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Abstract—A novel ethanol gas sensor constructed with SnO»
nanoparticles doped with palladium and graphene is described.
By incorporating 0.1 wt% graphene and 3wt% PdCl5 into SnO»,
the working temperature of the sensor can be reduced to 40 °C
and the response is 4.6. The operation temperature can be
decreased to near room temperature due to the increased oxygen
adsorption by palladium and the high electron mobility by
graphene.

Index Terms— Ethanol
graphene.

gas sensor, tin oxide, palladium,

I. INTRODUCTION

THANOL is the main congtituent in alcoholic drinks

and excessive consumption which leads to slow reaction
and judgment is one of the primary causes of traffic acci-
dents [1], [2]. According to medical analyses, when the blood
alcohol level is over the legal limit, the person’s response will
be impaired and traffic accidents may result [3]. In addition
to education and public awareness, a convenient and sensitive
ethanol sensor is crucial to legal enforcement and prevention
of drunken driving.

As a multifunctional n-type semiconductor with a wide
bandgap (Eg) of 3.6 eV, tin oxide (SnO,) has been widely used
in ethanol gas detection [4]. However, tin oxide gas sensors
have a long recovery time and operate at a high temperature
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of usually more than 250 °C [3], [4] because the sensitive
properties of tin oxide depend on the change in the surface
resistance. In air, oxygen adsorbs onto the surface of tin oxide
by the following reactions [5] to form oxygen anion and a
space charge region:

O2(g) < O2(ads)

Oo(adg)+€ < og(ads)
Oz_(ads)+e7 RES 20(_ads)
_ _ o
Ol t€ < Oaug

With regard to puretin oxide, the state of the ionized oxygen
species is assumed to depend on the temperature. At a low
temperature between 150 and 200 °C, oxygen adsorbs onto
SnO; in a molecular form (as charged O- 2 ions) but at a
temperature between 200 and 400 °C or higher, it dissociates
into atomic oxygen (charged O~ or 0%7) [6]. O~ and 0%~
play important roles in the detection of gaseous ethanol and
S0 the sensor operates at a high temperature. As a result,
this type of gas sensor requires an additional heating device
and concomitant structure to provide the high temperature
thereby increasing the hardware complexity. On the other
hand, if the operating temperature can be reduced to room
temperature, it is more convenient and compatible with the
associated electronic circuitry enabling better integration with
other sensorsand chips. In order to overcome the shortcomings
of tin oxide sensors, several strategies have been proposed,
for example, producing nanostructured tin oxide including
tin oxide quantum dots [7], [8], tin oxide nanowires [9],
and tin oxide nanoflowers [4], doping with metals such as
Pd [10] and Ag [11], and fabricating heterostructures such as
SnO,/TiO, [12], SnOL/NiO [13], SnO,/Zn0O [5], [14]-{17],
and others[18]-{20]. Asemerging 2D nanomaterials, graphene
has attracted much attention due to the large specific surface
area, good chemical stability, and high carrier maobility [21].
In particular, reduced graphene oxide (rGO) has promising
potential as an additive in gas sensing applications because of
the high electron mobility at room temperature enabling oper-
ation at a lower temperature [21]-{23]. In addition, graphene
oxide (GO), a derivative of graphene, can also be used in sen-
sors due to its oxygen-containing functional groups [24], [25].

Addition of palladium can improve the response and reduce
the effects of humidity on the gas sensitive properties [10]
and graphene can reduce the working temperature [21].
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TABLE |
SAMPLE DETAILS

Sample Name PdCl, rGO
Sl none none
S2 3 wt% none
S3 3 wt% 0.1 wt%
S4 3 wt% 0.5 wt%
S5 3 wt% 1 wt%

However, to our knowledge, the synergistic effects of pala
dium and graphene pertaining to tin oxide sensor have not been
reported. In this work, tin oxide nanoparticles synthesized by
a simple precipitation method are doped with palladium and
graphene to produce a gas sensor that operates at a relatively
low temperature and the ethanol sensing performance is eval-
uated systematically.

Il. EXPERIMENTAL DETAILS

All the chemicals were analytical grade and used without
further purification. SnCl4*5H20 was added to deionized water
to form a 0.5 M agueous solution and a small amount of
citric acid was added to prevent the formation of sediment
by SnCls hydrolysis. Ammonium hydroxide was introduced
to the solution slowly under stirring to obtain the precipitate.
The tin hydroxide precipitate was centrifuged at 6000 rpm
three times and 9000 rpm three times and then rinsed with
deionized water and absolute ethanol thrice. The precipitate
was pulverized and the tin hydroxide powder was sintered for
2 hours at 600 °C to obtain the tin oxide powder. The graphite
oxide was synthesized from natural graphite by Hummer's
method and the rGO was obtained by pyrolyzing graphite
oxide at 1000 °C under Ar [26].

The pure tin oxide powder was labeled S1. After adding
tin dioxide powder and 3 wt% palladium chloride into an
adequate amount of deionized water, it was stirred and dried to
form the powder designated as S2. By using the same method,
SnO, samples with 3 wt% PdCl, and 0.1 wt%, 0.5 wt%,
or 1 wt% of rGO were prepared and labeled as S3, $4 and
S5, respectively, as shown in Table I.

The powder was added to a small amount of deionized water
to form a paste. The paste was coated on a ceramic tube and
dried at 100 °C for 12 h. The tube was then welded to asix pin
base to form a gas sensor that was aged at 65 °C for 48 h.

The gas sensing performance was assessed on a CGS-8
gas-sensing system. The air was directly collected from the
cleanroom. The temperature of the cleanroom was 22 °C and
the humidity was control to be 40 %rh. Gaseous ethanol
was injected into a chamber by a clean syringe and the
concentration was adjusted by controlling the injected amount.
The response was defined as Ra/Ry, where Ra represented
the resistance in air and Ry was the resistance in gaseous
ethanol. The response time was defined as the time required
to reach 90% of the reduced resistance and the recovery time
was defined as the time required to reach 90% of the initia
resistance [5].
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Fig. 1. SEM image of sintered SnO, nanoparticles.

10 1/nm

Fig. 22 TEM image of SnO» doped with PdCl, and graphene (a) at low
megnification, (b) at high magnification.

I1l. RESULT AND DISCUSSION

The scanning electron microscopy (SEM) images of the
tin oxide nanoparticles is shown in Figure 1. The nano-scale
particles with an individual size of 10-20 nm interconnect
with each other to form a porous surface which is expected to
promote gas adsorption due to the larger specific surface area
and consequently the gas-sensing properties of the device.

Figure 2(a) shows the morphology of the SnO, doped with
PdCl, and graphene. The size of the nano-scale tin oxide
particles is similar to that shown in the SEM image and
the size of graphene is measured in microns. The palladium
chloride particles have the nanoscale and some of them are
scattered on graphene and the others are attached on the
surface of tin oxide. Figure 2(b) shows the image of tin oxide
particles at high magnification. Tin oxide belongs to the rutile
structure and SnO» (110) with the 0.33 nm lattice spacing and
SnO; (101) with the 0.26 nm lattice spacing are observed.

Figure 3 depicts the X-ray diffraction (XRD) patterns of
the powders. The XRD spectra show (110), (101), (200),
and (211) SnO; peaks (20) at 26.78°, 34.24°, 38.24°,
and 52.14° respectively. Tin oxide has a polycrystalline
structure corresponding to the SnO, tetragonal rutile phase
(ICDD n.00-041-1445).

The Raman patterns of the samples are shown in
Figure 4 and there is a clear tin oxide peak at 632 cm™1.
The samples with added palladium chloride show the peak at
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Fig. 4. Raman patterns of the samples.

around 300 cm~1. Similarly, the samples with added graphene
exhibit peaks at 1350 cm~! and 1600 cm~1. The Raman
patterns show successful incorporation of palladium chloride
and graphene into the SnO, powder.

Figure 5 shows the response to 100 ppm gaseous ethanol at
different temperature. Pure tin oxide shows the best response
of 4.4 at 100 °C and that of S2, S3, and $4 is 5.8, 4.6, and
6.2 at 65 °C, 40 °C, and 40 °C, respectively. The working
temperature of S2 islower than that of S1 and that of S3 or $4
is even lower. The result shows that adding palladium chloride
and graphene can reduce the operating temperature of the
sensor. However, no sample can detect ethanol without heating
at 22 °C. It is aso found that the response of S5 is poor.
The initial resistance of S5 is much smaller than that of other
samples because too much graphene reduces the resistance
making the change difficult to monitor.

Compared to pure tin oxide, the sample mixed with
3wt% PdCl, shows better response at alower temperature. The
samples with graphene operate at an even lower temperature,
but the response is poor when the mass ratio of graphene
is 1 wt%.

When palladium is present in tin oxide, more oxygen ions
are formed on the surface because oxygen adsorbs onto the
metal ions easily forming O%~ [10] as shown in Figure 6.
Conseguently, the number of electrons decreases, the space
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Fig. 5. Response (Ra/Rg) of the samples towards 100 ppm gaseous ethanol
a various operation temperature.
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Fig. 6.
with Pd.

(a) Oxygen ions on pure SnO,. (b) Oxygen ions on the sample

charge region expands, and the initial resistance increases.
On the other hand, more electrons can be reclaimed in gaseous
ethanol and hence, the response increases. At the same time,
since it is easier to adsorb oxygen ions, there are enough
oxygen ions even at a lower temperature and the operation
temperature can be reduced. Doping with graphene has been
reported to decrease the working temperature [21] because
of the oxygen adsorption ability and high electron mobility
of rGO at room temperature.

Figure 7 depicts the response curve of sample S3 and $4 at
40 °C in the presence of 100 ppm gaseous ethanol. The
response time of S3 and $4 is 93s and 56s and the recovery
time is 130s and 113s, respectively. This shows that more
rGO improves the response and recovery more under certain
conditions.

Owing to adsorbed oxygen anions on the SnO, surface,
the surface energy band level rises forming a barrier between
crystalline grains. Electrons cannot easily move among grains
because they should overcome these barriers. Hence, the resis-
tance cannot decrease or recovery quickly. It is possible to
shorten the response time and recovery time because rGO has
high electron mobility at a low temperature. The “highway
band” constructed by rGO is more effective than the “rough
road band” constituted by crystalline grains as illustrated
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Fig. 7. Dynamic ethanol sensing transient of the two sensors towards
100 ppm ethanol at 40 °C.
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Fig. 8. (8 Sample without rGO. (b) Sample with a small amount of rGO.
(c) Sample with a large amount of rGO.

in Figure 8. Without rGO as shown in Figure 8(a), electrons
must overcome the high potential barriers to move among
individual SnO2 nanoparticles [12] but in the “highway band”
constructed with rGO, carrier transport is more efficient as
shown in Figure 8(b) giving rise to more rapid response
and recovery. However, if the amount of rGO is excessive,
a conducting path composed of rGO is created as shown
in Figure 8(c) and electrons only migrate on rGO. The initia
resistance is thus quite small leading to poor sensitivity similar
to that observed from sample S5 as shown in Figure 5.
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Fig. 9. Dynamic ethanol sensing transient of the sensors towards 100 ppm

ethanol at 100 °C.

Figure 9 shows the dynamic ethanol sensing trends of the
sensors towards 100 ppm gaseous ethanol at 100 °C. The
recovery time of S2, S3, and $4 is reduced greatly compared
to S1. At the same time, the response time and recovery
time are reduced at the higher temperature compared to
Figure 7. Thisis because electrons can move faster at a higher
temperature to expedite the related reaction. Consequently,
the response time and recovery time are reduced significantly.
Besides, athough S5 shows good recovery characteristics,
the response is very small. There are severa peaks in the
resistance curve after exposure to air again and they can
sometimes be dlightly larger than the initial resistance. It is
because the temperature changes only dightly as a result of
gas convection during exposure to air.

On account of the change in the adsorption capacity caused
by PdCl,and rGO, there is big difference in the initial
resistance among the samples. Furthermore, the gas sensing
properties depend on the amount of graphene. As for the
sample with 0.1 wt% rGO, the change in oxygen adsorption
is negligible because the amount of rGO is very small and
the initial resistance of S2 is close to the initial resistance
of S3. The resistance of the 1 wt% graphene sample is reduced
because the “highway band” decreases the resistance and this
effect overwhelms the impact by the resistance increase from
adsorption. It should be noted that the initial resistance of
4 sample is accidentally increased because of the uneven
thickness of the powder caused by manual smearing. Never-
theless, we focus on the response (Ra/Ry) instead of R, and
so the nonuniformity due to manual smearing does not matter
a great deal.

All in al, S3 and $4 deliver better sensing performance
and our results show that the amount of rGO should be less
than 1 wt% in order to achieve good sensitivity.

Figure 10 shows the repeatability of S3 and $4 at 40 °Cin
the presence of 100 ppm gaseous ethanol. The resistance of
4 decreases compared to the initia resistance with cycling.
Under normal circumstances, the following reactions occur in
the gaseous ethanol [5]:

CH3CHoOH + 60(;13) — 2CO2 + 3H0 + 6e”
CH3CH,OH + 60%;'5) — 2C0Oy2 + 3H0 + 12e
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Fig. 11. Dynamic ethanol sensing transient of S3 towards various gaseous
ethanol at 40 °C and the gas response as a function of ethanol concentration.

Tin oxide reclaims the electrons to reduce the resistance but
at alow temperature, the intermediate products of the reaction
adsorb on rGO as shown in the following [27]:

CH3CHOH 4+ O° — CH3CHO + H2O + e
CH3CHO + O™ — CH3COOH+-e~

The intermediate products may not be converted to CO»
and be absorbed by rGO on the surface at the low temperature.
Therefore, the resistance cannot be fully recovered to theinitial
value at 40 °C. Since $4 has more graphene, the amount of
adsorbed intermediate products is larger and the resistance is
reduced significantly. As the test proceeds, the response is
dightly smaller than the highest response of the device perhaps
because a part of rGO is consumed in the test, especidly at a
high temperature.

Comparing to other samples, S3 containing 3 wt% PdCl»
and 0.1 wt% rGO can be operated at 40 °C and shows rapid
response and recovery characteristics as well as good stability
during repeated use. Figure 11 shows the dynamic ethanol
sensing trend of S3 in the presence of different concentrations
of gaseous ethanol at 40 °C and good linearity is revealed. The
relationship between the ethanol concentration and response
can be described as:

y = 1.25+ 0.01584x 1)
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where y represents the response and x is the ethanol gas
concentration. The linearity is 98.1%. The results demon-
strate that SnO, nanoparticles mixed with 0.1 wt% rGO and
3 wt% PdCl, can deliver good gaseous ethanol sensing per-
formance at a low temperature and 40%rh.

IV. CONCLUSION

The sensor made of SnO, mixed with 3 wt % PdCl, and
0.1 wt% rGO shows the best response to gaseous ethanol
such as a response time of 93 s and recovery time of 130 s
a 40 °C and 40%rh. This sensor which can be operated
at near room temperature has a wider range of applications
compared to sensors that only work at a high temperature.
The synergistic effects of palladium and graphene exploited
in this sensor design are more effective compared to that with
only paladium. The amount of rGO is found to affect the
sensing properties.
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