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Hierarchically Designed ZnO Nanostructures Based
High Performance Gas Sensors
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J. Beliatis,” S. J. Henley® and S. R. P. Silva*

Rationally controlled multistage hydrothermal methods have been developed to prepare
different types of hierarchical zinc oxide (ZnO) nanostructures with high surface-to-volume
ratios and more exposed polar facets. Four types of hierarchical ZnO nanostructures,
nanobrushes (ZNBs), nanoleaves (ZNLs), hierarchical nanodisks (HNDs) and nanoflakes
(ZNFs) assembled from initial mono-morphological nanostructures, nanowires (ZNWs) and
nanodisks (ZNDs), were produced from sequential nucleation and growth following a
hydrothermal process. Hierarchical nanostructures with 1D nanowire and 2D nanodisk
building blocks were realized using zinc nitrate and zinc sulphate as the source of zinc ions,
respectively. Compared to their initial mono-morphological counterparts, the grown
hierarchical nanostructures demonstrated superior gas sensing properties. ZNLs and ZNFs
showed significant improvement in sensitivity and fast response to acetone. In addition to
the high surface-to-volume ratio due to the ultrathin sheet building blocks, the enhanced gas
sensing properties of ZNLs and ZNFs are chiefly ascribed to the increased proportion of
exposed (0001) polar facets. The current study offers the path for structure induced
development of gas sensing properties by designing a necessary nanostructure, which could
be used to fabricate high performance nanostructured gas sensors based on other metal

oxides.
Introduction effective growth solution phase methods to produce these
The attention toward hierarchical ~structures with one- nanostructures at large scale.’*® Despite all these attractive
dimensional (1D) or two-dimensional (2D) nanostructure features of the solution phase methods in growing mono-
building blocks have grown significantly in recent years morphological nanostructures, using these methods to produce

because of the extraordinary physical and chemical properties
of these structures.'® They can be utilized in a variety of
applications in the bottom-up production of high performance
devices.>® Gas sensors are significantly important and their
development could impact many important fields, including
industrial process control, safety systems, disease diagnoses,
and environmental monitoring. For instance, sensing low
concentration levels of acetone is an effective way to diagnose
type-l diabetes.® Therefore, it is greatly required to develop
suitable methods to sense low concentrations of acetone.

High temperature growth techniques have been used commonly
to produce hierarchical ZnO nanostructures, such as NW
arrays,’®  nanohelixes,"*  nanopropeller,> and  tower-like
nanocolumns.®®  But, these techniques suffer from many
disadvantages and limitations like impurities in the final
products, substrates that can be used, high temperatures (~ 500-
1100 °C) and vacuum conditions. One can clearly see that the
economic feasibility for large scale production is limited, which
encouraged researchers to develop low temperature cost
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hierarchical architectures with rational control the
morphology and size is still challenging.

Herein, we develop an elegant nucleation and growth strategy
to synthesize a wide range of hierarchical ZnO nanostructures,
nanobrushes  (ZNBs),  hierarchical  nanodisks  (HZNDs),
nanoleaves (ZNLs) and nanoflakes (ZNFs) by sequentially
using zinc nitrate and zinc sulphate as sources of Zn?' in the
growth solution. This two-step growth tactic gives a chance to
tune and optimize of experimental conditions step by step and

provides an opportunity for rational design and synthesis of

over

controlled architectures in  nanostructures. The role of
morphology  and  structure of the hierarchical ZnO
nanostructures in  their performance as g@as sensors is

investigated. The results indicate that the grown ZNLs and
ZNFs display significant improvement in acetone sensing in
comparison to other grown nanostructures. These results are
explained  using  photoluminescence  (PL)  studies. The
enhancement in the sensitivity of the gas sensor is ascribed to
more active centers that are obtained from the enhanced oxygen
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vacancy defects on the hierarchical nanostructures as a result of
the increased surface-to-volume ratio and the increased
population of unconventional (0001) polar facets.

Experimental

All reagents in this work were analytical grade. The synthesis
of ZNWs was described in previous report.!® Briefly, a seeded
silicon (Si) substrate was placed in vial containing a 15 mL
growth solution consisting of 25-50 mM zinc nitrate, 12.5-25
mM HMTA, 0.35-045 M ammonium hydroxide and 5 mM
polyethylenimine (PEI) (end-capped, molecular weight 800
g/mol LS, Aldrich). The vial was covered and then placed in an
oven which had been preheated to 90°C for 24 h. After that, the
substrate was then rinsed with DI water and dried in air at 150
°C for 30 min. Then, the ZNWs were uniformly suspended in
deionized water (20 mL) in an ultrasonic bath.

The synthesis of ZNDs was also described in previous report.®
To prepare the ZNDs, a 15 mL vial of the growth solution
consisting of 100 mM zinc sulphate (ZnSO,) and 100 mM
HMTA was placed in an oven and heated to 75 °C for 3 hours.
Then, the grown nanostructures are filtered and washed
thoroughly with ethanol and distilled in water in sequence.
ZNBs and HZNDs were synthesized by using initial ZNWs and
ZNDs as seeds in the second growth stage, respectively. A
suspension of the initial ZNWs or the ZNDs was mixed with
fresh growth solution like the one used to grow the ZNWs
initially. The vial containing the mixture was kept at 90 °C for
5 h. Finally, the grown products were washed thoroughly with
ethanol and distilled in water in sequence, and dried at 80 °C.
ZNLs and ZNFs were synthesized by using initial ZNWs and
ZNDs as seeds in the second growth stage, respectively. A
suspension of the initial ZNWs or the ZNDs was mixed with
fresh growth solution of (100 mM) zinc sulphate (ZnSO,4) and
(100 mM) HMTA. The mixture was then transferred to a vial
and heated to 75°C in an oven for 3 hours. After that, the grown
nanostructures are filtered and washed thoroughly with ethanol
and distilled in water in sequence. The controlled multistage
hydrothermal  synthesis to produce different hierarchical
nanostrcutures is depicted in scheme 1.

The crystal structure of the as-prepared products were analyzed
through the powder X-ray diffraction (XRD) wusing a
Panalytical X-pert diffractometer with Cu Ka radiation. The
morphology and crystal structure of as-prepared products were
observed by (SEM) wusing Philips XL-20 scanning electron
microscope at 10 kV. Scanning transmission electron
microscopy (STEM) and electron diffraction measurements
were performed on a Hitachi HD2300A microscope, operating
at 200 kV. STEM samples were prepared by depositing a drop
of diluted suspension of the nanostructure in ethanol on a
carbon film coated copper grid. Photoluminescence (PL)
spectroscopy was performed at room temperature using a Cary
Eclipse spectrometer with an excitation wavelength of 325 nm.
Nitrogen adsorption—desorption isotherms were measured using
a surface area analyzer (QUADRASORB SI) at 77 K. The
Brunauer-Emmett-Teller (BET) method was applied to
calculate surface areas of ZnO nanostructures.
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Scheme 1. Summary of the impact of the used zinc counter-
ions in each growth stage on the final morphology of the
produced ZnO nanostructure.

Nanostructured gas sensors were fabricated by spin coating
solutions  containing ZnO  nanostructures onto  SiO,/Si
substrates with pre-patterned gold electrodes. The gas sensing
properties were measured using a home-made gas chamber
attached to a Keithley 4200 semiconductor analyzer.

The sensor response, Sy, is defined as Sq = (I - 1)/l where I is
the sensor current value in tested gas environment and I, is the
current value in air. The measurements were performed under
fixed bias. The response time, t,, is defined as the time required
for the current to reach 90% of the equilibrium value after
injecting the gas, and the recovery time, tq, is defined as the
time necessary for the sensor to return to 10% above the
original current value in air after releasing the gas from the test
chamber.

Results and discussion

Morphology and structure

Figures 1(a) and 1(b) show SEM image of an array of ZNWs
and a single ZNW connecting two gold electrodes, respectively.
The corresponding selected area electron diffraction (SAED)
pattern of the ZNWs is shown in figure 1(c). ZNWSs are single
crystal growing along the [0001] direction and their side
surfaces are nonpolar {1010} planes. An SEM image and the
corresponding SAED pattern of a single ZND is shown in
figures 1(d) and 1(e), respectively. Most of the exposed facets
in the morphology of the ZND are the polar [0001] facets. The
XRD patterns of the as-grown ZNWs and ZNDs are shown in
the bottom and top of figure 1(f), respectively. The patterns
indicate that the produced materials are of high crystallinity and

This journal is © The RoyalSociety of Chemistry 2012

Page 2 of 8



Page 3 of 8

RSC Advances

represent the hexagonal wurtzite-type ZnO (JCPDS No. 36-
1451).

Hydrothermally grown ZnO nanostrcutures usually take the
one-dimensional form because the crystal growth rate is higher
in [0001] direction.” In our previous study we found that
different counter-ions of zinc often lead to producing different
crystallite morphologies.’® for the nanodisks, the 2D structure is
a result of anisotropic growth, where the sideways growth is
faster than the axial growth. The charge of the (0001) facet
consisting of Zn?* ions is positive. Consequently, the (0001)
surface can adsorb the zinc counter-ions (SO,%) in the growth
system instead of the hydroxyl anions. As a result, [Zn(OH)]*
needed for the growth are prohibited from attaching onto the
(0001) surface and the nanostructure is forced to grow sideways
instead of the intrinsically anisotropic growth of along the
(0001) direction.’®

ZNDs

(102)
110)

t

ZNWs

[ PR P Y I

30 40 26(deg) o 70
Figure 1. (a) SEM image of a ZNW array, (b) SEM image of a
single ZNW, (c) the corresponding SAED pattern of the ZNWs,
(d) SEM image of a single ZND, (e) the corresponding SAED
pattern of the ZNDs, and (f) the XRD pattern of ZNWs
(bottom) and ZNDs (top).

SEM images at different magnifications of a single ZNB are
shown in figures 2(a)-(c). It is clear that the secondary NWs are

This journal is © The Royal Society of Chemistry 2012
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organizing themselves into regular arrays establishing a 6-fold
symmetry (figure 2(c)). The secondary NWs in the ZNBs grow
on the side surface of a core NW along the [0001] direction. In
the hydrothermal growth system, heterogonous nucleation is
much easier than the homogenous one because the interfacial
energy between crystal nuclei and substrates is smaller than that
between crystal nuclei and solutions.’® Therefore, secondary
NWs can grow on the core ZNW.

- y_/ w5 Em

Figure 2. (a) Low agnification, (b) hngrmtion, and(c)
top view SEM image of a single ZNB; (d) low magnification
top view, (e) high magnification top view, and (f) side view
SEM image of single HZND.

ZNDs were also used as seeds to grow hierarchical ZnO
nanostructures, HZNDs. Top and side view SEM images of a
single HZND are presented in figures 2(d)-(f). Other SEM
images (not shown here) show that the secondary NWs are
grown on both the top and the bottom of the 2D initial ZNDs as
well as the sides. The secondary NWs are grown along the c-
axis with their side surfaces being the nonpolar planes as
evident in the high magnification top view SEM image in figure
2(e). More careful observation to this SEM image show that all
secondary NWs have a flat bottom at the top, which is the polar
(0001) facet. In a different experiment, the ZNDs were

RSC Advances.,2012,00,1-3| 3



RSC Advances

ARTICLE

annealed on Si substrate prior to growth; as a result the growth
only occurred on the top and side surfaces of the ZNDs and
could not grow on the base of the NZDs as show in figure 2(f).

Figures 3(a)-(c) depict SEM images of the ZNLs at different
magnifications. From these SEM images we observe that the
initial NW was forced to continue growing sideways exposing
its [0001] polar facets. Figures 3(d)-(f) show SEM images of a
single ZNF grown from initial ZND using ZnSO, as the source
of Zn?* ions in the secondary growth process. The growth
conditions in the secondary stage were similar to those used in
the synthesis of the initial ZNDs. From the low magnification
SEM image in figure 3(d), we can see that each initial ZND
was transformed into a group of flake-like nanostructures or
nanoflakes (ZNFs). In the higher magnification SEM images,
shown in figures 3(e)-(f), it is evident that these ZNFs are
connected together and grown from the same initial ZND.
Unlike the ZNBs and HZNDs with many secondary NWSs, the
building blocks in the ZNLs and ZNFs are ultra-thin ZnO

sheets with polar exposed facets as shown in the SEM images.

Figure 3. (a) Low magnification, (b) high magnification, and(c)
top view SEM image of a single ZNB; (d) low magnification
SEM image of a group of ZNLs, (e) medium magnification, and
(f) high magnification SEM image of single ZNL.
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In growth processes to produce ZNWs, ZNBs and HZNDs with
zinc nitrate being used as the source of Zn?* in the growth
solution we observed the formation of 1D nanostructures due to
the faster crystal growth along the [0001] direction. However,
the case was different when the source of Zn?* in the growth
solution was changed to zinc sulphate, which led to the
production of ZNLs and ZNFs. There are reports in the
literature stating that different counter-ions of zinc often lead to
producing different crystallite morphologies. 8

In the present case, the shape of the ZNLs is due to anisotropic
growth in the second growth stage, where the lateral growth
rate is much greater than the growth rate in the c-axis direction
as depicted in scheme 2. The effective charge on the outermost
layer of the (0001) facet consisting of Zn?" ions is positive.
Thus, the counter-ions (SO,%) in the second growth solution
could be adsorbed on the (0001) surfaces, substituting for
hydroxyl anions and hindering the attachment of growth units
of [Zn(OH),]* onto the (0001) polar facets of the initial ZNWs
(Stage A of scheme 2). Consequently, the intrinsically
anisotropic growth of ZnO along the (0001) direction is
substantially suppressed and crystal growth then proceeds
sideways. New ZnO structures start to grow on the nonpolar
sides of the initial ZNW. The growth of the secondary
nanostructures is in (0001) direction from the nonpolar facets,
similar to the growth of secondary NWs in the ZNBs, will
transform most the exposed nonpolar facet into polar facet
(Stage B of scheme 2). After that, the SO, ions substitute for
hydroxyl anions again and hinder the attachment of growth
units of [Zn(OH)4)* onto these (0001) polar facets of the
secondary grown nanostructures directing the growth sideways.
It is basically growing secondary ultra-thin sheets from the
nonpolar side facets of the initial ZNWs (Stage C of scheme 2).
The secondary ultra-thin sheets keep on growing until the final
structure takes a leaf shape (Stage D of scheme 2).

Growth direction
Pig N B

Initial
Zn0
NW

Zn0
Nanoleaf

Scheme 2. A scheme showing the formation of a ZnO nanoleaf
from initial ZNW.
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The optical properties of the as-grown ZnO structures with
different morphologies were investigated by analyzing their
room-temperature PL spectra shown in Figure 4. From the
curves, we can see two bands for each nanostructure. The first
is a luminescence band centered at 386 nm and the second is a
broadband in the region of 450-850 nm. The six investigated
nanostructures evidently show the following intensity order for
the broad luminescence band: ZNFs > ZNLs > HZNDs > ZNBs
> ZNDs > ZNWs. For the peak centered at 386 nm, ZNWs have
the relatively highest intensity. In general, these PL spectra are
similar to the ZnO PL spectra reported in literature.’®%® The
peak centered at 386 nm (3.22 eV) is generally attributed to the
near band-edge emission of ZnO (3.37 eV) and the
recombination of free excitons. On the other hand, it was
reported that the broad band in the visible light region is a result
of the oxygen vacancies at the surface of ZnQ.1%%

Intensity (a.u.)

550
Wavelength (nm)

750 950

Figure 4. PL spectra of the different ZnO morphologies.

It was reported that the surface properties of metal oxides such
as heterogeneous catalysis, corrosion inhibition and gas sensing
are significantly affected by the defects at their surfaces.?'??
many studies can be found on the theoretical calculations and
experimental data regarding the role that the intrinsic defects
play in the chemistry of ZnO surface and the chemisorption
effects.’??®  Moreover, the mechanism behind the oxygen
vacancies induced enhancement in gas sensing capabilities of
ZnO has been investigated.® The interaction between ZnO
surfaces having high density of oxygen vacancies and gas
molecules is improved by greatly due to the high surface
adsorption of oxygen on these surfaces.

The visible region intensity attributed to the density of oxygen
vacancies varies with different ZnO morphologies, ZNFs >
ZNLs > HZNDs > ZNBs > ZNDs > ZNWs. The correlation
between the green band emission and the morphology of ZnO
structure was investigated in a study that concluded that the
highest green band intensity corresponded to the morphology
with the highest surface-to-volume ratio (the highest density of
surface oxygen vacancies).? In this study, the BET analysis for
the different nanostructures was performed and the surface area

This joumnal is © The Royal Society of Chemistry 2012
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measured for the ZNFs, ZNLs, HZNDs , ZNBs , ZNDs and
ZNWs are 49.2, 44.8, 533, 416, 25 and 235 m%g?l
respectively. Clearly, the ratio of the surface-to-volume of the
grown hierarchical ZnO nanostructures is much higher than that
of their initial mono-morphological ZNDs and ZNWs. These
observations strongly suggest that there is a strong correlation
between the density of oxygen vacancies and the surface-to-
volume ratio of ZnO and agree with the conclusions of the
previous study in the literature.?

Nevertheless, the surface-to-volume ratios of the ZNFs and
ZNLs are comparable and less than that of the HZNDs and still
show larger oxygen vacancies. The morphological and
structural analyses of the different grown structures performed
and discussed earlier indicate that this is due to the increased
population of exposed polar facets in the ZNFs and ZNLs.

Gas sensing properties

Hierarchically designed ZnO nanostructures with high surface-
to-volume ratios hold many promises as high performance gas
sensors. Furthermore, the creation of junctions between the
initial  ZnO nanostructure and secondary nanostructure is
known to enhance the density of active sites and improve the
gas sensing properties in general.®* The increase in the polar
exposed facets after growing secondary nanostructures on the
initial ZNW with totally nonpolar exposed facets is another
reason to improve the gas sensing properties as discussed
earlier® For the above mentioned aspects, the produced
hierarchically designed nanostructures are likely to preform
highly as gas sensors in comparison with the mono-
morphological nanostructures.

Six different types of gas sensors have been fabricated based on
ZNWs, ZNDs, ZNBs, HZNDs, ZNLs and ZNFs. All the
fabricated devices are based on single nanostructure. The
operating temperature is known to have a great impact on the
sensitivity of ZnO gas sensors, therefore all sensors have been
tested at a range of temperatures to figure out the optimum one
for acetone detection. Figure 5 shows the responses of the three
different sensors to 200 ppm acetone as a function of the
operating temperature. It is noted that the tested sensors become
more sensitive as the operating temperature increases up to a
certain temperature value and then become less sensitive to
acetone with a further increase in temperature. ZNW, ZND,
ZNB, HZND, ZNL and ZNF sensors showed their highest
sensitivity at 325, 375, 400, 425, 400, and 425 °C respectively.
This observation can be explained as follow. This type of metal
oxide sensors require enough thermal energy to activate. At low
operating temperature, the chemical activation is not enough
causing the sensitivity to be low as well. On the other hand, at
relatively very high operating temperatures, the activation is
improved significantly and acetone molecules that are adsorbed
on the nanostructure surface are forced to leave the surface
before exchanging charges. Consequently, sensors are less
sensitive at relatively high operating temperatures.

The difference in optimum operating temperature of the tested
sensors may originate from their different oxygen absorption
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capabilities. From room temperature, the conductivity of the
nanostructure increases as the operating temperature starts to
increase due to the enhanced density of thermally excited
electrons. After sometime and around 175 °C, the conductivity
of the nanostructure shows signs of decrease due to
chemisorption of oxygen on its surface which lowers the
density of electrons in the conduction band of ZnO. The two
opposite processes which are thermal excitation and oxygen
chemisorption processes keep on going with two opposite
effects until chemisorbed oxygen species cover the entire
surface of ZnO nanostructure causing the optimum sensor
response. After this level of operating temperature, the process
of electrons thermal excitation prevails and no more oxygen
can be adsorbed leading to lower sensor response. Figure 5
shows that the order of the optimum operating temperature of
the six sensors (ZNF)remp > (HZND)temp > (BNW)remp >
(ZNL)temp > (ZND)temp > (ZNW)temp, Which the same order of
their ability to absorb oxygen species as confirmed by the PL
analysis except for ZNL sensor. Hence, we suggest that the
optimum operating temperature of gas sensors depends greatly
on nanostructure capability to absorb oxygen. The ZNL
exception could be due to the extra self-heating caused by the
current passing through the relatively ultrathin sheets of ZNL.%

200 | ——7NFs

—a—7NLs
150 -|=—=—HZNDs
—=7NBs
——7NDs
100 -
op —7NWs
7))
50 -
0 [ [ [ |
100 200 300 400 500

Temperature (°C)

Figure 5. Sensor response versus operating temperature curves
of the six sensors at 200 ppm of acetone.

The sensitivity of the six gas sensors as functions of acetone
concentration as represented by the curves is shown in figure 6.
All sensors were tested at their optimum operating temperature.
At all acetone concentration levels, the order of sensors
responses is as follow: ZNFs > ZNLs > HZNDs > ZNBs >
ZNDs > ZNWs. The ZNF sensor showed the highest
sensitivity, while the lowest sensitivity was shown by the ZNW
sensor. It is obvious that sensors fabricated based on
hierarchical nanostructures are more sensitive than those of the
initial mono-morphological nanostructures over the entire range

6 | RSC Advances., 2012, 00, 1-3

of acetone concentrations. Furthermore, hierarchical
nanostructures  assembled from 2D nanostructure building
blocks with more exposed polar facets are more sensitive than
hierarchical nanostructures assembled from 1D nanostructure
building blocks with more exposed nonpolar facets.

~7NFs
400 +7NLs
s +HZNDs
200 +7NBs
+7ZNDs
-+7ZNWs

0 500 1000 1500 2000
Gas Concentration (ppm)

Figure 6. Sensor response as function of acetone concentration
of the six sensors.

Beyond concentration values of 1000 ppm, sensors that are
fabricated based on mono-morphological nanostructures started
to saturate. On the other hand hierarchically designed sensors
did not saturate until concentration value of 2000 ppm. This
observed phenomenon originates from the following concept.
When the number of gas molecules is small in comparison with
adsorbing sites on the surface of the nanostructure, the reaction
between them is the rate-determining step. The relationship
between the sensitivity and gas concentration is linear.
Consequently, nanostructures with higher density of adsorption
sites on their surfaces like hierarchical nanostructures in this
case saturate at higher levels of gas concentration.

The response characteristics of the six fabricated ZnO sensors
to 100 ppm acetone are shown in figure 7. The response times
of ZNW, ZND, ZNB, HZND, ZNL, and ZNF sensors are 10, 9,
3, 2, 5 and 2 s, respectively, while the recovery times are 15,
14, 6, 4, 9 and 4 s, respectively. Evidently, sensors fabricated
based on hierarchical nanostructures are faster than those based
on mono-morphological nanostructures. Also, ZNF and HZND
sensors showed the fastest responses among all sensors which
could be a result of their higher operating temperature.
Comparing the obtained response time values with those
reported previously in the literature ranging from 30 to 500 s,
one can see the significant improvement in using hierarchical
nanostructures in gas sensing.28%’

This journal is © The RoyalSociety of Chemistry 2012
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Figure 7. Sensor response characteristics of the six sensors to
100 ppm of acetone.

The detection limit of all fabricated sensors was investigated by
recording their responses to acetone concentration levels
ranging from 50 ppb to 1 ppm. The response of the sensor
fabricated based on a single ZNL tested at 375 °C is shown in
figure 8. Only the ZNL sensor was able to sense at this range of
concentration levels. In fact, it showed a reliable and
impressive performance in comparison not only to the other
tested sensors in this study but also to those reported previously
in the literature.?®>” The response time and recovery time of the
ZNL sensor to 1 ppm acetone are about 12 and 16 s,
respectively.

1 ppm
9 _
500 ‘ﬁ
ppb |
6 - 300 1
Sl 200 Ppb | 1

0 200

400
Time (s)

Figure 8. Sensor response versus time curve of the ZNF sensor
in the range of (0.05—1 ppm).

The sensing mechanism of the fabricated ZnO gas sensors
mainly depends on the impact of adsorption and desorption

This joumnal is © The Royal Society of Chemistry 2012
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processes of gas molecules on the surface of exposed sensing
material. Using the depletion region modulation model, the
mechanism can be described as follow.?® At ambient
conditions, oxygen species are adsorbed on the surface of ZnO
nanostructures and interact with free electrons from the
conduction band. As a result of this interaction, chemisorbed
oxygen species including O,", O, and O* are formed. Once
acetone gas is presented, its molecules undergo oxidation
process with the adsorbed oxygen on the surface of ZnO. As a
result of the oxidation process, previously captured electrons
will be liberated and sent back to the conduction band of ZnO
nanostructure as represented in Eq. (1):%®

CH3COCH; + 80 (534 © 3CO, + 3H,0 + 8¢~ 1)

The enhanced performance of ZnO gas sensors can be
explained by considering surface defects. The PL analysis
showed that there is a higher surface defects density in the
hierarchical nanostructures in comparison with their mono-
morphological counterparts for several reasons including the
higher surface-to-volume ratio and the creation of many
junctions between the secondary and initial nanostructures,
which are thought of as the active sites that can improve the
sensitivity.>®>  Moreover, the PL analysis proved that
nanostructures with more exposed polar facets possess higher
density of surface defects. So, hierarchical nanostructures with
more exposed polar facets such as ZNFs and ZNLs have a
higher concentration of electron donor induced oxygen vacancy
defects, resulting in the formation of more surface oxygen
species. In other words, in ZNFs and ZNLs a higher density of
electrons will be captured from the conduction band creating a
larger depletion region.

The superior gas sensing properties of ZNFs and ZNLs over the
HZNDs and ZNBs can be attributed the polarity of their
exposed facets since they have comparable or even less surface-
to-volume ratios. It was reported that absorption of oxygen
species and gas molecules depend significantly on the surface
atomic structures.* The positive termination of (0001) facet
improves the capability of absorbing O, physically or
chemically because of the unsaturated oxygen coordination.
Therefore, the (0001) facet possesses the highest chemisorption
capability.

ZNFs and ZNLs are assembled from 2D ZnO nanostructure
building blocks and the dominating exposed facets are the
(0001) ones, which enhance their gas sensing properties greatly.
On the other hand, HZNDs and ZNBs are assembled from 1D
ZnO nanostructure building blocks and the dominating exposed
facets are the nonpolar {1070} planes, which does not allow
their gas sensing properties to be as good as those of ZNFs and
ZNLs.

Conclusions

In conclusion, novel hierarchical ZnO nanostructures with
different fractions of exposed polar facets were rationally
synthesized on a large scale through a simple and economical
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hydrothermal route. Control experiments revealed that the
formation of these hierarchical structures depends significantly
on the type of the zinc counter-ions. Essentially, the grown
hierarchically structured ZnO have displayed a strong structure
induced enhancement of gas sensing performance toward
acetone and fast response compared to that of their mono-
morphological counterparts. This is primarily attributed to their
high surface-to-volume ratio, increased population of active
(0001) exposed facets as well as the creation of junctions
between the secondary and initial nanostructures. The presented
technique to produce hierarchical ZnO nanostructures with
rational control over their morphology and size is also expected
to be useful for other applications such as dye-sensitized solar
cells and photocatalysis.
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