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In this work, we reported a high-performance ethanol gas sensor based on novel Pd@ZnO core@shell
nanoparticles (CSNPs). The Pd@ZnO CSNPs were synthesized by chemical method and characterized by
XRD, TEM and EDS techniques. Gas sensing results demonstrated that Pd@ZnO CSNPs show high sensi-
tivity and remarkable selectivity towards ethanol at 250 �C. The response value of Pd@ZnO CSNPs is
152, which is almost six times higher than the response value (27) of ZnO NPs at 250 �C. The mechanism
of enhancement in sensing properties can be ascribed to the chemical and electronic sensitization effect
of Pd NPs and also due to the unique core@shell structure. These characteristics may shed light on the
development of a selective ethanol sensor based on Pd@ZnO CSNPs.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ethanol (C2H5OH) is one of the inflammable, colorless, and vola-
tile organic compounds (VOCs), and has been widely investigated
in the field of food & drink industry, biomedical productions,
breath analysis, chemical industries, and traffic safety [1–3]. Yet,
the long-term exposure to ethanol also affects human health and
especially shows toxic effects on the central nervous system [4].
As it is widely used as a beverage, its consumption is one of the
main reasons for traffic accidents due to drunk driving. Therefore,
the detection of ethanol vapor in drunken drivers is not only of
medical but also of social importance [5]. This leads to immense
research efforts for the development of efficient gas sensors for
ethanol with high sensitivity, good selectivity, and rapid response
[6].

In recent decades, metal oxide semiconductors (MOS) have
been widely reported as chemical sensing materials [7]. As a typi-
cal n-type metal oxide having a wide bandgap, zinc oxide (ZnO) is
considered the most promising sensing material [8,9]. Neverthe-
less, the single component ZnO based gas sensors still suffer from
poor selectivity, very particularly, cross-sensitivity to ambient
moisture and long response and recovery times [10]. Several
approaches have been reported to solve the problem of cross-
sensitivity such as engineering the morphology, modifying chemi-
cal composition by doping, and functionalization with noble met-
als [11].

Among them, noble metal@metal oxide semiconductor
(M@MOS) core–shell nanostructures are becoming interesting
and widely reported for gas sensing due to their unique shape, size,
high catalytic activity, and controllable chemical and colloidal sta-
bility within the shell and charge transfer between core and semi-
conductor [12]. Recently, noble metal nanoparticles (such as Pd, Pt,
Au and Ag) have been widely used in gas sensing applications due
to their excellent catalytic properties [13,14].

Among the different metals cited above, Pd nanoparticles are
the most suitable candidate for improving gas sensing properties
of ZnO due to their good chemical stability, low orbital energy
and high surface area [15]. Pd@ZnO core@shell nanostructures
have not yet been widely explored for the detection of ethanol.
So, the aim of the present study is the simple chemical synthesis
of Pd@ZnO core@shell nanoparticles (CSNPs) and the investigation
of their gas-sensing properties.
2. Experimental section

The Pd NPs, ZnO NPs, and Pd@ZnO CSNPs were synthesized by
chemical method and detailed procedures are given in the supple-
mentary material. The morphologies of sensing nanomaterials
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were observed using high-resolution transmission electron micro-
scopy (HRTEM, Tecnai G2 20 (FEI) S-TWIN). The crystallinity was
studied by X-Ray diffraction (XRD, Panalytical XPert Pro X-ray
diffractometer) using with Cu-Κa1 (k = 1.5406 Å) radiation source.
Energy dispersive spectrometry (EDS) of Pd@ZnO CSNPs was per-
formed using a detector coupled to a field emission scanning elec-
tron microscope (FESEM, Nova Nano FE-SEM 450 FEI). The
fabrication of gas sensing devices followed the methods discussed
elsewhere [16] with few modifications (for details, see supplemen-
tary material).
3. Results and discussion

In the XRD patterns (Fig. 1), all the diffraction peaks can be
indexed as the wurtzite hexagonal structure of ZnO and are given
by standard data files (JCPDS file no. 01–079-0206). The sharp
diffraction peaks show the good crystalline quality of Pd@ZnO
CSNPs. However, no additional peak corresponding to metallic Pd
was observed in the XRD pattern for Pd@ZnO CSNPs, which could
be due to the small amount of Pd in Pd@ZnO, compared to Zn or
O. No other impurity peaks were detected during XRD measure-
ments, which confirms the high purity of the samples.

Fig. 2(a) shows the TEM image Pd nanoparticles with spherical
shape and having an average diameter ranging from 10 to 15 nm.
Fig. 2(b & c) displays the TEM images of spherical shape Pd@ZnO
CSNPs with an average diameter of about 100–150 nm, where
the single metal core of Pd and ZnO shell can be easily distin-
guished. The Fig. 2d (recorded after the heating process at
500 �C) shows no change in morphology with some shrinkage in
diameter (ca. 100 nm and 80 nm, before and after calcination). It
is also noticeable that core@shell structures have a highly porous
surface after calcination, which is most beneficial for the good dis-
persion of the Pd and for preventing the sintering of Pd NPs. The
SAED pattern of Pd@ZnO CSNPs is displayed in Fig. 2e and revealed
their polycrystalline nature. On the other hand, the average diam-
eter of pure ZnO is 80–120 nm, as illustrated in Fig. 2f. In addition,
the presence of Pd, Zn, and O in the Pd@ZnO CSNPs was confirmed
using EDS, shown in Fig. S1 and corresponding FESEM image is in
the inset. The highly dispersive distribution of Pd, Zn, and O ele-
ments confirmed that no other impurities are present and estab-
lished the formation of Pd@ZnO core@shell nanostructure.

The gas sensing properties of the Pd@ZnO CSNPs and ZnO NPs
were investigated for various gases (ethanol, H2, CO, and CO2).
The typical behavior of n-type semiconductor was revealed from
Fig. 1. XRD patterns of Pd@ZnO CSNPs and ZnO NPs.
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Fig. 3(a) when exposed to ethanol (reducing gas). The response
and recovery cycles of three pulses were repeated 5 times to test
the repeatability of the sensor with increasing concentration of
ethanol (5, 10, and 20 ppm) and results showed that the gas sens-
ing measurements were highly repeatable. To optimize the work-
ing temperature, prepared sensing devices were tested at various
temperatures i.e. 200 �C, 250 �C, and 300 �C. The temperature-
dependent response of ZnO NPs and Pd@ZnO CSNPs sensor
towards ethanol (20 ppm) is displayed in Fig. 3b. The response
for both sensors is low at 200 �C and attained its maximum value
at 250 �C, which may be due to achieving enough thermal energy
to overcome the activation energy barrier for the reaction occur-
ring during sensing [17]. By further increasing the temperature
to 300 �C, the sensing response decreases, which may be due to
exceeding the desorption rate of gas molecules than adsorption
rate and causing the low utilization rate of the sensing material
[18].

The maximum response value of 152 was achieved for Pd@ZnO
whereas, for pristine ZnO, the response was 27. A nearly 6-fold
increase in ethanol responsiveness for 20 ppm is obtained for
core@shell nanoparticles at 250 �C, which could be attributed to
the catalytic effect of Pd NPs [19]. Fig. 3(c) presents the response
of both sensors toward ethanol at different concentrations at
250 �C. Results show that the Pd@ZnO CSNPs based sensors exhib-
ited high response at each concentration in comparison to ZnO NPs
and response increased with increasing concentration of gas. Fur-
thermore, the Pd@ZnO CSNPs sensor was tested for ethanol
(20 ppm), H2 (200 ppm), CO (200 ppm), and CO2 (200 ppm) at
250 �C (optimumworking temperature), shown in Fig. 3(d). Among
all analytes, the superior sensitivity and highest selectivity were
obtained for Pd@ZnO CSNPs towards ethanol. The maximum
response is 152 for 20 ppm ethanol whereas the response for H2,
CO, and CO2 at 200 ppm is 3.59, 1.95, and 1.12, respectively, which
is much lower than the response recorded for ethanol. This sug-
gests that Pd@ZnO core@shell nanoparticles are suitable materials
for ethanol detection.

ZnO follows a typical n-type semiconductor behavior and its
sensing mechanism is as follows [20]. In presence of air, atmo-
spheric oxygen gets adsorbed and being converted into ionic oxy-
gen species by capturing electrons from the conduction band of the
ZnO. As a result, a depletion layer is formed at the surface of the
material and hence, the resistance of the material gets increased.
When a reducing species such as ethanol reacts with adsorbed oxy-
gen, trapped electrons are released back to the conduction band,
which contributes to decrease its electrical resistance [21], as
shown in Fig. 4(a). As reported by various researchers, the sensitiv-
ity of ZnO can be tuned by introducing catalytically active metals
[22]. This enhancement in sensitivity may be attributed to the
increased amount of oxygen species at the surface of ZnO and
the formation of Schottky junction at interface of Pd and ZnO as
shown in Fig. 4(b). Since Pd is a noble metal with effective catalytic
activity, when it exists at the core, it provides an effective elec-
tronic and chemical sensitization effect to the sensing properties
because of the symmetry in composition [23,24]. When oxygen
molecules diffuse to the Pd nanoparticle surface, oxygen species
are formed more effectively thus, a great enhancement in adsorbed
oxygen is observed, which improves the sensitivity [25] of Pd@ZnO
CSNPs.
4. Conclusions

In summary, an ethanol sensor based on Pd@ZnO core@shell
nanoparticles was successfully developed and exhibited superior
sensitivity, excellent selectivity, and remarkable repeatability. Sig-
nificantly, almost a 6-fold increase in response value was observed



Fig. 3. Gas sensing results of ZnO NPs and Pd@ZnO CSNPs sensor (a) Sensor resistance behavior for ethanol (5, 10 and 20 ppm) at 250 �C and cycle was repeated 5 times (b)
Temperature-dependent response towards 20 ppm ethanol (c) Response transient with varying ethanol concentration at 250 �C, and (d) response comparison tested to
different gases at 250 �C.

Fig.2. TEM images of (a) Pd NPs, Pd@ZnO CSNPs (b) before calcination, (c) enlarged single particle, (d) as-calcined at 500 �C (e) SAED pattern (f) ZnO NPs.
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for Pd@ZnO CSNPs in comparison to bare ZnO NPs toward ethanol
vapors at 250 �C. This enhancement in the gas sensing performance
is attributed to the electronic and chemical sensitization effects of
Pd core NPs and their unique core@shell nanostructure. These
3

results suggest that Pd@ZnO CSNPs will be an ideal candidate for
ethanol sensors having great potential in practical applications
for real-time ethanol detection, such as fire detection or screening
of drunken drivers.



Fig. 4. The plausible gas sensing mechanism in the air and ethanol medium.
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