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a  b  s  t  r  a  c  t

ZnO  nanosheet  microstructures  have  been  directly  grown  on  Al2O3 tube  electrode  by one-step  hydro-
thermal  method  with  different  reaction  times  (3 h, 8 h and  12  h).  The  crystalline  phase,  morphology,  and
structure  of the  nanosheets  are  characterized  by  FESEM,  TEM/SAED,  and  XRD.  The  results  of  FESEM  reveal
that ZnO  nanosheets  exhibit  a sheet  networks  structure  and  a  lager  surface  area.  TEM/SAED  images  show
a rough  surface  and a polycrystalline  structure  of  ZnO nanosheets.  X-ray  diffraction  indicated  the  ZnO
architectures  are well-crystallized  in  a hexagonal  wurtzite  structure.  Gas  sensing  properties  of the  ZnO
inc oxide
anosheets
ydrothermal
as sensor
ensitivity

nanosheets  show  high  response,  fast response–recovery  curves  and  long-term  stability  to  25–1000  ppm
ethanol  at  appropriate  temperature  (400 ◦C), especially  for sensor  B  (8 h).  Moreover,  the  response  of  sen-
sor B can  get  up  to 38.4  for 100  ppm  ethanol,  and  even  25  ppm  ethanol  could  be  well  detected  with  a
high  response  about  15  which  is  mainly  attributed  to the high  surface  area.  This  demonstrated  the  great
potential  application  of  ZnO  nanosheets  for  developing  gas  sensors.

©  2014  Elsevier  B.V.  All  rights  reserved.
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. Introduction

For sensor applications, metal oxide semiconductors like SnO2,
nO and TiO2 have been investigated for several decades [1–3].
ost of them are expected to be excellent candidates to fabricate

as sensors for detecting harmful target gases [3,4]. As a typical

[7], which are all desirable characteristics for gas sensor. Previous
reports have demonstrated that ZnO exhibits good response char-
acteristics to many toxic gases like H2S [8], NO2 [9] and CO [10],
especially for the nanostructures.

Due to high specific surface-to-volume ratio, one-dimensional
ZnO nanostructures like nanowires [11], nanotube [12] and
-type metal oxide semiconductor, ZnO, with a wide band gap
3.37 eV) [5,6], shows good morphology tailoring properties, high
lectron mobility, good chemical stability and low production cost

∗ Corresponding author. Tel.: +86 531 89736292; fax: +86 531 87974453.
∗∗ Corresponding author.

E-mail addresses: mse  xuhy@ujn.edu.cn (H. Xu), mse  caobq@ujn.edu.cn (B. Cao).

ttp://dx.doi.org/10.1016/j.snb.2014.04.072
925-4005/© 2014 Elsevier B.V. All rights reserved.
nanobelts [13] have been widely adopted to fabricate gas sensor. In
2007, Chen et al. [12] synthesized ZnO nanotubes by a sonochemi-
cal method at low temperature, exhibited better ethanol sensing
properties at a working temperature of 300 ◦C. In 2012, Wang

et al. [14] synthesized ZnO nanorods by a simple low temperature
hydrothermal process, and the sensor exhibited a high, reversible
and fast response to ethanol. Generally, these sensors are
assembled by two  steps. First, ZnO nanostructures are synthesized

dx.doi.org/10.1016/j.snb.2014.04.072
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.04.072&domain=pdf
mailto:mse_xuhy@ujn.edu.cn
mailto:mse_caobq@ujn.edu.cn
dx.doi.org/10.1016/j.snb.2014.04.072
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Q = V × ϕ × M

22.4 × d × �
× 10−9 × 273 + TR

273 + TB
(2)

Fig. 1. Electronic circuit of gas sensor measurement system. VH is the heating volt-
age, RL is a constant resistance (4.7 M�),  VRL is the voltage on RL and VC is the constant
voltage (5 V) which is applied on the RL and the sensor.
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y different methods like hydrothermal method [15,16], metal
rganic chemical vapor deposition (MOCVD) [17], and pulsed laser
eposition (PLD) [18]. Then the obtained ZnO samples need to be
ollected or peeled off from substrates and ground to form homoge-
ous paste that could be coated onto the alumina ceramic tubes.
bviously, such a sensor fabrication process is time-cost and some-

ime will destroy the intrinsic nanostructure properties. In 2007,
ie et al. [19] prepared ZnO nanorod arrays directly on Al2O3 tube
hrough a two-step solution method, which simplified the tradi-
ional two-step process of sensor fabrication. However, the poor
ontacts between the vertical nanorods and Al2O3 tube limited the
ovement of electrons, increased the device resistance and further

educed the sensor sensitivity.
Two-dimensional (2D) nanostructures such as ZnO nanosheets

20] and nanoplate [21] have provided good opportunities to
xplore new physical and chemical applications of nanostruc-
ures with different dimensionalities. From the practical point of
iew, ZnO nanosheet networks are extremely interesting because
f their large surface areas and better conductivity, which have
otential practical application in sensors, solar cells [22], UV pho-
odetectors [23], and field emission devices [24]. In comparison
o nanowires, the growth of 2D ZnO nanostructure is much more
ifficult partially due to its hexagonal polar structure. The basal
lane of (0 0 0 1) has the highest surface energy that induces the
ast growth along the c-axis direction with the result of pre-
erred 1D nanowire growth [25]. Till now, only a few papers
ave reported the growth of ZnO nanosheets. Rahm et al. [26]
eported the synthesis of ZnO nanosheet networks with carbother-
al  reduction on sapphire substrates using gold as catalyst via the
ell-known vapor–liquid–solid (VLS) mechanism. Recently, Zhang

t al. [27] successfully synthesized porous ZnO nanosheets with a
ydrothermal method by annealing of the zinc carbonate hydrox-

de hydrate precursors and demonstrated their ethanol response
hrough a traditional gas sensor fabrication process. Therefore, how
o grow ZnO nanostructures directly onto the generally used alu-

ina ceramic Al2O3 tubes for gas sensor application is still a big
hallenge.

In this work, we simplified the traditional two-step process
f sensor fabrication and report a one-step, cost-effective and
nvironment-friendly hydrothermal approach for first synthesiz-
ng ZnO nanosheet networks on ordinary alumina tube and their
pplication for gas sensors. The seed layer percolating step is proved
o be crucial for the ZnO nanosheets direct growth on the alumina
ube. The influence of reaction time on the growth of such ZnO
anosheet network was also investigated. The primary optimized
nO nanosheet sensors assembled by such a direct one-step growth
xhibits better sensing properties in comparison with isolated ZnO
ensors. The larger surface area of ZnO nanosheet network may
ive a relatively simple account of the improved the sensor perfor-
ance.

. Experimental

ZnO nanosheets were synthesized through one-step, low tem-
erature (95 ◦C) hydrothermal process [19,27]. All the chemicals
ere used as received (Sinopharm Chemical Reagent) without

urther purification. The typical process was described as follows:
.7 g Zn(Ac)2 was dissolved in 125 mL  ethanol and heated under
eflux at 95 ◦C until the Zn(Ac)2 was completely dissolved, and
hen the ZnO sol was obtained after LiOH was  added into the
bove solution. Cleaned Al2O3 tubes (4.0 mm in length, 1.0 mm in

nternal diameter and 1.4 mm in external diameter) with a pair of
u electrodes (2.0 mm  in distance) attached with Pt lead wires (as
hown in Fig. 2), were immersed into the ZnO sol for a period of
ime and annealed at 350 ◦C for 30 min  to grow a ZnO seeds layer.
rs B 201 (2014) 444–451 445

Mixed aqueous solution of 0.025 M zinc nitrate and 0.025 M hex-
amethylenetetramine (C6H12N4) was  transferred into Teflon-lined
stainless steel autoclaves and the Al2O3 tubes were suspended
in the aqueous solution at 95 ◦C and then ZnO nanosheets were
grown directly on the Al2O3 tube from the chemical reaction [19]:

2Zn(NO3)2 + C6H12N4 + 8H2O → 2ZnO + 4NH4NO3 + 6HCOH (1)

After the reaction at 95 ◦C for 3 h, 8 h and 12 h, we got three
groups of ZnO samples, named as sensor A, B, C, respectively. The
samples were rinsed with deionized water and absolute ethanol for
several times and then dried in air for further characterizations.

The morphology, structure and crystalline phase of the ZnO
nanosheets films were characterized by field emission scanning
electron microscope (FESEM, Quanta FEG250), transmission elec-
tron microscopy/selected area electron diffraction (TEM/SAED,
JEM-2100F, JEOL), and X-ray diffraction (XRD, D8-Advance, Bruker)
with Cu K� radiation. The gas-sensing performance of ZnO
nanosheets was measured through a gas-sensing characterization
system (WS-30A, Weisheng Electronics Co., Ltd., China). The con-
centrations of the target gases were obtained by the static gas
distribution method, which was  calculated by the following for-
mula [20,28]:
Fig. 2. Schematic drawing of a sensor element. Al2O3 tubes (4.0 mm in length,
1.0 mm in internal diameter and 1.4 mm in external diameter) with a pair of Au
electrodes (2.0 mm in distance) attached with Pt lead wires.
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Fig. 3. (a–f) FESEM images of ZnO nanosheets with the reaction time (a, b) 3 h; (c, d) 8 h; (e, f) 12 h; (g, h) TEM and HRTEM images of ZnO nanosheets.
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here Q (mL) is the liquid volume of the volatile compound, V (mL)
s the volume of the testing chamber, ϕ is the required gas volume
raction, M (g mol−1) is the molecular weight, d (g cm−3) is the spe-
ific gravity, and � is the purity of the volatile testing liquid, TR and
B (◦C) are the temperatures at ambient and test chamber, respec-
ively. Ethanol, isopropanol, benzene and xylene vapors were used
s the testing gas. The electronic circuit is shown in Fig. 1. In the cir-
uit, VH is the heating voltage, RL is a constant resistance (4.7 M�),
RL is the voltage on RL and VC is the constant voltage (5 V) which

s applied on the RL and the sensor. Then the sensor response is
efined as follow: S = Ra/Rg, where Ra and Rg are the resistance of
he gas sensor in air and in testing gas.

. Results and discussion

.1. Crystal structure and morphology of the ZnO nanosheets

The sample morphology was characterized by FESEM as shown
n Fig. 3. Fig. 3(a) and (b) is FESEM images of ZnO nanosheets pre-
ared with the hydrothermal method for 3 h. It shows rare and
lmost isolated nanosheets grown on the surface of the Al2O3
ube which may  cause a large resistance and a poor conductivity.
ig. 3(c) and (d) is grown with 8 h. It can be found obviously that
he nanosheets are uniform and homogenous with a large size and
ensity. Most of the nanosheets stand uniformly on the substrate
nd connect with each other to form a network. Fig. 3(e) and (f) is
he SEM images of ZnO nanosheets grown with the reaction time
f 12 h. Compared with Fig. 3(c) and (d), they have larger density
hich may  limit the growth of the nanosheets. As a result, the size

f nanosheet is generally smaller. Fig. 3(g) shows the TEM image
f the ZnO nanosheet with a rough surface. It can be seen clearly
hat the structure of ZnO nanosheet is polycrystalline and com-
oses of numerous grains in nanoscale. Fig. 3(h) shows the HRTEM

mages of the nanosheet. It further proved the polycrystalline struc-
ure combined with the SAED (the inset of Fig. 3(h)). In addition,
he lattice spacing of a nanoparticle is determined to be 0.28 nm
nd 0.25 nm,  corresponding to the distance between two {10-10}
equivalent plane (01-10)) and {10-11} planes of the wurtzite ZnO.

oreover, larger numbers of nanoparticles present the lattice spac-
ng of 0.28 nm than others, which means that there are numerous
rains are along the {01-10} crystallographic directions within the
0 0 0 1} planes. Nevertheless, by introducing a seed layer, 2D ZnO
anosheets network was successfully grown on the Al2O3 tube via

 one-step hydrothermal method for sensor fabrication. The rough
urface of nanosheet and porous structure between nanosheets
ncreases the specific surface area and the interconnected network
ffers good pathway for electron moving. These two characteristics
re both preferred for high sensitive sensors.

Generally, based on the surface energy minimization in the
olution system, the intrinsic structure of ZnO crystallite deter-
ined their fastest growth and spurs it to grow along the c-axis,

nd thus, the rod-like morphology is much more favorable in the
hermo-dynamic equilibrium state. In addition, the growth of ZnO
rystallite is also influenced by the external growth conditions
uch as pressure, pH value, temperature and growth time [29]. For
xample, Bie et al. [19] prepared ZnO nanorod arrays directly on
l2O3 tube through a two-step solution method. According to it,
e obtained the ZnO nanosheets by changing the external growth

onditions (hydrothermal method), Thus, a possible mechanism
or the ZnO nanosheets has been put forward. In the case of the
rowth of ZnO nanosheets, ZnO seed-layer is firstly formed before

ydrothermal process through the calcinations to form nucleation,
hich serves as the lattice-matched template for the growth of ZnO
anosheets. In the process of hydrothermal growth, a large quantity
f ZnO nuclei are formed and aggregated when the degree of super
Fig. 4. XRD patterns of ZnO nanosheets grown with three reaction times as shown
in  brackets.

saturation exceeds its critical value. Because of the high pressure,
the growth direction along the c-axis is restrained, which lead to
a non-equilibrium growth of the ZnO crystalline, and the growth
rate changes to V{01-10} > V{0 0 0 1} [20,30], and further form the
sheet-like morphology.

The crystal structures of the ZnO nanosheets were characterized
via XRD (as shown in Fig. 4). It can be found that all the character-
istic peaks of the ZnO nanosheets match well with the diffraction
pattern of typical hexagonal wurtzite ZnO structure (JCPDS Card
No. 36-1451) and no peaks are observed for other impurities such
as Zn(OH)2 and zinc, indicating the growth of pure ZnO nanosheets
and further calcination process is not needed [31,32].

3.2. Sensing properties of the ZnO nanosheet

All the experiments were carried out with the relative humid-
ity lower to 21%. It can be seen that there was  little effect of the
gas sensing properties with the relative humidity in this range, as
shown in Fig. 5(a). In addition, some papers have also shown that
the effect will be little with a lower relative humidity [33–35]. The
first gas sensing properties of the ZnO nanosheets were evaluated
determining the repeatability of the gas sensor. Fig. 5(b) indicates a
typical response profile to investigate repeatability of the gas sen-
sors after aged 3 days. It can be noted that all the sensors are in good
reproducible run after five cycles, which demonstrated a better
repeatability of the sensors. After aged two weeks, we  determined
the optimum operating temperature of the sensors. Fig. 6 shows the
response of the different sensors to 100 ppm ethanol as a function
of the operating temperature in the range of 220–420 ◦C. All of the
sensors have a low response when the temperature is below 220 ◦C.
But the response continuously increases and reaches its maxi-
mum  at 400 ◦C which correspond with Refs. [27,36,37], and then
rapidly decreases as the temperature further increased. This might
be attributed to the competing desorption of the chemisorbed oxy-
gen [19]. When the working temperature is higher than 400 ◦C, the
chemical adsorption oxygen absorbed on the surface of the ZnO
nanosheets will gain enough energy to desorb from the surface of
ZnO nanosheets, and then the chemical adsorption oxygen get the
saturation. With the increase of operating temperature, the rate
of desorption is much higher than that of adsorption, limited the
reaction between adsorption oxygen and target gas molecules and

further reduced response. The response of sensor B (8 h) can get up
to 40–100 ppm ethanol at the optimal working temperature and it
is better than other sensors, as shown in Table 1.
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Fig. 5. (a) The relationship between response and relative humidity; (b) the repeatability testing of the sensors to 500 ppm ethanol at 400 ◦C with the relative humidity of
5%.

Table 1
Gas responses to C2H5OH of the ZnO nanosheets sensors in the present study and those reported in the literature.

Sensing materials (preparation) [C2H5OH] (ppm) Ra/Rg Tsens (◦C) Refs.

ZnO nanorods (solution growth) 500 31 350 [19]
ZnO hierarchical nanostructures (microwave solution growth) 100 9 350 [21]
ZnO nanorods and nanoparticles (chemical precipitation) 250 25 400 [36]
ZnO nanoparticles (solution growth) 100 12 400 [38]
ZnO hierarchical nanostructures (emulsion-based solution growth) 100 177 400 [39]
ZnO nanowires (thermal evaporation) 100 

ZnO tetrapod nanowires (thermal evaporation) 500 

ZnO nanosheets (hydrothermal method direct on Al2O3 tube) 100 

F
a

t
b
f
t
a
g
t
o
g
t
B
c
t
w

the dehydrogenation is depicted in Eqs. (3) and (4):
ig. 6. Relationship between the response of the gas sensors and working temper-
ture to 100 ppm ethanol with the relative humidity of 3–7%.

The response–recovery behavior is an important characteris-
ic of gas sensors. Fig. 7 represents the sensors response–recovery
ehavior (a–c) and response (d) to different ethanol concentrations
rom 25 to 1000 ppm at 400 ◦C. When the sensors are exposed to
he ethanol gas, the resistance of all the sensors shows a dramatic
nd sharp decrease and then reaches its equilibrium. Once the tar-
et gas is removed, the resistance of the sensors recovers rapidly to
he baseline. In addition, all of them show that with the increasing
f ethanol concentration, the ZnO nanosheets can adsorb more tar-
et gas molecules and exhibit higher response. Fig. 7(d) illustrated
he response of the three gas sensors. It is obviously that the sensor

 (8 h) exhibits higher response than others for higher ethanol con-

entration in the range of 25–1000 ppm, which can be attributed to
he larger effective surface area of the ZnO nanosheets. Compared
ith the ZnO seed layer, shown in Fig. 7(e), the response of the three
1.7 300 [40]
5.5 300 [41]
40 400 Our work

sensors is higher than that of ZnO seed layer which demonstrates
a dominance of ZnO nanosheets.

As a typical n-type metal oxide semiconductor sensor, the ZnO
based sensor belongs to the surface-controlled type, and the mech-
anism can be explained by the space-charge layer mode [42], which
involves the formation of a charge depletion layer in the near-
surface region of each grain, relative to the interior parts, due to
electron trapping on adsorbed oxygen species [43]. The electrical
conductance of the ZnO nanosheets sensor is determined by the
amount of electrons in its conduction band. Thus, due to the larger
effective surface area than other two sensors (sensor A and C), it
offers numerous absorption site to absorb more oxygen molecular
and form more O�− (O2−, O−, O2

−) oxygen negative ions species by
capturing electrons from the conductance band. When the oxygen
negative ions react with ethanol, it will release more electrons to
the conduction band of the nanosheets, and reduce the resistance
of the sensor which exhibits a high sensitivity than others.

The sensing mechanism of the ZnO nanosheet sensors to ethanol
can be explained as follows [14]: the oxygen vacancy in the ZnO
nanosheets acts as an electron donor to provide electrons to con-
duction band of ZnO. When the ZnO nanosheet is exposed to air,
oxygen molecules will be adsorbed on the surface of it to form O�−

(O2−, O−, O2
−) oxygen negative ions species by capturing electrons

from the conductance band (Fig. 8a and b). It will form a depletion
region [44], leading to an increase of the sensor resistance.

After the reductive ethanol is injected into the texting box and
the sensors are exposed to ethanol vapor at a moderate tempera-
ture, the adsorbed ethanol molecules react with oxygen negative
ions and release electrons by two reactions, and ethanol decom-
poses to acetaldehyde and hydrogen or to ethylene and water
[45,46]. The decomposition of ethanol molecules depends on the
acid–base properties of sensing materials [47]. Thus, the process of
C2H5OH(g) → CH3CHO(g) + H2(g) (3)
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Fig. 7. (a–c) Response–recovery curves of sensors A, B, C to different ethanol concentrati
ethanol at 400 ◦C.

Fig. 8. Schematic illustration for the sensing mechanism of the ZnO nanosheets
s
(

C

C

former molecule is smaller than the latter, which is convenient for
ensor to ethanol: (a) exposed to air; (b) O�− ions adsorbed; (c) exposed to ethanol;
d) release electrons to nanosheets.
2H5OH(g) → C2H4(g) + H2O(g) (4)

H3CHO(ad) + 5O− → 2CO2 + 2H2O + 5e− (5)
ons at 400 ◦C; (d–e) relationship between response and different concentrations of

And then, the intermediate of CH3CHO(g) is subsequently oxi-
dized to form CO2 and H2O, as depicted in Eq. (5), and release
electrons back to the conduction band of the nanosheet, reduc-
ing the number of surface adsorbed oxygen species, as shown in
Fig. 8(c) and (d). Consequently, the depletion layer on the surface
of ZnO nanosheet becomes thin and the electrical conductivity of
the sensors increases which exhibit a decrease of the sensor resis-
tance [48,49]. Based on the formula of response (S = Ra/Rg), it shows
a high sensitivity. According to Fig. 1, the circuit voltage (Vc) is con-
stant, so when the resistance of the sensor decreased, it will leads
to the increase of the circuit current. As a result, the output signal
voltage increases. When the ZnO nanosheets sensors are exposed
to the oxidative gas, such as NO2, an opposite electrical behavior
can be observed.

The selective capacities of the sensors based on the ZnO
nanosheets are tested to various gases at 400 ◦C, as shown in
Fig. 9(a). It can be found that sensors A and B exhibit better selec-
tivity to ethanol than sensor C. However, a phenomenon should
be noted that the sensors response to ethanol is higher than to iso-
propanol. Generally, the hydrocarbon chain of isopropanol is longer
than that of ethanol which suggests that the negative charge of oxy-
gen atom would increase with the increase of the electron donating
effect of the hydrocarbon chain. This will enhance the response of
the sensor. However, as to ethanol and isopropanol, the volume of
the adsorption of ethanol molecule when the multi-layers exposed
to the test gases. As a result, the sensors adsorb more ethanol
molecules than isopropanol molecules, resulting in a higher effect
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ig. 9. (a) Selectivity of the three sensors (A, B, C) to different vapors at 400 ◦C 

oncentrations at 400 ◦C.

han electron donating effect of isopropanol molecule, and lead-
ng to a higher response to ethanol than to isopropanol [50,51]. In
ddition, sensor B (8 h) exhibits a good response–recovery prop-
rty, as shown in Fig. 9(b). It shows a response–recovery curve to
thanol with different concentrations. The response and recovery
ime were defined as the time taken by the sensor to achieve 90% of
he total resistance change in the case of adsorption and desorption,
espectively. The observed have been found to be similar to that
redicted earlier [52,53], where it is clear that with the increase of
he ethanol concentration, the response and recovery time increase.
his may  be attributed to the diffusion of ethanol gas molecular.
he more the ethanol gas molecules are provided, the longer the
esponse and recovery time will be.

. Conclusions

In summary, ZnO nanosheets with hierarchical structure grown
irectly on the Al2O3 tube substrate, exhibiting accessible sur-
ace, can be gained through a facile one-step hydrothermal method
hich simplifies the gas sensor fabrication process. ZnO seed-

ayer firstly covered on the Al2O3 tube substrate acts as the lattice
atched template. We  got a better sample with larger surface area

nd density of nanosheets by regulating the reaction time. The
ensing properties showed that sensor B (8 h) has higher response
t appropriate temperature (400 ◦C), especially to reducing ethanol
apor. The response could reached to 38.4 for 100 ppm ethanol
hich demonstrating its greater potential application as a gas sen-

or to detect reducing ethanol vapor.
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