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a b s t r a c t

Ammonia is one of the most hazardous substance and highly toxic to human health when inhaled above
the moderate level. Sensing ammonia is one most challenging task at low temperature level and room
temperature. ZnO and Al-doped ZnO nanostructures were successfully synthesized by solegel method,
and their structural, optical, morphological, and gas sensing properties were investigated. Field-emission
scanning electron microscopy revealed that the ZnO nanorods transformed into particles upon incor-
poration of Al. Transmission electron microscopy and high-resolution transmission electron microscopy
confirmed that both the ZnO nanorods and Al-doped ZnO nanoparticles were crystalline. Fourier
transform infrared spectroscopy analysis indicated the presence of ZneO and AleO in the nano-
structures. Energy-dispersive X-ray spectroscopy revealed the presence of Al in the Al-doped ZnO ma-
terials. The ammonia gas sensing analysis revealed that the Al-doped ZnO nanoparticles displayed a
higher response than the ZnO nanorods. Moreover, among the doped samples, that containing 6 wt% Al
dopant exhibited the highest response of 350 when exposed to 100 ppm ammonia gas. The higher
sensing efficiency of the Al-doped ZnO nanostructures was attributed to changes in structural defects in
Al-doped ZnO, as confirmed by X-ray photoelectron spectroscopy analysis.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Metal oxide semiconductors have drawn much attention in gas
sensing and play a vital role in safety control, disease diagnostic,
controlling air quality, and detecting harmful and toxic gases [1e5].
Among the various semiconductor metal oxides, TiO2 and ZnO are
the most widely investigated semiconducting materials because of
their attractive properties such as high carrier mobility, non-
toxicity, excellent optical absorption, and high stability [6].
Furthermore, when compared with TiO2, ZnO has higher electron
mobility, longer electron lifetime, and greater intrinsic impurities,
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which can reduce the electrical resistance and increase electron
transfer. ZnO possesses various defects such as oxygen vacancies,
zinc interstitials, and oxygen interstitials which can enhance cata-
lytic reactions in the gas sensor [7,8]. The popular sensing mecha-
nism of metal oxide semiconductor gas sensors is based on the
variation of electrical conductivity in the presence and absence of
the test gas.

Metal oxide gas sensors with greater sensitivity and selectivity
can be prepared by introducing dopants in the primary material
structures. Specifically, dopants can enhance the gas sensing
properties by changing the energy band structure and morphology
of the semiconductor material, increasing the surface-to-volume
ratio, and creating more centers for gas interaction on the metal
oxide semiconductor surface [9e12]. As demonstrated in the
literature, the sensitivity and conductivity of ZnO nanomaterials
can be improved by Al doping. Al impurity plays a crucial role in
accelerating chemical reactions in the gas sensor. Additionally, Al
dopant can enhance the oxygen adsorption capacity, which can
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increase solidegas interaction events. Moreover, Al3þ can effec-
tively substitute Zn2þ in the crystal lattice owing to its smaller ionic
radious (rAl ¼ 0.054 nm and rZn ¼ 0.074 nm) [13,14]. Liu et al. [15]
studied the optical and gas sensing properties of Al-doped ZnO,
which were prepared by solegel, and examined the corresponding
thin films as an ethanol sensing device. Vattappalam et al. [16]
synthesized Al-doped ZnO thin films by successive ionic layer
adsorption and reaction method and observed considerable
reduction in resistance in the presence of ethanol vapor. Hence, the
films can be used as fast-response sensors for ethanol vapors. Yoo
et al. [17] showed that Al-doped ZnO exhibited a higher response
when compared with pure ZnO in the detection of dimethyl
methylphosphonate. Zhong et al. [18] reported the synthesis of Al-
doped ZnO nanorods grown on a glass substrate and annealed
under hydrogen atmosphere. Patil et al. [19] demonstrated the
considerable greater sensitivity of Al-doped films to CO2 gas over
that of pure ZnO film. Several techniques can be used for preparing
Al-doped ZnO thin films [20e22].

Ammonia is one of the most widely used materials in different
industries such as chemical, petrochemical and various other
manufacturing units of explosives, plastics, textiles, pesticides and
dyes. Ammonia is one of the significant toxic gas having a threshold
limit of 25 ppm,which damage the human respiratory system, eyes,
skin and long term inhalation of ammonia leads to death [23]. So, it
is very much essential to detect ammonia at room temperature in
working environment. Sensing of ammonia gas by different nano-
structures of metal oxide such as ZnO, SnO2, In2O3 were investi-
gated at different temperatures (100e300 �C). ZnO nanorods had
shown maximum response of 80 and 18 for 800 ppm at 300 �C and
100 �C, respectively [24]. ZnO nanoparticle showed better ammonia
sensing response of 260 and 19 for 800 p.m. at 300 �C and 100 �C,
respectively [24]. To achieve better sensing of ammonia, ZnO
nanostructured materials are inspired. On the other hand, ZnO
nanostructured materials have the limitation of operating at lower
temperature, making a great challenge to employ this in mobile
application with durability. To overcome the limitation of low
temperature operation of ZnO nanostructured materials, we have
utilized Al-doped ZnO materials to enhance the ammonia sensing
response at even low temperature in this research.

Among the different synthetic methods, the solegel process has
distinct advantages over other approaches. For instance, it allows
excellent material composition control and offers a simple method
to synthesize nanoparticles. In the present work, we report a simple
solegel method for preparing Al-doped ZnO. The prepared mate-
rials were characterized by X-ray diffraction, field-emission scan-
ning electron microscopy, transmission electron microscopy,
energy-dispersive X-ray spectroscopy, UVevisible spectroscopy,
Fourier transform infrared spectroscopy, Raman spectroscopy and
N2 adsorptionedesorption analysis. Subsequently, the gas sensing
properties of the prepared materials towards ammonia gas were
examined.

2. Materials and methods

2.1. Materials

Zinc acetate (Zn(O2CCH3)2(H2O)), aluminum nitrate, citric acid,
and ammonia were purchased fromMerck India. All other reagents
and solvents were received and used without any further
purification.

2.2. Preparation of undoped ZnO and Al-doped ZnO

Al-doped ZnO materials at varying Al dopant contents were
prepared as follows. Zn(O2CCH3)2(H2O) (1 M) and aluminum
nitrate at varying weight percentage (0, 3, 6, 9, 12%) were dissolved
in deionized water (50 mL) and stirred for 1 h at 80 �C. The pH of
the solution was controlled with citric acid. The solution trans-
formed into a gel upon addition of ammonia (10 mL). The gel was
then cooled to room temperature and collected, centrifuged at
6000 rpm for 5 min, washed with deionized water and ethanol for
several times, and dried at 100 �C in a hot air oven. The dried
product was collected and calcined at 600 �C for 4 h.

2.3. Characterization of undoped ZnO and Al-doped ZnO

The crystalline structure of the prepared materials was deter-
mined by X-ray diffraction (XRD) on an X'pert PRO (PANalytical)
advanced X-ray diffractometer using Cu Ka radiation (l ¼ 1.5406 Å)
and a 2q scanning range of 20e80� and a scanning rate of 0.025�/s.
The microstructure of the products was observed by field-emission
scanning electron microscopy (FESEM; QUANTA FEG) and trans-
mission electron microscopy (TEM; JEOL JEM 2100F) operating at
accelerating voltages of 15 and 200 kV, respectively. The compo-
nents of the products were evaluated by energy-dispersive X-ray
spectroscopy (EDX). Raman spectroscopy analysis was performed
to evaluate structural disorder, and vibrational and defect modes in
the prepared samples; the spectra were recorded on a JASCO NR
1800 Raman spectrometer equipped with a Nd:YAG laser. The op-
tical properties of the products weremeasured using a PerkinElmer
lambda 5 UVevisible spectrophotometer. Fourier transform
infrared (FTIR) spectrawere recorded by JASCOMFT 2000 using KBr
pellet technique. BrunauereEmmetteTeller (BET) specific surface
areas were analyzed by Gemini2375, Shimadzu.

2.4. Ammonia gas sensing

Tomeasure the sensing characteristics, the sensing elements are
prepared by coating thick film of undoped ZnO and Al-doped ZnO
(0, 3, 6, 9, 12%) on the substrates using mixture of ethyl cellulose
and terpineol as binder. The sensing elements were subjected to
heat treatment at 200 �C for 2 h to remove the organic elements.
The silver paste coated over the sensing element as electrodes to
take the electrical response. Various concentration of ammonia gas
flowed through the sensing element and the response was calcu-
lated by S ¼ Ra

Rg
where Ra and Rg are the resistance of the sensing

element in air and target gas, respectively.

3. Results and discussion

3.1. Structural and morphological analysis of undoped ZnO and Al-
doped ZnO

The XRD patterns of the synthesized undoped ZnO and Al-
doped ZnO (AZO) with different Al contents are depicted in Fig. 1.
AZO exhibited a well-crystalline wurtzite ZnO crystal structure
(JCPDS card no. 36-1451). All the samples of undoped and Al-doped
ZnO featured diffraction peaks at 31.8�, 34.51�, 36.37�, 47.59�,
56.64�, 62.86�, 66.40�, 67.91�, 69.15�, 72.69�, and 76.95�, which
corresponded to the (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) planes of ZnO and AZO, respectively
[25]. The peaks observed at approximately 2q 31.21�, 36.8�, and
55.72� confirmed the presence of Al in the ZnO nanoparticles. The
grain size of the ZnO and AZO nanoparticles was calculated using
the Scherrer's formula, D ¼ Kl

bcos q, where K denotes the Scherrer's

constant (0.89), D is the particle size, l is the wavelength of the X-
ray Cu Ka radiation (1.5406 Å), b is the full-width at half-maximum
in radians of respective peaks, and q is the Bragg's diffraction angle
in degrees. As observed from Table 1, the average grain size of AZO



Fig. 1. X-ray diffraction (XRD) patterns of the undoped ZnO nanorods and Al-doped
ZnO nanoparticles (3, 6, 9, 12 wt% Al).

Table 1
Comparison of particle size of the undoped ZnO and Al-doped ZnO.

Samples 2q (002) FWHM (deg) D (nm) a (Å)

AZO (0%) 34.3726 0.1056 78.7 4.5
AZO (3%) 34.3906 0.1674 49.6 4.5
AZO (6%) 34.4642 0.2782 29.9 5.2
AZO (9%) 34.4364 0.2374 35.0 5.8
AZO (12%) 34.4896 0.1586 52.4 5.8
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decreased from 78 to 52 nm with increasing Al concentrations. As
seen in the Table 1, doping of aluminum clearly reduces the crys-
tallite size of samples (3 and 6%) because to the ionic radius of Al3þ

(0.535 Å) is smaller than that of Zn2þ (0.74 Å) ion. The length of the
c-axis is expected to be shorten, if the most of the Al atoms are
substituted into Zn sites. In addition to that the covalent bond
length of Al-O is shorter than Zn-O, which results in decrease of the
unit cell. However further increase in concentration of Al-doping
ratio (9 and 12%) in ZnO which induces the crystallite growth and
the particle size increased. It may be due to exceeding the ther-
modynamic limit of solubility of Al in ZnO [26,27].

The morphology of the prepared ZnO and AZO materials was
studied by FESEM (Fig. 2) and TEM (Figs. 3 and 4). As observed in
Fig. 2a, ZnO featured a nanorod-like morphology; the nanorods
were approximately 1.5 mm in length. In contrast, the AZOmaterials
at low Al concentrations featured an irregular sphere-like
morphology (Fig. 2bed). Furthermore, as observed in Fig. 2e the
size of the nanoparticles decreased to ~54 nm when the concen-
tration of the Al dopant was 12 wt%. The results clearly confirmed
that the ZnO nanorods transformed into nanoparticles upon
incorporation of aluminum (Al3þ) in ZnO. The representative TEM
images in Fig. 3a and b revealed the rod-like morphology of the
undoped ZnO sample; the rods were 1.5 mm in length and 200 nm
in diameter. The TEM images in Fig. 4a and b shows the irregular
sphere-like morphology of AZO (6 wt% Al). The high-resolution
TEM (HRTEM) images of the undoped ZnO and AZO samples
revealed that the rods and nanoparticles were crystalline (Figs. 3c
and 4c). The selected area electron diffraction (SAED) patterns of
the ZnO nanorods (Fig. 3d) and AZO (Fig. 4d) indicated that both
samples had a hexagonal structure. These results were consistent
with the XRD results.

3.2. Chemical bonding and composition of AZO

Elemental analysis of AZO (6 wt% Al) was conducted by EDX and
color mapping analysis. The results presented in Figs. 2f and 5aec
confirmed the existence of Zn, O, Al elements in the AZO sample.
The elements were uniformly distributed in AZO sample (6 wt% Al)
[28]. Fig. 6 shows the FTIR spectra of ZnO and AZO samples. The
broad absorption band at 3440 cm�1 was ascribed to OeH bending
vibration of water molecules absorbed onto the ZnO nanorods and
AZO nanoparticles. The vibration at 1620 cm�1 was attributed to
OeH vibration [29]. The peak at 684 cm�1 was assigned to AleO.
The sharp peak at 498 cm�1 was ascribed to ZneO [30]. Fig. 7
presents the Raman scattering spectra of ZnO and AZO. The peak
at 438 cm�1 was ascribed to the non-optical phonon E2H mode,
which confirmed the wurtzite structure of ZnO [31]. The weak
peaks at 330 and 380 cm�1 were ascribed to multi-phonons scat-
tering process E2H - E2L and A1 phonons, respectively. The peak at
580 cm�1 could be attributed to longitudinal optical E1L mode [32].

3.3. Optical properties

The UVevisible absorption spectra of ZnO and AZO are shown in
Fig. 8. The absorption edge values of the ZnO nanorods and AZO
nanoparticles (3, 6, 9, 12 wt%) were 380, 380, 378, 377, and 375 nm,
respectively. When compared with the absorption edge values of
the ZnO nanorods and bulk ZnO, those of the AZO materials were
blue-shifted. This phenomenon may be due to coupling effects
among the particles [33].

3.4. XPS analysis

XPS analysis was conducted to analyze the distribution and
oxidation state of the chemical elements in ZnO and AZO samples.
Fig. 9 shows the high-resolution XPS spectra of Zn 2p, O 1s, and Al
2p of ZnO and AZO. The XPS analysis revealed that the samples
consisted of C, Zn, O, and Al, and no impurities were found. Spe-
cifically, Fig. 9a shows the Zn 2p XPS pattern of the ZnO nanorods.
The peaks observed at binding energies of 1023.8 and 1046.8 eV,
correspond to the spin orbit of Zn 2p3/2 and Zn 2p1/2. It indicated
the existence of a divalent oxidation state in the sample [34]. Al-
doped ZnO showed a slight chemical shift in the binding energy
compared with undoped ZnO because of the presence of Al. In
Fig. 9b, the peak observed at the binding energy of 74.7 eV corre-
sponded to Al 2p, which confirmed the successful incorporation of
Al elements into Zn2þ sites of ZnO [35]. In Fig. 9c, the O 1s peak
positioned at the lower binding energy of 530.8 eV was assigned to
O2� ions in the ZneO bonding of the wurtzite structure of ZnO. In
contrast, the peak located at 532.3 eV was associated with O� and
O2� ions in oxygen-deficient regions in the sample matrix [36]. In



Fig. 2. Field-emission scanning electron microscopy (FESEM) images of (a) undoped ZnO, and Al-doped ZnO (AZO) at varying Al concentrations of (b) 3, (c) 6, (d) 9, and (e) 12 wt%.
Energy-dispersive X-ray spectrum of AZO (6 wt%).

Fig. 3. (a, b) Transmission electron microscopy (TEM) images, (c) high-resolution TEM (HRTEM) images, and (d) selected area electron diffraction (SAED) pattern of the ZnO
nanorods.
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the pattern of the AZO sample (Fig. 9d), the peak was observed at a
higher binding energy of 533.1 eV when compared with that of the
ZnO nanorods. It is obvious that the AZO sample contains more O2
species than the undoped ZnO owing to higher donor content.
Hence, the surface of the AZO samples was modified because of the
greater amount of oxygen vacancies [36].
3.5. N2 adsorption and desorption analysis

N2 adsorptionedesorption analysis was conducted to further
probe the surface properties of the ZnO nanorods and AZO (6 wt%
Al) nanoparticles. Fig. 10a and b shows the adsorptionedesorption
isotherms of ZnO nanorods and AZO nanoparticles. The



Fig. 4. (a, b) Transmission electron microscopy (TEM) images, (c) high-resolution TEM (HRTEM), and (d) selected area electron diffraction (SAED) pattern of the AZO nanoparticles.

Fig. 5. Energy-dispersive X-ray spectrum and elemental color mapping of AZO (6 wt%).
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BrunauereEmmetteTeller (BET) specific surface areas of the sam-
ples were calculated from the N2 adsorption branch. AZO nano-
particles featured a BET surface area of 404 m2/g and the ZnO
nanorods featured a BET surface area of 18 m2/g [37]. The specific
area of the AZO nanoparticles was higher than that of the undoped
ZnO nanorods, since nanoparticles have high surface area than the
nanorods which are consistent with the FESEM results in Fig. 2.

3.6. Gas sensing studies

3.6.1. Experimental set-up
Room temperature gas sensing studies were performed using



Fig. 6. Fourier transform infrared (FTIR) spectra of the undoped ZnO and Al-doped ZnO
(3, 6, 9, 12 wt% Al).

Fig. 7. Raman spectra of the undoped ZnO and Al-doped ZnO (3, 6, 9, 12 wt% Al).

Fig. 8. UVevisible spectra of the undoped ZnO and Al-doped ZnO (3, 6, 9, 12 wt% Al).
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house-built sensing setup, which was described in previous
research reports [38,39]. The constant target vapor concentration
(Cppm) [40] inside the testing chamber was estimated using Eq. (1):

Cppm ¼ d � Vr � R � T
M � Pb � Vb

(1)

where, d is the density of ammonia, Vr is the volume of ammonia
injected inside the chamber, R is the universal gas constant, T is the
absolute temperature,M is the molecular weight, Pb is the pressure
inside the chamber, and Vb is the volume of the chamber. The
sensor response (S) was calculated [39] using Eq. (2):

S ¼ Ra
Rg

(2)

where Ra and Rg are the resistance of the sensing element in air and
target gas, respectively.

3.6.2. Selectivity
Selectivity is an important characteristic for evaluating the ef-

ficiency of gas sensors. Selectivity studies were therefore conducted
involving various target vapors at room temperature under
ambient conditions. At first, to check the effect of water vapor on
ZnO films at room temperature, small amount of water was added
and measured the resistance. No significant change in resistance
was observed. Further, the selectivity of the undoped ZnO film to-
wards 100 ppm of different target vapors i.e. acetone, acetaldehyde,
toluene, ammonia, and ethanol was examined (Fig. 11a). The
response values were 4, 7, 3, 117, and 2.5, respectively. As observed,
the response value for ammonia was more than 10 times higher
than those for the other target vapors. These results confirmed that
the sensing element was highly selective at room temperature.
There are two main reasons behind high selectivity towards
ammonia. One reason may be the presence of lone pair of electrons
in ammonia and high catalytic nature of the nanostructured sur-
face. The other reason may be kinetic diameter and ionization en-
ergy of the targetmolecules. Lower kinetic diametermoleculesmay
diffuse into the sensing layer quickly and hence resulted in rapid
response. Ionization energy of the molecules also another reason to
obtain high selectivity [38,41,42]. Even though acetone and toluene
has low ionization energy than ammonia, their larger kinetic
diameter will reduce the selectivity [43]. The kinetic diameter and
ionization energy of various interfacing vapors are shown in
Table 2.

3.6.3. Response recovery studies
Fig.11b shows the response of the undoped ZnO and AZO (3, 6, 9,

12 wt% Al) thin films towards 100 ppm of ammonia gas. As
observed, the response value initially increased with increasing Al
concentrations then decreased with further increases in Al content
before reaching a maximum value (i.e. 350) at a Al dopant level of
6 wt%.

To further evaluate the ammonia sensing properties of the
prepared materials, the undoped ZnO and AZO (6 wt% Al) films
were exposed to varying ammonia concentrations of 5e500 ppm
(Fig. 11c). When compared with the response of the ZnO film, that
of the AZO film was higher and increased as the concentration of
ammonia increased. The response value of AZO (6wt% Al) increased
from 21 to 47, 78, 338, 420, and 630 as the concentration of
ammonia increased from 5 to 10, 50, 100, 250, and 500 ppm. The
lower response values at the lower ammonia concentrations were
attributed to limited surface reaction events owing to the limited
number of target molecules present for interaction. In contrast,
higher concentrations of ammonia resulted in more and



Fig. 9. X-ray photoelectron spectroscopy (XPS) analysis of the undoped ZnO and Al-doped ZnO: (a) Zn 2p XPS pattern of ZnO nanorods; (b) Al 2p XPS pattern of Al-doped ZnO (6 wt
%); (c) O 1s XPS pattern of ZnO nanorods, and (d) O 1s XPS pattern of Al-doped ZnO (6 wt%).

Fig. 10. N2 adsorptionedesorption isotherms of the ZnO nanorods and AZO nanoparticles.
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simultaneous interaction events, which led to increase in the
response. The transient resistance response curves of ZnO and AZO
(6 wt% Al) thin films are shown in Fig. 11d. The transient plots
clearly show the rise and fall behaviors of resistance in the presence
and absence of ammonia. The transient response plots indicated
that the sensing response was governed by the reaction between
ammonia and chemisorbed oxygen species. The observed sensi-
tivity was found to be significant compared with other doped ZnO
material (see Table 3).

3.6.4. Sensing mechanism
Metal oxide sensing mechanism is mainly manifested by

changes in the height of the potential barrier between grains and
grain barriers during gasesolid interactions. During gasesolid in-
teractions, several events occur on the grains such as the adsorption
of oxygen species on the grains surface, redox reactions between
the grains and gases, electron transfer among the grains, and
desorption of the target gas from the grains [49,50]. Gas sensing
begins with the adsorption of oxygen species. The oxygen from the
atmosphere is adsorbed onto the surface of the sensor by trapping
an electron and is chemisorbed in the form of O2

�, O�, and O2�

depending on the sensor operating temperature. At room temper-
ature, the chemisorbed oxygen state [51] varies as follows:

O2ðgasÞþe�4O2
�
ðadsÞ (3)

O2
�
ðadsÞþe�4O�

ðlatticeÞ (4)

The chemisorbed oxygen species captures an electron from the
conduction band of the sensing material, resulting in an increase in
the resistance of the n-type sensing material until equilibrium is
attained with the ambient oxygen atmosphere (baseline resis-
tance). When the NH3 gas interacts with the chemisorbed oxygen
species, it readily oxidizes to N2, H2O, and an electron [36]. These



Fig. 11. (a) Selectivity of the ZnO thin films exposed to 100 ppm of various target gases. (b) Sensing response of the pure ZnO and AZO thin films exposed to 100 ppm of ammonia.
(c) Response of the undoped ZnO and AZO (6 wt%) thin films exposed to varying concentrations of ammonia. (d) Transient resistance response plots of the undoped ZnO and AZO
(6 wt%) films towards 100 ppm of ammonia.

Table 2
Kinetic diameter and ionization energy of various interfering vapors.

Vapor Kinetic diameter (nm) Ionization energy (eV)

Acetone 0.46 9.69
Acetaldehyde 0.39 10.21
Toluene 0.58 8.82
Ammonia 0.36 10.18
Ethanol 0.45 10.47
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electrons are released into the conduction band of the metal oxide,
resulting in a decrease in the resistance of the sensor material. The
interaction between the chemisorbed oxygen species and ammonia
can be described as follows:

4NH3 þ 3O2
�
ðadsÞ42N2þ6H2Oþ 3e� (5)

The defect states and oxygen vacancies play important roles in
tuning the electrical properties of metal oxides. From the
Table 3
Comparison of room temperature NH3 sensing characteristics of ZnO based sensors repo

Material Structure Conc

ZnO þ Cr2O3 Thick film 300
ZnO þ camphor þ PANI Nanocomposite 100
ZnO þ Ni Thin film 100
ZnO Thin film 25
ZnO þ Co Thin film 100
ZnO þ Ni Thin film 100
ZnO þ Cd Thin film 100
ZnO nanorod Thin film 100
ZnO þ Al Thin film 100
thermodynamics point of view, point defects are the inherent part
of ZnO, resulting in the non-stoichiometric nature. In the case of
AZO, the substitution of Zn2þ with Al3þ is largely effective because
of the large ionic size difference between Al3þ and Zn2þ ions. The
ionic radius of Al3þ (0.057 nm) is smaller than that of Zn2þ

(0.074 nm). However, the positive valence charge resulting from
substitution needs to be compensated by the release of an extra
electron to maintain charge neutrality. The released free electrons
are introduced into the conduction band of ZnO, thus increasing the
electron concentration, which leads to a slight upward shift of the
Fermi level to the conduction band. The Kr€ogereVink notation is
described as follows:

Al2O3/2AlZn þ 3Ox
0þ2e� (6)

where AlZn is the Al ion substitution in the Zn lattice with positive
charge and Ox

0 refers to the oxygen ion in the oxygen lattice with
neutral charge [52]. Hence, Al doping in ZnO produces point defects
and more oxygen vacancies, which are beneficial towards
rted so far and current work.

entration (ppm) Response (S) Refs.

13.7 [44]
28 [45]
105 [46]
233 [39]
3.48 [40]
2.52 [42]
5 [47]
22.8 [48]
350 This work
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improving the gas sensing performance. Above a certain doping
concentration, the film conductivity becomes very high, and during
gasesolid interactions, the change in the potential barrier height is
minimal, thereby resulting in poor gas sensing performance.

4. Conclusion

ZnO nanorods and Al-doped ZnO nanoparticles were success-
fully synthesized by solegel method. FESEM analysis revealed the
transformation of the nanorods into sphere-like particles upon
incorporation of Al in the ZnO nanorods. Al-doped ZnO (6 wt%)
nanoparticles showed a rapid response of 350 when compared
with undoped ZnO. Furthermore, the response of the Al-doped ZnO
(6 wt%) nanoparticles increased with increasing ammonia con-
centrations from 5 to 500 ppm. The high response displayed by Al-
doped ZnO (6 wt%) towards NH3 can be attributed to the presence
of numerous oxygen vacancies, which promotes oxygen adsorption.
The large amount of oxygen absorbed on the surface of the Al-
doped ZnO surface enhanced the oxidizing potential of NH3
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