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Detection of Ammonia Gas Molecules in Aqueous
Medium by Using Nanostructured Ag-Doped ZnO Thin
Layer Deposited on Modified Clad Optical Fiber

Shailendra K. Singh,* Debjit Dutta, Anirban Dhar, Shyamal Das, Mukul C. Paul,

and Tarun K. Gangopadhyay

The synthesis of Ag-doped ZnO nanorod employing hydrothermal process
over modified cladd optical fiber is reported. The developed material is
characterized using X-ray diffraction (XRD), Fourier transformed infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), field emission
scanning electron microscopy (FESEM), and Brunauer-Emmett-Teller (BET)
analysis to evaluate the morphology and the nature of nanorod formed. The
initial performance of the coated modified clad optical fiber toward detection
of ammonia gas in aqueous solution is also presented. The sensing
performance revealed that the developed material possess improved sensitiv-
ity toward ammonia gas at room temperature compared to Ag doped

nanowires containing optical fiber sensor.

1. Introduction

Research activity related to nanostructured metal oxides are
gaining a lot of attraction in recent years as in general
nanostructured material possesses high surface area to volume
ratio and exhibit novel optical, chemical as well as electronic
properties. In this respect, ZnO is a well known n-type
semiconductor material having wide band gap (3.37eV), large
binding energy (60mV), excellent chemical and thermal
stability! and good biocompatibility. The ZnO can exist in
different forms such as nanowires,”” nanorods,” nanoellip-
soids* and many other nanostructures synthesized through
different process viz. homogeneous preciptaion, sonochemical
method, direct synthesis, hydrothermal process, direct precipi-
tation, reverse micells etc. Among different possible applications
viz. photo catalysis, dye-sensitized solar celles, gas sensors, solid
state optoelectronic devices etc. gas sensing is one of the
important area thanks to it’s high mobility of conduction
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electrons (200 cm? Vs™'), large surface area
suitable for gas adsorption and anisotropic
properties.®®) Due to these unique char-
acteristics of ZnO, it was deposited on the
optical fiber for the detection of ethanol,”’
ammonia,® humidity,” etc.

Pure ZnO shows weak optical properties
that causes point defects such as oxygen
vacancies or interstitial Zn, so it cannot use
directly into the industry. In order to make
optoelectronic devices based on ZnO,
formation of p type and n type states are
essential. ' However, doping of mnobel
metals like Ag,'"! Au, Pt, Pd etc. are co-
doped with ZnO in order to enhances the
surface area and electronic properties to
achieve improved sensing performances.
Silver is being widely used as a dopant which activates the
chemical analytes to accelerate the chemical reaction, catalytic
activity and catalytic oxidation and is one of the best promising
candidates to dope with ZnO because of its high solubility, large
ionic size and minimum orbital energy. Doping of Ag in ZnO,
forms an impurity band between orbitals of Ag and O-2p orbital,
which shifted the Fermi level towards valence band and induced
p type properties in ZnO. The p type properties depend on Ag
content, electrochemical growth and post annealing condi-
tions.'*!? Ag co-doping with [Ag/graphene],’* [Ag nano-
particles/poly(vinyl alcohol)]** are reported in order to achieve
enhanced sensitivity, fast response, good stability, and expected
to exhibit enhance optical, electrical, and magnetic properties.
The nanorods with Ag doping have more surface to volume ratio
than Ag doped nanoparticles. So nanorods and nanowires have
more sensing capacity than nanoparticle.®>*!

Ammonia sensors have developed using metal oxides,®
carbon nanotubes,’”! and polymers."® Very recently, Marcel
Bouvet et al. have reported a new kind of ammonia sensor (10—
100 ppm) by using organic n-type molecular semiconductor
materials namely triphenodioxazine and lutetium bisphthalo-
cynnine.!"”) Metal oxide based sensors have problem with room
temperature, high power consumption, and reusability. How-
ever, the optical fiber sensor has advantages over metal based
thin film. The optical fiber sensor is more attractive due to fast
response and room temperature operation[zol and remote
sensing ability.”") There are various techniques to design a
sensor, but one of the popular techniques is to design a modified
cladding with a suitable optical fiber coating on the fiber.?**
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Based on the above background, here we present the
preparation of Ag/ZnO nanorod coated fiber probe and
evaluated their sensing performance towards ammonia gas.
The coating materials have been synthesized by conventional
hydrothermal process and as-synthesized materials were
characterized by X Ray Diffraction (XRD), Fourier Transform
Infra Red Spectroscopy (FTIR), X ray Photoelectron Spectros-
copy (XPS) and the morphology of the coated fiber was checked
employing by Field Emission Scanning Electron Microscopy
(FESEM). Finally the initial performance of developed sensor
probe towards ammonia sensing was also evaluated.

2. Experimental Details

2.1. Synthesis of ZnO and Ag/ZnO Nanorod

The synthesis of ZnO and Ag/ZnO nanorod over fiber surface
was carried out in a two stage process as mentioned below.

Different chemical used during preparation consists of Zinc
acetate dihydrate (CH,COO),Zn.2H,0 (Merck, Germany >98%),
Zinc nitrate hexahydrate Zn(NOs),.6H,0 (Merck, Germany
>96%), Hexamethylentetramine (CH,)¢N4 (Merck, Germany
>99.5%), Silver Nitrate AgNO3 (99.995%) (Merck, Germany),
Ammonia (NH;) (Merck, Germany 25%), and ethanol (C,HsOH)
(Merck, Germany). We have used a multimode fiber fabricated in
house having NA 0.15 having core diameter of 45 um. Prior to
deposition of chemicals over fiber cladding, a small portion
(=1 cm) of the cladding layer was etched using 48% HF solution
with optimized process parameters and then placed on hot plate
maintaining a temperature of 70 °C. In the first stage, a seed layer
of ZnO is made over the fiber surface which is essential to achieve
uniform growth of nanorod in subsequent stages. An ethanolic
solution containing Zinc acetate was then dropped over the etched
fiber surface followed by drying at 350°C for about 2 h.

In the second stage, hydrothermal technique was employed to
achieve the nanorod growth formation over the ZnO coated
modified clad optical fiber. In an autoclave, an equal concentra-
tion comprised of (0.05M) Zn(NOs),.6H,0 and Hexamethle-
netetramine dissolved in 60 mL of deionised (DI) water under
stirring, where ZnO seed layer coated fiber is dipped and heated
at 90 °C for 1 h. The coated fiber was finally rinsed with DI water
and dried for one day prior to evaluate its sensing performance.

Similar experiments were performed to prepare Ag/ZnO
nanorod coated fiber probe where all experimental conditions
remain same except we additionally used AgNO; instead of
Zn(NOs3),.6H,0 along with other reactants mentioned above.

The optimization of the coating thickness of Ag/ZnO coating
over the clad modified fiber is important. However, we could not
measure the exact thickness of the coated layers but in order to
optimize the sensing performance a number of sensor probes were
fabricated where number of dipping was varied from 1 to 4 times
which means our coating thickness remain within micron range.

3. Characterization of Pure ZnO and Ag/ZnO

The crystalline structure of synthesized material was examined
by XRD using a D8 advanced Davinci (Bruker) XRD system

Phys. Status Solidi A 2019, 1900141

1900141 (2 of 7)

Www.pss-a.com

where Cu Ka radiation (0.15418 nm) used in the 20 range from
20° to 90°. The emission spectra of ZnO and Ag/ZnO was
examined by FTIR. The impurities of the coated material were
checked by the XPS. The morphology of hexagonal nanorod on
fiber was checked by FESEM [Supra35 VP(Carl Zeiss)].

3.1. Structural Analysis

XRD analysis was performed checking the crystallinity of Zn and
Ag in the synthesized materials. The XRD patterns of
synthesized pure ZnO nanorod and Ag/ZnO nanorod are
shown in Figure 1a to b. All the peaks were indexed with ZnO
and matched well with JCPDS file (no. 36-1451). The peaks at
31.79°, 34.56°, 36.27°, 38.23°, 44.41°, 56.65°, 62.66°, 64.52°,
66.33°, 67.33°,68.13°, and 72.56°, which corresponds to the (h )k,
1) planes of (100), (002), (101), (111), (102), (103), (220), (200),
(112), (201), and (004) patterns correspond to the hexagonal
nanorod growth of ZnO. The peaks observed at 38.23°, 44.21°,
and 64.52° confirms Ag in the ZnO and mathed well with JCPDS
file (no. 04-0783).25%7]

3.2. FTIR Analysis

FTIR analysis was performed to evaluate the mode of bond in Ag
and ZnO present in synthesized materials.The FTIR spectra of
pure ZnO and Ag/ZnO nanorod were analysed at room
temperature. KBr pellet method was used to measure the
sample by using Nicolet 380 FTIR spectrometer. The broad
absorption band at 3377 cm ™" is due to O-H bending vibration of
water and at 1381 cm™" is due to NO;— groups.”! The peaks at
496cm™! is assigned for Ag/ZnO and at 548 cm™! is due to
oxygen vacancies.>?’!

If we compare both graphs Figure 2a and b, we observed that
Ag/ZnO materials which makes the peaks of pure ZnO at
wavenumber 831 cm ™. This indicates that developed material is
not purely crystalline.
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Figure 1. XRD pattern of (a) as-prepared ZnO (b) Ag-doped ZnO.
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Figure 2. FTIR spectra of (a) as-prepared ZnO (b) Ag/ZnO.

3.3. XPS Analysis

XPS analysis was done to analyze the oxidation state of the
chemical elements in pure ZnO and Ag/ZnO nanorods.
Figure 3a shows the full scan spectrum of as growth of ZnO
and Ag/ZnO nanorods. The peaks observed in the spectra are
Zn, C, O, and Ag, i.e.,, no impurities were found. Baseline
correction was performed to fit the relevent peaks of ZnO and
Ag/ZnO. In Figure 3b, the O 1s peak at the lowest binding
energy was assigned to 529.76 eV which indicates that O is in
metal oxide (ZnO) forms. The binding energy at 531.52 eV, and
529.76 eV indicates that O is in O" and O™ forms. The peak
binding energy at 1021.43eV and 1044.51eV corresponds to
peak of Zn 2p;;, and Zn 2p;, respectively.'? It indicates the
existence of divalent oxidation state in pure ZnO. The two peaks
of binding energy 367.51 eV and 373.51 eV which corresponds to
Ag 3ds;, and Ag 3ds,, of Ag/ZnO nanorods morphology. The
experimental peak of Ag 3d overlaps with fitted value. It indicates
that the density of Ag is constant.*! XPS indeed exhibit chemical
shifts towards the higher binding energy(BE) by 23.1eV with
correspong peaks 2ps,; and 2py ». The shift in peaks is due to Ag
ionic radii enhancement. The peaks 2p;,; and 2p ;; shifted with
BE ~0.36¢eV after Ag doping in ZnO. In Figure 3f the bulk
atomic ratio of Ag/ZnO was found 26.45/73.55 by XPS. In XPS
fitting besides 2p;, all other peaks of Zn was discarded which in
turn enhances Ag: ZnO ratio.

3.4. Microstructural Analysis

FESEM microstructural analysis was carried out to evaluate the
morphology of deposited materials and uniformity of coating
achieved. The nanorods grown on fiber is suitable for gas
sensing due to its large surface area. FESEM reveals that
nanorods are vertically arranged on the cylindrical surface of the
optical fiber. When it interacts with gas species, gas can penetrate
to the bottom portion of coated fiber to give maximum response.
The morphology of ZnO and Ag/ZnO nanocomposite were
analysed by FESEM. Through this analysis, we observed that
hexagonal nanorod formed on the surface of optical fiber. The
average size of hexagonal nanorods was found to be ~200 nm for
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ZnO but for Ag/ZnO it reduces to (=100 nm). In Figure 4a and d
represents nanostructure formation of ZnO and Ag/ZnO on the
fiber. In Figure 4b and e, hexagonal nanorod growth was shown
on the surface of optical fiber and Figure 4c and f represents the
Energy Dispersive of X-Ray Spectroscopy(EDX) plot of ZnO and
Ag/ZnO. These elemental peaks proves that there is no impurity
in these coated fibers. Comparison of Figure 4b and e clearly
indicates that for the same area under investigation the total
number of open channels are approximatelt 3X times in Ag/ZnO
than synthesized pure ZnO. The bulk atomic ratio of Ag/ZnO is
found to be 21.9:78.1 from EDX.

3.5. Brunauer-Emmett-Teller (BET) Analysis

To investigate the surface area of the materials studied N,
sorption analysis was performed. The BET specific surface area
of Ag/ZnO materials namely 3%, 6%, 9% doping Ag was found
to be 2.535m”*g™", 4.359m?g™", and 2.027 m>g~" respectively
from the nitrogen absorption isotherm. For 6% Ag/ZnO sample
total pore volume is 6.186 x 1072 cc g~ " and pore size is smaller
than 328.5nm diameter at P/Py=0.99414. This comparative
analysis was performed to select the best sensing materials
(here 6% Ag/ZnO sample) among the three samples fabricated
discussed here. We observed enhancement of surface
area for 6% sample than 3% but it decreases again for 9%
sample which could be due to clustering of Ag over ZnO
surface.*®

4, Result and Discussions

4.1. Experimental Set Up

The schematic diagram for ammonia detection set up in water
medium is shown in the Figure 5. Tungsten halogen white light
source (330-1800nm) was launched through one end of Ag/
ZnO nanorod coated fiber. The light propagates through the
optical fiber was collected by the IR (InGaAs) detector within
wavelength range of 1000-1800nm. We have measured
ammonia concentrations in aqueous solution from 0 to 450
parts per million (ppm) in a repeated manner.

The Equation (1) was used to calculate the value of ammonia
in ppm (Merck, Germany) by adding drops of NH; quantitatively.

f solut
ppm = mass o1 solute ><106 (1)

mass of solution

4.2. Sensing Principle

Figure 5b presents schematic of modified clad optical fiber
where the light propagates into the core of fiber through
principle of total internal reflection (TIR). The light propagates
in optical fiber which propagates into the cladding during TIR
known as evanescent field and it interacts between air and
cladding. The evanescent field exponentially decaying in the
nature from core to cladding. But when the cladding is coated
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Figure 3. XPS analysis of (a) pure ZnO and Ag/ZnO nanorods, b) O 1s of Ag/ZnO, c) Zn 2p of ZnO, d) Zn 2p of Ag/ZnO, e) Ag 3d of Ag/ZnO f) Surface

and bulk atomic ratio of Ag/Zn by XPS.

with high refractive index (RI) materials with Ag/ZnO then the
upper surface of cladding acts as a core and more light leaks into
the cladding.""**7" The intensity of light at output detector
decreases due to penetration of more light into the modified
cladding. The enhancement of light intensity into the modified
cladding play a major role in sensing performance. Silver is
suitable for enhancing localized surface plasmon resonance
energy (LSPR) as reported earlier.’” The magnitude of the
evanescent field is maximum with Ag doped materials and
decays exponentially in both media.®® In the atmospheric
condition the oxygen (O,) is adsorbed over the Ag/ZnO surface.
Ag is easy to form a stable oxide Ag,0. The oxygen adsorbed on
the surface of Ag,0 will extract electrons from the conduction
band of ZnO and produces oxygen species O~, O,~, and O*~
space charge layer inside it. When we exposed the targets gas
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over Ag,0O it reduces to Ag and it gives back electron to ZnO
easily. So the uniform Ag doping with ZnO can increase large
number of electron transfer over sensing probe. Thus uniformity
of this coating will enhance the gas response on the
surface.>'*?®

2)

Oz(g) < O2(adsorb)

OZ(adsorb) +e” Oy (3)
Ammonia gas reacts with chemiosorbed species oxygen and
oxidizes into N,, H,O, and electrons.
The reaction of ammonia with oxygen species can be
described as below.
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Figure 4. FESEM image of (a) Pure ZnO coated optical fiber, b) Hexagonal nanorod growth on ZnO coated optical fiber, c) The EDX pattern of ZnO
coated optical fiber, d) Ag/ZnO coated fiber, (e) Hexagonal nanorod growth on Ag/ZnO coated fiber, f) The EDX pattern of Ag/ZnO coated fiber.

100mL of DI water and measured quantity of ammonia is
4NH; + 305~ — 2N; 4+ 6H,0 + 6e™ (4)  added through micropipette. We recorded the data after 10 min

interval and noticed that the power intensity is decreased. The

spectral power intensity change for different concentration was

shown in Figure 6a which shows zoom view of the circled
4.3. Spectral Analysis portion of Figure 6a from the wavelength of 1240-1280 nm. The

sensitivity of the clad modified optical sensor is related to
During the experiments, the output intensity of sensor in  changes in output intensity. It is defined by following
ambient air is taken as a reference. The sensor is dipped in  equations.

i V74N — IR Detector

(a) Light >
Source U \ (InGaAs)
T input signal b output signal
MMF
'\ Ag/ZnO nanorod coated
optical fiber dipped
= inside the water
| «—— container
(b)

Evanescent field

EZE T Core

sensing region

Figure 5. The schematic diagram of (a) the experimental set up for detection of NH; in water medium. b) Modified cladding portion of the sensing
probe.
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Figure 6. Spectral response of clad modified optical fiber gas sensor based on Ag-doped ZnO nano-rods for different concentrations of ammonia gas
(a). The variations of Power Intensity with wavelength (b). Enhanced view of the sensing region.
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Figure 7. Power Intensity (dB) variation with NH; concentration from
(0-450) ppm.

Io—1I
Sensitivity = (-——2) x 100 (5)

0
where, I, is the signal intensity in the absence of analyte and I, is
the signal intensity in the presence of analytes. The sensitivity
(%) of the sensor was found to be 0.435 and found to better over
the previously reported value indicating its potential NHj

Table 1. Comparison of ammonia gas sensing performance reported.

sensing in aqueous solution. The sensitivity of present system is,
however, less than that of tapered fiber!"* where evanescent field
travel more inside the cladding whose magnitude exponentially
decreases from core to cladding. Nevertheless, in terms of
mechanical stability the present fiber system is more acceptable
in terms of practical application point of view.

The power intensity decreases with increase of ammonia gas
concentration was shown in the Figure 7 and it is linearly varies
with ammonia concentration. This again indicates that the
developed Ag/ZnO nanorod coated fiber is a potential candidate
for ammonia sensing in aqueous solution.

Comparison of gas sensing performance of various materials
on modified clad fiber towards ammonia sensor is shown in
Table 1.

5. Conclusion

In summary, we report here a successful synthesis of Ag-doped
ZnO nanorod by hydrothermal technique in a two step process
over modified clad optical fiber. The characterization of
developed materials was performed by XRD, FTIR, XPS, and
FESEM. The as synthesized materials was coated on fiber by
autoclave techniques. FESEM reveals that nanorods size on Ag/
ZnO nanorod coated fiber is smaller than pure ZnO coated fiber.
Thus Ag/ZnO coated fiber is more suitable due to the presence

Sensor type

Sensitivity ammonia (counts/ppm)

Ag doped ZnO nanorods Clad modified 0.435 (present work)
Silver nanowires!” Clad modified 0.17
Silver nanoparticles (Ag 1.3%)"" Tapered fiber 0.32
Silver nanoparticles (Ag 3.3%)"" Tapered fiber 0.59
Silver nanoparticles (Ag 6.6%)!"" Tapered fiber 0.88
Amin func.ZnO nanoflakes® Clad modified 0.262
Silver nanoparticles?®") Clad modified 0.12
ZnO nanocrystaline®? Clad modified 0.24
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of more open channels as reveal from FESEM analysis for gas
sensing applications. The change in power signal around
1240-1280 nm with change in NH; concentration indicates its
potential towards NH; sensing in aqueous solution. The
maximum sensitivity (%) of the proposed sensor is found to
be 0.435 at room temperature.
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