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Construction of novel hybrid PdO-ZnO p-n
heterojunction nanostructures as a high-response
sensor for acetaldehyde gast

Sanjit Manohar Majhi,@* Hu-Jun Lee, Ha-Nui Choi, Ha-Young Cho, Jin-Soo Kim,
Cheul-Ro Lee @ and Yeon-Tae Yu*

P-n heterojunction nanostructures (NSs) are emerging as a promising class of hybrid materials for gas-
sensing applications. In this work, we report a facile, cost-effective synthesis technique to fabricate unique,
hybrid PAO@ZnO p-n heterojunction NSs as high response and selective acetaldehyde gas sensors. Initially,
Pd@ZnO core-shell NSs (CSNSs) were synthesized, and subsequently transformed into hybrid PdAO@ZnO
p-n heterojunction NSs by a simple high-temperature calcination method. The morphological study of the
prepared hybrid NSs was carried out by transmission electron microscopy (TEM), which revealed that 10 +
5 nm sized Pd nanoparticles (Pd NPs) were encapsulated in the center of the ZnO shell of 40-50 nm to
form approximately 75-135 nm sized Pd@ZnO CSNSs. The more crystalline, flower-shaped PdO@ZnO p-n
heterojunction NSs were formed after the Pd@ZnO CSNSs were calcined at 500 °C for 2 h. When
employed as a gas sensor, the hybrid PAO@ZnO p-n heterojunction NSs demonstrated high sensitivity and
selectivity to acetaldehyde gas amongst other gases (ethanol, CO, H,, and CHy). The PdO@ZnO p-n
heterojunction NSs-based sensor delivered the highest response (R./Rq = 76) to 100 ppm acetaldehyde at
350 °C, as compared to the pristine ZnO NSs sensor (R./Rq = 18). The improved sensing performance of
the hybrid PAO@ZnO p-n heterojunction NSs-based sensor over the pristine ZnO NSs-based sensor was
attributed to the combination of the resulting synergistic effect due to the formation of the p-n hetero-
junction between PdO and ZnO NPs, the catalytic dissociation effect of PdO, and the high surface area of
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1. Introduction

The growing air pollution, due to various hazardous
chemicals and volatile organic compounds (VOCs) that are re-
leased into the environment, poses a serious threat to human
safety and health. Among different VOCs, acetaldehyde, a col-
orless, toxic, and flammable liquid with an irritating odor,
which is found ubiquitously in indoor and outdoor environ-
ments, is regarded as one of the most common air pollutants.
The common sources of acetaldehyde are cigarette smoke,
wine, and household materials such as paints, chemical adhe-
sives, resins, carpets, stains, rotten parts of wood furniture,
waste food, and clothes. Due to its carcinogenic nature, long-
time exposure to acetaldehyde causes serious health prob-
lems, such as imbalance in human metabolism and anti-
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the PAO@ZnO p-n heterojunction NSs.

oxidants and damage to the liver, DNA, and proteins.'™®
Therefore, early monitoring of acetaldehyde around indoor
and outdoor premises through efficient gas sensing systems
is highly necessary to guarantee human safety. Hitherto,
semiconductor-based metal oxides (MOs) have emerged as ex-
cellent candidates for gas-sensing materials, due to their in-
nate advantageous attributes, such as low maintenance costs,
simplicity in design, portability, and high sensing properties.”
However, to meet further practical needs such as high re-
sponse and selectivity, significant progress has been made in
improving MOs gas sensing performance through different

approaches such as functionalization of noble metal
catalysts,®® doping,"* fabrication of p-n heterojunction
nanostructures,’?>* and UV illumination.*>*®

For a few years, n-type MOs (n-MOs) have been more
widely studied for gas sensing properties than p-type MOs (p-
MOs), due to their high sensing characteristics. However, p-n
heterojunction NSs-based gas sensors made from the combi-
nation of low sensitivity p-MOs with intrinsically highly sensi-
tive n-MOs demonstrate enhanced sensing abilities."* There-
fore, researchers have shown substantial interest in p-n
heterojunction NSs, due to their enhanced gas-sensing

This journal is © The Royal Society of Chemistry 2019
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properties.”” Recently, many researchers have started explor-
ing the design of p—n heterojunction NSs with different syn-
thetic strategies for gas-sensing applications. Lee et al. syn-
thesized Co3;0,-decorated ZnO nanowire (Co;0,~ZnO NW)
by a high-temperature thermal evaporation
method for ethanol and NO, gas sensing.'* Recently, Zhang
et al. synthesized p-type, Co;O octahedra NP decorated
n-type TiO, nanofiber (Co;04/TiO,) heterostructures by an
electro spinning method, followed by a hydrothermal tech-
nique, and studied the heterostructures for CO gas sensing."®
Baik et al. proposed air-bridged NW junction arrays of n-
ZnO/p-CuO for H,S gas-sensing applications, which were pre-
pared by e-beam evaporation followed by chemical vapor de-
position (CVD) methods." Recently, Lee et al. proposed the
formation of CuO-TiO, p-n heterojunction CSNWs by a si-
multaneous process of lithography and high-temperature
heat treatment method, followed by an atomic layer deposi-
tion (ALD) method for the investigation of NO, and CO gas-
sensing properties.>® Nonetheless, most of these p-n
junction-based sensing materials are associated with complex
synthesis procedures or the use of special instruments. In ad-
dition, the random distribution or loading of oxides onto the
surface might result in lower accessibility due to the com-
plete or partial blockage of active sites for gas adsorption. Ad-
ditionally, a lack of well-formed p-n junctions due to the
non-uniform deposition of oxide catalysts may result in low
sensing performance.”’ In this context, synthesizing p-n
heterojunction NSs with a facile and novel approach for high
gas-sensing performance would provide a great advantage.

Recently, the design and application of CSNSs, where no-
ble metal or MO cores are coated with another MO shell,
have gained substantial interest, due to the fascinating prop-
erties offered by the composite NSs. The increased surface
area, high chemical and thermal stability, improved interface
between the two individual components, and good protection
of core materials from harsh conditions and aggregation are
special attributes of CSNSs that demonstrate their potential
in gas-sensing applications.”> Ever since our group's
pioneering contributions towards CSNS gas sensors,>® tre-
mendous efforts have been devoted to the synthesis of CSNSs
to improve their sensing performance.>* >’ However, all of
these reported materials were based on noble metal- MO-
based CSNSs, and only a few reports of p-n heterojunction
gas sensors based on CSNSs have been made.

Amongst the different n-MO-based gas sensors, zinc oxide
(znO) with a band gap of 3.36 eV stands out as a promising
sensing material due to its good chemical and high thermal
properties, high electron mobility (~200 cm® V™' §7"),?% ease
of synthesis with controlled morphology, low cost, and envi-
ronmental friendliness. Although ZnO-based CSNSs have
been reported for sensing applications, most of them are
metal@ZnO (M@n-MO) CSNSs, which are Schottky junction
type gas-sensing materials. In such M@n-MO CSNS-based
gas sensors, the most frequently chosen core material was
gold (Au) NPs. Palladium (Pd) noble metal is a well-known
catalyst that is used for electronic sensitization and spillover

structures
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effects in gas-sensing applications.”* However, Pd metal is of-
ten prone to oxidation during high-temperature treatments,
forming PdO which is a p-type MO.?° Recent studies have uti-
lized Pd and PdO NPs for many VOC sensing applications.*"
Hence, it would be interesting to study the gas sensing prop-
erties of the combination of PdO and ZnO, in order to design
a p-n heterojunction NSs in a novel way. Therefore, the cur-
rent study's novelty is the design of p-n heterojunction NSs
using a p-MO (PdO) as the core and an n-MO (ZnO) as the
shell, synthesized by a facile wet chemical method, and their
integration into a high-performance gas-sensing device. We
first synthesized Pd@ZnO CSNSs with a facile, low-
temperature synthesis technique. Then, PdO@ZnO p-n
heterojunction NSs were prepared by an in situ calcination
method at high temperature, and employed for gas-sensing
performance measurements. The PdO NPs were encapsulated
inside the ZnO shell, and formed a well-defined CS type mor-
phology with an intimate contact with the ZnO shell. To the
best of our knowledge, research on the fabrication of
PdO@ZnO p-n heterojunction NSs and their gas-sensing per-
formance has never been reported previously. In this work,
we investigate the details of the synthesis procedure, struc-
tural properties, surface morphology, and oxidation behavior
of the Pd core at different calcination temperatures. When
utilized as a potential gas sensor, our designed hybrid
PdO@ZnO p-n heterojunction NSs show high sensing capa-
bilities towards acetaldehyde, compared to different analytes.
We discuss the effects of p-n heterojunction formation on
the acetaldehyde gas sensing properties and their
mechanisms.

2. Experimental section

2.1 Chemicals and materials

L-Ascorbic acid (AA; 99.5%) and hydrochloric acid (HCI) were
purchased from Showa Chemicals Co. Ltd.,, Japan.
Palladium(u) chloride (PdCl,, 99%), hexamethylenetetramine
(HMTA, 99%), hexadecyltrimethylammonium bromide
(CTAB; 99%), and zinc nitrate hexahydrate (Zn(NOs),-6H,0,
98.0%) were purchased from Sigma-Aldrich. All of the above
chemicals used in this work were of analytical grade, and
were used as received.

2.2 Synthesis procedures of Pd NPs and PAO@ZnO CSNSs

Prior to the synthesis of Pd NPs, 10 mM H,PdCl, solution
was firstly prepared from the reaction of PdCl, and HCI. For
the Pd NP synthesis, 10 mM H,PdCl, (2.5 mL) was mixed
with 12.5 mM CTAB solution (50 mL), followed by heating
with stirring. When the reaction temperature reached 99 °C,
0.4 mL of fresh AA was immediately dropped into the above
solution, and further stirring was continued for up to 5-10
min. A change of color from orange to brownish in the
obtained Pd NPs was noticed. The prepared Pd NPs were
used for further preparation of the PdA@ZnO CSNSs. To syn-
thesize the PA@ZnO CSNSs, calculated amounts of CTAB
(0.1465 g), AA (0.0354 g), Zn(NO5),-6H,0 (0.120 g), and HMTA

CrysttngComm, 2019, 21, 5084-5094 | 5085


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ce00710e

Open Access Article. Published on 22 July 2019. Downloaded on 12/9/2025 8:05:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(0.0564 g) were added one-by-one to a vial with 100 mL vol-
ume capacity, which had 50 mL of distilled (DI) water under
suitable stirring. The molar ratios of Zn>*/CTAB and Zn/
HMTA were fixed at 1, while the molar ratio of AA/Zn** was
fixed at 0.5. Finally, 3.2 mL of the prepared Pd NPs were
added to the above solution with further stirring up to 5-10
min. The vial containing the final solution was sealed and
heated inside an oven at 86 °C for 8 h. The Pd@ZnO CSNSs
obtained were centrifuged to remove unreacted ions, followed
by washing with DI water. Similarly, the pristine ZnO NSs
were synthesized by following the above method without Pd
NPs. The PAO@ZnO CSNSs were obtained directly by calcin-
ing the as-synthesized pristine PdA@ZnO CSNSs at 500 °C for
2 h, which were further examined by X-ray diffraction (XRD)
and electron microscopy analysis. The as-synthesized pristine
ZnO NSs were also calcined at 500 °C for 2 h for further char-
acterization. Fig. 1 shows a schematic of the synthesis proce-
dures for Pd NPs, ZnO NSs, and PAO@ZnO CSNSs.

2.3 Sample characterization

Morphological analysis of the as-prepared samples of ZnO
NSs and PdO@ZnO CSNSs was carried out by TEM (Hitachi-
H7650). Selected area diffraction (SAED), high-resolution
TEM (HR-TEM), and high-resolution real-time line scan anal-
ysis were performed using a Zeiss EM-912, Omega. The XRD
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patterns of the prepared samples were analyzed by X-ray
diffractometry (D/Max-2005, Rigaku) with a Cu-K,, target (1 =
1.54178 A). A Micrometrics instrument (TriStar 3000) was
used to measure the Brunauer-Emmett-Teller (BET) nitrogen
adsorption-desorption isotherms.

2.4 Preparation of sensor devices and gas sensing
measurements

To fabricate the sensor devices of pristine ZnO NSs and
PdO@ZnO p-n heterojunction NSs, a paste was prepared
from the fine mixture of both samples (10 mg) and
o-terpineol. The prepared paste was screen-printed using a
glass slide onto the Pt-electrode-based interdigital alumina
board (electrode area: 10 mm x 10 mm) with subsequent dry-
ing at 60 °C. The Pt-electrode-based interdigital alumina
board was purchased from Ogam Technology Co. Ltd., South
Korea. The prepared sensor devices were then heat-treated at
500 °C for 2 h in air prior to the gas-sensing measurement.
Fig. S1 of the ESIT shows a schematic of the current sensor
device preparation procedure. The prepared sensors were
tested at various temperatures (150-400 °C), in the presence
of different test gases. The maximum flow of gases in the
mass flow controller (MFC) was 100 sccm. Nitrogen (back-
ground gas) and dry air (21% oxygen) were used during the
gas-sensing test. A resistance meter (Agilent 34970A) was

—)

PAd@ZnO CSNSs

Centrifuged, Calcined,

‘Washed and 500 °C-2h
dried

PdO@ZnO p-n heterojunction NSs

Fig. 1 Schematics of the synthesis processes of (a) Pd NPs, (b) ZnO NSs and PAO@ZnO CSNSs.
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used to observe the resistance changes of the sensor devices
before and after the supply of target gases, where R, and R,
were the resistance measured in air and target gas, respec-
tively. Fig. 2 shows a schematic of the homemade gas-sensing
set-up that was used for our sensing experiments.

3. Results and discussion

3.1 Synthesis and characterization of the pristine ZnO NSs
and Pd@ZnO CSNSs

Scheme 1 illustrates the facile, two-step synthesis process of
the Pd@ZnO CSNSs by a low- temperature hydrothermal
method. The synthesized PA@ZnO CSNSs were further used
to prepare PAO@ZnO p-n heterojunction NSs for the investi-
gation of gas sensing properties. The possible growth process
of the ZnO shell around the CTAB stabilized Pd NPs is as fol-
lows (as presented schematically in Scheme 1). First, AA and
Zn*" started to form an AA-Zn>" complex due to the polyhy-
droxy acid nature of AA. Then, the concentration of OH™ ions
in the solution increased due to the addition of HMTA, and
they eventually attached to the AA-Zn>" complex to form the
[AA-Zn(OH),]*" complex. Meanwhile, the addition of CTAB
stabilized the Pd NPs which results in the [CTAB-AA-
Zn(OH),>” complex being formed when [AA-Zn(OH),]*
reacted with the CTAB molecules on the Pd NP surface. This
electrostatic attraction between the [AA-Zn(OH),]*” complex
and the CTAB molecules went on further and eventually
formed net-like chains centered around Pd NPs.*>** CTAB
and AA behaved as templates, helped to stabilize the core
and shell materials, and also helped to obstruct the continual
growth of the ZnO shell. Finally, a dense ZnO shell around
the Pd NPs was formed after the mixture solution was heated
and aged for a long time, due to hydroxyl condensation
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PdO@ZnO sensor device

MFC Manage

Air [ 000}
Gas !
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Fig. 2 Schematic of the laboratory gas-sensing measurement set-up.
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The morphology and structural characterization of the
prepared pristine ZnO NSs and Pd@ZnO CSNSs was carried
out in detail by TEM, STEM, SAED, and HR-TEM observa-
tions. The TEM image in Fig. 3(a) shows that Pd NPs of
mostly cubic shapes along with a few spherical shapes were
formed with sizes ranging from 5 to 15 nm. Fig. 3(b) and (c)
display the typical TEM images of Pd@ZnO CSNSs with
nearly spherical shapes that were synthesized at 86 °C, where
the Pd core and ZnO shell can be easily distinguished. The
Pd@ZnO CSNSs had an average diameter of 80-120 nm, and
10-15 nm sized Pd NPs were centered in a 40-45 nm thick
ZnO shell. On the other hand, the pristine ZnO NSs had an
average diameter of 75-135 nm, which were formed without
the use of Pd NPs (Fig. 3(d)). It is apparent from the TEM
analysis of both the pristine ZnO NSs and Pd@ZnO CSNSs
that the surfaces of the ZnO shell do not exhibit any crystal-
line primary particles, which is mainly due to the presence of
CTAB ions on ZnO surfaces.*® To further study the oxidation
of palladium and the crystallinity of ZnO, the synthesized
samples of both Pd@ZnO CSNSs and ZnO NSs were calcined
at 500 °C for 2 h.

Fig. 4(a) and (b) show the TEM and STEM images of the
calcined pristine ZnO NSs and Pd@ZnO CSNSs. It is notable
that both the Pd@ZnO CSNSs and the pristine ZnO NSs
which were obtained after being calcined at 500 °C were crys-
talline in nature without much difference in their surface
morphology, in terms of their shapes and sizes. The smooth
surface of the ZnO shell was distorted to a crystalline surface,
with many aggregated primary particles (~10-20 nm). Fig. S2
of the ESI} shows a high-resolution TEM-EDS line-scan map-
ping, which was analyzed to determine the element content
and distribution of the prepared material of PdAO@ZnO p-n
heterojunction NSs. It is clear that all the elements, such as
Pd, Zn, and O, were present throughout the spectrum of the
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device and external wires

Gas Outlet

Computer

Resistance meter
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Fig. 3 TEM images of (a) Pd NPs, (b) and (c) as-synthesized Pd@ZnO CSNSs, and (d) pristine ZnO NSs.

PdO@ZnO p-n heterojunction NSs. Fig. S3 of the ESI{ shows
a few TEM images and the corresponding HAADF images of
the PAO@ZnO p-n heterojunction NSs with HR-TEM. Since
the Pd NPs were more or less of the same size as the ZnO
NPs, it appears that the core NPs were mixed with ZnO NPs.
However, the HAADF-STEM images (Fig. S3(b)-(d), (f), (k),
and (1) of the ESIf) show that the core was clearly distinguish-
able. Fig. 4d shows the high-magnification HRTEM image of
single PdA@ZnO CSNSs from the white rectangular mark in
Fig. 4c, which illustrates the interface of Pd and ZnO. This
demonstrates that the Pd core was changed to PdO, and the

5088 | CrystEngComm, 2019, 21, 5084-5094

lattice spacing of 0.26 and 0.24 nm corresponds to the (101)
plane of PdO and ZnO. It is thus confirmed that, at a calcina-
tion temperature of 500 °C, the Pd metal core of Pd@ZnO
CSNSs was oxidized to PdO.

Hence, to further observe the oxidation behavior, the pre-
pared Pd@ZnO CSNS material was calcined at various tem-
peratures ranging from 100-500 °C, and an XRD analysis was
then carried out, which is shown in Fig. 5. It can be seen that
the Pd core started to oxidize from 300 °C, because in the
300 °C profile, the XRD peak of Pd has almost disappeared
due to oxidation. On the other hand, the crystallinity of ZnO

This journal is © The Royal Society of Chemistry 2019
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(a) TEM images of pristine ZnO NSs calcined at 500 °C, (b) HAADF-STEM image of PAO@ZnO p-n heterojunction NSs, (c) single PdAO@ZnO

p-n heterojunction NSs calcined at 500 °C, and (d) the corresponding HRTEM image showing the PdO and ZnO interface with lattice fringes

obtained from (c).

was greatly increased in the 400 °C calcination temperature
profile. When the temperature was increased to 500 °C, com-
plete oxidation of Pd to PdO could be observed. Therefore,
the PdA@ZnO CSNS sensing material, which was calcined at
500 °C for 2 h, will henceforth be designated simply as
PdO@ZnO p-n heterojunction NSs, and this sample's gas-
sensing properties were further investigated, along with the
pristine ZnO NSs. Fig. 6 illustrates the nitrogen adsorption-
desorption isotherms of the pristine ZnO NSs and PAO@ZnO
p—n heterojunction NSs. Fig. 6 shows that of all the iso-
therms agreed well with a type IV isotherm.* The specific
BET surface area of the pristine ZnO NSs and PAO@ZnO p-n
heterojunction NSs was measured and found to be 15.27 and
24.01 m*> g, respectively.

3.2 Gas sensing performance of the pristine ZnO NSs and
PdO@ZnO p-n heterojunction NSs

The gas-sensing properties of the pristine ZnO NSs and
PdO@ZnO p-n heterojunction NSs sensors were investigated
by testing their acetaldehyde gas responses at different oper-
ating temperatures (150 to 400 °C), in order to optimize the

This journal is © The Royal Society of Chemistry 2019

working temperature at which the maximum response is
obtained, which is shown in Fig. 7. The appearance of a
volcano-shaped graph that indicates an “increase-maximum-
decrease” response behavior can be seen from Fig. 7(a),
which is obvious in the case of MO-based gas sensors. This
may be attributed to the temperature-dependent reaction be-
tween the chemisorbed oxygen ions and target gas molecules.
As can be seen, below the optimum working temperature
(350 °C), the target acetaldehyde gas molecules do not have
sufficient thermal energy to react with oxygen species.®”?°
The response of the PAO@ZnO p-n heterojunction NSs sen-
sor increased gradually from 150 to 350 °C, which could be
due to the obtained thermal energy being high enough to
overcome the activation energy barrier for the sensing reac-
tion. However, a further increase of the operating tempera-
ture resulted in a decreased response for the PAO@ZnO p-n
heterojunction NSs sensor, which may be due to the difficulty
in adsorbing both oxygen and target gas molecules on the
sensor surface at high temperatures.®® The highest response
obtained for the PAO@ZnO p-n heterojunction NSs sensor
was 76. The pristine ZnO NSs sensor also demonstrated a
similar kind of increase-decrease sensing behavior (Fig. 7(a)).

CrystEngComm, 2019, 21, 5084-5094 | 5089
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Fig. 5 (a) XRD profiles of the Pd NPs (as-synthesized) and Pd@ZnO

CSNSs (calcined at different temperatures), and (b) magnified version
of the XRD profiles of Pd@ZnO CSNSs (calcined from 100-300 °C) and
PdO@ZnO p-n heterojunction NSs (calcined at 400-500 °C).

For the pristine ZnO NSs sensor, the maximum response (R;
= 22) was obtained at 375 °C operating temperature. The acet-
aldehyde response for the PdO@ZnO p-n heterojunction
NSs-based sensor was higher than that for the pristine ZnO
NSs sensor at each temperature. Thus, the PAO@ZnO p-n
heterojunction NSs sensor demonstrated improved response
at low working temperature. Fig. 7(b) displays the response
transient of the pristine ZnO NSs and PAO@ZnO p-n hetero-
junction NSs sensors for acetaldehyde gas-testing in a de-
scending order, with various concentrations of 2-100 ppm at

30
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0 T T T T
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n

Fig. 6 Nitrogen adsorption-desorption isotherms of the pristine ZnO
NSs and PdO@ZnO p-n heterojunction NSs.
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350 °C. Fig. 7(b) shows that both sensors demonstrated
n-type sensing characteristics, that is, the resistance increases
in air and then decreases after the introduction of acetalde-
hyde gas. The response of the pristine ZnO NSs sensor at 350
°C was found to be 18. The baseline resistance in air (R,) of
the PAO@ZnO p-n heterojunction NSs sensor was higher
than that of the pristine ZnO NP sensor. The response and
recovery times of the PAO@ZnO p-n heterojunction NSs and
pristine ZnO NSs sensors were measured, and are shown in
Fig. S4 of the ESL} The response time (Typ) of the
PdO@ZnO p-n heterojunction NSs was found to be 108 s,
which is faster than that of the pristine ZnO NSs (138 s). On
the other hand, the recovery times (Tyeey) Of the PAO@ZnO
p-n heterojunction NSs and pristine ZnO NSs were found to
be 540 and 388 s, respectively. Fig. 7(c) illustrates the
concentration-dependent response behavior of both sensors,
which indicates that as the concentration of acetaldehyde is
increased from 2 to 100 ppm, the response increases. The
maximum response of the PdAO@ZnO p-n heterojunction NSs
sensor for 100 ppm acetaldehyde was found to be 76,
whereas at 2 ppm the response value was 1.12. The sensitivity
and selectivity are the two most crucial parameters for any
gas sensor. Therefore, both sensors were tested for different
analytes at 350 °C to obtain the highest response which is il-
lustrated in Fig. 7(d). Among all the gases, the PAO@ZnO
p-n heterojunction NSs sensor demonstrates the most en-
hanced response and highest selectivity to acetaldehyde gas.
In addition to the sensitivity and selectivity, reproducibility is
also an important parameter for gas sensors. Therefore, both
the pristine ZnO NSs and PAO@ZnO p-n heterojunction NSs
sensors were tested for 100 ppm acetaldehyde at 350 °C,
which is shown in Fig. S5 of the ESL{ It can be observed
that the sensors demonstrate good repeatability with consis-
tent responses, even after eight cycles of testing in air and
acetaldehyde atmospheres. Fig. S6 of the ESI{ presents the
long-term stability of the sensors based on PAO@ZnO p-n
heterojunction NSs and ZnO NSs tested at 350 °C for 100
ppm acetaldehyde. The testing was conducted for a period
of two weeks. It was found that the responses of both sen-
sors had relatively small fluctuations during the testing,
which demonstrates the stable and reliable operation of ac-
etaldehyde sensing. Furthermore, Table 1 summarizes the
comparison of gas sensing performance between our
PdO@ZnO p-n heterojunction NSs sensor and previously
reported sensors. Table 1 shows that the PAO@ZnO p-n
heterojunction NSs sensor demonstrates relatively good ac-
etaldehyde sensing properties, in comparison to previous
sensors.

4. Gas-sensing mechanism of the
PdO@ZnO p-n heterojunction CSNS
sensor

The sensing mechanism for the improved response of the
PdO@ZnO p-n heterojunction NSs is explained here, based

This journal is © The Royal Society of Chemistry 2019
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on the experimental findings. The gas-sensing mechanism of
the pristine ZnO NSs sensor, which is a typical n-MO, has
been extensively reported, based on the adsorption and de-
sorption of oxygen and target gas molecules.**** Initially,
when the ZnO NSs sensor is exposed to air atmosphere, oxy-
gen molecules are chemisorbed on the sensor surface and
then capture conduction band electrons to generate ionized
oxygen species such as O, , O and 0%, which results in an
increase of the resistance of the ZnO NSs sensor due to the
formation of electron depletion layers. However, in acetalde-
hyde environments, acetaldehyde reacts with these
chemisorbed oxygen ions, and then releases the trapped
electrons back to the ZnO NSs sensor. As a result, the width
of the depletion layer decreases, and thus the resistance as
well. The possible reactions are as follows:***°
CH3CHO(gas) — CH3CHO(aq5)

ey
©)

CH;3CHOaq5) + 50(ads]_ — 2C0y(gas) + 2H,0 + 5e

On the other hand, the introduction of PdO in the core to
obtain the PAO@ZnO p-n heterojunction NSs sensor signifi-
cantly improved the sensing performance and its sensing
mechanism is different from that of the pristine ZnO NSs

This journal is © The Royal Society of Chemistry 2019

sensor. The improved sensing performance of the PAO@ZnO
p-n heterojunction NSs sensor compared to that of the pris-
tine ZnO NSs sensor can be attributed to the electronic and
chemical sensitization effects. PdO NPs play a significant role
in the enhancement of sensing performance, and are in-
volved in both of the above mechanisms.

In the electronic sensitization effect, a typical p-n hetero-
junction will be established between p-PdO and n-ZnO NPs
for PAO@ZnO NSs. Since the work function of PdO (7.9 eV) is
higher than the work function of ZnO (5.3 eV), the electrons
in the ZnO conduction band will transfer to that of PdO,
while the holes will transfer towards ZnO, until the Fermi
level (Eg) of the system is equalized.*>** Thus, the PdO/ZnO
p-n heterojunction will generate a wider depletion layer, and
thus energy band bending at the interface of the PAO@ZnO
p—n heterojunction NSs sensor (as shown in Fig. 8(a)). As a
result, the resistance of the PAO@ZnO p-n heterojunction
NSs sensor increases significantly. The corresponding R, for
100 ppm acetaldehyde increased from 1.5 x 10* to 2.5 x 10>
Ohm (pristine ZnO NSs to PAO@ZnO p-n heterojunction
NSs), as shown in Fig. 7(b). Since the response is measured
as R,/R,, the higher R, for PAO@ZnO p-n heterojunction NSs
results in an increased response, as compared to the pristine
ZnO NSs sensor. Fig. 8(b) shows that the R, value of the

CrystEngComm, 2019, 21, 5084-5094 | 5091
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Fig. 8 (a) Schematic of the energy band diagram of PdO@ZnO p-n
heterojunction NSs, and (b) response signals of the pristine ZnO NSs
and PdO@ZnO p-n heterojunction NSs sensors showing the changes
of R,.

PdO@ZnO p-n heterojunction NSs is much higher than the
R, value of ZnO, which is due to the formation of the wider
depletion layer between ZnO and PdO NPs. Once the acetal-
dehyde gas is introduced, these chemisorbed oxygen species
will react with acetaldehyde gas molecules and release the
trapped electrons back to the conduction bands of ZnO and
PdO, resulting in the decreased resistance of the PAO@ZnO
p-n heterojunction NSs sensor, which is denoted as R,. Even
the value of R, in the PAO@ZnO p-n heterojunction NSs is
higher than the R, value of ZnO. Hence, the electronic sensi-
tization effect is responsible for enhancing the R, value.

In addition to the electronic sensitization effect, PdO
NPs play an important role in the chemical sensitization ef-
fect, which is also known as the catalytic spillover effect. In
the case of the PAO@ZnO p-n heterojunction NSs sensor,
similar to ZnO NSs, a depletion layer is formed due to the
trapping of electrons by chemisorbed oxygen species (in this

View Article Online
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study it was O°). However, in this case a wider depletion
layer forms between PdO and ZnO NPs in the PdO@ZnO
p-n heterojunction NSs sensor, as shown in Fig. 9(a). The
reason behind this is the chemical sensitization effect of
PdO NPs in the system, because the PdO NPs act as a cata-
lyst, which facilitates the dissociation of oxygen molecules
into O atoms:"*™*®

Oz(gas] - 20(ads) (3)

Some of these O atoms can diffuse and then spill over
onto ZnO surfaces, where they can trap electrons from the
conduction band of ZnO to form adsorbed O™ ions on the

sensor surface:*%>°

O(ags) T € (from ZnO) — Oaqs) (4)

This phenomenon results in the increase of the number
of chemisorbed oxygen species on the PAO@ZnO p-n hetero-
junction NSs, as compared to that on the pristine ZnO NSs.
In this situation, a greater number of electrons will be
extracted from ZnO, which eventually increases the depletion
layers between the ZnO and PdO NPs, resulting a wider de-
pletion layer and band bending at the interface as shown in
the schematic in Fig. 9(b). This results in high potential bar-
riers (qV) (Fig. 9(b)) between the intergranular ZnO NPs and
PdO NPs, which hinder the conduction of electrons, thus in-
creasing the resistance of the sensor. After the acetaldehyde
gas is exposed, the chemisorbed oxygen ions (O°) will react
with acetaldehyde gas molecules and release the trapped
electrons back to the conduction bands of ZnO and PdO NPs.
This results in the lowering of the potential barrier height
(Fig. 9(b)) and decrease of the resistance of the PAO@ZnO
p-n heterojunction NSs. Hence, the chemical sensitization ef-
fect accelerates the sensing reaction with improved sensing
performance.

Moreover, the PdO NPs not only increase the sites for oxy-
gen molecule and target gas adsorption, but also lower the
activation energy that is required for the gas-sensing reac-
tion.”* Therefore, the response of the PAO@ZnO p-n hetero-
junction NSs is much higher. Furthermore, it was reported
that PdO can be reduced to Pd, with electrons being donated

Table 1 Comparison of the sensing properties of the PdO@ZnO p-n heterojunction NSs sensor with previously reported sensors

Target gas/concentration

Operating temperature

Response (Ry/Ry) or

Materials (ppm) (°C) [(Ra — Ry)/Ry]" Ref.

Au@SnO, CSNSs Acetaldehyde/200 400 0.85“ 3

Au@ZnO CSNSs Acetaldehyde/100 300 52 24

Al doped ZnO NSs Acetaldehyde/10 500 2250 37

ZnO tiny nanoplates Acetaldehyde/100 RT 36 38

ZnO tetra pods Acetaldehyde/50 400 47.5 39

ZnO nanorods Acetaldehyde/250 300 2.5 40

0.1 Rh-SnO, NPs Acetaldehyde/40 350 17.8 41

ZnO nanoflowers Acetaldehyde/100 400 19 42

PdO@ZnO p-n heterojunction NSs Acetaldehyde/100 350 76 The current work

“ RT: room temperature.
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back to the PAO@ZnO p-n heterojunction NSs sensor, when
reducing gases like acetaldehyde are exposed to the sensor.
This also results in the reduction of the width of the deple-
tion layer, thereby inducing a large resistance change in the
PdO@ZnO p-n heterojunction NSs sensor.’® Also, the
PdO@ZnO p-n heterojunction NSs-based sensor has a larger
surface area, and therefore possesses more surface adsorp-
tion sites and more efficient gas diffusion (oxygen and target
gases) as compared to the pristine ZnO NSs, which can facili-
tate the enhanced sensing performance.

5. Conclusions

In summary, we have developed a simple, low-temperature hy-
drothermal technique to synthesize Pd@ZnO CSNSs, and
employed a simple high-temperature calcination strategy to
construct PAO@ZnO p-n heterojunction NSs to investigate
their gas-sensing performance. The XRD analysis of the pre-
pared PAO@ZnO p-n heterojunction NSs revealed that the ox-
idation of Pd to PdO started from 300 °C, and further com-
plete oxidation was confirmed at 500 °C after 2 h. The
obtained flower-shaped, crystalline PAO@ZnO p-n hetero-
junction NSs were investigated as a gas sensor, and demon-
strated the highest response (R; = 76) and selectivity for 100
ppm acetaldehyde at 350 °C. The operating temperature of
the PAO@ZnO p-n heterojunction NSs was also lower than
the working temperature of the pristine ZnO NSs. The high
sensing performance of the PAO@ZnO p-n heterojunction
NSs sensor is mainly attributed to the synergistic effect of the
p—n heterojunction, the catalytic dissociation of oxygen mole-

This journal is © The Royal Society of Chemistry 2019

(a) Schematic of the gas sensing mechanism for the PAO@ZnO heterojunction NSs-based sensor in air and acetaldehyde medium, with (b)

cules by PdO NPs (chemical sensitization effect), and the high
surface area of the PAO@ZnO p-n heterojunction NSs sensor.
The present results confirm that the PAO@ZnO p-n hetero-
junction NSs-derived gas sensor is a promising sensing plat-
form for high-response gas sensors. Notably, our proposed
strategy would pave the way for the design of gas sensors
based on novel core-shells, with various metals and MOs.
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