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Future gas sensors require minimal power consumption to enable their integration into portable electronics such
as smart mobile phones. We developed H2S gas sensors based on a self-heating eﬀect using metal oxide nanowires (NWs). We fabricated bare SnO2 NWs, CuO functionalized SnO2 NWs, and a CuO functionalized SnO2-ZnO
core-shell (C–S) NW sensor, and tested their sensor response towards H2S gas by applying diﬀerent external
voltages at room temperature. It was found that the CuO functionalized SnO2-ZnO C-S NW gas sensor had higher
response to H2S gas relative to other tested sensors due to higher self-heating eﬀect, formation of heterojunctions, phase transformation, and spillover eﬀects of CuO nanoparticles. Without external heat, the selective H2S
detection obtained in this work demonstrates the possibility of embedding low power consumption gas sensors in
portable devices for detection of H2S as a biomarker for early diagnosis of diseases.

1. Introduction
Exhaled breath (EB) has diﬀerent volatile organic compounds
(VOCs) as well as volatile sulfuric compounds (VSCs) like acetone, toluene, and H2S. They can be regarded as biomarkers for the early diagnosis of some diseases such as diabetes (acetone), lung cancer (toluene), and halitosis (H2S) [1]. For example, halitosis is associated with
excess concentration of H2S (2 ppm) in EB. To have precise diagnosis of
diseases, the EB analyzer should be sensitive and selective to low concentrations of biomarkers [1]. Traditionally, chromatography techniques, including gas chromatography (GC) and mass chromatography
(MC), are used to analyze VOCs and VSCs. However, because of their
bulky size, high costs, needs a pre-concentration sample and timeconsuming process, incorporation of them into portable and on-line gas
sensors is diﬃcult [1–3].
An alternative solution to analyze EB, is the use of metal oxide based
gas sensors because of their small size, cost-eﬀectiveness, fast response,
portability and simple operation [3]. In particular, one-dimensional
metal oxides have a high surface area, in which a considerable amount
of sensing material is comprised of surfaces, directly interacting with
gas molecules [3]. The internet of things paradigm in big cities [4],
needs low-cost and low-power consumption electronic devices to apply
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to diﬀerent places [5]. It has been known that MEMS technology can
decrease the power consumption to levels that make possibility of use
of resistive-based gas sensors for mobile applications [6]. In this context, further minimization of power consumption is expected to have
several advantages. For example, omission of external heating will
contribute to the energy saving.
Typically, metal oxide gas sensors work at high temperatures
(200–500 °C). Accordingly, it is diﬃcult to integrate metal oxide gas
sensors into smart mobile phones and small electronic devices because
of their high energy consumption [7]. Therefore, the development of
self-powered gas sensors is in high demand to signiﬁcant decrease of the
power consumption, enabling integration of gas sensors in portable
devices.
In recent years, NWs have attracted much attention for realization
self-heated gas sensors [5]. The NW’s extremely low heat capacity,
decreases the electric power needed to heat the sensor to desirable
temperature [8]. Furthermore, the time needed to heat gas sensor is in
the range of milliseconds [9], which is a high level that can also be
achieved with MEMS technology [10]. Accordingly, many researchers
have reported utilizing self-heated NWs as sensing elements which can
operate with minimal power dissipation.
A lot of researchers reported promising eﬀects of CuO for the
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Fig. 1. (a1)-(a-6) and (b1)-(b-6), thermographs of bare SnO2 NWs CuO functionalized SnO2 NWs gas sensors under diﬀerent applied voltages, respectively (a-7) and
(b-7) Corresponding plot of the gas sensor temperature versus applied voltage for bare and CuO functionalized SnO2 NWs gas sensors, respectively.

precursor solutions and 60Co gamma rays (10 kGy·h−1) were irradiated
to them for 2 h at 25 °C. Finally, the functionalized NWs were calcined
at 600 °C.
The crystallinity of the synthesized NWs was studied using X-ray
diﬀraction (XRD, Philips X’Pert diﬀractometer) with CuKα1
(λ=1.5406 Å) radiation. The morphology was explored using scanning
electron microscopy (SEM, Hitachi S-4200). Ultraviolet photoelectron
spectroscopy (UPS) measurements (UPS, Thermo Fisher Scientiﬁc Co.)
were carried out in ultrahigh vacuum (< 10−10 Torr), using HeI
(21.2 eV) UV light irradiation. The chemical composition of surfaces
was studied by X-ray Photo-electron Spectroscopy (XPS; XPS, Thermo
K-Alpha) operating with an Mg Kα X-ray source.
Gas sensing measurements were similar to our previous paper [42].
To fabricate the gas sensors, patterned-interdigital electrodes (PIE)
were applied on SiO2-grown Si (100) substrates using a photolithographic method. Bi-layers of Ti and Pt were deposited sequentially by
DC magnetron sputtering (Text S1B in Supplementary Information).
The thicknesses of the Ti and Pt layers were 50 nm and 200 nm, respectively. The Ti layer was used to enhance the adhesion between the
SiO2 and the Pt layer. The Pt layer served as an electrode. The dimensions of the electrode were 20 μm in width and 1.05 mm in length.
The PIE had 20 electrode pads and the gap between the electrode pads
was 10 μm [43,44]. The sensing behavior was investigated towards H2S
(main gas) and CO, CO2, and C6H6 and gases were tested to study the
selectivity. The resistance of the sensor was continuously recorded in
the presence of air (Ra) and target gas (Rg), and the response was reported as R = Ra/Rg (Text S1C in Supplementary Information). The
measurement was carried out in a humidity environment of RH 30% at
25 °C.
By means of thermographs, we evaluated the self-heating capability
of the sensors (Text S1D and Fig. S1 in Supplementary Information),
with the temperature of the sensor`s surfaces being measured at different applied voltages (Fig. 1(a1-6); Fig. 1(b1-6); Text S2 in Supplementary Information [45]). The estimated temperatures at voltages of
0, 1, 3, 5, 10, and 20 V were 19.4, 19.4, 19.4, 19.4, 20.4, and 37.5 °C,
respectively, for the bare SnO2 NW sensor. With room temperature at
19.4 °C (the temperature at 0 V), these values correspond with self-

detection of H2S. Yamazoe et al. found that CuO was a good promoter of
the SnO2 gas sensor for H2S sensing, due to transformation of CuO to
CuS [11,12]. Since then, the high selectivity to H2S were reported, in
regard to CuO-doped SnO2 powders [13], CuO-doped SnO2 thick ﬁlms
[14], CuO-doped SnO2 nanowires [15–20], CuO-modiﬁed SnO2 nanoribbons [21], CuO/SnO2 composite nanoﬁbers [22], CuO-doped
SnO2 thin ﬁlm [23–25], composite thin ﬁlms with SnO2 and CuO grains
[26], and continuous SnO2-CuO bilayer thin ﬁlm [27]. CuO/SnO2
heterojunction gas sensors demonstrated high response to H2S gas
[28–31]. In addition, CuO nanoparticle (NP)-decorated ZnO nanorods
[32], CuO-ZnO composite hollow spheres [33], and ZnO-CuO composites nanoﬁbers [34] were selectively sensitive to H2S. Also, in the
pristine form, CuO NWs [35], CuO nanoﬁbers [36], and CuO layers or
thin ﬁlms [37,38] have been employed.
Regarding self-powered H2S gas sensors, Qu et al. fabricated selfpowered NiO-ZnO NW for detection of H2S gas [39]. Zhang et al. similarly developed a heater-free H2S gas sensor using In2O3-ZnO nanoarray nanogenerators [40]. However, there is no study reporting the
employment of CuO functionalized core-shell (C–S) NWs with a selfheating eﬀect for the sensing of H2S, as far as we know. Herein, we
developed H2S gas sensors capable of self-heating with low power
consumption by fabricating CuO-functionalized SnO2-ZnO C-S NWs.
The C-S NW morphology can improve the detection of H2S gas, and the
CuO functionalization promotes sensing ability for H2S detection. High
sensor response towards low concentrations of H2S gas under a small
applied voltage demonstrates the promising future for the integration of
the NW gas sensor into portable devices.

2. Experimentation
The fabrication procedure of networked SnO2-ZnO C-S NWs is fully
described in Supplementary Information (Text S1A) [41]. Three separate precursor solutions containing Pt, Pd, and Cu cations (1.0 mM)
were prepared using H2PtCl6·nH2O, n = 5.8, PdCl2 and CuSO4·5H2O
salts (Kojima Chemicals Co.). Firstly, appropriate precursors were dissolved in a mixture of 94 vol% deionized water and 6 vol% 2-propanol
under vigorous magnetic stirring and then the NWs were put in the
2
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Fig. 2. Thermographs of CuO functionalized SnO2–ZnO C-S NW gas sensors with diﬀerent shell thicknesses of (a) 5, (b) 30, (c) 60, and (d) 80 nm, under diﬀerent
applied voltages. (e) Corresponding plot of the temperature of gas sensors versus applied voltage.

with smooth surfaces, where because of the formation of the ZnO shell,
the diameter increased to ˜220 nm. The ZnO shell layer was uniformly
coated on the surface of the core SnO2 NWs. The low magniﬁcation FESEM image in the inset of this ﬁgure demonstrates the fabrication of
dense C–S NWs on the substrate. Fig. 3(c) exhibits a CuO functionalized
SnO2-ZnO C-S NW, on which small CuO NPs are observed. Fig. 3(d)
presents a panoramic view of CuO functionalized SnO2-ZnO C-S NWs,
where small CuO NPs on the surfaces of C-S NWs can be seen. Accordingly, FE-SEM characterizations exhibit formation products with
the desired morphology. The crystalline structure was examined using
XRD (Fig. 3(e), Text S3 in Supplementary Information). The reﬂections
from SnO2, ZnO, and CuO were detected. Although there is a weak peak
of Cu2O phase, the sputtered Cu layer was mainly converted to CuO NPs
after calcination at high temperature, which is in agreement with our
previous paper [18].

heating of 0, 0, 0, 0, 1.0 °C, and 18.1 °C, respectively. Thus, it can be
concluded that voltages of 10 and 20 V lead to inducing the self-heating
eﬀect in the bare SnO2 NW sensor. For the CuO functionalized SnO2 NW
sensor, under voltages of 0, 1, 3, 5, 10, and 20 V, the measured temperature was 20.8°, 20.6°, 20.6°, 20.6°, 22.3°, and 37.4°, respectively.
With the room temperature being estimated to be 20.8° (at 0 V), the
increased temperature under external voltages of 10 and 20 V are 1.5
and 16.6 °C, respectively.
Fig. 2(a)-(d) show the thermographs of the CuO functionalized
SnO2-ZnO C-S NWs under application of diﬀerent voltages and Fig. 2(e)
presents the sensor`s temperature as a function of applied voltages for
CuO functionalized SnO2-ZnO C-S NWs with diﬀerent ZnO shell thicknesses. For all sensors, the voltages up to 5 V have negligible eﬀects on
the rise of temperature. However, the sensor with the thickest shell
(80 nm) shows a noticeable self-heating eﬀect under the external voltage of 5 V (71.9 °C). For 10 and 20 V external voltages, all sensors,
except the sensor with a shell thickness of 5 nm, show a noticeable selfheating eﬀect. Since for portable application, the applied voltage
should be low enough, the sensor with the thickest shell (80 nm) that
showed the highest self-heating eﬀect under an external voltage of 5 V
was used for other studies.

3.2. Gas sensing studies
Fig. 4(a) provides transient resistance plots of the bare SnO2 NW
sensor to H2S at room temperature under 1, 3, 5, and 20 V applied
voltages. The air resistance decreased by an increase in applied voltage,
especially for the applied voltage of 20 V, where more electrons jump to
the conduction band of SnO2. Fig. 4(b) reveals calibration graphs under
diﬀerent applied voltages. The sensors with applied voltages of 5 and
20 V, show the highest response to H2S gas. For 10 ppm H2S gas, the
responses were 1.14 and 1.096 for 5 and 20 V applied voltages, respectively. However, for integration of the sensor into smart mobile
phones, 20 V is a high voltage that requires signiﬁcant power consumption. Therefore, we continued our work with a voltage of 5 V, to
reduce power consumption of the sensor. To see the simultaneous eﬀect
of external heating and voltage, the sensor temperature was increased
to 50 °C and then a 5 V external voltage was applied to the sensor in the

3. Results and discussion
3.1. Morphology and crystallinity analyses
FE-SEM image displayed in Fig. 3(a), shows the smooth morphology
of pristine SnO2 NWs with diameter of ˜50 nm. The inset of this ﬁgure
shows the low magniﬁcation FE-SEM micrograph of as grown SnO2
NWs on the interdigitated substrate, demonstrating success of the employed procedure. On SnO2 NWs, ZnO shells were coated by ALD.
Fig. 3(b) displays a typical FE-SEM micrograph of SnO2-ZnO C-S NWs
3
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Fig. 3. FE-SEM images of (a) bare SnO2 NWs, (b) SnO2-ZnO C-S NWs, (c) CuO functionalized SnO2 NWs, and (d) CuO functionalized SnO2-ZnO C-S NWs. (e) XRD
pattern of CuO functionalized SnO2-ZnO C-S NWs.

were exposed to H2S gas at 300 °C to ﬁnd the optimized sensor with
respect to H2S gas. It should be noted that in addition to Pt and Au,
which are noble metals, Cu was selected because of the promising activity of CuO towards H2S gas [30–32, 47,48]. As stated before, according to the XRD results, Cu was converted to CuO during hightemperature calcination. Fig. 5(a) reveals the resistance graphs of three
functionalized SnO2 NW sensors towards H2S gas and Fig. 5(b) compares their sensitivities to H2S gas. The sensor functionalized with CuO
shows the highest response. For 10 ppm H2S gas, the response of CuO
functionalized, Au functionalized, and Pt functionalized SnO2 NW gas
sensors were 6.22, 3.36, and 1.67, respectively. We selected the H2S
sensing data at 300 °C, based on the preliminary test which varied the
sensing temperature (150–300 °C) (Fig. S2, Supplementary Information). The enhanced response of the CuO functionalized SnO2 NWs is
due to the transformation of semiconducting CuO to CuS with metallic
conductivity in the presence of H2S gas, where a large change in the
resistance guarantees a higher sensor response. Thermodynamic

presence of various concentrations of H2S gas (inset of Fig. 4(c)).
Fig. 4(c) compares the response of two sensors to H2S gas under 5 V
external voltage, one with external heating and another without external heating. For all H2S concentrations, the sensor with simultaneous
external heating (50 °C) and external voltage shows higher gas response
in comparison to a gas sensor not externally heated. Additionally,
Fig. 4(d) shows variation of the response of the sensor to H2S gas
(10 ppm) under application of diﬀerent voltages. For comparison, the
response of the externally heated sensor is also included. The combination of external heating (50 °C) and voltage (5 V) will result in higher
sensing performance. For the same 5 V voltage and the same H2S concentration (10 ppm), the response of the externally heated sensor is
˜1.20 and that for no externally heated sensor is 1.096. It is surmised
that more energy was provided for activation of H2S gas on the surface
of the externally heated gas sensor.
With expecting the catalytic eﬀects (Text S4 in Supplementary
Information [46]), three metal functionalized sensors (Pt, Au and Cu)
4
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Fig. 4. (a) Dynamic resistance curves of bare SnO2 NWs under diﬀerent applied voltages (1, 3, 5 and 20 V) in the presence of 1, 10, and 12.5 ppm H2S gas. (b)
Corresponding calibration curves. (c) Responses of bare SnO2 NWs to 1, 10, and 12.5 ppm H2S gas under an applied voltage of 5 V at 25 and 50 °C. (Inset) Dynamic
resistance curve of the sensor at 50 °C. (d) Responses of bare SnO2 NWs to 10 ppm H2S gas under diﬀerent applied voltages at 25 °C. For comparison, the response of
sensor under 5 V at 50 °C is also shown. The “RT” corresponds to the temperature of 25 °C.

To further conﬁrm this, we also compared the Cu 2p core level in air
and after exposure to H2S gas for CuO-functionalized SnO2-ZnO C-S
NWs gas sensor as represented in Fig. 6(e). Prior to exposure to H2S gas,
two peaks located at 934.3 and 953.9 eV can be attributed to the Cu
2p3/2 and 2p1/2 core levels, respectively. Also, the presence of shake up
peaks at 945 and 963.4 eV for the Cu 2p3/2 and 2p1/2 core-levels conﬁrms the formation of CuO [50]. After exposure to H2S gas, the main
peak of the Cu 2p3/2 becomes asymmetric, which can be deconvoluted
into two peaks located at 933.6 eV and 932.4 eV. It is possible that they
can be related to the Cu2+ and Cu+ respectively, attributing to CuS and
Cu2S, respectively [51]. In particular, we disconvoluted Cu 2p1/2 and
2p3/2 regions of CuO-functionalized SnO2-ZnO C-S NWs, prior to the
exposure to H2S gas (Fig. S3 in Supporting Information), indicating the
possible existence of the Cu2O phase.
Based on the above results, a CuO functionalized sensor was chosen
for other studies. Fig. 5(c) provides dynamic resistance plots of CuO
functionalized SnO2 NW sensor to H2S gas at room temperature under
1, 3, 5, and 20 V applied voltages and Fig. 5(d) shows the corresponding
calibration curve under diﬀerent applied voltages. The Joule-heating
eﬀect due to the applied voltage of 20 V is clearly evident from the
signiﬁcantly lower initial resistance of the sensor under the external
voltage of 20 V (˜900 Ω) in comparison to other applied voltages

calculation predicts the transformation of CuO to CuS even at a low
temperature of 25–50 °C (Text S5A and S5B in Supplementary Information).
To check the possible formation of CuS phase, we carried out the
XPS analyses. It is very diﬃcult to study adsorption of sulﬁde on the
surface of gas sensor using XPS because the surface reactions take place
very fast. Accordingly, the XPS analysis was used after keeping of gas
sensor in the gas chamber in the presence of 10 ppm of H2S gas for
30 min. Fig. 6 presents full XPS survey of CuO-functionalized SnO2-ZnO
C-S NWs after exposure to 10 ppm H2S gas at 25 °C. It shows the peaks
related to Zn, Sn, Cu, O, S and C elements. Carbon peak comes from
absorbed gaseous molecules. Figs. 6(b) and (c) compare the S 2p corelevels of bare SnO2 NWs and bare SnO2-ZnO C-S NWs, in air and after
exposure to H2S gas, respectively. As it can be seen, there is no S 2p
peak in both cases, demonstrating a lack of direct reaction between H2S
with both ZnO and SnO2. Fig. 6(d), which exhibits the S 2p core-level,
demonstrates that after exposure of CuO-functionalized SnO2-ZnO C-S
NWs to H2S gas, S 2p peak is appeared. The binding energies of S 2p3/2
and S 2p1/2 are 161.9 eV and 163.2 eV, respectively, in accordance with
the literature [49]. Accordingly, it can be concluded that appearance of
S 2p peak is related to the presence of CuO phase. In other word, when
CuO is present, H2S can directly react with CuO and convert it to CuS.
5
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Fig. 5. (a) Dynamic resistance curves of Pt, Au,
and CuO functionalized SnO2 NW sensors to 1,
10, and 12.5 ppm H2S gas at 300 °C. (b)
Comparison between the response of Pt, Au,
and CuO functionalized SnO2 NW sensors. (c)
Dynamic resistance curves of CuO functionalized SnO2 NWs under diﬀerent applied voltages (1, 3, 5 and 20 V), in the presence of 1,
10, and 12.5 ppm H2S gas. (d) Corresponding
calibration curves. (e) Response of CuO functionalized SnO2 NWs to 1, 10, and 12.5 ppm
H2S gas under an applied voltage of 5 V at 25
and 50 °C. (inset) Dynamic resistance curve for
the sensor at 50 °C. (f) Response of CuO functionalized SnO2 NWs to 10 ppm H2S gas under
diﬀerent applied voltages at 25 °C. For comparison the response of the sensor under 5 V at
50 °C is also shown. The “RT” corresponds to
the temperature of 25 °C.

and external voltage shows higher gas response in comparison to a gas
sensor without external heat. Additionally, Fig. 5(f) shows variation of
the response of the sensor to 10 ppm H2S gas under diﬀerent applied
voltages. For comparison, the response of the externally heated sensor
is also shown. Like the bare SnO2 NW sensor, the combination of external heating (50 °C) and voltage (5 V) will result in higher sensing
response. For the same applied voltage of 5 V and the same H2S concentration (10 ppm), the response of the externally heated sensor is
˜1.67 and that for a sensor without external heat sensor is only 1.43.
To study the selectivity of the CuO functionalized SnO2 NW sensor,
it was exposed to H2S, CO, CO2, C6H6, NH3, and NO2 gases under an

(> 2 MΩ). Like the bare SnO2 NW sensor, the sensors with 5 and 20 V
applied voltages showed the highest response to H2S gas. The response
to 10 ppm H2S gas is 1.43 and 1.59 for the sensors under 5 and 20 V
external voltages, respectively. These values are greater than that for
the pristine SnO2 NW sensor, which demonstrates the promotional role
of CuO for H2S sensing. Fig. 5(e) compares the response of two sensors
to the H2S gas, one externally heated (50 °C) and another without external heating, but in both cases, the same applied voltage (5 V) was
applied to the sensors. The inset in Fig. 5(e) provides the transient resistance plot of the externally heated gas sensor to H2S gas. For all H2S
concentrations, the sensor with simultaneous external heating (50 °C)
6
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Fig. 6. (a) XPS survey of CuO-functionalized SnO2-ZnO C-S NWs (b–d) Comparison of XPS spectra before and after exposure to H2S gas. (b) XPS S 2p region of bare
SnO2 NWs. (c) XPS S 2p region of bare SnO2-ZnO C-S NWs. (d) S 2p region and (e) Cu 2p3/2 region of CuO-functionalized SnO2-ZnO C-S NWs. (H2S gas concentration
was 10 ppm).

concentration of CO2 gas. The mechanism for the sensing of metal
oxides to CO2 gas as a reducing agent has not been suﬃciently investigated yet. In addition to the unique and promising role of CuO in
the H2S sensing, the applied voltage can heat the NW sensor to the
optimal temperature for H2S gas sensing which is diﬀerent from the
sensing temperatures for other interfering gases. Thus, the selectivity of
the self-heating sensor can be tuned via the applied voltage.
The next step was measuring the self-heating eﬀects in C–S NW
sensors. It is worth nothing that the diameter of NW varies with the
number of ALD cycles. The diameters of the C–S NWs prepared using
50, 200, 350, and 500 ALD cycles were 70, 110, 170, and 220 nm respectively. Since the SnO2 NWs as core material had an average diameter of ˜50 nm (Fig. 3(a)), the shell thicknesses of the SnO2-ZnO C-S
NWs coated using 50, 200, 350, and 500 ALD cycles were ˜10, 30, 60,
and 80 nm, respectively. It is worth noting that according to our

external voltage of 20 V (Fig. 7). The responses to all concentrations of
CO, CO2, C6H6, NH3, and NO2 gases are negligible at concentrations in
the range of 1–12.5 ppm, demonstrating the high selectivity of the CuO
functionalized SnO2 gas sensor towards H2S gas.
Note that the resistance slightly decreases by the introduction of
CO2 gas. The CO2 sensing by SnO2 surface has been rarely reported. K.
Wetchakun et al. studied the sensing results of to hazardous gases, including CO2 [52]. Also, SnO2 thin ﬁlms revealed a response of 16 to
1000 ppm of CO2 at 350 °C [53]. With CO2 acting as a reducing gas,
pristine SnO2 NWs exhibited a low sensor response of below 2.0, with
the concentration of CO2 gas ranging from 500 to 4000 ppm [54].
However, LaOCl-decorated SnO2 NWs indicated a relatively higher response, in comparison to pristine SnO2 nanowires. In our present work,
the response to CO2 gas is very low. We believe that the low response to
CO2 gas in our work will be associated with the low [1–12.5 ppm]
7
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applied voltage reveals the highest gas response to H2S gas. For 10 ppm
H2S gas, its response was 1.69, which was greater than the response of
bare SnO2 (1.14) and CuO functionalized SnO2-ZnO NW (1.43) sensors
under the same conditions. By the way, we observe the drift-like phenomena in Fig. 8(a). The phenomena in the present work will be originated from incomplete phase transformation, incomplete desorption
of gas molecules, water vapors, etc. Further thorough study will be
required.
The simultaneous eﬀect of external heating (50 °C) and voltage (5 V)
on the properties of the sensor was studied by exposing the sensor to
H2S gas (inset of Fig. 8(c)). Fig. 8(c) compares the response of two
sensors under the same applied voltage (5 V) but a diﬀerent initial
temperature (50 °C-external heating) and (20 °C-no external heating) to
H2S gas. For all H2S concentrations, the sensor with external heating
(50 °C) exhibited a higher gas response. Additionally, Fig. 8(d) provides
the response of the gas sensor at room temperature to 10 ppm H2S gas
under application of diﬀerent voltages. For comparison, the response of
the externally heated sensor is also shown. For the same applied voltage
of 5 V and the same H2S concentration (10 ppm), the response of the
sensor without external heating is 1.69, which increased to ˜2.51 under
external heat conditions.
Under an applied voltage of 5 V, we also studied the eﬀect of humidity on the response of optimized gas sensor (Fig. 9). All sensing
measurements so far were performed at 30% RH. As it can be seen, for
12.5 ppm H2S gas, the initial response, which was 1.9 in the presence of
30% RH, was decreased to 1.68 in the presence of 60% RH. With further
increase of RH to 90%, the response was further decreased to 1.28.
Similarly, for 10 and 1 ppm, the responses from initial values of 1.69
and 1.1 (RH = 30%) were decreased to 1.51 and 1.08, respectively, in
the presence of 60% RH and to 1.18 and 1.04, respectively, in the
presence of 90% RH. Therefore, water vapors can decrease the sensor
response. In a humid air, the water molecules can be adsorbed on the

Fig. 7. Dynamic normalized resistance curves of CuO functionalized SnO2 NWs
under constant voltage of 5 V (25 °C) to 1, 10, and 12.5 ppm of NH3, NO2, CO,
CO2, C6H6, and H2S gases. The “RT” corresponds to the temperature of 25 °C.

previous study [55], for the shell thicknesses of larger than 80 nm, more
ZnO precursor material is needed. Thus, due to deposition of some ZnO
on the bottom part of the sensor, the interdigitated electrodes were
interconnected to each other. Accordingly, the resistance was greatly
decreased. Therefore, the maximum shell thickness was limited to
80 nm.
The CuO functionalized SnO2-ZnO C-S sensor with a shell thickness
of 80 nm was exposed to 1, 10, and 12.5 ppm H2S gas at room temperature under various applied voltages (1, 3, and 5 V). Fig. 8(a) shows
transient resistance graphs of these sensors and Fig. 8(b) exhibits the
calibration plots under diﬀerent applied voltages. The sensor under 5 V

Fig. 8. (a) Dynamic resistance curves of CuO
functionalized SnO2–ZnO C-S NWs with a shell
thickness of 80 nm under diﬀerent applied
voltages (1, 3 and 5 V) in the presence of 1, 10,
and 12.5 ppm H2S gas. (b) Corresponding calibration curves. (c) Response of CuO functionalized SnO2-ZnO C-S NWs with a shell thickness of 80 nm to 1, 10, and 12.5 ppm H2S gas
under an applied voltage of 5 V at 25 and 50 °C.
(Inset) Dynamic resistance curve for the gas
sensor at 50 °C to 1, 10, and 12.5 ppm H2S gas
under an applied voltage of 5 V at 50 °C. (d)
Response of CuO functionalized SnO2-ZnO C-S
NWs to 10 ppm H2S gas under diﬀerent applied
voltages at 25 °C. For comparison, the response
of the sensor under 5 V at 50 °C is also shown.
The “RT” corresponds to the temperature of
25 °C.
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Fig. 9. (a) Dynamic response curves of CuOfunctionalized SnO2-ZnO C-S NWs with a shell
thickness of 80 nm to 12.5, 10, and 1 ppm H2S
gas at 5 V and 25 °C, under diﬀerent RH% (0,
30, 60 and 90%). (b) Corresponding changes of
gas sensors with varying the humidity in the
range of 0–90 RH%, to 12.5, 10, and 1 ppm H2S
gas at 5 V and 25 °C.

H2 S + CuO → CuS + H2 O

surface of sensing layer, decreasing the number of adsorption sites for
H2S gas. Thus, a lower response can be obtained in the presence of
water vapor.

(1)

Consequently, it is widely accepted that the p-n heterojunction is
destroyed and the resistance of sensor will be signiﬁcantly decreased
[58–61]. Since the resistance is decreased by the introduction of H2S
gas, the transformation to CuS phase will contribute to the improvement of sensor response. In addition, CuO and/or CuS NPs will play a
catalytic role via the spillover eﬀects, contributing to enhancement of
sensing behavior [62]. In case of CuO functionalized SnO2 NW sensor,
the conversion of highly resistive p-type CuO into well conducting Cu2S
resulted in considerable increasing of sensitivity. In case of C–S NWs
with a ZnO shell thickness of 80 nm, even though depletion region is
created by chemisorption of oxygen, there is a signiﬁcant depth of the
non-depleted region in the ZnO shell. Via the introduction of H2S gas,
CuO will be converted to CuS, destroying ZnO-CuO heterojunctions and
a signiﬁcant decrease in the sensor resistance will be resulted. Being
similar to CuS, the transformation to Cu2S will also contribute to the
enhancement of sensing behaviors [63,64], although the case with Cu2S
is signiﬁcantly less probable than CuS. In addition, Cu2O is known to
exhibit an almost negligible reaction with H2S at low humidity [65],
with a limited amount of Cu2O in copper oxide structures. Accordingly,
we will not mention the discussion of Cu2O and Cu2S. Also, admitting
that CuO was converted to CuS, the analysis based on CuO/ZnO heterointerfaces will be not eﬀective in ﬁguring out the sensing mechanisms. Furthermore, the work functions of ZnO and CuO were calculated
to be 4.20 and 3.80 eV, respectively (Text S7 in Supplementary Information, Fig. S4) and electron ﬂow from CuO to ZnO brings about the
initial larger volume of the conducting region in ZnO, resulting in a
lower sensor response.
No signiﬁcant responses to H2S were recorded for the bare SnO2 NW
sensor. This can be owing to the low self-heating eﬀect in the bare SnO2
gas sensor, as shown in thermographs (Fig. 1(a1-7)), where H2S cannot
obtain enough energy for the eﬀective adsorption on the surface of the
bare SnO2 NWs. In case of CuO functionalized SnO2-ZnO C-S sensor, it
was stated that the conversion of CuO to CuS will signiﬁcantly decrease
the resistance. Spillover eﬀects of CuO NPs and ZnO-ZnO homojunctions are additional sources of the resistance modulations in the C-S
sensor. A higher response in this sensor, relative to other C-S gas sensors
can also be attributed to the higher self-heating eﬀect generated in this
sensor as shown in the thermographs in Fig. 2. In the case of C–S NWs
with a thick ZnO shell, where the currents will ﬂow through the ZnO
shell, there are three sources of Joule heating as shown in the lower
part of Fig. 10. First, Joule heating can occur inside ZnO grains, where

3.3. Sensing mechanism
It is widely well-accepted that H2S can react with adsorbed oxygen
species, releasing electrons and thus the resistance will be decreased
(Text S6 in Supplementary Information [42,56,57]). There are several
factors which aﬀect the sensing behaviors. First, the resistance modulation in ZnO or SnO2 surface will enhance the gas sensing. Second, in
networked NW sensors, there are a lot of SnO2-SnO2 or ZnO-ZnO
homojunctions, where a potential barrier will be created in the junctions, increasing the modulation of resistance and thus enhancing the
gas sensing. Also, in networked ZnO-shelled SnO2 NW sensors, there are
a lot of ZnO-ZnO homojunctions. In the ZnO-shelled SnO2 NWs, main
sensor currents will ﬂow through ZnO NWs. By exposing the sensor to
H2S, the height of the potential barrier will decrease, which ﬁnally
contributes to the increase in the sensor signal.
Third, it is supposed that the presence of the ZnO/SnO2 heterointerface will aﬀect the sensing behavior. It is noteworthy that in the
networked ZnO-shelled SnO2 NW sensors, sensor currents will mainly
ﬂow through the ZnO shell because the SnO2 core is seldom exposed.
From the UPS measurement, the work functions of SnO2 and ZnO were
4.45 and 4.20 eV, respectively (Text S7 in Supplementary Information,
Fig. S4). As a result, upon intimate contact between ZnO and SnO2,
electrons will transfer from ZnO to SnO2, resulting in the smaller initial
volume of the conducting channel in ZnO. When H2S gas molecules are
introduced and adsorbed, electrons will be transferred to the ZnO, increasing the electron concentration. In the case of the initial smaller
volume of the conducting region, upon the assumption that the amount
of the increase in electron conduction volume (or concentration) does
not depend on the initial conduction volume (or electron concentration), the relative change in electron concentration (or volume) divided
by the initial concentration (volume) will be increased, causing a higher
sensor response. Accordingly, this mechanism will contribute to the
improved sensing response. This factor will partly explain the higher
sensor response of the ZnO-shelled SnO2 NWs in comparison to the bare
SnO2 NWs.
Fourth, the conversion of CuO to CuS will aﬀect the gas sensing.
Upon injection of the H2S gas, CuO easily reacts with H2S to form the
intermetallic CuS compound with metallic-like conductivity [50]:

Fig. 10. Origin of self-heating eﬀects in SnO2ZnO C-S NWs.
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electrons ﬂow inside these grains. Second, the ZnO grain boundaries act
as another source for Joule heating. Third, due to networked nature of
ZnO NWs, ZnO NWs will touch each other and Joule heating is generated on the resulting ZnO-ZnO homojunctions.
Based on the thermographs results (Fig. 2(e)), the sensor with the
thickest ZnO shell had the largest self-heating eﬀect under a voltage of
5 V. As an increasing shell thickness will increase the diameter of the
C–S NWs and the probability of direct contact among C–S NWs increases. In other words, increasing the shell thickness increases the
probability of direct contact between ZnO-ZnO shells. Under low applied voltage (5 V), it seems that this factor is the main source of Joule
heating, leading to an enhanced self-heating eﬀect in the thickest C–S
NW sensor [55]. The power consumption of the CuO-functionalized
SnO2-ZnO C-S NW sensor at voltages of 1, 3, 5, and 10 V were 47.6 μW,
750 μW, 1.3 mW, and 2.3 mW, respectively, exhibiting an unusually
low power consumption. At an applied voltage of 5 V and 10 V, the
temperatures of the sensor are approximately 72 °C and 139 °C, respectively. Therefore, the applied voltage at a temperature of 105 °C
can be estimated as approximately 7–8 V. At this time, the power
consumption of the sensor is 1.95 mW. Fig. S5 shows the results of
dynamic resistance change of CuO-functionalized SnO2-ZnO C-S NW
gas sensor, one sensing cycle, taking for 1500s, was comprised of three
sub-cycles with H2S concentrations of 12.5, 10, and 1 ppm, respectively. We performed 57 continuous cycles, with total time for sensing
measurements being 23.75 h. As it can be seen, the gas sensor shows a
stable signal during the continuous measurements, demonstrating its
good stability for practical applications.
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