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ABSTRACT: Due to numerous potential applications of semi-
conductor transition metal—doped nanomaterials and the great
advantages of hydrothermal synthesis in both cost and environ-
mental impact, a significant effort has been employed for growth
of copper oxide codoped zinc oxide (CuO codoped ZnO)
nanostructures via a hydrothermal route at room conditions.
The structural and optical properties of the CuO codoped ZnO
nanorods were characterized using various techniques such as
UV—visible, Fourier transform infrared (FT-IR) spectroscopy,
X-ray diffraction (XRD), field emission scanning electron
microscopy (FE-SEM), etc. The sensing performance has been
executed by a simple and reliable I—V technique, where
aqueous ammonia is considered as a target analyte. CuO
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codoped ZnO nanorods of thin film with conducting coating agents on silver electrodes (AgE, surface area of 0.0216 cm?)
displayed good sensitivity, stability, and reproducibility. The calibration plot is linear over the large dynamic range, where the
sensitivity is approximately 1.549 & 0.10 4A cm™ > mM " with a detection limit of 8.9 & 0.2 M, based on signal/noise ratio in short
response time. Hence, on the bottom of the perceptive communication between structures, morphologies, and properties, it is
displayed that the morphologies and the optical characteristics can be extended to a large scale in transition-metal-doped ZnO

nanomaterials and efficient chemical sensors applications.

KEYWORDS: CuO codoped ZnO nanorods, hydrothermal method, powder X-ray diffraction, aqueous ammonia sensors,

sensitivity, -V technique

B INTRODUCTION

Nanomaterials have attracted a wide interest owing to their
unique properties and immense potential application in chemical
sensor fabrication.' > Semiconductor material has been recog-
nized as a promising host nanomaterial for transition material at
room temperature. It is revealed a stable morphological structure
and composed of a number of irregular phases with geometrically
coordinated metals and oxide atoms, piled alternately along the
axes.* Transition metals codoped in semiconductor nanomater-
ials have concerned profound research effort for its exceptional
and outstanding properties and versatile applications.””” Re-
cently, an extensive development has been made on the research
leading of metal-oxide codoped ZnO-based nanomaterials actu-
ated by both fundamental sciences and prospective advanced
technologies.® The doped semiconductor nanostructures exhibit
promising uses as field consequence transistors,” UV photo-
detectors,'® gas sensors,' ' field emission electron sources,
nanomaterials,"> nanoscale power generators,'* and many other
functional devices." The transition metal doped nanostructure is
also a competent method to regulate the energy level surface
states of ZnO, which can further progress by the changes in
doping concentrations of doped semiconductor materials.

Chemical sensing quest has been investigated with the metal
oxide nanostructures for the detection of different chemicals such
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as hydrazine, methanol, chloroform, dichloromethane, acetone,
ethanol, etc., which are not environmentally friendly. The sensing
mechanism with doped or undoped metal oxide thin films utilized
mainly the properties of porous film formed by the physi-sorption
and chemisorption techniques. The chemical detection is based
on the current changes of the fabricated thin films caused by
the chemical components of the reacting system in aqueous
medium.'®*° The main efforts are focused on detecting the
minimum quantity aqueous ammonia necessary for the fabricated
doped sensors for electrochemical investigation. Nanomaterials
offer many opportunities of tuning the chemical sensing properties.

In the present study, it is employed that the hydrothermal
method prepares copper oxide codoped zinc oxide nanomaterials
with nearly controlled rod-shape structure, which revealed a
continuous morphological advancement in nanostructure mate-
rials and potential applications. With most of the contemporary
works focused on undoped ZnO, there has been more and more
attention dedicated to explore the doped counterparts. For
semiconductor nanomaterials, doping is an influential appliance
to conform the optical and electrical properties, expediting the
development of many electronic and optoelectronic devices.
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Semiconductor nanostructure CuO codoped ZnO nanorods
allow very sensitive transduction of the liquid/surface interac-
tions into a change in the electrochemical properties. The
possibility to form a variety of structural morphologies suggests
different prospects of tuning the chemical sensing properties.
CuO codoped ZnO nanomaterial is fabricated into a simple
and efficient chemical sensor consisting of a side-polished
silver electrode surface and measuring the chemical sensing
performance in aqueous ammonia at room conditions. To
best of our knowledge, this is the first report for detection of
aqueous ammonia with calcined CuO codoped ZnO nanomater-
ials using a simple and reliable I—V method in a short
response time.

B EXPERIMENTAL SECTION

Materials and Methods. Copper chloride, zinc chloride, ammonia
solution (25%), butyl carbitol acetate, ethyl acetate, monosodium phos-
phate, disodium phosphate, and all other chemicals used were of analytical
grade and obtained from Sigma-Aldrich Company. The 4,,,,, (301.0 nm) of
calcined CuO codoped ZnO nanorod materials was assessed with UV—
visible spectroscopy (Lamda-950, Perkin-Elmer, Germany). Fourier trans-
form infrared (FT-IR) spectra were confirmed with a spectrophotometer
(Spectrum-100 FT-IR) in the mid-IR range, which was purchased from
Perkin-Elmer, Germany. The powder X-ray diffraction (XRD) patterns
were measured with an X-ray diffractometer (XRD; X'Pert Explorer,
PANalytical diffractometer) equipped with Cu Kol radiation (4 =
1.5406 nm) using a generator voltage of 40 kV, and a generator current
of 35 mA was applied for the determination. Morphology of CuO codoped
ZnO was recorded on a field emission scanning electron microscopy
instrument (FE-SEM; JSM-7600F, Japan). The I—V technique is in-
vestigated using an electrometer (Kethley, 6517A, Electrometer, USA).

Synthesis of CuO Codoped ZnO Nanorods. CuO codoped
ZnO nanomaterials have been synthesized by adding unimolar concen-
tration of copper chloride and zinc chloride precursor into a hydro-
thermal cell (Teflon line autoclave) for 16 h. Copper chloride and zinc
chloride were slowly dissolved into the deionized water separately to
make 0.1 M concentration at room temperature. Then, these equi-molar
solutions were mixed gently and stirred until mixed properly. The
solution pH was slowly adjusted dropwise in an alkaline system. Then,
the mixture was put into a hydrothermal cell to put in the oven for a
longer time and maintained the temperature. The starting materials of
ZnCl,, CuCl,, and NH,OH were used without further purification for
the coprecipitation method to CuO codoped into ZnO. The NH,OH
was added dropwise into the vigorously stirred ZnCl, and CuCl,
solution mixture to produce a white precipitate.

The growth mechanism of the nanomaterials could be apprehended
on the basis of chemical reactions and nucleation, as well as development
of ZnO crystals. The apparent reaction mechanisms are proposed for
obtaining the doped nanomaterial oxides, which are presented below.

NH;OH,) — NH4+(aq) + OH (49 (i)
ZnClz(s) + ZOHi(aq) g Zn(OH)2<aq) + ZCI*(aq) (ii)
Zn(OH), ) +2NH4OH,q) — Zn0, ' (yg) +2NH, " ) +2H,0 (i)

CuCly(yq) + 4NH,OH ) + Zn0, " (,q) — CuO-ZnOyy

+4NH, " (q) + 2C1 (5q) +2H,0 (iv)

Zn(OH),(,,) + CuO(yg) — CuO-ZnO(s) + H,0 )

The precursors of CuCl, and ZnCl, are soluble in alkaline medium
(NH,OH reagent) according to the equations of i—iii. After addition of
NH,OH into the mixture of metal oxides solution, it was stirred gently
for a few minutes at room temperature. Then, the solution pH is adjusted
(10.3) using NH,OH and put into an autoclave cell to set into the oven
at 150.0 °C for 16 h, where the active temperature of the solution
mixture is approximately in the range of 90.0—100.0 °C. The reaction is
progressed slowly according to the eqs iv and v. Then, the solution was
washed thoroughly with acetone and kept drying at room temperature.

During the total synthesis process, NH,OH acts a pH buffer to
regulate the pH value of the solution and slow supply of OH~ ions.”!
When the concentration of the Zn®>" and OH ™~ ions are reached over the
critical value, the precipitation of ZnO nuclei initiates. As there is high
concentration of Cu®" ion in the solution, the nucleation of ZnO crystals
forms by coprecipitation, owing to the lower activation energy barrier of
heterogeneous nucleation. However, as the concentration of Cu’*" was
present in the mixture of solution, some larger ZnO crystals with a rod-
like morphology developed among the nanostructures, which was
composed of CuO codoped ZnO nanomaterials. The shape of CuO
codoped calcined ZnO rods is approximately consistent with the growth
habit of ZnO crystals.*>** Finally, the as-grown CuO codoped ZnO
nanomaterials were calcined at 400.0 °C for 5 h in the furnace
(Barnstead Thermolyne, 6000 Furnace, USA). The calcined products
were characterized in detail in terms of their morphological, structural,
and optical properties and applied for ammonia chemical sensing.

Fabrication and Detection Technique of Aqueous
Ammonia. Phosphate buffer solution (PBS; 0.1 M) at pH 7.0 is
prepared by mixing 0.2 M Na,HPO, and 0.2 M NaH,PO, solution in
100.0 mL of deionized water. A silver electrode is fabricated with
calcined nanomaterials, where butyl carbitol acetate (BCA) and ethyl
acetate (EA) are the conducting coating agents. Then, it is transferred
into the oven at 70.0 °C for 6 h until the film is completely uniform and
dried. An electrochemical cell is mounted with nanomaterial coated AgE
as a working electrode and Pd wire as a counter electrode. Ammonia
solution (25%) is diluted at different concentrations in DI water and
used as a target. The amount of 0.1 M PBS was kept constant in the
beaker as 10.0 mL throughout the chemical investigation. Analyte
solution is prepared with various concentrations of aqueous ammonia
from 77.0 uM to 7.7 M. The sensitivity is calculated from the slope of
current vs concentration (Ivs C) from the calibration plot divided by the
value of active surface area of sensors/electrodes. An electrometer is
used as a voltage source for the I—V technique in a two electrode system.

B RESULTS AND DISCUSSION

UV-—Visible and FT-IR Spectroscopy. The optical absorption
spectra of CuO codoped ZnO samples are executed using a
UV—vis spectrophotometer in the visible range. The absorption
spectrum of calcined nanomaterial solution is presented in
Figure 1A. It represents the absorption maxima at 301.0 nm in
the visible range between 200.0 and 800.0 nm wavelengths,
which indicated the formation of CuO codoped ZnO nanorod
formation by the hydrothermal route.** Band gap energy is
calculated on the basis of the maximum absorption band of
CuO codoped ZnO nanomaterials and obtained to be 4.1196 eV,
according to following equation.

1240
Epg = 7

(eV)

where E,, is the band gap energy and Amax is the wavelength
(301.0 nm) of the nanomaterials.

The calcined CuO codoped ZnO nanomaterials is also
characterized from the atomic and molecular vibrations.
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Figure 1. (A) UV—visible spectroscopy and (B) FT-IR spectroscopy of
calcined CuO codoped ZnO nanomaterials.

To anticipate the actuated recognitions clearly, FT-IR spectra
only in the region of 400—4000 cm ™' are employed. Figure 1B
represents the FT-IR spectrum of the calcined nanomaterials. It
exhibits a band at 610 cm ™", This observed vibration band may
be assigned as metal—oxygen—metal (M—O—M) stretching
vibration. The observed vibration bands at low frequency regions
suggest the formation of metal—oxide nanomaterials.

FE-SEM and Powder X-ray Diffraction. High resolution FE-
SEM images of calcined CuO codoped ZnO nanomaterials are
presented in Figure 2A—C. The images are composed of
nanostructure materials with nanorod shapes. The rod and
aggregated-rod shapes exhibited the zinc-oxide and copper-oxide
nanostructures, respectively. In Figure 2A, the diameter of ZnO
nanorods is calculated in the range of 280.0—800.0 nm, where
the average value is close to 530.0 & 20.0 nm. In Figure 2B, the
size of the aggregated nanorods grown by copper oxide materials
is close to 8.0 um. The diameter of inner rods of aggregated
copper materials is 183.0 = 10.0 nm. It is clear from the FE-SEM
images that the hydrothermally synthesized products are nano-
structures of CuO codoped ZnO, which propagated in a very high
density and possessed nanorod shapes. Figure 2C represents the
high-resolution (magnified) FE-SEM image of the calcined nano-
materials. It is reflected that most of the nanostructures are
possessed in rod shapes of the aggregated copper nanomaterials.

The CuO codoped ZnO nanopowder samples were analyzed
and exhibited as wurtzite structure with hexagonal shapes. The
sample was calcined at 400.0 °C in a furnace to ascertain the
formation of nanocrystalline phases. Figure 2C shows typical
crystallinity of the calcined CuO codoped ZnO nanorods and
their aggregation. All the reflection peaks in this pattern were
found to match with ZnO phase (zincite) having hexagonal
geometry [JCPDF # 071-6424]. The phases showed the major
characteristic peaks (black color) with indices for calcined
crystalline ZnO at 20 values of 31.8(100), 34.5(002), 36.4(101),
47.8(102), 56.7(110), 63.0(103), 66.2(200), 69.1(201), and
89.6(203) degrees. The hexagonal (unit cell) lattice parameters
are a = 3.2494, b = 52038, point group of P63mc, and radiation of
Cu Kaul (4 = 1.5406). These indicate that there is a significant
amount of crystalline ZnO present in nanomaterials. The reflec-
tion peaks were observed to match with CuO phase (Tenorite)
being base-centered monoclinic [JCPDF # 073-6234]. The phases
represented the major characteristic peaks (blue color) with
indices for calcined crystalline CuO at 26 values of 32.7(110),
35.8(—111), 38.9(111), 46.4(—112), 48.0(—202), 53.8(020),
58.4(202), 61.8(—113), and 68.1(113), 73.5(221), 75.4(—222),
80.4(—114), and 83.7(312) degrees. The monoclinic lattice
parameters are a = 4.662, b = 3.417, ¢ = 5.118, 3 = 99.48, point

183+10nm
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Figure 2. (A—C) Low to high magnified FE-SEM images and (D)
powder X-ray diffraction pattern of calcined CuO codoped ZnO.

group of C2/c, and radiation of Cu Kol (4 = 1.5406). These
indicate that there is a significant amount of crystalline CuO
present in nanomaterials. The diffraction patterns of calcined
samples can be indexed to the hexagonal structure of ZnO. The
other peaks corresponding to CuO related secondary phase were
found in a copper oxide doped sample, which may be attributed
to the incorporation of CuO into the ZnO lattice site.

Detection of Aqueous Ammonium Using /—V Technique.
The potential application of CuO codoped ZnO nanostructures
as chemical sensors has been explored for detecting and quanti-
fying hazardous chemicals, which are not environmentally
friendly. Development of doping of this nanostructure materials
as chemi-sensors is in the primitive stage, and only a limited
number of reports are available.”> " The nanorods of CuO
codoped ZnO chemi-sensors have advantages such as stability in
air, nontoxicity, chemical stability, electrochemical activity, ease
to fabricate, and biosafe characteristics. As in the case of chemical
sensors, the principle of operation is that the current response in
I-V technique of CuO codoped ZnO nanorod drastically
changes when aqueous ammonia is adsorbed.

The calcined CuO codoped ZnO nanomaterials were used for
fabrication of chemical sensor, where aqueous ammonia was
considered as target analyte. The emaciated film of nanomaterial
sensor was fabricated with conducting agents and embedded on
the silver electrode surface, which is presented in Figure 3A. The
fabricated electrode was accumulated in the oven at low tem-
perature (70.0 °C) for a few hours to dry, stable, and uniform the
film totally. The electrical responses of target analyte were
executed using the I—V method, which is presented in
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Figure 3. Schematic view of (A) fabrication of AgE with coating agents, (B) detection of [—V method (theoretical), (C) outcomes of I— V experimental
result, (D) proposed mechanisms of aqueous ammonia detection in the presence of semiconductor CuO codoped ZnO nanomaterials.
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Figure 4. I—V responses of (A) without and with coating; (B) in
absence and presence of aqueous ammonia; (C) concentration varia-
tions (77.0 uM to 7.7 M) of analyte; and (D) calibration plot of CuO
codoped ZnO nanomaterials fabricated on AgE surfaces. Potential was
taken between 0 and +1.0 V.

Figure 3B. Hypothetical and experimental I—V responses>**’ of

a chemical sensor having CuO codoped ZnO thin film as a
function of current versus potential for aqueous ammonia, which
is shown in Figure 3B,C, respectively. The time delaying of
electrometer was kept for 1.0 s. A significant increase in the
current value with applied potential is clearly demonstrated.
Figure 4A shows the current changing without (gray dotted)
and with (dark dotted) coating of CuO codoped ZnO on silver
electrodes. With the nanomaterial coating electrode, the I—V
response is reduced compared to that without the coating
electrode, which means the surface is slightly inhibited with
metal oxides. The gray-dotted (without) and dark-dotted (with)
curves indicate the responses of the modified film before and
after injecting of 50.0 #L of aqueous ammonia in 10.0 mL of PBS

NO,+H,0

Figure 5. Mechanism of CuO codoped ZnO chemical sensors at
ambient conditions.

solution, respectively, which is presented in Figure 4B. The
significant change of surface current is measured in each injection
of the target component into the bulk solution. PBS solution
(10.0 mL; 0.1 M) is initially taken into the cell, and the low to
high concentrations of aqueous ammonia are added dropwise
sequentially from the stock solution. I—V responses on fabri-
cated CuO codoped ZnO surface are measured from the various
concentrations of aqueous ammonia (77.0 4M to 7.7 M), which
is presented in the Figure 4C. It shows the current responses of
coated films as a function of ammonium hydroxide concentration
at room temperature. It is observed that, at low to high
concentration of target analyte, the current increases gradually.
A wide range of analyte concentration is selected to study the
possible analytical parameters, which is calculated in 77.0 uM to
7.7 M. The calibration curve was plotted from the variation of
analyte concentrations, which is presented in the Figure 4D. The
sensitivity is calculated from the calibration curve, which is close
to 1.549 & 0.10 #A cm™ > mM ", The linear dynamic range of
this sensor exhibits from 77.0 uM to 0.77 M, and the detection
limit was around 8.9 £ 0.2 uM [3 X noise(N)/slope(S)].

The aqueous ammonia sensing mechanism of CuO codoped
ZnO sensors is based on the semiconductors oxides, due to
oxidation or reduction of the semiconductor oxide itself,
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according to the dissolved O, in bulk solution or surface air of the
surrounding atmosphere.

e~ (semiconductor materials) + O, — O, (1)

e~ (semiconductor materials) + O, — 20~ (2)

These reactions take place in bulk solution or air/liquid
interface or surrounding air due to the low carrier concentration
which increased the resistance. The NH,OH sensitivity toward
CuO codoped ZnO (e.g, MO, ) could be attributed to the high
oxygen deficiency, and defect density led to increased oxygen
adsorption. The larger the amount of oxygen adsorbed on the
surface, the larger would be the oxidizing capability and faster
would be the oxidation of NH,;OH. The reactivity of NH,OH
would have been very large as compared to another chemical
with the surface under the same condition.>® When NH,OH
reacts with the adsorbed O, on the doped surface of the film, it
gets oxidized to nitrogen oxide gas and metal ammonium
hydroxide, liberating free electrons in the conduction band which
could be expressed through the following reactions:

MO, + SNH,OH + O, — M(NH,OH),
+2NO,(,) +8e (C.B.) (3)

4NH4OH + 70, — 4NO, + 10H,O + 15¢~  (4)

These reactions corresponded to oxidation of the reducing
carriers. These processes increased the carrier concentration and
consequently reduced the resistance on exposure to reducing
liquids/analytes. At the room condition, the exposure of metal
oxide surface to reducing liquid/analytes results in a surface
mediated combustion process. The elimination of iono-sorbed
oxygen enhances the electron density as well as the surface
conductance of the film.>' The reducing analyte (NH,OH)
donates electrons to the CuO codoped ZnO surface. Therefore,
resistance decreases, or conductance increases. This is why the
analyte response (current response) increases with increasing
potential. It shows an n-type conduction mechanism, which is
proposed in the Figure S. Thus, produced electrons supply to
rapidly enhance conductance of the thick film. The CuO
codoped ZnO eccentric regions dispersed on the surface would
enhance the ability of material to absorb more oxygen species
giving high resistance in ambient air.

The response time was around 10's for the CuO codoped ZnO
coated-electrode to reach saturated steady state current. The
high sensitivity of film can be attributed to the good absorption
(porous surfaces fabricated with coating), adsorption ability, high
catalytic activity, and good biocompatibility of the CuO codoped
ZnO nanomaterials. The estimated sensitivity of the fabricated
sensor is relatively higher than previously reported ammonium
hydroxide sensors based on other composite or material mod-
ified electrodes.>* ** Due to large surface area, the nanomaterials
provided a favorable nanoenvironment for the chemical detec-
tion with good quantity. The high sensitivity of CuO codoped
ZnO provided high electron communication features which
improved the direct electron transfer between the active sites
of nanomaterials and AgE. The modified thin film had a good
stability. Additionally, due to high specific surface area, the
nanorods of CuO codoped ZnO impart a favorable environment
for the aqueous ammonia detection (by adsorption) with large
quantity. The high sensitivity of nanomaterials provides high
electron communication aspects which promote the direct

electron communication between the active sites of nano CuO
codoped ZnO and AgE.

CuO codoped ZnO reveals some prospective in providing
chemical based sensors, and encouraging progress has been
executed in the research segment. Despite this progress, there
are still a number of important issues that require further
investigation before this material can be transferred to commer-
cial use for the stated applications. As for the nanomaterials, CuO
codoped ZnO nanorods provide a path to a new generation of
chemical sensors, but a premeditated effort has to be expended
for doped nanostructures to be taken critically for large scale
applications and to achieve high appliance density with accessi-
bility to individual sensors. Reliable methods for fabricating,
assembling, and integrating building blocks onto sensors need to

be explored.

B CONCLUSIONS

This chloride-based hydrothermal method resembles a uni-
versal attitude to fabricate transition-metal-doped ZnO nanoma-
terials with preeminent morphologies. Such a controlled doping
has extensive presumption and perturbs the crystalline and
electronic structures of zinc oxide. It is also a successfully
fabricated highly sensitive ammonia sensor based on calcined
CuO codoped ZnO embedded AgE with conducting binders, for
the first time. CuO codoped ZnO nanorods are selectively
prepared hydrothermally with reducing agents in alkaline med-
ium, which represents a simple, easy, convenient, and economical
approach. An aqueous ammonia sensor is studied by a simple
I—-V technique at room condition, and the analytical perfor-
mances are investigated thoroughly in terms of sensitivity,
detection limit, response time, and storage stability. The crystal-
line structure, shapes, optical properties, and band gap were
investigated by XRD, FE-SEM, and UV —visible techniques. This
contribution provided extensive research activities that convened
on the synthesis, characterization, and chemical sensing applica-
tion of CuO codoped ZnO nanorods. This new approach also
introduced a new route for efficient chemical sensor develop-
ment to control the environmental toxicity carcinogenicity and
could also play an important role in biomedical health care fields.
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