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SYNTHESIS AND CHARACTERIZATION OF NICKEL-
TUNGESTEN/REDUCED GRAPHENE OXIDE COMPOSITE BASED
AMMONIA SENSOR

ABSTRACT
Nickel-tungsten/reduced grapheme oxide (NiW/RGO) nanocomposite was prepared by using

chemical reduction method for electrochemical detection of ammonia. Ni/RGO and Ni-W
different ratio/RGO nanocmposite were also synthesized using the same method to compare their
performance for sensing ammonia in aqueous solution. The synthesized materials were
characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR
and ultraviolet-visible spectroscopy (Uv-vis). Electrochemical properties of glassy carbon
electrode modified using these nanomaterials were studied by employing cyclic voltammetry
(CV) and Chronoamperometry methods. It was observed that Ni-W (1:1)/RGO/GCE sensor
exhibited a superior electro oxidation surface towards ammonia oxidation in alkaline medium as
evidenced from its highest peak current compared to the other modified electrodes. This is
probably because of NiW/RGO nanocomposites high electro catalytic surface area (0.08512cm’)
and the synergetic effect coming from Ni, W and RGO. Besides, NiW/RGO may be tolerance to
the poisoning effect from intermediates accumulated on the surface of the electrode during the
redox reaction. The effect of PH on ammonia oxidation on surface of NiW/RGO was also
investigated using CV. It was noticed that the peak current increased with pH while peak
potential slightly shifted toward a more positive value. NiW(1:1)/RGO/GCE sensor was applied
for the detection of ammonia in standard solution under optimized experimental conditions. The
sensor exhibited sensitivity -112mv/d and Lower detection limit 5.65 x 10 ppm in alkaline
solution. Furthermore, the sensor shows good reproducibility with % RSD 3.5% and good
stability. Therefore, NiW (1:1)/RGO nanocomposite sensor can be a potential candidate for the

detection of ammonia based its electro oxidation in alkaline media.

Keywords: Ammonia electro oxidation, Bimetallic nanocomposite, Electrochemical sensor,

Catalytic surface area and Lower detection limit
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1. INTRODUCTION

Ammonia (NH3) has been widely used in the chemical industry, the light industry, chemical
fertilizer, pharmaceutical, synthetic fiber, etc. Characterized with an irritating odour, it stimulates
the eyes and skin rapidly at even a very low concentration and causes lung damage or even death
with a large amount of inhalation (Timmer et al., 2005). Therefore, it is essential to develop
ammonia sensor with high sensitivity and operability at room temperature. Currently, most
conventional ammonia sensors are based on metal oxides, such as tungsten trioxide (D’Arienzo
et al., 2011), zinc oxide (Wang et al., 2012), titanium oxide (Bailly et al., 2016), and indium
oxide ( Elouali. et al., 2012) These sensors usually suffer from a high price, a high working
temperature (200-350 ‘C), and a short service life, necessitating the development of a novel

ammonia sensor that overcomes these disadvantages.

However, pollution of the environment require a permanent monitoring of the concentration of
selected gases not only to ensure a compliance with environmental standards, but above all to
ensure the safety of population (Castro et al., 2012; Arakawa et al., 2013; Spinhirne et al., 2003;
Glintner et al., 2016; Dai et al., 2013; Kearney et al., 2002). One of the hazardous gases is
ammonia which is used in various industrial and domestic applications. It is a kind of colourless
and poisonous gas, which has important applications in various important fields such as
compound fertilizer, synthetic fiber and bio fuel. In addition, exposure to high concentrations of
gaseous ammonia can cause severe effects on human body like irritation of the eyes, throat, skin
and respiratory system (Davies et al., 2014; Xie et al., 2015; Koo et al., 2016; Asad and Sheikhi ,
2016).

Due to rapid increase in environmental and energy issues, it is required to replace conventional
fossil fuels with renewable energy sources. Ammonia is regarded as a potential energy carrier for
renewable energy due to its higher volumetric energy density and easier handling and
transportation than hydrogen (Zamfirescu and Dincer, 2008; Wang ef al.,, 2013).Over the past
few decades, the electrochemical oxidation of ammonia has attracted much attention due to its
potential application in fuel cells(Simons et al., 1969, Vidal-Iglesias et al., 2007; Suzuki et al.
,2012; Assumpcgao et al., 2007),ammonia electrolysis (Cooper and Botte, 2006; Vitse et al.,



2005, Boggs and Botte, 2009), wastewater remediation (Marin€i¢ and Leitz, 1978; Bonnin ef al.,
2008, Kapatka et al., 2011; Zollig et al. ,2007; Diaz et al., 2015) and sensors (De Mishima et al.,
1998;. Ji et al., 2005). Ammonia can be electrochemically oxidized into nitrogen by noble
transitional metal electrocatalysts (i.e. Pt, Ir, Rh, Pd) in alkaline solutions (Gootzen et al., 1998,

De Vooys et al., 2001). The half-reaction is expressed as

NH; + 30H — 1/2N, + 3H,0 + 3e— (1)

Among these candidate metals, Pt based catalysts have been found to be the most promising
catalysts (De Vooys et al., 2001). However, the electrochemical oxidation of ammonia on Pt has
a sluggish kinetics due to the complicated multistep electron and proton transfer process as well

as difficult dimerization reaction (Diaz and Botte, 2015).

In order to achieve high activity, tremendous efforts have been made on the development of
more active electrocatalysts, include alloying of Pt with other metals (e.g., Ir, Rh, Pd, Ru) that
have a potential synergistic effect with Pt for ammonia oxidation (Kapatka et al., 2011; Endo et
al., 2004; Boggs and Botte, 2010; Lomocso and Baranova, 2011), enhancing the number of
active sites by controlling the surface structure of the electrocatalysts (preferential orientation,
shape, morphology, etc.) (Vidal-Iglesias et al., 2003, Rosca and Koper, 2006; Zhang et al.,
2013), as well as using metal oxides (e.g., CeO,, antimony-tin oxide) to enhance local hydroxide
concentration(Katayama et al., 2015; Silva et al., 2016). Yet, none of these catalysts have shown
satisfactory performance comparable to the hydrogen oxidation reaction. Besides, Pt catalysts
suffer from activity degradation due to poisonous N,gs species (De Vooys et al., 2001, Gerischer

and Mauerer, 1970).

The most Common Electrochemical methods to determine ammonia are Cyclic voltammetry,
anodic stripping voltammetry and chronoamperometry. In amperometry, the current is
monitored over time after the application of a fixed potential. In Cyclic voltammetry current is
measured after a potential pulse is applied (Wang et al ., 2017). For determination of ammonia
in amperometry or cyclic voltammetry decorating the electrodes with the nano nanocomposites
can be taken as a key step (Chang et al., 2014; Dogan-Topal et al., 2013; DeClements et al.,

1996; March et al., 2015).This decoration of nanocomposite usually performed on a glassy



carbon electrode due its key properties like its high electrochemical and thermal stability,
enhanced surface area and corrosion resistance. This key properties is important to improve
electro catalytic performance of the nanocomposite to detect ammonia(Sharma, 2018; Hao et al.,
2012; Liu et al., 2016). Besides from the benefit, two major challenges associated with glassy
carbon structures are: (i) high costs and (i1) dimensional shrinkage(Jenkins and Kawamura, 1976;
Vidal-Iglesias et al., 2007; Assumpgao et al., 2007, Endo et al. ,2004, Lomocso and Baranova,
2011; Katayama et al., 2004, Oswin and Salomon, 1963; Endo et al.,, 2000; Moran et al., 200).
Generally for the detection of ammonia Synthesis method of the nanomaterials, appropriate
Proportion of the chemicals for synthesis, durability of the composite, important characteristics
of the sensor like sensitivity ,limit of detection, selectivity and cost should be considered (Endo
et al., 2004 ;Vidal-Iglesias et al., 2007; ;Vidal-Iglesias et al., 2007, Assumpgao et al., 2007). 1t is
also important to consider detecting selected gases at lower Concentration is an
unambiguous(Yan et al., 2016; Bao et al., 2016; Alizade and Soltani, 2016; Li et al., 2016;
Tegou et al., 2016; Zhang et al., 2014; Zhang et al., 2016; Zhang et al., 2016).

Finally, nanomaterials-based sensors have been considered to be a promising gas sensing tool
due to their large surface to volume ratio, controllable structure, and easily tailored chemical and
physical properties, which result in high sensitivity, fast dynamic process, and even increased
specificity(Asad and Sheikhi, 2016; Yan et al., 2016).Among various nanomaterials,
chemiresistive sensors based on metal oxide semiconductors are likely to become a portable real-
time gas sensing device with their small size, low cost, ease of operation, and particularly strong
correlation with instrumental analysis. However, these gas sensors have certain deficiencies with
regard to selectivity, which has led researchers to seek alternative sensing materials. Graphene, a
two-dimensional (2D) carbon nanostructure, has emerged as a new class of promising material in
gas sensing applications owing to their unique electrical and mechanical properties as well as
large surface area (Bao et al., 2016; Alizade and Soltani, 2016; Li et al., 2016 ).Hence, the
combination of an extremely sensitive mass device with a very high surface area and graphene
volume presents the possibility of designing high-performance gas sensors with high sensitivity,
selectivity, fast response/recovery behavior, and stable reproducibility (Tegou et al., 2016;
Zhang et al., 2014; Zhang et al., 2016; Zhang et al., 2016; Zhang et al., 2015). Reduced

graphene oxide (RGO), has similar structure and physical/chemical properties with graphene, is



decorated with oxygen functional groups such as epoxy, hydroxyl, carbonyl and carboxylate

situated on the edge and basal planes of 2D layered structure.

General Objective

To synthesize, characterize and develop a more sensitive nickel/tungsten/reduced graphene

Nanocomposite based sensor for ammonia detection

Specific objectives:

v

To synthesize NiW nanoparticles from their precursor using Chemical reduction
method;

To synthesize NiW/RGO nanocomposite using modified chemical reduction
method;

To characterize the structural properties of the as synthesized nanocomposite using
UV-VIS, XRD, and FTIR respectively;

To study the electrochemical behaviours of as synthesized nanocomposites on
MGCE by employing CV

To optimize experimental condition of NiW/RGO/MGCE for the detection of
ammonia

To apply of NiW/RGO/GCE for the ammperometric determination of ammonia in
standard solution

To determine the performance parameters of the sensor



2. LITRATURE REVIEW

2.1. Ammonia

Electrochemical treatment of ammonia has attracted more and more attention because it is easy-
operation, environmental-friendly and applicable to tough conditions (Allagui et al., 2014;
Allagui et al., 2013; Ni et al., 2015; Li and Liu, 2009). Ammonia can be directly converted to
nitrogen gas at anode through a three-electron oxidation reaction (Candido and Gomes, 2011;
Zollig et al., 2015; Estejab et al., 2015).

Anode reaction:NHj3(aq) + 30H — 1/2N,0 1 + 3H,0 + 3e—

Anode =-0.77 V vs. SHE (2)

Cathode reaction: 3H,O + 3e— 3/2H, 1 + 30H

Cathode=—0.83 V vs. SHE 3)
Overall reaction:NH3(aq) — 1/2N, 1 + 3/2H, 1

E=-0.06 V (4)

Compared to biological method, electro oxidation of ammonia needs less step and simpler setup.
Furthermore, hydrogen gas can be generated at cathode according to Reaction (3). In this way,
the chemical energy in ammonia is retrieved in the form of hydro-gen energy during ammonia
electrolysis. The generated hydrogen can be utilized to produce power by combustion, fuel cells
and hydrogen-forced engines, compensating for parts of the energy consumption in ammonia
electrolysis (Lan et al., 2012; Lan and Tao, 2010; Lan and Tao, 2013).Theoretically, only a small
value of external energy (0.06 V) is required to crack ammonia to nitrogen and hydrogen
(Estejab et al., 2015). It is much lower than the energy (1.23 V) required by water electrolysis:
However, ammonia electro oxidation at anode is reported to be sluggish and have a large over
potential, thus it is important to develop high-performance electro catalysts in order to solve this
fundamental challenge (Zhong et al., 2013). Platinum and Pt-based catalysts are most active with
small over potential, but they are less affordable and easily poisoned by the adsorbed Nads, and

thus limiting the electrolysis current (Diaz and Botte, 2015; Diaz and Botte, 2015; Herron et al.,



2015).Transition metal Ni and Ni(OH), based anode catalyst is a promising and inexpensive
material for ammonia electro oxidation in alkaline condition (Candido and Gomes, 2011;
Kapatka et al., 2010). Nevertheless they can be corroded and deactivate in ammonia solution
resulting in a secondary pollution of metal ions (Kapalka et al., 2010; Yao and Cheng, 2008).
Besides, copper also has high activity toward ammonia electro oxidation theoretically, which is
comparable to Pt (Herron et al., 2015). However it binds N atom too weakly so that it cannot
catalytically oxidize ammonia experimentally. One strategy to enhance activity and stability of

metal catalysis to incorporate another element into pure metal.

Ammonia is one of the most highly-used commodity chemicals in its storage, transportation, and
handling. The use of ammonia as a feedstock for hydrogen production via catalytic cracking has
been researched as early as the 1960’s, due to the high hydrogen density of the molecule.
However, the catalytic cracking process requires high temperatures, proves to have a low
efficiency (Arana et al., 2003).The electro-oxidation of ammonia can be carried out at ambient
temperature with an efficiency of 99.7% on platinum (Katan and Galiotto, 1963) and produces
pure streams of nitrogen and hydrogen gases at the anode and cathode, respectively. The
reversible thermodynamic potential of the oxidation of ammonia is0.77 V (Simons ef al., 1969)
while the overall reaction of realizes a thermodynamic potential of -0.058 V.

2NH; » N, +3H, ()
These thermodynamics compare favourably to conventional water electrolysis, which has a
reversible thermodynamic potential of -1.23 V. (De Vooys et al., 2001) as well as study by
(Despic et al.,1966) agree on a mechanism which includes adsorbed nitrogen (DeVooys et al.,
2001) further found that the activity of a catalyst for the reaction is related directly to the nature
of the species at the surface: the electrode is active if adsorbed nitrogen hydrides (NHads or
NH2,ads) are present, and inactive when nitrogen atoms (Nads) are adsorbed onto the catalyst
surface. The same study further deduced that platinum is the best catalyst for the reaction due to
its ability to stabilize NHads. (McKee et al., 1969) shows a substantial improvement in the
performance of ammonia fuel cells when using a platinum-iridium alloy rather than a platinum-
only catalyst (Lopez de Mishima et al., 1998),corroborated these results by studying the
electrochemical oxidation of ammonia on each of platinum-only, iridium only, and platinum-

iridium catalysts. It was also found that iridium alone showed little catalytic activity on the



reaction, but produced a synergistic effect when paired with platinum for use as a catalyst (Lopez
de Mishima et al., 1998).The combination of Raney nickel and platinum has studied as an electro
catalyst for the oxidation of ammonia, and it is possible that a synergistic effect exists similar to

that found by combining platinum and iridium for use as a catalyst for the reaction.

2.2.Mechanism of Electrochemical Oxidation of Ammonia

The electrochemical oxidation of ammonia has been extensively studied for various prospective
applications. These include the use of ammonia as the oxidizable (hydrogen-rich) fuel in an
aqueous fuel cell, as source hydrogen-oxygen fuel cells, and the remediation of ammonia-
contaminated waste waters. In these contexts, the desired oxidation product of ammonia is
elemental nitrogen, rather than further oxidation products such as nitrate ion. The oxidation of
ammonia is usually carried out in alkaline solution, in which the lone pair electrons of ammonia
in its base form (:NHj3) render it more easily oxidized than ammonium ion (pKa 9.25).
Voltammetric studies have shown that ammonia is more susceptible to oxidation than water (or
hydroxide ion), and hence that ammonia can be oxidized in the potential region of water
stability. (Marinci and Leitz, 1978) observed an anodic current peak, proportional to the
concentration of NHj,at 0.05-0.1 V vs. SHE at both stationary and rotating platinized Pt anodes
at pH 12.8. The current increased with pH in the range 5.5-12.8, as the speciation shifted from
NH," to NHj3(Marin“ci and Leitz, 1978) also commented that the onset of the oxidation
currentwas observed at less positive potentials than those corresponding to the formation of
platinum surface oxides, which are associated with water oxidation. More recently, (Ji et al.,
2005) reported oxidation currents proportional to c(NH3) at boron-doped diamond (BDD);these
were well separated from the oxidation of water, although at graphitic forms of carbon the two
could not be readily separated (Rosca et al., 2009).Ammonia in NaOH solutions at a smooth

platinum anode produced mainly elemental nitrogen and nitrate ion (25-35%).

NH; + 30H — 1/2N, + 3H,0 + 3e— (6)
NH; + 70H — NO, + 5H,0 + 6e— (7)
NH; + 90H — NO3™ + 6H,0 + 8¢~ (8)

Interest in the electrochemical oxidation of ammonia revived in the 1960s due to the possible use
of ammonia as the hydrogen-rich fuel in an aqueous fuel cell. Almost all study shows high

concentrations of ammonia (0.1 M or greater) under highly alkaline conditions. A voltammetric



study (Zhou and Cheng, 2008) showed that the oxidation of ammonia became increasingly
favourable as ¢(KOH) increases: the potential corresponding to j(max) exhibited Nernstian
behaviour, changing smoothly from —0.38 to —0.43 V vs. SCE;=0.11 to —0.19 vs. SHE as
c(KOH) increased from 0.1 to 5 M. Early investigators interpreted their results in terms of a
mechanism analogous to that for the vapour phase decomposition of ammonia to nitrogen and
hydrogen, in which the species NH,(ads),NH(ads) and N(ads) written by (Oswin and Salomon,
1963) as M-NH,,M= NH, and M =N] are formed consecutively, and N, is formed by
dimerization of N(ads): Scheme 1. Oswin and Salomon (Oswin and Salomon, 1963) argued that
reaction (6) was the rate determining step at low current densities, and reaction (8) at higher

current densities.

NH; + OH — NHj(ags) + H20 + e~ (9
NH; + OH — NH(ads) + H,O + 3e— (10)
NH(ads)) + OH — N + H,0 + e— (11)
2N(ads)— 2M + N, (9)

Formation of dimeric nitrogen species was proposed to involve reactions of NH(ads) and
NH(ads) on the Pt surface to afford N2Hy species (y = 2—4) such as hydrazine, which would then
oxidize electrochemically to N, (Scheme 2)(Gerischer and Mauerer, 1970) postulated that the
species responsible for removal of the successive hydrogen atoms was OH ad 1—, but there seems
to be no reason to propose anything other than the direct electron transfer of Eq. (6).

Scheme 2: x =1 or 2; hence y = 2, 3, or 4

NH; + OH — NHjs) + H2O + e~ (9)
NH;(ads) + OH — NH(ads) + H,O + 3e— (10)
NHx(ads))— 1/2N,;Hy(ads) (12)
N;Hy(ads) + yOH — N, + YH,0 + ye— (13)
NH(ads) + OH — N + H,O + e— (11)

2.4.Principles of Electrochemical Gas Sensor
The basic principle of an electrochemical sensor is that it detects the electron that is transferred

during an electrochemical reaction (Xiong et al., 2014) .Basically, the principal electrochemical



gas sensing component is an electrochemical cell, where electrolyte is in contact with its
surrounding through the electrodes. A typical electrochemical gas sensor (Figure 4) consist of a
gas permeable membrane and three electrodes namely, (i) sensing electrode (SE) or working

electrode (WE), (ii) counter electrode (CE), and (iii) reference electrode (RE).

Porous membrane

SWE

Sample gas in —_— CE

Electrolvte l_

l———RE

Sealed container

Fig 1.Schematic diagram of a typical electrochemical gas sensor
In an electrochemical gas sensor, the gas of interest diffuses through a membrane followed by its

interaction at the surface of the sensing electrode resulting in either an oxidation or reduction
mechanism . This results in a current flow between the sensing and counter electrode which
produces an appreciable electrical signal. The generated electric signals are extracted from
counter electrode and interpreted as the current changes with gas concentration. For sensing, the
sensing electrode potential must be constant but due to continuous reaction taking place at
sensing electrode surface, this potential varies resulting in degradation of sensor performance. To
avoid this and improve the sensor performance, usually a reference electrode is placed in
between sensing and counter electrode. No external current is associated with reference electrode

(Islam and Haider, 2009).

2.5. Ammonia sensors

Ammonia is a natural gas and its contents in the atmosphere are increasing because of human
activities. European commission for the environment and quality of life estimated the value of
NH; emission throughout the world to be 20-30 Tg (Khan et al., 2017). Other results,
summarized by (McCulloch et al., 1998 ) showed value of NH3 emission in the range of 20-
80Tg. Higher concentrations (1000 ppm or more) of NH; may cause pulmonary oedema,
accumulation of fluid in the lungs and even death. Due to its acute toxicity; development of
highly selective, stable, reliable and cost effective sensor is strongly required. So far, several
methods have been employed to obtain a highly sensitive NH; sensor. For example, chemical
stability and excellent conductivity of SnO; based sensors makes them promising candidates for

NH; sensing. These sensors have high response and recovery time. However, the requirement of
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high temperature for optimal function as well as issues with sensitivity and selectivity are certain
drawbacks associated with SnO2 based devices. To overcome these problems, new sensors based
on doping of SnO, materials (with metals and inorganic materials) have been designed which
improved sensing characteristics of these sensors. For example, (Li et al., 2016) synthesized
nanocomposite of SnO2/polypyrrole by vapour phase polymerization of pyrrole with camphor
sulfonic acid (CSA), poly (4-styrenesulfonic acid) (PSSA), hydrochloric acid (HCl) and p-
toluenesulfonic (TSA) acids. The comparison between pure SnO; nanosheet and SnO,/PPy based

sensors were made.

It was observed that pure SnO, nanosheet showed not only poor response towards NH3 gas but
also negligible conductivity at room temperature, while as the SnO,/PPy based sensors showed
enhanced sensitivity towards NH3 gas. The response of dopants for 1-10.7 ppm NHj3 decreased in
this order PSSA > HCl > TSA > CSA. The effect of polymerization time of pyrrole was studied
on sensing properties of these nanocomposites and it was revealed that when the polymerization
time was increased from 0.5 to 1 hour, it resulted in the increase of the response magnitude (S) of
the sensor. The detection limit of the sensor was investigated to be 257 ppb and sensitivity was in
the range of 6.2% for 1-10.7 ppm NH;. The enhanced sensing characteristic was attributed to the
fact that SnO2 nanosheets and PPy coatings form a p/n junction at their interface. These
nanostructures have high surface to volume ratio as well as substrate and sensing material has
good ohmic contact. These factors were considered to be responsible for enhanced performance
of the device (Xu et al., 2015) studied the properties of one dimensional (1 D) alkaline earth
metal composite SnO; nanofibers (5-7nm) for NHj3 sensing. These alkaline earth metals have
excellent ability to control the growth of grain and resulted in enhanced chemisorptions of
oxygen. These attributes make them ideal candidates for gas sensing applications. Comparison of
St/ SnO, sensor with pristine SnO, sensor showed that the former has higher sensitivity, lower
detection limit of 10ppm and response time of 6s towards 2000 ppm, 12.67 s for 100 ppm and
~16 s towards 10 ppm which was much better than the pristine SnO; sensing platform.

The fast response of Sr/SnO, sensor was attributed to enhanced adsorption of oxygen by their
tubular structures with enhanced electrical conductivity. It was also found that carrier density of
St/SnO2 was 3 folds higher than pristine SnO2 indicated by Mott—Schottky plots (M—S) and

electrochemical impedance spectroscopy (EIS) measurements. Another report shows the
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exploitation of cobalt oxide (Co3;04) for sensing applications where (Deng et al., 2015) reported
the hierarchical structure of Co3;O4 nano rods synthesized by the hydrothermal method. It was
demonstrated that hierarchical Co3;04 nanorods showed instant response (2 s) and recovery time
(10 s) for NH3 gas in comparison to pure Co3O4 nano rods with slow response (100 s) and
recovery time (50 s). Such an enhanced response was attributed to the high surface area of
hierarchical Co3;04 nanorods while at the same time porous nanostructure allowed gas molecules
to diffuse easily, resulting in increased response. (Wu et al., 2016) studied the properties of 3D

hierarchical porous Co3;04 materials (HPCo) for NH; gas sensing.

These 3D materials with interconnecting meso pores and micro pores showed enhanced
sensitivity (146% to 100 ppm NHj3), response time (2s for 100ppm) and detection limit (0.5
ppm). Such an enhanced performance was due to the presence of defects which improved the
adsorption of the gas molecules. Similarly, (Lin et al., 2015) fabricated a sensor based on
Co304/polyethyleneimine-carbon nanotubes nanocomposites (CoPCNTs) where nanoparticles of
Co304 (5-10nm) were loaded on PCNTs (grown at 160°C). These nanocomposites showed
higher response time (4.3 s) for NH; and CO (4 s) gases at room temperature. The detection limit
for CO and NH; was found to be Sppm and 1ppm respectively. Such enhanced sensing properties
were again attributed to the fact that due to low Schottky barrier, work function between Co3;04
NPs (4.5¢V) and CNTs (4.7-4.9eV) was found to be very close which helped in the flow of
electrons effectively. These sensors exhibited good response and recovery time when exposed to
three cycles of gases, indicating their high stability and potential for industrial applications. The
mixed potential type sensors require solid electrolytes with two electrodes which play an
important role in sensing NHj3 gas. These solid electrolytes should have the ability to transfer

oxygen ions between reference electrodes to sensing electrode.

A recent attempt showed the use of apatite-type lanthanum silicates (La;oSisMg0O,¢ (LSMO)) as
solid electrolyte for sensing NH3 gas (Dai et al., 2016). This sensor showed enhanced response
time (11s) and recovery time (13s) at 200ppm-300ppm of NHj. Similarly, (Meng et al., 2016)
fabricated mixed potential sensor by introducing La;¢SissAlgsO.7 as a solid electrolyte and
Ti0O,@WOs as a sensing electrode where core shell composite of TiO,@WO; was prepared by

hydrothermal method. In this case sensor response for NH; at 400~550 °C was measured and the



12

response (74.8 mV/decade) measured was higher in comparison to sensors based on pure TiO, or
WOs;. Sensitivities at 400, 450, 500 and 550 °C were found to be 52.8, 69.7, 61.9 and 37.7
mV/decade, respectively. This sensor showed enhanced selectivity towards NH; gas in the
presence of NO,. (Liang et al., 2009) reported sodium super ionic conductor based sensor with a
porous Cr,O3 electrode doped with 10 % CNT showed excellent sensing performance towards

50-500ppm NHj3 in air at 200-250 °C.

Different novel methodologies involving the use of catalytic layers on sensing electrodes have
resulted as one of the most effective technique for the improvement of NH; gas sensing
characteristics. For example, a report shows that by lamination of a catalyst layer such as V,0s—
WO;5-TiO, (VWT) or iron-containing zeolites (Fe-ZSMS5) onto Au-SE, sensitivity of the sensor
can be increased from —20 to —120 mV towards 470ppm NHj (Schonauer et al., 2009). It has
been observed that by using VWT, electrochemical activity of SE increased against NH3 since it
is believed to produce activated NHj3 species. In another study, the same group of scientists
described non equilibrium behaviour of the sensor device in light of mixed potential theory and
analyzed the potential of Au | YSZ (Yttria-stabilized zirconia ) and Au- VWT | YSZ half cells
(Schonauer et al., 2013) It was observed that the electrochemical reaction with NH3; and NO

occurs at the three-phase boundary (TPB).

The shift of electrode potential due to NH3 proves that when NH; reaches at TPB, it promotes
electrode reaction itself and the products formed as a result of oxidation of NH3 are not
responsible for sensor effect. Moreover, the same group (Schonauer ef al., 2011) investigated
through electrochemical half cell measurements that in the case of electrode covered with
selective catalytic reduction (SCR) catalyst, potential change was more pronounced. In a similar
study (Kamin et al., 2014) fabricated a non-Nernstian electrochemical cell Au | YSZ | Au,
V,05—WO;3-TiO; Influence of V,0s contents on the VWT catalyst layer towards NHj3 sensing
properties was explored and it was observed that the catalytic activity increased due to increase
in the contents of V205 resulting in improved adsorption capability. Influence of V,0s contents
on NH3 sensing signals was also observed. For VWT 1.7, sensitivity of 45 mV per decade was
obtained and for 3% V,0s sensitivity increased up to 70 mV per decade NH;. However, for

VWT 0, it decreased to 14 mV per decade In lab experiments, sensitivity of NH; gas is
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commonly evaluated by comparing sensitivities of SE towards various gases. However, in a real
environment, NH3 isn’t present as a single gas but as a multi component mixtures .(Lee et al.,
2013) observed that sensitivity of YSZ based sensor using In,O3-SE decreased to 50 % from its

original value when 150ppm of NO, was incorporated in a gas containing NHs.

In order to avoid this problem, an oxide reference electrode of LaCoO3;-RE was incorporated
instead of Pt-RE. This reduced interference of NO, gas from 50 to 10 % and enhanced sensitivity
towards ammonia gas. In another study, (Li et al., 2014) prepared Mg,CuxFe; O3 s+x mixed metal
oxides by co-precipitation method and used it to fabricate NH3; sensor by screen printing
Mg,CuFe;055+x electrode on the surface of electrolyte. The catalyst was found to be effective
for the oxidation of NH; gas where Mg,CuyFe;0;5+x electrode exhibited better sensitivity
(226.6mV/decade) for NH; at 350 °C. (Li et al., 2017), also studied the effect of sintering
temperature on Mg,Cug,sFe; 0375 mixed metal oxides electrode for YSZ based potentiometric
sensor. They separately sintered electrodes at 1000 °C, 1100 °C, 1200 °C, and 1300 °C and
found that the electrode sintered at 1200 °C not only showed sensitivity in the range of 72
mV/decade NH3 but also enhanced response (about 110 mV for 400 ppm NHs) and recovery
time in the range of 8-14s. This is because of the reason that when Mg,Cuy,s5Fe; 03 75 electrodes
were sintered at 1200 °C, they exhibited three dimensional network structures where bigger grain

size resulted into enhanced performance.

Effect of sintering temperature on the sensing electrode for the detection of NH; gas was studied
by (Liu et al., 2015) . This SE consists of Ni;V,0g as a new material in mixed potential YSZ
based gas sensor. The Ni3V;,0g calcined at 1000 °C showed higher sensitivity (—96 mV/decade)
at 650 °C and the response to 100ppm NH; was found to be -62mV development of planar type
potentiometric sensor for the detection of odorants such as NHj, trimethyl amine, methyl
marcaptan and H,S (Mori et al., 2014). The electrode potential of the planar type sensor
(Au/YSZ)|YSZ|(Pt/YSZ) responds to H,S, trimethyl-amine, methyl mercaptan and NH; at sub-
ppm level. The order of sensitivity was found to be methyl mercaptan > H,S > NH; >

trimethylamine at 450 °C (Mori et al., 2014).
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Since the evaporation of electrolyte is often associated with the limited stability and short
lifetime, aqueous electrolyte was replaced with ionic liquid (IL). Tonic liquids are considered as
ideal electrolytes since they are non volatile and have high ionic conductivities. A recent report
shows an electrochemical sensor for NH; detection consisting of a thin film of ionic liquid as an
electrolyte and the planar micro-fabricated sensor which can detect ammonia as low as 1ppm in

ambient conditions (Oudenhoven et al., 2015).

Screen printed electrodes (SPEs) are also considered as effective sensing surfaces due to their
low cost and commercial accessibility. Many reports have been published recently using SPEs
surface and room temperature ionic liquids (RTIL) as an electrolyte for the detection of toxic
gases. For example, (Murugappan et al., 2011) reported that PtSPEs in combination with non-
volatile RTILs are cost effective alternative for sensing of NH3 compared to other amperometric
materials. He studied voltammetry of NH; oxidation at room temperature using ionic liquid
([C2mim][NTf2]) on carbon, platinum and gold screen printed electrodes. It has been observed
that clear and well defined oxidation peaks were obtained only on platinum and gold. However,
due to possible interference of water impurities in the RTIL, the voltammetry on Au surface was
found to be more complicated. A more simpler sensor design was investigated by (Diao et
al.,2012) on using CoWO4—SE of YSZ based sensor system which showed faster response (less

than 5s) and better sensitivity (— 51 mV/decade) at elevated temperature.

2.6. Amperometric Sensors
Amperometric Sensors exploit the use of a potential applied between a reference and a working

electrode, to cause the oxidation or reduction of an electro active species; the resultant current is
measured. The instrumentation requires controlled potential equipment and the electrochemical
cell, it consists the use of a three electrode. While the working electrode is the electrode at which
the reaction of interest occurs, the reference electrode provides a stable potential compared to the
working electrode. An inert conducting material is usually used as auxiliary electrode. A
supporting electrolyte is required in controlled potential experiments to eliminate electron
migration effects, decrease the resistance of the solution and maintain the ionic strength constant
(Chen et al., 2012; Li et al., 2013).Fore example,(Zheng et al., 2015) recently demonstrated an
improved amperometric Pt—Nafion sensor which showed higher sensitivity (880 + 60 pA ppb—1),

lower detection limit (4.3 = 1.1 ppb), active surface mass area (34 + 9 cm2) and a faster response
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time (<5s) towards NOx. The general design of the sensor was such that it has reference
electrode of single junction Ag/AgCl and a bare Pt counter electrode along with 0.5 M H2SO4
internal electrolyte. They deposited Pt electrode on a Nafion 117 membrane (an ion exchange
membrane) by infusing the film with ions, which were then subjected to NaBH4 in order to
precipitate noble metals. Moreover, results for sensitivity of amperometric Pt—Nafion Pt(NH3),*"
sensor and chemiluminescence was correlated for monitoring of NOx which released from

Carbosil2080A polymer films doped with S-nitroso-N-acetylpenicillamine.

2.7. Potetiometric Sensor
Potentiometric devices operate by measuring the potential difference between two electrodes,

whereby one of it functions as a reference electrode with fixed potential while the other as an
indicator electrode that changes its potential in response to analyte concentration. An ion
selective electrode (ISE) is one of the most widely used potentiometric sensors characterized
bythe presence of an ion selective membrane, which allows the exchange of only one ion (the
target ion) between an inner solution and the sample solution with ideally no interference from
other ions present. In such a setup, electrochemical equilibrium is attained and a potential
difference is generated between the two separated phases based on the Nernst equation (Bard,

1980).

If the inner solution has a constant potential, the potential across the membrane measured by the
device is only correlated to the amount of target analyte ion (Bard, 1980). Different types of
membranes have been used, ranging from classical solid glass or single crystal membranes to
liquid membranes embedded in polymeric matrices (PVC). The original concept of an ISE, as
described above, consists of an electrode immersed in an inner solution separated from the
sample solution by a selective membrane. Such conventional liquid contact ISEs are
mechanically fragile, suffer from possible leakage of filling solution, and can be difficult to
miniaturize. Anew generation of ISEs based on a solid-contact incorporates solid transducers
between the conductive electrode surface and the selective membrane. Fabrication of this new
type of ISE is tremendously simplified with the possibility of preparing miniaturized
devices(Diizgiin et al., 2011).
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In potentiometric sensor , difference of electric potential (or voltage) is measured while
maintaining a constant electric current (normally nearly zero) between the two electrodes. Very
recent studies show the use of nano-structured perovskite-type oxide Gdy,SrysFeOs-s (GSF) as
sensing-electrode (SE) and YSZ as solid electrolyte to detect NOx gas in the concentration range
of 25 to 500ppm at 500-800°C (Wang et al., 2011).Due to enhanced surface area of triple phase
boundary(Chen et al.,2014) described YSZ based potentiometric sensor with La,CuO4 sensing
electrode for the detection of NO and NO, gases. By addition of YSZ in different concentrations
into La,CuQO,4 enhanced superficial area of TPB. It has been observed that sensor fabricated with

5 vol % YSZ shows higher sensitivity towards NO at 400 °C.

2.8. Nanomaterials Modified Electrodes for the Detection of Ammonia

2.8.1. Metal Oxide Nanoparticles

Transition metal oxides have many applications as catalysts (Xu et al., 2003; Altinc et al., 2008;
Lu et al., 2008; Lv et al., 2008), sensors (An et al., 2008; Yang et al., 2011), superconductors
(Pillai et al., 1995; Wu, et al., 2003) and adsorbents (Zou et al., 2006; Wei et al., 2010; Han et
al., 2009). Metals oxides constitute an important class of materials that are involved in
environmental science, electrochemistry, biology, chemical sensors, magnetism, and other fields.
One of their most important applications is heterogeneous catalysis. Cerium oxides have
awakened great interest for development of sensor and biosensors due to their high electro
catalytic effect, biocompatibility and high chemical stability (Walkey et al., 2015). Mixing of
two or more dissimilar nanomaterial’s coated on the electrode surface called nanocomposite. It
has unique physical, electrical, optical and chemical properties. The major advantages of the
composite electrode materials are to enhance the electro active surface and good electrical
contact between components and transducers (Fang et al., 2012). Synthesis of various functional
nanomaterials such as metal oxides, semiconductors, magnetic materials and so forth has been of

immense scientific and technological interest (Ge ef al., 2009).

2.8.2.Monometalic and Bimetalic Nanoparticles

Metal nanoparticles (MNPs) such as Ag, Au, Cu, Pd and Pt enable to improve the capability of
charge transfer especially in MNPs-rGO nanocomposite. The combination of rGO and MNPs is
assumed to be promising nanomaterial for gas sensing applications because of the enhanced

sensing properties (Wei et al.,2016;Wang et al., 2015; Liua et al., 2016; Zou et al., 2016; Huang
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et al., 2013). The gas sensing properties of MNPs-rGO nanocomposites decorated by Ag, Au and
Pt nanoparticles reported on the literature. The sensor devices could be prepared through a
single-step chemical reduction process to create conductive sensing material. MNPs-rGO
nanocomposites exposed to varying concentrations (0.1-15 ppm) of NH3, H2 and CO gases at
room temperature. It seen from the results that rGO decorated by Ag nanoparticles sensor

exhibits superior sensing properties to NH; gas.

Bimetallic nanoparticles (BMNP) have excelled monometallic nanocrystals owing to their
improved electronic, optical and catalytic performances (Zhao et al., 2011; Motlak et al., 2015).
BMNP often improve the selectivity of metal catalyzed reactions. Moreover, the change in
composition of metals provides another dimension in tailoring the properties of BMNP besides
the usual size and shape manipulation. BMNP may have random, cluster-in-cluster, core shell
and alloy structures. In random structure, atoms are arranged haphazardly. Bimetallic NiCu
catalyst is reported to have improved activity for methanol electro oxidation and water
electrolysis (Zhao et al., 2011;Motlak et al., 2015; Ahn et al., 2013;De et al., 2016), as well as
enhanced stability (Saranya et al., 2014). A method of electro deposition of NiCu bimetal on
carbon paper also used for ammonia electro oxidation. Carbon paper is used as supporting
substrate for NiCu catalyst, because it has large surface area, high electric conductivity and
chemical stability in alkaline ammonia electrolytes. NiCu coated carbon paper electrode is
further used as noble-metal-free anode to fabricate ammonia electrolysis cell (AEC). This AEC
can work under low cell voltage to achieve an energy-effective degradation, which is especially
capable of ammonia-rich wastewater.

Water electrolysis : 3H,O — 3H, 1 +3/20, 1
E°H,/H,0 = 1.23V (14)

2.8.3. Carbon Material Based Electrochemical Sensors

Carbon material based electrochemical sensors have been employed for the detection of various
analytes with rapid electron transfer kinetics. Based on the remarkable properties of carbon
nanomaterials; like graphene, reduced graphene oxide, carbon nanotubes, graphite and graphene
oxides which also include large surface area, mechanical, superior electrical and thermal

properties, enhance electron transfer, and promote adsorption of molecules. All these are
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excellent materials in different application area (Pumera et al., 2010). At present, various
spectroscopic graphite™s suitable for the preparation of carbon paste are available. Graphite*s
and glassy carbon powder are also of a very good quality. The carbon paste usually consists of
graphite powder dispersed in a non-conductive mineral oil. The above mentioned carbon
powders are characterized by a high uniformity of particle size distribution, high purity, and
more or less suppressed sorption capabilities. These characteristics are principally important for
the preparation of carbon paste which is to be used in the current measurement based techniques

such as Voltammetry, coulometry or amperometry (Kalcher et al., 1995).

Owing to high aspect ratio, unique physical and chemical properties, CNTs are also considered
as ideal candidates for the fabrication of room temperature operate able sensors. Sensors based
on Multi-walled carbon nanotubes (MWCNTSs) show advantages over semiconductor based
sensors considering simpler device architecture and high conductivity. Furthermore, the
performance of MWCNTs based sensors can be enhanced by the addition of conducting
polymers or other dopants. For example, (Cui et al., 2014) used Ag nano crystals functionalized
CNTs (Ag NC-MWCNTs) for the detection of NH3 gas. Authors demonstrated the sensitivity of
9% when exposed to 1% NH;3 and the response was 7s. In this case, since the interaction of NHj
gas with pristine CNT is weak, Ag NCs acted as a dominant adsorption region for ammonia
thereby increasing the performance of the sensor. However, sensitivity of the developed sensor is

still low and could be improved by further tuning the properties of CNTs.

Conducting polymers can also be considered as ideal candidates for room temperature working
devices because of their low cost, fast response and reliability. A recent report investigated
nanocomposites based PANI/MWCNTs for the detection of NH3 gas. These sensors showed
response to NH3 in the concentration range of 2-10ppm (Abdullah ef al., 2015).In a similar
study, nanocomposite of polypyrrole and carboxylated MWCNTs was investigated as an
electrode material and was found to increase the ammonia sensitivity . Abdullah et al. reported a
sensor based on polyaniline multi-walled carbon nanotubes (PANI/MWCNTS). These
conducting polymers are cheap and showed fast response and higher sensitivity. The response
time for PANI/MWCNTs based sensor was found to be 6s (recovery time 35s), while in the case

of pristine MWCNTs, it was much slower (965s, recovery time 24 minutes). The detection limit
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was found to be 2 ppm for NH; gas. Such an enhanced response was because of the coating of

PANI on MWCNTs, resulting in increasing adsorption of NH3 gas.

2.9. Synthesis Techniques of Nanocomposite

2.9.1. Co-Precipitation Method

The co-precipitation method involves the separation of solid containing target metal ions from a
solution phase. In the process of co-precipitation, the metal components of the super conducting
material are first dissolved in solution. The solution combines with the precipitants in the
supersaturated condition to form ion associates or cluster. A homogeneous co-precipitation
process results in the formation of crystal line or amorphous solids which depends upon the
condition under which the precipitate has been formed, the individual characteristics of the
particular substance and its aging after precipitation. The most important advantage of this
technique is its feasibility for large-scale production as well as its simplicity and low cost (Wang
et al., 2010). Co-precipitation method also offers some other advantages: Simple and rapid
preparation, homogeneity in mixed precipitates, easy control of particle size and composition,
various possibilities to modify the particle surface state and overall homogeneity, high specific

surface of the products (pradhan et al., 2001).

2.9.2. Sol-Gel Method

The sol-gel process is a capable wet chemical process to make ceramic and glass materials. This
synthesis technique involves the conversion of a system from a colloidal liquid, name sol, into a
semi-solid gel phase (Brinker and Scherer, 1990). The sol-gel technology can be used to prepare
ceramic or glass materials in a wide variety of forms: ultrafine or spherical shaped powder, thin
film coatings, ceramic fibers, microporous inorganic membranes, monolithic, or extremely
porous aerogles. This technique offers many advantages including the low processing
temperature, the ability to control the composition on molecular scale and the porosity to obtain

high surface area materials, the homogeneity of the final product up to atomic scale.

2.9.3. Hydrothermal Method
Hydrothermal synthesis is typically carried out in a pressurized vessel called an autoclave with

the reaction in aqueous solution (Chen and Mao, 2007). The temperature in the autoclave can be
raised above the boiling point of water, reaching the pressure of vapour saturation. Hydrothermal

synthesis is widely used for the preparation of metal oxide nanoparticles which can be easily
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obtained through hydrothermal treatment of peptized precipitates of a metal precursor with water
(Chen and Mao, 2007). The hydrothermal method can be useful to control grain size, particle
morphology, crystalline phase and surface chemistry through regulation of the solution
composition, reaction temperature, pressure, solvent properties, additives and aging time (Carp et

al., 2004).

2.9.4. Chemical Reduction

In this method, metal ions are reduced to zero valent state and co-ordination of stabilizing
polymer to metal nanoparticles. In practice, reduction can be precedes or followed by the
interaction between metallic species and polymers. If the reduction precede the interaction, the
structural properties of thermal nanoparticles are determined only by the reduction condition but
if the interaction precede the reduction, the interactive force between polymers and metal ions
may affect the size and structure of metal nanoparticle .NaBH, or KBH,4 reduction methods have
been widely used for the synthesis of Au, Ag, Pt, Pd, Ni and Cu nanoparticles. Advantages: i) the
method was very simple and reproducible, ii) particle size of the obtained metal nanoparticles
was small with a narrow size distribution, iii) size of particle can be controlled by altering the
preparative condition such as varying the concentration of metals, etc., iv) the obtained colloidal
dispersion of metal nanoparticle show a high catalytic activity, and v) the obtained colloidal

dispersion are stable and no precipitates normally observed for years (Nilendri, 2014).

2.10. Electrochemical Characterization

2.10.1. Cyclic Voltammetry

Voltammetry methods are the most adopted transducing techniques in the development
of sensing systems due to their simplicity, significant sensitivity achievable, and low-
cost instrumentations. Voltammetry and amperometry belong to the group of
potentiostatic techniques where the electrode potential is controlled and applied to
drive an electron transfer reaction, resulting in a measured current. Besides cyclic
voltammetry, other voltammetric techniques have been introduced mainly to improve
the limit of detections in quantitative measurements. These techniques are based on
pulse technologies where the current is measured after a potential pulse is applied.
Depending on the excitation waveform, normal pulse voltammetry (NPV), square-

wave voltammetry (SWV), and differential pulse voltammetry (DPV) are often applied.
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These techniques, together with amperometric techniques, are generally adopted in bio
sensing systems for analytical purposes ranging from the direct detection of important
biomarkers to immuno, DNA, and cell analysis for both environmental and -clinical

applications.

Cyclic Voltammetry (CV) is one of the simple and popularly used electrochemical techniques.
The technique is used to determine the redox processes in a given analyte (Astruc, 2004). These
includes kinetics of an electron transport process and the number of electrons transferred by a
material immobilized on the surface of an electrode or in a solution during an electrochemical
reaction (Mabbott, 1983). CV techniques are widely used as powerful technique for the study of
reversible, irreversible and quasi-reversible redox reaction and also it gives useful information
regarding mechanism of electrochemical studies. In cyclic Voltammetry the potential is ramped
from an initial potential (Ei) and at the end of its linear sweep, the direction of the potential scan
is reversed, usually stopping at the initial potential. The potential at which the change in

direction occurs is also known as the switch potential (EL).

O
E
—— 1
A+04

Fig 2 .A typical cyclic voltammogram exhibited by a species which undergoes a reversible
processes at £°° =0.00 V, where A represents the initial potential, B the cathodic peak, C the
switch potential, D the anodic peak and E final potential
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In the CV a peak is formed in both the forward and reverse sides of the CV. The peaks look
similar in shape and the reaction taking place in the reaction vessel is fully reversible, the
magnitudes of the peaks will be identical. Oxidation usually takes place during the forward part
of the CV, if scanned from a negative to a positive potential. The reverse part of the CV will then
represent reduction taking place, with the potential running from a positive to a negative
potential. If the potential is scanned from a positive to a negative value, then reduction would
occur during the forward part of the CV scan and oxidation during the reverse CV scan. For a
reversible reaction the CV usually has two peaks, one for each of oxidation and reduction taking
place. The potential of the peak (Ep) can be identified and for the oxidation reaction taking place,
the anodic peak potential is denoted as Ep,a. For the reduction reaction taking place, the cathodic
peak potential is denoted as Ep,c. In cyclic voltammetry, the position of both the cathodic and
anodic peaks gives us thermodynamic information of the redox couple used. The anodic and
cathodic peak potentials also enable you to calculate the formal electrode potential, E°" as
follows:

_EPa+EPc

2

E®

(18)

The formal electrode potential (normally called the formal potential or the formal redox
potential) is in concept similar to the standard electrode potential, EO (Monk, 2001; Zanello,

2003).

Cyclic voltammograms can assume various shape due to the nature of different redox processes
of an analyte on the surface of the electrode. The shape of these curves (fig. 5) is associated with

the reversibility of the electrochemical process on the surface of an electrode.

v
N i« -
03 B 1
i , ip L] it iy
0z \> 0z \
- E
E & 014
5o IV g \
L / 1] T
o0 a N/
\ 0.1
V E

Vs, V2 woltage 21 \j/ i

T T T T & T T T T T
) a0 0 3 Ep™ 40 - - ] 1 0
Polential Potential

(a) (b) ©

Fig 3. Cyclic Voltammetry profiles for (a), reversible, (b), irreversible and (c), quasireversible
processes.
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2.10.2. Chronamperometry

Chronoamperometry involves stepping the potential of the working electrode from a value at
which no faradaic reaction occurs to a potential at which the surface area concentration of the
electroactive species is effectively zero (Cheng et al, 2007). The resulting current — time
dependence is monitored. Even though the chronoamperometry is relatively simple technique,
there are a number of difficulties, which are related to the interpretation of the current-transient
curve. Hence, it is very important to find the possibility of comparative analysis of the

chronoamperometry results with the results of cyclic voltammetry and other techniques.
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3. MATERIALS AND METHODS

3.1. Experimental Site

The synthesis of nanoparticles, Ni-RGO,NiW NiW(1:1)/RGO,NiW(3:1)/RGO, and NiW(1:3)/RGO,
Cyclic Voltamography (CV) ,Chronoamperometry(CA), Ultraviolet—visible spectroscopy (Uv—
vis) study was conducted at Haramaya University Research Laboratory. Characterizations with
X-Ray Diffractometry (XRD) and Fourier Transform Infrared spectrometer (FTIR) were
conducted at Addis Ababa University, Chemistry Department.

3.2. Apparatus and Instruments
BAS 100 electrochemical analyzer with three electrode system cells was used for all the

electrochemical measurements. Modified glassycarbon electrode was used as working electrode,
silver/silver chloride (Ag/AgCl-3M KCI type) was used as the reference electrode and a platinum
wire was used as counter electrode. Powder X-ray diffraction (PXRD) was used to identify the
phase of the as-prepared materials. UV-Vis was used for the determination of the absorption
edge of the prepared samples. Other apparatus like Analytical balance (OHAUS, made in
Switzerland), oven (Contherm 260M), furnace (BiBBY, Stuart), centrifuge (HERMLE Z 300,
Germany), pH meter (MP 220 were used.

3.3. Chemicals and Reagents

All chemicals are analytical grade. Nickel Sulphate Hexahydrate (NiSO4.6H20, 99%,Fisher
scientific), Sodium Tungustate Dihydrate (Na,WO4 2H,0,Fisher scientific), were used as the
precursors of NiW(l:1)and NiW(1:1)/RGO, NiW(3:1)/RGO, and NiW(1:3)/RGO,
nanocomposites respectively and also ammonia solution (25% Loba chemicals Ltd, India) 96%
NaOH (97.5%, BDH chemicals Ltd, England), HCl (37%, BDH chemicals Ltd,
England),England), ethanol (97% fine chemical, Ethiopia), K3;Fe(CN)e(99%, Merck, Germany),
KCI (99%, Merck, Germany), Deionized water (for pH adjustment and for the preparation of
various solutions) and ammonia solution (25% Loba chemicals Ltd, India) were used without

further purification.
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3.3. Procedures for the Synthesis of Nanomaterials

3.3.1. Synthesis of Ni/RGO Nanoparticles

The Ni-RGO nanocomposite was prepared by chemical reduction method. 5.06 g of Nickel
sulphate Hexahydrate (NiSO4.6H,0) in 100 ml of de ionized water was dissolved. This step was
followed by addition 100 mg of sodium borohydride (act as a reducing agent) and 100 mg of
Trisodium citrate(acts as capping agent) in a solution under continuous magnetic stirring at 60°C
for 30 minutes until the formation of colour. Furthermore, under a continuous stirring for 30
minutes (Assumpgao et al., 2007; Man deep et al., 2011). The pH of the solution was adjusted to
8 by adding drop-wise suitable amounts of 1 M NaOH to maintain the alkalinity during the
course of reaction (Jeer pan ef al., 2014). In a separate volumetric flask, 2 mg of RGO was mixed
with 20 ml of ethanol and ultrasonicated for about 1h. After the RGO solution was added to Ni
NPs solution. The mixture was continuously stirred under nitrogen gas at 60 for 2 h. the black
colour was observed showing the formation of Ni-RGO nanocomposite (Ankur and Manivannan,
2015). In the next step, the precipitate was collected and repeatedly washed with DI water and
ethanol to remove the impurities. Finally, the product (Ni-RGO) was vacuum dried at 100 for 2 h
(Zhigang et al., 2012; Assumpgao et al., 2007).

3.3.2. Synthesis of NiW (1:1)Bimetalic Nanoparticles

A Ni-W bimetallic nanoparticle has been prepared by borohydride reduction method using
trisodium citrate (Moganavally et al., 2014; Assumpgao et al., 2007). 6.65 g of NiSO4.6H,0 and
11.63 g of Na;WO4 2H,0 in the molar ratio of (50:50) were dissolved in 100 ml of de ionized
water. This step was followed by addition of 100 mg of sodium borohydride (act as a reducing
agent) and 100 mg of Trisodium citrate (acts as capping agent) under continuous magnetic
stirring at 60°C for 1h till a Black colour appeared in the solution. The pH of the solution was
adjusted at pH ~8 by adding drop-wise 1.8 ml of 1 M NaOH (Jinglei et al., 2014). The product
was vacuum dried at100 for 2 h (Rahul et al., 2016;Assumpgao et al., 2007).

3.3.3. Synthesis of NiW(1:1)/RGO Nanopcomposite

A Ni-W bimetallic nanoparticle has been prepared by borohydride reduction method using
trisodium citrate (Moganavally et al., 2014; Assumpgao et al., 2007). 6.65 g of NiSO4.6H,0 and
11.63 g of Na,WO4 2H,0 in the molar ratio of (50:50) were dissolved in 100 ml of deionized

water. This step was followed by addition of 100 mg of sodium borhydride (act as a reducing
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agent) and 100 mg of Trisodium citrate (acts as capping agent) under continuous magnetic
stirring at 60°C for 1h till a gray color appeared in the solution. The pH of the solution was
adjusted at pH ~8 by adding drop-wise 1.8 ml of 1 M NaOH (Jinglei et al., 2014).To produce Ni-
W/RGO nanocomposite; 6 mg of RGO was mixed with 25 ml of ethanol and ultrasonicated for
1:30 h, the RGO solution was added to Ni-W NCs solution. Then the mixture was continuously
stirred under nitrogen gas at 60 for 2 h (Rahul ef al., 2016). The precipitate was collected and
repeatedly washed with DI water and ethanol to remove the impurities. The product was vacuum

dried at 100 for 2 h (Rahul et al., 2016; Assumpgao et al.,2007)).

3.3.4. Synthesis of NiW(3:1)/RGO Nanopcomposite

A Ni-W bimetallic nanoparticle has been prepared by borohydride reduction method using
trisodium citrate (Moganavally et al., 2014; Assumpcao et al., 2007). 9.945 g of NiSO4.6H,0
and 5.815 g of Na,WO, 2H,0 in the molar ratio of (75:25) were dissolved in 100 mL of
deionized water. This step was followed by addition of 100 mg of sodium borohydride (act as a
reducing agent) and 100 mg of Trisodium citrate (acts as capping agent) under continuous
magnetic stirring at 60°C for 1h till a Greenish-gray color appeared in the solution. The pH of the
solution was adjusted at pH ~8 by adding drop-wise 1.8 ml of 1 M NaOH (Jinglei et al.,
2014).To produce Ni-W/RGO nanocomposite; 6 mg of RGO was mixed with 25 ml of ethanol
and ultrasonicated for 1:30 h, the RGO solution was added to Ni-W NCs solution. Then the
mixture was continuously stirred under nitrogen gas at 60 for 2 h (Rahul et al., 2016). The
precipitate was collected and repeatedly washed with DI water and ethanol to remove the
impurities. Product was vacuum dried at100 for 2 h (Rahul et al., 2016 ;Assumpgdo et al.,

2007).

3.3.5. Synthesis of NiW(1:3)/RGO Nanopcomposite

A Ni-W bimetallic nanoparticle has been prepared by borohydride reduction method using
trisodium citrate (Moganavally et al., 2014; Assumpcao et al., 2007). 3.325 g of NiSO4.6H,0
and 7.75 g of Na,WO4 2H,0 in the molar ratio of (25:75) were dissolved in 100 ml of deionized
water. This step was followed by addition of 100 mg of sodium borohydride (act as a reducing
agent) and 100 mg of Trisodium citrate (acts as capping agent) under continuous magnetic
stirring at 60°C for 1h till a Black colour appeared in the solution. The pH of the solution was

adjusted at pH ~8 by adding drop-wise 1.8 ml of 1 M NaOH (Jinglei et al., 2014).To produce Ni-
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W/RGO nanocomposite; 6 mg of RGO was mixed with 25 ml of ethanol and ultrasonicated for
1:30 h, the RGO solution was added to Ni-W NCs solution. Then the mixture was continuously
stirred under nitrogen gas at 60°C for 2h (Rahul et al., 2016). The precipitate was collected and
repeatedly washed with DI water and ethanol to remove the impurities. The product was vacuum

dried at100°C for 2 h (Rahul ef al., 2016;Assumpgdo et al., 2007).

3.4. Preparation of Phosphate Buffer Solution

Phosphate buffer (0.1 M) was prepared by weighing 6.518 g of Na,HPO,4.12H,0 and 0.8 g of
NaH,P04.2H,0 and dissolve in a 500 ml volumetric flask. The desired pH was adjusted with 0.1
M HCI or 0.1 M NaOH and the final volume was made up to the mark with deionised water. All

buffer solutions were stored in a refrigerator at 4°C.

3.5. Structural Characterization of the as-Synthesized Nanomaterials

The structures of all the as-synthesized nanomaterials were examined by XRD using X“Pert Pro
PANalytical equipped with an X-ray source of a CuKa radiation (wavelength of 0.15406 nm) at
step scan rate of 0.02 (step time: 1 s; 2u range: 5.0-90.4). While UV-Vis Diffuse Absorbance
study was conducted using UV-Vis spectrophotometer (SANYO, SP65) for the study of
electronic structure of the prepared samples. The solid state absorbance of the photocatalyst was

measured by scanning over the wavelength range of 200-800 nm.

3.6. Electrochemical Characterization of Nanocomposites

Cyclic voltammetry characterized of bare glassy carbon and modified glassy carbon electrodes
was investigated in the potential range between -400 mV to +1000 mV vs. Ag/AgCl at different
scan rates: 25, 40, 50, 75, 100, mVs™! by using 2 mM K;3Fe(CN)g in 0.1 M KCI as well as in
buffer solution. NiW/RGO/GC electrode was used for the detection of ammonia in standard
solutions using CV in a potential scanning between -800 to +800 mV vs. Ag/AgCl. On the other
hand chronoamperometry is a well-established amperometric techniques. In this method a pulse
potential was applied to a working electrode and the current passing through the cell was

determined versus time (Kamat et al., 2010 ).
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3.7. Optimization of Experimental Parameters

The influence of scan rate which is an important parameter in ammonia electro oxidation was
studied from 25 to100 mVs'1 on 50 ppm ammonia solution employing GCE modified with
NiW(1:1)-RGO nanocomposite. Besides, influence of pH was investigated by oxidizing
ammonia at a surface NiW(1:1)/-RGO/GCE from pH range 10-12.The variation oxidation peak
current of ammonia was assessed using cyclic voltammetry at concentration of ammonia 50 ppm

ammonia solution and at scan rate 100 mVs-"

3.8. Application of NiW(1:1)/RGO/GCE for the Detection of ammonia

3.8.1. Standard Solutions
Cyclic Voltammetry (-800 to +800 mV) and Chronoammperometry) was used to study the

concentration effect of ammonia by varying from 0.01ppm to 50ppm standard solution at the
NiW(1:1)/RGO/GCE in 0.1 M KOH,0.1M KCI and phosphate buffers solutions. For 0.1M KOH
electrolyte under optimum experimental conditions pH 10-12 and scan rate 100 mVs"'. Was

performed.

3.8.2. Method Detection Limit
Detection limit is the lowest concentration level that can be determined at 95% confidence

(Polkowska et al., 2000) or minimum concentration that can be detected by the analytical method
with a given certainty. A general accepted definition of detection limit is the concentration that
gives a signal three times the standard deviation of the blank or background signal. LOD= 3a/a

(where a is the standard deviation of residuals and a is the slop of the calibration plot).
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4. RESULTS AND DISCUSSION

4.1. Structural Characterization of the as-Synthesized Nanomaterials

4.1. 1. X-Ray Diffraction Analysis

The crystal structures and morphologies of the samples were characterized using the XRD
methods.Fig.7 presents the XRD patterns of Ni-RGO, NiW(1:1), NiW(3:1)-RGO and NiW(1:1)-
RGO . The XRD pattern of all nano composite indicated a sharp diffraction peaks at 20 values
from (5-40) associated with the (002) plane of planar structure of RGO (Dong et al., 2016; Wang
et al., 2017; Patange et al., 2015). The weak diffraction peak located at 54.8 was associated with
the (100) plane of the hexagonal structure of carbon (Wang et al., 2017). The diffraction peaks
20 for NiW(3:1)-RGO NPS were observed at 40,47.5 and 59.1 corresponding to (111), (200),
and (200) respectively on planes Ni and W (Li et al.,2017). NiW(1:1)-RGO Nps have diffraction
peaks at 20 of 40, 42.5, 45,53.8,56.4and 59.1 which correspond to (111), (111), (111),(200),200)
and (200) respectively on planes of the face-centered-cubic(fcc) structure of Ni (Liu et al., 2015;
Dong et al., 2016; Wang et al., 2017; Patange et al., 2015). NiW(1:1) Nps have diffraction peaks
at 20 values of 57.2 corresponding to the (200) crystal planes of Ni and W (Karaduman et al.,
2017;Wang et al., 2017; Patange et al., 2015).
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The average crystallite size of each of the as-synthesized nanomaterials (Ni-W(1:1),Ni-
W(3:1)/RGO and NiW(1:1)/RGO) was calculated using the Debye-Scherrer formula (Gupta et

al., 2013).

The estimated average particle size is found to be around 8.6, 8.3 and 7.65 nm for Ni-W(1:1),

NiW(3:1)-RGO and NiW(1:1)/RGO respectively indicating the formation of small crystals via

chemical reduction method. Therefore, the bimetallic and RGO works with synergism and

provides the extra defect sites for reactions by increment of catalytic surface area. The crystal

size of our nanocomposite (7.65 nm) is found to be smaller than the reported literature value 12.7

nm (Rahul et al., 2

016).

Table 1.Crystal size of the as-synthesized nanoparticles

D=0.9\ / Bcos 6

Composites 20 B (radian) Band gap(ev)
1.NiW(3:1)-RGO 40 0.0177 8.32 2.41
2.Ni-W(1:1) 57.2 0.0163 862 268
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3.NiW(1:1)/RGO 40  0.0180 7.65 2.23

From this result, NIW(1:1)/RGO nanocomposite has small particle size that means large surface
area so it may be a good sensor for various materials.

4.1.2. UV-Vis Results Analysis

Uv-vis diffuse absorbance spectra tells us whether the formation of good size nano particles or
not. The maximum wave length indirectly showed us the the size of the nanoparicles formed i.e
the maximum wave length has an inverse relation with the size of the nano particles. Fore
example, the size of silver nanoparticles reported in literature has the following relation. For
Amax=395-405nm then the size of nanopariticles was 10-14nm, For Amax=420 then the size of
nanopariticles was 35-50nm and For Amax=438nm then the size of nanopariticles was 60-
50nm(Schimid, 2004; Shipway, 2000). Therefore from our absorbance spectra shown below
(Fig.8a) our Amax for all nanomaterials prepared was around 307nm,309nm,311nm,314nm and
315nm for Ni-RGO, Ni-W(1:1), NiW(1:3)/RGO , NiW(3:1)/RGO and NiW(1:1)/RGO
respectively. Therefore, the min value of Amax were obtained for NiW(1:1)/RGO which indicates

the formation of very small nanoparticles and it were selected for further application.
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Figure 5a. Uv-vis diffuse absorbance spectra
On the oher hand,UV-Vis diffuse absorption edges of the as-synthesized nanoparticles are

obtained from plot of absorbance against wavelength. The intercept of the tangent line on
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descending part of the absorption peak at the wavelength axis gives the value of diffuse
absorption edge (nm). In such case band gap energy (Eg) of the as-synthesized nanomaterials
was obtained from equation 19 (El-Kemary et al., 2010).

1240
A

Eg= ev (19)

Where, Eg is bandgap energy in electron volts and A is wavelength (nm) corresponding to
absorption edge. But estimating the band gap using the above approach sometimes may not
provide clear tangential line when the peak is not well resolved for the samples. To avoid the
difficulties in obtaining band gap energy from UV-Vis absorption spectroscopy in dispersed
samples, diffuse reflectance measurements of dry powders can be performed. The optical
absorption properties of each of the as-synthesized nanomaterials were investigated by using a
UV-Vis diffuse reflectance spectrometer in the range of 200-800 nm. The band gap values of the
nanomaterials were determined by analyzing the optical data with the expression for the optical
absorbance o and the photon energy hv using Tauc“s plot (Tauc and Abeies, 1970; Zou et al.,
2015).

a hv= A (hv - Eg"?) (20)

where a is the absorption coefficient, which is proportional to the absorbance, h is the Planck’s
constant (J.s), v is the light frequency (s-1), A is the absorption constant, E, the band gap energy
and n is a constant related to the electronic integrand transition, n = 2 for an indirect allowed
transition (plotted as (ahv)"? versus Eg), n = 3 for an indirect forbidden transition (plotted as
(ohv)"” versus Eg), n = 1/2 for a direct allowed transition (plotted as (ahv)® versus Eg), n = 3/2
for a direct forbidden transition [plotted as (ochv)z/ 3 versus Eg] (Lopez and Gomez, 2012). The
band gaps of the nanoparticles was then determined by extrapolating the straight line portion of
the (athv)” versus (hv) graphs to the (hv) axis until (ahv)"™ = 0.Based on Tauc"s plot and using
equation (19) the band gaps for all the as-synthesized nanomaterials were calculated. The
calculated band gaps of Ni/RGO, NiW(1:1), NiW(1:3) /RGO NiW(3:1) /RGO and NiW(1:1)
/RGO were, 2.83 eV, 2.68 eV, 2.507 eV 2.41 eV and 2.23eV respectively. From the band gap,
it can be observed that NiW(1:1)/RGO composite has the lowest band gap energy value
(2.23eV), indicates the decrease in the band gap between the valence band and conduction band,

hence, the excitation of electron from valence band to conduction band required lower energy

and thus higher in conductivity (Yang et al, 2013).
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4.1.3. FTIR Analysis

FTIR analysis is was used to examine the functional group of materials. The intensity of
stretching bands of oxygen functionalities like O-H and C=0 (3389 and 1733 cm™'respectively)
are greatly reduced in the nanocomposite when compared to the RGO indicating successful
formation of metal nanoparticle reduced graphene oxide composites (Dreyer et al., 2010;
Gitashree et al., 2017).Bands observed at 3420, 3419 and 3418,3401 and 3401cm™ correspond to
O-H stretching bands due to adsorbed water molecules onto the nanocomposite for NiW(1:1)-
RGO, NiW(3:1)-RGO, NiW(1:3)-RGO, NiW(1:1) and Ni/RGO respectively. This decrease in
wave number may occur due to interaction of W, Ni NPs and W-Ni NCs with RGO group. The
absorption bands observed at 2926 and 2878 cm-1 could be attributed to C-H stretching
(Gitashree, 2017).The bands in the region 2000-1500 cm-1 are due to C=C bond or H-O-H
bending vibration. Bands appeared at 1641cm™ and 1635cm™ and shifted to 1588 for the ternary
system. The shifting in wave numbers might be due to the C=C stretching. While absorption
bands at 1386 and 1108cm™ could be described to C-O bond from reduced graphene oxide (Gao
et al.,2014; Aijiao et al., 2017).
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nanocomposites.

4.2. Electrochemical Investigation

4.2.1. Potential Windows of MGCE

The potential windows can be determined from a cyclic voltammogram, which is a constant
region that exhibits the minimal current response (Rajawat et al., 2012). The range of potential
within the potential window is useful for the evaluation of electro active species. As described in
Fig. 10. CVs of GCE, Ni/GCE, NiW(1:1)/GCE, NiW(1:3)/RGO/GCE, NiW(3:1)/RGO/GCE
,Niw(1:1)/RGO/GCE modified glassy carbon electrode in aq. KCl1 (0.1 M), the respective limits
of potential windows were from 1.4 V (GCE), 1.6 V Ni/GCE, 1.6V NiW(1:1)/GCE, 1.6 V
NiW(3:1)/RGO/GCE), 1.8V Niw(1:1)/RGO/GCE. 1.6 V NiW(1:3)/RGO/GCE), A considerable
extension of the working window with significant peak observed when NiW(1:1)/RGO/GCE is
used. Although the working window at the anodic regions deteriorates, this is due to the electro

catalyzed oxidation reduction of the aqueous electrolyte
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Fig 7. Potential Windows of glassy carbon electrode and modified glassy carbon electrodes in

ag. KC1 (0.1 M), v=100 mVs.

4.2.2. Cyclic Voltammetry of 2 mMPotassium Ferrocyanide and 0.1 M KClI on bare GCE
Bass100B electrochemical Bio analyzer and Ag/AgCl (3 M KCI) reference electrode working

status was tested using potassium ferrocynide (2 mM K;Fe(CN)g) solution in 0.1 M KCI a well-
known model compound for reversible process. KsFe(CN)g was also used as a redox probe by
studying its voltammetric behaviour both on bare and modified GCE. Cyclic voltammogram of 2
mM K;3Fe(CN)g in a potential range from -0.5 to 0.8 V is shown in Appendixes figure 1a, b, c,
and e and its various electrochemical parameters are evaluated and summarized in Appendixes
Table 1, 2, 3, 4 and 5. The redox potential of K;Fe(CN)s was found to be 0.230 V . This result
was lower by 0.0435 V from the literature value of 0.2735 V. Therefore, 0.0435 V is added to all
electrochemical measurements and all potentials reported in the thesis reference to Ag/AgCl

electrode.

The CV of 2 mM K;Fe(CN)g) solution in 0.1 M KCl on Ni-W (1:1)/RGO/GCE is shown in Fig.
11. The effect of scan rate on reversibility was examined at different scan rates from 25 to100
mVs-1. Linear relationships were observed between the scan rates and peak current of the
electrode. Therefore, an increase in scan rate results to an increase in the peak current. Both the
anodic and cathodic peak potentials slight shift towards the positive potential. Hence, the peak-
to-peak separation decreases with an increase in scan rate and ratio of peak currents were nearly
1, showing the reversibility of the process (Negash et al., 2015).
A B
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Fig 8.A) Scan rate dependence of 1 mM KisFe (CN)gin 0.1 M KCI1 ( 10 to 150 mV/s) on GCE ;
B) plot of peak current vs. square roots of scan rate.

4.2.3. Cyclic Voltammetry of 2 Mm Potassium Ferricyanide and 0.1 M KCI on Modified
GCE

a. Ni/GCE

b. NiWw(1:1)/GCE

c. NiW(1:3)/RGO/GCE
d. NiW(3:1)/RGO/GCE
e NiW(1:1 YRGO/GCE

IluA

o 200 400 s00
Potential(mv) vs Ag/AgCI

Fig9. CVs of  aNi/RGO/GCE, b)NiW(l:1))GCE,  c)NiW(1:3)/RGO/GCE,
d)NiW(3:1)/RGO/GCE and ) NiW(1:1)/RGO/GCE in 2 mM of K3Fe(CN)6 in 0.1 M KCI (at

scan rate of 100 mvs-1’

Table 2. Electrochemical parameters of as-synthesized nanocomposite in 2 mM K;Fe(CN)g in 0.1
M KCI (at scan rate of 100 mVs?)

Pa- Ic(uA)
Catalyst Pa(mv) Pc(myv) pc(myv) Ia(uA) Ip/Ic
GCE 269 190 168 143 128 1.15
Ni/RGO 374 192 182 13.56 12.85 1.055
Niw(1:1)/ RGO 339 225 114 21.66 20.03 1.08

Niw(3:1)/RGO
429 218 211 18.23 18.13  1.005
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Niw(1:3)/RGO
418 211 207 15.35 14.68  1.04
NiW(1:1) 414 206 208 14.34 13.92  1.03

The electroactive surface areas of the bare GCE and other modified GCE was determined by
using Randles-Sevcik equation

Ipa=2.687x 10°n**AD"*v"2C (1)
Where, n is the number of electrons participating in the redox reactions, A is the area of the
electrode (cm?), D is the diffusion coefficient (cm®s™), C is the concentration of K3Fe(CN)gin M
(mol c¢m-"), and v is the scan rate (Vs™), n= 1 and taking the diffusion coefficient of K5Fe(CN)g

value of 6.67x10°® cm?/s. then from the slope of the Iy, vs, 1)1/2, the surface area of the electrode

can be calculated. The average values of the electro active surface area were 0.052, 0.062,
0.0442, 0.06418, 0.08512 cm2 for GCE, NiW(1:1)/GCE, NiW(1:3)/RGO/GCE,
NiW(3:1)/RGO/GCE and NiW(1:1)/RGO/GCE respectively. These results indicates that
NiW(1:1)/RGO/GCE has higher -electroactive surface area than GCE and other
bimetallicmodified GCE. It may be most probably due to the synergetic effect of NiW and RGO.

4.3.Electrochemical Oxidation of Ammonia 0.1M KCI Solution

The electrochemical responses of 50 ppm ammonia in potassium chloride solution bare GCE and
modified electrodes at scan rate 100 mVs' is displayed in (Fig. 12). It was observed that
ammonia oxidation peakwas undetectable when bare glassy carbon electrode (Xu et al., 2014;
Karaduman et al.,2017) was used while on Ni/RGO and NiW/RGO surface both the anodic and
cathodic peak appeared, indicating the oxidation of ammonia is a reversible process. The
oxidation peak potentials of ammonia at Ni-RGO/GCE, NiW(1:1)/GCE, NiW(1:3)/RGO/GCE,
NiW(3:1)/RGO/GCE and NiW(1:1)/RGO/GCE were formed around 0.39 V except in the case of
NiW(1:3)/RGO/GCEit occurred at lower potential 0.275V.The reduction peak potentials on the
other hand formed around 0.30. The difference between the oxidation peak potential and
reduction peak potential fall in the range of 90 mV, indicates ammonia oxidation is a reversible
process. The electrochemical oxidation and reduction reaction of ammonium ions in a solution in
which the the ammonium ion oxidized with potassium chloride in acidic medium may be

expressed as follows
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Fig 10. Cyclic voltammogram of 50 ppm ammonia a)Ni-RGO b)NiW(1:1), ¢)
NiW(1:3)/RGO/GCE, d) NiW(3:1)/RGO/GCE, e) NiW(1:1)/RGO/GCEin 0.1 M potassium
chloride, v= 100 mVs™'.

4.4.Electrochemical Oxidation of Ammonia in phosphate buffer solution

The electrochemical responses of 50 ppm ammonia in phosphate buffer solution using Ni-
RGO/GCE, NiW(1:1)/GCE, NiW(1:3)/RGO/GCE, NiW(3:1)/RGO/GCE and
NiW(1:1)/RGO/GCE nanocomposites modified glassy carbon electrode prepared at scan rate of
100 mVs™ is displayed in (Fig. 14). It was observed that ammonia was undetectable on bare
electrode (Xu et al., 2014; Karaduman et al., 2017). The anodic peak and cathodic peak formed
around 0.341V in modified electrodes. The oxidation peak potentials of ammonia on Ni-
RGO/GCE, NiW(1:1)/GCE, NiW(1:3)/RGO/GCE, NiW(3:1)/RGO/GCE and
NiW(1:1)/RGO/GCE appeared around 0.341 V(portion 1,2,3,4,5) while the reduction peak
potentials occurred at about 0.17V but in the case of oxidation peak potentials the potential
slightly shifted to positive value. Since the difference between the oxidation peak potential and
reduction peak potential wasl170mv and the process seems a reversible. On the other portion of
the figure shown below(Portion a,b,c.d and e) both the the oxidation peak potentials and
reduction peak potentials appeared around 0.20V indicates adsorption of oxygen .The
adsorptions of oxygen requires high reduction oxidation current(a,b,c,d.e) as compared to

adsorption of ammonia(1,2,3.,4,5).
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Fig.11. Cyclic voltammogram of 50 ppm ammonia a)Ni/RGO b) NiW(1:1), c)
NiW(1:3)/RGO/GCE, d) NiW(3:1)/RGO/GCE, e) NiW(1:1)/RGO/GCE in PBS, v=50 mVs-1
4.5.Electrochemical Oxidation of Ammonia in KOH Elecctrolyte

The electrochemical responses of 50ppm ammonia in 1M KOH at the bare glassy carbon
electrode and modified glassy carbon electrode with the as prepared nanomaterials at scan rate
100 mVs™ is displayed in (Fig. 15). It was observed that ammonia was undetectable in this case
also on bare electrode (Xu et al., 2014; Karaduman et al., 2017). A well-defined anodic peak
formed in the case of GCE modified with the nanomatrials and nanocomposite modified glassy
carbon electrodes used as a working electrode. The oxidation peak potentials of ammonia were
around 0.442 Vwhile the anodic peak current was 100, 78, 59 and 32 pA for
NiW(1:1),NiW(1:3)/RGO/GCE, NiW(3:1)/RGO/GCE and NiW(1:1)/RGO/GCE respectively.
The results showed that the oxidation of ammonia in the MGCE enhance the peak current in the
order NiW(1:1), NiW(1:3)/RGO/GCE, NiW(3:1)/RGO/GCE and NiW(1:1)/RGO/GCE. The the
catholic peak potentials of ammonia were around 0.336V.The difference between the oxidation
peak potential and reduction peak potential fall in the range of 106 mV, indicates ammonia

oxidation is a reversible process.
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Fig 12. Cyclic voltammogram of 50 ppm ammonia a) NiW(1:1), b) NiW(1:3)/RGO/GCE, c)
NiW(3:1)/RGO/GCE, d) NiW(1:1)/RGO/GCE at, v= 100 mVs-1

4.4. The Electrochemical Response of with or without Ammonia in

NiW(1:1)/RGO/GCE in 1M KOH Electrolyte

The redox activity of 50ppm ammonia on modified GCE by the as-prepared
NiW(1:1)/RGO/GCE material was investigated using cyclic voltammetry in 1M KOH. (Fig
13).Shows cyclic voltammograms for absence and presence of ammonia in the potential range-
1.0 to +1.0 V, at scan rate 100 mVs-1. There is no redox activity observed in the absence of
ammonia. However, the presence of ammonia showed only an oxidation peak with portion its

reduction pair. The result shows that, ammonia oxidation is a kind reversible process. on

NiW(1:1)/RGO/GCE electrode (Xu ef al.,2014; Karaduman et al., 2017).
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Fig 13. 1) Cyclic Voltammograms with concentration of ammonia 50ppm) at NiW(1:1)/RGO
/GCE in KOH pH 12, v= 100 mVs-1, 16.2) Cyclic Voltammograms with out ammonia at
NiW(1:1)/RGO /GCE , v= 100 mVs-1

4.5. Application of NiW(1:1)/RGO /GCE Electrode for the Determination of

Ammonia in Standard Solutions

Electrochemical measurements were conducted to further characterize the activity and stability
of NiW(1:1)/ RGO /GCE towards ammonia oxidation. Fig. 16 demonstrated the CVs of
NiW(1:1)/RGO /GCE in 1 M KOH electrolyte with the presence of 50 ppm NHj. As explained
above one redox peaks were generated in the CV plots of NiW(1:1)/RGO /GCE vs. Ag/AgCl) in
IM KOH, which were attributed to the transformation between NH; to N2 species (Xu et
al.,2014; yan et al., 2012). When ammonia was added, a dramatic increase of anodic peak
current with onset potential at about 0.443 V vs. Ag/AgCl was observed. The anodic peak
current reached 103 uA cm > at 0.443 vs. Ag/AgCl. It was demonstrated that Niw(1:1)/RGO
/GCEwas shown a more activity toward ammonia electro oxidation. In fact ammonia
electrooxidation mechanism is stated below according to literature report (Candido and Gomes,
2011; Zollig et al., 2015; Estejab et al., 2015).

Anode reaction: NH3(aq) + 30H — 1/2N,0O 1 + 3H,0 + 3e— (22)

Eanode =—0.427 V vs.Ag/AgCl (23)

Cathode reaction: 3H,O + 3e— — 3/2H, 1 + 30H—

Ecathode = —0.776 Vvs.Ag/AgCl (24)
Overall reaction : NHs(aq) — 1/2N, 1+ 3/2H, 1 (25)
E =-0.349V (26)

Thus NHj catalyst had to be pre-activated with a transformation routine of NH;— N,O— Ny«

in alkaline solution (Candido and Gomes, 2011; Zollig et al., 2015; Estejab et al., 2015).
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Fig 14.Cyclic voltammogram with concentration of ammonia 50ppm) at NiW(1:1)/RGO

4.6.Comparison between NiW(1:1)/RGO/GCE and NiW(1:1)/GCE
Electrocalysts for Detection Ammonia

NiW(1:1)-RGO exhibited a superior electro catalyst towards ammonia(50ppm) oxidation in
alkaline medium as evidenced from its higher peak current compared to that of NiW (as shown
fig 18 below). This is probably because of NiW/RGO nanocomposites high electro catalytic
surface area (0.08512cm?) and the synergetic catalytic effect coming from both Ni and RGO.

Besides, NiW/RGO may be tolerance to the poisoning effect from intermediates accumulated on

the surface of the electrode during the redox reaction.

— NW{1:1)/RGO
25 ——— NIW({3:1)/RGO

current,UA
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-1000 -800 -G600 -400 -200 0 200 400 600 800 1000
Potential(mv) Ag/AgCl

Fig.15 CVS to Show Comparison between NiW(1:1)/RGO /GCE and NiW(1:1) /GCE electro
calysts for detection of 50ppm ammonia

4.6.1. Effect of Scan Rate

The electro oxidation peak of 50ppm ammonia in 1M KOH using GCE modified by
NiW(1:1)/RGO nanoparticles was studied at different scan rates varying from 25 to 100 mVs-1.
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by increasing scan rate the oxidation peak current increased (Mathiyarasu et al., 2004) and its
oxidation potential was 0.461 V. The plots of peak currents against the square root of the scan
rates (fig 15/1 b) exhibited linear relationship with correlation coefficients of 0.984 this result
showing that the electro oxidation of ammonia was diffusion control (Mathiyarasu et al., 2004;
Govindhan et al., 2015; Negash et al., 2015). The results showed that increasing in the potential
scan rate induced an increase in the peak current. In addition, the oxidation process is diffusion
controlled as deduced from the liner dependence of the anodic peak current (Ip) on the square
root of the potential scan rate (v1/2) over a wide range from 25 to 100 mVs-1. For reversible
process, that is fast electron transfer at the electrode surface, the peak current is given by the
following relation. Ipa= 2.687x 10°n*?AD"*v"*C where n is the number of electrons in the rate
determining step, A is the area of the electrode (cm?2), D is the diffusion coefficient (cm2s-1), C
is the concentration of NH3 i.e 50ppm, and v is the scan rate (Vs-1). For 50ppm NH3 , n= 1. then
from the slope of the Ipa vs v1/2, the surface area of the electrode can calculated as
0.0588cm*The diffusion coefficient was calculated as to be 1.518% 10-3 cm2 s-1. Therefore, our

value agreed with the literature reported .
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Fig 15/1. a) Cyclic Voltammograms for effect scan rate for detection of 50ppm NH3 at
NiW(1:1)-RGO /GCE, v= 100 mVs-1, b) plot of peak current vs concentration of Ammonia

4.7. Effect of Concentration of Ammonia

NiW(1:1)-RGO exhibited relatively good electro catalyst towards ammonia oxidation in very

small concentration (i.e 0.01-0.05ppm) of ammonia in alkaline medium as evidenced from its
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lower peak current as compare to the higher concentration of ammonia. Detecting even lower
concentration of NH3 may due to high electro catalytic surface area of NiW(1:1)/RGO
nanocomposites(0.08512cm?) and the synergetic catalytic effect coming from both Ni and RGO.
Besides, NiW(1:1)/ RGO may be tolerance to the poisoning effect from intermediates
accumulated on the surface of the electrode during the redox reaction. The calibration curve is
plotted by taking various Ip vs concentrations of ammonia (Figure 16b). From the calibration
curves, it is concluded that good linear range for (0.01-0.05ppm), linearity sensitivity -112mv/d
(R2=0.998) and a lower limit of detections (LOD) 5.65 x 10-4 ppm was estimated (Irmak et al.,
2017). At low NHj; concentrations, the reaction is governed majorly by ammonia diffusion.
When compare this result with other reported literatures in case of NiW(1:1)/RGO /GCE has low
limit of detection and high sensitivity. When compare this result with other reported literatures in

case of NiW(1:1)/RGO /GCE has low limit of detection and high sensitivity.
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Fig 16. a) Cyclic Voltammograms for effect concentration of ammonia (0.01ppm- 0.050ppm) at
NiW(1:1)-RGO /GCE, v= 100 mVs-1, b) plot of peak current vs concentration of Ammonia

Table 2a. Comparison of different chemical modified electrodes for determination of ammonia

Studied working
Material range(ppm) LOD (ppm) Reference
AgNPs-rgo 0.5-0.5(linear) 0.0012 (Karaduman et al., 2017)
AuNPs-rgo 0.1-4(linear) 0.016 (Karaduman et al., 2017)
PtNPs-rgo 1.5-4.0 (linear) 0.0016 (Karaduman et al., 2017)

NiW(1:1)-rgo  0.01-0.05( linear) 0.000565 Our work
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4.8 .Effect of PH

The current responses varied with the pH condition. Higher initial pH value of electrolyte was
observed to have a higher peak current, leading to relatively faster reaction rate. This pH-
dependent phenomenon might be caused by the difference of the NiW(1:1)/RGO /GCE catalyst
activity to improve catalytic activity toward ammonia electro oxidation. What’s more, the redox
potential of ammonia oxidation in reaction was related to pH value according to Nernst equation:
E = -0.77 + 0.0592(14-pH). High pH value would lead to a negative potential (E) and make
ammonia electro oxidation reaction easier to proceed in terms of thermodynamics. This was in
accordance with the reported work about electro oxidation of ammonia on Ni-based catalyst
which shown poor current responses when pH was below 8 (Kapatka et al., 2007). But for our
case, as we can observed in (Fig.17) below increasing initial pH value of electrolyte was
observed to have an increasing peak current leading to relatively faster reaction rate for the

electro oxidation of ammonia on our selected nanomaterial ( i.e NiW(1:1)- RGO)
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Fig 17.Cyclic Voltammograms for effect pH at NiW(1:1)/RGO /GCE inpH 10, 11, 12, v=100
mVs-1 for AOR (ammonia oxidation reaction).

4.9. Application of NiW(1:1)/RGO /GCE for Chronoamperometric

Determination of Ammonia

Chronoamperometry experiments was done using 50ppm ammonia in 0.1M KOH aqueous
solution by applying a constant potential to assess the stability Ni-W(1:1)/RGO/GCE and to
compare its performance with the bare GCE and to that of the binary systems NiW(1:1) modified
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electrodes. As can be seen in (Fig. 18A) that there was an initial rapid decrease in the decay
current density for NiW(1:1)/GCE nanocomposite. The cause for the the rapid decrease of of
current density may be due to the formation of reactive intermediates, such as NHrads and
NHX(ads) during the ammonia oxidation (Gerischer and Mauerer, 1970).On the other hand, the
current reached constant for bare glassy carbon electrode(fig 21A) and relatively the current
density is stable fore Ni-W(1:1)/RGO/GCE as shown in (fig 18B) which shows the results
demonstrates the better tolerance of Ni-W(1:1)/RGO to the intermediate species during ammonia
oxidation. A similar report is available in the literature for the oxidation of ammonia for example
over Ni-Cu nanocomposite (wu et al.,, 2016). Therefore, Ni-W(1:1)/RGO 1is stable

nanocomposite for sensing ammonia and it has better stability over that of NiW(1:1) .
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Fig.18.A)Chronoamperogram of 50ppm concentration of ammonia 50ppm) at
NiW(1:1)/GCENiW(1:1)/RGO /GCE(Peak Current 9.91 uA cm—2;(Fig A) and GCE( peak
current 1.03 uA cm—2 horizontal line in ( Fig A) . Fig 21.B) Chronoamperogram of 50ppm
concentration of ammonia at NiW(1:1)/RGO/GCE ( peak current 10.24) uA cm—2 (Fig B)

4.10. Reproducibility and Stability
To estimate the repeatability of the proposed method, the RSD of the five successive

measurements of the peak current of the electro oxidation of ammonia (50ppm) solution on
single modified electrode(NiW(1:1)/RGO /GCE) in 1M KOH electrolyte and the calculated RSD was
3.5% as depicted in Table3 which demonstrates the good reproducibility of our prepared

nanocomposite(i.e.(NiW1:1)/RGO /GCE) for sensing ammonia.

Table 3.Reproducibility of NiW(1:1)/RGO /GCE in IM KOH Electrolyte
Trial Ipa %RSD
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1 35.15
5 34.89
3 34,51
3.5%
4 34.25
5 33.97
4.11.Stability

In order to determine stability of NiW(1:1)/RGO /GCE sensor for ammonia detection; the

performance of the electrode was monitored every three days for consecutive 20 days and as

shown (fig 22) our NiW(1:1)/RGO /GCE was stable.

Table 4.Stability Niw(1:1)/RGO /GCE for IM KOH Solution

Day Ipa

4 34.80
8 34.50
12 34.39
16 34.31
20 34.26
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Fig 19.NiW(1:1)/RGO /GCE Variation peak current with time in 50ppm ammonia solution in
IM KOH (v= 100 mVs-1).
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5. SUMMARY, CONCLUSION AND RECOMMENDATION

5.1. Summary

Bimetallic, Ni-W(1:1)/RGO, Ni/RGO and NiW various ratio NiW /RGOnanocomposite have
been successfully synthesized using chemical reduction method. GC electrode modified with
these materials was used as sensor based onelectro-chemical oxidation of ammonia in alkaline,
potassium chloride and phosphate buffer solutions as medium. The as synthesized nanostructured
materials were characterized by employing uv-visible, FTIR, XRD.The result obtained from
XRD patterns testified the Ni-W-RGO nanoparticles with a cubic crystalline state on the surface
of RGO and with a smaller particle size about (7.65 nm) and that of Ni-RGO (8.6nm) and
NiW(1:1) (8.3) nm. Electrochemical behaviours of NiW/RGO, Ni/RGO and NiW were
investigated using CV and Chronoammperometric techniques. Ammonia electro- oxidation was
enhanced on the surface of Ni-W(1:1)-RGO modified glassy carbon electrode. This may be most
probably due to the porous nature of the material, catalytic property of Ni. Besides, the presence
of RGO enhanced electrical conductivity and electron transfer rate on the electrode interface.
Degradation of the peak current is minimal in the subsequent cycles consistent with that of the
chronoamperometry experiment indicates the stability of the sensors. All electrochemical data
indicated Ni-W/RGO modified glassy carbon electrode was a suitable material for the electro-
oxidation of ammonia in NaOH solution. This new electrode material may have a potential
application for efficient electrochemical oxidation of ammonia because we obtained lower
detection limit, high conductivity ,good linear range and high sensitivity as compared to the

previous reported literatures.

5.2. Recommendations
Based on this thesis work; the following are recommended for future study.

e Characterization of the as synthesized materials in powder and film form by different

instruments are recommended
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7.Appendix.

Appendix Table 1. Summary of electrochemical parameters for NiW(1:3)/RGO/GCE evaluated
from the CV of K3Fe (CN)6 at different scan rate

Scan rates Pa(mv) Pc(mv) Pa-pc(mv) la(uA) Ic(uA) Ip/Ic
25 349 489 140 12.70 11.49 1.105
50 345 480 135 10.94 9.84 1.111
75

361 464 103 9.18 8.085 1.135
100

341 456 115 6.65 5.11 1.301

Appendix Table 2. Summary of electrochemical parameters for NiW(3:1)/RGO/GCE evaluated
from the CV of K3Fe (CN)6 at different scan rate

Scan rates Pa(mv) Pc(mv) Pa-pc(mv) la(uA) Ic(uA) Ip/lc
10 341 469 128 18.54 17.80 1.041
25 330 459 129 16.53 15.30 1.08
50

334 445 111 13.42 12.82 1.046
75

341 427 86 10.50 9.38 1.119
100 337 413 76 3.66 3.016 1.21

Appendix Table 3. Summary of electrochemical parameters for NiW(1:1)/RGO/GCE evaluated
from the CV of K3Fe (CN)6 at different scan rate

Scan rates Pa(mv) Pc(mv) Pa-pc(mv) la(uA) Ic(uA) Ip/ic
10 231 367 136 8.86 7.31 1.055
25 237 387 145 11.44 10.22 1.042
50

253 385 132 15.57 14.03 1.109
75

219 394 175 17.66 16.94 1.11
100 256 397 141 21.71 20.56 1.20

Appendix Table 4. Summary of electrochemical parameters for NiW(1:1)/GCE evaluated from
the CV of K3Fe (CN)6 at different scan rate
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Scan rates Pa(mv) Pc(mv) Pa-pc(mv) la(uA) Ic(uA) Ip/ic
10 192 374 182 13.56 12.85 1.055
25 225 339 114 10.56 9.21 1.08
50

218 429 211 8.54 7.55 1.005
75

211 418 207 6.85 5.69 1.04
100 206 414 208 5.85 4.34 1.03

7.2. Appendix figures

1——NiW(1:3) at scan rate 25mv/s

2 NIW(1:3)/RGO at scan rate 50mv/s
3——NIW(1:3)/RGO at scan rate 75 mv/s
4 NiW(1:3)/RGO at scan rate 100 mv/s

current UA
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Potential(mv),Ag/AgCl

App fig.A Scan rate dependence of 1 mM Ks3Fe (CN)sin 0.1 M KCI (25 to 100 mV/s) on
Niw(1:3)/RGO/GCE

104 1—— NIW(3:1¥RGO at scan rate of 10mv/s
5—— NIW(3:1YRGO at scan rate of 100mw/s
2 NIW(3:1¥RGO at scan rate of 25mv/s
o 3—— NIW(3:1YRGO at scan rate of 50mv/s
4 NIW(3:1YRGO at scan rate of 75

current UA
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-600 -400 -200 Q 200 400 600 200 1000

Potential(mv), Ag/AgCl

App fig.B Scan rate dependence of 1 mM K;Fe (CN)sin 0.1 M KCI ( 10 to 100 mV/s) on
NiWw(3:1)/RGO/GCE
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35

30 A—— NIW(1:1)/RGO scan rate of 10mv/s
25 ] E—— NIW(1:1)/RGO scan rate of 100mv/s
B NIW(1:1)/RGO scan rate of 25mv/s
C— NIW(1:1)/RGO scan rate of 50mv/s
D NIW(1:1)/RGO scan rate of 75mv/s
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App fig.C Scan rate dependence of 1 mM K3Fe (CN)6 in 0.1 M KCI ( 10 to 100 mV/s) on
NiW(1:1)/RGO/GCE
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App fig.D dScan rate dependence of 1 mM K3Fe (CN)6 in 0.1 M KCI ( 10 to 100 mV/s) on
Niw(1:1)/GCE
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