plot, is shown in Figures S4 and S5(a).
The EIS study of 1-propanol shows maximum Rct values for
undoped SnO2 (Figure S4(a)) and minimum for that of Ni−

Figure 8. Bar graph showing sensitivity of the developed sensor for
(a) 1-propanol and (b) isopropyl alcohol.

Figure 9. Radar chart showing selectivity of the developed sensor.
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SnO2 (Figure S4 (c)). This is consistent with the CV results
that reveal Ni−SnO2 exhibits the highest sensitivity for 1-
propanol (Figures 6 & 8). The increase of the Rct value with
the 1-propanol concentration implies the increase of sensor
impedance in accordance to the increase of the oxidation
current as observed in Figure 6. The EIS study with isopropyl
alcohol reveal the general increase of the Rct as a function of
concentration for all sensors, i.e., undoped SnO2 (Figure
S4(d)), Co−SnO2 (Figure S4(e)), and Ni−SnO2 (Figure
S4(f)). The minimum value range of the Rct is almost the same
for undoped SnO2 (Figure S4(d)) and Ni−SnO2 (Figure
S4(f)) as shown in Figure S5(b), whereas the minimum Rct
value was observed for Co−SnO2 (Figure S4(e)).
It is noticed that the Rct value for 1-propanol is

comparatively higher for all sensors than that for isopropyl
alcohol and may be correlated to the chemical structure of 1-
propanol, which can easily lose the proton and oxidize itself
and consequently result in the extraction of the electron from
the sensor surface.
Based on the CV and EIS study, a possible sensing

mechanism is proposed in Figure 10, which presents the

sensing mechanism of the VOC in PBS buffer. As the CV
curves have been obtained in the buffer solution prior to the
VOC test, it is expected that the surface might have an
adsorbed oxygen species as a result of water electrolysis during
CV. This would facilitate the redox reaction as a function of
the VOC and potential. The increase of the oxidative current is
therefore observed in the CV study and the increase of Rct in
EIS. The higher number of electron transfer will result in the
huge reduction of the surface charge density and hence the
oxidation current increase with the concentration. On the
other hand, during the reduction cycle, surface-adsorbed
oxygen will oxidize VOCs into CO2 and H2O releasing
electron back to the conduction band of the SnO2 nanoma-
terial, enhancing the conductivity and sensitivity of the
sensor.32

In order to check the performance of the developed sensor,
we found that Rahman et al. developed an ethanol chemical
sensor based on a ternary metal oxide system of CdO/ZnO/
Yb2O3 nanosheets (NSs) with a sensitivity of 7.4367 μA mM−1

cm−2 and Ni−SnO2 nanostructure materials with an
approximate sensitivity of 2.3148 μA cm−2 mM−1 and with a
detection limit of 0.6 nM.33,34 Faisal et al.35 synthesized ZnO
nanoparticles and its methanol sensing characteristics were
investigated with an I-V technique with a good sensitivity of
0.9554 μA cm−2 mM−1

. Wahid et al.36 used a cobalt oxide-
doped neodymium oxide nanocomposite (Co3O4@Nd2O3

NCs) as a sensor probe material to detect isopropyl alcohol
with a sensitivity of 22.152 nAmM−1 cm−2. It is realized that
the proposed sensor has higher sensitivity than these sensors.
Repeatability, reproducibility, and stability of the developed

sensor were also examined. Relative standard deviation (RSD)
was calculated to obtain the repeatability parameter for five
successive readings/measurements with Co−SnO2 and Ni−
SnO2 for both 1-propanol and IPA. In the case of Co-doped
SnO2, it was found to be 3.1 and 4.3% for 1-propanol and
isopropyl alcohol, respectively; similarly, in the case of Ni
doping, repeatability was calculated by RSD, and it was found
to be 3.3 and 4% for 1-propanol and isopropyl alcohol,
respectively. Also, reproducibility of the experiment was also
checked by preparing five different electrodes at different times
within 3 months and performing the experiment. The
oxidation peak current for each set of electrodes showed
RSD of about 5%. This demonstrates that the modified
electrode can be easily reproduced.
Stability of the modified electrode was also examined by

cyclic voltammetry; in this, we have repeated the CV cycle 50
times for both the doped electrode at a fixed concentration of
the analyte. The percent degradation was calculated by
dividing the oxidation current obtained from the last cycle,
i.e., 50th by the oxidation current of the first cycle and
multiplying by 100. The value obtained for the Co−SnO2 and
Ni−SnO2 modified electrode for both the analyte, i.e., 1
propanol and IPA is ∼1 to 2%. This indicates that the modified
electrode is highly stable.

4. MATERIALS AND METHODS
4.1. Materials. Cobalt nitrate hexahydrate (Co (NO3)2·

6H2O) and nickel chloride hexahydrate (NiCl2·6H2O) were
purchased from Junsei Chemical Co. Ltd., while tin-
tetrachloride pentahydrate (SnCl4·5H2O), 1-propanol (99.7%
pure) and isopropyl alcohol (99.5% pure) were purchased
from Sigma−Aldrich. The chemicals procured were used as-
procured. The double alkali phosphate buffer saline (pH = 7.0,
0.1 M PBS) was used as the reference/supporting medium
prepared with monosodium phosphate (0.1 M) and disodium
phosphate (0.1 M) mixed in an equal ratio in millipore water.
Furthermore, using this PBS, we prepared different concen-
trations of 1-propanol and isopropyl alcohol. Stock solution of
1-propanol was prepared by taking 1 μL of 1-propanol in 1 L
of PBS. Different concentrations of 1-propanol (0, 1, 5, 10, and
15 ppb) were prepared by using the C1V1 = C2V2 formula.
Similarly, a stock solution of 1 ppm of isopropyl alcohol was
prepared and diluted with PBS to make different concen-
trations of isopropyl alcohol (0, 2, 4, 6, 8, and 10 ppb),
respectively.

4.2. Methods. Tin oxide nanoparticle synthesis was carried
out using the sol−gel method. In a typical reaction, 3.51 g of
SnCl4·5H2O was dissolved in 50 mL of DI water to get a 0.1 M
solution, stirred on a magnetic stirrer. During stirring, an
aqueous ammonia solution (0.1 M) was added dropwise until
thin gel was precipitated. The solution was then washed several
times with deionized water till neutral pH was obtained; this
also removed unreacted ions and excess ammonia. The
obtained precipitate was dried at 70 °C followed by calcination
at 800 °C.
For doping with Co, a 0.1 M solution of copper nitrate

hexahydrate (Co(NO3)2·6H2O) was prepared by adding 1.455
mg in 50 mL of water, which was then mixed into the 50 mL
SnO2 solution (0.1 M). Stirring was done with the dropwise

Figure 10. Schematic representation of the proposed sensing setup
and mechanism.
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addition of aqueous ammonia till a greenish colloidal gel is
formed. Final precipitate was washed several times, dried, and
calcined as undoped SnO2.
For doping with nickel, the similar procedure was followed

with 0.1 M of nickel chloride hexahydrate (NiCl2·6H2O, 1.18
mg) in 50 mL of water. A greenish colloidal gel was formed,
which was further followed by several washing, drying, and
calcination at 800 °C.
The morphological analysis of as-synthesized nanoparticles

was carried out using Hitachi’s S5200 FESEM at an
acceleration voltage of 10 keV. Structural characterizations
were carried out using an X-ray diffractometer (Rigaku, Ultima
IV) with Cu Kα radiation (λ = 1.542 Å), and the diffraction
pattern was recorded over the Bragg’s angle between 20 to 80°.
Surface functional analysis was done with Fourier transform
infrared spectroscopy (FTIR, Bruker’s Tensor 37 spectrom-
eter), and spectra is obtained in the frequency range of 600 to
4000 cm−1; UV−vis absorption studies were done in the
wavelength range of 200 to 600 nm using the Hitachi’s U3900
spectrophotometer.
For the prefabricated three terminals (counter, reference,

and working electrodes), a gold-coated Cu- electrode was used
to prepare a screen-printed electrode (SPE) as an electro-
chemical sensor platform. Thick film of the calcined nano-
particle was printed on the working electrode having 4 mm in
diameter and was dried at 70 °C. Such SPE was printed with
undoped and doped SnO2 nanomaterials separately.
Electrochemical characterization, i.e., cyclic voltammetry

(CV) and electrochemical impedance spectroscopy (EIS) was
performed using a potentiostat (IVIUM, Netherland) with
printed SPEs. The voltammogram was obtained by sweeping
the voltage between −1 V to +1 V at a scan rate of 100 mV per
s, whereas the EIS spectra were recorded in the frequency
range of 1 MHz to 0.1 Hz. The characterization was repeated
for all the samples and for different concentrations (0, 1, 5, 10,
and 15 ppb) of 1-propanol solution and (0, 2, 4, 6, 8, and 10
ppb) of isopropyl alcohol (IPA), which were prepared in the
phosphate buffer solution. For an actual measurement, the
breath sample can be transported through a condenser to the
sample vial containing PBS, and then the measurement can be
performed.

5. CONCLUSIONS
In this work, an attempt is made to study an e-nose based
concept by using undoped, Co-, and Ni-doped SnO2
nanoparticles in the form of an SPE for 1-propanol (0 to 15
ppb) and isopropyl alcohol (0 to 10 ppb) detection.
Morphology of the synthesized nanoparticles was confirmed
by the FESEM, whereas XRD revealed the crystalline structure.
Ni-doped SnO2 resulted in the highest sensitivity for both
analytes within the detection range. From selectivity studies, it
is noticed that Ni−SnO2 offers the highest selectivity for IPA
against all other volatile compounds analyzed. Co−SnO2
exhibits the highest selectivity to 1-propanol against all the
volatile compounds tested. The results of this study indicate
that these doped SnO2 can be used as a potential sensing
platform for the detection of various VOCs in an attempt for
early/timely detection of lung cancer.
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