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We investigated the gas sensing properties of bare and Pd-, Pt-, or Au-functionalized soda-lime glass gas sensors.
Commercial grade soda-lime glass slides were functionalized with noble metal nanoparticles via UV light irradiation with diﬀerent reduction times and using appropriate precursor solutions. The gas sensing results showed
that the glass-based gas sensors used in this study have signiﬁcant gas sensing capabilities. In addition, the
selectivity toward a speciﬁc gas can be tuned by application of the appropriate noble metal. The sensing mechanism is based on promotion of surface reactions by metal functionalization, which reduces the polarization of
the glass and increases the electrical currents through the sensor. We also discuss the mechanisms for selective
gas sensing by metal nanoparticles. The results obtained show that soda-lime glass can be promising platform for
resistance-based gas sensors.

1. Introduction
Due to the toxicity of most gases, their early detection by inexpensive, sensitive, and small gas sensors is important [1]. Nanostructured metal oxide-based gas sensors, such as those based on SnO2
and ZnO, have these desirable attributes [2,3]. Metal oxide gas sensors
are very promising because they operate on the relatively simple
principle of resistance modulation, and their nanostructured devices
have large surface-to-volume ratios that allow them to attain high
sensitivity [4]. Furthermore, the combination of a variety of materials
will contribute to the enhancement of sensing performance [5]. However, in spite of their various advantages, metal oxide gas sensors need
to be further studied to improve their stability, humidity-resistance,
selectivity, etc. [6]. These sensors can also suﬀer from electron transfer
reactions on the surface that possibly limit the sensing process.
Metal oxide gas sensors are generally fabricated by deposition of the
sensing materials on an insulating and chemically inert substrate with
electrodes of Pt, Au, or Pd-Ag on one side [7]. To date, diﬀerent substrates such as alumina, quartz, fused silica, oxidized silicon, and conventional silica glass slides [8,9] have been used as substrates. Oftentimes, noble metals are added on the surfaces of metal-oxide gas sensors

⁎

to improve the sensitivity and selectivity of the resultant gas sensor
through chemical and electronic sensitization eﬀects [10]. Chemical
sensitization involves the use of chemicals that have catalytic activity
with speciﬁc gases that can increase the rates of gas dissociation and
adsorption. This rate increase can lead to higher sensitivity, thus increasing the sensing performance of the gas sensors. In electronic sensitization, materials that have a diﬀerent work function from the sensing materials form Schottky barriers at the contact region. Modulation
of this potential barrier in the presence of a target gas promotes the
sensing performance of a gas sensor [11].
Use of glass as a sensing material has been explored by a few researchers, because glass is inexpensive and easily modiﬁed, and it can
be simultaneously employed as a substrate and a sensing layer. There
have been several demonstrations of gas sensors that used glass as the
sensing material. Tanaka et al. prepared NO2 gas sensors using coloration reactions in porous glass [12]. M. Nogami et al. invented a
hydrogen sensor using the proton-conducting properties of glass ﬁlms
[13]; the electromagnetic force generated between the electrodes was
measured as a function of hydrogen gas pressure ratio. They also employed a similar electrochemical technique to sense methanol gas [14].
In our previous research, we studied the gas sensing performance of
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Fig. 1. Schematic representation of (a) preparation of noble metal-functionalized soda-lime glass and (b) sensor fabrication.

surfaces of the soda-lime glass, PdCl2, H2PtCl6·nH2O (n = 5.8), and
HAuCl4 were dissolved separately in deionized water. Then soda-lime
glasses were dipped into these prepared noble metal solutions of Pd+2,
Pt+2 and Au+2. Subsequently, the glass samples were irradiated with
0.11 mW/cm2 of UV light with diﬀerent exposure times (1–60 s).
Finally, to remove remaining solvents and increase crystallization of the
functionalized soda-lime glasses, the samples were heat-treated at
500 °C for 30 min. Fig. 1(a) schematically shows the preparation steps
for functionalization of noble metal NPs on the surfaces of soda-lime
glass.

bare soda-lime glass [4].
While previous work used complicated electrochemical reactions in
liquid solutions [13,14] or used glass as a simple working die, K. V.
Sopiha et al. employed the intrinsic properties of glass [15]. This glass
sensor operates by diﬀerent mechanisms than resistance-type metal
oxide sensors. First, glass usually includes modiﬁer alkaline ions, such
as Na+, K+ and Li+, in its composition and shows unique I–V characteristics, reﬂecting their electrochemical activity [16,17]. Second,
surface precipitates such as hydroxides and carbonates of the modiﬁer
ions will be generated by reaction with atmospheric gases [18–20].
Third, at high temperatures, some gases can diﬀuse and dissolve in the
glass. Since glass has been frequently used as a substrate for gas sensors,
it is necessary to explore the sensing ability of silica itself to understand
the possible impact of this substrate on gas sensing results.
Since glass sensors can detect a variety of gases, including non-polar
molecules, it is imperative to enhance selective sensing to a particular
gas for use in industrial and domestic applications. Selective sensing
can possibly be achieved via functionalization of the sensor surface. In
the present work, we studied the gas sensing properties of bare and Pd-,
Pt-, or Au- functionalized soda-lime glass gas sensors. Interestingly, the
gas sensing results revealed not only a good response to target gases,
but also the possibility of selective gas detection by use of a suitable
noble metal. In particular, Pd-, Pt-, or Au-functionalization demonstrated relatively high selectivity to benzene, toluene, and carbon
monoxide gases, respectively. The sensing mechanism is a combination
of accumulated electric charge due to space-charge polarization and
formation of hydroxide or carbonate impurity phases of Na+ ions in the
presence of the target gas. The presented results open new avenues for
development of novel, sensitive, and selective chemical sensors that
operate on the basis of space-charge polarization.

2.2. Characterization
The morphology of the samples was studied by JEOL 7600 F ﬁeldemission scanning electron microscope (FE-SEM). Elemental compositions were studied using energy-dispersive X-ray spectroscopy (EDS)
incorporated in the FE-SEM.

2.3. Gas sensing tests
To study the gas sensing properties of the bare and functionalized
glass sensors, interdigitated Ti and Pt electrodes with thicknesses of 50
and 200 nm, respectively, were deposited by DC sputtering on the glass
surfaces using special masks (Fig. 1b). The fabricated gas sensors were
electrically connected to a Keithley 2400 SourceMeter for the gas sensing measurements. Gas sensing characteristics were investigated using
a horizontal-quartz heating chamber in which the desired target gas
compositions were achieved by mixing an air-balanced target gas with
pure dry synthetic air at a total ﬂow of 500 sccm. Dynamic sensing data
were recorded under a constant DC bias of 1 V. To minimize interference between the capacitive current decay and actual sensing response, the fabricated sensors were stored in synthetic air for 0.5 h
under a constant DC bias before sensing measurements. Output currents
were obtained in the presence of target gas (Ig) and air (Ia), and the
sensor`s response was deﬁned as Ig/Ia.

2. Experimental
2.1. Preparation of bare and Pt-, Pd-, or Au-functionalized soda-lime glass
Microscope slides made of soda-lime glass were purchased from
Knittel-Gläser (Germany). To functionalize Pt, Pd, and Au NPs onto the
2
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Fig. 2. FE-SEM micrographs of Au-, Pd-, or Pt-functionalized soda-lime glass exposed to UV light for diﬀerent times (a-1)-(a-3) 1 s, (b-1)-(b-3) 5 s, (c-1)-(c-3) 15 s, (d1)-(d-3) 30 s, (e-1)-(e-3) 60 s. Insets show higher magniﬁcation FE-SEM images.

Fig. 3. Surface coverage (Sf) versus UV exposure time of (a) Au, (b) Pd, and (c) Pt NPs on the surface of soda-lime glass.

3. Results and discussions

glass exhibited no peaks related to noble metals; however, as shown in
Fig. S1b, c and d, peaks related to Pd, Pt, and Au demonstrated successful functionalization of the surface of soda-lime glass with these
noble metal NPs using our fabrication procedures.
The morphologies of the NP-functionalized samples were studied by
FE-SEM micrographs. Fig. 2(a-1)-(e-3) shows the morphology of Au-,
Pd-, or Pt-functionalized soda-lime glass gas sensors fabricated with
diﬀerent UV exposure times. From these images, it is evident that the
NP shapes formed by each metal were diﬀerent. While the shapes of Au
NPs are fairly uniform, Pd NPs have irregular shapes, and Pt particles
have unique star-like shapes. We deﬁned surface coverage (Sf) as the

3.1. Structural and morphological studies
The chemical composition of soda-lime glass is often complex and
must be analyzed with an appropriate technique for gas sensing studies.
We used EDS for chemical analysis of bare and noble metal-functionalized soda-lime glasses, and the results are shown in Fig. S1. In all
cases, Si and O were the major elements found in the glass, as expected.
However, in addition to Si and O, varying amounts of Na, Fe, Ca, Mg,
and Al were also present in all soda-lime glass samples. Bare soda-lime
3
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Fig. 4. (a) Dynamic sensing curves of a bare soda-lime glass gas sensor responding to diﬀerent concentrations of CO2 gas in the range of 10–5000 ppm, at diﬀerent
sensing temperatures in the range of 300–500 °C. (b) Dynamic sensing curves of a bare soda-lime glass gas sensor responding to diﬀerent concentrations
(0.2–100 ppm) of toluene, benzene, ethanol, CO, and NO2 gas at 350 °C.

studied by exposing the sensor to chemically inert CO2 gas. Due to its
inert nature, CO2 cannot be easily detected by a number of sensing
materials. Accordingly, precise monitoring of CO2 concentration remains a challenge in the ﬁeld of gas sensing. Typical dynamic sensing
plots of 10–5000 ppm CO2 gas at 350 °C under an applied voltage of 1 V
for a bare soda-lime glass sensor at diﬀerent temperatures (300–500 °C)
are presented in Fig. 4a. It should be noted that the diﬀerence between
the initial current values of the same sensor can be attributed to the
diﬀerence in sensing conditions, such as humidity changes, temperature
variations, and drift phenomena.
The bare soda-lime glass gas sensor clearly detected CO2 at the
tested temperatures. However, the gas sensing phenomenon is temperature-dependent, so the sensitivity values are slightly diﬀerent at
varying temperature. Based on the obtained sensitivity values (Ig/Ia),
the highest sensitivity to CO2 gas was observed at the optimal sensing
temperature of 350 °C. This temperature is comparable to the sensing
temperatures used in metal-oxide-based gas sensors.
Bare soda-lime glass was exposed to diﬀerent concentrations of toluene, benzene, ethanol, CO, and NO2 gas and the results are presented
in Fig. 4b. Despite some background noise, the sensor shows a gas-dependent response with a change of shape of the output signal. In contrast to semiconductor-based gas sensors, the output current increases
when the sensor is exposed to either oxidizing (e.g., NO2) or reducing

ratio of area occupied by particles to the total area of glass in the FESEM images. Fig. 3 depicts Sf versus UV exposure time for the Au-, Pd-,
or Pt-functionalized soda-lime glass samples. For a plan-view SEM
image, we summed the areas of all particles and divided it by the total
area of the SEM image. For each particle, we matched its area with
bigger-sized and smaller-sized rectangles. As shown in Fig. 3, for each
data of Sf, there is an error bar, in which upper and lower limits were
obtained from the sum of bigger-sized and smaller-sized rectangles,
respectively. All noble metals showed the same trend: the surface
coverage increased with increasing the UV exposure time. By the UV
irradiation of longer time, more metal ions are deposited on the sodalime glass, increasing the amount of metal particles on the glass and
thus increasing Sf. By the way, the Pt NPs showed much greater surface
coverage than the Au or Pd NPs, because the larger sized Pt particles
have been formed on the glass surfaces, by the UV light irradiation. It is
observed that the particles tend to aggregate at longer UV exposure
times, increasing the average diameter. Longer UV exposure tends to
provide a greater amount of metal particles and to facilitate the formation of larger particles, simultaneously.
3.2. Gas sensing tests
The sensing properties of the bare glass slide gas sensor were
4
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Fig. 5. Dynamic sensing curves of (a) Pd- (b) Pt-, and (c) Au-functionalized soda-lime glass sensors responding to diﬀerent concentrations of benzene, toluene, and
CO2, respectively, at diﬀerent sensing temperatures in the range of.300–500 °C.

versus sensing temperature. The sensors show diﬀerent responses to
their target gases at diﬀerent temperatures. However, the highest sensitivities were achieved at 350 °C for bare and noble metal-functionalized glass sensors.
The selectivity of the noble metal-functionalized glass gas sensors
was studied by exposing the Pd-, Pt-, or Au-functionalized gas sensors to
interfering gases at 350 °C, and the results are shown in Fig. 7. In all
cases, a reversible response was obtained. However, depending on the
target gas, the sensors showed diﬀerent sensitivities. As summarized in
Fig. 8, the responses of the bare glass gas sensor to 100 ppm toluene,
benzene, ethanol, CO, and NO2 and 5000 ppm CO2 gases at 350 °C were
1.35, 1.33, 1.23, 1.26, 1.71, and 1.37, respectively. The sensor showed
its best sensitivity to NO2 gas, which was slightly higher than its sensitivity to CO2 gas. For the same gases and concentrations, the responses
of the Pd-functionalized glass sensor were 1.72, 8.16, 3.11, 1.96, 3.79,
and 1.72, respectively, demonstrating excellent selectivity of this sensor
to benzene. The sensitivities of the Pt- functionalized glass sensor to the
same gases and concentrations were 3.86, 3.56, 1.34, 1.60, 2.46, and
2.85, respectively, which show that Pt is promising for toluene sensing.
Finally, the sensitivities of the Au-functionalized glass sensor to the
same gases and concentrations were 1.17, 1.19, 1.44, 1.40, 1.21, and
1.56, respectively, demonstrating the best sensitivity of this gas sensor
to CO2. Therefore, it is evident that the selectivity of glass-based gas
sensors can be tuned toward a particular gas by functionalization with
appropriate noble metals, similar to metal-oxide gas sensors.
The eﬀect of UV reduction time (1, 5, 15, 30 and 60 s) on the gas
sensitivity of noble metal-functionalized gas sensors was also studied.
Dynamic sensing curves for Pd-, Pt-, or Au-functionalized glass gas
sensors reduced at diﬀerent irradiation times to benzene, toluene, and
CO2 gases, respectively, are shown in Figs. 9, and 10 summarizes the
results for the three sensors. For the Pd-functionalized glass gas sensor
with Pd reduction times of 1, 5, 15, 30, and 60 s, the sensitivities to
100 ppm benzene were 8.16, 3.31, 2.05, 1.88, and 1.13, respectively.
For the Pt-functionalized glass gas sensor with the same reduction
times, the sensitivities to 100 ppm toluene were 3.86, 1.35, 1.18, 1.19,

Fig. 6. Sensor response versus sensing temperature for the bare, Pd-, Pt-, or Aufunctionalized gas sensors when exposed to CO2, benzene, toluene, and CO2
gas, respectively.

(e.g., C6H6) gases. This characteristic indicates that the sensing mechanism has a diﬀerent origin from that of classical metal-oxide semiconductor gas sensors. When the sensor is kept under the DC bias, the
response to gases gradually decreases, which will eventually limit its
potential for sensing purposes. However, such changes occur at time
scales much longer than those of the individual gas sensing measurements and thus do not aﬀect the obtained results.
To determine the optimal sensing temperature of the noble metalfunctionalized gas sensors, they were exposed to diﬀerent gases at
diﬀerent temperatures. Pd-, Pt-, or Au-functionalized soda-lime glass
sensors were exposed to 0.2–100 ppm of benzene, 0.2–100 ppm of toluene, and 10–5000 ppm of CO2 gases, respectively, and the corresponding dynamic sensing plots at diﬀerent temperatures are shown in
Fig. 5a-c. Fig. 6 summarizes the response of the fabricated gas sensors

5
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Fig. 7. Dynamic sensing curves of (a) Au-, (b)
Pd-, and (c) Pt-functionalized soda-lime glass
gas sensors exposed to diﬀerent concentrations
of toluene, benzene, ethanol, CO, NO2, CO and
CO2 gas at 350 °C. The gas concentrations of
toluene, benzene, ethanol, CO, and NO2 ranged
from 0.2 to 100 ppm, whereas that of CO2
ranged from 10 to 5000 ppm.

responses.
In order to study the eﬀect of humidity on the sensing response, we
have compared the sensor responses at 0 and 60% relative humidity
(RH). The dynamic sensing curves of Pd-, Pt- and Au-functionalized
soda-lime glass gas sensor were obtained to 100 ppm C6H6, 100 ppm
C7H8, 5000 ppm CO2 gas, respectively, at 350 °C. As shown in Fig. 11, in
general, the responses are decreased in the presence of water vapor.
Water molecules will be adsorbed on the surface of gas sensor and
decrease the number of adsorption sites for target gas molecules, bring
about a lower response [21].
3.3. Sensing mechanism
The origin of gas sensing is quite diﬀerent from the sensing mechanism in metal-oxides, which is due to formation and thickness of
either an electron depletion layer or hole accumulation layer in n- and
p-type metal oxides, respectively. In a soda-lime glass gas sensor, formation of surface impurity phases upon exposure of the glass sensor to
target gases is the main sensing mechanism. In our previous work, the
sensitivity of a glass gas sensor was related to electrochemical phenomena, and we proposed the possible sensing mechanisms of glass
[15]. It has been widely accepted that ion diﬀusion is a main electrical
conduction mechanism in glass [22–25]. A schematic of a glass sensor
with diﬀerent ions is presented in Fig. 12a. Generally, alkali ions with
positive charge are doped into the silica glass matrix and electrically
compensated by negatively charged non-bridging oxygens (NBOs) with
much lower mobility [26]. Under thermal activation, which is provided
by the sensing temperature of 350 °C, cations can gain suﬃcient mobility and rearrange themselves under the inﬂuence of a suﬃciently
large external electric ﬁeld. This will create a cationic concentration
gradient responsible for macroscopic glass polarization. A glass gas
sensor with metallic electrodes can be regarded as an electrochemical
cell in which the glass slide with high ionic conductivity (at the sensing
temperature) acts as an electrolyte. With this model, the output current

Fig. 8. Selectivity histograms of bare and Pd-, Pt-, and Au-functionalized sodalime glass gas sensors to 100 ppm of toluene, benzene, ethanol, CO, and NO2 gas
at 350 °C. The concentration of CO2 was set to 5000 ppm.

and 1.23, respectively. Finally, for the Au-functionalized gas sensors
exposed to 5000 ppm CO2 gas, the sensitivity values of 1.56, 1.39, 1.27,
1.11, and 1.21 were obtained for the Au NPs reduced for 1, 5, 15, 30,
and 60 s, respectively. Accordingly, UV reduction time had a large effect on the ﬁnal sensing properties of fabricated glass gas sensors, and
the maximum sensitivity values were associated with the sensors fabricated with UV reduction time of 1 s. Lower UV exposure time is associated with lower surface coverage by ﬁner particles. As shown in Fig.
S2, the response of noble metal-functionalized gas sensors greatly depends on the surface coverage, where in accordance with the results
presented in Fig. 10, with increases of UV exposure time, the response
decreases. When there are big particles with high surface coverage, the
active surface area of glass is decreased, resulting in lower sensor
6
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Fig. 9. Dynamic sensing curves of (a) Pd-, (b) Pt-, and (c) Au-functionalized soda-lime glass sensors fabricated with diﬀerent UV irradiation times (1, 5, 15, 30, and
60 s) to diﬀerent concentrations of benzene, toluene and CO2 gases, respectively, at 350 °C.

signiﬁcantly changed with the formation of surface impurity phases.
Due to a high concentration of alkaline ions near the cathode, chemical
reactions between Na+ and target gases form compounds that can
passivate the Na+ ions, reducing the polarization of a soda-lime glass
gas sensor. This phenomenon will decrease the value of IC, resulting in
an increased total current. In the present work, impurity phases such as
NaCO and NaCxHy can be formed due to Na+ reactions with CO, C6H6,
and C7H8 gases. The surface reactions are reversible, so upon removal
of the target gas, cations are released from the compounds and will
contribute to an increase of IC, ultimately resulting in a decrease in total
current. Both the change in dielectric properties and passivation of Na+
ions by formation of impurity phases demonstrate that the sensitivity is
independent of applied voltage and is determined by the accumulated
charge and capacitance. Also, it is expected that impurities change the
conductivity of the soda-lime glass gas sensor by either decreasing the
diﬀusivity of Na+ ions or decreasing the formation of free electrons,
which will lead to a resistive-gas sensing response.
In the present work, noble metals played a crucial role in selective
sensing of a variety of gases. In previous studies of metal-functionalized
metal oxide semiconductors, the eﬀects of metal nanoparticles were
explained as follows [27]. With respect to the chemical eﬀects, metal
NPs will catalytically activate the dissociation of molecular gas species.
By the spill-over eﬀects, gas molecules can be eﬀectively transferred to
the sensing semiconductor surfaces, enhancing the sensing reactions. In
addition, metal-functionalization of semiconductors forms Schottky
junctions, and electron transfer across the heterointerfaces can enhance
the sensing behaviors. Usually, the higher work function of metal enables electron transfer from semiconductor to metal, reducing the
conduction volume in the semiconductors and thus contributing to
sensor enhancement.
However, in the present work, metal NPs were incorporated onto
glass sensor surfaces instead of metal oxide semiconductor surfaces.
Accordingly, it is not reasonable to conclude that electron transfer will
occur due to the insulating nature of the glass. Instead, metal NPs will
play a catalytic role, with their spillover eﬀects attracting gas species

Fig. 10. Sensitivity of Pd-, Pt-, or Au-functionalized soda-lime glass gas sensors
to 100 ppm of benzene, 100 ppm of toluene, and 5000 ppm of CO2 gases, respectively, at 350 °C versus UV irradiation time.

‘I’ under an applied voltage can be expressed as
I = IV-IC

(1)

where IV and IC are voltage- and charge-dependent terms, respectively.
Under inﬂuence of an external electric ﬁeld (DC voltage), cations
(mainly Na+ ions) with high mobility will be redistributed, charging
the capacitor, and IC will be maximized. Since IV is dependent on applied voltage and does not signiﬁcantly change with decreasing numbers of cations, the total current will reach its minimum value under
these conditions.
When a target gas is injected into the gas chamber, the electrical
properties of glass sensor will be preferentially changed by modiﬁcation
of its surface composition due to formation of carbonates and hydroxides of the mobile cations. As the overall dielectric properties of silica
glasses are dependent on their surface composition, they can be
7
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Fig. 11. Dynamic sensing curves of (a) Pd-, (b) Pt-, and (c) Au-functionalized soda-lime glass gas sensor to 100 ppm of benzene, 100 ppm of toluene, and 5000 ppm of
CO2 gas, respectively, in the presence of 0 and 60% RH at 350 °C.

Fig. 12. Schematics of the sensing mechanism of noble metal-functionalized soda-lime glass. (a) Reversible change of unfunctionalized soda-lime glass by introduction/removal of the target gas. (b) Spillover eﬀects caused by metal functionalization. (c) Reversible change of metal-functionalized soda-lime glass by
introduction/removal of the target gas.
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presence of C6H6 and C7H8 gases. In sum, large amounts of alkaline ions
should the doped in glass to enable the sensing capability of glass slides.
Since the mechanism of gas sensing is largely based on the diﬀusion of
positively charged alkaline ions, if we replace Na+ ions with highermobility Li+ ions, we surmise that the optimal sensing temperature will
be decreased.

and transferring them onto the neighboring glass surfaces. For noble
metal-functionalized gas sensors, noble metals can act as catalyst for
decomposition of target gases (Fig. 12b). In fact, when a target gas
approaches the surface of a noble metal, it can be adsorbed, and after
subsequent decomposition, it will move to the surface of the glass
sensor. Due to the catalytic eﬀect of noble metals, plenty of decomposed
target gases can reach the surfaces of a glass sensor, leading to a high
response to a speciﬁc gas. Since each metal will preferentially attract a
particular gas, the metal catalyst will contribute to enhancement of
selective sensing, as shown in Fig. 12c. Metal NPs will facilitate more
abundant surface reactions; thus, more mobile ions will be consumed as
they participate in the reactions with target gases. As a result, chargedependent currents (IC) will be signiﬁcantly decreased, ultimately increasing the total current (I = IV-IC).
Fig. 8 reveals that metal catalysts contribute to the selective sensing
of a variety of gases, including toluene, benzene, ethanol, CO, NO2, and
CO2. It is noteworthy that Pd-functionalized glass is suitable for selective sensing of C6H6 gas, as mentioned previously. Experimental adsorption energies indicate that C6H6 interacts weakly with Au surfaces
(0.64 eV) but strongly with Pd (1.35 eV) and Pt (1.49–1.83 eV) surfaces
[28]. In other words, the adsorption energy of C6H6 onto Au is signiﬁcantly lower than its adsorption energy with either Pt or Pd. Furthermore, although the adsorption energy of C6H6/Pd is slightly lower
than that of C6H6/Pt, the C6H6 can easily desorb from Pt surfaces at
sensing temperatures higher than 237 °C. Accordingly, we surmise that
the high observed sensor response of the Pd-functionalized gas sensor to
C6H6 is due to these adsorption properties. The adsorption characteristics of C6H6 on transition metal surfaces have been widely reported
[28]. For example, Netzner et al. suggested the adsorption model of c
(4 × 2) structure of C6H6 on Pd(110) [29]. A. F. Lee et al. revealed that
C6H6 initially adopts a ﬂat-lying geometry on Pd{111}, bonding via the
aromatic π-electron system [30]. Kim et al. reported that Pd nanoparticles played a signiﬁcant role in enhancing the selective sensing of
SnO2-ZnO core-shell nanowires to C6H6 gas [31]. Catalytic eﬀects have
also been shown to facilitate the adsorption of C6H6 gas molecules to Pd
nanoparticles [31].
Pt-functionalized glass was demonstrated to be suitable for selective
sensing of C7H8 gas. In general, C7H8 bonds more strongly than C6H6 on
Pt than on Pd. Because regeneration of C7H8 may not occur eﬃciently
on Pt, the catalytic activity may be higher for the C7H8/Pt system than
the C7H8/Pd system. It should be noted that C7H8 has an additional
methyl group (−CH3) relative to benzene, which plays a crucial role in
enhancing the sensitivity [32]. Electronic eﬀects promote adsorption of
C7H8 onto the Pt surface, which lowers the barrier for adsorption of
C7H8 by transfer of electrons from the πCH3 level to the Fermi level and
by subsequent back-transfer from the Fermi level to the πCH3* level
[33]. In addition, the presence of −CH3 group increases the amount of
available surface for strongly bonded retained species [32]. Accordingly, toluene gas can eﬀectively adsorb on the surfaces of Pt, leading to
high response of the Pt-functionalized gas sensor.
Au-functionalized glass showed itself to be suitable for selective
sensing of CO2 gas. Reduction and conversion of CO2 molecules will be
needed or accompanied in the gas sensing process. Au catalyst will
adsorb and possibly transform CO2 gas molecules. Zhu et al. reported
that monodispersed Au NPs bring about selective electrocatalytic reduction of CO2 to CO by lowering the CO2 reduction overpotentials and
controlling the energy pathways of reaction intermediates [34]. Also,
ultrathin Au nanowires with dominant edge sites were active and selective for electrochemical reduction of CO2 to CO [35]. Back et al.
systematically studied the active sites of Au nanoparticle catalysts for
the electrochemical CO2 reduction reaction [36]. In addition, the Aufunctionalized gas sensor reveals a lower response to C6H6 and C7H8
gases. It is reported that, at temperatures higher than 127 °C, not only
C6H6 and C7H8, but also their dissociated biphenyl species can be easily
desorbed from Au surfaces [37]. Accordingly, the Au-functionalized gas
sensor will exhibit good response and selectivity to CO and CO2 in the

4. Conclusions
In this study, the possibility of gas sensing using a glass-based sensor
was studied. Bare and Pd-, Pt-, or Au-functionalized soda-lime glass gas
sensors were prepared. Functionalization was performed using UV irradiation of suitable precursors. Gas sensing results revealed an optimal
sensing temperature of 350 °C for all fabricated gas sensors. The fabricated gas sensors were sensitive not only to tested gases, but also
showed selectivity to speciﬁc gases depending on the noble metal used
for sensitization. Pt-, Pd-, or Au-functionalized glasses are suitable for
selective sensing of C7H8, C6H6, and CO2 gases, respectively. The sensing responses of these sensors depend on mobile ions in soda-lime
glass, causing polarization in the glass and leading to a reduction of
total current, in contrast to surface reactions with the target gas that
increase the current. Metal-functionalization will facilitate the consumption of mobile ions, contributing to increase in total current and
thus the sensor response. The mechanisms by which Pt, Pd, and Au NPs
promoted the selective sensing of C7H8, C6H6, and CO2 gases, respectively, were discussed. This study shows the sensing capability of both
bare and metal-functionalized glass-based gas sensors to imply that
glass used as a substrate for gas sensors at high temperature can aﬀect
the gas sensing results.
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