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Abstract

Gas-sensing performances are often enhanced significantly once size of the sensing materials approaches a critical value of 15 nm. Here, we
synthesize, by a simple hydrothermal method, ultrathin hexagonal ZnO nanosheets with a thickness of 17 nm. The cetyltrimethylammonium
bromide is found to play a critical role in producing such unique hexagonal ZnO nanosheets, and a possible growth mechanism is proposed.
The as-prepared ultrathin nanosheets exhibit excellent gas-sensing properties to formaldehyde gas at optimal temperature of 350 °C under

concentration of 50 ppm, rendering the ultrathin nanosheets promising for the on-site detection of formaldehyde.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Zinc oxide (ZnO), as a functional n-type semiconductor, has
already been utilized as a gas-sensing material for detecting toxic
or hazardous gases because of its typical properties, such as
insusceptible resistivity, high electrochemical stability, nontoxi-
city, and abundance in nature [1]. Recent studies have demon-
strated that morphology has a significant influence on gas-sensing
properties of nanomaterials [2—5]. For example, one-dimensional
(1D) structures of ZnO, such as nanowires [6], nanorods [7] and
nanobelts [8], and their hierarchical structures have been widely
used for gas sensors [9,10]. In addition, two-dimensional (2D)
structures of ZnO, such as nanoplates, can also often be fabricated
[1,11]. To date, most work has been reported on sheet-based 3D-
structured ZnO gas sensors or thick-sheet ZnO gas sensors
[12,13]. However, few works have been conducted on the gas
sensors made of polygonal nanoflakes.

Notwithstanding these intensive researches, the key factors
governing gas-sensing properties of ZnO remain under debate.
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One consensus is that size and morphology of gas-sensing
materials shall often play an important role in enhancing a series
of gas-sensing performances. For instance, Xu et al. [14] reported
that gas sensitivity of SnO, can be improved significantly once its
size falls below ~ 10 nm. This has been confirmed by Yamazoe
et al. claiming that the critical size of SnO, nanomaterials is 5—
15 nm for an effective detection of H, and CO [15]. Although
Hongsith et al. [16] recently proposed a new general concept to
address adsorption mechanism of the ZnO nanostructures to
ethanol gas, they still attributed the pronounced enhancement of
the sensing responses to the small size of ZnO nanomaterials
(~ 15 nm). In this work, we demonstrate a successful synthesis of
thin hexagonal ZnO nanosheets via a facile and economical
hydrothermal process. The crystallinity, morphology, and micro-
structure of the prepared nanosheets are investigated, based upon
which the likely formation mechanism is discussed. The prepared
hexagonal ZnO nanosheets are found to exhibit good gas-sensing
performances to the formaldehyde gas.

2. Experimental

All chemical reagents were of analytical grade and used
with no further purification. The zinc acetate dehydrate (Zn
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(CH5COOH), - 2H,0) (1 mM), and hexamethylene tetramine
(HMT) (0.5mM) and cetyltrimethylammonium bromide
(CTAB) (0.05g) were first dissolved into distilled water
(40 mL), followed by strong stirring for 1 h using magnetic
stirrer. The solution was then transferred into autoclaves which
were heated to 120 °C and maintained for 12 h. Finally, the
white products were harvested by pursuing centrifugation,
washing with distilled water and ethanol to remove unexpected
ions, and drying at 60 °C in air.

Microstructural analysis was conducted by the x-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). For the XRD, a Rigaku
D/Max-1200X diffractometry with Cu Ka radiation operated at
40 kV and 200 mA was applied. Surface morphologies of the
samples were observed using a Hitachi S-4300 SEM. Micro-
structure and chemical composition were further analyzed
using the JEOL JEM-2010F electron microscope operated at
an accelerating voltage of 200 kV. Gas sensors were fabricated
by first dispersing the prepared ZnO powders in distilled water
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Fig. 1. XRD spectra of the ZnO hexagonal nanosheets.
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and then making pastes via ultrasonication. The pastes were
next coated onto an alumina ceramic tube and the thickness of
the pasted films spans the range from 0.5 to 1 mm. Response
of the sensors (S) was defined as the ratio of their resistances in
air (R,) to those in target gases (R,) [9]. Response and recovery
time was defined as the time taken by the sensors to achieve
90% of total resistance change during either the adsorption or
the desorption process.

3. Results and discussion
3.1. Microstructural characterization

Fig. 1 shows typical XRD patterns of the as-prepared ZnO.
The hexagonal phase with lattice constants of a=3.256 A and
c=5212 A was detected for ZnO with no clear evidence of
impurities, indicating that all as-prepared products are pure
wurtzite ZnO, regardless of the surfactants. In addition, we
also note several strong and sharp diffraction peaks, which
indicates that the as-prepared ZnO are highly crystallized yet
polycrystalline.

Fig. 2(a)-(f) shows the representative SEM and TEM
images of the as-prepared products. From Fig. 2(a), the as-
synthesized ZnO product presents uniform hexagonal
nanosheets and it is obvious that these nanosheets are not
aggregated in spite of their quite small size and ultrathin layer.
An enlarged SEM image of an individual hexagonal nanosheet
is shown in Fig. 1(b) and (c), from which the thickness and
side length of these perfect hexagonal nanosheets are deter-
mined to be approximately 17 and 90 nm. Fig. 2(d) shows
TEM image of a perfect hexagonal nanosheets. A clear white
and black background is seen, which indicates that the

Fig. 2. (a—c) SEM images of the ZnO hexagonal nanosheets. (d—f) TEM images of the ZnO hexagonal nanosheets. (For interpretation of the references to color in

this figure, the reader is referred to the web version of this article.)
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hexagonal nanosheet is indeed very thin. Fig. 2(e) shows TEM
images of edge regions of the hexagonal ZnO nanosheet,
showing unambiguously that the nanosheet is assembled
by nanoparticles. Fig. 2(f) presents a high-resolution TEM
(HRTEM) image of the nanoparticle (marked with red circle in
Fig. 2(e)), from which lattice fringes are clearly visible. The
spacing between neighboring lattice planes is estimated to be
~0.26 nm, which corresponds well to the interplanar distance
of the (0001) crystal planes of a hexagonal wurtzite ZnO.

Fig. 3 illustrates the schematic evolution process of the
hexagonal nanosheets. It has been reported that the crystallites
of polar ZnO can be fabricated usually in an elongated form
using the hydrothermal solvents in which the ion OH™ is
added [17]. The (0001) and (0001) faces of ZnO crystal have
an equal reticular density but differ in the composition of the
outermost atomic layer [18,19]. The outermost layer of the
positive monohedron (0001) consists of Zn*" ions and
effective charge on this face is close to 2*. The outermost
layer of the negative monohedron (000T) consists of O®~ ions
and has a negative charge of the same magnitude. Moreover,
the polar growth of ZnO crystal along (0001) direction
proceeds through the adsorption of growth units of [Zn
(OH)4]*~ onto the (0001) plane of ZnO [20].

In the synthesis systems, the HMT is served as a pH buffer
to release OH™ (Egs. (1) and (2)). The OH™ ions are
subsequently reacted with Zn** to form [Zn(OH)4]2_ (Eq.
(3)), which acts as the growth units of ZnO. The ZnO is finally
formed via a homogeneous precipitation under mild condi-
tions. The overall reaction for the growth of ZnO crystals can
be simply formulated as follows:

(CH)¢N, + 6H,0 <> 4NH; + 6HCHO (D

NH; + H,0 < NH; - H,O <> NH] + OH™ 2)

Zn** 4+ 20H < Zn(OH), | s Zn(OH)2 <7Zn0 + H,0  (3)

However, in the present case, the CTAB was added in the
hydrothermal solution. The CTAB is a cation surfactant. When
the CTAB dissolves in water, the CTAB ionizes completely,
forming CTA™ ions [21]. At the early stage, Zn(OH)f ions in
the solution are combined with the CTA* which is released
from CTAB to form ion-pairs. The negatively charged ion-
pairs are then selectively attached onto the positively charged
(0001) surface of ZnO and simultaneously the hydrophobic
tails (CTA™) are aligned into a film. This hydrophobic film
inhibits the attachment of growth units of [Zn(OH)4]2_ onto
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the (0001) face. Accordingly, the intrinsically anisotropic
growth of ZnO along the (0001) direction is substantially
suppressed and the crystal growth then proceeds sideways,
which results in the formation of solid hexagonal ZnO crystals
with low aspect ratio at last.

To gain insight into the performances of hexagonal ZnO
nanosheets, we further investigate their gas-sensing properties.
Fig. 4(a) shows the gas-sensing response of the nanosheets at
different working temperatures ranging from 200 to 500 °C
under the formaldehyde concentration of 50 ppm. Obviously,
the gas response increases to the maximum value of 37.8 at a
temperature as low as 350 °C, and gradually decreased with
further increasing temperature. Therefore, the optimal working
temperature is determined to be 350 °C for further gas-sensing
measurements. Response and recovery times are also important
for a gas sensor. Fig. 4(b) shows the response and recovery
time of the sensor made of the ultrathin ZnO nanosheets to
formaldehyde of 50 ppm, which is measured at the optimum
temperature of 350 °C. The results indicate that the ZnO sensor
shows a fast response—recovery process, and the response and
recovery time is estimated to be about 9 and 11 s, respectively.

It is known that the oxygen molecule can capture free
electrons from the ZnO nanosheets once they are exposed in
air, forming the chemisorbed oxygen species such as O;,
02_, and O, which hence results in a high resistance state
[10,13]. The absorbed O can induce a depletion layer, bending
the surface bands and therefore increasing the energy barrier
(i.e., resistance) of the gas sensors. Once the reductive gas is
introduced, its molecules react with the chemisorbed oxygen
species on the ZnO surface, which releases the trapped
electrons back to the conduction band of ZnO. This process
can dramatically increase electron concentration in the ZnO
sensors and hence enhance its conductivity. As aforemen-
tioned, the response of the metal-oxide gas sensors relies
largely on the size and dimension of the sensing materials and
those materials with a size close to the Debye length can often
exhibit excellent sensing responses, holding thereby substantial
potentials for detecting gas even at ppm level. Such enhance-
ment of sensing response becomes pronounced as size of
nanostructures approaches the threshold value of 15 nm, the
Debye length (2Lp, which is about 15 nm at 325 °C for ZnO
[16]) based on the grain control model. In this study, the
prepared nanosheets have a thickness of 17 nm, which means
that the entire nanosheets are electron depleted in air, resulting
in the maximum resistance. Once being exposed to formalde-
hyde, the previously trapped electrons by oxygen are retracted

Fig. 3. Schematic plot illustrating the evolution of the ZnO hexagonal nanosheets.
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Fig. 4. (a) Sensitivity of the sensor made of ZnO hexagonal nanosheets to the formaldehyde of 50 ppm measured at temperatures from 200 to 500 °C. (b) Response
and recovery transients of the sensor made of the ZnO hexagonal nanosheets to the formaldehyde of 50 ppm. The measurement temperature is fixed to 350 °C.

to ZnO due to the mutual reaction between formaldehyde and
the oxygen species, leading to a sharp decrease of resistance
and a substantial resistance variation ie., the gas-sensing
signal is enhanced.

4. Conclusions

We have successfully fabricated the hexagonal ZnO
nanosheets with a thickness as thin as 17 nm via a simple
yet efficient hydrothermal approach. We investigate the role of
the additives on the morphology evolution of the nanosheets
and examined the gas-sensing properties of the fabricated
sensors. We find that the CTAB additives are aligned on the
(0001) surface, based upon which a possible growth mechan-
ism is proposed. Further gas-sensing measurements reveal that
the sensor made of hexagonal ZnO nanosheets exhibits a gas
response of 37.8 and a response and recovery time of 9 and
11 s, respectively, to the formaldehyde gas of 50 ppm at an
optimal temperature of 350 °C.
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