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reducing agents in alkaline medium. The codoped NCs were characterized by UV/vis, FT-IR, and Raman
spectroscopy, powder X-ray diffraction (XRD), and field-emission scanning electron microscopy (FESEM).
They were deposited on a silver electrode (AgE, surface area, 0.0216 cm?) to give a sensor with a fast

response towards methanol in liquid phase. The sensor also exhibits good sensitivity and long-term
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stability, and enhanced electrochemical response. The calibration plot is linear (% =0.9809) over the
0.25 mmol L~ to 0.25 mol L-! methanol concentration range. The sensitivity is ~5.79 pAcm~2 mM-!, and
the detection limit is 0.16 - 0.02 mmol L-! (signal-to-noise ratio, at a SNR of 3). We also discuss possible
future prospective uses of this codoped semiconductor nanomaterial in terms of chemical sensing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Transition-metal doped semiconductor material is extensively
used as liquid crystal displays, ferroelectric thin-film transistors,
catalysts, gas-sensors, chemi-sensors, bio-sensors, and solar-cell
applications [1-11]. SnO, is an n-type metal oxide which has large
band-gap for codoped semiconductor oxides utilizing in spintronic
applications. The use of carrier spin in codoped nanomaterials
appears a new class of device such as polarized light emit-
ters, integrated-memory, micro-processor functions, and magnetic
devices, which displayed gain as well as ultra-low power transistors
[12-15]. It is also extensively used in a variety of thin-film applica-
tions due to wide band-gap n-type semiconductor (Eg=3.5-4.0eV)
and low-electrical resistance with high optical transparency in visi-
ble and near-IR electromagnetic spectrum [16,17]. The coexistence
of tin interstitials and oxygen vacancies in SnO; is provided a
unique combination of optical and electrical properties [18]. The
Sn0,, is typically favored as the host in sight of their exciting optical
and electrical properties in widespread applicability. SnO, nano-
structure doping with metals (and metal oxides) without changing
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optical transparency is the key means of controlling electrical con-
ductivity [19]. The metal ions (three d-shell transition) as dopants
with open d-shell electronic configurations have employed differ-
ent physical properties of their host semiconductors [20]. [ron oxide
is one of the significant dopants of SnO, to obtain good quality
films for sensor applications in broad-scale. Transition-metal doped
semiconductor nanomaterial films reducing resistivity with fairly
high-electronic transmittance were reported elsewhere [21,22]. By
iron-doping, oxygen vacancies are generated in single dimensional
SnO,. The oxygen vacancy has a great influence on the physi-
cal and chemical as well as electrical properties, which is also
strongly attracted toward Fe-ions. As a consequence, the transi-
tion metal-oxygen vacancies of semiconductor groups are used as
common dopant in SnO;.

Iron-oxide codoped SnO, thin films were prepared by vari-
ous techniques such as chemical vapor deposition, rf-sputtering,
sol-gel spin coating, sol-gel dip coating, and sprays pyrolysis
[23-27]. Among the various deposition techniques, the hydrother-
mal technique is the most convenient method due to the simplicity
and inexpensive experimental arrangement, ease of doping materi-
als, high-growth rate, and mass-production capability for industrial
applications [28]. Several scientific reports have been published on
nanomaterial films to detect the various toxic chemicals at room
conditions. Cheng et al. have reported the gas-sensing properties
of metal-oxide nano-particle thin-films to ethanol and propanol
chemicals [29]. Arshak and Gaiden have measured the zinc and
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silver oxide thick-film sensors to detect ethanol and propanol
subsequently [30]. Methanol-sensing properties of CeO,-Fe,03
thin-films have been also executed by Neri et al. recently [31]. They
have investigated that the addition of CeO, to Fe;03 is enhanced
the methanol response at low temperature. Indium tin oxide thin-
film sensors for detection of methanol have been reported by Patel
et al. at room temperature [32].

Here the calcined a-Fe;03 codoped SnO, NCs have significant
properties such as large surface area (surface-to-volume ratio),
non-toxicity, chemical stability, and high electrical conductivity;
which offered high electron communication features that enhanced
the direct electron communication towards the target analytes.
As methanol is highly carcinogenic and serious to health as well
as environment, it is urgently required to fabricate a simple and
reliable chemical sensor with doped semiconductor nanomate-
rials. Consequently, the methanol sensing properties of a-Fe;03
codoped SnO;, NCs films have been explained in term of fabrica-
tion and detection mechanism in this report. The simple fabrication
technique is used for the preparation of doped thin-film NCs on AgE
with conducting binders, which is measured by simple and reli-
able I-V method. To best of our knowledge, this is the first report
for highly sensitive detection of methanol with calcined a-Fe;03
codoped SnO, NCs using simple I-V technique in short response
time.

2. Experimental details
2.1. Materials and methods

Analytical grade of methanol, ferric chloride, tin chloride, ethyl
acetate, disodium phosphate (Na,HPO,4), ammonia solution (25%),
butyl carbitol acetate, and monosodium phosphate (NaH,POg4)
was used and purchased from Sigma-Aldrich Company. Stock
solution of 12.5molL~! methanol was taken from the purchased
chemical. The Amax (423.0nm) of calcined Fe;03-Sn0O, NCs was
evaluated with UV/visible spectroscopy (Lamda-950, Perkin Elmer,
Germany). FT-IR spectra were performed with a spectrophotome-
ter (Spectrum-100 FT-IR) in the mid-IR range, which was purchased
from Perkin Elmer, Germany. Raman station 400 (Perkin Elmer,
Germany) was used to measure the Raman shift of codoped NCs
material using radiation source (Ar* laser line, A: 513.4nm). The
powder X-ray diffraction (XRD) prototypes were assessed with
X-ray diffractometer (X'Pert Explorer, PANalytical diffractometer)
equipped with CuKoq radiation (A =1.5406 nm) using a generator
voltage 0f 40.0 kV and a generator current of 35.0 mA applied for the
purposed. Morphology of codoped nanomaterial was investigated
on FESEM instrument (FESEM; JSM-7600F, Japan). [-V technique
was executed by using Electrometer (Kethley, 6517A, Electrometer,
USA) at room conditions.

2.2. Synthesis and growth mechanism of «-Fe;03 codoped SnO,
NCs

The solution of starting reactants (FeCl; and SnCl4-2H,0) is pre-
pared in aqueous medium at room conditions. After addition of
NH4OH (for adjusting the pH) into the mixture of metal chloride
solutions, it was stirred gradually and powerfully for few minutes
at room temperature. a-Fe;03 codoped SnO, NCs have been pre-
pared by adding uni-molar concentration of FeCl3 and SnCl, as
starting (reducing agent) materials into hydrothermal cell (Teflon
line autoclave) for 16 h. Initially, reactants were gradually dissolved
into the de-ionized water to form 0.1 molL~! concentration indi-
vidually at room temperature. Then these uni-molar solutions were
mixed properly and then the solution pH was adjusted (at 10.4)
using aqueous NH4OH; and finally placed into the oven at 150.0°C

for 16 h. The starting materials of SnCly, FeCl3, and NH4OH were
used without further purification for co-precipitation technique to
doped (Fe;03-Sn0,) composition. Again NH4OH was added drop-
wise into the strongly stirred SnCl4 and FeCl; solutions mixture to
produce a significant doped precipitate.

The growth mechanism of a-Fe;03 codoped SnO, nanostruc-
ture materials can be elucidated on the basis of chemical reactions
and nucleation as well as growth of doped nanocrystals, which is
presented in below.

NH40H(aq) — NH4* (3q) + OH (aq) ()

SHC14-2H20 + 4NH4OH(aq) +H20(aq) (11)
— Sl’l(OH)4<aq) +4NH4Cl + 3H20(aq)

FEC13(S) + 3NH4OH(aq) — FE(OH)3(aq) + 3NH4+(aq) + 3Cli(aq) (iii)

FeCl3(S) + 2NH4OH(aq) (iv)
— Fe(OOH)(aq) + 2NH4+(aq) + H+(aq) + 3C17(aq)

2Fe(OH)3(aq) + 4NH40H 45q) + Sn(OH)4(aq) (v)
— Fe203~Sn02(5) +4NH4+ +9H,0

Sn(OH)4(aq) + ZFE(OOH)(aq) — Fe203~5n02(5) +4H,0 (vi)

The reaction is forwarded slowly according to the proposed Eqs.
(i)-(iv). During preparation, the pH value of the reaction medium
plays an important responsibility in the nanomaterial doped oxide
formation. At a particular pH, when SnCly is hydro-lyzed with basic
solution (ammonium hydroxide), tin hydroxide is formed instantly
according to Eq. (ii). During the synthesis of nanomaterials, NH4,OH
is used to control the pH value (alkaline phase) as well as sup-
plied the hydroxyl ions (OH™) slowly in reaction system. When
the concentration of Sn?* and OH~ ions is reached to critical value,
SnO, nuclei formation becomes started. As the high concentration
of Fe3* ions [reactions (iii) and (iv)], the nucleation of SnO, crystals
become slower due to the lower activation energy barrier of hetero-
geneous nucleation. In presence of Fe3* concentration in reaction
system, a number of larger a-Fe,;03-Sn0, crystals with aggregated
cube-like morphology were formed according to the reactions [Eqgs.
(v)=(vi)]. The shape of calcined Fe;03-SnO, NCs is reliable with
the growth pattern of Fe;O3 codoped SnO, crystals [33]. Then the
resultant solution was washed thoroughly with acetone, ethanol,
and water consecutively and kept for drying at room conditions.
Finally, the as-grown doped a-Fe;03-Sn0O, NCs materials were cal-
cined at400.0°C for 5 hin the furnace (Barnstead Thermolyne, 6000
Furnace, USA). The calcined products were characterized in detail
in terms of their morphological, structural, optical properties, and
applied for methanol chemical sensing for the first time.

2.3. Preparation of phosphate buffer and analyte solution

0.1 mol L-! phosphate buffer solution (PBS) at pH 7.0 is prepared
by mixing of equi-molar concentration of 0.2 mol L~! Na;HPO, and
0.2 mol L-! NaH, PO, solution in 100.0 mL de-ionize water at room
conditions. As received methanol (99.9%) is diluted to make vari-
ous concentrations (0.25 mmol L~! to 12.5 mol L~1) in DI water and
used as a target analyte. 10.0 mL of 0.1 mol L~ PBS is kept constant
during measurements.
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Scheme 1. Schematic view of (a-c) fabrication and proposed mechanism of methanol detection with codoped NCs modified AgE (NCs/AgE), (d) theoretical, (e) practical I-V

methods in presence of a-Fe; 03 codoped SnO, semiconductor NCs.
2.4. Fabrication of AgE with «-Fe,03 codoped SnO, NCs

Silver electrode (AgE) is fabricated with a-Fe,03 codoped
SnO, NCs using butyl carbitol acetate (BCA) and ethyl acetate
(EA) as a conducting binder. Then it is kept in the oven at
60.0°C for 3h until the film is completely dried, stable, and
smooth. A cell is assembled with NCs/AgE and Pd-wire as a
working and counter electrodes respectively. The ratio of cur-
rent vs. concentration (slope of calibration curve) is used to
calculate the methanol sensitivity. Detection limit is evaluated
from the ratio of 3N/S (ratio of Noise x 3 vs. Sensitivity) from
the linear dynamic range of calibration curve. Electrometer is
used as a constant voltage sources for -V measurement in sim-
ple two electrode system. The calcined a-Fe;03 codoped SnO,
NCs are fabricated and employed for the detection of methanol
in liquid phase. I-V response is measured with NCs/AgE film
according to Scheme 1. Palladium (PdE) and silver electrode (AgE)
are used as a counter and working electrode (voltage sources,
in two electrode system) respectively, which is presented in
Scheme 1a. The theoretical and experimental -V detection meth-
ods with NCs using conducting binder are presented in Scheme 1b
and c respectively. The proposed detection mechanism of fab-
ricated methanol sensors using I-V responses is presented in
Scheme 1d.

3. Results and discussions
3.1. Optical characterization

The optical property of the calcined a-Fe; 03 codoped SnO, NCs
structure is one of the important characteristics for the evaluation
of its photo-catalytic activity. The optical absorption spectra of NCs
are measured by using UV-visible spectrophotometer in the vis-
ible range (200.0-800.0 nm). In UV/visible absorption technique,
the outer electrons of atoms or molecules are absorbed by inci-
dent a radiation source, which undergoes electron transition from
lower to higher energy levels. In this phenomenon, the spectrum
obtained owing to optical absorption can be analyzed to acquire
the energy band gap of the semiconductor nanomaterials [34].
The optical absorption measurement was carried out at ambient

conditions. From the absorption spectrum, an absorbance maxi-
mum is measured using calcined doped NCs at 423.0 nm, which is
presented in Fig. 1a. Band gap energy (Eyg) is calculated on the basis
of the maximum absorption band of NCs and found to be 2.9314 eV,
according to following Eq. (vii).

1240 .
Epg = T(eV) (vii)
where E,, is the band-gap energy and Amax is the wavelength

(423.0 nm) of the NCs. No extra peak associated with impurities and
structural defects were observed in the spectrums, which proved
that the synthesized NCs control crystallinity of a-Fe;03 codoped
Sn0, nanomaterials [35-37].

The calcined «a-Fe;03 codoped SnO, NCs are also studied
in term of the atomic and molecular vibrations. To predict the
motivated identification, FT-IR spectra basically in the region of
400-4000cm~"! are investigated at room conditions. Fig. 1b dis-
plays the FT-IR spectrum of the calcined NC nanostructures. It
represents band at 612, 1632, and 3424 cm~!. These observed wide
vibration band (at 612 cm~!) could be assigned as metal-oxygen
(Sn-0 and Fe-O modes) stretching vibrations [38-41], which is
demonstrated the configuration of codoped nanostructure mate-
rials. The supplementary vibrational bands may be assigned
to O—H bending (1632cm~!) and O—H stretching (3424cm™!)
vibrations. The absorption bands (1632cm~! and 3424cm™1)
are exhibited from water, which generally semiconductor nano-
structure materials absorb from the environment due to their
mesoporous nature [42,43]. Finally, at low-frequency region, the
vibrational band is suggested the formation of a-Fe,03 codoped
SnO, NCs.

Raman spectroscopy is used to disclose vibrational, rotational,
and other low-frequency phases in Raman active compounds. It is
constructed on inelastic scattering of mono-chromatic light in visi-
ble, near-infrared, or near-ultraviolet range (i.e., Raman scattering).
Raman spectroscopy is generally known and exploited in material
chemistry, since the information is explicit to the chemical bonds
and symmetry of metal-oxygen stretching or vibrational modes.
In Fig. 1c, the wave numbers were measured using Raman spec-
tra at 222cm~1, 288cm~!, 408cm~!, 604cm~!, and 1302cm1,
which represents the metal-oxygen stretching vibrations (Fe-O
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Fig. 1. Typical (a) UV-vis spectrum, (b) FT-IR spectrum, and (c) Raman spectrum of calcined a-Fe; 03 codoped SnO, NCs.

and Sn-0). These bands can be assigned to a cubic-phase of a-Fe; 03
codoped SnO;, NCs [44].

3.2. Structural and morphological characterizations

The reflection peak is found to match with iron oxide phase
(Hematite, a-Fe,03) having Rhombohedral geometry [Joint Com-
mittee on Powder Diffraction Standards, JCPDS # 080-2377].In Fig. 2a,
the phases (with indices) are represented to the major charac-
teristic peaks (black-color) for calcined crystalline iron oxide at
26 values of 24.15(012), 33.16(104), 35.63(110), 49.46(024),
54.1(116), and 72.28(119) degrees. The lattice parameters are
a=5.03521; c=13.7505, Z=6, point group: R-3c(167), and radia-
tion: Cu Koy (A =1.5406). These indicate that there is considerable
amount of crystalline iron oxide present in codoped nano-
materials. Beside a-Fe; 03, the reflection peaks were also found to
match with SnO, phase (cassiterite) having tetragonal geometry
[JCPDF # 072-1147]. The phases are showed the major characteris-
tic peaks (blue-color) with indices for calcined crystalline SnO, at
260 values of 26.59(110), 54.77(220), 62.6(221), and 64.77(112)
degrees in Fig. 2a. The tetragonal (unit cell) lattice parame-
ters are a=4.737; ¢=3.185; Z=2, point group: P42/mnm(136),
and radiation: Cu Ka; (A =1.5406). These indicate that there is
considerable amount of crystalline SnO, present in codoped nano-
structural materials. Finally, this X-ray pattern is corresponded
to NCs sample, which may be attributed to the doping of NC
lattice site of codoped aggregated NCs semiconductor materials
[45-49]. Further, no other impurity peak was observed in the XRD
pattern showing the a-Fe,03 codoped SnO, NCs phase forma-
tion.

High resolution FESEM images of calcined a-Fe;03 codoped
SnO, NCs are exhibited in Fig. 2b-d. The FESEM images of

aggregated nano-structural materials are displayed in cubic-
shape. The average diameter of NCs is calculated in the range
of 106.61~338.15nm, which is close to 205.644+10.0 nm. It is
clearly exhibited from FESEM that the synthesized codoped prod-
ucts are nanostructure of NCs. It is revealed in regular cubic-shape
with high-density block-shape nanostructure. It is also proposed
that the hydrothermally prepared nanostructures are composed in
cubic-shape of aggregated a-Fe,03 codoped SnO, NCs [50]. The
crystalline size was also calculated and confirmed using Scherrer
formula [51],

092
~ Bcosh

where A is the wavelength of X-ray radiation, 8 is the full width at
half maximum (FWHM) of the peaks at the diffracting angle 6. The
average diameter of NCs («-Fe;03 codoped SnO, NCs) is close to
~201.0 nm.

3.3. Methanol detection using I-V technique

The calcined a-Fe,03 codoped SnO, NCs were employed for
the detection of methanol in liquid phase. I-V responses were
measured with NCs coated thin-film (in two electrodes system),
which was presented in experimental sections. Scheme 1 already
outlined the methanol sensing protocol using the NCs/AgE mod-
ified electrode. The concentration of methanol was varied from
0.25 mmol L~ to 12.5 mol L~ by adding de-ionized water at differ-
ent proportions. Here, Fig. 3a is represented the I-V responses for
uncoated-AgE (gray-dotted) and NCs-coated-AgE (black-dotted)
electrodes. In PBS system, the NCs/AgE electrode shows that the
reaction is reduced slightly owing to the presence of semicon-
ductor NCs on bare-AgE surface. A considerable enhancement of



22

M.M. Rahman et al. / Talanta 95 (2012) 18-24

Intensity (arb. units)

Range: 106.61 ~ 338.15 nm

40 50 60
20 (degree)

Tum

x

-
T Tt
2

Avg. diameter: ~205.64 nm

et { 'iO_Onm'

4

Fig. 2. (a) X-ray powder diffraction and (b-d) low to high-magnified FESEM images of calcined «-Fe, 03 codoped SnO, NCs. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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HCHO/

+ HCOOH
+H,0
+a~

Fig. 4. Mechanism of methanol sensors based on calcined a-Fe; 03 codoped SnO; NC at room conditions. (a) Before reaction with methanol, (b) after reaction with methanol,

and (c) real and magnified NC image.
Taken from Fig. 2c.

current value with applied potential is demonstrated with fabri-
cated NCs/AgE in presence of target analyte, which is presented
in Fig. 3b. The black-dotted and blue-dotted curves were indicated
the response of the fabricated film before and after injecting 50.0 .L
methanol in 10.0 mL PBS solution respectively. Significant increases
of current are measured after injection of target component in reg-
ular interval. [-V responses to varying methanol concentration on
thin NCs were investigated (time delaying, 1.0s) and presented in
Fig. 3c. The comparative plots (magnified-view) of resultant current
of various concentrations between +1.0 and +1.5V are separately
presented in Fig. 3d.

Analytical parameters (such as sensitivity, detection limit,
linearity, and linear dynamic range) were calculated from the cal-
ibration curve (current vs. concentration), which was presented in
Fig. 3e. A wide range of methanol concentration was selected to
study the possible detection limit (from calibration curve), which
was examined in 0.25mmolL-! to 12.5molL-!. The sensitivity
was calculated from the calibration curve, which was close to
5.79 pAcm~2 mmol L~!. The linear dynamic range of the NCs/AgE
sensor was employed from 0.25mmolL-! to 0.25molL-! (lin-
early, r2=0.9809), where the detection limit was calculated about
0.16+0.02mmolL-! (ratio, 3N/S). The NCs/AgE was exhibited
semiconductor behaviors, where the electrical resistance decreases
under the presence of reducing agent in solution phase. The film
resistance was decreased gradually (increasing the resultant cur-
rent) upon increasing the methanol concentration in bulk system.

I-V characteristic of the NCs is activated as a function of
methanol concentration at room conditions, where improved cur-
rent response is observed. As obtained, the current response of
the NCs-film is increased with the increasing concentration of
methanol, however similar phenomena has also been reported
earlier [29,52]. For a low concentration of methanol in liquid
medium, there is a smaller surface coverage of methanol molecules
on a-Fe,03 codoped SnO, NCs film and hence the surface reac-
tion proceeds steadily. By increasing the methanol concentration,
the surface reaction is increased significantly (gradually increased
the response as well) owing to large surface area contacted with
methanol molecules. Further increase of methanol concentra-
tion on NCs/AgE surface (low-dimensional crystalline size and

low-lattice disorder), it is exhibited a more rapid increased the cur-
rentresponses, due to larger surface covered by methanol chemical.
Usually, the surface coverage of methanol molecules on NCs/AgE
surface is reached to saturation, based on the regular enhancement
of current responses. The methanol-sensing mechanism of the NCs
film is explained as follows.

Initially, oxygen (dissolved) is chemisorbed on the NCs/AgE sur-
faces, while NC coated-film electrode is immersed into PBS system.
During the chemi-sorption, the dissolved oxygen is converted to
ionic species (such as O,~ and O~ ) which is gained electrons from
the conduction band of codoped NCs [53,54]. The reaction mecha-
nism is presented in below [Eqgs. (viii)-(x)] as well as in Fig. 4a.

O2(diss) = O2(ads) (viii)
O3(ads) +€7 = 027 (ads) (ix)
027 (ads) + €~ — 207 (ads) (x)

The reaction between methanol and ionic oxygen species is
executed by two different ways [32], which are schematically pre-
sented in Fig. 4b and c.

CH30H(|iq)+O‘(ads) — HCHO + Hy0 + e~ (xi)
HCHO + 2O(bulk)‘> HCOOH + O(vac) (xii)

CH30H(liq)+027(ads) — HCOOH + H,0 + e~ (xiii)

Here, the reactions [Egs. (xi)-(xiii)] are directly depended in
presence of methanol into reaction system. On NCs/AgE surfaces,
methanol is oxidized to convert as formaldehyde and formic acid,
which is released electrons into the conduction band. Therefore it
is decreased the resistance (increasing the conduction current) of
the NCs film.

Actually the response time was around 10.0 s for the fabricated
NCs/AgE to reach the saturated steady-state level. The higher sensi-
tivity of the fabricated NCs/AgE could be attributed to the excellent
absorption (porous surfaces in NCs/binders/AgE) and adsorption
ability, high catalytic-decomposition activity, and good biocom-
patibility of the NCs. The estimated sensitivity of the fabricated
sensor is relatively higher and detection limit is comparatively
lower than previously reported methanol sensors based on other
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nano-composite or nano-materials modified electrodes [55-59].
Due to high specific surface area, NCs provide a favorable micro-
environment for the methanol detection with good quantity. The
high sensitivity of NCs/AgE provides high electron communication
features which enhanced the direct electron transfer between the
active sites of codoped NCs and AgE. The NCs/AgE system is demon-
strated a simple and reliable approach for the detection of toxic
chemicals. It is also revealed that the significant access to a large
group of chemicals for wide-range of ecological and biomedical
applications in environmental and health-care fields respectively.

The methanol chemical sensor based on NCs is displayed good
reproducibility and stability for over two weeks and no major
changes in sensor responses are found. After two weeks, the
chemical sensor response with doped NCs was slowly decreased,
which may be due to the weak-interaction between fabricated NCs
active surfaces and methanol chemical. The significant result was
achieved by hydrothermally prepared a-Fe;03 codoped SnO, NCs,
which can be employed as proficient electron mediators for the
development of efficient chemical sensors.

4. Conclusions

Finally, we have successfully fabricated methanol chemical sen-
sor based on low-dimensional calcined «-Fe;03 codoped SnO,
NCs, which is immobilized onto side-polished AgE with conduct-
ing binders for the first time. NCs are prepared extensively using
hydrothermal method with reducing agents in alkaline medium,
which represents a simple and economical approach. Analytical
performances of methanol chemical sensor are investigated by reli-
able -V method in terms of sensitivity, detection limit in short
response time as well as reproducibility. This extensive research is
performed in terms of preparation and characterization of doped
NCs and applied for the methanol sensor using I-V method. Hence,
this approach is introduced a new route for efficient chemical sen-
sor development in environmental and healthcare fields.
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