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TeO2 is a semiconducting metal oxide that is not popular for sensing studies due to its poor sensing performance
in its pristine form. To enhance its sensing performance, we deposited amorphous carbon (a-C) on its surface. We
first synthesized TeO2 nanowires using a thermal evaporation method, and then we deposited an a-C layer on
them by a simple procedure using a flame carbon vapor deposition technique. We showed that the a-C-decorated
sensor had a lower optimized sensing temperature (26 ◦ C) relative to the pristine TeO2 sensor (50 ◦ C) and
presented a higher sensitivity to NO2 gas. The maximum responses to NO2 (10 ppm) were 1.918 and 1.468 for aC-decorated and pristine TeO2 nanowires, respectively. Furthermore, the a-C-decorated sensor indicated
outstanding selectivity toward NO2. The high performance of a-C-decorated sensor was results of its higher
surface area created by the bumpy carbon layer on the surface of TeO2 nanowires as well as the electronic
sensitization due to the a-C layer. We also confirmed NO2 sensing behaviors of bare and a-C-decorated TeO2
nanowires using density functional theory (DFT) calculations, where calculated binding energies between NO2
and the sensing layer were stronger for NO2 and a-C-decorated TeO2 nanowire gas sensor relative to pristine gas
sensors. The present approach for enhancing the sensing of TeO2 nanowires can be extended to other sensor
systems as a simple, inexpensive strategy to improve sensor performance.

1. Introduction
Currently, semiconducting metal oxide gas sensors are widely
employed due to their, high performance, high stability, fast dynamics,
and low cost [1]. Nonetheless, they have inherent problems such as poor
selectivity and high sensing temperature [2]. Some approaches such as a
self-heating mode of operation [3] and morphology engineering [4]
have been used to address these problems.
Different semiconducting metal oxides (mostly based on n-type

semiconductors) have been used for sensing studies [5,6]. However, less
attention has been paid to p-type tellurium dioxide (TeO2) [7] for the
detection of gases because its response in its pristine state is poor [8].
Thus, different strategies such as noble metal decoration [9], p-n, and
p-p heterojunction formation [10,11], have been suggested to
strengthen the gas sensing capacity of TeO2. Even so, the development of
novel strategies to further improve the sensing response of TeO2 remains
important.
Amorphous carbon (a-C) materials are widely used as protective
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layers because of their unique properties, including chemical inertness,
high hardness, transparency, and low frication coefficient [12]. How
ever, little attention has been paid to using a-C films for gas sensing
studies. In 2010, Chen et al. used a-C in combination with Si for hu
midity sensing studies [13]. In 2014, Tripathi et al. [14] synthesized an
a-C film for NH3 sensing, and a poor response was reported.
Also, room temperature sensing of NO2 gas is highly important not
only due to the highly dangerous nature of NO2 gas but also due to
extremely low power consumption at room temperature for sensing
devices. Previously, room temperature NO2 sensing has been reported
by researchers using different materials. For example, Zhang et al. re
ported the realization of porous Co3O4 slices/reduced graphene oxide
hybrid sensor for detection of NO2 gas at room temperature [15]. The
optimal sensor revealed a response of 26.8% to 5 ppm of NO2 at room
temperature, which was 2.27 times higher than that of pristine Co3O4
sensor at 100 ◦ C. In another study [16], MoS2/TeO2 hybrid gas sensor
was fabricated for room temperature NO2 gas sensing. The enhanced
sensor response was attributed to the combined effects of formation of
p-n heterojunctions, catalytic activity and synergistic effects of sensing
materials. CuO nanoplatelet-based gas sensor showed a high response to
NO2 gas room temperature along with a high selectivity [17]. TeO2 gas
sensors were successfully used for detection of NO2 gas at room tem
perature. However, the response was not high and the selectivity studies
were not reported [8,18,19]. The selectivity of pristine TeO2 nanowire
gas sensor was reported to be poor [7]. TeO2/SnO2 brush-and beadlike
nanowire hybrid sensor was used for NO2 gas sensing. At room tem
perature, the sensor showed a better response relative to pristine
counterparts. However, selectivity study was not performed [20]. CuO
nanoflakes/rGO nanosheets were used to fabricate a room temperature
NO2 gas sensor. The sensor showed a high response of 400.8% towards 5
ppm NO2 gas [21]. In another study, the response of the visible light
irradiated In2O3 nanowire gas sensor toward 5 ppm NO2 at 25 ℃ was
740 [22]. Cactus-like silicon nanowires/tungsten oxide nanowire gas
sensor shows a response of 2.88–2 ppm NO2 gas at room temperature
[23]. Au nanoparticle-decorated porous ZnO nanowires irradiated with
UV light showed a response of 2.3–1 ppm NO2 gas at room temperature
[24]. The SnO2/ZnO nanowire sensor showed a response of 128–100
ppb NO2 gas [25]. Te nanostructure gas sensor showed a high response
along with relatively fast response time to NO2 gas at room temperature
[26].
In our previous study, we deposited an a-C layer over SnO2 nano
wires [27]. The sensor revealed good response to NO2 gas relative to the
pristine sensor, and this motivated us to further expand our studies to a
p-type TeO2 in the form of nanowires. In this study, we prepared a-C
decorated TeO2 nanowires using a facile and inexpensive technique for
NO2 gas sensing studies. NO2 is a highly dangerous gas having a
threshold limit value of 5 ppm [28]. Based on NO2 gas sensing studies,
a-C decorated TeO2 nanowire gas sensors showed a lower optimal
sensing temperature (26 ◦ C) relative to the pristine gas sensor (50 ◦ C),
but it also indicated a higher gas response along with excellent selec
tivity to NO2 gas. The relevant sensing mechanism was explained and
confirmed by density functional theory (DFT) studies. The proposed gas
sensor has unique merits such as simple fabrication, low price, low
sensing temperature, and excellent selectivity and can be used in prac
tical applications for NO2 sensing. Even though the heterojunction be
tween TeO2 with other semiconducting metal oxides has been reported
in literature, the main advantage of present sensor is ease of realization
of a-C-decoration on the surface of TeO2 nanowire, by an extremely
simple and fast process, not requiring special facilities or high cost
materials.

sputtering using a turbo sputtering device (Emitech K575X, Emitech
Ltd., UK). During the sputtering, the argon gas flow rate was 20 sccm
with a fixed sputtering time (60 s) and current (10 mA). Then, TeO2
nanowires were grown on an Au-coated Si substrate placed in a vertical
furnace. Te powders (99.9%) were used for fabrication of TeO2 nano
wires. The growth temperature was set to 370 ◦ C for 1 h in air. Upon
reaction of Te (vapor) with oxygen gas, TeO2 nanowires were gradually
produced. More details about synthesis of TeO2 nanowires can be found
in [29]. Next, a flame carbon vapor deposition (FCVD) apparatus was
used to directly heat the TeO2 surface, which ultimately yielded the
a-C-decorated TeO2 nanowires (Fig. 1). The heating time was optimized
to be 10 s (Text S1, Figs. S1, S2 in Supporting Information).
2.2. Characterization
Scanning electron microscopy (SEM; Hitachi S-4200,) and trans
mission electron microscopy (TEM; JEM-2100 F, JEOL) were employed
to examine the morphology. Energy-dispersive X-ray spectroscopy (EDS)
was used to investigate the chemical composition. X-ray photoelectron
spectroscopy (XPS) studies were performed using an instrument from
Thermo Fisher Scientific Co. (USA). Raman spectroscopy (NRS-3100,
Jasco, USA) was performed using a 532 nm Nd: YAG laser to explore the
chemical structure of the materials. Ultraviolet photoelectron spectros
copy (UPS, Thermo Fisher Scientific Co.) measurements were used to
determine the work function values in ultrahigh vacuum using HeI (hν =
21.2 eV) radiation.
2.3. Gas sensing tests
Similar to our previous works [1,30], initially, a bi-layer (Au/Ti)
electrode was sputtered on the samples, and they were put into a gas
chamber. The concentrations of gases were adjusted by mass flow con
trollers (flow rate= 500 sccm). The resistance of the sensor in air (Ra)
and in the presence of the target gas (Rg) was continuously recorded, and
the response for NO2 gas was calculated as R=Rg/Ra, which was defined
as R=Ra/Rg for reducing gases. Response time and recovery time were
determined as described in [27]. NO2 responses were recorded in dry
and humid air (RH=0–75.2%, at 26 ◦ C). The RH value of the mixed
humid gas was controlled by a sensitive RH probe.
2.4. Computational details
Spin-polarized DFT calculations were perfumed by the Vienna ab
initio Simulation Package (VASP) to explore the structural and NO2
sensing characteristics of bare and (a-C) decorated TeO2 NWs [31,32].
The
generalized
gradient
approximation
(GGA)
of
Perdew-Burke-Ernzerhof
(PBE)
was
employed
for
the
exchange-correlation functional, while the electron-ion interactions
were studied using the projector-augmented wave (PAW) approach [33,
34]. A cut-off energy of 500 eV was used for the plane-wave basis set.
We incorporated the van der Waals (vdW) calculations of Grimme et al.
at the DFT-D3 level to compensate for underestimates of the binding
energies caused by the GGA methods. This was necessary because hav
ing an accurate binding mechanism is of vital importance, especially for
weakly interacting systems [35]. A Monkhorst-Pack scheme was
employed for sampling the Brillouin zone (BZ) with a KPOINTS mesh of
5 × 5 × 1 for structural optimization [36]. Structural optimization was
carried out until the total energies and forces reached convergence
criteria of 10− 6 eV and 0.01 eV/Å, respectively. To study the sensing
mechanism, we considered a surface of TeO2 along the (001) direction.
Therefore, a vacuum space of 15 Å was added along the vertical Z-di
rection to nullify the possible interactions between periodic units. The
charge transfer mechanism was investigated by employing Bader charge
analysis [37]. The binding energies (Eb) of NO2 with pristine TeO2
nanowires and a-C-decorated TeO2 nanowires were calculated using Eq.
(1):

2. Experimental procedure
2.1. Synthesis of pristine and a-C-decorated TeO2 nanowires
A Si wafer was coated with an Au (3 nm) layer by Ar plasma
2
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Fig. 1. Schematic of synthesis of pristine TeO2 nanowires and a-C-decorated TeO2 nanowires.

Eb = E (TeO2/a-C-TeO2@NO2) – E (TeO2/C-TeO2) – E (NO2)

3. Results and discussion

(1)

3.1. Morphological and compositional investigations

The terms in the right part represent the total energies of TeO2/a-CTeO2 nanowires adsorbed with NO2, pristine TeO2/a-C-TeO2 and NO2
molecules, respectively.

Fig. 2(a) and (b) indicate the SEM images of pristine TeO2 nanowires
at two different magnifications. Long and continuous TeO2 nanowires
have been successfully synthesized. Furthermore, the approximate di
ameters of the nanowires were about 10–20 nm. Further investigations
were performed on a-C-decorated TeO2 nanowires as given in Fig. 2(c)

Fig. 2. SEM images of (a) and (b) pristine TeO2 nanowires. (c) and (d) a-C-decorated TeO2 nanowires.
3
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and (d). Overall, main difference between morphologies of pristine TeO2
nanowires and a-C-decorated TeO2 nanowires is the much rougher
surfaces of a-C-decorated TeO2 nanowires thanks to the presence of an aC layer on TeO2 nanowires. Also, as shown in SEM image, the a-C
decorated TeO2 nanowires are composed of many nanoparticles of car
bon. These carbon nanoparticles not only increase the effective surface
area for gas adsorption, but also increase the possibility of formation of
C-C homojunctions, acting as a source of the resistance modulation.
Fig. 3(a)-(d) show the results of EDS-TEM analysis. All expected el
ements, namely C, Te, and O, are present in the analysis, confirming the

successful formation of a-C-decorated TeO2 nanowires. Fig. S3(a) and
(b) show low-magnification TEM and corresponding high-resolution
TEM images of the a-C decorated TeO2 nanowire, respectively. As
shown in Fig. S3(a), a typical TeO2 nanowire is surrounded with a layer
of a-C. Fig. S3(b) clearly shows that the spacing between parallel fringes
is 0.323 nm (also see Fig. S3(c)), being attributed to the (120) crystalline
plane of TeO2. Crystalline TeO2 is coated with a-C layer. Amorphous
nature of this layer is evidenced from the lack of parallel fringes.
Fig. 4 shows Raman spectra of pristine TeO2 nanowires and a-Cdecorated TeO2 nanowires. The Raman spectrum of pristine TeO2

Fig. 3. EDS-TEM analysis of a-C-decorated TeO2 nanowires. (a-c) TEM images of a-C-decorated TeO2 nanowires. EDX elemental maps of (d) C, (e) Te, and (f)
O elements.
4
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with an area of 70.90%. Fig. 5(c) shows the Te3d region, in which peaks
related to Te3d 5/2 and Te 3d 3/2 are located at 588.48 and 577.88 eV,
respectively [41], demonstrating formation of α-TeO2. Fig. 5(d) in
dicates the deconvoluted O1s core-level region in which three peaks
exist. The peaks at 530.4, 532.0, and 533.1 eV can be related to inner
lattice oxygen, the surfaced-adsorbed oxygen species, and –OH groups
on the surface [42].
3.2. Gas sensing investigations
Fig. S4(a) schematically shows the fabricated a-C sensor and its inset
shows the corresponding digital image. We tested the sensor towards
NO2 gas and there was no response to this gas (Fig. S4(b)). In addition,
Fig. S4(c) shows I-V curves of pristine TeO2 and a-C decorated TeO2 gas
sensors. Fig. 6(a)-(c) show the transient resistance graphs of a pristine
TeO2 nanowire to various amounts of NO2 gas, respectively, at 26 ◦ C. In
all cases, the resistance variations, demonstrate the p-type nature of
synthesized TeO2 nanowires, which agreed with the literature [7,43].
Similar tests were repeated for an a-C-decorated TeO2 nanowires gas
sensor, as shown in Fig. 6(d)-(f). In Fig. 6(g), the response of the pristine
gas sensor to 2, 6, and 10 ppm NO2 gas was 1.256, 1.334, and 1.363,
respectively. Also, the responses of the a-C-decorated sensor to the same
concentrations of NO2 were 1.310, 1.542, and 1.918, respectively. For
all gas concentrations, the responses of the a-C-decorated sensor were
higher than those of the pristine one.
To evaluate the behavior of gas sensors at higher temperatures, we
performed gas sensing studies at elevated temperatures. Figs. 7 and S5
(a)-(d) show the transient response and resistance plots of the pristine
TeO2 nanowires sensors to NO2 gas at 50, 100, 150, and 200 ◦ C,
respectively. Also, Figs. 7 and S5(e)-(h) show the same tests for the a-Cdecorated TeO2 nanowire gas sensor. Sensor responses of the pristine

Fig. 4. Raman spectra of pristine TeO2 nanowires and a-C-decorated
TeO2 nanowires.

nanowires shows several peaks at 645, 422, 395, 140 and 121 cm− 1,
which can be attributed to the A1, B2, A1, A1 and E modes of tetragonal
α-TeO2 [38,39]. For a-C-decorated TeO2 nanowires, there are additional
peaks (D, G and 2D) that are related to the carbon layer [40]. Fig. 5(a)
exhibits an XPS survey of a-C-decorated TeO2 nanowires. Three main
peaks of C, O, and Te elements are observed. Fig. 5(b) reveals the
deconvoluted C1 core-level region, showing peaks at 284.1, 285.1,
–C
286.2, 287.8, 288.9 and 291.4 eV, which can be attributed to the C–
– O, O–C–
– O and π–π* bonds, respec
(sp2), C–C(sp3), C–O–C, C–
– C (sp2) bond is the dominant peak
tively [27]. The peak related to the C–

Fig. 5. (a) XPS survey of a-C-decorated TeO2 nanowires, (b) deconvoluted C1s, (c) Te3d and (d) deconvoluted O1s core-level regions.
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Fig. 6. Time-dependent resistance plots of pristine TeO2 nanowire gas sensor at RT to NO2 with different concentrations of (a) 2 ppm (b) 6 ppm and (c) 10 ppm.
Dynamic resistance curves of a-C-decorated TeO2 nanowire sensor at 26 ◦ C to NO2 gas with different concentrations of (d) 2 ppm, (e) 6 ppm and (f) 10 ppm. (g)
Calibration curves of TeO2 nanowire and a-C-decorated TeO2 nanowire gas sensors to NO2.

TeO2 to 10 ppm NO2 gas at 26, 50, 100, 150, and 200 ◦ C were 1.363,
1.468, 1.159, 1.162, and 1.096, respectively. On the other hand, re
sponses of the a-C-decorated sensor to 10 ppm NO2 gas at 26, 50, 100,
150, and 200 ◦ C were 1.918, 1.357, 1.235, 1.104, and 1.048, respec
tively. Thus, the optimal sensing temperature was 26 ◦ C (room tem
perature) for the a-C-decorated sensor, whereas it was 50 ◦ C for the
pristine one. Tables 1 and S1, respectively, summarize initial resistance
and response values of pristine TeO2 and a-C decorated TeO2 sensors
with respect to NO2 gas in the range of 2–10 ppm. Additionally, Table S1
shows the enhancement of response by a-C decoration on TeO2. In
resistive-based gas sensors, the basic mechanism of gas detection is the
modulation of the resistance in the presence of target gas. More sources
of resistance modulation will lead to higher response. Accordingly, in
order to obtain the same response, less thermal energy will be required
for the sensors with abundant sources of resistance modulation: i.e. the
optimal sensing temperature will be decreased. Thus, a-C decorated gas
sensors are comprised of more sources of resistance modulation,
lowering the optimal sensing temperature. In resistive-based gas sen
sors, the basic mechanism of gas detection is the modulation of the
resistance in the presence of target gas. More sources of resistance

modulation will lead to higher response. Accordingly, in order to obtain
the same response, less thermal energy will be required for the sensors
with abundant sources of resistance modulation: i.e. the optimal sensing
temperature will be decreased. Thus, a-C decorated gas sensors are
comprised of more sources of resistance modulation, having a lower
optimal sensing temperature.
Figs. 8 and S6(a)-(f) show the response and resistance curves of the aC-decorated TeO2 nanowire to interfering gases at room temperature.
Furthermore, Fig. 9 reveals the selectivity plot. Sensor responses to NO2,
acetone, ethanol, benzene, H2S, SO2, and toluene gas, with concentra
tions of 10 ppm are 1.918, 1.038, 1.056, 1.043, 1.110, 1.065, and 1.054,
respectively. Obviously, the a-C-decorated TeO2 nanowires showed
outstanding selective NO2 sensing capability.
Figs. 10 and S7 present the long-term stability of the a-C-decorated
TeO2 nanowires to 10 ppm NO2 gas after three months in a laboratory
ambient. After three months, the response dropped from 1.918 to 1.852,
corresponding to a reduction of 3.4%. Therefore, the sensor showed very
good long-term stability, and its response was not significantly
decreased even after three months.
Fig. 11 exhibits the effects of different values of relative humidity
6
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Fig. 7. Dynamic resistance plots of pristine TeO2 nanowire gas sensor to different concentrations of NO2 gas at various temperatures of (a) 50 ◦ C, (b) 100 ◦ C, (c)
150 ◦ C and (d) 200 ◦ C. Dynamic resistance curves of a-C-decorated TeO2 nanowire sensor to NO2 gas at different temperatures of (e) 50 ◦ C, (f) 100 ◦ C, (g) 150 ◦ C and
(h) 200 ◦ C. Calibration curves of (i) pristine and (j) a-C-decorated TeO2 nanowire gas sensors at various temperatures.

3.3. Proposed sensing mechanism

Table 1
Initial resistance values of pristine TeO2 and a-C-decorated TeO2 nanowire
sensors.

In air ambient, oxygen molecules are initially adsorbed on the sensor
surfaces of (p-type) TeO2 nanowire gas sensors, leading to the formation
of a hole accumulation layer (HAL) with high conductivity on TeO2
nanowire surfaces. In NO2 atmosphere, in terms of the adsorption of NO2
on the surface and the reaction between NO2-related species and
adsorbed oxygen species [45,46], more electrons are extracted from the
sensing material. Since pristine or a-C-decorated TeO2 nanowires are
p-typed hole conductors, the extraction of electrons corresponds to the
incorporation of holes, increasing the hole concentration and thus
decreasing the hole resistance.
For the pristine TeO2 sensor, the performance was lower relative to
the a-C-decorated one. Several effects should be considered to explain
the sensing mechanism of a-C-decorated TeO2. First, the sensor with a-Cdecoration had a bumpy surface based on SEM images, leading to a
larger surface area and more adsorption sites. Accordingly, more NO2
gas molecules were adsorbed, resultant in a higher sensing response.
Second, the presence of the a-C led to a change in the conduction parts in
TeO2, thereby enhancing the response at 26 ◦ C. In addition, the TEM
images clearly indicate that the a-C layer almost completely covered the
TeO2 surface, with the TeO2 surface being seldom exposed to ambient.
Accordingly, the sensor current will dominantly flow along the a-Cdecorated TeO2 region.
The work function values of a-C, TeO2, and a-C-decorated TeO2 were
investigated using UPS (Fig. 12(a)). The Fermi levels (EF), work func
tions (Φ) (Fig. 12(b)), and valence band maxima (VBmax) were calcu
lated from UPS analysis. As presented in Fig. 12(c) and (e), the valence
band maxima of the bare TeO2 and a-C-decorated TeO2 were 1.4 eV and
1.5 eV, respectively. Fig. 12(d) and (f) exhibit kinetic energy with en
ergy cut off (Ecut-off) values of the TeO2 and a-C-decorated TeO2,
respectively. Having these data, we used a procedure similar to [27] to

Initial Resistance (Ω)
TeO2

a-C–decorated TeO2

T
(◦ C)

NO2 concentration (ppm)
2

6

10

2

6

10

26
50

5,003,145
3,392,275

5,001,940
3,433,724

5,001,246
3,392,060

471,705
348,590

472,482
363,557

465,498
354,243

(RH) on the sensing behavior of the a-C-decorated TeO2 nanowires at
room temperature. Sensor responses to 10 ppm NO2 gas at different RH
%, namely 0%, 8.6%, 18.1%, 35.1%, and 75.2%, are 1.918, 1.616,
1.529, 1.483, and 1.472, respectively. Thus, it is likely that the sensor
response decreases in a humid ambient. In a humid ambient, H2O
molecules are adsorbed on the sensing layer in competition with NO2
molecules, decreasing the adsorption sites for NO2 molecules. Hence, a
lower sensor response is obtained in comparison to a dry ambient [44].
In order to examine the reproducibility of sensor, we fabricated three
sensors with the same material and the same fabrication procedure. As
shown in Fig. S8, responses of three sensors to NO2 gas are nearly
identical, regardless of concentration in the range of 2–10 ppm, high
lighting the good reproducibility. Also, to explore the repeatability of
the sensor, it was exposed to 20 cycles of NO2 gas (10 ppm) at room
temperature as shown in Fig. S9(a). The corresponding response versus
number of cycles is shown in Fig. S9(b). As shown, there is slight dif
ferences between the NO2 -responses at different cycles, demonstrating
an excellent repeatability of gas sensors.
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Fig. 8. Dynamic response plots of a-C-decorated TeO2 nanowire gas sensor to 10 ppm of (a) acetone, (b) ethanol, (c) benzene, (d) H2S, (e) SO2 and (f) toluene
at 26 ◦ C.

calculate the work function values TeO2 (4.95 eV) and a-C-decorated
TeO2 nanowires (4.65 eV). In a previous work, we determined the work
function value of a-C to be 0.5 eV [47], and the valence band maximum
was calculated to be 11 eV [27]. Energy levels of different materials
were constructed based on UPS studies as shown in Fig. 13. There are
two approaches to describe the gas sensing behaviors based on the
energy-band data. First, we consider the case in which a-C/bare TeO2
are major interfaces for electronic transport and variations involved in
improving the sensing behaviors. In this case of a-C/TeO2 hetero
interfaces, the work function of TeO2 is significantly higher than that of
a-C. With the a-C-decorated TeO2 region exhibiting a p-type sensing
behavior, the present sensor will be regarded as a hole conductor. To
equate Fermi levels, electrons flow from the a-C region to the TeO2 core
region, increasing the hole concentration in TeO2 and thus decreasing
the hole resistance. In addition, considering the valence band, it is
reasonable to assume that the transfer of holes from TeO2 to a-C is

difficult, whereas the hole transport from a-C will be promoted, which
also increases the hole concentration in TeO2. It is noteworthy that the
TeO2 will be a main conductor, which will mainly affect the sensing
behaviors. Thus, an increase in hole conduction volume in the TeO2 core
can provide efficient gas sensing. The present case will be associated
with the situation where the amounts of adsorbing oxygen and gas
species is smaller than that of holes.
Second, for the analysis of the energy levels, we regarded the a-Cdecorated TeO2 (comprising of the a-C and TeO2 surface) as one unit,
with the core TeO2 NWs being regarded as another one. A similar
approach was reported [48]. The work functions of the bare and
a-C-decorated TeO2 nanowires were 4.95 and 4.65 eV, respectively. For
a-C-decorated TeO2 nanowire, we suppose that the work function of
exposed TeO2 with neighboring a-C has been calculated. Thus, if core
(bare TeO2) and shell (a-C-decorated TeO2) are two different neigh
boring materials, a potential barrier of 0.30 eV will be generated
8
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between them by equating the Fermi levels. In order to equate the Fermi
level, electrons will flow from the shell (a-C-decorated TeO2) to the core
(bare TeO2), increasing the hole concentration in a-C-decorated TeO2.
Considering the valence band, it is reasonable to assume that the transfer
of holes from a-C-decorated TeO2 to core TeO2 is difficult, whereas hole
transport from the core of TeO2 will be promoted, which also increases
hole concentration in a-C-decorated TeO2. It is noteworthy that the
a-C-decorated TeO2 shell will be a main conductor, which will mainly
affect the sensing behaviors. Thus, an increase in hole conduction vol
ume in the a-C-decorated TeO2 based on a consideration of core (TeO2)
and shell (a-C-decorated TeO2) energy bands provides better sensing in
the regime where the number of oxygen and gas species is smaller than
that of holes. Therefore, introduction of NO2 gas will decrease the hole
resistance, resulting in an enhanced sensor response.
The excellent selectivity of the a-C-decorated sensor to NO2 can be
due to the high electron affinity (2.28 eV) of NO2 gas molecules. Thus, as
shown in reaction (2), NO2 can react directly with the sensor surface.
Moreover, the N atom in a NO2 molecule has one unpaired electron,
simplifying the chemisorption [49].

Fig. 9. Selectivity histogram of a-C-decorated TeO2 nanowire gas sensor
at 26 ◦ C.

3.4. DFT studies
To provide further insight into the reasons for the observed sensor
behavior, the structural and gas sensing features of sensors were
calculated by the DFT method. We start with a brief discussion of the
structural properties of TeO2 nanowires and a-C-decorated TeO2 nano
wires before explaining their sensing mechanism in the presence of NO2.
For an atomic scale understanding of the sensing mechanism, we
considered a model system consisting of eight layers of TeO2 along (001)
directions having 96 atoms (Te=32, O=64) and an optimized lattice
constant of 9.93 Å. In ground state configurations, there were two
different types of Te–O bonds with bond lengths of 1.91 and 2.16 Å.
An optimized structure of TeO2, as indicated in Fig. 14(a), was then
exposed to NO2 molecules to study the interactions between NO2 and
TeO2. Several binding sites over the TeO2 and different orientations of
the NO2 were considered to find a true ground state geometry. The most
preferential configurations, as shown in Fig. 14(b), yielded an Eb value
of − 0.231 eV, which is rather weak for an efficient binding mechanism.
Thus, pristine TeO2 showed poor sensing performance towards NO2,
which was in perfect agreement with the experimental observations.
To obtain a-C-decorated TeO2 nanowires for improved NO2 sensing,
we decorated TeO2 with a small carbon cluster that consisted of 16
atoms and allowed the system to fully optimize. Structural relaxation
yielded a-C-TeO2, as shown Fig. 14(c). We found that the carbon cluster
preferred to stay over the TeO2 surface in tilted form. Further, we
exposed NO2 molecules at various binding sites over a-C-TeO2. Like the
case of pristine TeO2, different orientations of NO2 were also considered
to find the lowest energy configurations. Many initial geometries were
optimized, and all of them yielded the structures as exhibited in Fig. 14
(d-1)-(d-3). The calculated Eb values of Fig. 14(d-1), (d-2), and (d-3)
were found to be − 1.11, − 1.31, and − 1.15 eV, respectively. Clearly,
Fig. 14(d-1)-(d-3) configurations yielded much stronger Eb values to
wards NO2 compared to the pristine TeO2. This evidently indicated that
the introduction of amorphous carbon (a-C) over TeO2 nanowires
improved the NO2 sensing mechanism, by enhancing the adsorption of
NO2 gas. The corresponding binding distances of NO2 with a-C-TeO2
were found to be 2.35, 2.12, and 2.21 Å, for Fig. 14(d-1), (d-2), and (d-3)
structures, respectively.
To further investigate the rationale behind the enhanced NO2 bind
ings over a-C-TeO2, we studied the change transfer mechanism through
Bader charge analysis. In the case of pristine TeO2, no charge transfer
occurred between NO2 and TeO2. This was evident from the very weak
Eb values of − 0.231 eV. However, in the case of a-C-TeO2, significant
charges were transferred from the adsorbate to the NO2 molecule. A
thorough charge analysis revealed that 0.38, 0.47 and 0.41 electrons
were transferred from a-C-TeO2 in the configurations in Fig. 14(d-1), (d-

Fig. 10. Long-term stability of a-C-decorated TeO2 nanowire gas sensor to
10 ppm NO2 gas at 26 ◦ C after three months.

Fig. 11. Effect of humidity on the sensing response (10 ppm NO2) of a-Cdecorated TeO2 nanowire sensor at 26 ◦ C.
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Fig. 12. UPS analysis of TeO2 nanowires and a-C-decorated TeO2 nanowires.

2), and (d-3) to the NO2 molecule, respectively.

5. Conclusions

4. Comparison with other works

In this study, we synthesized pristine TeO2 and a-C-decorated TeO2
nanowires. The expected morphology and chemical composition was
demonstrated using different characterizations. a-C-decorated gas sen
sors showed higher sensing performance to NO2 gas relative to pristine
TeO2 nanowire gas sensors in terms of lower sensing temperature and
higher gas response. Furthermore, the a-C-decorated gas sensor indi
cated excellent selectivity to NO2 gas, high stability over three months,
and a negligible sensing decrease in the presence of H2O vapor. Thanks
to higher surface area and electronic interactions between a-C and TeO2
nanowires in a-C-decorated TeO2 nanowire gas sensor, an enhanced
response was recorded. DFT calculations supported that a-C-decorated
TeO2 will provide higher adsorption to a NO2 molecule than pristine
TeO2, supporting the favorable effects of a-C on NO2 sensing behavior.

Table 2 compares the results obtained for a-C-decorated TeO2
nanowire gas sensor in this study with those reported in literatures [8,
19,20,23,50,51]. As it can be seen, the response of the present sensor is
higher than pristine TeO2 gas sensors in previous works. It is noteworthy
that heterojunction-based gas sensors exhibited the high response.
Accordingly, it is expected that fabrication of the genuine hetero
structures with current a-C-decorated TeO2 nanowires and metal oxides
would further increase the sensor response. It should be noted that
fabrication of present composite sensor is very simple in comparison to
heterostructured sensors.
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Fig. 13. Energy bands for a-C, TeO2 and TeO2/a-C.

Fig. 14. Optimized structures of (a) pristine TeO2, (b) TeO2 @NO2, (c) a-C-TeO2, (d) (1–3) a-C-TeO2 @NO2. Green, red, and blue balls represent Te, O and N atoms,
respectively.
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Table 2
Room-temperature NO2 gas responses of the sensors reported in previous
literatures.
Sensing material
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nanowires
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TeO2 nanowires
Porous Si/TeO2
nanowires
TeO2/SnO2 bead-like
nanowires
Porous TeO2 microtubes
Si NWs/WO3 nanowires

Response (Ra/
Rg)

Ref.

10

1.918

10
10
3

1.04
1.06
3.80

Present
work
[8]
[19]
[20]

3

9.97

[23]

75% [(ΔR/Ra)]
2.88

[50]
[51]

Concentration
(ppm)

100
2

The employed simple and inexpensive approach can be used for sensing
improvements of other semiconducting metal oxides.
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