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This paper reports a very simple, reliable and facile methodology to fabricate ultra-high sensitive
liquid ammonia chemical sensor using well-crystalline hexagonal-shaped ZnO nanopencils as an effi-
cient electron mediator. A low-temperature facile hydrothermal technique was used to synthesize ZnO
nanopencils. The synthesized nanopencils were characterized in detail in terms of their morphological,
structural and optical properties which confirmed that the synthesized nanomaterial is well-crystalline,
possessing wurtzite hexagonal phase and possess very good optical properties. A very high sensitivity
of ~26.58 wAcm—2 mM~! and detection limit of ~5 nM with a correlation coefficient (R) of 0.9965 and a
response time of less than 10 s were observed for the fabricated liquid ammonia by I-V technique. To the
best of our knowledge, by comparing the literature, it is confirmed that the fabricated sensor based on
ZnO nanopencils exhibits highest sensitivity and lowest detection limit for liquid ammonia. This research
opens a way that simply synthesized nanomaterials could be used as efficient electron mediators for the
fabrication of efficient liquid ammonia chemical sensors.
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1. Introduction

In recent years, numerous intensive reseacrh efforts in the field
of nanotechnology has shown great potential. There has been a
significant improvement for the synthesis of desired inorganic
nanomaterials as reported by vast literature reported so far. Being
at the dimension between approximately 1-100 nm, nanomate-
rial enabled the various useful applications in diverse fields of the
scientific areas.

Nowadays, environmental pollution caused by combustion from
vehicles, agricultural sector and industrial leakages of toxic chem-
ical and gases at very alarming rate created havoc in the scientific
community [1,2]. Among various environmental pollutants, the
liquid ammonia (i.e. ammonium hydroxide) is one of the highly
toxic chemicals for human being and wildlife produced in fertil-
izer and chemical factories. The dissolution of this chemical into
running and drinking water may cause severe health problems
such as skin, throat, lung cancer and permanent blindness. There-
fore, early detection and monitoring of leakage of liquid ammonia
in the environment is highly desirable for public safety. In this
regard, there have been reports for the detection of ammonia (gas
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and liquid both) in various forms such as electrochemical sen-
sor, optical sensor, chemiresistive sensor, polyaniline and metal
oxide based sensors, biomaterials (L-glutamic acid-HCl) based sen-
sors, [-V technique based sensor and so on [3-13]. Among various
detection techniques, the [-V technique is one of the simplest and
easy technique for the efficient detection of various hazardous
chemicals and environmental pollutants. For this, various nanos-
tructures were used as efficient electron mediators to modify the
electrodes for the fabrication of efficient I-V technique based chem-
ical sensor [14-18]. Among various nanostructures, metal oxide
nanostructures possess excellent properties and hence used for
wide applications [5-10,12-16,19-21]. In metal oxides family, the
II-VI wurtzite hexagonal-shaped ZnO possess special place due
to its own properties and wide applications. The various exotic
properties of ZnO include its direct and wide band gap (~3.37 eV),
high exciton binding energy (60 meV) much larger than other
semiconductor materials, biocompatibility, easy and cost effective
synthesis, high electron features, optical transparency, non-toxicity
and so on [22-26]. Although, ZnO have excellent properties, there
are very few reports of this material as ammonia chemical sensor.

In this paper, we report the fabrication of highly sensitive chem-
ical sensor for the efficient detection of liquid ammonia simply by
using ZnO nanopencils. For this, a layer of ZnO nanopencils was
coated over the active surface of Glassy carbon electrode (GCE) fol-
lowed by thermal treatment in an oven in order to obtain a uniform
and stable layer. Later, the ZnO modified GCE was used to detect
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the liquid ammonia by I-V technique. Due to well-crystallinity and
higher surface area of the synthesized ZnO nanopencils, the fab-
ricated sensor offers ultra-high sensitivity towards the efficient
detection of liquid ammonia. In addition to this, the fabricated
sensor also exhibited high regression coefficient and very low
detection limit, i.e. in the nanomolar range. Furthermore, it was
observed that the proposed ammonia sensor is highly reproducible
and stable over a long period of time.

2. Experimental detail

2.1. Synthesis of ZnO nanopencils by low-temperature
hydrothermal process

Large-quantity synthesis of ZnO nanopencils was done by sim-
ple and facile hydrothermal process by using zinc acetate dihydrate
(Zn(CH3C00),-2H,0) and ammonium hydroxide (NH4OH) at low-
temperature of 125 °C. All the chemicals utilized for the synthesis of
ZnO nanopencils were purchased from Sigma-Aldrich and used as
received without further purification. In a typical reaction process,
0.05M zinc acetate was mixed with 0.05M ammonium hydroxide
solution, both made in 50mL DI water, under contineous stir-
ring. Few drops of ammonium hydroxide were added to maintain
the pH of the solution 10.0. The final solution was vigorously
stirred for 30 min and consequently transferred to teflon lined auto-
clave which was then sealed and heated upto 125 °C for 8 h. After
terminating the reaction, the autoclave was allowed to cool at
room-temperature and the obtained products were washed sev-
eral times with DI water and ethanol, sequentially and dried at
45°C. The as-synthesized products were investigated in terms of
their morphological, structural and optical properties.

2.2. Characterizations of ZnO nanopencils by low-temperature
hydrothermal process

The as-synthesized products were extensively characterized
by various analytical techniques. The general and detailed mor-
phologies were examined by using field emission scanning
electron microscopy (FESEM; JEOL-JSM-7600F) and transmission
electron microscopy (TEM; JEOL-JEM-2100F) equipped with high-
resolution TEM (HRTEM). The crystallinity and crystal phases of
the synthesized products was examined by using X-ray diffraction
(XRD; PANanalytical Xpert Pro.) measured with Cu Ka radiation
(A=1.54178A) in the range of 20-65°. The chemical compo-
sition was examined by using energy dispersive spectroscopy
(EDS) and elemental mapping, both attached with FESEM, and
Fourier transform infrared (FTIR; Perkin Elmer-FTIR Spectrum-
100) spectroscopy in the range of 465-3750cm~!. The optical
properties of the prepared nanomaterial were examined by using
UV-visible spectroscopy (Perkin Elmer-UV/VIS-Lambda 950) and
Raman-scattering spectroscopy (Perkin Elmer-Raman Station 400
series) at room-temperature.

2.3. Fabrication and characterization of aqueous ammonia
chemical sensor by I-V technique

To fabricate the aqueous ammonia chemical sensor, slurry of
as-prepared ZnO nanopencils was made with the addition of con-
ducting binders and coated on glassy carbon electrode (GCE, surface
area 0.0316 cm?). Prior to the modification, GCE surface was pol-
ished with alumina-water slurry on a polishing cloth, followed by
rinsing with distilled water thoroughly. For the electrode surface
modification, firstly, an appropriate composition of nanomaterial
(ZnO nanopencils) and conducting agent (butyl carbital acetate)
were mixed together and ground to obtain a fine powder using a
mortal and a pestle. Later, a slurry was produced by dispersing of

as prepared powder in a solvent (acetyl acetate). Finally, a certain
amount of the slurry was casted on GCE carefully. The modified GC
electrode was then dried kept at 60 + 5 °C for 4-6 h to get a uniform
and dry layer over active electrode surface. A simple two electrode
system was used to evaluate the sensing performance of ZnO in
which the modified electrode was used as working electrode and
Pd wire as the counter electrode. An electrometer (Keithley, 6517A,
USA)was used as a voltage source for -V measurement. The current
response was measured from 2.0 to +5.0 V while the time delaying
and response times were 1.0 and 10.0s, respectively. The concen-
tration and volume of phosphate buffer solution (PBS) were kept
constant of 0.1 M and 10.0 mL, respectively. A wide concentration
range of ammonium hydroxide (5mM to 50 nM) was used for all
the experiments. The sensitivity of the fabricated aqueous ammo-
nia chemical sensor was estimated from the slope of the current
vs concentration from the calibration plot divided by the value of
active surface area of sensor/electrode.

3. Results and discussion

3.1. Morphological, structural and optical properties of
as-synthesized ZnO nanopencils

The morphological, structural and optical properties of
as-synthesized ZnO nanopencils were examined by various tech-
niques and discussed in this section. To evaluate the general
morphologies, the as-synthesized products were characterized by
FESEM and the micrographs are reported in Fig. 1. The FESEM
images clearly confirm that the synthesized materials are pointed
nanorods which are grown in large quantity. Interestingly, it is
seen that the pointed nanorods are assembled in bunches and each
bunch has hundreds of nanorods in it. The lengths of the nanorods
are in the range of 6+2 pm. Fig. 1(c) and (d) exhibits the typi-
cal high-magnification images of as-synthesized pointed nanorods.
It is clear from high-resolution images that the nanorods formed
pencil like morphology and this is the reason why these nanorods
are called “Nanopencils”. The nanopencils exhibit very uniform,
smooth and clear hexagonal surfaces throughout their length. The
characteristic hexagonal surfaces of as-synthesized nanopencils
confirm the good crystallinity and wurtzite hexagonal phase for
synthesized product. The diameters of the nanopencils at their
tips and surfaces are in the range of 454+ 10nm and 250450 nm,
respectively (Fig. 1(c) and (d)).

To examine the crystallinity and crystal quality of the as-
synthesized ZnO nanopencils, X-ray diffraction technique was used
and the pattern is reported in Fig. 2. Several well-defined diffrac-
tion reflections are observed which are well matched with the
pure wurtzite hexagonal phase. The calculated lattice parameters
for the synthesized ZnO nanopencils were a=3.249A, c=5.205A
which are similar to the reported data in Joint Committee on Pow-
der Diffraction Standards (JCPDS), card no. 36-1451. In addition
to this, the obtained results are well consistent with the already
reported literature [25,26]. No other peak related with any impurity
was detected in the observed pattern, upto the detection limit of
X-ray diffraction, confirming that the synthesized nanopencils are
made of pure ZnO and possess wurtzite hexagonal structure. For
detailed structural investigations, the as-synthesized nanopencils
were characterized by TEM equipped with HRTEM and the results
are presented in Fig. 3. Fig. 3(a) exhibit the low-magnification
TEM images, which exhibits the full consistency with the obtained
FESEM results in terms of the morphology, shape and size of the
nanopencils. To check more elaborately, a high-resolution TEM
(HRTEM) was done for as-synthesized nanopencils which clearly
exhibits that the lattice fringes are organized in such a proper
manner that no dislocation is seen which clearly confirms that the
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Fig. 1. Low magnification (a and b) and high-resolution (c and d) FESEM micrographs of as-synthesized ZnO nanopencils.

synthesized nanorods are almost defect free and possess good crys-
tallinity (Fig. 3(b)). In addition to this, the distance between two
lattice fringes along the longitudinal axis direction, correspond-
ing to the d-spacing of ZnO (000 2) crystal planes, was measured
and found to be ~0.52 nm which confirms that the synthesized
nanopencils are well-crystalline and having wurtzite hexagonal
phase. The inset of Fig. 3(a) exhibits the typical crystallographic
growth habit of as-synthesized ZnO nanopencils. It is well known
that the shape of any ZnO crystal depends on the relative growth
velocities of its different crystal planes [27]. In case of wurtzite
hexagonal ZnO, the ideal growth rates in the various crystal facets
should be in the order of [0001] > [0111] > [0110] >[0111] >
[000 1] under hydrothermal condition [27]. According to the ideal
growth rates in various crystal facets, the growth along the [000 1]
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Fig. 2. XRD pattern of as-synthesized ZnO nanopencils.

direction is maximum and the synthesized nanorods contains
+{000 1} crystal planes at their top and bottom and enclosed by the
six equivalent {011 0} crystal facets [28]. It is known that the fastest
growing plane generally tends to disappear and leaving behind
the slower growing forms with lower surface energy. Hence, the
(0001) face is not an equilibrium surface and it is bounded by
the growth facets of {011 1} which has higher Miller indices but
lower specific surface energy compared to the (000 1) facets. As the
specific surface free energy of (000 1) faces are higher than other
growth facets, hence after the growth of {011 1} facets, the (000 1)
planes are the most likely remaining facets which appear on the
ZnO crystals. Interestingly, it is observed that our as-synthesized
ZnO nanopencils follow the same growth pattern as reported in the
literature for the growth of ideal wurtzite hexagonal ZnO crystals
[29,30].

To check the composition and purity, the as-synthesized ZnO
nanopencils were examined by using energy dispersive spec-
troscopy (EDS) and elemental mapping, both attached with FESEM.
Fig. 4(a) exhibits the typical FESEM image of as-synthesized
nanopencils and (b) illustrates the typical EDS spectrum of the
corresponding nanopencils shown in (a). As can be seen from the
obtained FESEM images, the nanopencils are grown in very high
density. The corresponding EDS spectrum confirms that the synthe-
sized nanopencils are made of zinc and oxygen. No other impurity
peak was observed in the spectrum, up to the detection limit of
EDS.

The quality and chemical composition of the as-synthesized
ZnO nanopencils were examined by FTIR spectroscopy at room
temperature in the range of 465-3750cm~! and shown in Fig. 5.
Several well-defined peaks at 559, 1627 and 3439 cm~! have been
observed in the obtained FTIR spectrum. A sharp peak appeared
at 559 cm~! is related with metal-oxygen (Zn-0) bond and con-
firms that the synthesized material isZnO [31,32]. In addition to the
Zn-0 band, a very short band appeared at 1627 cm~! and a broad
peak at 3439 cm~! was also seen in the spectrum. The appearance
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Fig. 3. (a and b) High-resolution TEM micrographs of as-synthesized ZnO nanopencils. Inset of (a) exhibits the schematic of typical crystal habits of as-synthesized ZnO

nanopencils by hydrothermal process.

of a very short band at 1627cm~! is due to the bending vibra-
tion of absorbed water and surface hydroxyl, while the broad peak
3439 cm~!is due to the O-H stretching mode [31,32]. In addition to
the observed peaks, no other peak related with any functional group
was detected in the spectrum which reveals that the synthesized
nanopencils are pure ZnO without any significant impurities.

To evaluate the optical properties, the as-synthesized ZnO
nanopencils were examined by using a UV-visible (UV-vis) spec-
trophotometer after dispersion in water by means of ultrasounds
at room-temperature. Fig. 6 illustrates the typical UV-vis spectrum
of as-synthesized ZnO nanopencils and a well-defined absorption
peak at 374nm is clearly visible. The optical band gap of as-
synthesized ZnO nanopencils can be observed by using the Tauc’s
equation which demonstrates a relationship between absorption
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Fig. 4. Typical (a) FESEM image and (b) its corresponding EDS spectrum of as-
synthesized ZnO nanopencils.
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Fig. 5. FTIR spectrum of as-synthesized ZnO nanopencils.

coefficient and the incident photon energy of semiconductors. The
Tauc’s equation is as follows (Eq. (1)):

(ahv) = A(hv — Eg)" (1)

where « is the absorption coefficient, A is constant, and n is equal
to 1/2 for a direct transition semiconductor and 2 for indirect
transition semiconductor. According to the equation, the calcu-
lated optical band gap for as-synthesized nanopencils was found
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Fig. 6. UV-vis spectrum of as-synthesized ZnO nanopencils.
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Fig. 7. Raman-scattering spectrum of as-synthesized ZnO nanopencils.

to be ~3.33 eV. The observed optical band gap for the synthesized
nanopencils shows fully consistency with the already reported lit-
erature [25].

The scattering properties of as-synthesized ZnO nanopencils
were characterized by Raman-scattering measurements. ZnO with
wurtzite hexagonal crystal structure belongs to C*gy space group
with two formula units per primitive cell. According to the group
theory, various Raman active phonon modes exists which are
denoted as I"'=A; +E; + 2E; [33,34]. Among various phonon modes,
the A; and E; modes are polar and split into transverse optical
(TO) and longitudinal optical (LO) branches. The E; modes are non-
polar modes. Fig. 7 shows the typical Raman-scattering spectrum
of ZnO nanopencils which exhibits two defined bands, i.e. a sharp
and strong band appeared at 437 cm~! and a suppressed and short
band at 331 cm~!. The peak appeared at 437 cm™! is attributed to
the Raman-active non-polar optical phonon E; (high) mode and is a
significant band for the wurtzite hexagonal phase of pure ZnO [28].
The other observed short band at 331 cm! is assigned as Exy—Eap.
(multi-phonon process) and can be found only when the ZnO is very
well crystallized [35]. No other band related with any other optical
phonon is seen in the spectrum. Therefore, due to the presence of
sharp and strong Raman-active optical phonon E, (high) mode and
small Eoy—E;; mode clearly confirmed that the as-synthesized ZnO
nanopencils have good crystal quality with the wurtzite hexagonal
phase.

3.2. Ammonia chemical sensor application of as-synthesized ZnO
nanopencils

The proposed ZnO nanopencils based chemical sensor was used
to detect ammonia in liquid phase which is considered one of
the potential hazardous compounds to living beings and wildlife
directly or indirectly. The methodology for the detection of ammo-
nia through a typical I-V technique has been extensively described
in the fabrication part. The schematic representation of sensor fab-
rication isillustrated in Fig. 8. The ZnO nanopencils based ammonia
sensors possess various advantages which include their stability in
air and normal environments, biosafety and biocompatibility, high-
electrochemical features, non-toxicity, easy fabrication, reliability
and many more. Fig. 9 exhibits the typical I-V electrical response of
the fabricated ammonia chemical sensor based on ZnO nanopen-
cils modified GCE in the absence and presence of 50 nM ammonia
in 10.0mL of PBS solution. It is obvious from the figure that by
injecting the target analyte, i.e. ammonium hydroxide, a signifi-
cant enhancement in current was observed which reflects the high
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Fig. 8. Schematic representation of ammonia chemical sensor fabrication based on
ZnO nanopencils coated GCE electrode and its response by a simple and facile [-V
technique.

sensitivity of ZnO nanopencils to the analyte. As ZnO possesses
good electrocatalytic and fast electron exchange properties, hence
it is believed that due to these properties a rapid increase in the
current was observed in presence of ammonium hydroxide. In addi-
tion to this, the increase in the current could be attributed to the
discharge of the trapped electrons into the conduction band. Fur-
thermore, the decomposition of liquid ammonia (Eq. (2)) molecules
is an exothermic reaction, releasing the sufficient amount of energy
to the electrons to overcome the barrier.

NH40Hliquid — NH4+OH™ (2)

In other words, a catalytic and rate determining reaction occurs
on the surface of the ZnO modified electrode. In case of catalytic
reaction, the ammonia is first adsorbed on a catalyst, gets split
up into ions and then spreads over on the surface and reacts
with surface oxygen ions of functional material thereby decreasing
the resistance of the sensor and enhancing the current response,
because of the ZnO n-type semiconducting behavior.

In general, the detection of any target analyte using metal oxide
semiconductors is based upon the oxidation of analyte of inter-
est on sensor surface by the ionized oxygen from the liquid/air
interface and subsequent emission of an electron from the ion-
ized species into the conduction band [36]. It has been elucidated
in the literature that oxygen plays a vital role in the change of
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Fig. 9. Typical I-V response of glassy carbon electrode (GCE) in 10 mL, 0.1 M PBS
solution: (M) with 50 nM ammonia and (®) without the presence of liquid ammonia.



160 G.N. Dar et al. / Talanta 89 (2012) 155-161

Table 1

Comparison of the performances of the ammonia chemical sensors fabricated based on the utilization of various nanomaterials as electron mediators.

Materials/electrodes Sensitivity (WAcm=2 mM-1)

Detection limit Linear range References

ZnO nanopencils ~26.5822
Polyurethane acrylate 8.5254
3-Fe, 03 nanoparticles 0.5305
CuO codoped ZnO nanorods 1.549

~5.0nM 50nM to 0.5 mM Present work
0.018 uM 0.05 wM to 0.05 M [11]

21.8 uM 77 pM to 0.77M [17]
8.9 uM - [19]

electrical behavior of ZnO nanostructures. As shown in Eq. (3),
oxygen is adsorbed at nanostructure surface and gets ionized into
dynamic oxygen species, such as O~ and 0%~ by extracting the
electron from conduction band of nanostructure surface and hence
leading to decrease in the conductance (or increase in resistance).

(1/2)0(g)+ne- — O" ads 3)

where O™~ ads is adsorbed oxygen (n=0, 1, 2) and e~ is electronic
charge.

However, introduction of analyte in the sensor system results
into a catalytic reaction described in Eq. (4). The produced ions
react with the adsorbed oxygen species and subsequently emit the
trapped electrons into the conduction band of nanomaterial. Con-
sequently, this process increases the conductance of nanomaterials
and exhibits in the form of electrical signal.

A(liquid) — BT +C~ (4)
For further sensor performance investigations, the I-V electri-

cal response of the fabricated ammonia chemical sensor based on

1.2
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Fig. 10. (a) Typical I-V response of ZnO nanopencils modified GCE towards various
concentrations (from 50 nM to 5 mM) of liquid ammonia into 0.1 M PBS solution (pH
7) and (b) calibration curve.

ZnO nanopencils modified GCE was investigated in various con-
centrations of ammonium hydroxide in 10.0 mL of PBS solution.
For concentration studies, the stock solution of ammonia was pre-
pared by adding the appropriate amount of ammonia in the 0.1 M
pH 7.0 buffer. Then, concentrations of ammonia were varied from
5nM to 5 mM by diluting the stock solution further with the same
buffer accurately. Fig. 10(a) exhibits the typical I-V response of the
fabricated ammonia sensor as a function of ammonium hydroxide
concentration at room-temperature. It is observed that the cur-
rent response increases rapidly with the increase in concentration.
Therefore, at lower to higher concentrations of target analyte, the
current increases gradually. It can be deduced from current behav-
ior that the number of ions are increased with the increase of the
concentration of ammonia corresponding to the rapid electrons
transfer relay into conduction band. This results into the enhance-
ment of the sensor response [23,37].

The fabricated sensor sensitivity was estimated from the slope
of the current vs concentration from the calibration plot shown
in Fig. 10(b). The fabricated aqueous ammonia sensor based on
ZnO nanopencils exhibits good and reproducible sensitivity of
~26.58 wA/mMcm? and detection limit of ~5nM with a correla-
tion coefficient (R) of 0.9965 and a short response time (10.0s).
The linear dynamic range was observed to be in the range between
50nM and 0.5 mM. To the best of our knowledge, the fabricated
liquid ammonia chemical sensor exhibits the highest sensitivity
ever reported in the literature [11,17,19]. In addition to this, the
obtained detection limit of the fabricated sensor is ~5nM which is
lower than the previously reported literature values (Table 1).

The proposed sensor exhibited prominent stability over long
period of time. The stability of the present ammonia sensor was
determined by measuring the response once a day for 4 weeks.
After each measurement, the sensor was stored in a phosphate
buffer solution (pH 7.0). No significant decrease in ammonia detec-
tion was observed for 3 weeks. After 3 weeks, the response of
sensor was gradually reduced due to the weak interaction of
ZnO nanopencils electrode and liquid ammonia. This indicates
that the fabricated sensor showed not only high but also long
term stability. Furthermore, the proposed ammonia sensor showed
reproducible behavior too. It is noticeable that the estimated sen-
sitivity of the fabricated sensor is relatively higher than previously
reported ammonium hydroxide sensor fabricated based on the
utilization of various nanomaterials and/or composite materials
modified electrodes [17,19,37]. The observed high-sensitivity and
low-detection limit of the fabricated liquid ammonia sensor based
on ZnO nanopencils modified electrode was mainly due to the
good adsorption ability, rapid catalytic activity and biocompatible
nature of as-prepared ZnO nanopencils. A concise Table 1 has been
shown to compare the performances of ammonia sensor presented
in this study with the already reported values for ammonia sen-
sor fabricated based on the utilization of various electron mediator
materials.

4. Conclusion

In summary, a very simple, reliable, reproducible and facile
method has been presented to fabricate ultra-high sensi-
tive liquid ammonia chemical sensor. Low-temperature grown,
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well-crystalline hexagonal-shaped ZnO nanopencils were used as
efficient electron mediators for the fabrication of proposed chemi-
cal sensor. The fabricated liquid ammonia chemical sensor exhibits
ultra-high sensitivity of ~26.58 pAcm—2mM~! and very detec-
tion limit of ~5nM. To the best of our knowledge, the fabricated
chemi-sensor exhibits highest sensitivity for liquid ammonia. This
research opens a way that simply synthesized nanomaterials could
be used as efficient electron mediators for the fabrication of various
effective chemical sensors.
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