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ABSTRACT: ZnO nanopyramids (NPys) with exposed crystal
facets of {101̅1} were synthesized via a one-step solvothermal
method, having a uniform size with a hexagonal edge length of
∼100 nm and a height of ∼200 nm. Technologies of XRD,
TEM, HRTEM, Raman, PL, and XPS were used to characterize
the morphological and structural properties of the products,
while the corresponding gas sensing properties were
determined by using ethanol as the target gas. For the overall
goal of defect engineering, the effect of aging temperature on
the gas sensing performance of the ZnO NPys was studied. The
test results showed that, at the aging temperature of 300 °C, the
gas sensing property has been improved to the best, with the fast response-recovery time and the excellent selectivity, because the
ZnO300 has the most electron donors for absorbing the largest content of O2−. Model of defect redistribution was used to
explicate the changing of the surface defects at different aging temperatures. The findings showed that, in addition to VO, Zni was
the dominant defect of the {101 ̅1} crystal facet. The gas sensing performance of the ZnO NPys was determined by the contents
of VO and Zni, with all of the defects redistributed on the surface. All of the results will be noticeable for the improvement of the
sensing performance of materials with special crystal facet exposing.
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1. INTRODUCTION

ZnO nanomaterials, with a high band gap of 3.37 eV and a large
exciton binding energy of 60 meV, were used widely in solar
cells, UV lasing devices, photocatalysts, gas sensors, wherein
crystal facet exposing and defect distributions play important
roles in their performances.1−4 Among them, gas sensors have
become more and more important for detecting VOCs for
environmental and security purposes.3,5 Many efforts have been
made to improve the gas sensitivity and selectivity of ZnO
sensors by optimizing their morphologies and crystal structures,
such as nanofibers,3 nanorods,2,5 and nanoflakes.6 As ZnO
nanopyramids (NPys) were a material with particular crystal
facets exposing of the {101 ̅1} facet, they should be a promising
candidate for gas sensing. However, because the {101 ̅1} facet
has a high surface energy and a fast growth rate, it is difficult to
synthesize the materials with this facet exposing, and there are
severely few applications of these materials as gas sensors.7

Hence, nonaqueous synthesis has become a hot point, as it is
capable of preparing nanocrystals with small sizes and particular
crystal facets exposing.8,9 Also, compared with the aqueous
methods, this approach is more convenient and less time-
consuming. Thus, it has been widely used to control
nanostructures with special morphologies for several
years.10−12 In this study, ZnO NPys were synthesized via a
nonaqueous method, using oleylamine as a surfactant. The
products would be of a narrow size distribution, with the

particular crystal facets of the {101̅1}. Furthermore, the low
amount of organic surfactant used was considered to be
necessary to avoid the effect of them on gas sensing
performance, in order to obtain good accessibility of the
micronanostructure of the surface.
Besides their morphologies, the nonstoichiometry (i.e.,

crystal defect) on crystal surface is considered to be a key
factor in determining properties of ZnO nanomaterials,13,14 and
the oxygen-related defects are proved to be linearly propor-
tional to the gas sensing properties.2,15,16 However, few studies
are concerned about enhancing the gas-sensing properties by
tuning the microstructure of ZnO nanomaterials. In addition, as
the sensing materials usually need to be aged to get a better
stability, there should be some defect redistributions on their
surface due to the lattice creep and lattice reconstruction.15,17

Neil indicated that, during the thermal activation, the low
oxygen partial pressure of the system promotes oxygen anions
(O2−) to react and form oxygen molecules (O2), and the
formed oxygen molecules are then removed from the surface to
create oxygen vacancies, which is critical to the activity of a
catalyst.15 Moreover, as the {101 ̅1} facet of the synthesized
ZnO NPys is calculated to be more unstable than the {0001}
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and the {101 ̅0} facets;7,11 in order to reduce its surface energy,
there should be a large scale of nanoscopic defect
reconstruction on it during the aging process, which leads to
a significant effect on its sensing performance.18 Thus, it is
necessary to choose a proper aging condition to get a better
sensing property. The aging temperature of the ZnO NPys
cannot be set as high as those of other reports.19,20 Moreover,
in addition to the deep donor oxygen vacancy (VO), zinc
interstitial (Zni) as a shallow donor would have a competition
with VO to absorb more oxygen.21 Additionally, due to their
different formation energies,22 the distribution of them on the
{101̅1} facet should also be quite different from the {0001} and
the {101̅0} facets, which have not been studied earlier.
Thus, on the basis of anhydrously synthesizing ZnO NPys

with uniform size and high crystallinity, the effect of aging
temperature on sensing performance was studied in our work.
In addition, the mechanisms of various sensing properties were
discussed via the specific defect reconstruction of the {101 ̅1}
crystal facets, and a model of depletion layer changing was built.

2. EXPERIMENTAL SECTION
Dodecanol (DDL) was purchased from Tianjin Fuchen Chemical
Reagents Factory. Oleylamine (OAM) was bought from Shanghai
Aladdin Reagents. Zinc acetate dihydrate and the absolute ethanol
used throughout the experiments were purchased from Beijing
Chemical Works. All the chemicals above were of analytical grade
and were used without further purification.
2.1. Synthesis of the ZnO NPys. The ZnO nanopyramids were

synthesized via a solvothermal method as reported in previous work.11

Briefly, 0.5 mol (0.2195 g) zinc acetate was dissolved in the mixed
solution of 3 mL of OAM and 6 mL of DDL until a transparent
solution was obtained. Then the obtained solution was heated to about
180 °C and kept for 2 h, and a milky white suspension appeared. After
the reaction, the precipitate was filtered and rinsed with 75 °C absolute
ethanol and cyclohexane several times and dried in the vacuum at 60
°C for 10 h.
2.2. Characterizations. The crystal phase and crystallinity of the

synthesized ZnO NPys were recorded via X-ray diffraction (XRD)
using Cu Kα radiation (λ = 0.154 06 nm) at a scanning rate of 10°/
min in the range 20−90°. The IR spectra of the ZnO NPys were
measured on a 370MCT Fourier transform infrared spectrometer in
the range 400−4000 cm−1 at a resolution of 4 cm−1. The morphologies
of the products were observed on an S-4700 field emission scanning
electron microscope (SEM) and a Tecnai G220 transmission electron
microscope (TEM), and the high-resolution transmission electron
microscope (HRTEM) and the selected area electron diffraction
(SAED) patterns were recorded on a J-3010 microscope. The UV−vis
diffuse reflectance spectra (UV−vis DRS) of the products were
obtained by using a JMNU-3010 UV−vis spectrophotometer equipped
with an integrated sphere reflectance accessory, and the baseline
correction was done by using BaSO4. The PL spectra were measured
on a Hitachi Model F-7000 PL spectrophotometer at room
temperature with the excitation wavelength of 325 nm. The Raman
spectra were obtained on a Horiba Jobin Yvon Aramis spectrometer
operating with an excitation wavelength of 532 nm. X-ray photo-
electron spectroscopy was collected on a VG Scientific ESCALAB
250X using Al Kα excitation (calibrated C 1s = 248.4 eV), with the
whole spectra resolution of 1.0 eV and the fine resolution of 0.5 eV.
2.3. Gas Sensing Test. The gas sensor chosen here is of the side-

heated type. For the fabrication of a gas sensor, a proper amount of the
ZnO NPys were ground in an agate mortar together with several drops
of ethanol to form a sensing paste. Then, the paste was coated on the
outer surface of an alumina ceramic tube attached with a pair of Au
electrodes and four Pt wires and then dried in the air. To improve their
thermal stability and repeatability, the sensors were aged for 24 h
before test. Then, a piece of Ni−Cr alloy inserted through the inner
tube was employed as a heater to control the operating temperature,

while allowing for the control of working temperature by adjusting the
heating voltage. Figure 1 shows the schematic diagram of the sensor

and the measuring electric circuit. The sensitivities of the sensor
toward test gases were measured on a WS-30A gas sensing test system
(Winsen Electronics Technology Co. Ltd., Zhengzhou, China) at a
relative humidity (RH) of 30 ± 10%, and the humidity did not show
any significant effect on the sensing response. The gas sensitivity of the
sensor, Sg, is defined as Rg/Ra, to oxidative gases, and Ra/Rg, to
reductive gases, respectively, where Rg is the electrical resistance of the
sensor in the presence of the analyzed gas and Ra is that in the air.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Characterizations.

Figure 2 shows the XRD patterns of the synthesized ZnO

NPys. All of the diffraction peaks can be well-indexed to the
hexagonal wurtzite structure (shown in the inset of Figure 2).
The calculated lattice constants a = 3.254 Å and c = 5.215 Å
were consistent with the standard values of the JCPDS card no.
36-1451, which shows the good crystallinity of the products.
The SEM image shown in Figure 3a with a 3D model of single
pyramid (inset) reveals that the hexagonal pyramid-shaped
ZnO nanocrystals were of uniform size with a basal edge length
of ∼100 nm and a height of ∼200 nm. Figure 3b,c exhibits the
corresponding TEM images of the ZnO nanopyramid. As
labeled in Figure 3b, the angle between the opposite edges of
the pyramid is 64°, while the angles between the edges and the
basal plane are around 58°, which are consistent with the
hexagonal pyramid structure.7,10 Figure 3d shows the HRTEM
image of the basal plane as red marked in Figure 3c, with a

Figure 1. (a) Schematic diagram of the sensor. (b) Illustration of the
measuring electric circuit.

Figure 2. XRD patterns of the ZnO NPys with the illustration of the
wurtzite structure.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506206c | ACS Appl. Mater. Interfaces 2015, 7, 308−317309



lattice fringes of 0.28 nm, which corresponds to the distance
between the (100) planes. The result indicates that the pyramid
growth direction is along the [0001] axis, which is in agreement
with the SAED pattern, as shown in the inset of Figure 3d.
Thus, owing to the growth direction and the hexagonal pyramid
structure, the exposed side surfaces of the ZnO NPys are
identified as the {101 ̅1} facets with the basal crystal plane of the
{0001} facet. Compared with the nonpolar crystal facets of

other ZnO nanorods and ZnO nanoflakes,10,12 due to its large
percentage content, the crystal plane {101̅1} may probably be
the dominant exposed facet of the ZnO NPys. Moreover,
because the polar {101 ̅1} plane seems to have the highest
surface energy and usually grows too fast to be seen in the final
shape of the crystal,11,23 the surfactant OAM used here does
not only serve as the capping agent but also reduces the surface
energy of the {101̅1} facet, resulting in a relatively slow growth
rate and a stable exposed facets of the ZnO NPys.23,24

3.2. Gas Sensing Test of the ZnO NPys. Due to the
particular {101 ̅1} crystal facets exposing, the gas sensing
performances of the as-prepared ZnO NPys were characterized
in terms of the nonstoichiometric crystal defects on its surface.
To avoid the morphological change and the agglomeration of
the high temperature calcinates (Supporting Information Figure
S1), the ZnO NPys aged at lower temperatures for 24 h were
studied. Four different aging temperatures were chosen to study
the effect of aging condition on their gas sensing properties: the
product synthesis temperature 180 °C, the usual sensing
temperature 250 °C, the general aging temperature 300 °C, and
a higher aging temperature 400 °C, with their products being
denoted as ZnO180, ZnO250, ZnO300, and ZnO400, respectively.
The sensing properties to 100 ppm ethanol of the ZnO NPys

aged at different temperatures were evaluated by determining
the optimum operation temperature as shown in Figure 4a. As
we can see, the gas responses of all the sensors enhanced with
the temperature increasing in the range 195−225 °C, and
reduced when the temperature was above 225 °C. They
showed a maximum response at the low temperature of 225 °C.

Figure 3. (a) SEM image of the synthesized ZnO NPys with a 3D
structure model (inset). (b) TEM image of the ZnO NPys. (c) TEM
image of the hexagonal basal plane of the ZnO nanopyramid. (d)
HRTEM image of the red marked region and its corresponding SAED
pattern.

Figure 4. (a) Responses of the ZnO NPys to 100 ppm ethanol versus operating temperature. (b) Sensitivities of the ZnO NPys to 100 ppm toxic
gases and 100 ppb NO2 under the optimum working temperature of 225 °C. (c) Gas response-recovery curves of the ZnO NPys. (d) Continuous
response-recovery curves of the ZnO NPys to ethanol at different concentrations.
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That was because, at low temperatures, the absorbed ethanol
molecules are not sufficiently activated to conquer the energy
barrier to react with the absorbed oxygen. Nonetheless, at the
temperatures higher than the optimum, the stably absorbed
ethanol molecules begin to desorb in a large quantity, which
causes a low gas response.25 Comparing the gas responses of
the different sensors, it can be easily concluded that the ZnO300
has the highest sensitivity to 100 ppm ethanol with the
response of approximately 45. The result indicates that, among
different aging temperatures, 300 °C may be the best aging
temperature, which is quite different from other reports.26,27 In
addition, in contrast to the sensing results of those high
temperature calcinates as shown in Supporting Information
Figure S2, it can be obviously concluded that the morphological
changing and agglomeration have an enormous effect on their
sensing properties. Thus, for the synthesized ZnO NPys, the
lower temperature aging is more preferable for the surface
defect engineering. Figure 4b exhibits the selectivity of the gas
sensor to various toxic gases; all of the sensors show a
preferable response to ethanol as compared to other reductive
gases and exhibit almost no sensitivity to the oxidative gas of
NO2. The result illustrates that, compared with other
reports,26−28 the synthesized ZnO NPys can be a good
candidate for ethanol detecting due to its superior selectivity to
ethanol.
Figure 4c demonstrates the curves of response-recovery time

measured at the optimum working temperature, wherein the
response time is defined as the time taken to reach 90% of the
total resistance change after the detected gas was injected, and
the recovery time is defined as the time taken to return to 10%
of the total resistance change after the detected gas was
removed. It can be concluded that, as the aging temperature

increases, the response times of ZnO180, ZnO250, ZnO300, and
ZnO400 were calculated to be 12, 10, 10, and 15 s, respectively,
while the recovery times were calculated to be 15, 9, 9, and 8 s,
respectively. The result shows that the ZnO300 has a shorter
response-recovery time than the others, which may be
attributed to the greater number of donor defects in crystal.
These defects make the nanostructure unstable and able to
react with O2 or reducing gases; hence, a fast absorption−
desorption process was obtained.29 The continuous response-
recovery curves of the sensors upon exposure to ethanol at
different concentrations are shown in Figure 4d. It can be
observed that the response largely depends on the ethanol
concentration, and all of the sensors show good reversibility to
return to the base resistance with fast recovery rate. In
conclusion, the fast response-recovery time, the lower working
temperature, the higher gas response, and the prominent
selectivity all suggest that thanks to its high crystallinity,
uniform subsize, and particular facet exposing of {101̅1}, the
ZnO NPys will be an ideal candidate for ethanol detecting.
Further, compared with other works reported earlier, the ZnO
NPys exhibit a much better gas response to ethanol, as shown
in Table 1.
Figure 5a exhibits the corresponding responses of the aged

ZnO NPys to ethanol in the concentration range 5−155 ppm.
It is apparent that the responses of the sensors improve with
the gas concentration increasing, and the growth slows down
gradually. The results are consistent with other materials.25,30

Furthermore, the real response of the sensor at the
concentration of 5 ppm also confirms that the detection limits
of the sensing should be even less. Then, the response data
were processed via a double logarithmic treatment, in order to
make them be consistent with the gas absorption model of

Table 1. Comparing with Ethanol Responses of ZnO Sensors Obtained in Prior Reports

structure ethanol concentration working temperature response res/rec time refs

ZnO nanopyramids 100 ppm 225 °C 43.2 11/8 s present work
ZnO nanoflakes 100 ppm 320 °C 24.3 3/15 s 6
ZnO nanopyramids 300 ppm 350 °C 9.3 10
ZnO nanopyramids 250 ppm 260 °C 5.72 8/48 s 27
ZnO nanorod arrays 100 ppm 230 °C 20 28
ZnO nanorods 100 ppm 320 °C 26 60/50 s 30
ZnO nanoflowers 100 ppm 300 °C 33.1 2/20 s 31

Figure 5. (a) Gas responses of the aged ZnO NPys as a function of ethanol concentration at 225 °C with their corresponding log(Sg − 1) versus log
Cg curves (inset). (b) Sensing stability of the ZnO300 for nearly one month.
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semiconductors. The gas absorption on the surface of a
semiconducting-oxide-based sensor can be described empiri-
cally as32

= +S aC1 b
g g (1)

where Sg is the sensitivity, Cg is the concentration of the test
gas, and a and b are constants depending on the electrical
charge of the surface species and the stoichiometry of the
elementary reactions on the surface. It is reported that when b
is 0.5, the adsorbed surface oxygen ion is O2−, while it changes
into O− when b is 1.32,33 Thus, if the value of b is calculated, the
oxygen ion species adsorbed on the surface of the ZnO NPys
can be deduced. Equation 1 can be rewritten as

− = +S a b Clog( 1) logg g (2)

From eq 2, it can be seen that log(Sg − 1) has a linear
relation with log Cg, with b being the slope value, which can be
easily obtained from the slope of a log(Sg − 1) ∼ log Cg curve
(inset of Figure 5a). As can be observed from Figure 5a (inset),
there is a good linear relation between the logarithm of the
sensitivity and the logarithm of the concentration for all the
sensors. Furthermore, the b values are all relatively close to 0.5,
which implies that the oxygen species absorbed on the ZnO
NPys is almost O2−. As the adsorbed O2− species is much more
unstable and energetic than others (O2, O2

−, and O−), the large
quantity of the adsorbed O2− may account for the high
response of the as-prepared ZnO NPys.33 For the ZnO300, as its
b value is the largest, it shows the best sensing property. Figure
5b shows the stability result of the ZnO300 to 100 ppm ethanol,
with the test humidity remarked above. It can be speculated
that humidity is not the overwhelming influence factor of the
sensing performance. The sensor exhibited nearly a constant
response during 30 days, confirming the good stability of the
aged ZnO NPys.
3.3. Surface Characterizations of the ZnO NPys. As we

all know, the sensing mechanism of ZnO gas sensor can be
recognized as being surface-controlled. It is the content of
adsorbed oxygen that determines its gas response, which is
closely in proportion to the surface defects of the sensor.22−24

The crystal defects of ZnO nanomaterials can be classified into
two element species, wherein zinc interstitial (Zni), zinc
vacancy (VZn), and zinc antisite (ZnO) belong to zinc defects,
and oxygen interstitial (Oi), oxygen vacancy (VO), and oxygen
antisite (OZn) belong to oxygen defects. The ZnO is considered
to be unstable and needs high energy to be produced, even in a
Zn-rich atmosphere, and thus is ruled out in common studies.34

Among the left five types, Zni and VO give rise to free electrons
in ZnO crystal, acting as electron donors, while VZn, Oi, and
OZn consume free electrons, playing an opposite role. By
contrast, it can be considered that these donor defects will act
as active sites for the chemisorption of the atmospheric oxygen
during gas sensing, and make the reaction go forward in the
positive direction, while the acceptor defects act oppositely.14,33

Hence, for a reasonable explanation on the various sensing
properties, characterizations of the surface structures were used
to get a deeper understanding of the intrinsic defects.
The TEM images of the products aged at different

temperatures are shown in Figure 6a−d. It is apparent that,
at the higher aging temperature of 400 °C, the apexes of the
pyramids become smooth with large morphological change,
while at lower temperatures the features can maintain well.
Therefore, it can be confirmed that the aging temperature has a

significant effect on the gas sensing properties of the ZnO
NPys. The high-temperature calcination would lead to a crystal
deformation in the form of defect and atom reconstruction,
which causes a negative effect on the sensing performance.
Compared with the TEM and SEM images of the ZnO NPys
after gas sensing test (Supporting Information Figure S3), the
products maintained the morphology well, which also
demonstrates the good stability of the ZnO NPys. In addition,
similar to the IR results of the high temperature calcinates
(Supporting Information Figure S4a), the IR spectra of the
different aged products are shown in Supporting Information
Figure S4b, with several peaks lying in the range 400−4000
cm−1. To be more specific, the bands at 3420, 1630, and 1350
cm−1 are assigned to the stretching vibration and bending
vibration of the absorbed water on the surface. The band at
2359 cm−1 is correlated to the carbon dioxide, while the band at
500 cm−1 corresponds to the typical E2 mode of the hexagonal
ZnO.35 No other peaks are found, confirming that, after being
aged at the lower temperature of 180 °C for 24 h, the surfactant
molecules adsorbed on ZnO surface were completely removed
and had no effect on sensing properties.
UV−vis diffuse reflectance spectroscopy was used to study

the band gap and the electron states of the aged ZnO NPys, as
shown in Supporting Information Figure S5. It can be observed
that all of the products have a strong adsorption around 390
nm in the UV region, corresponding to the band to band
transition.36,37 As a direct-band semiconductor, the relation
between the absorption coefficient (α) and the incident photon
energy (hυ) of ZnO nanomaterial can be written as38

α υ υ= −h C h Eg( )1/2
(3)

where C is a constant and Eg is the band gap. By extrapolating
the linear portion of the (hυ) ∼ (αhυ)2 plot to (αhυ)2 = 0, the
band gap energy may be equal to the horizontal intercept of the
x axis, as shown in Supporting Information Figure S6. It can be
concluded that the product aged at 300 °C has the smallest
band gap of 3.28 eV, while the Eg values for ZnO180, ZnO250,
and ZnO400 are 3.30, 3.29, and 3.32 eV, respectively. The
smaller the Eg is, the less energy the electron needs for
transition. Thus, there may be more free electrons on the
ZnO300 surface, which can attract more adsorbed oxygen
species. Moreover, the decrease in the band gap value also
confirms the presence of more oxygen vacancies, which
indicates that the ZnO300 may have the most electron donors,
leading to a better sensing property than the others.39

Furthermore, the negligible differences between the products
can also reveal that there is not severe morphology changing
but the microcosmic changing in the form of defect
redistribution on their surfaces.
As it is well-established that the luminescence of ZnO

nanomaterial originates from the photoinduced electron−hole
combinations or the intrinsic defects,34,38 the PL character-
ization was used to determine the specific percentage of each

Figure 6. TEM images of the ZnO NPys aged at different
temperatures for 24 h: (a) ZnO180, (b) ZnO250, (c) ZnO300, (d)
ZnO400.
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intrinsic defect in the ZnO NPys. As shown in Supporting
Information Figure S7, according to their originations, the
whole PL spectrum in the range 360−600 nm can be Gaussian
deconvoluted into seven parts.40,41 The sharp ultraviolet (UV)
peak at ∼375 nm is attributed to the exciton emission from
conduction band to valence band (CB−VB combination). The
UV emission peaks at ∼395 and 420 nm can be indexed to the
shallow donor Zni. The peak at ∼460 nm is associated with VZn.
The peak at ∼490 nm is attributed to VO. The peak at ∼520
nm is related to OZn, while the origins of yellow and orange
luminescence above 540 nm are attributed to Oi. The
compositions of these defects are summarized in Table 2. It

can be suggested that since the content of the electron donors
of the ZnO NPys is higher than that of ZnO nanoparticles
(19.1%),34 (35.5%),40 and nanorods (39.77%),42 the ZnO
NPys exhibited a much higher response to ethanol. In addition
to VO, the Zni is the dominant defect on the {101 ̅1} crystal
facet of the ZnO NPys, which is different from other
materials.38,42 Furthermore, by a deep comparison, the electron
donors (DL) increase and the electron acceptors (AL) decrease
in the temperature range 180−300 °C, which indicates that the
product ZnO300 has the most DL and the least AL. Thus, it can
provide more electrons to the redox reaction of the absorbed
ethanol molecules, which contributes to the best response. For
the ZnO400, though its content of DL is higher than that of the
ZnO180, it is the more AL that leads to the lowest response. In
addition, it can be summarized that the content of the VO
increases with the aging temperature rising, which implies that
the higher temperature is more beneficial for the formation of
VO.
Furthermore, Raman spectra were also used to characterize

the density and type of the defects of the ZnO NPys, as it is a
versatile technique for defect detecting.43,44 The spectra of the
different aged products are shown in Figure 7. The most
intense peak located at ∼437 cm−1 is attributed to the vibration
mode E2H from oxygen atom.9,45 The strong peak at this
position is the characteristic of the wurtzite crystal structure,
indicating that the samples have a perfect crystallinity.46 The
other peaks centered at ∼330 and ∼380 cm−1 are assigned to
the modes E2H−E2L and A1T of the ZnO crystal, respec-
tively.38,47 Besides these peaks, a small peak located at ∼583
cm−1 is correlated to the vibration mode E1L, which is usually
demonstrated to be caused by the donor defects, such as VO
and Zni.

48−50 As shown in Figure 7, it can be observed that
among the different aged samples, the ZnO300 exhibits the
strongest peak at ∼583 cm−1, which implies that the ZnO300
will have the most electron donors and the ZnO180 has the

least. Additionally, the result is in agreement with the PL
characterizations.
XPS spectra were carried out to determine the non-

stoichiometric detects and the content of the oxygen species
of the ZnO NPys. As shown in Supporting Information Figure
S8, the whole spectra are composed of Zn, O, and a small
amount of adventitious carbon C 1s originated from the
conducting resin, indicating that all of the products are pure
ZnO and on organic components exist. Supporting Information
Figure S9 shows the Gaussian decomposition spectra of the Zn
and O species. According to their originations, the ZnLMM
Auger electron spectra (AES) can be classified into two
Gaussian parts, wherein one is the main peak at ∼495 eV,
attributing to the Zni, and the other is the subpeak at ∼498 eV,
representing the lattice zinc (Zn2+).51 The specific percentages
of these Zn species are shown in Table 3. It can be found that

the content of the Zni is the highest in the ZnO300 and lower in
the ZnO400. Also, as Zni is the defect that is helpful for gas
sensing, the result is in consistent with the gas sensing tests.
Moreover, according to the change of bonding energy, the O 1s
core level in the range 527−536 eV can be fitted with three
Gaussians, centering at 530.0 ± 0.15 eV (OI), 531.4 ± 0.15 eV
(OII), and 533.0 ± 0.15 eV (OIII), respectively.

34,41 The low
bonding energy peak (OI) centered at ∼530.0 eV is usually
ascribed to the lattice oxygen in the hexagonal wurtzite
structure, and its intensity is proportional to the amount of the
oxygen in a fully oxidized stoichiometric surrounding.41,52,53

The medium peak (OII) located at ∼531.4 eV is associated with
the O2− ions in the oxygen deficient regions within the matrix
of ZnO.44,51,54 The high bonding energy peak (OIII) situated at
∼533.0 eV is attributed to the chemisorbed or dissociated
oxygen or OH species on the material surface, such as absorbed

Table 2. Summarized Percentages of the PL Spectra
Deconvoluted by Gaussian Distribution

origination peak (nm) ZnO180 ZnO250 ZnO300 ZnO400

(CB-VB) combination 375 29.28 30.15 34.39 22.33
Zni (3.30−3.40 eV) 395 23.52 28.60 28.08 18.85
Zni (∼2.90 eV) 420 19.15 15.69 17.21 20.84
VZn (∼2.70 eV) 460 9.51 7.99 10.89 15.92
VO (∼2.53 eV) 490 5.18 5.47 6.30 8.38
OZn (∼2.38 eV) 520 8.41 8.75 2.10 8.36
Oi (∼2.23 eV) 540 4.95 3.35 1.03 5.32
DL (Zni + VO) 47.85 49.76 51.59 48.07
AL (VZn + OZn + Oi) 22.87 20.09 14.02 29.60

Figure 7. Raman spectra of the different aged products.

Table 3. Comparison of the Zinc Species and the Oxygen
Species between the ZnO NPys Aged at Different
Temperatures

species peak (nm) ZnO180 ZnO250 ZnO300 ZnO400

Zni 495 40.44 41.58 44.44 39.76
Zn2+ 498 59.56 58.42 55.56 60.24
OI 530.0 54.94 53.03 47.12 45.24
OII 531.4 19.98 21.28 23.84 33.04
OIII 533.0 25.08 25.69 29.04 21.72
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O2 and H2O.
51,55,56 The compositions of these oxygen species

are shown in Table 3. It can be found that the ZnO300 has the
most Zni and the most OIII, which can react with more ethanol
molecules, leading to the best gas response. However, the
ZnO400 has the lowest OIII, which can be attributed to the
existence of other electron acceptors or the larger morpho-
logical changing.
3.4. Proposed Mechanism. From the above, it can be

concluded that, in addition to VO, the sensing performance of
the ZnO NPys is decided by the combined effect of VO and Zni,
with all of the defects redistributed on the surface. The ZnO300
exhibits the best gas response, owing to greater DL, which can
absorb a larger amount of oxygen to react with more ethanol
molecules. For the ZnO400, though it has the largest content of
VO, it is the greater percentage of AL accompanied by the
defect reconstruction and morphological changing that leads to
its worst sensing property. Thus, models of defect redistrib-
ution and depletion layer changing are used to intuitively
exhibit the sensing mechanisms of different products.
For a typical illustration, only the representative products

ZnO300 and ZnO400 are chosen to exhibit the defect
redistribution of the {101̅1} facets, as shown in Figure 8
(because the ZnO250 has the same tendency with the ZnO300, it
will not be discussed again). To get a more obvious procedure
of defect redistribution, we presume that the ZnO NPys
synthesized at 180 °C are completely grown as the perfectly

stoichiometric pattern with no defect existing on the surface. As
can be seen from Figure 8, the ZnO nanopyramid is composed
of the {101 ̅1} and the {0001} crystal facets, both of which are
alternately arranged by oxygen and zinc atoms. Because the
{0001} facet was more stable than the {101 ̅1} facet as
calculated, it will not be discussed as the main body of the
defect reconstruction. Hence, on account of the highly
energetic characteristic of the {101 ̅1} facet, part of the oxygen
anions (O2−) will react and form oxygen molecules (O2) when
the material was thermally activated at 300 °C. Then the
formed oxygen molecules will be removed from the surface to
produce much VO and nonbonding zinc atoms, which reduces
the surface energy of the {101̅1} facet.15,57 Then, because there
is much interspace in the ZnO tetrahedron and the zinc ion has
a smaller radius than the oxygen ion, the nonbonding zinc
atoms which lose their bonding oxygen atoms may have
enough space to travel. Next, these active Zn atoms nearby will
have an interaction and recombine into the Zni (Zn−Zn bond)
to stabilize the crystal energy, for the formation energy of Zni is
much lower than the other defects.58,59 In addition, owing to its
low diffusion, the Zni is preferable to move to the surface and
act as electron donor to provide electrons to absorb more
oxygen.59,60 The electronic transfer can be described as follows:

→ +−2O O V (formation of O vacancy)2
(lattice) 2(desorb) O

x

(4)

Figure 8. Defect redistribution of the ZnO NPys aged at different temperatures and the illustrations of their sensing processes via the depletion layer
changing in air and in ethanol (the blue region is the depletion layer (λD), the gray region is the conducting area, and the O2− means the absorbed
oxygen).
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− →Zn Zn Zn (formation of Zn interstitial)(lattice)
x

i
x

(5)

→ +· · −V (Zn ) V (Zn ) e (electrons donating)O
x

i
x

O i (6)

→ +· · ·· ·· −V (Zn ) V (Zn ) e (electrons donating)O i O i (7)

However, when the temperature increased to 400 °C, the
higher temperature induced the stronger activation. More
oxygen atoms were removed, along with the loss of some zinc
atoms, resulting in the increasing of the VO and VZn and the
reduction of the Zni. Moreover, the released oxygen may
incorporate into the ZnO lattice again and react with the
nonbonding oxygen atoms to produce Oi and OZn.

34,41 Then
the formed Oi and OZn will act as the electron acceptors which
consume the electrons, and introduce an adverse effect on the
sensing performance as shown in eqs 8, 9, and 10:

→−O 2O (O ) (formation of O interstitial)2
(absorbed) i

x
Zn

x

(8)

+ → ′ ′−O (O ) e O (O ) (electrons consuming)i
x

Zn
x

i Zn (9)

′ ′ + → ″ ″−O (O ) e O (O ) (electrons consuming)i Zn i Zn
(10)

Thus, owing to the large amount of surface atoms losing and
electron acceptors producing, the ZnO400 changed its
morphology and reduced its crystallinity, which results in the
worst sensing property.
Furthermore, as it is the number of free electrons on the

surface that determines the sensing performance of ZnO
nanomaterial,38,51 the response process of the ZnO NPys with
different depletion thicknesses (λD) are shown in Figure 8. The
λD of the sensor is thought to be proportional to the density
and mobility of the free electrons on the surface.27,33 When the
sensor is exposed to air, oxygen molecules are adsorbed on the
surface and form the oxygen ions by extracting electrons from
the conduction band, such as O2

−, O−, and O2− (where for the
ZnO NPys, the O2− should be the dominant species, as
discussed above). The electron loss of the conduction band
results in a thick depletion region with high potential barrier,
which can be described as eqs 11, 12, and 13:38,61

+ →− −O e O2(air) 2(ads) (11)

+ →− − −O e 2O2(ads) (ads) (12)

+ →− − −2O e O(ads) (ads)
2

(13)

The more electron donors exist, the thicker the depletion
layer will be. That indicates that the product ZnO300 should
have the largest λD, as shown in Figure 8. In contrast, once the
sensor exposes to ethanol, the reductive gas will react with the
adsorbed oxygen ions and return the electrons into the
conduction region. The carrier concentration becomes higher
and the depletion layer gets thinner, leading to a decreasing of
the electrical resistance of the sensor, as can be expressed by the
following reaction:

+ → + +− −CH CH OH 6O 2CO 3H O 12e3 2 (ads) (ads)
2

2 2

(14)

Thus, it can be observed that, due to its high content of the
absorbed O2− species and the absorbed ethanol molecules, the
ZnO300 exhibits the biggest change of λD, resulting in the
highest gas response. Nevertheless, for the ZnO400, thanks to its
high content of the electron acceptors, the free electrons are

partly consumed by these defects, leading to a thinner λD, and
less absorbed ethanol molecules release electrons. Hence, the
ZnO400 shows the smallest change of the depletion layer, which
will be responsible for the worst sensing performance.

4. CONCLUSION
In this work, the uniform ZnO nanopyramids with exposed
crystal facets of {101 ̅1} have been synthesized via a one-step
solvothermal synthesis method using oleylamine as surface
modifier. The gas sensing performances of the ZnO NPys have
been improved via the surface defect engineering. At the aging
temperature of 300 °C, the ZnO300 exhibits the best gas
response with the fast response-recovery time and the excellent
selectivity. It is observed that in addition to VO, the gas sensing
performance of the ZnO NPys is determined by the combined
effect of VO and Zni, with all of the defects redistributed on the
surface. Models of defect redistribution and depletion layer
changing are used to explicate the different sensing perform-
ances of the aged ZnO NPys. The highest response of the
ZnO300 is attributed to its larger content of the electron donors
(VO and Zni) and more active oxygen molecules absorbed on
the surface, while the ZnO400 exhibits an opposite feature.
Some in situ characterizations are being conducted in our
laboratory to get a much more detailed sensing mechanism of
the ZnO NPys.
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