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Selective toluene and benzene gas sensors, based on Pt- and Pd-functionalized ZnO nanowires (NW) in selfheating mode, are presented. The thickness of the initial sputtered metal layer (5 and 10 nm) and annealing
temperature (500–750 °C) were varied to optimize the formation of Pt nanoparticles (NPs), whereas the UV
irradiation time was optimized to obtain isolated Pd NPs on the surface of crystalline ZnO NWs. After a series of
gas sensing studies and optimization of the gas sensors under the self-heating mode, Pt- and Pd-functionalized
ZnO NWs showing most sensitive responses to toluene and benzene gases, respectively, and exhibiting suﬃcient
selectivity for these two amongst other reducing gases were obtained. At room temperature, under an applied
voltage of 20 V, the maximum response of Pt-functionalized ZnO NWs (initial thickness, 5 nm; annealing temperature, 600 °C) to 50 ppm toluene is 2.86. Moreover, the maximum response of Pd-functionalized ZnO NWs
(UV irradiation time, 5 s) to 50 ppm benzene is 2.20. Further, the sensing mechanisms of these sensors are
explained. Chemical sensitization by Pd and Pt, as well as the generation of ZnO/Pd and ZnO/Pt heterointerfaces
enhanced the sensing performance of these sensors. The selective sensing of toluene and benzene gases by Ptand Pd-functionalized ZnO NWs, respectively, is explained in terms of the adsorption phenomena. This study
opens a pathway to the fabrication of selective toluene and benzene gas sensors with low power consumption
operating in the self-heating mode.

1. Introduction
Nowadays, diﬀerent kinds of sensors play very important roles in
our life, and without these devices, life would be very challenging
[1–5]. Among various sensors, gas sensors are utilized extensively to
sense volatile organic compounds (VOCs) and dangerous gases to improve the safety and living standard [6–11]. Recent scientiﬁc and
technological advances have enabled improvements in the performance
of gas sensors through various strategies, such as morphology engineering for use in metal oxide nanowires (NWs), to obtain a much
larger surface area [12,13].
ZnO is a well-known, inexpensive, and widely available smart metal
oxide that is commonly used in gas sensors [14–18]. In particular,
networked ZnO NWs are one of the most commonly used materials for
detecting various gases, because they can be easily and reproducibly

⁎

synthesized, and have a high surface area [19–22]. However, they are
not selective in their pristine form, and sometimes show very similar
responses to diﬀerent gases. In addition, their sensing temperature is
often high [23], which leads to high power consumption, and the
sensing performance tends to degrade over long-term operation.
Functionalization with noble metal nanoparticles (NPs) like Pt [24],
Pd [25], and Au [26] is a promising method to enhance the selectivity
of ZnO NW–based sensors. This functionalization can be carried out
through various deposition methods, including UV irradiation [27],
sputtering [28–30], and γ-ray irradiation [31]. Whereas the latter is
expensive and requires special equipment, UV irradiation is simple and
inexpensive, but does not oﬀer facile control over the size of the resulting NPs. By contrast, sputtering techniques oﬀer precise control
over the thickness of the deposited layer.
To design gas sensors operable at room temperature, a good strategy
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650 °C, to enable the formation of isolated Pt NPs and increase their
crystallinity. Step 3 of Fig. 1a schematically illustrates the procedures
used for Pt and Pd functionalization.

is to use them in the self-heating mode [32–35]. In this mode of operation, a voltage is applied to the sensing material, which directly
leads to Joule heating of the NWs, without the need for an external
heater, resulting in signiﬁcant power saving. In experiments based on
self-heating, one-dimensional morphologies like NWs are preferred,
because they can easily reach relatively high temperatures with the
simple application of voltage [36]. The main merits of NW networks
compared to thin ﬁlms are their signiﬁcantly reduced thermal losses to
the electrodes and their low thermal capacitances [37].
Benzene (C6H6) and toluene (C7H8) are highly toxic volatile organic
compounds (VOCs). Benzene is a well-known carcinogen, and exposure
to it at high concentrations aﬀects the blood, possibly resulting in the
development of leukemia [38]. Toluene can negatively aﬀect the nervous system, causing disturbances in brain function and causes weakening of sight, hearing, and speech. Furthermore, it can damage the
kidneys and liver. From the medical point of view, toluene is regarded
as a biomarker of lung cancer; abnormally high concentrations
(10–100 ppb) of toluene in exhaled breath can be a signal of lung cancer
[39,40].
Benzene is the one of the most inert VOCs, and benzene rings tend to
have low reactivity in general. Toluene, though more reactive than
benzene owing to its electron-donating methyl (eCH3) group, is also
poorly reactive, overall. Therefore, it is diﬃcult to develop selective gas
sensors for benzene and toluene gases [41]. In this study, we prepared
Pt- and Pd-functionalized ZnO NWs for the selective detection of toluene and benzene, respectively, and conﬁrmed their good selectivity
by means of gas sensing studies conducted under the self-heating mode.
Further, we comprehensively describe their sensing mechanisms. The
results of this study highlight the possibility of fabricating various VOCselective gas sensors that operate in the self-heating mode, which are
thus suitable for application in portable and low-power electronic devices.

2.3. Gas sensing
The process used to prepare the gases may be found in our previous
reports [42,43]. The sensing properties of the gas sensors were studied
in the presence of benzene, toluene, and some interfering gases. Sensing
tests were performed at room temperature using a gas dilution and
testing system operated in the self-heating mode, at diﬀerent voltages
applied to the electrodes. The gas concentration was precisely controlled by controlling the mixing ratio of the target gas and dry air
passed through mass ﬂow controllers. The total ﬂow rate was set to
500 sccm. The response of the fabricated sensors is calculated as, R =
Ra/Rg, where Ra is the resistance the sensor in the presence of air and Rg
is the resistance in the presence of the target gas. Fig. 1b schematically
illustrates the fabricated sensor and the tests under self-heating.
2.4. Characterization
The microstructure and morphology of the fabricated NWs were
studied using a ﬁeld emission scanning electron microscope (FE-SEM)
equipped with an energy-dispersive X-ray spectroscope (EDS). The
crystallinity of NWs was studied by X-ray diﬀractometry (XRD, X’pert
MPD PRO, Philips). Work functions were obtained from UPS spectra
using a HeI (21.2 eV) ultraviolet source. X-ray photoelectron spectroscopy (XPS, VG Multitab ESCA2000 system, UK) was performed with a
monochromatized Al Kα X-ray source to study the chemical composition of products.
3. Results and discussion

2. Experimental procedure

3.1. Microstructural studies

2.1. Synthesis of ZnO NWs

The XRD pattern of Pt-functionalized ZnO NWs (Fig. 2a) shows
peaks assigned to hexagonal ZnO (JCPDS File No. 89-1397) [44] as well
as one peak assigned to crystalline Pt (JCPDS File No. 87-0647) [45].
The XRD pattern of Pd-functionalized ZnO NWs shows similar peaks
except that the Pd peak is (JCPDS Card No. 87-0641; Fig. 2b) observed
instead of the Pt one [23]. Thus, XRD studies conﬁrm the successful
production of Pt/ZnO and Pd/ZnO.
To verify the formation of Pt-functionalized ZnO NWs, FE-SEM
images were acquired (Fig. 3). FE-SEM images of Pt-functionalized ZnO
NWs obtained from a 5-nm-thick Pt layer on ZnO NW network annealed
at various temperatures are shown in Fig. 3a–e. As shown, in samples
annealed at 500 and 550 °C, no Pt NPs are apparent, because of their
ultra-ﬁne sizes. Upon increasing the temperature to 600 °C, isolated Pt
NPs can be observed clearly on the surface of ZnO NWs. With a further
increase in the temperature to 650 °C, larger Pt NPs formed on the
surface of ZnO NWs are clear, whereas NPs structures have been destroyed at 700 °C. Almost a similar trend is observed for 10 nm Ptfunctionalized ZnO NWs (Fig. 3f–h). At the low annealing temperature
(500 °C), the formed Pd NPs are too small to be observed in the FE-SEM
image. However, upon increasing the temperature, the size of the Pt
NPs increased, and they could be readily detected in the FE-SEM
images. Lower-magniﬁcation FE-SEM images in the insets of Fig. 3
demonstrate the successful synthesis of networked ZnO NWs. The approximate sizes of the Pt NPs were estimated from the FE-SEM images
and the results are shown in Fig. S1 (Supplementary Information). In
case of both samples obtained from 5 and 10 nm Pt layers on ZnO NWs,
the particle size increased with increasing annealing temperature. The
ﬁnal size of the formed Pt NPs is almost the same for both Pt layers;
however, the ﬁnal size of the Pt NPs is slightly larger for the sample
derived from the Pt layer with the initial thickness of 5 nm. For samples
annealed at 600 and 650 °C, the ﬁnal particle sizes are approximately

ZnO NWs were fabricated using a vapor–liquid–solid (VLS) growth
method. First, tri-layered Ti (50 nm), Pt (200 nm), and Au (5 nm)
electrodes were fabricated in an interdigitated pattern by sputtering
these metals onto an oxidized Si substrate (SiO2 grown on Si). Then, the
VLS growth method was used to grow networked ZnO NWs. Substrates
with the interdigitated electrodes were placed in a quartz tube furnace
loaded with an Al2O3 crucible containing metallic Zn powder (Aldrich,
99.9%). The furnace was heated to 950 °C for 1 h under Ar and O2 gases
ﬂowed simultaneously at the rates of 300 and 10 sccm, respectively.
Under these conditions, networked ZnO NWs grew selectively on the
substrate. Steps 1 and 2 in Fig. 1a schematically illustrate the ZnO NW
growth method.
2.2. Pt and Pd functionalization
Pd NPs were deposited by an ultraviolet (UV) irradiation reduction
technique. A precursor Pd solution was prepared by dissolving PdCl2 in
a solution of acetone and 2-propanol. Then, the substrates bearing ZnO
NWs were immersed in the solution and irradiated with UV (λ
=360 nm; intensity =0.1 mW/cm2) for various durations (1, 5, 10, and
20 s). The samples were then heated at 550 °C for 0.5 h to increase the
crystallinity of the Pd NPs.
Pt NPs were fabricated on ZnO NWs by a magnetron sputtering
method. First, Pt layers were deposited onto the NWs using a Pt target,
under the following conditions: 30 W input power, 25 °C deposition
temperature, 100 mm distance between the Pt target and substrate, and
10 mTorr deposition pressure. Two samples with diﬀerent Pt layer
thicknesses of 5 and 10 nm were obtained by varying the duration of
sputtering. After deposition, the samples were annealed at 550, 600, or
79
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Fig. 1. (a) Cartoon illustrating diﬀerent steps of the synthesis procedure (b) schematic representation of the fabricated sensor and self-heating test.

indicating the successful synthesis of Pt-functionalized ZnO NWs. Note
that as an additional Pt layer was deposited on the samples for subsequent EDS analyses, the determination of the exact amount of Pt on
the surface of ZnO NWs is diﬃcult. The EDS results of Pd-functionalized
ZnO NWs are shown in Fig. S2b, where peaks related to O (18.92 wt%),
Zn (68.78 wt%), Pd (2.80 wt%), and Pt (9.50 wt%) are observed. In this
sample, the presence of Pd was conﬁrmed, with Pt being entirely related to the Pt pre-coating for SEM sample preparation.
Fig. 5a shows the XPS survey of Pt-functionalized ZnO NWs. The
peaks related to Zn, O, Pt, and C and Si (arising from the substrate)
suggest the formation of Pt-functionalized ZnO NWs with desired
composition. The Pt 4f core-level spectrum in Fig. 5b shows two peaks
located at 70 and 73.5 eV, which can be assigned to Pt 4f7/2 and Pt 4f5/
2, respectively [46]. Further, the full XPS survey of Pd-functionalized
ZnO NWs shown in Fig. 5c reveals the presence of Zn, O, Pd, C, and Si.
The Pd 3d core-level spectrum presented in Fig. 5d shows two peaks
located at 335 and 341 eV, corresponding to Pd 3d3/2 and Pd 3d5/2,
respectively [47].
3.2. Gas-sensing studies

Fig. 2. XRD patterns of (a) Pt-functionalized ZnO NWs and (b) Pd-functionalized ZnO NWs.

3.2.1. Pt-ZnO NWs
To ﬁnd the optimal Pt-functionalized ZnO NW gas sensor among the
devices fabricated, the sensors were exposed to 50 ppm toluene gas in
the self-heating mode (20 V). The corresponding dynamic resistance
plots are shown in Fig. S3 (Supplementary Information). Because of the
n-type semiconducting nature of ZnO, all sensors showed n-type behavior. All sensors also showed reproducible responses to toluene gas,
as demonstrated by the two successive dynamic curves in Fig. S3
(Supplementary Information). The sensing response to 50 ppm toluene
gas versus annealing temperature at 20 V applied voltage for sensors
fabricated from 5 nm and 10 nm Pt layers on ZnO NWs is shown in
Fig. 6. For both 5 and 10 nm Pt layer cases, the maximum response was
observed for the samples annealed at 600 °C; the respective responses
are 2.86 and 2.23. The lower response of the sensor annealed at 500
and 550 °C is due to the insuﬃcient amount of crystalline Pt NPs formed

18 and 28 nm, respectively, corresponding to 10 nm Pt layer, and 20
and 30 nm, respectively, corresponding to 5 nm Pt layer.
FE-SEM images of Pd-functionalized ZnO NWs reveal that Pd NPs
were formed on the surfaces of the ZnO NWs under all conditions tested
(Fig. 4a–d). The approximate sizes of the Pd NPs estimated from the FESEM images are shown in Fig. 4e. The maximum particle diameter of
24 nm was obtained for the sample irradiated for 5 s. Upon increasing
the UV exposure, smaller NPs can form because more energy is transferred to the solution, resulting in increased nucleation and formation
of a large number of smaller Pd NPs.
Fig. S2 (Supplementary Information) shows the EDS results of Ptand Pd-functionalized ZnO NWs. All the expected elements i.e., O
(17.55 wt%), Zn (60.72 wt%) and Pt (21.74 wt%) are found in Fig. S2a,
80
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Fig. 3. SEM images of Pt-functionalized ZnO
NWs fabricated by heat-treating 5 nm Pt ﬁlm
on ZnO NWs at diﬀerent temperatures; (a) 500,
(b) 550, (c) 600, (d) 650, and (e) 700 °C. SEM
images of Pt-functionalized ZnO NWs fabricated by heat-treating 10 nm Pt ﬁlm on ZnO
NWs at diﬀerent temperatures; (f) 500, (g) 600,
and (h) 650 °C. Insets show lower magniﬁcation FE-SEM images.

sensor exposed to 50 ppm toluene gas (Fig. 7a). At all applied voltages,
the responses were reproducible and reversible. However, the response
depended signiﬁcantly on the applied voltage (Fig. 7b). With increasing
applied voltage, more heat is generated in the sensor as a result of Joule
heating, and greater energy is available for toluene to chemisorb on the
surface of the gas sensor, which leads to higher response of the gas
sensor under higher applied voltages.
To study the response of the optimal Pt-functionalized sensor to
lower concentrations of toluene gas, the sensor was exposed to
0.1–50 ppm toluene in the self-heating mode (at 5 and 20 V); the results
are shown in Fig. S4 (Supplementary Information). The sensor response
versus gas concentration is depicted in Fig. 8. The sensor could not
detect 0.1 ppm toluene gas even at 20 V, but it responded to 1–50 ppm
of toluene at 5 V itself. Selectivity or cross-sensitivity, which is deﬁned
as low or no response of the sensor to interfering gases, is another
critical feature of a high-quality gas sensor. To evaluate the selectivity
of the optimal Pt-functionalized sensor, it was exposed to a mixture of
gases, 50 ppm of benzene, C2H5OH, CO, HCHO, C3H6O, NH3, and toluene gases; the corresponding dynamic resistance curves under applied
voltages of 5 and 20 V are plotted in Fig. S5 (Supplementary Information). Fig. 9 depicts the response of the gas sensor to various reducing
gases at 5 and 20 V. In both cases, the response of the gas sensor to
toluene gas was higher than its response to other gases. At the applied
voltage of 5 V, the responses of the optimal Pt-functionalized sensor to
benzene, CO, C2H5OH, HCHO, C3H6O, NH3, and toluene gases are
1.02, 1.05, 1.01, 1.09, 1.15, 1.15, and 1.46, respectively, and the responses to the same gases at 20 V are 1.02, 1.07, 1.03, 1.16, 1.27, 1.60,
and 2.743, respectively. In both cases, the sensor response to toluene
gas is higher than its response to other gases.

Fig. 4. (a) SEM images of Pd NP-functionalized ZnO NWs as a function of UVirradiation time (a) 1, (b) 5, (c) 10 s, and (d) 20 s. (e) Relationship between the
diameter of Pd NPs and UV-irradiation time.

3.2.2. Pd-ZnO NWs
For Pd-functionalized ZnO NWs prepared by UV irradiation for
various durations (1–20 s), dynamic resistance curves in response to
50 ppm benzene gas at 20 V were obtained (see Fig. 10a). The maximum response (Ra/Rg = 2.2) was observed for the sensor with the
largest Pd NPs (sample reduced for 5 s by UV irradiation; Fig. 10b). The
decrease in the sensor response observed for shorter or longer reduction
times during fabrication is probably due to insuﬃcient dispersion of the
Pd NPs on the ZnO NWs. When Pd NPs are poorly dispersed over the
surfaces of the ZnO NWs, only a small portion of each ZnO NW surface

on the surface of the ZnO NWs, and the degradation of the gas response
for the sensors annealed at 650 and 700 °C is due to the decrease in the
amount of Pt NPs owing to their agglomeration, resulting in the formation of larger Pt NPs. The Pt-functionalized gas sensor derived from
the sample with 5 nm Pt layer annealed at 600 °C showed the highest
sensor response and was therefore selected for further study.
To study the gas sensor response under lower voltages, various
voltages (1–20 V) were applied to the optimal Pt-functionalized gas
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Fig. 5. (a) XPS survey of Pt-functionalized ZnO NWs. (b) XPS core-level spectrum of Pt 4f. (c) XPS survey of Pd-functionalized ZnO NWs. (b) XPS core-level spectrum
of Pd 4f.

The response of the gas sensor increased with increasing benzene
concentration; at higher concentrations, more benzene molecules are
available to be adsorbed on the surface of the ZnO NW gas sensor,
leading to a higher gas response. Finally, the selectivity of the optimized Pd-functionalized ZnO NW gas sensor was studied by exposing it
to a gas mixture consisting of 50 ppm benzene, C2H5OH, CO, and toluene gases at 20 V (Fig. 13a). Fig. 13b summarizes the responses of the
gas sensor to the interfering gases; responses of 2.19, 1.02, 1.03, and
1.02 were obtained for benzene, C2H5OH, CO, and toluene gases, respectively. The sensor showed the highest response to benzene gas.
3.2.3. Sensing properties of pristine ZnO NWs
Furthermore, we studied the response of a pristine ZnO NW gas
sensor to various gases. Fig. S6a (Supplementary Information) shows
the dynamic resistance curves of pristine ZnO NWs to 50 ppm benzene,
CO, and toluene gases under an applied voltage of 20 V, and Fig. S6b
(Supplementary Information) compares the responses of the gas sensor
to these gases. The ZnO NW sensor shows low responses of 1.0077,
1.10183, and 1.0095 to benzene, CO, and toluene gases, respectively.
To obtain better insights, Fig. S7 (Supplementary Information)
compares the responses of the pristine (bare) ZnO NW sensor and Ptand Pd-functionalized ZnO NWs gas sensors to 50 ppm benzene, CO,
and toluene gases under an applied voltage of 20 V. As is clear, pristine
ZnO gas sensor shows the lowest response to benzene, CO, and toluene
gases among the ZnO NW gas sensors. Moreover, it does not show any
selectivity, that is, its response to these gases is almost the same. In
contrast, Pt- and Pd-functionalized ZnO NWs gas sensors show higher
responses and selectivity to toluene and benzene gases, respectively.
These results demonstrate the promising eﬀects of Pt and Pd NPs for
sensing toluene and benzene, respectively.

Fig. 6. Responses of Pt-functionalized ZnO NWs obtained by heat-treating 5nm- and 10-nm-thick Pt layer on ZnO NWs at temperatures between 500–700 °C
to 50 ppm of toluene gas at an applied voltage of 20 V.

is functionalized with Pt, which worsens the overall sensitivity of the
gas sensor. The ZnO NW sensor functionalized with Pd through UV
irradiation for 5 s was determined to be optimal and thus selected for
further study.
The sensing performance of the optimal Pd-functionalized sensor
was studied at various applied voltages. Fig. 11a shows the dynamic
resistance plots of the optimal Pd-functionalized sensor in response to
50 ppm benzene at applied voltages of 1–20 V. The sensor showed reversible and reproducible n-type response to benzene gas. The sensor
response versus applied voltage is plotted in Fig. 11b; this sensor followed a trend similar to that observed for the optimal Pt-functionalized
gas sensor, and the maximum response was achieved under 20-V operation. Fig. 12a shows the dynamic resistance plots of the optimized
Pd-functionalized gas sensor exposed to 0.1–50 ppm benzene gas at
20 V and the corresponding calibration curve is presented in Fig. 12b.

3.2.4. Long-term stability, reproducibility, and limit of detection (LOD)
Fig. S8a (Supplementary Information) shows the long-term stability
tests for Pt-functionalized ZnO NWs (prepared from 5 nm Pt layer on
82
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Fig. 9. Selectivity of Pt-functionalized ZnO NW gas sensor derived from 5 nm Pt
layer on ZnO NWs to 50 ppm of diﬀerent gases at applied voltages of 5 and
20 V.

Fig. 7. (a) Dynamic resistance curves of 5 nm Pt-functionalized ZnO NWs to
50 ppm of toluene gas acquired at diﬀerent applied voltages (1, 5, 10, 20 V). (b)
The corresponding response versus applied voltage curve.

Fig. 8. Responses of Pt-functionalized ZnO NWs derived from 5 nm Pt layer
deposited on ZnO NWs to various concentrations (0.1–50 ppm) of toluene
(C7H8) at diﬀerent applied voltages (a) 20 V and (b) 5 V.

Fig. 10. (a) Dynamic resistance curves of Pt-functionalized ZnO NWs prepared
with diﬀerent UV irradiation times (1–20 s) to 50 ppm of toluene gas acquired
under various UV irradiation times (1, 5, 10, 20 s) and an applied voltage of 5 V.
(b) The corresponding response versus UV irradiation time.

ZnO NWs) to 50 ppm toluene gas at 20 V. The results indicate that the
response did not change signiﬁcantly after six months. The response of
the fresh sample is 2.743, and it decreased to 2.244 after six months.
Further the long-term stability test of Pd-functionalized ZnO NWs (5 s
reduction) to 50 ppm benzene gas at 20 V reveals a slight decrease in
the response from the initial value of 2.195 to 2.153. This slight decrease in the sensor response might be related to water adsorption from

the surrounding environment during the storage period in the laboratory. Reproducibility tests of Pt- and Pd- functionalized ZnO NWs under
the same test conditions are shown in Fig. S8b (Supplementary
Information). Both gas sensors showed almost the same sensing behavior over ﬁve consecutive gas-sensing cycles. In addition, the limit of
detection (LOD) was calculated (Text S1, Supplementary Information).
83
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Fig. 12. (a) Dynamic resistance curves of Pd-ZnO NWs prepared by UV irradiation for 5 s for diﬀerent benzene concentrations in the range of 0.1–50 ppm
at 20 V. (b) The corresponding response versus benzene concentration.

Fig. 11. Dynamic resistance curves of Pd-functionalized ZnO NWs irradiated
with UV for 5 s under 50 ppm of benzene gas over 2 cycles obtained under
various applied voltages (1, 5, 10, 20 V). (b) The corresponding response versus
applied voltage.

LOD values for the Pt-ZnO NW gas sensor (derived from 5 nm Pt layer
on ZnO NWs) at 5 and 20 V are 41.5 and 0.3 ppb, respectively. Further,
the LOD for Pd-ZnO NW sensor (UV-irradiated for 5 s) at 20 V is
6.7 ppb.

(1)

C6 H6 + 15O− → 6CO2 + 3H2 O + 15e−

(2)

(3)

C7 H8 + 18O− → 7CO2 + 4H2 O + 18e−

(4)

As a result of the above reactions, the diameter of the conduction
channel increases, thereby leading to increased conductivity of the ZnO
NWs. In other words, the resistance of the sensor decreases in the atmosphere containing the reducing gases, and since the gas response is
calculated as Ra/Rg, a response owing to the radial modulation of the
depletion layer results. Furthermore, because of the networked nature
of the ZnO NWs, homojunctions between individual ZnO NWs also
modulate the resistance. In the junction areas, potential barriers are
initially formed in air. When the sensor is exposed to the reducing gas,
the height of the potential barrier decreases, and it acts as another
source of resistance modulation. This sensing mechanism is depicted in
Fig. 14a. The gas-sensing phenomenon is strongly dependent on the
availability of adsorption sites on the surface of a gas sensor. Thus, the
microstructure of the sensing layer has a profound eﬀect on the performance of the gas sensor. In fact, many researchers have reported
enhanced gas sensing through microstructural engineering of gas sensors. For example, ﬂower-like [50], nanoneedle [51], nanosponge [52],
hierarchical [53], three-dimensional [54], nanotetrapods [55], and
octahedral microstructures [56] have been reported for improving the
sensing performance of materials. Further, NWs with a high surface
area used in this study have a great impact on the sensing response, as
they provide numerous adsorption sites for the target gases. However,
the response of pristine ZnO NW sensor was found to be nearly same to
various reducing gases, or at least lacked selectivity, and noble metals
helped enhance the sensitivity and selectivity of the ZnO NW sensors.

3.2.5. Gas-sensing mechanism
When a ZnO NW–based gas sensor is in air, molecular oxygen species will adsorb onto the sensor surface. Owing to the high electron
aﬃnity of oxygen, the adsorbed oxygen species accept electrons from
the conduction band of ZnO and become chemisorbed ions [48,49].
Formation of these species (O2−, O−, and O2−) will cause a decrease in
the electron density on the outer surface of the sensing layer, thus
leading to the formation of a depletion layer. Consequently, in NWs
such as ZnO NWs, conduction will be conﬁned to a limited area inside
the NW and along the diameter of the ZnO NWs. In other words,
electrons pass through conduction channels inside the ZnO NWs. In the
presence of a reducing gas like benzene or toluene, the gas molecules
will adsorb onto the sensor surface, react with the already chemisorbed
oxygen ions, and liberate electrons back to the surface of the sensing
layer, according to the following reactions:
For benzene:

C6 H6 (gas ) → C6 H6 (ads )

C7 H8 (gas ) → C7 H8 (ads )

For toluene:
84
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can be determined accordingly [37]. UPS spectra of ZnO, Pd, and Pt
were used to calculate the respective cut-oﬀ values of 17.18, 15.79, and
15.90 eV (Fig. S9, Supporting Information). The work function was
calculated by subtracting the cut-oﬀ value from the work function of
the reference, 21.1 eV. To correct the broadening of the analyzer, 0.1 eV
was added to each work function value [37]. Accordingly, the work
functions of ZnO, Pd, and Pt were calculated to be 4.12 eV (i.e.,
21.2 − 17.18 + 0.1 eV), 5.51 eV (21.2 − 15.79 + 0.1), and 5.40 eV
(21.2 − 15.90 + 0.1), respectively.
The relative values of the work functions indicate that electrons
would ﬂow from ZnO to Pt or Pd NPs, which results in the formation of
potential barriers at the heterojunctions between ZnO and Pt, or ZnO
and Pd, as represented in Fig. 14b. Because the work functions of the
noble metals are greater than that of ZnO, a Schottky barrier is formed.
First, owing to the transfer of electrons from ZnO to Pt or Pd, a depletion region will be generated. The initial smaller conduction volume
will enhance the sensor response.
As presented in Fig. 14c, when the Pt/ZnO or Pd/ZnO sensors are
exposed to benzene or toluene gases, electrons will return to the ZnO
surface owing to the reaction between the reducing gas and oxygen,
thereby increasing the surface electron density. The elevation of the
ZnO Fermi level will increase the height of the Schottky barrier. Accordingly, an electron cannot easily escape to Pt or Pd and a further
increase in the resistance of ZnO cannot contribute to any enhancement
of the sensor response.
Moreover, the Pt and Pd NPs can play a catalytic role in decreasing
the energy barrier for the adsorption of the toluene and benzene gases
to the sensor surface, thereby facilitating the adsorption of these gases,
and then by means of the so-called spillover eﬀect, transfer the gas
molecules onto the ZnO NWs. The oxidation of benzene and toluene
with oxygen is enhanced owing to the catalytic activities of Pd and Pt.
For instance, in the case of sensing of toluene with Pt/ZnO, toluene is
ﬁrst chemisorbed onto the Pt/ZnO surface sites and then reacts with the
adsorbed oxygen species to form benzaldehyde, which is further converted to benzoate species and the increased decomposition of benzoate
species is the main contributor to the catalytic activity of Pt in toluene
oxidation. Subsequently, the benzoate species are decomposed to carboxylates and carboxylic acid, and these are further converted to anhydrides and carboxylates. The anhydrides are subsequently converted

Fig. 13. Dynamic resistance curves of the Pd-ZnO NW gas sensor to 50 ppm of
diﬀerent gases under an applied voltage of 20 V. (b) The corresponding responses of the Pd-ZnO NWs gas sensor to diﬀerent gases.

Based on UPS data, the work functions of the sensor materials can
be determined. The Fermi level of the spectrometer can be used as a
reference of the binding energy, and the Fermi levels of the materials

Fig. 14. Sensing mechanisms of (a) bare ZnO NWs and (b) Pt and Pd-functionalized ZnO NWs. (c) Work functions of ZnO, Pd, and Pt.
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temperatures.
In the self-heating operation of ZnO NWs, there are two sources of
Joule heating. First, because the electrons ﬂow though the conduction
channels of ZnO NWs, Joule heating takes place inside the ZnO grains.
Second, owing to the networked nature of the ZnO NWs, signiﬁcant
numbers of ZnO NWs will be in contact with each other, and these
ZnO–ZnO homojunctions act as another important source of Joule
heating [62]. In Joule heating, the generated heat is directly proportional to the applied voltage; accordingly, with increasing applied
voltage, more heat is generated, resulting in higher gas sensor response.
We demonstrated that it is possible for Pt- and Pd-functionalized ZnO
NW gas sensors to operate with very low power consumption of 208
and 139 μW at 5 V, respectively, without external heating. We previously reported the self-heating eﬀects on toluene sensing by Ptfunctionalized SnO2-ZnO core-shell NWs [62]. The present paper deals
with pristine ZnO NWs, whereas the previous one dealt with core-shell
nanowires. While we changed the shell thickness in the previous study,
in the present work, we additionally optimized the annealing temperature and UV irradiation time to change the characteristics of the
metal catalysts and thus enhance the sensor response.
Yamazoe et al. initiated the study on the eﬀects of additives on
semiconductor gas sensors [63,64], and reported both chemical and
electronic interactions of metal additives. In our previous works, we
investigated the eﬀects of metal catalysts on the sensing behavior.
Speciﬁcally, we investigated the eﬀects of metal catalysts on the sensing
behaviors of SnO2 NWs, in the presence of Pt, Pd, and Au NPs [60].
Moreover, we realized excellent selective sensing of benzene gas with
Pd nanoparticle-decorated SnO2-ZnO core-shell NWs [65]. In addition,
we employed reduced graphene oxide (rGO)-loaded ZnO nanoﬁbers for
enhancing the selective sensing of CO and benzene gases by metal
functionalization [59]. While we used SnO2 NWs, SnO2-ZnO core-shell
NWs, and rGO-loaded ZnO nanoﬁbers as sensing materials in previous
studies, in the present work, we employed pristine ZnO NWs. We expected that Pd NPs will exert similar chemical sensitization eﬀects,
contributing to the enhancement of the sensor response to benzene gas.
However, in terms of electronic sensitization, diﬀerent sensing materials will bring about diﬀerent heterojunctions with Pd, thus changing
the sensing properties. In fact, both Pd-functionalized SnO2-ZnO coreshell NWs and Pd-functionalized ZnO NWs have Pd-ZnO heterojunctions; however, the presence of SnO2-ZnO heterojunctions will aﬀect
the sensing characteristics. Furthermore, in the present work, we introduced gas sensing in the self-heating mode and achieved gas sensing
at room temperature by applying appropriate voltages. Although the
sensing responses are considerably lower than those in the normal
mode, the sensing in the self-heating mode will be extremely important
in current and future applications, for use in portable and low-power
electronic devices.

to adsorbed H2O and CO species, and the latter can react with adsorbed
oxygen to produce CO2 [57].
One of the main parameters that leads to the good response of a gas
sensor toward a speciﬁc gas is the strength of chemisorption/adsorption
between the catalytic component (noble metal) and the target gas.
When there is intense bonding between the surface of the catalyst and
target gas molecules, the catalytic activity decreases, since high energy
is required to break the bonds. When the bonding is weak, the catalytic
activity is once again decreased, because the gas molecules do not stick
to the surface long enough to promote the subsequent reaction. When
the bonding strength is moderate, the molecules have enough ﬂexibility
to move around and form transition states [41].
The good selectivity of a Pd-functionalized gas sensor to benzene
has been reported previously [58]. This selectivity is related to the good
adsorption of benzene onto Pd. Thus, when designing a gas-selective
sensor, the interaction energies between the π-electrons of the benzene
and theband of Pd should be considered. The d-band of the Pd surface is
narrow, and the interaction energy between the π-electrons of benzene
and the d-band of Pd is ˜1.19 eV, which allows facile and strong chemisorption of benzene onto Pd NPs [59]. In fact, benzene can easily
adsorb onto and desorb from Pd. On the surface of Pt, dehydrogenation
of benzene is not thermodynamically or kinetically feasible; accordingly, it easily desorbs from Pt and thus produces a weaker response
[60].
The existence of the methyl group (eCH3) is important in the detection of toluene, because toluene can adsorb onto a surface by means
of this group [61]. Note that both electronic and steric eﬀects play roles
in the adsorption of eCH3 onto a Pt surface. From the steric point of
view, steric repulsion between eCH3 and the Pt surface prevents the
adsorption of toluene onto Pt. However, from the viewpoint of electronic eﬀects, the adsorption of toluene requires lowering of the energy
barrier, namely promotion of the donation of electrons from the πCH3
level to the Fermi level of Pt, and promotion of back donation from the
Fermi level of Pt to the πCH3* level. Since the presence of eCH3 in
toluene increases its adsorption to sensor sites, the electronic eﬀects
govern the overall adsorption process and enhance the adsorption of
toluene gas onto Pt surfaces [60].
The Pt-functionalized gas sensor provided a better response to toluene compared to that of the Pd-functionalized gas sensor to benzene.
Indeed, toluene has higher electron-donating capacity than benzene,
because the eCH3 group in toluene increases the electron density at the
para and meta positions of the ring [41].
The sensors fabricated in this study operated under the self-heating
mode (Fig. S10, Supporting Information), which is the result of Joule
dissipation of power on a very small scale [32]. Under the applied
voltage, heat is generated owing to the loss of kinetic energy of electrons as a result of their collisions with other electrons as well as with
the lattice atoms. The volumetric Joule heating (W/m3) is directly related to the square of the applied voltage, and inversely related to the
electrical resistivity of the conductor (ρ) and the square of the length (L)
of the conductor [37]:

V2
J=
ρL2

4. Conclusions
ZnO NWs were synthesized using a VLS method and then functionalized with Pt and Pd NPs by means of sputtering and UV irradiation
reduction methods, respectively. Gas-sensing studies indicated that the
annealing temperature should be optimized to achieve the best sensing
performance of the Pt-functionalized gas sensor. Further, for the Pdfunctionalized gas sensor, the UV irradiation time used for the reduction of Pd precursor had a signiﬁcant eﬀect on the ﬁnal gas response. In
the self-heating mode, optimized Pt- and Pd-functionalized gas sensors
selectively detected toluene and benzene gases, respectively. The reasons for the good selectivity of these gas sensors toward toluene and
benzene can be mainly attributed to the unique catalytic eﬀects of Pt
and Pd to toluene and benzene, respectively. By the careful selection of
noble metals for functionalizing the active sensor material, selective gas
sensors that can operate with low power consumption can be fabricated
for the detection of VOCs.

(5)

Therefore, the amount of heat generated increases with increasing
applied voltage.
The temperature increase by the self-heating eﬀect at the voltages of
0, 1, 5, 10, and 20 V was 0, 1.6, 12.9, 25.8, and 80 °C, respectively.
Accordingly, the temperature increase due to self-heating can be approximately modeled by the following equation [37]:
ΔT = −1.3575 + 0.120 V + 0.1645V2 V > 1

(6)

Here, ΔT is the increase in temperature. Thus, self-heating is eﬀective in
increasing the temperature of the gas sensors. Accordingly, by adjusting
the applied voltage, the gas sensor can be heated to diﬀerent
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