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ABSTRACT: Porous and single crystalline ZnO nanosheets,

which were synthesized by annealing hydrozincite © 210
Zn,(CO;),(OH), nanoplates produced with a water/ethylene

glycol solvothermal method, are used as building blocks to 150
construct functional PdA—ZnO nanoarchitectures together with A é’ﬁlo .
Pd nanoparticles based on a self-assembly approach. Chemical 5 w90
sensing performances of the ZnO nanosheets were inves- © . s

tigated carefully before and after their surface modification =
with Pd nanoparticles. It was found that the chemical sensors | =« *% * “of
made with porous ZnO nanosheets exhibit high selectivity and E o L e ) <> z'__' .4.60 600 800

quick response for detecting acetone, because of the 2D ZnO = AT ey Tl Timesisy

nanocrystals exposed in (100) facets at high percentage. The

performances of the acetone sensors can be further improved dramatically, after the surfaces of ZnO nanosheets are modified
with Pd nanoparticles. Novel acetone sensors with enhanced response, selectivity and stability have been fabricated successfully
by using nanoarchitectures consisting of ZnO nanosheets and Pd nanoparticles.
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B INTRODUCTION preparation of nanocrystals for tailoring their functional-
L 30-34

Acetone is an effective biomarker for noninvasive diagnosis of ites.

type-1 diabetes because the disease causes the acetone

concentration in human breath to increase from below 900

ppb for healthy individuals to higher than 1.8 ppm for type-I

diabetes patients.' It is highly desirable to develop convenient

Because the surface modifications on semiconductor nano-
crystals can change the interaction between oxygen absorbed
on their surfaces and reducing gases,”> nanoparticles of noble
metal such as Pt, Ay, and Pd have been attached onto the

and effective techniques for sensing acetone at low concen- surface of semlconldlllctmg Sensing materlalssastg)é improve th_e
tration. As one of the important semiconductor materials with a response and selectivity O.f chem1ca1‘ sensors.™" On t.he basis
direct wide band gap of 3.37 eV, ZnO has been extensively of a's§lf—assembly techmqu'e, for 1nstagce, nanoarchltectures
investigated in the last decade. After they were first used as consisting of Pd nanoparticles and single cryst.alhl.le ZnO
sensing materials to detect acetone in 1989,” ZnO nanocrystals nanowires were .constr}lcted successfully for fabrlcz?tl.ng H,S
including nanowires, nanorods, and nanoparticles have been Sensors 3;’V1th highly 1mprove§ responses, select1v1ty.and
used as building blocks in designing and constructing acetone stability. After the su.rface modification with Au nar;opartlcles,
sensors with improved sensing performances.2™'S Recently, it ZnO nanowires show improved response to acetone.” Recently,

was found that two dimensional (2D) ZnO nanosheets exhibit it was found that Pd-doped ZnO nanofibers can monitor CO
interesting gas sensing property.'*'°72° ZnO nanowhiskers selectively, and Co-doped 1D ZnO ng;mcrystals can selectively
exposed in (001) facets, for instance, show improved responses detect ethanol, NO, and acetone.” To the best of our
for detecting ethanol in comparison to the ZnO nanowires knowledge, however, there is no report in literature so far
exposed in (100) facets.>" The composition, nanostructure and

surface modification of semiconductin§ materials can dramat- Received: November 20, 2011

ically affect their sensing performances.”* >’ Our researches on Accepted: August 1, 2012

the design and fabrication of microdevices have also focused on Published: August 1, 2012
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concerned with the surface modification of ZnO nanosheets
with Pd nanoparticles and the investigation of their chemical
sensing performances.

Herein, we report novel acetone sensors constructed with
porous and single-crystalline ZnO nanosheets modified with Pd
nanoparticles. Pre-made Pd nanoparticles can be uniformly
attached onto the surfaces of ZnO nanosheets based on a self-
assembly approach. The porous and single-crystalline ZnO
nanosheets (ZnO—NSs), as well as the porous and single-
crystalline ZnO nanosheets modified with Pd nanoparticles
(Pd—ZnO—NSs), were used as sensing materials to fabricate
acetone sensors, respectively. Initially, it was found that the 2D
ZnO—NSs sandwiched in (100) facets of ZnO exhibit high
response and selectivity for detecting acetone vapor. After
further modification with Pd nanoparticles, Pd—ZnO—NSs
exhibit highly improved acetone sensing performances
including much higher response and stability, faster response
and recovery, and lowered working temperature, compared to
ZnO—NSs. It is interesting to find that the surface modification
with Pd nanoparticles does not dramatically affect the
selectivity of the acetone sensors fabricated. The porous
structure of single crystalline ZnO nanosheets together with
surface modification with Pd nanoparticles have resulted in
excellent response and stability of acetone sensors working at
lowered temperature, and the high acetone selectivity of the
materials is dictated by the high percentage of exposed (100)
facets of ZnO nanosheets.

B EXPERIMENTAL SECTION

All of the reagents were analytically pure, and purchased from
Shanghai Chemical Industrial Co. Ltd. (Shanghai, China), and used
without further purification.

Synthesis of ZnO—NSs. The porous and single crystalline ZnO
nanosheets were synthesized with a modified method described in the
literature.>® In a typical experiment, zinc acetate (2 mmol) and urea (4
mmol) were dissolved into pre-blended solution (40 ml) consisting of
ethylene glycol and distilled water at a volume ratio of 1:1. After it was
stirred for 15 min, the mixture was transferred into a Teflon-lined
stainless steel autoclave and kept at 140 °C for 20 h. After the mixture
was cooled to room temperature naturally, the precipitates were
collected by centrifugation, thoroughly washed with deionized water
and ethanol for § times each, and dried in an oven at 70 °C for 12 h to
get white powders of hydrozincite Zns(CO;),(OH)4 precursor with a
yield of 85%. The precursor was finally calcined at 400 °C for 2 h to
produce white ZnO nanosheets in large scale.

Synthesis of Pd Nanoparticles. The Pd nanoparticles were
synthesized following the method reported by Xia group.®® In a typical
synthesis, ethylene glycol (EG, S ml) was placed in a 3-neck flask
equipped with a reflux condenser and a magnetic Teflon-coated
stirring bar and heated in air at 110 °C for 1 h. Meanwhile, Na,PdCl,
(0.1384 g) and PVP (K-30, 0.0800 g) were separately dissolved in EG
(3 ml) at room temperature. Then, the two solutions were injected
simultaneously into the flask. After that, the mixture solution was
maintained at 110 °C for 9 h. The samples were washed with acetone
and then with ethanol for several times by centrifugation.

Surface Modification of ZnO Nanosheets with Pd Nano-
particles. The surfaces of ZnO—NSs were modified with Pd
nanoparticles with a self-assembly approach developed in our labs.*®
Briefly, colloid solution of Pd nanoparticles in water was added into an
agate mortar with ZnO nanosheets (20.0 mg), and the mixture was
then ground and subsequently annealed at 600 °C for 2 h to obtain
grey powders loaded with Pd nanoparticles of 0.2, 0.5, and 1.0 wt %.

Materials Characterization. The crystal structures of the as-
prepared products were characterized by powder X-ray diffraction
(XRD) on a D/max 2550 V X-ray diffractometer (Rigaku, Tokyo,
Japan) with monochromatized Cu Ka radiation (4 = 1.54056 A;
scanning rate = 0.04° s™! in the range of 10—80°) incident radiation.
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Morphologies and sizes of all products were analyzed with Field
Emission Scanning Electron Microscopy (FESEM, JEOL, JSM-7001F,
10 kV) and Transmission Electron Microscopy (TEM, JEOL, JEM-
2100 operated at 200 kV). The elemental analyses were investigated by
energy-dispersive X-ray micro-analyzer (EDS), which was embedded
in the JEM-2100 microscope. High-resolution transmission electron
microscope images (HRTEM) and selective area electron diffraction
pattern (SAED) were characterized using JEM-2100 microscope. In
the preparation of samples for TEM observation, the materials were
first dispersed in ethanol using an ultrasonic bath and then dropped
onto a cupper grid, which was dried in air at room temperature and
kept in vacuum for 20 min before TEM observation. The specific
surface area was measured using a ST-2000 surface area and pore size
analyzer (Quantachrome Instruments). The pore size distribution was
determined using the BJH method applied to the desorption branch of
adsorption-desorption isotherms.

Fabrication of Chemical Sensors. The chemical sensors were
fabricated with as-synthesized samples as sensing materials. The
materials were dispersed into adhesive Terpineol through gently
grinding in an agate mortar to form a slurry suspension. The paste was
then coated onto the surfaces of ceramic tubes with two Pt electrodes.
The elements coated with sensing materials were subsequently dried at
80 °C and calcined at 500 °C for 1 h to produce thick films on the
surfaces. No conductive binder was added into the materials. A small
Ni—Cr alloy coil was finally inserted into the tube as a heater for
controlling the working temperature to obtain side-heating type
devices. The elements were further aged at 300 °C for 7 days to
improve the stability before testing. Three elements were fabricated
with each of ZnO—NSs and Pd—ZnO-NSs, respectively, to
investigate the stability of the sensors. The gas sensing properties of
the elements fabricated were measured using a static test system made
by Hanwei Electronics Co. Ltd., Henan Province, China. For reducing
gases, which decreases the resistance of chemical sensors constructed
with N-type semiconductor sensing materials, the response is defined
as response = Ra/Rg, where Ra is the sensor resistance in air and R, is
the resistance in gases tested. The relative humidity of the testing
atmosphere is about 25%. The response time is defined as the time
required for the variation in conductance to reach 90% of the
equilibrium value after injecting a test gas, and the recovery time is
defined as the time necessary for the sensor to return to 10% above the
original conductance in air after releasing the test gas.

B RESULTS AND DISCUSION

Because nanosized materials may exhibit functionalities
corresponding to their nanostructures encased in specific
facets,* it is expected that the ZnO nanosheets exposed in
specific facets and their composites with Pd nanoparticles could
show highly enhanced gas sensing behaviors. In order to
investigate the effect of 2D nanostructure on the gas sensing
functionalities of ZnO nanocrystals, we first synthesized ZnO
nanosheets based on a solvothermal reaction method. The as-
prepared white powders in solvothermal reaction were
characterized with XRD to verify their structure. All of the
diffraction peaks as shown in Figure la can be indexed as
hydrozincite Zns(CO,;),(OH)s (JCPDS Card No.19-1458).
The results indicate that a hydrozincite precursor has been
produced in the solvothermal reaction. After annealed at 400
°C for 2 h, the precursor has completely transformed from
hydrozincite Zng(CO,),(OH); into hexagonal ZnO phase (eq
1) as shown in Figure 1b. The sharp reflection peaks of the
XRD patterns suggest that the precursor and final ZnO product
(JCPDS card No. 79-2205) are of highly crystalline. There is no
other diffraction peaks detected (5% deviation), which indicates
that no impurity exists in the final product.

Zn,(CO;),(OH)s(s) = 5ZnO(s) + 2CO,(g) + 3H,0(g)
(1)
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Figure 1. XRD patterns of (a) hydrozincite Zns(CO;),(OH)4
produced in solvothermal reactions and (b) ZnO powers after
annealed at 400 °C for 2 h.

The morphologies of Zns(CO;),(OH)g and the final ZnO
products were carefully investigated with FESEM. Figure 2a

3 5nm|

Figure 2. FESEM images of (a,b) hydrozincite Zns(CO;),(OH)4 and
(c,d) porous ZnO nanosheets.

shows a typical FESEM image of the precursor. 2D nanosheets
of a few to tens micrometer in dimension with smooth surfaces
have been produced in large scale. The thickness of
Zng(CO;),(OH)4 nanosheets is about 15.1 nm (Figure 2b).
After annealed at 400 °C, the final ZnO products as shown in
Figure 2c¢ and d still maintain uniform 2D sheet-like

morphology of the precursor. The edge thickness of the 2D
ZnO nanosheets shrinks to about 13.5 nm. Compared to the
smooth surface of the precursor, however, a lot of nanosized
pores have been generated across the 2D ZnO nanosheets. The
porous structure on the surfaces of ZnO nanosheets should be
resulted from the decomposition of hydrozincite
Zng(CO,;),(OH)¢ and the subsequent release of H,O and
CO, from the precursor (eq 1). The final ZnO products from
hydrozincite Zns(CO;),(OH)¢ nanosheets have inherited the
2D nanostructure of the precursor.

The microstructure of the porous ZnO nanosheets was
further investigated in detail by TEM and SAED. Figure 3a
shows the typical TEM image of one ZnO nanosheet.
Nanosized pores of a few to tens nanometers in diameter can
be observed clearly across nanosheets of about 1 pm in
dimension. It is interesting to find that the SAED pattern (inset
in Figure 3a, Supporting Information Figure S1) corresponding
to the whole porous ZnO nanosheet as shown in Figure 3a
consists of well ordered dots. Porous and single crystalline ZnO
nanosheets (assigned to ZnO—NSs) have been produced
successfully after annealing hydrozincite at 400 °C. The
HRTEM image (Figure 3b)further confirms the single
crystalline feature of the ZnO—NSs. The d-spacing of 0.26
nm of the lattice fringes corresponds to the (002) plane of the
hexagonal structure of ZnO. The 2D ZnO nanosheets have
been sandwiched by their two (100) planes. A pore with
irregular shape of about 12 nm in diameter is also highlighted at
the center of the HRTEM image.

The porous feature of ZnO—NSs was further confirmed by
BET analysis. Figure 4 shows the N, adsorption—desorption
isotherm and the corresponding BJH pore size distribution
(inset in Figure 4) of the porous nanosheets. According to the
IUPAC cdlassification,* the loop observed is ascribed as type
H3 loops, indicating the existence of abundant pores of 2—50
nm in diameter. While the size and shape of the pores were not
uniform, most of them are around 7 nm in diameter (pore
volume: 0.13 cm®/g) and the average pore diameter is ~22 nm.
The results are consistent with those obtained from TEM
observation. The BET surface area of the material is 91.93 m?/

To fabricate chemical sensors with enhanced performances,
we further adopted a self-assembly approach developed by our
lab to modify the surfaces of ZnO—NSs.>* Figure Sa shows
TEM image of ZnO nanosheets modified with 0.5 wt % Pd
nanoparticles. In addition to the pores on the smooth surface of

Figure 3. (a) TEM image and (b) HRTEM image of ZnO—NSs. The inset in panel a shows the SAED patterns of the porous nanosheet.
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Figure 4. Typical nitrogen adsorption—desorption isotherm and pore-
size distribution curve (inset) of ZnO—NSs.

nanosheets, many circular black dots of ~8 nm in diameters are
clearly observed uniformly attaching onto the nanosheet
surfaces. The HRTEM image of the nanoarchitecture as
shown in Figure Sb reveals that Pd nanoparticles have been
closely attached onto the surface of ZnO nanosheets. The
lattice spacing measurements give recurrent values of 0.22 and
0.26 nm, which correspond to the (111) plane of metallic Pd
phase and (002) facet of ZnO nanosheets, respectively. Defect
and steps can also be observed around the interface between Pd
nanoparticles and the ZnO nanosheets. The energy-dispersive
X-ray spectroscopy (EDS) analysis (inset in Figure Sb) further
confirms that the nanosheets with black dots are composed of
Zn, Pd, and O. The peaks corresponding to Cu come from Cu
grids. Porous and single crystalline ZnO nanosheets modified
with Pd nanoparticles (assigned to PdA—ZnO—NSs) have been
successfully fabricated based on self-assembly of Pd nano-
particles of the surfaces of ZnO nanosheets.

Based on as-prepared 2D nanosheets (ZnO—NSs and Pd—
ZnO-NSs), we fabricated chemical sensors and investigated
their gas sensing performances. Figure 6 shows the responses
via temperature curves of acetone sensors made with ZnO—
NSs and Pd—ZnO—NSs, respectively. The responses of the
sensors to acetone vary dramatically from 200 to 500 °C. The
ZnO—NSs sensors reach to their maximum response of 37.5 to
100 ppm acetone when elevating the operating temperature to
420 °C, and their responses then decrease after further
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Figure 6. Responses to 100 ppm acetone versus operating temperature
of acetone sensors made with porous and single-crystalline ZnO
nanosheets and Pd-modified ZnO nanosheets.

increasing the temperature. The optimal operating temperature
of the ZnO—NSs sensors is 420 °C. The response of our ZnO—
NSs is higher than that of acetone sensors made with
multilayered ZnO nanosheets reported recently,'™'” as well
as that of the acetone sensors from dumbbelllike ZnO
nanocrystals.* The acetone sensing performances of ZnO—
NSs sensors is also much better than that of sensors
constructed from ZnO thin films® and ZnO quantum dot
embedded in polyvinyl pyrrolidone.'® In addition, ZnO—NSs
sensors show higher response than acetone sensor fabricated
with WO, nanoparticles*' and other materials including
Fe,0,% In,05,* TiO,* Ce0,* perovskite oxide,*® and
ferrites.

After the surface modification with Pd nanoparticles (0.5 wt
%), the maximum response of the sensors made with Pd—
ZnO—NSs jumps to 70.0 working at the optimized operating
temperature of 340 °C as shown in Figure 6. The acetone
response of Pd—ZnO—NSs sensor is approximately one time
higher than that of ZnO—NSs sensors, and approximately ten
times higher than that of our acetone sensors made with SnO,
nanowires encased in (100) facets.>” It is also about 100 times
higher than that of acetone sensors fabricated with ZnO fibers
modified with Pd nanoparticles,*® and more than 4 times higher
than that from Co-doped ZnO fibers."" Our acetone sensors
also show much better response, compared to Au modified
ZnO nanowire sensors.’ The response of Pd—ZnO—NSS
sensors is comparable to that of acetone sensors made with Si-
doped WO, nanoparticles.*” The optimal operating temper-

Figure 5. (a) TEM image and (b) HR-TEM image of Pd nanoparticles@ZnO NSs. The inset in panel b shows EDS of the nanosheets.
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ature of Pd—ZnO—NSs sensors is also lowered to 340 °C from
420 °C of the ZnO—NSs sensors, which is also lower than that
of Co-doped ZnO fibers."" Supporting Information Figure S2
shows the dynamic responses and the responses vs.
concentration curves of the sensors made with Pd—ZnO—
NSS loaded with Pd nanoparticles ranging from 0.2 wt % to 1.0
wt %. Table 1 presents the effect of the amount of Pd

Table 1. Effect of Pd Nanoparticles on the Responses of
Sensors to Acetone of 100 ppm

amount of Pd nanoparticles 0.0 wt % 02wt % 0.5 wt % 1.0 wt %
responses 37.5 422 70.0 40.8

nanoparticles attached onto the surfaces of ZnO nanosheets on
the responses of acetone sensors. The optimal amount of Pd
nanoparticles is 0.5 wt %.

Figure 7a shows the dynamic response and recovery of
sensors made with ZnO—NSs and Pd—ZnO—NSs. It can be
clearly observed that the Pd—ZnO—NSs sensors exhibit much
higher responses to acetone of concentrations higher than 100
ppm in comparison with ZnO—NSs sensors. The sensors made
with Pd—ZnO—NSs are able to achieve a response of ~222 to
acetone of 500 ppm, which is almost 3 times higher than that of
ZnO—NSs sensors. The response and recovery times of Pd—
ZnO—NSs sensors to acetone of 100 ppm also decrease to 9
and 6 s, respectively, compared to that of 10 and 7 s of ZnO—
NSs sensors. However, the response difference between the two
types of acetone sensors diminishes with decreasing acetone
concentrations. There is no big difference in their responses to
acetone after the acetone concentration is lowered to S0 ppm.

The highly enhanced response of the sensors may be resulted
from the specific porous structure of ZnO nanosheets and their
surface modification with Pd nanoparticles. The porous
structure can greatly facilitate gas diffusion and mass trans-
portation in a manner similar to ZnO nanoparticles and thus
improve the sensors’ response to the chemicals detected. In
addition, the ethanol response of the Pd—ZnO—NSs sensors
(Figure 7¢) is also increased dramatically after attaching Pd
nanoparticles onto the surfaces of ZnO nanosheets. Acetone
sensors with highly enhanced response can be fabricated by
using ZnO nanosheets modified with Pd nanoparticles as
sensing materials.

It was found that the main drawback of chemical sensors
made with ZnO nanocrystals is their low working stability.”®
We have carefully investigated the long term performances of
our sensors and found that the acetone sensors made with Pd—
ZnO—NSs exhibit highly improved stability, as shown in Figure
7b, compared to ZnO—NSs sensors. After running for 60 days,
the responses of Pd—ZnO—NSs sensors to acetone of 100 ppm
maintain at ~70. Compared to the response decrease from 37.5
to 26.5, which is about 30.4% for the ZnO—NSs sensor in 60
days, the stability of Pd—=ZnO—NSs sensors has been improved
dramatically. In addition, the dynamic responses of four
acetone sensors made with Pd—ZnO—NSs as shown in
Supporting Information Figure S3 can further verify their
excellent performances. The much better stability of the sensors
made with Pd—ZnO—NSs may be resulted from the stable
structure of single crystalline ZnO nanosheets and lowered
working temperature by attaching Pd nanoparticles onto their
surfaces.*® The sensors made with porous and single crystalline
ZnO nanosheets modified with Pd nanoparticles have the
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Figure 7. (a) Dynamic responses to acetone at concentrations ranging from 10 to S00 ppm of acetone sensors made with Pd—ZnO—NSs and ZnO—
NSs at optimized operating temperatures. The inset shows response via concentration curves of the corresponding sensors. (b) The stability studies
of sensors exposed to acetone of 100 ppm. (c) The selectivity of the acetone sensors to reducing gases tested, and (d) the corresponding normalized

selectivity of sensors from (c).
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Figure 8. (a,b) FESEM images of ZnO nanoparticles of 40 nm in diameter. (c) XRD pattern of ZnO nanoparticles. (d) Dynamic responses to

ethanol and acetone of sensors made with ZnO nanoparticles.

advantages of sensors made with ZnO nanowires and
nanoparticles, which show high stability and the high response,
respectively. The high stability of acetone sensors fabricated
with Pd—ZnO—NSs could be attributed to the single crystalline
feature of ZnO nanosheets and the lowered working temper-
ature.

Because the specific facets of semiconductor nanocrystals
could exhibit selective adsorption to specific gas molecules,
metal oxide nanocrystals may show tunable gas sensing
properties depending on their exposed crystal facets.”**> We
thus fabricated two gas sensors with Pd—ZnO—NSs and ZnO—
NSs as sensing materials, respectively, for investigating their
performances in selectivity. All of the sensors were tested with
reducing gases at concentration of 100 ppm and at the optimal
operating temperature. Figure 7c shows the responses of these
sensors to reducing gases including acetone, ethanol, methanol,
benzene, chlorobenzene, methylbenzene, and acetonitrile.
Based on the responses as shown in Figure 7c, it is very clear
to discover that both sensors made with Pd—ZnO—NSs and
ZnO—NSs exhibit the highest responses to acetone in
comparison to their responses to other gases. To accurately
compare the selectivity of the sensors, the results as shown in
Figure lc is further normalized and presented again in Figure
7d. It is clear as shown in Figure 7d that both sensors
demonstrate the highest selectivity to acetone, compared to
that of other gases detected. In addition, the ethanol response
of the Pd—ZnO—NSs sensors increased dramatically, after
attaching Pd nanoparticles onto the surfaces of ZnO nano-
sheets. The ethanol response of Pd—ZnO—NSs sensors is also
much higher than that of ethanol sensors fabricated with ZnO
nanosheets modified with Au nanoparticles.'” After the surfaces
of ZnO—NSs were modified with Pd nanoparticles; however,
the response ratio of the sensors to acetone and ethanol has
only been improved slightly from 1.8 to 1.9. The selectivity
changes of Pd—ZnO—NSs sensors are relatively small in
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comparison with their highly enhanced response to acetone
(Figure 7c).

Recently, it was found that 2D nanocrystals exhibit
interesting functionalities including catalysis, energy storage,
and gas sensing properties,”**'>*! and ZnO nanocrystals can
detect acetone selectively.'”"” The computer simulation also
revealed that ZnO nanosheets exposed in (100) facets exhibit
much higher interaction with NO, and NO.* 1t is critical to
understand the sensing mechanism for designing acetone
sensors of high sensing performances. If we take a square-
shaped nanosheet with edges of 1 ym in length as an example, a
simple and rough calculation indicates that a smooth nanosheet
of 13.5 nm in thickness will be sandwiched in (100) facets at a
very high percentage of ~96.9%. Based on the SEM and TEM
observations of single crystalline ZnO nanosheets prepared in
this work, we can find that their dimensions are in the range of
several to tens of micrometers and the pore density on their
surfaces is ~162 pores/um”. While there are pores of irregular
shapes on their surfaces, the majority of the specific surface area
of the materials should be contributed by the (100) facets of
ZnO nanosheets, which could have led to the excellent acetone
sensing performances of the materials.

To further investigate the structure effect of ZnO nanosheets
on their gas sensing performances, ZnO nanoparticles of ~40
nm were synthesized and used as sensing materials to construct
chemical sensors as control. The morphology and composition
of the nanoparticles are characterized with FESEM (Figure 8a
and b) and XRD (Figure 8c). The dynamic responses of the
ZnO nanoparticles sensors as shown in Figure 8d clearly reveal
that devices show higher sensitivities to ethanol, compared to
their responses to acetone. This indicates that the ZnO
nanoparticles sensors exhibit much less selectivity to acetone in
comparison to that of ZnO—NSs and ZnO—Pd—NSs sensors.
The sensitivities to both ethanol and acetone of sensors made
with the ZnO nanoparticles are also much lower than that of

dx.doi.org/10.1021/am3010303 | ACS Appl. Mater. Interfaces 2012, 4, 3797—3804
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those fabricated with ZnO NSs and ZnO—Pd—NSs. The results
clearly reveal the 2D structure effect of porous ZnO nanosheets
on their gas sensing functionalities including sensitivity and
selectivity. It is thus safe for us to conclude that the high
selectivity of ZnO—NSs sensors has been aroused by the
exposed (100) facets of ZnO nanosheets, which could absorb
acetone molecules onto their surfaces selectively. The
interaction between the (100) facets of ZnO nanosheets and
the acetone molecules could be only changed slightly by the
surface modification of the nanosheets with Pd nanoparticles.
This may have led to that the two sensors both made with ZnO
nanosheets, regardless of whether receiving surface modifica-
tion with Pd nanoparticles, exhibit similar high selectivity to
acetone.

For chemical sensors based on semiconductor materials, it is
well accepted that the formation of oxygen adsorption induced
electron depletion layer on their surfaces plays an important
role in the sensing response of gas sensors.”> After closely
attached onto the surfaces of ZnO nanocrystals, Pd nano-
particles can form Schottky barrier-type junctions together with
ZnO,>* which result in the change of the electron depletion
layer near the interface of ZnO nanocrystals and Pd
nanoparticles. In addition, Pd nanoparticles can enhance the
catalytic dissociation of the molecular absorbed on the surfaces
of semiconductor nanocrystals and result in the produced
atomic species on their surfaces diffusing at lowered working
temperature.”* Novel sensors with highly enhanced response
and stability can thus be fabricated with porous and single
crystalline ZnO nanosheets modified with Pd nanoparticles on
surface. The computer simulation to further understand the gas
sensing performances of ZnO nanosheets is on the way in our
lab and the results will be reported in the future.

B CONCLUSION

In summary, acetone sensors were fabricated successfully with
porous and single-crystalline ZnO nanosheets modified with Pd
nanoparticles as sensing materials. It was found that Pd-ZnO-
NSs sensors exhibit highly enhanced stability and response to
acetone. The results also indicate that the single crystalline
ZnO nanostructures encased in specific (100) facets exhibit
their effect on the selectivity of acetone sensors. The availability
of diverse 2D and 3D ZnO nanocrystals encased in high index
facets could enable us to improve the sensing performances of
chemical sensors dramatically and to open a new pathway for
designing novel acetone sensors.

B ASSOCIATED CONTENT

© Supporting Information

Additional TEM Image at low magnification and corresponding
SAED patterns; the dynamic responses of acetone sensors
made with Pd—ZnO—NSs loaded with different amount of Pd
nanoparticles; responses of sensors loaded with different
amount of Pd nanoparticles to acetone of different concen-
trations; dynamic responses of additional four sensors to
acetone of different concentrations. This material is available
free of charge via the Internet at http://pubs.acs.org/.
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