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ABSTRACT: Nestlike 3D ZnO porous structures with size of 1.0—
3.0 ym have been synthesized through annealing the zinc hydroxide
carbonate precursor, which was obtained by a one-pot hydrothermal
process with the assistance of glycine, Na,SO,, and polyvinyl
pyrrolidone (PVP). The nestlike 3D ZnO structures are built of 2D
nanoflakes with the thickness of ca. 20 nm, which exhibit the
nanoporous wormhole-like characteristic. The measured surface area

is 36.4 m°g"" and the pore size is ca. 3—40 nm. The unique nestlike

3D ZnO porous structures provided large contacting surface area for electrons, oxygen and target gas molecules, and abundant
channels for gas diffusion and mass transport. Gas sensing tests showed that the nestlike 3D ZnO porous structures exhibit
excellent gas sensing performances such as high sensitivity and fast response and recovery speed, suggesting the potential

applications as advanced gas sensing materials.
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B INTRODUCTION

Porous materials with various morphologies have attracted re-
markable attention because porous materials with high porosity
and specific surface area usually exhibit unique physical pro-
perties different from solid structures, which make them criti-
cally important in technological applications such as photo
catalysts,l %as sensors,”> Li-ion battery electrodes,™” solar cells,6’7
and so on.”~"! Zinc oxide, a functional wide band gap (ca. 3.37
eV) n-type semiconductor, has been extensively investigated
due to its special optical and electrical properties, which provide
wide potential applications in gas sensors, > piezoelectric and
photoelectric nanodevices,>™*% solar cells,'**° light-emitting
devices,”' ** photocatalysts,”**® and laser emission.”” In
addition, ZnO nanostructures also have great potential to be
used in the structural nanocomposites.”** Various ZnO nano-
strctures such as one-dimensional (1D) nanorods,® nanowires,™
nanotubes,*” and nanoneedles,®® two-dimensional (2D) nano-
belts®* and nanosheets,> and three-dimensional (3D) brush-
like,3® flowerlike,3”*® hollow architectures,>® etc., have been
synthesized and their properties have been investigated.
Comparing with 1D and 2D nanostructures, 3D hierarchical
architectures assembling from 1D or 2D nanosized building
blocks probably show unique properties different from that of
building blocks, leading to the functionality enhancement of 3D
hierarchical architectures.*”*' Recently, porous ZnO nano/
microstructures have also drawn extensive research attention
due to their porous structured networks and high internal sur-
face area, which result in the enhancement of gas sensing,42
lithium-ion battery,43 selective adsorption,44 photolumines-

4546 Hhotovoltaic,*” and photocatalytic properties.***’

- ACS Publications  © 2012 American Chemical Society

817

Specifically, the introduction of pores into ZnO nano/micro-
structures facilitates the gas diffusion and mass transport,
enormously improving gas sensor performance.>’

Wet chemical procedures combining with calcination
processes have been widely employed to synthesize porous
ZnO nano/microstructures. Porous ZnO nanoplates were
synthesized by combining a microwave-assisted route with a
calcination process and the gas sensing properties have been
investigated.”' Zhang et al. reported a solvothermal route to
synthesize hierarchically porous ZnO using ethanol as solvent
with the assistance of hexamethylenetetramine (HMT).>* 3D
porous architectures with multilayered ZnO nanosheets were
obtained through a two-step approach, which contains the
preparation of precursor from zinc acetate and urea, and then
the calcination of precursor.’® The experimental results indi-
cated that the 3D ZnO porous structures exhibited the
enhanced gas sensing properties than those of nanosheets
and commercial ZnO powders. Although the sensitivity has
been improved due to the porous structures, the response and
recovery time is still a limited factor for gas sensing materials.
Many strategies have been proposed to improve the sensitivity
and shorten the response and recovery time of ZnO gas sensor.
Liu et al. reported the synthesis of 3D hierarchical ZnO porous
structures functionalized by Au.>* Fe-doped ZnO porous
nanosheets were prepared to enhance gas sensing property.”*
Au or Fe doping improved the gas sensing properties of ZnO in
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terms of high sensitivity and fast response at the cost of a
complicated and uneconomic process. In addition, the above
synthesis routes can prepare porous ZnO structures, but they
usually exhibit weak dispersity and broad size distribution,
which will affect their practical applications. Therefore, it is still
a challenge to find new efficient routes to synthesize mono-
dispersed 3D ZnO porous architectures for various applica-
tions. It is believed that the gas sensing properties including the
sensitivity and the response and recovery times are related to
gas diffusion and mass transport. 3D ZnO porous architectures
with hierarchically 2D nanosheets may provide abundant
passageway for gas absorption and desorption, and thus both
high porosity and loosely layered microstructure of materials
are important to gas sensing properties.

Herein, we report a facile approach to prepare nestlike 3D
porous ZnO with hierarchically 2D lamellar structures, in which
the Zns(CO;),(OH); precursor is prepared by a hydrothermal
process using zinc acetate and ammonium carbonate as the
starting materials with the assistance of glycine, Na,SO,, and
polyvinyl pyrrolidone (PVP). The 3D ZnO hierarchically
porous structures were obtained by thermal-decomposing the
Zn4(CO;),(OH)4 precursor, and the morphology evolution
was investigated on the base of the control experiments. The
gas sensor testing results showed that the nestlike ZnO hier-
archically porous structures displayed a superior gas sensing
performance.

B MATERIALS AND METHODS

Materials. All reactants were of analytical grade and used as
received without any further purification. Zinc acetate (Zn-
(CH,;C00),2H,0), glycine (NH,CH,COOH), ammonium carbo-
nate ((NH,),CO;), sodium sulfate (Na,SO,), polyvinyl pyrrolidone
(PVP) and absolute ethyl alcohol (CH;CH,OH) were purchased from
Sinopharm Chemical Reagent Co., Ltd.

Synthesis of Nestlike 3D Porous ZnO with Hierarchically 2D
Nanoflakes. In a typical process, 0.5 g PVP were dissolved in 30 mL
of deionized water, followed the addition of 0.22 g of Zn-
(CH;C00),2H,0, 0.2 g of glycine, and 0.2 g of Na,SO, under
magnetic stirring to form a mixed solution. Then, 20 mL of deionized
water solution with 0.19 g of NH;),CO; was dropped into the above
mixed solution under magnetic stirring, and a transparent solution was
obtained. After being stirred for 10 min, the resultant solution was
transferred into a Teflon-lined stainless-steel autoclave with volume of
100 mL, and subsequently sealed and heated at 180 °C for 2 h. The
white product was centrifuged and washed with deionized water and
ethanol for five times, respectively, and then dried in an oven at 60 °C
for 10 h for further experiments and characterizations. Porous ZnO
was obtained by annealing the as-prepared precursors at 450 °C for
2 h. In the hydrothermal synthesis process, PVP was used to control
the morphology. To further reveal the formation process of the nestlike
Zng(CO;),(OH)s hierarchically structures in the hydrothermal
reaction, we carried out a series of experiments by varying the reac-
tion time and temperature.

Characterizations and Gas Sensing Measurements. X-ray
powder diffraction (XRD) pattern was obtained by a Rigaku Dmax-rc
X-ray diffractometer with Ni filtered Cu Ka radiation (V = 40 kv, I =
50 mA) at a scanning rate of 4° min~'. The microstructures of the
resultant products were examined using a JSM-6700F field emission
scanning electron microscope (FE-SEM) at an accelerating voltage of
20 kV and electric current of 1.0 X 107'°A, and a JEOL JEM-2100
high-resolution TEM (HR-TEM) operated at 200 kV. Fourier tran-
sform infrared spectrometer (FTIR) was recorded on a VERTEX-70
FT-IR spectrometer. Thermogravimetric (TG) and differential ther-
mal analysis (DTA) were performed on a diamond TG/DTA Perkin-
Elmer instrument at a heating rate of 10 °C min™' under air flux in
the temperature ranging from 30 to 600 °C. The N, adsorption/
desorption isotherms of ZnO porous structures were measured at 77 K
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on a Quadrasorb-SI instrument. The specific surface area was cal-
culated by N, physisorption (Sggr) and the pore size distribution was
calculated by the density functional theory (DFT) method. The gas
sensor properties of the porous ZnO were tested on a HW-30A gas
sensitivity instrument (HanWei Electronics Co., Ltd., Henan, China).
The fabrication and testing principle of gas sensor refers to previous
works.’">* The tested gas was injected into a glass chamber by a
microsyringe and mixed with air. The sensitivity of the samples was
defined as the ratio of R,/R,, where R, and R, are the electrical resis-

tance of the sensor in air and in test gas, respectively.

B RESULTS AND DISCUSSION

The phase and purity of Zng(CO;),(OH)s precursor and
nestlike 3D ZnO porous structures were investigated by XRD.
As shown in Figure 1la, all diffraction peaks can be indexed to
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Figure 1. XRD patterns of (a) Zns(CO;),(OH)4 precursor and (b)
nestlike 3D ZnO porous structures after thermal-decomposing the
Zng(CO;),(OH), precursor at 450 °C for 2 h.

the monoclinic hydrozincite Zny(CO;),(OH)s (JCPDS 19—
1458), and no any peak of other phase is detected, suggesting
the high purity of Zns(CO;),(OH)4 precursor prepared in this
hydrothermal process. After being annealed at 450 °C for 2 h,
the characteristic peaks of XRD pattern (Figure 1b) could
match well with hexagonal wurtzite ZnO (JCPDS 36—1451),
and no any diffraction peak from Zny(CO;),(OH)s was ob-
served, indicating that the Zn;(CO;),(OH)¢ precursor has
been transformed into ZnO completely.

The thermal behaviors of the Zns(CO;),(OH)4 precursor
have been examined by TG and DTA analysis. As present in
Figure 2, the total weight loss was determined to be ca. 25.3 wt %,
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Figure 2. TG and DTA curves of Zns(CO;),(OH)4 precursor.
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approaching to the theoretical value (25.96 wt %) of the
decomposition of Zng(CO;),(OH)s The weight loss at low
temperature (below 200 °C) was mainly attributed to the
removal of absorbed water on the sample surface. After that, a
drastic decrease in the dominant weight loss profile between
250 and 300 °C demonstrates a rapid decomposition process of
Zng(CO;),(OH)¢ to ZnO, CO,, and H,0. A predominantly
endothermic DTA peak appeared at around 278 °C, also
suggesting the decomposition of Zng(CO;),(OH)s In
addition, the completion temperature of thermal-decomposing
is about 450 °C, and thus it was chosen as the calcination tem-
perature to prepare porous ZnO structures.

To complement the XRD and TG/DTA analysis, FT-IR was
performed for the Zng(CO,),(OH)4 precursor and porous
ZnO structures in an IR detection range of 400—4000 cm™". In
Figure 3a, the FT-IR spectrum of Zn;(CO;),(OH)¢ precursor

Transmittance (%)

4000 3500 3000 2500 2000 1500
Wavenumber (cm'l)

Figure 3. FT-IR spectra of (a) Zns(CO;),(OH)¢ precursor and (b)
the obtained nestlike 3D ZnO porous structures.

showed that a broad peak at 3293 cm™ was assigned to
hydroxyl groups and water molecules, and the bands around
1503, 1385, 836, and 707 cm™* could be attributed to the C—O
bending vibration of CO,*~.>*** After being annealed at 450 °C
for 2 h, the FT-IR measurement (Figure 3b) confirmed the
formation of ZnO based on the disappearance of the O—H
(3293 ecm™') and C—O (1503, 1385, 836, and 707 cm™')
vibration modes. The Zn(CO;),(OH); precursor reacted with
oxygen to form volatile species such as CO, and H,O leaving
behind the porous ZnO structures, which are in good agree-
ment with the results of XRD and TG/DTA measurements.
From the panoramic SEM image (Figure 4a),
Zng(CO,),(OH)4 precursor formed 3D nestlike architectures
with size of 1.0—3.0 um. Close inspection reveals that the
precursor architectures are built of 2D nanoflakes (Figure 4b),
which assemble with each other to form the three-dimensional
nestlike structures, and the thickness of nanoflake is ca. 20 nm.
The as-prepared architectures are very stable, and even two
hours of ultrasonication cannot break them into discrete flakes,
indicating that the nestlike architectures are integrative. After
being annealed in air for 2 h, the as-prepared Zn;(CO;),(OH),4
precursor was completely decomposed to phase-pure hexagonal
wurtzite ZnO (Figure 1b). From the panoramic SEM image
(Figure 4c), the primary morphologies of Zns(CO;),(OH)4
intermediates were reserved well, while the higher magnifica-
tion image for individual particle (Figure 4d) shows that ZnO
remained a intact 3D framework with porous structures after
CO, and H,0 released during the thermal decomposition. To
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further reveal the porous structures, HR-TEM characterizations
were performed on the nestlike ZnO architectures (Figure S).
The apparent contrast between the white part and the black
ligaments also confirms the nanoporous wormhole-like char-
acteristic (Figure Sb), and the pore size is ca. 3—40 nm. The
corresponding selected area electron diffraction (SAED)
pattern (Figure Sd) presents a polycrystalline nature of the
porous structures. From the higher magnification HR-TEM
image (Figure Sc), the typical lattice fringe spacing was mea-
sured to be 0.256 nm, corresponding to the (002) crystal
plane of hexagonal wurtzite ZnO.

In addition to microstructure, the porosity and surface area
of materials are important to gas sensing properties, and thus
BET N, adsorption—desorption analysis was carried out on the
nestlike ZnO porous architectures. The nitrogen adsorption/
desorption isotherms shown in Figure 6 are ascribed to type H3
with large hysteresis loops, suggesting the presence of
mesopores in the nestlike ZnO architectures. The calculated
pore size distribution using BJH method indicated that the size
of mesopores is not uniform ranging from 3 to 40 nm (inset in
Figure 6), which is consistent with the HR-TEM observation
(Figure Sb). The BET surface area of the nestlike ZnO porous
architectures was 36.4 m” g_l , which was larger than that of 3D
ZnO structures (23 m* g™') and ZnO nanoplates (159 m*g™).3%!
Polarz et al.>® reported that the ordered mesoporous ZnO
prepared on the mesoporous carbon matrix has a high surface
area of 200 m” ¢!, which is higher than the present nestlike
ZnO porous architectures attributing to the fact that the build-
ing blocks of nestlike ZnO architectures are nanoflakes and the
pores imbedded in the nanoflakes cannot generate too much
inner surface area.

To investigate the formation process of the nestlike
Zns(CO;),(OH), precursor, we carried out a series of experi-
ments by varying the reaction time and temperature,
respectively. The time-dependent experiments demonstrate
that the formation of 3D nestlike structures is a step-by-step
process. SEM images of Zn;(CO;),(OH); at different reaction
time and temperature were displayed in Figure 7. When the
reaction temperature increased to 60 °C, a white precipitate
was obtained. As shown in Figure 7a, the precipitate contains a
lot of monodispered spheres with the diameter of ca. 3 yum
agglomerating from tiny particles to reduce the surface energy.
The spheres have a rough surface and a hole in the center. With
the reaction temperature rising to 90 °C, thin slices began to
form on the surface of the sphere particles. The thin slices grew
gradually with the reaction temperature increasing to 180 °C,
and the nestlike morphology was observed (Figure 7c). When
the reaction was maintained at 180 °C for 60 min, the growth
of thin slices at the expense of adjacent smaller slices/
nanoparticles and the metastable crystallites form nanoflakes
with better crystallization (Figure 7d), which can be referred to
the Ostwald ripening process.*®>” Further prolonging the reac-
tion time to 120 min, more uniform well-defined nestlike archi-
tectures composed of nanoflakes were obtained. The micro-
structure and size had no obvious variation when the reaction
time was further increased to 20 h in comparison with the
sample produced after 2 h reaction (Figure 7f).

To investigate the effect of PVP on the final morphology, we
performed the control experiment in the absence of PVP,
whereas the other experimental parameters were kept. Experi-
mental results showed that the nestlike Zns(CO;),(OH)g
architectures cannot be obtained in addition to a lot of spheres
particles (2—3 um) constructing by thin slices as shown in

dx.doi.org/10.1021/am201476b | ACS Appl. Mater. Interfaces 2012, 4, 817—825
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Figure S. (a,b) TEM images, (c¢) HR-TEM image, and (d) SAED pattern of nestlike 3D ZnO porous structures.

Figure 8a, b. In the control experiments, we also investigated
the effect of PEG and CTAB surfactants on the morphology of
Zng(CO5),(OH)g4 structures. When 0.5 g of PEG and 0.5 g of
CTAB were added in the reaction, respectively, the messy clus-
ters of nanoflakes with a wide size distribution were obtained
in addition to a few of nestlike architectures (Figure 8c, d).

820

It is believed that PVP played an important role in the
formation of Zns(CO;),(OH)s nestlike morphology fea-
ture although the exact influence mechanism is not clear.
The influence of PVP on the growth mechanism of nestlike
Zns(CO;),(OH); architectures is planned to study in the
future.
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Figure 6. Nitrogen adsorption/desorption isotherms of nestlike 3D
ZnO porous structures. The inset is pore size distribution.

In this work, we also found that the morphology of final
product depends on the addition of Na,SO,. The messy clus-
ters of nanoflakes with a wide size distribution were obtained

without Na,SO, doping (see Figure 9), while the well-defined
Zng(CO;),(OH)4 nestlike architectures with smooth nano-
flakes generated when 0.2 g of Na,SO, was added to the reac-
tion system. Previous investigations confirmed that the inorganic
soluble salts as complexin§ agent added in solution can inhibit the
deposition of crystallites,>*” and therefore, the deposition rate of
Zn** decreased through the addition of Na,SO, in favor of the
growth of monodispered nestlike architectures due to the strong
coordination of SO,>” to Zn®* in this reaction system. In the
present study, a clear transparent solution was obtained when
(NH,),CO; solution was dropped into zinc acetate aqueous
solution. If without Na,SO, addition, the white precipitate will
produce after the doping of zinc acetate into ammonium car-
bonate aqueous solution, corresponding to the previous work.®

The reactions for the formation of nestlike ZnO porous
architectures can be illustrated as follows®

Zn** + 2gly > Zn(gly),”? (1)

(NH,),CO; — 2NH,* + C0,*~ @)

Figure 7. SEM images of the precursors prepared at different temperature and reacted for different time: (a) 60 °C, 0 h, (b) 90 °C, 0 h, (c) 180 °C,

0h, (d) 180 °C, 1 h, (e) 180 °C, 2 h, and (f) 180 °C, 20 h.
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Figure 8. SEM images of Zns(CO;),(OH); precursor prepared (a, b) without the addition of PVP, (c) with 0.5 g CTAB addition, and (d) with 0.5 g

PEG addition.

Figure 9. (a, b) SEM images of Zn(CO;),(OH)4 precursor fabricated in the absence of Na,SO, at different magnification.

5Zn(gly),>" + 2CO;*~ + 60H"

— Zns(OH)s(CO3), + 10gly (3)

Zns(OH)4(CO;), = SZnO + 2CO, 1+ 3H,0  (4)
First, Zn>* ions combined with glycine to form Zn(gly),*" in
the aqueous solution under stirring. In the hydrothermal
condition, (NH,),CO; was decomposed to NH,* and CO,* in
aqueous solution. With the progress of reaction, Zns(CO;),-
(OH), precursor was formed by the reaction of zinc glycinate
complex with carbonate and hydroxyl under a hydrothermal
condition. Finally, porous ZnO was obtained after the thermal
decomposition of Zn;(CO;),(OH), precursor.

It is known that the sensitivity of ZnO gas sensor is mainly
related to operating temperature and gas concentration. To
study the gas sensor properties of the nestlike 3D porous ZnO
with hierarchically 2D nanoflakes, series of experiments were
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carried out by varying the operating temperature and gas
concentration, respectively. The sensitivity of the nestlike 3D
porous ZnO with hierarchically 2D nanoflakes exposed to
ethanol and acetone at different temperatures were shown in
Figure 10. The response sensitivity of both gases varied with
the operating temperature. The sensitivity increased between
240 to 420 °C, and then decreased with increasing the operat-
ing temperature. The maximum sensitivity values of 12.2 and
17.4 were obtained at 420 °C for ethanol and acetone, respec-
tively. For the messy clusters of nanoflakes (shown in Figure 9),
the maximum sensitivity values decreased to 9.9 and 15.0 for
ethanol and acetone. Figures 11 and 12 show the dynamic
response and recovery curves of the nestlike 3D porous ZnO
with hierarchically 2D nanoflakes as the ethanol and acetone
gas sensor, respectively, and the operating temperature is
420 °C. From the above measured results, the sensors have
a wide detection range from S to 1000 ppm for both ethanol
and acetone, and the response amplitude of the two sensors

dx.doi.org/10.1021/am201476b | ACS Appl. Mater. Interfaces 2012, 4, 817—825



ACS Applied Materials & Interfaces

Research Article

18
16}
14}
12t
1

—a— ¢thanol, nest-like 3D structures
—a— acetone, nest-like 3D structures
—o— ethanol, clusters of nanoflakes
—t— clusters of flal

S(R/R)
=}

250 300 350 400 450
Operating temperature (°C)

NSO N A & ®
T

00

Figure 10. Gas sensitivities measured at different operating temper-
atures to 100 ppm ethanol and acetone.

5
1000ppm|
,-\4' 500@

300
% 200 %vT
&3 2R ARA|
1IN
| wir i1
H -SSR ARREE
S1f 32 YY;’Y%YiTYT
0.510 VYTV evyy iy
R E YUY
0 200 400 600 800
Time (s)

Figure 11. Dynamic response curve of the sensor prepared from
nestlike 3D ZnO porous structures to ethanol with concentrations
ranging from S to 1000 ppm and at the operating temperature of
420 °C.
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Figure 12. Dynamic response curve of the sensor prepared from
nestlike 3D ZnO porous structures to acetone with concentrations
ranging from 5 to 1000 ppm and at the operating temperature of
420 °C.

increases with the gas concentration. The sensitivity is plotted
as a function of gas concentration in Figure 13. The sensitivity
is proportional to the concentration of ethanol or acetone, and
the gas sensor is more sensitive to acetone than ethanol from 5
to 100 ppm. When the concentration of ethanol increased to
200 ppm, the sensitivity of the gas sensor jumps to 37, and
exceeds the sensitivity (ca. 25) to acetone at the same con-
centration. The unique nestlike 3D porous ZnO architectures
provide high response sensitivity to acetone at low concentration,
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Figure 13. Sensitivities of the sensor prepared from nestlike 3D ZnO
porous structures versus different ethanol and acetone concentrations.

and a good sensor to ethanol at relatively higher concentration.
For 100 ppm ethanol, the sensitivity of 12.2 is about three
times higher than the sensor reported previously.”” In addition,
the response and recovery speeds are also the key factors for
the gas sensor applications, and thus the response and recovery
times were measured when 100 ppm testing gas was
introduced. In this work, the response and recovery times of
the nestlike 3D porous ZnO architectures were 9 and 8 s for
ethanol, respectively. The response time was prolonged with
the increase of ethanol concentration, but the recovery time
was kept the same for various concentrations. The response and
recovery times are much shorter than those (32 and 17 s) of the
sensor prepared by ZnO nanoplates.”’ For 100 ppm acetone, the
response and recovery times were S and 7 s, respectively, which
are shorter than the response and recovery times (S and 28 s) for
the sensor fabricated by 3D ZnO porous architectures,”® indi-
cating the high response and recovery speeds for the sensor
made from the nestlike 3D ZnO porous architectures.

The mechanism of ZnO gas sensor has been presented in the
previous works.*>*"®" For the gas sensor fabricated from
the nestlike 3D porous ZnO with hierarchically 2D nanoflakes,
the voids and interspaces existing among nanoflakes facilitate the
gas adsorption and desorption, and porous nanoflakes provide
large contacting surface area with more reactive sites for
electrons, oxygen and target gas. In addition, the network of
interconnected pores and voids in sensor films fabricated from
the nestlike 3D porous ZnO architectures provided abundant
channels for gas diffusion and mass transport in comparison
with the compact ZnO structures, also resulting in the sensing
property enhancements. Therefore, the unique nestlike 3D
porous ZnO architectures with high porosity and large surface
area are critically important to shorten the response and
recovery times, and to enhance the sensitivity of gas sensors.

B CONCLUSIONS

In present work, nestlike 3D ZnO hierarchically porous
structures have been successfully synthesized by a hydrothermal
approach combining with a subsequent calcination process. The
formation process of nestlike ZnO porous structures has also
been investigated on the base of experiment results. The unique
nestlike 3D porous ZnO with hierarchically 2D nanoflakes
provides large contacting surface area with more reactive sites
for electrons, oxygen ions and target gas and abundant channels
for gas diffusion and mass transport, resulting in the excellent
gas sensing performances including high sensitivity and short
response and recovery times.

dx.doi.org/10.1021/am201476b | ACS Appl. Mater. Interfaces 2012, 4, 817—825
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