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ABSTRACT: In this work, Au@Cu,O core—shell nanoparticles (NPs) were EVa_c Epi

synthesized by simple solution route and applied for CO sensing applications. ) > i)
Au@Cu,O core—shell NPs were formed by the deposition of 30—60 nm > 2 7 3
Cu,O shell layer on Au nanorods (NRs) having 10—15 nm width and 40-60 ® o % o
nm length. The morphology of Au@Cu,O core—shell NPs was tuned from © w5 g’
brick to spherical shape by tuning the pH of the solution. In the absence of Au 6 ) &)

NRs, cubelike Cu,O NPs having ~200 nm diameters were formed. The sensor
having Au@Cu,O core—shell layer exhibited higher CO sensitivity compared
to bare Cu,O NPs layer. Tuning of morphology of Au@Cu,O core—shell NPs Eg
from brick to spherical shape significantly lowered the air resistance.
Transition from p- to n-type response was observed for all devices below
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150 °C. It was den'l(.)nst.rated that performance of sensor depends not only on Cu,0 AU@Cu,0 Spheres
the electronic sensitization of Au NRs but also on the morphology of the Au@
Cu,O core—shell NPs.
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B INTRODUCTION way is the incorporation of noble metal NPs onto the

semiconductor surface for increasing the performance of gas
sensor."*™'® It is proposed that metal NPs increases the
depletion layer formation in metal oxide due to their catalytic
activity (chemical as well as electronic sensitization), which
increases the sensor response. These noble metal catalysts also
function as receptor for the target gas molecules. However, the
practice of surface decoration by metal NPs onto MOS are
limited at high temperature as metal NPs loss their catalytic
activity due to the coagulation of the metal NPs on the
support.'” In addition, noble metals NPs can be poisoned by
many chemicals that contain sulfur (H,S, SO,, thiols) or
phosphorus.18 Therefore, the development of an efficient and
new gas sensor to overcome such problems is necessary.
Moreover, the strategy to fabricate novel high sensitive
sensor in a simpler and cost-effective way has remained a
challenging task. Recently, the strategy to utilize metal and
semiconductor as core—shell hybrid structure for gas sensing
application have attracted much attention.'”~>* The core—shell
heterostructures shows multifunctional properties, which are
different from those of single components. The important fact

The fabrication of multifunctional hybrid nanostructures with
unique physicochemical properties has received immense
research interest for researchers and scientists in the recent
era of nanoscience and nanotechnology.' > In this regard,
noble metal NPs and semiconductor oxides have played an
important role in designing various hetero systems for many
practical applications.* " Among them, a great deal of attention
has been given to sensor for the detection of various harmful
gases and volatile organic compounds (VOCs) owing to the
growing environmental problems and human safety issues. In
particular, metal oxide semiconductors (MOS) are considered
as widelgf studied gas sensing materials, over the past few
decades.” "> A general gas sensing mechanism of a MOS is the
charge transfer between adsorbed oxygen molecules and MOS
leads to the formation of a space charge region on the surface of
MOS, and thus increase or decrease of electrical resistance of
the semiconductors upon exposure to oxidizing and reducing
gases.9’13

However, the continuing need for novel gas sensors with
high sensitivity, lower operating temperature, and long-term
stability compared to conventional gas sensing devices, drives

new developments in the gas sensing field. As a result, several Received: February 11, 2014
considerable effort has been devoted in order to circumvent the Accepted:  April 29, 2014
above practical application requirements. One of the effective Published: April 29, 2014
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about the metal core—semiconductor shell structures is mobile
electron can be trapped by the core for a long time due to a
large difference between the Fermi energy level of core and
semiconductor conduction band energy.** Also, the shell layer
prevents the aggregation and grain growth of core at high
temperature and supports the formation of semiconductor shell
layer.>"*> Apart from the use of noble metals as catalyst, the
morphology of sensing material also affects the gas sensor
performance as it is related to the carrier transport property of
sensing layer (transducer function).'®**"** 'However, very
limited work has been done in this area. Therefore, in this
study it is emphasized on the morphology dependent gas
sensor performance as well as the investigation of effect of
noble metal catalyst on gas sensor performance.

Cuprous oxide (Cu,O) with a direct band gap of about 2.2
eV, has recognized as the most sought-after material due to its
many potential applications.”® > In spite of so many handful
reports on Cu,O, onlgf few reports are available on its gas
sensing properties.”> >> The most fascinating feature of Cu,O
is that its shape and size can be tuned up by judicious control of
reaction conditions.>® In this work, we have developed a facile
method for synthesis of Au@Cu,O core—shell nanostructures
for CO sensing applications. The role of noble metal (Au NRs)
on gas sensing properties is investigated by comparing the
response of Au@Cu,O core—shell NPs with bare Cu,O NPs.
Furthermore, the Au@Cu,O core—shell morphology was tuned
by changing the pH of the solution, and hence the effect of
morphology on gas sensing properties is also investigated. The
underlaying gas sensing mechanism of Au@Cu,O core—shell
nanostructures toward CO gas has been discussed in details.
The results demonstrate that sensitivity of gas sensor
significantly depends on electronic sensitization of Au NRs as
well as morphology of Au@Cu,O core—shell NPs.

B EXPERIMENTAL DETAILS

Chemicals and Materials. Hexadecyltrimethylammonium bro-
mide (CTAB; 99%) was purchased from Acros, Morris Plains, NJ.
Copper(Il) chloride dihydrate (CuCl,-2H,0, 97.5%) was purchased
from Shinyo Pure Chemicals Co. Ltd., Japan. Sodium dodecyl sulfate
(SDS, 99%) was purchased from Samchun Pure Chemical Co. Ltd.,
Korea. Sodium hydroxide (NaOH, 93%), Chloroauric acid (HAuCl,:
4H,0, 99%) and sodium borohydrate (NaBH,, 98.5%) were
purchased from Showa Chemicals Co. Ltd., Japan. Silver nitrate
(AgNO;, 99%) was purchased from Sigma-Aldrich. Hydroxylamine
hydrochloride (NH,OH-HCl, 99%) acquired from TCL, Japan. All
chemicals were analytical grade reagents and used as received without
further purification. Milli-Q water (resistivity 18.2 MQ-cm at 25 °C)
was used in all experiments. All glassware was washed with aqua regia,
rinsed with water, sonicated 3-fold for 3 min with Milli-Q water and
dried before use.

Synthesis of Au NRs. Au NRs were prepared using a typical seed-
mediated growth approach reported elsewhere with modification.”” A
gold seed solution was first prepared by adding 0.25 mL of 0.01 M
HAuCl, to 9.75 mL of 0.1 M CTAB solution, and then 0.6 mL of
freshly prepared ice-cold 0.01 M NaBH, solution was quickly added
with vigorous stirring for S min. Immediately the resulting solution
turned to brownish yellow color which was kept at room temperature
for 2 h undisturbed to be used as seed solution. For seed mediated
growth, a 100 mL volume of growth solution was prepared, S mL of
0.01 M HAuCl, was added to 95 mL of 0.1 M CTAB solution,
followed by 0.8 mL of 0.01 M AgNO; solution with gentle mixing to
control the growth of Au NRs. Then 0.55 mL of 0.1 M ascorbic acid
was added drop by drop with vigorous stirring. The solution became
colorless after ascorbic acid addition. Finally, 120 uL of seed solution
was added to initiate the growth. The color of the solution gradually
changed within 5—10 min. The reaction mixture was left undisturbed
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overnight for longitudinal overgrowth. The as prepared Au NRs
solution was centrifuged at 12 000 rpm for 10 min and washed several
times to remove unreacted CTAB ions. The final precipitate was
dispersed in 25 mL of water for further use.

Synthesis of Au NRs@Cu,0 Core—Shell NPs. The fabrication of
Au@Cu,0 core—shell NPs follows previously reported procedure with
some modification.®® In a typical synthesis of the Au@Cu,O core—
shell, 0.117 g of SDS was first dissolved in DI water followed by the
addition of 1 mL of CuCl, solution (0.1 M) with stirring. Then 3 mL
of as prepared Au NRs solution was added to the CuCl,—SDS mixture
solution followed by the addition of 0.22—0.30 mL of NaOH (1 M)
solution with stirring. Finally, 0.25 mL of NH,OH-HCl (0.1 M) was
added with vigorous stirring. Immediately the solution color was
changed to yellowish-green. The resulting solution was aged for 2 h
with stirring. After 2 h, the reaction was stopped and the solution was
centrifuged at 3500 rpm for 10 min with DI water and ethanol to
remove excess ions and surfactants for several times. The bare Cu,O
NPs were prepared following the same process without addition of Au
NRs into the solution.

Characterization. Powder X-ray diffraction (XRD) patterns of the
sample were recorded on a D/Max 2005 Rigaku X-ray diffractometer
equipped with graphite manochromatized high intensity Cu Ka (4 =
1.54178 A). The transmission electron microscope (TEM) images
were taken with a JEM-2010 JEOL instrument, whereas high-
resolution TEM (HRTEM) and scanning transmission electron
microscope (HAADF-STEM) images were taken with a Zeiss EM
912 Omega instrument. Field emission scanning electron microscope
(FESEM) images were taken with a Zeiss Supra 40VP instrument. The
UV—visible spectra were conducted on a UV—visible spectroscope
(UV-2550, Shimadzu).

Gas Sensing Measurements. The gas sensors were fabricated
with as synthesized Au@Cu,O core—shell NPs as sensing materials.
To measure the sensor response of the for CO gas, a sensor device was
prepared as follows: ' the synthesized colloid (1 mL) was dropped
onto the cleaned Al,O; board (15 mm X 15 mm) with interdigited
platinum electrodes (10 mm X 10 mm) and the colloid was dried on a
hot plate. The Au@Cu,O core—shell NPs loaded device was heat
treated at 300 °C in a muffle furnace for S h. The change in resistance
of the device due to the presence of CO was measured using a high
resistance meter (Aligent 34970A). The device was examined in the
temperature range of 50—250 °C at various concentrations of CO
(10—1000 ppm) in a temperature controlled environment. The
background gas was N, and dry air was mixed to be 10.5% of oxygen.
The gas flow rate (100 cm®min™') over the sensor device was
switched between the sample gas and dry air to record the sensor
response in electrical resistance. The sensor response (R;) was
calculated using Ry/R, for CO gas. Here R, is the resistance in dry air
and R, is the resistance in the target gas.

B RESULTS AND DISCUSSION

The TEM images of Au NRs prepared by the seed mediated
method are displayed in Figure la. It shows the formation of
well dispersed Au NRs with a uniform length and width of 40—

Figure 1. TEM analysis of Au NRs: (a) TEM, (b) SAED, and (c and
d) HRTEM of selected Au NRs.
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60 and 10—1S5 nm, respectively. The selected area electron
diffraction (SAED) pattern shows ring pattern, which confirms
the formation of crystalline structure of Au NRs (Figure 1b).
The single crystalline nature of these Au NRs are confirmed
from HRTEM analysis, which shows clear lattice fringes as
shown in Figures lc and d. The lattice spacing of 2.21 A
corresponds to (200) plane of Au crystals which reveals that
these Au NRs are preferentially grew along [200] direction
(Figure 1d).

The formation of Au@Cu,O core—shell NPs is shown in
Figure 2. The typical core—shell structure with a brick like

Figure 2. Au@Cu,O core—shell NPs: (a) TEM, (b) HAADF- STEM,
(c) SAED, and (d) HRTEM of selected Au@Cu,O core—shell NPs.

structure having Au NRs in the center is obtained, indicating
the successful coating of Cu,0O NPs over Au NRs (Figure 2a).
The length and width of these Au@Cu,O core—shell NPs are
120 + 10 and 50 + 5 nm, respectively, whereas Cu,O shell
thickness is around 40 + S nm. High-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
images were taken to further confirm the formation of core—
shell structure (Figure 2b). It is clear from the image that all the
Au@Cu,O core—shell NPs encapsulate only one Au NR and
almost no particles with multiple cores or without Au core are
found. Figure 2c shows the SAED pattern of individual Au@
Cu,0 core—shell NPs shown in inset of Figure 2d, which
indicates the polycrystalline nature of the Cu,O shell and
consisted of cubic-phase Cu,O nanocrystallites with different
orientations. The concentric diffraction rings from inside to
outside in Figure 2c are indexed to the (110), (111), (200),
(220), and (311) planes of pure cubic phase of Cu,O,
respectively, which is in agreement with the XRD results
(Figure S1, see the Supporting Information). Figure 2d is the
enlarged HRTEM image of the single core—shell NPs,
demonstrates that the interplanar spacing of 2.1 A agrees
with the spacing of the (200) lattice plane of Cu,O. This
interplanar spacing of Cu,O NPs well match with interplanar
spacing of Au NR (2.1 A), which indicates that there is strong
interaction between Au and Cu,O crystals. The {111} planes of
Au guide the epitaxial formation of {111} facets of Cu,O, and
the [200] direction of Au is parallel to that of Cu,O. Therefore,
brick shape Au@Cu,O core—shell NPs is formed.

Figure 3a, is the TEM image of Au@Cu,O core—shell NPs
obtained, when NaOH amount was reduced from 0.30 to 0.22
mL. It shows the formation of spherical shape Au@Cu,O
core—shell NPs. The inset shows the high magnification TEM
image of a single particle of such core—shell NPs. The overall
size of Au@Cu,O core—shell NPs ranges from 100 + 10 nm.
Figure 3b displays the HAADF-STEM image of as prepared
Au@Cu,O core—shell NPs, which further confirms the
formation of core—shell NPs. Compared to bricks like Au@
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Figure 3. TEM analysis of Au@Cu,O core—shell NPs: (a) TEM, (b)
HAADF-STEM, (c) SAED, and (d) HRTEM of selected Au@Cu,O
core—shell NPs (inset).

Cu,O core—shell NPs, the shell of these spherical Au@Cu,O
core—shell NPs is composed of tinny Cu,O NPs. Figure 3c is
the SAED pattern of a single particle (inset Figure 3a), which
shows the polycrystalline nature of Cu,O with different
orientations starting from inner side of concentric ring to the
outside are consist of (110), (111), (200), (220) and (311)
which matches with XRD results (Figure S1, see the Supporting
Information). Figure 3d is the HRTEM image of a single
particle (inset Figure 3a). The interplannar spacing of 2.46 A
corresponds to the (111) plane Cu,O shell. A lattice mismatch
of 0.36 A between Au crystal and Cu,O crystal indicates a
weaker interaction between them compared to brick shape
Au@Cu,O core—shell NPs.

Figure 4 shows the formation of bare Cu,O cubic NPs
without taking Au NRs in the reaction medium. The TEM

-

Figure 4. TEM analysis of Cu,0 NPs: (a and b) TEM, (c) SAED, and
(d) HRTEM of selected Cu,O NPs (inset).

images reveals the formation of cubic shape Cu,O NPs with
particle size around 150—200 nm (Figure 4a and b). Figure 4c
is the SAED pattern of single particle shown in inset of Figure
4d and exhibits uniform and regular bright spots, which
confirms that these nanocubes are single crystalline in nature.
The spots are related to the (200) and (220) planes are indexed
to the cubic phase of single crystalline Cu,O, which is
consistent with XRD pattern (Figure S1, see the Supporting
Information). The HRTEM image is shown in Figure 4d, which
shows that lattice fringes are distance at 2.9 A, which is in good
agreement with the d value of (110) plane of Cu,O.

Thus, two different types of Au@Cu,O core—shell structures,
such as brick and spherical shape, were obtained by changing
the amount of NaOH from 0.22 to 0.30 mL. The cubic shape
bare Cu,O NPs and brick shape Au@Cu,O shape core—shell
NPs were prepared using 0.30 mL of NaOH (pH ~ 12.1).
However, spherical shape Au@Cu,O core—shell NPs was
formed with addition of 0.22 mL of NaOH (pH ~ 11.5).

dx.doi.org/10.1021/am5008694 | ACS Appl. Mater. Interfaces 2014, 6, 7491-7497
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XRD analysis was employed to investigate the crystal phase
of bare Cu,0 cubic NPs and Au@Cu,0 core—shell
heterostructures. As shown in Figure S1 (see the Supporting
Information), all the diffraction patterns can be indexed
according to cubic phase Cu,O (JCPDS file No.05-0667).
The XRD pattern of as prepared core—shell heterostructures
shows strong Cu,O diffraction peaks and weak diffraction peaks
of face centered cubic (fcc) metallic Au (JCPDS No.98—000—
0230). No extra peaks of impurities are found in the XRD
pattern, which indicates the high purity of synthesized samples.

The optical characterizations of the as-obtained Au NRs,
Cu,0, and Au@Cu,O core—shell NPs is carried out by the
UV—visible absorption spectrum which was demonstrated in
Figure S2 (see the Supporting Information). As shown in
Figure S2, the surface plasmon (SP) band of Au NRs is
recorded at 520 and 690 nm. After the formation of core—shell
NPs the SP band of Au NRs is disappeared and only the
characteristic absorption feature of Cu,O occurs.*® The Cu,O
characteristic absorption peak for brick shape and spherical
shape Au@Cu,O core—shell NPs is recorded at 480 and 457
nm, respectively. The absorption peak of bare Cu,O cubic NPs
is found at around 440 nm. Furthermore, a broad scattering
band (480—800 nm) dominates in the absorption spectra of
Cu,0 NPs due to large particle size of Cu,O NPs.** The red-
shift in absorption peak of Cu,O after core—shell formation is
attributed to the modification of electronic states due to a
heterojunction-induced charge transfer interaction.

To demonstrate the potential application of the as prepared
Au@Cu,O core—shell NPs in a gas sensor, we have examined
their CO sensing properties. Also the advantage of using Au
NRs in Au@Cu,O core—shell NPs is examined by comparing
their response with bare Cu,O NPs. Figure S5a presents the
sensing performance toward CO at 250 °C based on the three
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Figure S. Response transient of as prepared sensing device at different
temperatures: (a) 250 °C and (b) S0 °C.
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types Cu,O NPs. It typically shows the p-type semiconducting
behavior and resistance increases after introduction of CO gas
and reaches a saturation stage. Once, the supply of CO gas is
stopped, the resistance decreases again and returns to its
original value. These results show that the baseline resistance of
brick Au@Cu,O core—shell NPs is relatively low as compared
to cubic Cu,O NPs, whereas spherical Au@Cu,O core—shell
NPs has lowest. Both types of Au@Cu,O core—shell NPs are
showing better sensing capability compared to bare Cu,O NPs.
Furthermore, the response of Au@Cu,O bricks is higher than
that of spherical Au@Cu,O core—shell NPs. For example, the
response of bare Cu,O for 1000 ppm of CO gas is 3.35,
whereas the response of brick and spherical Au@Cu,O core—
shell NPs is 5.67 and 4.38, respectively. Even for 10 ppm of CO
gas, Au@Cu,O core—shell NPs shows response 1.59 (bricks)
and 1.21 (spheres), whereas no response is recorded for bare
Cu,O NPs. For all devices, response increases with increasing
gas concentration. However, below 200 °C, no response is
recorded below 200 ppm of CO in all devices. Furthermore,
reproducibility is checked by three times repeating the response
for 1000 ppm of CO and all device exhibit fair reproducibility.
Thus, the sensor fabricated from Au@Cu,O core—shell NPs
exhibits a detection limit of 10 ppm and higher sensitivity
compared with those obtained by bare Cu,O NPs. It is found
that, below 200 °C, the response for CO gas is switched from p
to n-type for bare Cu,O NPs, whereas similar phenomenon
occurred below 150 °C for brick and spherical shape Au@
Cu,O core—shell NPs (Figure S3, see the Supporting
Information). It is also found that below 200 °C the baseline
resistance of brick Au@Cu,O core—shell NPs is higher than
bare Cu,O NPs. However, the baseline resistance of spherical
Au@Cu,O core—shell NPs is always lower than other two
devices at every temperature. Also, the baseline resistance
sharply decreases with increasing temperature (Figure S3d, see
the Supporting Information).

Furthermore, the effect of testing temperatures and gas
concentrations on sensing behavior of these devices is also
examined and illustrated in Figure 6. The response increases
with gas concentration in all devices at every temperatures. The
response also increases with increasing temperature for these
devices, however, no clear trend is recorded from 100 to 150
°C due to transition of response from n- to p-type. Meanwhile,
response of both types of Au@Cu,O core—shell NPs is higher
compared to bare Cu,O at every temperature for every
concentration of CO except 150 °C, where the response of
brick shape Au@Cu,O core—shell NPs is lower than that of
bare Cu,O. However, the response of brick shape Au@Cu,O
core—shell NPs is higher than that of spherical Au@Cu,O
core—shell NPs only at S0 and 250 °C, whereas that of
spherical one is higher at other temperatures (Figure S4, see the
Supporting Information). Furthermore, sensitivity (slope
between R, and concentration) of these samples can be
compared by comparing the slope of a calibration graph in
Figure 6a—c. It shows that brick shape Au@Cu,O core—shell
layer exhibits a higher sensitivity and better dynamics behavior
toward CO than that of bare Cu,O NPs layer as shown in
Figure 6d. Thus, the above results demonstrate that
introduction of Au NPs as a core in Cu,O system improves
its sensing performance in terms of slightly higher sensitivity,
response time, recovery time and also lowered the operating
temperature.

The operating principles of p-type transition metal oxide gas
sensors are based on change of sensor conductivity by

dx.doi.org/10.1021/am5008694 | ACS Appl. Mater. Interfaces 2014, 6, 7491-7497



ACS Applied Materials & Interfaces

Research Article

5.0 5.0
(a) —=—50°C (b) —.—50°C
4.5 {—e—100°C 4.5 {—e—100°C
—A—150°C —A—150°C
4.0 4——200°c 4.04—y—200°c
n © (2] 0
53‘5_—4—2500 53.5_—4—2500
[0} [0]
23.0 23.0-
o o
o Q.
?2.5- 225
[0]
4 [v4
2.0 2.04 /———0—'0"
] xﬁjﬁ "] -——-n:k—’—‘ré:
1.0 S . ——— 1.0 . : . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration / ppm Concentration / ppm
5.0 .
(c) —=—50°C ( )5 0 —=— Cu,0 NPs (Cube)
4.5 —e—100°C 4.5 {—9—Au@Cu,0 NPs (Sphere)
—A—150°C —A— Au@Cu,O NPs (Brick)
4.0- v 20000 40-
&35_«—250"0 235
[0] =~
7] [0]
g 3.0 2 3.0
@ g
® 251 2.5
® 4
2.0+ L 204
151 — _{" 1.5
1.0 T T

0 200 40 600 1000

Concentration / ppm

800

400 600 800 1000

Concentration / ppm

0 200

Figure 6. Response of as prepared sensing device at various temperatures for various CO concentrations: (a) Cu,O NPs, (b) spherical Au@Cu,O
core—shell, and (c) brick Au@Cu,O core—shell NPs. (d) Sensitivity of as prepared sensing device at 250 °C for various CO concentrations.

controlling mobile charge carriers. When Cu,O sensor is
exposed to air, oxygen molecules adsorb on the surface of the
materials to form O~ ijons by capturing electrons which
generates holes, and therefore resistance decreases. In CO
environments, CO gas reacts with the chemisorbed oxygen
anions (eq 1).

Zco(gas) + zo(ads)_ — 2CO ) + 2e” (1)

2(gas
The red—ox reactions between CO and adsorbed surface
oxygen release the electrons to the conduction band of Cu,0O,
where recombination between the electrons and holes lowers
carrier concentration and therefore resistance of Cu,O
increases. The significant variation in resistance can be
attributed to the special structure advantages of the Au@
Cu,O core—shell NPs. The low baseline resistance of Au@
Cu,O compared to bare Cu,O NPs above 150 °C can be
explained on the basis of electronic sensitization of Au
NRs."” ! The electronic sensitization of Au NRs results in
the transfer of electron from conduction band of Cu,O to Au
NRs, because the Au work function (5.1 €V) is larger than that
of Cu,O (4.84 V). Thus, the energy band bends higher at the
Au/Cu,0 interface, which results in greater electron withdrawal
and results in the increase in hole mobility.** A schematic
illustration of charge transfer in Au/Cu,O system is shown in
Figure 7. Therefore, resistance of Cu,O decreases with
introduction of Au NPs above 100 °C. However, high
resistance of brick shape Au@Cu,O core—shell NPs compared
to cube shape Cu,O below 100 °C suggests that electrons are
the majority carrier at low temperature. Therefore, transfer of
electron from Cu,O to Au results in increase in resistance.*’
Furthermore, transition from p- to n-type response, at low
operating temperature, is possibly related to the formation of an
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Figure 7. Schematic illustration of charge transfer in Au/Cu,O system.

inversion layer type of mobile carrier at the surface. It has been
reported that different gases has different contribution of
surface electrons and holes in the overall conductivity, which
leads for the predominating either p- or n-type response.*’
The observed decrease in baseline resistance of Cu,O with
increasing temperatures is related to increase in carrier
concentration, their mobility, and oxygen adsorption. It is
possible that with increasing temperature electrons are excited
to the conduction band, leaving holes in the valence band, and
therefore conductivity increases. This hole mobility also
increases with temperature as transport of carriers among the
grains is directly related to temperature.* Furthermore, the
oxygen chemisorption process is also accelerated as the
temperature is raised.** Since Cu,O is a p-type metal oxide,
electron withdrawal from the conduction band of Cu,O by
oxygen molecules leads to an increment in hole mobility. Thus,
the baseline resistance decreases with increasing temperature.
Furthermore, the lower baseline resistance of spherical shape
Au@Cu,O core—shell NPs compared to other two structures is

dx.doi.org/10.1021/am5008694 | ACS Appl. Mater. Interfaces 2014, 6, 7491-7497
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related to their geometry which possibly affects the current
flow. The electrical conductivity depends on both the density
and the mobility of the charge carriers in a material. If we
consider that the density and mobility of charge carrier is same
in these devices then the mobility of the charge carriers
depends on all inelastic scattering processes by which current
flow is impeded. Therefore, the movement of an electric
current in a material having grain boundaries is often far from
the idealized picture under the influence of an applied electric
field because of scattering of charge carriers at the interfaces
between grains.lo’z‘s‘46 Therefore, the difference in baseline
resistance of these NPs is possibly related to the arrangement of
particles between two electrodes. A schematic presentation of
flow of charge in sensing layer with their corresponding FESEM
images is shown in Figure 8. The FESEM images are taken after
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Figure 8. Schematic presentation of arrangement of particles between
electrodes in sensing device along with their FESEM images.

heat treatment of the device at 300 °C, and they reveal no
change in shape and size of sensing materials. It reveals that
spherical shape Au@Cu,O core—shell NPs is well-connected to
each other due to spherical geometry which facilitates the
charge flow. Compared to spherical shape Au@Cu,O core—
shell NPs, the cubic shape Cu,O or brick shape Au@Cu,O
core—shell NPs are loosely connected to each other in sensing
layer as shown in Figure 8. The presence of sharp edges in cube
or brick like structure hinders the close contact between the
particles, and therefore scattering of charge carriers at interfaces
are larger in these structures. Therefore, baseline resistance of
spherical shape Au@Cu,O core—shell NPs is lower compared
to other two structures.

B CONCLUSIONS

Morphologically controlled Au@Cu,O core—shell NPs were
synthesized by simple solution route. The morphology of Au@
Cu,O core—shell NPs was tuned from brick to spherical shape
by tuning the pH of the solution. The brick shape Au@Cu,O
core—shell NPs having length and width in range of 120 + 10
and 50 + S nm, respectively, were formed due to the epitaxial
growth of {111} facets of Cu,O over {111} planes of Au NRs.
The decrease in pH of reaction medium resulted in the
formation of spherical shape Au@Cu,O core—shell NPs in a
range of 100 + 10 nm. In the absence of Au NRs, single
crystalline cubelike Cu,O NPs having 150—200 nm diameters
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were formed. The sensor having Au@Cu,O core—shell layer
exhibited a higher sensitivity toward CO than that with bare
Cu,O NPs layer due to electronic sensitization of Au NRs. The
maximum response of bare Cu,O, brick, and spherical Au@
Cu,O core—shell NPs was 3.35, 5.67, and 4.38, respectively, at
250 °C for 1000 ppm of CO gas. Tuning the morphology of
Au@Cu,O core—shell NPs from brick to spherical shape
facilitated the charge flow and significantly lowered the
resistance. It was found that, below 150 °C, the inversion
layer type of mobile carrier at the surface resulted in p- to n-
type transition of response. It was successfully demonstrated
that performance of sensor depends not only on the presence
of Au NRs as catalyst but also on the morphology of the Au@
Cu,O core—shell NPs.
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