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ABSTRACT

SILVER-PLATINUM CORE-SHELL NANOWIRES FOR
ELECTROCHEMICAL APPLICATIONS

Tunca, Sensu
Master of Science, Metallurgical and Materials Engineering
Supervisor : Prof. Dr. Hiisnii Emrah Unalan

July 2021, 113 pages

Silver nanowire (Ag NW) networks are one of the most outstanding candidates for
optoelectronic applications to replace the commercial transparent conducting oxides
(TCOs). Their high mechanical stability, solution based and scalable, low-cost
synthesis and deposition routes make them an advantageous candidate over TCOs
for future electronics. However, the integration of NW networks into electronic
devices requires high thermal, chemical and electrochemical stability of NWs. This
work describes the fabrication of highly stable silver-platinum (Ag-Pt) core-shell
NW networks to be utilized in both amperometric hydrogen peroxide (H202) sensors

and supercapacitors.

Detailed morphological and structural characterization of the Ag-Pt core-shell NWs
showed that conformal and galvanic replacement free Ag-Pt core-shell NWs were
obtained. Ag-Pt core-shell NWs had superior stability in harsh H,O» environments
compared to bare Ag NWs. To examine the use of Ag-Pt core-shell NWs in H>O»
sensors, stability of Ag-Pt core-shell NWs against H.O2 was investigated. Following
that, Ag-Pt core-shell NW based H>O> sensors were fabricated and a sensitivity of



0.167 puA/uM, in the linear range of 8.16-160.60 uM with a detection limit of 4.75
uM in phosphate buffer (pH 7) medium was obtained from the fabricated sensors.

For the fabrication of supercapacitors, Ag-Pt core-shell NW networks were
electrochemically deposited with nickel hydroxide (Ni(OH).). The prepared Ag-Pt-
Ni(OH), nanocomposite electrodes showed high stability during electrochemical
measurements and a specific capacitance of 816.7 F/g at a current density of 5 A/g

was obtained.

Deposition of a conformal Pt shell layer improved the chemical and electrochemical
stability of Ag NWs so that they can be used as electrodes for amperometric H>O»
sensors and supercapacitors. The succesfully demonstrated applications of Ag-Pt
core-shell NWs herein revealed the potential of these materials for their use in other

optoelectronic and energy devices.

Keywords: Silver-Platinum Core-Shell Nanowires, Amperometric H>O> Sensors,

Supercapacitors
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ELEKTROKIMYASAL UYGULAMALAR iCiN GUMUS-PLATIN
CEKIiRDEK-KABUK NANOTELLERI

Tunca, Sensu
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. Hiisniit Emrah Unalan

Temmuz 2021, 113 sayfa

Glimiis nanotel aglar1, optoelektronik uygulamalarda kullanilmak iizere ticari olarak
temin edilebilen seffaf iletken oksitlerin yerini alacak en seckin adaylardan biridir.
Yiiksek mekanik kararliliklari, solusyon bazli ve 6l¢eklenebilir sentez ve biriktirme
metotlar1, onlar1 gelecekteki elektronik cihazlar i¢in seffaf iletken oksitlere gore
avantajli bir aday haline getirmektedir. Bununla birlikte, nanotel aglarinin elektronik
cithazlara entegrasyonu, nanotellerin yiiksek kararliliga sahip olmasim
gerektirmektedir. Bu ¢alisma, hem amperometrik hidrojen peroksit (H202) sensorii
hem de siiperkapasitorler olarak kullanilacak, oldukg¢a kararli giimiis-platin (Ag-Pt)

cekirdek-kabuk nanotel ag elektrotlarinin tiretimini agiklamaktadir.

Ag-Pt g¢ekirdek kabuk nanotellerinin ayrintilh  morfolojik ve yapisal
karakterizasyonu, galvanik yerdegistirme reaksiyonunun goriilmedigi konformal
kaplamanin saglandigi Ag-Pt c¢ekirdek-kabuk nanotellerinin elde edildigini
gostermistir. Ag-Pt cekirdek-kabuk NW'lerinin, yalin Ag NW'lere kiyasla zorlu
H,O, ortamlarinda iistiin kararliliga sahip oldugu gosterilmistir. Uretilen Ag-Pt
cekirdek-kabuk nanotellerinin, H>O> sensorlerinde kullanimini incelemek i¢in, Ag-

Pt cekirdek-kabuk nanotellerin H>O, maruziyetine karst kararlilii arastirilmistir.

vil



Daha sonrasinda Ag-Pt ¢ekirdek-kabuk nanotel bazli H>O> sensorii iiretilmis ve
fosfat tamponu (pH 7) icerisinde 8.16-160.60 puM liner araligi, 0.167 pA/uM
hassasiyet, 4.75 uM algilama sinir1 elde edilmistir.

Stiperkapasitorlerin  iiretimi i¢in, Ag-Pt c¢ekirdek-kabuk nanoteller iizerinde
elektrokimyasal biriktirme yontemi ile Ni(OH), biriktirmesi gergeklestirilmistir.
Uretilen elektrotlar, elektrokimyasal dlciimler sirasinda, 5 A/g akim yogunlugunda

816.7 F/g 6zgiil kapasitans ile daha yiiksek kararlilik sergilemistir.

Koruyucu Pt kabuk tabakasi kaplamasi, Ag nanotellerin kimyasal ve elektrokimyasal
kararliligin1 gelistirmis, boylece amperometrik H>O> sensorleri ve siiperkapasitorler
icin elektrot olarak kullanilmalarint  saglamistir. Ag-Pt ¢ekirdek-kabuk
nanotellerinin  basariyla gosterilen uygulamalari, bu malzemelerin diger
optoelektronik ve enerji cihazlarinda kullanilmalar1 i¢in potansiyelini ortaya

cikartmistir.

Anahtar Kelimeler: Glimiis-Platin Cekirdek-Kabuk Nanoteller, Amperometrik

H>0: Sensorii, Stiperkapasitor.
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CHAPTER 1

INTRODUCTION

As human life has evolved, human needs showed progress to different areas,
therefore in addition to fulfilling the basic necessities of people, the desire to go
beyond those needs made way for the development of more futuristic and
sophisticated technologies. In this concept, many novel materials were developed
over time, following the rapid replacement of previous materials with more advanced
ones. Nanomaterials are one such type. Due to their small size, nanomaterials
represent superior and unique properties compared to their bulk forms. Furthermore,
by tuning the structure and morphology of the nanomaterials during the fabrication
process, new materials with controlled properties can be developed. Medical and
electronics industry, studies based on environmental recovery and energy
applications gained momentum with the use of nanomaterials. Accordingly, for
adoptation to dynamic and modern human life, flexible, transparent and stretchable
technologies have become a strong focus of the recent research efforts. Light
emitting diodes (LEDs), energy storage devices such as batteries and
supercapacitors, heaters, touch screens, solar cells, photodetectors, sensors and
electrochromic devices are a few of the application areas covering the latest
technological developments. In this regard, many new materials such as transparent
conductive oxides (TCOs) were developed. Typical examples of TCOs include
indium thin oxide (ITO), fluorine doped tin oxide (FTO) and aluminum doped zinc
oxide (AZO). In addition, carbon-based materials like graphene, carbon nanotubes,
buckyball, actived carbon, and some conductive polymers such as poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), polyaniline (PANI)

and polypyrrole (PPy) are also some of the most widely studied materials. However,



the brittle nature and high cost of TCOs in addition to the low conductivity of
polymers, enabled the metal nanowires in network form to come to the fore. Being
one of the promising candidates for flexible electronic devices, metal nanowire
networks have attracted the attention of researchers. In this regard, silver nanowire
(Ag NW) networks hold great potential for future electronics. Ag NW networks take
up a large space in both research and industrial applications due to their high
electrical and thermal conductivity, mechanical stability, and optical transparency.
Also, the ease of large-scale synthesis and the possibility of Ag NWs to be deposited
onto various substrates makes them a promising candidate. Overall, NW networks
provide better if not similar properties than traditional TCOs and conductive

polymers.

Although being an excellent alternative for transparent, stretchable and flexible
electronics, Ag NWs are prone to oxidation and sulphurization under different
environments. Therefore, for the large scale utilization of these NW networks, recent
studies have focused on the enhancement of their chemical, thermal, electrochemical

and environmental stabilities.

In this work, a protective platinum (Pt) shell layer is deposited onto Ag NWs with a
simple solution based method. Electrochemical stability and oxidation resistance of
Ag NW networks are enhanced to be utilized in amperometric hydrogen peroxide
(H202) sensors and supercapacitors. A novel enzymeless H>O, sensor and a
supercapacitor are demonstrated. Highly stable Ag-Pt core-shell NWs are directly
used as a sensor material for H>O; detection, while nickel hydroxide (Ni(OH)2) is
electrochemically deposited onto Ag-Pt core-shell NWs to be wused as

pseudocapacitive active material for supercapacitor electrodes.

This thesis contains 7 chapters. Chapter 2 covers the polyol synthesis route of Ag
NWs and the formation of random NW networks in addition to the drawbacks of

NW networks. Chapter 3 explains the fabrication route of core-shell NWs via



examples from the literature on the fabrication and utilization of protective coatings
on NWs. Mechanism of the metal shell coating on NWs are also discussed through
the examples in the literature. Experimental details are provided in Chapter 4, which
presents the synthesis routes of bare Ag NWs, fabrication of random Ag NW
networks and synthesis of Ag-Pt core-shell NWs. Characterization methods include
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-

ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

Chapter 5 describes the working principles of amperometric sensors together with
an investigation on the classification of enzyme and enzymeless sensors. Electrode
preparation is detailed and a comparison of the stability of Ag-Pt core-shell NWs
and bare Ag NWs was presented under different molarities of H>O» exposures. The
chapter is completed by presenting the electrochemical measurements of the Ag-Pt

core-shell NW based amperometric H>O; sensors.

In Chapter 6, firstly working principles and different types of supercapacitors are
discussed. Fabrication of the Ag-Pt core-shell NW networks for the supercapacitor
electrodes is described and characterization of the deposited pseudocapacitive
Ni(OH): layer is presented. Electrochemical characterication methods are discussed
followed by the three-electrode setup measurements of the Ag-Pt-Ni(OH):

nanocomposite electrodes.

Lastly, Chapter 7 concludes the work done in this thesis together with the future

recommendations for the improvement of the described work.






CHAPTER 2

METAL NANOWIRE NETWORKS

2.1  Synthesis of Nanowires

The synthesis routes of nanostructured materials can be categorized into two groups,
which are physical and chemical methods [1]. Chemical methods such as a polyol,
photoreduction and template methods were preferred over physical methods since
the impurities are inevitably introduced to the system during physical methods like

mechanical pulverization [2].

2.1.1 Polyol Synthesis of Ag NWs

Solution based synthesis is highly efficient and cost-effective route for the large scale
synthesis of Ag NWs [3]. Among different physical and chemical methods to
synthesize Ag NWs, polyol synthesis is the most promising method considering the
ease in mass production of Ag NWs [2].

The first demonstration of the polyol process was made by Fievet et al. [4] and in
2001, the first synthesis of the Ag NWs via the polyol method was performed by Sun
et al [5]. In a typical polyol synthesis, solvent is generally ethylene glycol (EG) due
to its high boiling point. EG is used both as a solvent and a reducing agent for the
reduction of metal ions to metals so that the nucleation and growth can take place
[4]. In addition to that, poly(vinylpyrrolidone) (PVP) is used as a capping agent and
silver nitrate (AgNO3) acts as a Ag source for the reaction [2]. During the course of
the reaction, many factors affect the outcome of the synthesis and reaction products.
The concentration of the constituents, the molecular weight of PVP, reaction

temperature, use of single or combination of different metal salts (i.e. sodium



chloride (NaCl), cupper(II) chloride (CuCl,), and potassium bromide (KBr) highly
affect the yield, aspect ratio and morphology of the Ag NWs [6]. During the polyol
method, as the Ag nanoparticles (Ag NPs) are formed at the initial stages of the
synthesis via nucleation, some of the NPs do dissolve and form larger NPs via
Ostwald ripening mechanism. PVP passivates the {100} faces of these pentatwinned
seeds through either oxygen or nitrogen atoms in the PVP structure. On the other
hand, weaker bonding between PVP and the {111} faces leaves the {111} faces open
for the addition of Ag atoms [3]. Thanks to this mechanism, anisotropic growth of
Ag NWs through <110> direction is achieved forming 5-fold twinned structures. In
this concept, Coskun et al. also clarified the effect of the molar ratio of PVP:AgNO3
on the length and diameter of Ag NWs and showed that an increase in PVP:AgNO3
molar ratio decreases the length of the Ag NWs [7]. A schematic representation of
the passivation of PVP and the addition of Ag atoms to the active sites during the
polyol method is provided in Figure 2.1.

Figure 2.1 Schematic representation of the mechanism provided for the evaluation
and growth of a penta-twinned Ag NW from a nanoparticle in the presence of PVP
followed by the Ag atom diffusion toward the ends [3].



2.2 Random Networks Formation

The electrical properties of NWs were understood through the investigation of the
formation of random networks and electrical percolation. Different simulation
models were used to reveal the importance of critical percolation concentration, ¢c.
Below this critical percolation concentration (threshold), which corresponds to the
number of NWs per area at percolation, there is no conductivity for the system. The
@ is also related to the aspect ratio (D/L, D = diameter, L= length) of the NWs, which
further affects the optical properties of the NW networks [8]. To form a random NW
network, different NW deposition methods were demonstrated such as spray coating,

vacuum filtration, spin coating and drop coating [9].

Contact resistance at the junction points due to the existence of a thin layer of capping
agent on NWs must be taken into consideration [9]. ZeZelj et al. simulated the current
passing through a 2D stick system, which explained the dependence of the
conductivity on stick density (n) (in this case NW density) and on the junction to
stick (Gj/Gs where G;j is the conductance of the stick, Gs is the conductance related
to the stick to stick junction) conductance ratios. As shown in Figure 2.3, nc
corresponds to the critical percolation density, | is the stick length, L is the system
size, L/l is the normalized system size and Imax is the maximal current in the system.
When the density of the system is close or equal to the percolation threshold (nc), the
current is carried through only a small fraction of NWs and junctions (Figure 2.2 (a)
and (b)). On the other hand at higher densities, where several NWs are connected
forming various paths for current to pass through, conductivity highly depends on
the junction to stick conductance values. In Figure 2.2 (c), at a lower Gj/Gs ratio,
0.01, where the conductivity of the junctions is low, the total current passes through
the shortest path having the least number of junction points. On the contrary, with a
higher Gj/Gs ratio current evenly passes through the multiple shortest paths in the
system [10].
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Figure 2.2 Current simulation corresponding to different sized systems where L/| is
(a) 10 and (b) 40. Current simulation of systems having different junction to stick
ratios Gj/Gs is (¢) 0.01 and (d) 100 [10].

Since the network density and transparency are inversely related to each other, it is
wise to control the aspect ratio of the NWs, which affects both the formation of the
percolation network and optical properties. In addition to that, some post-treatments
can also be performed for decreasing the contact resistance at the junction points [9].
Examples of those post-treatments include annealing [11],[12],[13], mechanical
pressing [14],[15],[16] washing [15],[16],[17] and optical sintering [18],[19],[20].

These should be chosen according to the applications.

2.3 Drawbacks of Nanowire Networks

Although being a promising candidate for various device applications, Ag NWs
suffer from their high tendency to get oxidized and sulphurized when subjected to
water and ambient conditions [21]. This is because of their higher surface-to-volume
ratio and thus surface reactivity compared to their bulk counterparts [22],[23].
Various studies were conducted on the investigation of stabilities of Ag NW
networks that were stored in ambient conditions. Mayousse et al. showed that Ag

NW network synthesized through the polyol method were stable under ambient



conditions for up to two and a half years [24]. On the other hand, Moon et al. showed
that the Ag NW network lose its conductivity after 2 months [25]. Elechiguerra et
al. showed morphological changes in Ag NWs within 3 weeks storage under ambient
conditions. In addition, they found that the percolation network gets destroyed totally
within 24 weeks [26]. In addition, Jiu et al. observed the formation of nanoparticles
on the surface of Ag NWs in the first 60 days after fabrication when stored under

ambient condition [23].

Deignan et al. investigated the effect of the electrode composition and processing
parameters on the stability of Ag NWs [21]. It was reported that the diameter of Ag
NWs, trace amount of leftover reactants, and PVP layer thickness of Ag NWs
following post-processing techniques also affect the lifetime of the Ag NWs. Figure
2.3 shows SEM images associated with the three main causes of the degradation of
Ag NWs under ambient conditions and their effect on the morphology and
composition of Ag NWs. SEM image in Figure 2.3 (a) shows the formation of Ag
nanoparticles (NPs) and corresponding EDS results are provided in Figure 2.3 (d),
which represent the elemental outcome of the interaction of carbonyl sulfide (OCS)
and hydrogen sulfide (H2S) with Ag. This creates silver sulfide (Ag>S) nanoparticles
on the Ag NW surface causing discontinuities in the NW network after an
experiment for 60 days. SEM image in Figure 2.3 (b) shows the effect of trace
amount of Clz (due to the use of NaCl in polyol synthesis) causing the rearrangement
of the Ag into a nanoparticle and causing discontinuity of the Ag NWs.
Corresponding EDS results are given in Figure 2.3 (e). Figure 2.3 (c) shows the SEM
image observed for the dense networks of thin Ag NWs that predominantly undergo
the formation of Ag agglomerates by the diffusion of Ag atoms from the NWs. EDS
results in Figure 2.3 (f) shows that Ag agglomerates were also composed of trace

amount of Cl and S.
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Figure 2.3 SEM images of Ag NWs stored under ambient conditions for 60 days, (a)
Ag>S nanoparticle formation on the surface of the Ag NWs, (b) discontinuities of Ag
NWs via the formation of Ag nanoparticles (NPs), (c¢) formation of agglomerations
of Ag. TEM-EDS spectrum results of (d) one NP on the surface of the Ag NW in (a),
(e) one NP at the point of discontinuity in (b), (f) SEM-EDS result of the large
particle in (¢) [21].

In another study conducted by Jiu et al., humidity and light stability of Ag NWs were
investigated [27]. Ag NW films were subjected to natural light under ambient
conditions. Compared to their initial resistance, they experienced 3-5 folds and over
25 folds increase in resistance at the end of two weeks and three weeks, respectively.
At the end of 30 weeks, films were completely destroyed. On the other hand, films
that were kept under the same ambient conditions but were not subjected to natural
light showed a slower resistance increase (5 folds over 30 days). In the same study
effect of the moisture in the air was also investigated. At the end of 3 weeks, Ag
NWs that were kept under 70-80 % relative humidity experienced a complete loss of

film conductivity, whereas the films that were maintained in the desiccator

maintained their initial resistance for over 2 months.

The instability of Ag NW electrodes under high current flow (17 mA c¢cm?) was
investigated by Khaligh et al [23]. As current passed through the electrode, the
temperature of the electrode was found to rise due to Joule heating. However,
junction points of the NWs experienced higher temperature values than the overall
surface temperature. Such an effect of high current on Ag NWs causes the formation
of NPs followed by the formation of broken Ag NWs and complete failure of the

electrodes.
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CHAPTER 3

FABRICATION OF CORE-SHELL METAL NANOWIRES

Considering the various factors affecting the NW stability, protective coating layers
were started to be investigated. Coating of different protective layers such as metals,
sulfides, hydroxides, oxides, and carbon-based materials like carbon nanotubes
(CNTs), graphene, and polymers are widely demonstrated. With the additional
coating layers, a core-shell approach can widen the application areas of metal

nanowires through improving the device stabilities.

3.1  Protective Coating of Metal Nanowires

Promising electrical, optical and mechanical properties of NW networks depend on
their chemical, environmental, electrochemical stabilities. Nowadays, many
researchers study the development of NWs with enhanced stability for the
improvement of both the lifetime and performance of the NW based devices [28].
For the development of electrochemical devices such as supercapacitors and
amperometric H>O> and/or glucose sensors different protective coating layers on
NWs were explored such as oxide coatings, hydroxide/sulfide coatings, carbon-
based coatings, and metal coatings forming core-shell, core-sheath, hybrid or coaxial

nanostructures.

311 Oxide Coating

Oxide materials such as molybdenum (IV) oxide (M0O,) [29], zinc oxide (ZnO)
[13], [30]-[34], titanium dioxide (TiO2) [35],[36],[37].[38], copper(I) oxide (Cu2O)
[39], trimanganese tetraoxide (Mn3Os) [40], aluminum oxide (Al>O3) [13],[41],[42],
tungsten (VI) oxide (WO3) [43] and silicon dioxide (S10>) [44],[45] were used as the

11



protective coating layers on Ag NWs. Various deposition procedures were
investigated to coat Ag NWs with the indicated oxide layers. Typical coating
methods include but not limited to electrochemical deposition [43],[29], atomic layer

deposition (ALD) [13],[30],[41] and solution-phase methods [35],[39].

Electrodeposition of MoO2 on Ag NWs was performed for the utilization of Ag NWs
in supercapacitor applications. 0.1 M NaxMoO4 was used as the electrolyte and -1.2
V constant potential (vs. Ag/AgCl electrode) was applied for the electrodeposition
of the MoO> layer. The optimum coating duration was determined as 800 sec
corresponding to an approximately 180 nm thick MoO; layer. Compared to the bare
Ag NW electrode, Ag NW/MoO: core-shell nanocomposite electrode had a large
cyclic voltammetry (CV) curve area indicating the charge accumulation in the
electrode, as shown in Figure 3.1 (a). With the introduction of the pseudocapacitive
MoO:; layer to Ag NWs, a supercapacitor with a specific capacitance of 500.7 F g'!
at a current density of 0.25 A g! was obtained with a capacitance retention of 90%
after 5000 charge-discharge cycles [29]. In another study, atmospheric pressure
spatial atomic layer deposition (AP-SALD) technique was used for the deposition of
a conformal ZnO layer onto Ag NW network. Due to the hindrance of Ag diffusion,
thermal and electrical stabilities of the network were improved. A thermal and
electrical stability up to 500 °C and 18 V, were demonstrated, respectively. Figure
3.1 (b) shows the TEM image of the Ag NW/ZnO core-shell structure with a 30 nm
ZnO layer, where the inset shows the five fold twinned Ag NWs with ZnO layer
[30]. A solution based method was used for the deposition of TiO> shell layer onto
Ag NWs using 5 uM titanium tetrabutoxide (TTB) for the functionalization of Ag
NWs, followed by a hydrolysis procedure. The thickness of the TiO2 shell was
altered via changing the TTB concentration as shown in Figure 3.1 (c). Ag/TiO:
core-shell network was stable up to 700 °C, which was far beyond the temperature
that the Ag NWs could withstand [35]. In another study, Ag NWs were used for the
fabrication of electrochromic devices (ECDs). For this purpose, an approximately
200 nm thick electrochromic WOs3 layer was deposited onto the Ag NW networks

via the electrochemical deposition method. Gel electrolyte, lithium perchlorate
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(LiCIO4) in propylene carbonate (PC), and poly(methyl methacrylate) (PMMA)
were used for the device fabrication. Enhanced cyclic stability, up to 150 cycles,
compared to the conventional ITO based ECDs were observed together with the high
coloration efficiency of 86.9 cm? C™! (at 1100 nm) [43].
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Figure 3.1 (a) Cyclic voltammetry (CV) plot of bare Ag NW (purple colored curve
with a scan rate of 20 mV/s) and Ag NW/MoO: core-shell nanocomposite (at
different scan rates from 20 to 2 mV/s) in 1M LiClO4 in PC [29]. (b) TEM images
of Ag NW/ZnO core-shell structure with 30 nm ZnO thickness (inset showing the
five-fold twinning of Ag NWs having a ZnO shell layer) [30]. (c) Graph of precursor
concentration-dependent TiO> layer thickness change (inset shows the synthesis
route of Ag NWs/TiO; core-shell NWs) [35].

3.1.2 Hydroxide/Sulfide Coating

Ag NWs were coated with various hydroxide and sulfide materials such as Ni(OH)>
[46],[47], double hydroxides of NiAl [48],[49], NiCo [50],[51] and CuzS [52]. In one
example, Ni(OH), shell was coated onto Ag NWs using the electrodeposition
technique. Mechanically stable and flexible electrodes were obtained on
polyethylene terephthalate (PET) substrates with a specific capacitance of 1165.2 F
gl at a current density of 3 A g''. After 3000 charge-discharge cycles, a capacitance
retention of 93% was reported [46]. NiAl double hydroxide coating was studied by
Wu et al and Ag NW/NiAl double hydroxide nanosheets were fabricated via
hydrothermal (Figure 3.2 (a)). Compared to bare Ag NW networks, a specific
capacitance of 1246.8 F g'! was obtained [49]. CusS shell layer was coated onto drop
casted Ag NWs using successive ionic layer adsorption and reaction (SILAR)

method using 0.5 M copper(Il) nitrate trihydrate (Cu(NO3)2-5H>O) and 0.5 M
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sodium sulfide (Na;S). Ag NWs with a diameter of 30 nm were coated with a 55 nm
thick CuxS shell layer. AgNWs/Cu,S core-shell electrodes prepared on Ni foam
were subjected to CV and a specific capacitance of 707 Fg'! was obtained (Figure

3.2 (b)) [52].

(a) (1) Ag Nanowires
’7 ] * s
T/
Ni(NO»):
2/
ea

AgCu-3@Ni foam

(3) Ag NW@NiAl LDH b 40
$ —10mVs

n
S
2

1
-1
1
-1
1

AINOY),
Ures

o
Y

Current (mA)
°

o
2

n
13
Iy

&
-3

T
0.0 0.5

0.4 02 0.3 0.4
Potential Vs SCE (Volts)

Figure 3.2 (a) Schematic representation of the formation of Ag NW/NiAl double
hydroxide core-shell structures [49]. (b) CV plots for the Ag NW/CuzS core-shell
electrodes at different scan rates in 3M KOH electrolyte[52].

3.13 Carbon-Based Material Coating

Carbon-based protective coating layers were also investigated by many researchers
due to their beneficial mechanical, electrochemical and electrical properties in
addition to their high chemical stability and large specific surface area. Graphene
[53],[54],[18] , graphene oxide (GO) [55], [56] carbon nanotubes (CNTs) [57],[58],
and polymer coatings such as poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) [59],[60],[61],[62],[63] polypyrrole (PPy) [64], polyaniline
(PANI) [65],[66] are some examples of carbon based coatings utilized for improving

the stability of Ag NW networks.

3.1.3.1 Graphene and Graphene Oxide

It was demonstrated that the stability of Ag NW networks can be enhanced by a
protective graphene layer. With the electrophoresis method, Ag NW/graphene

composite electrodes with high electrochemical stability were fabricated by
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Alshammari et al. The specific capacitance of the composite electrode was 108.4 F
gl with a capacitance retention of 82.6% after 2500 cycles. This indicated the
enhanced cycling stability of the electrodes as shown in Figure 3.3 (a) [53]. In
another study, polycrystalline graphene grown with the chemical vapor deposition
method (CVD) was used to fabricate Ag NW/graphene hybrid structure to be utilized
as transparent conductive electrodes (TCEs). Low sheet resistance (Rs of 22 Q/o)
with high transmittance (88%) was obtained, where 2D sheets of graphene in the
hybrid structure bridged the junctions of Ag NWs. High stability of the electrodes
under atmospheric conditions, mechanical bending and mechanical pressure was
achieved, all of which outperformed commercially available ITO [54]. In a study
conducted by Yang et al., graphene was spray coated onto Ag NWs, where PMMA
was used as the adhesive and optical sintering was performed for the welding of the
junctions of Ag NW/graphene hybrid nanostructures. A schematic showing the
hybrid structure of graphene attached and welded Ag NWs is provided in Figure 3.3
(b). In addition to the enhancement in the chemical stability with the use of graphene,
sheet resistance of the hybrid electrode was also improved (from 47 /o to 13.9 /o)
during the sintering process. This was due to high lateral thermal conductivity of

graphene that promoted the welding of Ag NWs [18].

A sandwich-like Ag NWs/graphene oxide (GO) structure was fabricated by Patil et
al. [55]. The fabricated electrode had a specific capacitance of 251 F g' at 10 mV s~
!, A potential window of -0.2 to 0.8 V and an electrolyte of 0.1 M H>SO4 was used.
A symmetric supercapacitor was also fabricated and analyzed in the potential
window of 0 to 0.6 V (Figure 3.3 (c)). A specific capacitance of 154 F g’ at a scan

rate of 10 mV s was obtained.
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Figure 3.3 (a) Comparison of the capacitance retention of Ag NWs to Ag
NW/graphene electrode in 2500 CV cycles [53]. (b) Schematic representation of the
hybrid structure of tightly attached single layer graphene on welded Ag NWs after
the sintering procedure [18]. (¢) CV of the fabricated symmetric Ag NWs-GO
supercapacitor at various scan rates [55].

3.1.3.2 Carbon Nanotubes

Lee et al. utilized bar coating method for the deposition of CNT-Ag NW hybrid
coating on PET substrate at room temperature [57]. CNT-Ag NWs on PET were kept
in 85 °C and 85% RH environment for 120 h and 240 h separately. Roughness of the
Ag NWs after 240 h was considerably increased, while no decrease in conductivity
was reported, as shown in Figure 3.4 (a). CNT-Ag NWs composite network also
showed high mechanical durability with only a 1.6% increase in resistance upon 100
bending cycles, whereas ITO and bare Ag film experienced 34.9 % and 73.9 %
increase in resistance, respectively. In another study, transparent stretchable heaters
were fabricated using single-walled carbon nanotube (SWCNT) — Ag NWs
composite films with improved mechanical stability. Spray coating method was used
for the deposition of SWCNT-Ag NW suspension onto 150 % prestrained adhesive
acrylic elastomer, which was released after the deposition. Decomposition of Ag
NWs was effectively prevented with the use of SWCNTSs under 250 °C for 3 h. In
addition to that, under an applied potential of 12 V, SWCNT-Ag NW composite film
successfully reached to 186.2 °C, as shown in Figure 3.4 (b) [58].
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Figure 3.4 (a) Changes in sheet resistance with respect to testing conditions (85 °C
and 85% RH environment) [57]. (b) Time dependent temperature profile of the
SWCNT-Ag NW composite electrode as a function of a driving voltage (from 2 to
12 V) (inset shows the temperature distribution) [58].

3.1.3.3  Polymer Coating

PEDOT:PSS is one of the most widely used coating material due to its high
conductivity and environmental stability upon. Moon et al. fabricated a flexible
macro porous PEDOT:PSS/Ag NWs composite on polyurethane sponge. Both
mechanical and electrical properties of the composite structure were found to get
enhanced as well as the environmental stability upon 3000 charge-discharge cycles
(capacitance retention of 85.8% at 5 A g'!) and under bending deformation (electrical
conductivity of 3.94x10* S cm™! was preserved). An all solid-state supercapacitor
device was fabricated [59]. In another study, transparent and flexible heaters (TFH)
were fabricated. Composite films of Ag NWs/PEDOT:PSS and Ag
NWs/PEDOT:PSS/ITO were fabricated. As shown in Figure 3.5 (a), among three
TFHs, the mean temperature of Ag NWs is lowest at 9 V, which is correlated to the
local junction failure in the Ag NW network [63]. Compared to bare Ag NW based
TFHs, fabricated composite films showed improved mechanical stability and optical

transparency with a higher maximum heating temperature compared to that of bare

Ag NWs.

Due to its biocompatibility, high conductivity and mechanical properties, PPy was
also utilized as a coating material. Yuksel et al. fabricated a Ag NW/PPy core-shell

nanocomposites and investigated their supercapacitive properties as an electrode.
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PPy layer protected the core Ag NWs and prevented them from getting oxidized and
corroded. A specific capacitance of 509.0 F g! for the symmetric supercapacitors

was reported [64].

In another study, a solution based method was used for the deposition of PANI onto
Ag NWs. Ag NWs-PANI composite was developed to be used in an electrochemical
sensor for the detection of 4-nitrophenol (4-NP). Due to the electrostatic interaction
of aniline monomer and Ag NWs, PANI was coated onto Ag NW surface forming
an irregular porous network (Figure 3.5 (b)). Also, the electrocatalytic performance
of Ag NW-PANI structure on glassy carbon electrode (GCE) was better than that of
bare Ag NWs/GCE. In the presence of 0.1 mM of 4-NP in 0.1 M phosphate-buffered
saline (PBS) (pH 7.0). CV plots are provided in Figure 3.5 (c) where reduction of 4-
NP was observed around -0.77 V for Ag NW-PANI electrode with a negative shift
around 60 mV compared to Ag NWs electrode. This indicated the formation of a
hydrogen bonding and electrostatic interaction with 4-NP in the presence of PANI
[65]. Kumar et al. also studied the PANI coating to improve the surface properties
of Ag NWs for their adaptation to optoelectronic devices. A polyaniline : polystyrene
sulfonate (PANI:PSS) aqueous solution was deposited onto PET substrates via the
Mayer rod coating. Ag NWs synthesized via polyol method with 40 nm diameter
were were coated onto the PANI : PSS layer. They were then mechanically pressed
to each other. Pressing technique provided a slight increase in the transmittance and
decrease in the sheet resistance of the network. Both surface roughness (less than 6.5
nm) and the gaps between Ag NWs in the network were found to decrease upon

mechanical pressing [66].
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Figure 3.5 (a) Mean temperature of the pristine Ag NWs, Ag NWs-PEDOT:PSS, and
Ag NWs-PEDOT:PSS/ITO TFHs with respect to bias voltage [63]. (b) SEM image
of Ag NW-PANI composite (inset showing the lower magnification image) [65]. (c)
Comparison of the CV results of GCE ((a) red curve), Ag NWs/GCE ((b) black
curve), Ag NWs/PANI/GCE ((c) green curve), PANI/GCE ((d) blue curve) [65].

3.14 Metal Coating

Various metals such as Au [67],[68],[69], Pt [70], Ni[71], Fe [71] were used for the
coating of Ag NWs. Au shell layer is highly preferred since it is an inert noble metal
that is capable of improving the overall stability of the Ag NWs. Formation of Ag-
Au core-shell structure was practiced via a solution base method by Lee et al.[67].
In Figure 3.6 (a), chloroauric acid (HAuCls) was the Au source for the galvanic
replacement free synthesis of Ag-Au core-shell NWs. Ag NWs with a diameter of
30 nm were coated with a 5 nm thick Au shell layer as shown in Figure 3.6 (b). For
Au deposition, an aqueous solution of Ag NWs was added into an aqueous dispersion
of AA/PVP/NaOH, and then HAuCls was injected into the reaction medium via a
syringe pump. The chemical and electrochemical stability of the Ag NWs were found
to get enhanced upon Au deposition due to higher reduction potential of Au
compared to Ag. It was found that Ag-Au core-shell NW network remained intact
under 22 °C and 45 % RH and 12.5 % hydrogen peroxide (H202) aqueous solution.
After 50 cycles, CV curves of the Ag-Au core-shell NW networks converged to
rectangular shape indicating the ideal capacitive behavior. Irreversible oxidation of
Ag at around 0.45V was suppressed with the Au shell layer deposition and potential
window was widened as 0-0.6 V. Moreover, Ag-Au core-shell NW based
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supercapacitors showed an areal capacitance of 0.2099 mF cm™ and maintained their

electrochemical stabilty up to a strain level of 60 %.

Ag-Au core-sheath NWs were synthesized via solution-phase method by Yang et al.,
where 2-3 atomic layers of Au was conformally deposited onto Ag NWs [69]. With
the addition of NaOH, an alkaline solution of HAuCls was prepared and Au(OH)4~
was used as the Au source. Fabrication of Ag-Au core-sheath NWs was achieved
under alkaline conditions with the use of ascorbic acid (CsHsOs, AA) and Au(OH)4 .
Various oxidants such as O, H>O», and iron (III) nitrate (Fe(NO3)3) were used to
highlight the importance of Au sheath for the enhanced stability of the NWs.
Furthermore, for the fabrication of transparent and flexible conductors, Ag-Au core-

sheath NWs were considered as a good alternative to replace bare Ag NWs.

As another noble metal, Pt was used as a protective layer for Ag NPs by Wojtysiak
et al. [72] potassium hexachloroplatinate(IV) (K,PtCls) was used as a Pt source and
galvanic replacement reactions took place between PtCls* ions and Ag seeds in the

presence of AA leading to the formation of Ag-Pt core-shell nanoparticles.

Pt metal deposition onto Ag NWs was also studied by Shen et al.[70]. Ag NWs were
grown on TiO2 coated Si wafers via a thermal assisted photoreduction method.
Instead of K;PtCls or chloroplatinic acid (H2PtCls), which are the common Pt
sources, disodium hexahydroxoplatinate (Na;Pt(OH)s) was chosen due to the smaller
electronegativity of the OH™ group, which eased the reduction of Pt ions. Ag NWs
were then added into the aqueous solution of Na;Pt(OH)s and isothermally heated to
reflux for the galvanic exchange between Ag and Pt to take place. A conformal Pt

nanocrystal shell was formed on the Ag NWs.

Focusing on the poor electrochemical stability of the Ag NWs, in addition to the use
of noble metals (Au, Pt through solution based routes), Park et al. demonstrated
electrodeposition of a thin nanoshell of Ni and Fe metals onto Ag NW networks [71].
Both of the stretchable and transparent Ag-Ni and Ag-Fe core-shell NW networks
on polyurethane acrylate (PUA) electrodes were found to be electrochemically stable

in KOH electrolyte. A capacitance retention of 112 % was obtained after 1000 cycles
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for Ag-Ni NWs since the core Ag NWs was protected against galvanic replacement
reaction, as shown in Figure 3.6 (c¢). Working potential window for Ag-Ni NWs was
0-0.7 V. 50 cycles of CV in 1M KOH electrolyte are shown in the inset of Figure 3.6
(c), while bare Ag NWs experienced a rapid current drop at the 30th cycle within the
potential window of 0-0.5 V. An asymmetric Ag-Ni/ Ag-Fe NWs supercapacitor was
fabricated and operated in a potential window of 0-1.6 V. A capacitance retention of
92% and 91% upon 5000 cycles were obtained when it is released and stretched to

35% strain, respectively.
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Figure 3.6 (a) Schematic representation of Ag-Au core-shell NWs fabrication. (b)
TEM image of Ag-Au core-shell NWs [67]. (¢) Comparison of capacitance retention
percentage in 1 M KOH electrolyte for Ag NW/PUA and Ag-Ni core-shell
NWs/PUA. (inset shows the CV curves of Ag-Ni NWs with the number of cycles)
[71].

3.2  Mechanism of Solution Based Metal Coating

Deposition of a thin metal shell on NWs has many challenges since it is difficult to
perform a galvanic replacement free coating. As an example, galvanic replacement
reaction between Ag and Au salt (HAuCly), causes pits or voids in the NW structure
if not avoided. Yang et al. studied the reaction route for galvanic replacement free,
0.6 nm thick, Au shell deposition on Ag nanocubes [73]. For the synthesis of Ag-Au
core-shell NWs, AA was chosen as a reducing agent. Provided that the reaction
medium was basic (pH=11.02), the reduction rate of HAuCls by AA was higher than
the galvanic reaction rate between Ag and HAuCls. Hence a galvanic replacement-
free synthesis was achieved. On the other hand, the galvanic reaction rate was higher

causing hollow Ag-Au nanocubes in a reaction medium having a pH of 2.63. By
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increasing the pH of the reaction medium, reduction power of AA was optimized
and HAuCls was reduced by AA before any galvanic reaction took place between
HAuCl4 and Ag nanocubes. Au atoms were uniformly deposited onto Ag nanocubes.
It was concluded that the reduction of HAuCls by AA in a reaction medium with a
pH of 9.5 and above completely suppressed the galvanic reaction. When exposed to
2.3 % aqueous H202, Au-Ag core-shell nanocubes remained stable for 10 h, whereas

bare Ag nanocubes were oxidized within only 3 min.

Another study conducted by Murshid et al. revealed the importance of slow addition
of Au source into the reaction medium to lower the reduction potential of Au ions
and to deposit a uniform gold shell [74]. Silver decahedral NPs (AgDe NPs) and
pentagonal rod NPs (AgPR NPs) were synthesized via slow addition of HAuCl4 to
a reaction medium containing Ag NPs, citrate was used as charge stabilizer and
polyvinylpyrrolidone (PVP) as steric stabilizer. When Au % (molar percentage of
deposited Au relative to Ag precursor) was 10 %, galvanic replacement was
minimized with an increase in chemical stability. In the case where Au % was less
than 10 %, insufficient Au amount caused non-uniform deposition on the surface.
Such an insufficiency also caused the dissolution of Ag in H>O: solution. When Au
% was more than 10 %, hollow Au-Ag NPs were formed due to galvanic
replacement. In addition to that, they found out that using low concentration of
HAuCly and slow injection rate (12 h) prevented the formation of pits and voids. On
the other hand, use of mild reducing agents and change in the pH of the reaction
medium was not sufficient to avoid galvanic replacement reactions if high
concentrations of Au and high injection rates were preferred. Fabricated Au@AgPR
NPs were proved to be chemically stable in 0.5 M H>O: solution for 30 days, while

bare NPs dissolved only after several minutes.

In another study conducted by Yang et al. for the synthesis of Ag@Au core-sheath
NWs, an alkaline condition with a pH around 11.0 was used to enhance the reduction
power of AA [69]. As a result, reduction of Au®" to Au prevented the galvanic
replacement between Au®" and Ag. However, it was stated that the complete

prevention of galvanic reaction was not possible even under those conditions.
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Therefore, reduction potential of the Au**/Au pair was lowered by replacing the CI’
in AuCls” with OH™ ions. This was achieved at pH values higher than 10.35 with the
addition of sodium hydroxide (NaOH) to HAuCls, where AuCly was transferred to
Au(OH)4 and was used as Au source. As a result, low reduction potential of
Au(OH)s/Au and strong reducing power of AA in alkaline media suppressed the
galvanic reaction between Au®" and Ag. In addition to stability against oxidants such
as Oz and Fe(NO:s3)3, stability against H>O» exposure was determined using UV-vis
and TEM analysis both before and after the H,O» treatment. For that purpose, Ag-
Au core-sheath NWs suspension was mixed with a H>O» solution in 1:1 (v/v) ratio
(final H2O2 concentration was 0.85 M). Thanks to the 1 nm thick Au shell decrease
in localized surface plasmon resonance (LSPR) peak intensity was around 3 %,
indicating no Ag dissolution during H>O> treatment, whereas bare Ag NWs were

etched after 1 h.

Ag-Au core-shell NWs were also synthesized by Lee et al. through a solution based
process [67]. Aqueous solutions of AA and NaOH were introduced into the PVP
solution one by one, followed by the addition of Ag NWs to the aqueous solution.
An aqueous solution of HAuCls was slowly injected into the reaction media via a
syringe pump. A 5 nm thick Au shell was coated onto Ag NWs having a diameter of
30 nm (Figure 3.6 (b)). In 12.5 % H2O> solution, bare Ag NWs were damaged and
removed from the substrate surface in seconds. On the other hand, Ag-Au core-shell
NWs remained stable under such a corrosive environment. In addition to chemical
stability, electrochemical stability was also enhanced upon Au shell deposition. In
the potential window of 0-0.6 V, pristine Ag NWs experienced an irreversible
oxidation at around 0.45 V. On the other hand, in the same potential window, Ag-
Au core-shell NWs operated up to 50 cycles. Under ambient conditions (22 °C and
45% RH) Ag-Au core-shell NW network preserved its conductivity for 4 weeks.

In addition to Ag-Au core-shell NWs, silver-platinum (Ag-Pt), core-shell NWs were
fabricated by Shen et al. via thermal assisted photoreduction of Ag NWs on Si
template and galvanic exchange between Ag and Pt ions [70]. Sodium

hexahydroxyplatinate(IV) (NaxPt(OH)s) was used as the Pt source rather than
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chloroplatinic acid (H2PtCle). Due to the low electronegativity of the OH™ group
(3.02) compared to CI™ (3.16), Pt ions were reduced easily by the electrons formed
with the oxidation of Ag. For the Pt shell deposition, dispersion of Ag NWs and
NaxPt(OH)s was refluxed at 100 °C, 170 °C, and 200 °C. During the reaction,
diameter of the core Ag was found to decrease, while thickness of the Pt nanocrystal
layer increased with the interface controlled galvanic deposition process. As shown
in Figure 3.7 (a), boundaries of Pt nanocrystal formed microchannels which helped
the transportation of Ag" at the interface to the Pt shell. Also, electrons moved to the
conductive Pt shell and supported the reduction of Pt*" on the outer surface of the

shell.

Ag-Pt core-shell NPs were synthesized by Wojtysiak et al. via a seeded growth
reaction with the use of AA to reduce PtCls* [72]. AA and K>PtCls were added to
Ag seed containing medium. Ag-Pt core-shell nanoparticles were fabricated by the
galvanic reaction between Ag seeds and PtCls*. It was stated that avoiding the
oxidation of Ag to obtain a pinhole-free Pt layer was both dependent on the

deposition of large amounts of Pt and use of AA.

A study conducted by Fu et al. stated the different synthesis routes for hollow porous
nanoparticles (NPs) with Pt coating and Ag-Pt core-shell NPs. Hollow porous Ag-Pt
alloy NPs having a Pt deposit were synthesized via controlled galvanic replacement
reaction, which is shown in route A in Figure 3.7 (b). For both route A and B, AA,
PVP, and K»>PtCls was used; however, the main factor in the formation of Ag-Pt core-
shell NPs was doubling the reducing agent (AA) amount to avoid the galvanic
replacement reaction occurring between Ag and PtCls*. Completion of the reaction

was assessed by the color change of the solution from brown to black [75].
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Figure 3.7 (a) Schematic illustration Ag-Pt core-shell formation by the galvanic
replacement between Ag and Pt ions [70]. (b) Schematic illustration of different
routes for the synthesis of hollow porous Ag-Pt alloy NPs with Pt skin and Ag-Pt
core-shell NPs with Pt shell on Ag core [75].
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CHAPTER 4

EXPERIMENTAL DETAILS

Chemicals with the details given below were used as purchased without further
purification. Ethylene glycol (anhydrous, 99.8%), poly(vinylpyrrolidone) (PVP)
(powder, average Mw ~ 55,000), silver nitrate (ACS reagent, > 99.0%), sodium
chloride (ACS reagent, > 99.0%), L-Ascorbic acid (ACS reagent, > 99.0%),
chloroplatinic acid solution (8 wt% in H>0O), Gold(III) chloride hydrate (99.995 %
trace metals basis), D-(+)-glucose monohydrate (anhydrous, 97.5-102.0 %), urea
(BioReagent > 98 %), DL-lactic acid (90%), oxalic acid dihydrate (ACS reagent, >
99%) , acetone (ACS reagent, > 99.5%), ethanol (absolute, > 99.8%), nitric acid
(ACS reagent, 70%) were purchased from Sigma-Aldrich. Sodium hydroxide
(pellets pure, > 99 %) was purchased from Merck.

Prior to each experiment, all glassware and magnetic stirrers were cleaned. Initially,
all was washed with Alconox detergent and rinsed with DI water. Magnetic stirrers
were cleaned via ultrasonication in 10 % nitric acid-DI water solution followed by
DI water rinsing. In the final step, all of the glassware and magnetic stirrers were

ultrasonicated for 15 min with acetone, ethanol and DI water.

4.1 Fabrication of Nanowire Networks

4.1.1 Synthesis of Silver Nanowires

An improved solution-based polyol method, which was initially developed by
Coskun et al. [7] was followed for the synthesis of the Ag NWs throughout this work.
In this method, ethylene glycol (EG) was used both as the solvent and the reducing

agent for the precursor. Silver nitrate (AgNO3) was used as the Ag precursor. In
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addition, poly(vinylpyrrolidone) (PVP) was introduced to the reaction medium as a

capping agent for the directional growth of Ag seeds.

Two different solutions were prepared. One contained 0.45 M PVP (Mw = 55K
g/mol) and 1 mM NacCl dissolved in 80 ml EG and other contained 0.12 M AgNO3
dissolved in 40 ml EG. First, into a 250 ml round bottom flask 0.12 M AgNO3 and
40 ml EG were added and the solution was stirred for 20 min at 1000 rpm until all
the solid in the flask was dissolved. Next, a solution containing PVP and NaCl
dissolved in 80 ml EG was stirred under 90 °C for 20 min at 1000 rpm in a 100 ml
beaker. After all the solids were dissolved in EG and a clear solution was obtained,
the solution was left to cool down to room temperature. The solution containing
AgNO; in EG was placed into a silicon oil bath, which was preheated to 120 °C at
1000 rpm. Dropwise addition of the solution containing PVP and NaCl in EG was
performed. Following the completion of addition a condenser was placed on top of
the round bottom flask and a reflux system was initiated. Immediately after the
placement of the condenser, the temperature of the silicon oil bath stirred at 1000

rpm was set at 160°C and the reaction continued for 80 min at this temperature.

In Figure 4.1 (a)-(d), the photographs of the different steps of the polyol synthesis
are provided. At the first 30 min of the reaction, brown-red color appears
corresponding to the process of the formation of Ag seeds. As the reaction was
continued at 160°C with constant stirring in the 40™ min gray-like color appears

indicating the formation of Ag NWs.
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Figure 4.1 Photographs taken at the different stages of the polyol synthesis: (a) 1
min, (b) 30 min, (c) 40 min and (d) 80 min of the reaction.

Following the completion of the Ag NWs synthesis, Ag NWs were separated from
the byproducts and excess components. First, a decantation process was followed,
where the Ag NWs suspension was collected in a 250 ml beaker and left to settle for
a few days. At this first stage of the purification process the separation of the Ag
NWs, from Ag NPs, EG, and the excess amount of PVP was achieved. Further
purification was continued by a multi-step centrifugation. First, to get rid of any
residual organic substance, Ag NW suspension that was acquired at the decantation
step was diluted at a 1:4 ratio with acetone. Centrifugation of diluted Ag NW
suspension was performed under 7000 rpm for 3 min. Precipitate at the bottom of
the centrifugation tube was then combined with ethanol and Ag NW-ethanol
suspension was centrifuged two more times at 7000 rpm for 6 min. After
centrifugation, Ag NWs were collected with ethanol into a 250 ml beaker. However,
even after those initial decantation and centrifugation steps, there were Ag NPs still
present in the ethanolic suspension. Therefore this suspension was subjected to a
sedimentation process, where the Ag NPs were expected to precipitate while Ag
NWs suspend in ethanol. Sedimentation was repeated until a suspension without a

precipitate was obtained.
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For further use, Ag NWs were also collected in DI water. Additional centrifugation
with DI water at 7000 rpm for 10 min followed with a sedimentation procedure in

DI water was performed for this purpose.

4.1.2 Fabrication of Silver Nanowire Networks

Purified Ag NWs, dispersed in ethanol was deposited onto glass or PET substrates
via spray deposition method. In a typical spray deposition process, glass or PET
substrates were placed on a hot plate arranged at a specific temperature that is
compatible with both substrate and solvent, as shown in Figure 4.2 (a). Glass and
PET substrates were cleaned beforehand through 15 min ultrasonication in acetone,
ethanol and DI water. During spray deposition of NWs, vaporization of the solvent
took place forming the random NW network. During this process, both pressure of
the N> gas and the distance between the hot plate and the tip of the air brush were

very important parameters.

Figure 4.2 Photos showing the (a) spray deposition method of NWs and (b) spray
deposited Ag NW networks on a glass substrate.
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4.2 Fabrication of Silver-Platinum Core-Shell Nanowires

A solution based method was followed for the conformal platinum (Pt) shell coating
onto Ag NWs based on the initial work by Stewart et al. [76]. During the synthesis,
H,PtCls was used as the platinum source for the shell layer coating and AA was used
as the reducing agent. In a 25 ml beaker, 5.5 ml of | M AA-DI water and 2 ml of 5
wt. % PVP-DI water solution was prepared. Following the complete dissolution of
the components, a dropwise addition of 3.0 ml 0.5 mg/ml Ag NWs-DI water
dispersion was performed. The dispersion was stirred at 500 rpm for 3 min at room
temperature. After that 0.47 ml of 0.01 M chloroplatinic acid solution was added into
the reaction medium. The reaction took place at room temperature under constant
stirring at 500 rpm for 3 min. During the reaction with the addition of H2PtCls, the
color of the dispersion gradually turned from grey to black. The major reaction for

the Ag-Pt core-shell NWs fabrication was,
H,PtCls + 2C¢HsOs — Pt° + 2CsHsOs + 6HCI

Purification of the Ag-Pt core-shell NWs from byproducts was achieved by multi-
step centrifugation. First, the reaction suspension in DI water was centrifuged at 7000
rpm for 10 min. Following that, the precipitate at the bottom of the centrifugation
tube was washed with DI water two times at 7000 rpm for 10 min. Lastly,
centrifugation with ethanol was performed both to get rid of any excess PVP or AA
left and to collect the Ag-Pt core-shell NWs at the ethanol phase. A schematic
representation of the fabrication of Ag-Pt core-shell NWs is shown in Figure 4.3 (a).
Corresponding SEM images of Ag NWs and Ag-Pt core-shell NWs are provided in
Figure 4.3 (b) and Figure 4.3 (c), respectively (insets showing the schematics of Ag
NW and Ag-Pt core-shell NWs).
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Figure 4.3 (a) Schematic representation of the fabrication of Ag-Pt core-shell NWs.
SEM image of (b) Ag NWs (inset showing a schematic of Ag NW) and (c¢) Ag-Pt
core-shell NWs (inset showing a schematic of Ag-Pt NW).

4.3 Nanowire Characterization Methods

4.3.1 Scanning Electron Microscopy (SEM)

Field emission scanning microscopy (FE-SEM) (Nova NanoSEM 430) operated at
20 kV was used to examine the fabricated NWs. Ag NWs and Ag-Pt core-shell NWs
were dried on Si wafers and used for the SEM analysis. Prepared Si wafers were
fixed onto the SEM holders via double-sided conductive carbon tape. No additional

coating was used for sample preparation.

4.3.2 Transmission Electron Microscopy (TEM)

For the atomic scale morphological analysis of the synthesized Ag NWs and Ag-Pt
core-shell NWs, transmission electron microscopy (TEM) was used at an operating
voltage of 200 kV in high-resolution mode (HR-TEM) (JEOL JEM-2100F
UHR/HRP 200 Kv). TEM samples were prepared via drop casting of ethanolic NW
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suspension onto holey carbon coated 400 mesh copper grids. Lattice fringes were

determined and measured using GATAN software.

4.3.3 X-Ray Diffraction Analysis (XRD)

For the crystal structure analysis of NWs, X-Ray diffraction method was used. A
Rigaku D/Max-2000 diffractometer with Cu Ka radiation operating at 40 kV was

used. Patterns were collected within 2 ® range of 20-80° at a scan rate of 0.5 °/min.

4.3.4 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) analysis was performed for the further
characterization of NWs. PHI 5000 versaprobe (XPS) spectrometer was used with
Al-monochromatic X-rays and operation power of ion gun at 0.5-5 keV. OriginPro
2018 software was used for XPS peak fitting where a Gaussian function was used to
fit for a baseline correction. Carbon (1s) line at 284.8 eV was chosen as a reference

and was used for charge correction.

435 pH Measurements

pH measurements during the synthesis of core-shell NWs were conducted using a
scientific Orion 3-star conductivity meter. Before and after each pH measurement,
the pH probe was rinsed with DI water and was carefully dried with a lint free

cleanroom tissue. pH probe was kept in its storage solution when not in use.
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4.4 Results

441 Silver Nanowires

HR-TEM image of a Ag NW is shown in Figure 4.4 (a), where perfect crystallinity
of the Ag NW was apparent. Presence of a thin layer of PVP (3-5 nm) was also
evident. The morphology of the fabricated Ag NWs was also examined via SEM. In
Figure 4.4 (a) and (b) by-product free, purified Ag NWs were presented with a
calculated mean diameter and length o 52.4+ 3.8 nm and 9.5+ 2.4 um, respectively.
15 individual Ag NWs were randomly selected for the diameter and length
measurements. Figure 4.4 (c) shows the XRD pattern of the fabricated Ag NWs to
determine the phase purity and crystallinity. The diffraction angles of 38.18°, 44.80°
and 64.56° correspond to (111), (200), and (220) planes of face-centered cubic
(FCC) crystal structure of Ag, respectively, (JCPDS Card no: 04-0783).

C) (111)

Intensity (a.u.)

(200)

(220)
au

30 40 50 60 70

20 (degrees)

Figure 4.4 (a) HR-TEM image of an individual Ag NW. (b) SEM images and (c)
XRD pattern of Ag NWs fabricated via polyol method (JCPDS Card no: 04-0783).

4411 Silver-Platinum Core-Shell Nanowires

The average diameter of Ag-Pt core-shell NWs was calculated as 83.5 £4.5 nm from
the SEM images shown in Figure 4.5 (a). Compared to the average diameter of bare
Ag NWs (52.4 + 3.8 nm), an increase in diameter indicated the deposition of the Pt
shell layer. As shown in Figure 4.5 (a), a galvanic replacement free shell layer
deposition was achieved. TEM image of an individual Ag-Pt core-shell NW is
provided in Figure 4.5 (b). Different contrast within the TEM image of the NW
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verified the core-shell NW structure, where Ag core and Pt shell appeared as bright
and dark regions, respectively. From the HR-TEM images shown in Figure 4.5 (c) it
was found that the lattice fringes with a spacing of 0.24 nm and 0.23 nm were
associated with the (111) planes of Ag and Pt in the core and shell layers,
respectively. However, it was inevitable to completely avoid the galvanic reactions
that took place at the initial stages of the synthesis of Ag-Pt core-shell NWs.
Therefore, lattice fringe spacing value of the interface region was found to be 0.24
nm, which can be associated to the formation of a (2-3 nm thick) face centered cubic
(FCC) Ag-Pt solid solution at the interface due to the inevitable galvanic reactions

between Ag core and Pt shell layers.

AgPt (111)

Figure 4.5 (a) SEM image (insets shows lower magnification SEM image) and (b)
HAADF-STEM image of Ag-Pt core-shell NWs (insets shows lower magnification
TEM image). (¢) HR-TEM image of a Ag-Pt core-shell NW with corresponding
lattice fringes of Ag (green), interface of Ag and Pt (white) and Pt (blue).

Figure 4.6 (a) shows the XRD pattern of Ag-Pt core-shell NWs. Diffraction angles
of 38.82°, 45.14°, and 65.72° were assigned to be (111), (200), and (220) planes,
respectively, and showed that Ag-Pt core-shell NWs has the FCC structure.
Comparison of the XRD patterns of bare Ag NWs and Ag-Pt core-shell NWs is given
in Figure 4.6 (b). Weaker diffraction of Pt from the shell layer compared to the
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stronger diffraction of Ag from the core region caused the overlapping of weak Pt
peaks with strong Ag peaks as shown in the XRD pattern for Ag-Pt core-shell NWs.
Hence, broad peaks were observed for Ag-Pt rather than individual Ag and Pt peaks
[77]. Lattice fringe spacing values for Ag core 0.24 nm and Pt shell 0.23 nm was
also supported with the XRD results, which were associated with the (111) planes of
Ag (0.2359 nm, PDF card 00-004-0783) and (111) planes of Pt (0.2326 nm, PDF
card 01-087-0644).

X-Ray photoelectron spectroscopy (XPS) analysis was conducted to determine the
chemical states of the elements in the fabricated Ag-Pt core-shell NWs. XPS
deconvoluted spectra of Ag 3d and Pt 4fin Figure 4.6 (c¢) and (d), respectively, shows
the peak positions and curve fits. The two prominent peaks of Ag corresponding to
3ds, and 3d3» were observed at 365.1 eV and 371.1 eV, respectively. Compared to
the 3d orbitals of metallic Ag® at 368.3 eV and 374.3 eV, peaks are slightly shifted
to lower binding energy values [78]. Such a decrease in the binding energies
indicates that a change in the chemical environment of the Ag atoms occurred due to
the interaction of Ag atoms with the N or O in the polyvinyl skeleton of the PVP
[79]. Two shoulder peaks at 366.6 eV and 372.1 eV corresponds to silver at +1 state
(Ag"). Prominent peaks observed at 68.3 €V and 71.5 in Figure 4.6 (d) corresponds
to the 417, and 4fs, orbit states of metallic Pt. Two shoulder peaks at 69.7 eV and
72.8 €V also correspond to the 4f7, and 4fs of Pt at +2 state (Pt**), due to the contact
with air during the sample preparation [80]. Shifts to higher binding energies are due
to the electronegativity difference between cation and metal. With the formation of
cations, due to the lowered electron number shielding of the nucleus was reduced,
which causes an increase in binding energies [81]. Compared to bulk Pt binding
energies at 71.58 and 74.90 eV for 4f7> and 4f5. orbitals, negative shifts in metallic
Pt peaks indicate that there is tensile stress caused by Ag, which also proves the
presence of distinct Ag core and Pt shell [75]. The presence of Ag" and Pt*" peaks

can also support the formation of a Ag-Pt solid solution at the interface region.
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Figure 4.6 (a) XRD pattern of Ag-Pt core-shell NWs (JCPDS Card no: 04-0802), (b)
Comparison of XRD patterns of bare Ag NWs (black) and Ag-Pt core-shell NWs
(red). Fitted XPS spectra for (¢c) Ag 3d and (d) Pt 4f.

SEM-EDS maps obtained from the SEM image in Figure 4.7 (a) are given in Figure
4.7 (b) and (c) for Ag and Pt, respectively. Existence of a sufficient Pt deposition on
the Ag NW surface was also determined by the EDS mapping method. In addition,
EDS analysis revealed that the relative atomic percentages of Ag and Pt were 78 %

and 22 %, respectively, which also showed the presence of Pt on Ag NW surface.

Figure 4.7 (a) SEM image of Ag-Pt core-shell NWs and correspondingly EDS maps
for (b) Ag and (c) Pt.
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CHAPTER 5

SILVER-PLATINUM CORE-SHELL NANOWIRE NETWORK BASED
HYDROGEN PEROXIDE SENSORS

5.1 Introduction

Electrochemical sensors are one of the subclasses of chemical sensors, which are
used for the detection of various analytes [82]. H2O> has an important role in many
fields such as medicine, pharmacy, food, agriculture cosmetics industries. It is used
as a sterilizer, paper bleach and also it is a residual component of food disinfection
and a waste product of many industrial processes. It also has the potential to react
with the targets in the cell and can thus cause various diseases [83],[84], [85].
Therefore, various methods are developed to detect H>O,. The main methods are
spectrophotometry, chromatography, titration, fluorometry and electrochemical
techniques [84]. Due to their high sensitivity and selectivity, electrochemical sensors
have been studied and used for the successful detection of hydrogen peroxide (H20:)

[83].

5.2  Working Principle

Sensors are analytical devices that convert biological, chemical or physical changes
into measurable analytical signals. Different sensors are fabricated for different
analytes to be detected. A sensor should consist of a recognition element in contact
with a transducer (electrode) and a signal processor. A schematic of a simple detector
is provided in Figure 5.1. The recognition element minimizes the possible
interferences from other components and selectively responds to only a specific
analyte or analyte group. Transducer transfers a chemical or biological signal into an

analytical signal by transferring the electrical charge produced by a reaction. The
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final component of a sensor, which is the signal processor or read-out system collects

and amplifies the signal to be displayed [82].

In the sensing layer of an amperometric sensor, redox species are oxidized or reduced
on the surface of the transducer. A measurable change in current is generated through
the electrode and displayed via the signal processor [86]. An ideal biosensor should
hold high sensitivity and selectivity towards the substrate together with fast response,
low detection limit in a wide linear range, high stability, reproducibility, long
lifetime and ease in fabrication [82]. Considering those criteria, fast electron transfer
from the recognition element to the electrode is very important for achieving high

sensitivity and fast response [86].

In the amperometric measurements, electrochemical oxidation or reduction of the
substrate generates a current, which is carefully monitored with respect to time;
meanwhile potential between the working electrode (WE, sensor electrode) and
reference electrode (RE) is kept constant. During the amperometric measurements,
the potential is set to a specific value and analytes are introduced into the system. As
the concentration of the analyte changes, the current response of the sensor also

changes [82].

The use of nanostructured materials such as nanoparticles, nanowires or nanorods,
and nanopores can improve the sensitivity of the sensor. Due to their large surface
to volume ratio, nanomaterials can enhance and prolong the entrapment of the
analyte. The short distance between analyte and surface of the electrode promotes
the electron transfer rate, which is also beneficial for the detection of low amount

samples [84], [82], [87].
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Figure 5.1 Schematic showing the components and working principle of a biosensor
[82].

5.3  Types of Amperometric Sensors

5.3.1 Enzyme Based Sensors

Enzymes are used as recognition elements for the fabrication of enzyme-based
sensors, also named as biosensors, due to their analyte selectivity and high
biocatalytic activity. Some of the most known examples of biosensors are
commercial blood glucose detection devices. Such biosensors have simple designs
via inexpensive production techniques. Enzymes are used for the detection of a very
specific individual biological substance. Their very complex molecular structure
enables the specific detection of substances in complex environments. In this
concept, effective interaction between enzyme and substrate depends on the
successful immobilization of the enzyme, which prevents the enzyme to diffuse out
of the biosensor [88]. Physical adsorption, covalent bonding or enzyme entrapment
can be followed for the immobilization of enzymes [89], [90]. For a biosensor, to be
able to observe the small variations in the current response, storage and operation
stability of the enzyme is very important. Therefore, pH, temperature, and stirring
parameters should be carefully selected and monitored. In the amperometric
measurements of biosensors, oxidation/reduction potentials are specific to the
analyte to be detected. Periodical renewal of enzymes is necessary for biosensors,

since enzymes lose their activity and denaturalize after repeated usage [82].
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One of the most frequently used enzyme is glucose oxidase (GOx), which is used for
the fabrication of glucose biosensors. Due to its high specificity toward 3 -D-glucose

below reactions occur as also shown in Figure 5.2.

B -D-glucose + GOx -FAD — GOx-FADH; + 6-D-gluconolactone (1)
GOx-FADH; + O, — GOx -FAD + H,0, (2)
HxO; — 2¢ + 02 +2H" 3)

Falvin group (FAD) in the GOx reacts with glucose and reduces to GOx-FADH: as
in Reaction (1). Due to the presence of dissolved oxygen, GOx-FADH is oxidized
and regenerates both GOx-FADH: and H20.. Following that, oxidation of H20:
takes place on the surface of the WE and two electrons are transferred to the WE and
cause a current response [82],[91]. A schematic of a glucose biosensor is given in
Figure 5.2 representing a nanocomposite electrode based on hydroxyapatite (HAp)

nanorods on reduced graphene oxide (rGO) and GOx on a GCE.

H,0, GOx (FAD) ) .
\ X Glucose

o

. mo
W . Gluconolactone

e Glucose Oxidase (GOx)
e HAP

Figure 5.2 Schematic of the sensing mechanism of glucose biosensor based on
(rGO/Hap/GOx) nanocomposite modified GCE [91].

An amperometric glucose biosensor was fabricated by Wang et al. using Ag NWs,
chitosan (CS), and GOx on a GCE (GOx -CS/Ag NWs/GCE). Making use of its
biocompatibility and high film-forming ability and mechanical strength chitosan was
used as an immobilization matrix for GOx. At an applied potential of -0.15 V, the
linear range of the biosensor was from 10 pM to 0.8 mM and the detection limit was
2.83 uM (S/N=3). The current response of the biosensor decreased to 7 % of its

initial value after 10 days of storage at 4 °C. In addition to the large surface-to-
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volume ratio, the long-term stability of the biosensor was related to the high

mechanical strength and biocompatibility provided with the use of chitosan [92].

Ag NWs/rGO composite was fabricated by Li et al. for the utilization of a biosensor
that detects ascorbic acid (AA), dopamine (DA) and uric acid (UA) [56]. The use of
Ag NWs as nanospacers provided conductive pathways for electron conduction
between rGO layers and created more catalytic sites for the analytes to be oxidized.
Linear sweep voltammetry (LSV) was used for the simultaneous determination of
AA, DA and UA. When compared to Ag NWs/rGO nanocomposite, bare Ag NWs
on screen-printed carbon electrode (SPCE) were unable to distinguish the three
different analytes and resulted in a low broad anodic peak current (Figure 5.3 (a)).
Limit of detection (LOD) of Ag NWs/rGO/SPCE for AA, DA, UA was 0.81, 0.26
and 0.30 mM, respectively. Amperometric measurements were performed at applied
potentials of 0.02, 0.2, and 0.33 V (vs. Ag/AgCl) for AA, DA and UA, respectively.
Storage stability of the biosensor was also examined by keeping the sensor at 10 °C
after each amperometric measurement for 10 days. A 6.18 % decrease in maximum
peak current change was recorded for AA. Reproducibility was examined based on
the current response measurements conducted on six independent sensors. Low
relative standard deviation (RSD) was obtained as 3.24 % for AA, 2.16 % for UA
and 2.21 % for DA indicating promising reproducibility of the fabricated biosensor.

H>0; sensor and glucose biosensors were fabricated using Ag NWs synthesized by
polyol process by Yang et al. [83]. PVP was indicated as a protecting agent for Ag
NWs and PVP-Ag NWs modified GCE was used as a biosensor. GOx was
immobilized onto PVP-AgNWs/GCE and the fabricated sensor had a sensitivity of
15.86 pA mMcm™ and linear range from 1.5 to 6.5 mM (R=0.998) for glucose
detection in human blood serum. In contrast to the enzymeless H,O: sensor during
the long-term stability tests under 4°C storage condition, the current response of the
biosensor was decreased by 19% of the initial response, which corresponds to the

loss of enzyme activity during 5 days of storage (Figure 5.3 (b)).
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In another study gold nanowires (Au NWs) were fabricated through
electrodeposition method using nanopore polycarbonate (PC) membranes. Glucose
biosensor was fabricated thanks to the ease in adsorption of GOx onto the large
surface area of the biocompatible Au NWs structure. For the fabrication of enzyme
functionalized Au NWs, NWs were first dispersed in GOx solution overnight (at 4
°C) followed by their dispersion in chitosan solution. Amperometric measurements
were conducted at an applied potential of -0.2 V (vs. saturated calomel electrode
(SCE)) in pH 6.98 phosphate buffer as shown in Figure 5.3 (c). Glucose detection
was performed at a linear range of 10~ to 2x1072 M with a 5x107® M detection limit.
Biocompatibility of Au NWs and chitosan in addition to the good adhesion ability
of chitosan provided a better immobilization of the enzyme. Therefore, after one
month of storage at 4 °C, the current response of the biosensor maintained 85 % of

its initial value [93].

Au-Ag core-shell nanorods (Au-Ag NRs) were synthesized through a seed mediated
growth method. For the fabrication of a biosensor, GOx was immobilized onto Au-
Ag NRs, which were casted on GCE and a chitosan solution was dropped onto the
GOx to prevent the enzyme leaching. The sensitivity of the biosensor was 34.29 pA
mM'cm™, with a linear range of 2-12 mM. 4.1 % RSD of the current response of 6
different measurements showed the repeatability of the biosensor. After 7 days of
storage at 4 °C, the current response decreased 14.69 % of its initial value, which
was correlated with the loss of enzyme activity during the storage period. Selectivity
of the biosensor, shown in Figure 5.3 (d) was monitored via the introduction of
different interferences such as AA, DA and UA during the amperometric

measurements of glucose, which yielded promising results [94].
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Figure 5.3 (a) LSV curves for bare SPCE (d) and modified SPCEs (with Ag
NWs/rGO (a), rGO (b), GO (c), AgNW (e)), (b) The amperometric current responses
of the GOD/PVP-AgNWs/GCE in PBS solution (pH 7.4) to 3 mM glucose at a scan
rate of 50 mV s7'[83]. (¢) Amperometric measurement of the biosensor based on Au
NWs at an applied potential of -0.2 V (vs. SCE) for successive addition of 0.5 mM
glucose. Inset showing the calibration curve [93]. (d) Comparison of the current
responses of Au-Ag NRs based biosensors relative to the addition of 5 mM glucose,
and 5 mM glucose in the presence of 0.5 mM AA, DA, UA in O; saturated (pH 7.4)
0.2 M PBS [94].

5.3.2 Enzymeless Sensors

Due to the short lifetime of enzyme based biosensors because of the enzyme
denaturation with temperature and pH values, non-enzymatic sensors are receiving
attention for the determination of H>O> with high sensitivity, long-term stability and
pH-independent fast response [85]. In addition, different compounds may be
oxidized at similar applied potentials and decrease the selectivity of the biosensor.
Detection of H2O> is important since it is used in various fields such as food
processing, clinical sterilizations, paper bleaching, pharmaceutical products and
cosmetics [95]. In this regard, nanomaterial based enzymeless electrodes are
designed for creating an enzyme-mimetic behavior for the electrochemical detection

of H2O». Due to their high conductivity, large surface to volume ratio, and effective
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electrical signal transmission, nanorods and nanowires are considered as one of the

promising candidates for H>O> sensor applications [84].

Various kinds of nanostructured electrode materials have been used for the
fabrication of enzymless H,O, sensors. Some of those nanostructures are based on
carbonaceous materials, polymers, and metal NPs / NWs and their combinations
[95], [96], [97], [98], [99], [85], [100]. Among them, noble metal based
nanostructured electrodes such as Pd, Pt, Ag and Au are highly used for the
determination of H>O due to their high electrocatalytic activity. They can catalyze
the redox process of different compounds due to their large surface area, high
conductivity and surface chemistry. In addition to the single component noble metal
nanostructures, multi component structures such as core-shell, alloys or a
combination of those two can greatly enhance the activity and stability of the

electrode materials [101].

1D metallic NWs show high electrocatalytic performance for the reduction of H20:
due to their fast reaction kinetics as a result of their large surface to volume ratio and
fast electrical signal transmission due to their high conductivity [84]. NW fabrication
parameters are also important since the morphological structure and NW dimensions
play a critical role. Fast electron diffusion and charge transport can be achieved for

NWs with smaller diameters and higher lengths [85].

Depending on the electrode potential, in general, H>O> can be reduced to H.O (H20>
reduction reaction), E°=1.76 V, or can be oxidized to O2 (H20, oxidation reaction),
E%= 0.695 V [102]. According to Jia et al., high applied potentials results in high
sensitivity and fast current response during the detection of H>O». However, attention
should be paid while working under high applied potentials to eliminate the oxidation
of interferences in real samples [103]. Under applied voltage, electrochemical
reaction occurring on the electrocatalytic surface of Pt during the H>O; oxidation is

as shown in Reaction (4); [104]

H>0, 2 O, + 2H" + 2¢ 4)
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A H>0O; sensor composed of a heterostructure of Pt NPs and carbon nanofibers
(CNFs) on a glassy carbon electrode (GCE) was fabricated by Yang et al. [105].
Under an applied voltage of -0.2 V (vs. Ag/AgCl), sensor exhibited a linear behavior
in the concentration range of 5 uM to 15 mM with a detection limit of 1.7 uM
(S/N=3). In addition to the presence of Pt NP catalyst, fast catalytic oxidation of
H>0; was enhanced by the conductive and porous CNFs matrix, which provided

better immobilization of Pt NPs and fast diffusion of molecules.

In another study, for the fabrication of a H>O» sensor, a GCE was modified with a
stable poly-melamine layer via electropolymerization method and Pt NPs were
electrodeposited onto the modified GCE. With the synergized effect of the
conductive film and Pt NP catalyst, electrocatalytic activity of Poly-melamine/Pt
NPs/GCE structure provided the reduction of H,O,. Under 0.08 V (vs. Ag/AgCl)
applied potential, a linear range of 5 uM to 1650 uM, with a detection limit of 0.65
uM (S/N=3) was achieved. Interference free detection of H>O> with long term
stability was also provided. When stored in PBS for two weeks at 4 °C, the sensor
retained 96.5 % of its initial response. Promising reproducibility was also revealed
by the conductivity measurements on 5 different sensors, with a relative standard

deviation (RSD) of only 1.9 % [106].

Taking advantage of the high electrocatalytic performance of 1D nanostructures, for
the detection of H20O2, Ag NWs were synthesized via polyol process by Yang et al.
[83]. PVP was used as a protecting agent for Ag NWs and the H>O> sensor consist
of PVP-AgNWs modified on GCE had a linear range and detection limit of 20 uM-
362 mM (R=0.998) and 2.3 uM, respectively (S/N=3). Amperometric
measurements were conducted in N2-saturated 0.2 M PBS (pH 6.5) under an applied
potential of -0.3 V. Thanks to the low operating voltage of the sensor, no interference
was observed related to the other possible electroactive substances. The current
response only decreased to 8.4 % of its initial value after 7 days of storage in contrast
to the glucose biosensor fabricated in the same study (decreased by 19% of the initial

response after 5 days, in Figure 5.3 (b))
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Different than the polyol process, Ag NW array was fabricated by electrodeposition
of Ag into the nanopores of anodic aluminum oxide (AAO) template. At an applied
potential of -0.2 V (vs. SCE), H,O> determination was achieved with a sensitivity of
0.0266 pA uM'cm™ in the linear range from 0.1 to 3.1 mM with a detection limit of
29.2 uM. Low noise level measurements are shown in Figure 5.4 (a). These were
obtained when low concentrations of H>O» (0.01, 0.1 mM) were added to PBS during
amperometric measurements. When higher concentration of H>O> (3.26 mM) was
added, a noisy current response was observed as shown in Figure 5.4 (b) in addition
to the nonlinear current vs time graph as the successive H>O» addition continued. As
shown in Figure 5.4 (c), after 42 days of storage, linear relationship was maintained
between peak current density and concentration of H>O». Sensitivity of the sensor
increased from 0.0215 to 0.0329 pA uMem™ from day 14 to 42 due to the changes
in specific surface area of the electrode. Long term stability of the sensor was also
related to the enzyme-less nature of the prepared sensor, since there was no

denaturation of the sensor material [84].

H>0, detection with fast response and high sensitivity was achieved at low applied
potential with the use of Au NWs. Au NWs were dispersed in a chitosan solution
and were coated onto GCE surface. To determine the active surface area of the
electrodes Randles-Sevcik equation was used in the cyclic voltammograms (CVs) of
both bare and Au NW, modified GCEs in 20 mM K3Fe(CN)s in 0.2 M KCI at 100
mv/s scan rate. The electroactive surface area of the Au NW modified GCE was
found to be 2.5 times higher than that of bare GCE as provided in Figure 5.4 (d). The
high electrochemical response of the electrode was related to the high electroactive
surface area, high catalytic activity, and high electrical conductivity of the Au NWs
[93].

In another study, high catalytic activity toward H>O> reduction of Ag nanomaterials
was combined with high biocompatibility of Au by Yang et al. [94] Au-Ag core-
shell nanorods (NRs) was drop casted onto GCE for the detection of H>O,.
Amperometric measurements were performed at a low applied potential of -0.3 V to

prevent the co-existing electroactive substances to interfere with the H>O reduction.
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Successive addition of 1.0 mM H>O» into 0.2 M PBS (pH 6.5) was performed under
constant stirring. Response time of the electrode was less than 2s, a wide linear range
0f 0.02-7.02 mM was obtained with a lower detection limit of 0.67 uM (S/N=3) than
electrodes based on Ag NWs (2.3 uM) [83], (29.2 uM) [84], Ag-C-Ag core-shell
nanospheres (23 uM) [107], Pt nanoparticle on carbon nanofiber (1.7 uM) [105],
Au-Pt alloy NWs (1.5 uM) [108] due to the enhanced electrocatalytic activity of the

bimetallic structure.

Thanks to high stability, increased functionality, and low consumption of the core
material, core-shell NP structures were used. Au-C-Pt core-double shell structure
was synthesized and used as an enzymeless electrode material on GCE for the
detection of H>O». Au, C, and Pt were chosen due to their excellent electronic and
catalytic properties and high stability. At 0 V (vs. Ag/AgCl) applied potential sensor
showed two linear ranges from 9.0 uM to 1.86 mM and 1.86 to 7.11 mM with a
sensitivity of 144.7 pA uMem™ and 80.1 pA pM'em™, respectively. As shown in
Figure 5.4 (e) current response of the sensor increases with an increase in the
molarity of the H2O,. The detection limit was calculated as 0.13 uM (S/N=3). 30
days storage at room temperature resulted in only an 8 % decrease in the current
response to 1.0 mM H2O; addition. RSD of 5 independent sensors was 4.3 %
indicating high stability and reproducibility of the sensor. Noteworty selectivity of
the sensor was also determined by adding interferences such as glucose (GL), DA,
UA, AA after the addition of H20O2 during the amperometric measurements as

presented in Figure 5.4 (f) [109].

Another core-shell structure of Ag-C-Ag nanospheres having a trilaminar core-shell
structure was also utilized for the detection of H2O. The sensor had a wide linear
range of 70 uM - 10 mM and a detection limit of 23 uM (S/N=3). Ag-C-Ag/GCE
sensor was stored at 4 °C and only 4% of the initial current was lost to 1.0 mM H>O»
detection after 21 days. RSD of 5 independent electrodes was found to be 1.8% and
RSD of an electrode response to 5 different measurements of 1.0 mM H>O; detection

was 1.3 % [107].
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Figure 5.4 Amperometric response of the Ag NW array sensor to the addition of (a)
0.01 mM (red line) and 0.1 mM (blue line) (b) 3.26 mM H20; in the 0.1 M PBS
solution (pH 7.4) under the applied potential of —0.2 V vs. SCE. (c) Calibration
curves for the freshly prepared and 14 and 42 days stored Ag NW array based HO»
sensors [84]. (d) Electroactive surface area by CVs at 100 mV/s scan rate in 0.2 M
KCI containing 20 mM K3Fe(CN)s (a) for bare GCE (b) for Au NW modified GCE
[93]. (e) Amperometric response of Au-C-Pt/GCE with respect to different
molarities of H>O2 in 0.1 M pH 7.0 PBS at 0 V. (f) Amperometric measurement of
Au-C-Pt/GCE during the successive addition of 25 mM 10 pl H2O2, GL, DA, UA,
AA [109].

54  Experimental Procedure

54.1 Electrode Preparation

Prior to each electrode fabrication, graphite rods with 3 mm diameters were grinded
with emery paper and polished with alumina dispersion with 1 um and 0.3 pm sized
particles. Following that, the tip of the graphite rods was ultrasonicated with ethanol
and DI water for few minutes. 25 ul Ag-Pt NWs (75 pg/ml) and 5 pl Ag NWs (0.5
mg/ml) were deposited onto different graphite rods with the help of a micro pipette

and left in air to dry.
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55 Characterization Methods

55.1 Electrochemical Measurements

A three-electrode setup was used by operating a Biologic 3-channel VMP3
electrochemical workstation for the amperometric measurements, where the
fabricated electrodes were used as working electrode (WE), Ag/AgCl in saturated
potassium chloride (KCl) as the reference electrode (RE) and Pt wire as the counter
electrode (CE). Schematic of the measurement setup is provided in Figure 5.5. All
electrochemical measurements were conducted at room temperature and the reaction
cell was filled with 15 ml of 0.1 M phosphate buffer (pH 7.0) solution. Under
constant stirring at 500 rpm 25 pl of 1, 5, 10 mM H20: solution was added to the
phosphate buffer at an applied potential of 0.8 V vs. Ag/AgCl. During the
amperometric measurements, different interferences were introduced into the
phosphate buffer solution such as glucose, ascorbic acid, urea, lactic acid and oxalic
acid to determine the selectivity of the sensor. Current change with time was

recorded upon the addition of different analytes.

Potentiostat |

ReferenceElectrode
—T—> Ag/AgCl

Working Electrode ¢+——mm——— Counter Electrode

NWs network on Graphite

Electrolyte
Phosphate buffer
(pH=7.0)

Figure 5.5 Schematic representation of the three-electrode setup used for the
amperometric measurements in this work.
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5.6 Results and Discussion

Before going into the results of amperometric measurements conducted for the
determination of H>O», it is better to show the stability of Ag-Pt core-shell NWs
against different concentrations of H20,. Environmental, chemical and
electrochemical stabilities of the fabricated NWs were also investigated in a different
study, where in all conditions Ag-Pt core-shell NWs showed enhanced stability over

bare Ag NWs [110].

Ethanolic solution of bare Ag NWs and Ag-Pt core-shell NWs were dropped onto
different Si wafers and dried at room temperature. To determine the stability of NWs
against H>O», 1 drop of H2O» at concentrations of 1, 5, and 10 mM was dropped onto

the Si wafer and dried at room temperature.

56.1 Stability of Ag-Pt core-shell NWs

SEM image of the galvanic replacement reaction free Ag-Pt core-shell NWs with
smooth surfaces is provided in Figure 5.6 (a). For the stability tests, Ag-Pt core-shell
NWs were subjected to 1, 5, 10 mM HxO; and corresponding SEM images are
provided in Figure 5.6 (b)-(d), respectively. When Ag-Pt core-shell NWs were
exposed to 1 mM Hz02, no change occurred on the NW integrity as well as the
morphology (Figure 5.6 (b)). When H>O» concentration was increased to 5 and 10
mM a similar result was obtained as shown in the SEM images given in Figure 5.6
(c) and (d), respectively. Increase in the concentration of H>O; did not cause any
deformation on the Ag-Pt core-shell NWs ( Figure 5.6 (b)-(d)). Higher magnification
SEM images in the insets of Figure 5.6 (b)-(d) also shows the stability of Ag-Pt core-

shell NWs with no morphological change under H>O» exposure.
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Figure 5.6 SEM images of the (a) Ag-Pt core-shell NWs without H>O» exposure.
After applying (b) 1 mM, (¢) 5 mM, (d) 10 mM H>0O; onto the Ag-Pt core-shell NWs
on the Si wafer (Insets shows high magnification SEM images).

5.6.2 Stability of Bare Ag NWs

Both before and after H>O: exposure, the morphology of NWs were investigated via
SEM. Figure 5.7 shows the effect of H2O2 on bare Ag NWs. SEM images of bare Ag
NWs before any H>O» exposure is provided in Figure 5.7 (a). Figure 5.7 (b)-(d)
shows the effect of 1, 5, 10 mM H>O: exposure to bare Ag NWs, respectively. Insets
show the high magnification SEM images of the effect of H2 O, on NWs. A gradual
increase in the destruction of NWs as the concentration of the H>O> increases is
observable from the SEM images. When 1 mM HxO; was dropped on the NWs
breakage of the NWs and deformation of the NW morphology was apparent in Figure
5.7 (b) compared to the bare NWs without any H>O> exposure (Figure 5.7 (a)). Under
5 mM H:0z exposure, rather than NW breakage, particle formation occured and NW
morphology was seriously damaged compared to I mM H2O» exposure. In this case
voids were formed on the NWs as shown in the inset of Figure 5.7 (c). The major

effect was observed when NWs were exposed to 10 mM H>O,. They started to lose
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the NW form (inset in Figure 5.7 (d)) due to the etching of Ag with H,O,>. NWs

formed into nanoparticles and accumulated to create bigger particles.

Figure 5.7 SEM images of the (a) bare Ag NWs before any H2O; exposure. Ag NWs
exposed to (b) 1 mM, (¢) 5 mM, (d) 10 mM H»0; (Insets shows high magnification
SEM images).

5.6.3 Performance of Amperometric H202 Sensors

After proving that 1, 5, and 10 mM H>O» solution does not cause a structural or
morphological change on the Ag-Pt core-shell NWs, amperometric measurements
for core-shell NW based electrodes were conducted according to the study by Koylan
and Tunca et al. [111]. Performance of the bare Ag NW based H>O; sensors is also

given for comparison purposes.

5.6.3.1  Performance of Ag-Pt Core-Shell NW electrodes
To determine appropriate voltage, amperometric measurements were conducted

under continuous stirring (500 rpm) while different potentials from 0 Vto 1.2 V (vs.

Ag/AgCl) were applied. At each measurement, 5 successive additions of 25 pl of 5
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mM H>O» was performed into the 0.1 M phosphate buffer (pH 7.0). Figure 5.8 shows
the average peak currents for each applied potential. The highest current response
was achieved when the applied potential was 0.8 V. Further increasing the applied
potential caused the hydrolysis of the aqueous electrolyte, which led to a decrease in
the average peak current response of the electrode. Accordingly amperometric

measurements were conducted at an applied potential of 0.8 V.
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Figure 5.8 Change in current with respect to applied potential for the detection of 25
pl of 5 mM H>Oz in 0.1 M phosphate buffer (pH 7.0).

Amperometric measurements were conducted by adding of 25 pl of 1, 5 and 10 mM
H>0: into the 0.1 M phosphate buffer (pH 7) under continuous stirring at 500 rpm.
The current response of the Ag-Pt NWs deposited on graphite electrodes was
collected with respect to time. As shown in Figure 5.9 (a)-(c) under a constant
applied potential of 0.8 V, current increases simultaneously with the addition of
H>0,. Such an increase in the current is followed by a steady state between
subsequent additions of H>O». It was observed that the current difference between
one steady-state plateau and the other increases with the increase in H2O:
concentration. The effect of different molarities of H>O> on current response is also
provided in Figure 5.9 (d). The current response of the electrode increases with the
increase in H>O> concentration as a result of the increased number of electrons
produced by the oxidation of H2O». Response times for the successive addition of 1,
5 and 10 mM H2O; at an applied potential of + 0.8 V (vs. Ag/AgCl) were calculated
as 2.03, 2.18, and 2.44 seconds using 90% of the initial step change in the current.
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Figure 5.9 Amperometric response of Ag-Pt core-shell NW modified electrode with
respect to subsequent addition of (a) 1 mM, (b) 5 mM, (c¢) 10 mM H20> into 0.1 M
phosphate buffer at an applied potential of +0.8 V (vs. Ag/AgCl).

A linear relationship was observed between the current and molarity of the
electrolyte. For the amperometric measurement conducted with 1 mM HxO;
regression equation was [ (LA) = 0.55 + 0.113 x [H202]/uM with a correlation
coefficient R? of 0.9995 (Figure 5.10 (a)). For 5 mM H,0; and 10 mM H>O; addition
(Figure 5.10 (b) and (c)) regression equations were determined as I (LA) = 0.68 +
0.102 x [H202)/uM and I (pA) = 1.08 + 0.167 x [H202]/uM with correlation
coefficients of R? of 0.9996 and 0.9984, respectively.

20
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Figure 5.10 Calibration plot of Ag-Pt core-shell NW electrode for (a) 1 mM, (b) 5
mM, (¢) 10 mM H>0O, addition with corresponding linear regression equations.
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As shown in Table 1, according to the calibration plots, linear range was 1.69-32.29
uM for 1 mM Hz02, 8.16-160.60 uM for 5 mM H20;, and 16.11-194.81 uM for 10
mM H>O» addition. Sensitivity was calculated from the slope of the fitting lines.
Sensitivities of 0.113 pA/uM, 0.102 pA/uM and 0.167 pA/uM for 1, 5 and 10 mM
H>0O; addition, respectively, was obtained. The detection limit was calculated from
3.3 o/n rule (o is the standard deviation and n is the slope of the fitting line) and for
1, 5 and 10 mM H>O; addition it was calculated as 0.33 uM, 1.37 uM and 4.75 uM,
respectively.

Table 1. Comparison of sensitivity, linear range, and detection limit of amperometric

measurements with Ag-Pt core-shell NWs conducted with the addition of 1, 5 and
10 mM H;0,.

[H,0,]1 (mM)  Sensitivity (LRA/uM) Linear range (pM) Detection Limit (LM)

1 0.113 1.69-32.29 0.33
5 0.102 8.16-160.60 1.37
10 0.167 16.11-194.81 4.75

The successive addition of 1, 5 and 10 mM H2O, was also recorded as shown in
Figure 5.11 (a) to support the relationship between the increase in current with an
increase in H>O» concentration. At higher H>O> concentrations, a larger current
difference between two consecutive steady-state plateaus was observed. Another
indication of a good sensor is its selectivity to specific analytes. Therefore, the
selectivity of the amperometric sensor towards H2O2 was investigated in the presence
of some possible electroactive interferents. Different interfering species such as AA,
GL, urea and oxalic acid (OA) were chosen to represent physiological samples.
During the amperometric measurements, successive addition of 5 mM H>0., GL,
AA, urea and OA was performed at an applied potential of + 0.8 V (vs. Ag/AgCl).
The current response of the electrode towards H>O; and interferents is shown in
Figure 5.11 (b). A clear current response was recorded corresponding to the addition
of H>O,, while no current response was observed for the addition of GL, AA, urea
and OA representing the good selectivity of Ag-Pt core-shell NW electrodes towards
H>0o.
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Figure 5.11 Amperometric response of Ag-Pt core-shell NW electrode to successive
addition of (a) 1, 5, and 10 mM H>O> (b) 5 mM H»0», GL, AA, urea and OA.

The stability of Ag-Pt core-shell NW electrodes towards amperometric detection of
H>0» was investigated by conducting five successive amperometric measurements
at an applied potential of + 0.8 V (vs. Ag/AgCl) using the same electrode. After each
measurement, electrolyte was refreshed. Five amperometric measurements of the
same electrode and average current response toward 5 mM H>O» with the standard
deviations are shown in Figure 5.12 (a) and (b), respectively. At each measurement,
electrode showed similar response, which is also supported by the low standard
deviations for the first five steps as 0.08, 0.11, 0.14, 0.18, 0.25, 0.27 pA. To show
the reproducibility of the fabricated electrodes, 5 identical Ag-Pt core-shell
electrodes were prepared. Amperometric response to 5 mM H2Oz in 0.1 M phosphate
buffer at an applied potential of + 0.8 V (vs. Ag/AgCl) for 5 different electrodes is
shown in Figure 5.12 (¢) and the responses are represented as bar charts in Figure
5.12 (d). The current response of the electrodes was very close to each other.
Differences in the current response of the electrodes were found to be negligible
since manual addition of H20O2 by the operator causes minor differences in the
injection speed, micropipette distance and position. The stability of the fabricated
electrodes due to the high stability of Ag-Pt core-shell NWs in harsh H>O»
environments in addition to good selectivity and reproducibility makes the fabricated

Ag-Pt core-shell NWs promising electrode materials for H>O: sensors.
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Figure 5.12 (a) Five successive amperometric responses of a single Ag-Pt core-shell
NW electrode to 5 mM H>0> in 0.1 M phosphate buffer at an applied potential of +
0.8 V (vs. Ag/AgCl). (b) Bar chart showing the average current response of five
amperometric measurements of the same Ag-Pt core-shell NW electrode against the
successive addition of 5 mM H20: in 0.1 M phosphate buffer at an applied potential
of + 0.8 V (vs. Ag/AgCl). (¢) Amperometric measurements of five different Ag-Pt
core-shell NW electrodes against 5 mM H>O; in 0.1 M phosphate buffer at an applied
potential of + 0.8 V (vs. Ag/AgCl). (d) Bar chart corresponding to the amperometric
measurements of five identical electrodes against 5 mM H>O> in 0.1 M phosphate
buffer at an applied potential of + 0.8 V (vs. Ag/AgCl).

Linear range and detection limit of the fabricated Ag-Pt core-shell NW electrodes
are compared to other metal nanostructures of previous studies for the detection of
H>0,. Performance of the fabricated sensors greatly depends on the measurement
conditions therefore, direct comparison of the performance of H>O> sensors was
difficult. However, in this work, sensors fabricated from Ag-Pt core-shell NWs as
novel electrode materials provide promising results in terms its linear range and

detection limit when compared to those in literature as compared in Table 2.
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Table 2. Comparison of H>O» sensors in terms of their linear range and detection
limit.

Electrodes Linear Range (uM) Detection Limit (uM)
Ag NWs Array [84] 100-3100 29.2
Ag-C-Ag NPs [104] 70-10000 23
Ag-C-Pt NPs [106] 9-1860 1.3
Ag NPs-Graphene-GC [98] 100-40000 28
Pt NPs-GCE [103] 5-1650 0.65
Ag NPs-NFC [99] 100-80000 62
Ag NWs-GCE [85] 1-1075 0.05
Ag NWs-GC [100] 50-10350 10
Ag-Pt Core-Shell NWs 16.1-194.8 4.75
(This Work)

5.6.3.2  Performance of Bare Ag NW Electrodes

To compare the performance of Ag-Pt core-shell NW based amperometric H>O>
sensors with bare Ag NW based H20: sensors, performance of the bare Ag NW
sensors were also investigated at an applied potential of 0.8 V (vs. Ag/AgCl).
Amperometric measurements were again conducted in 0.1 M phosphate buffer (pH

7.0) under constant stirring (500 rpm).

To determine the response of the Ag NW based H>O- sensor, addition of 5 mM of
H>0O, was performed in every 50 seconds. However, no current response was
detected for the addition of 5 mM H>0O,. Concentration of the H>O> was further
increased and current responses of the electrodes was collected as provided in Figure
5.13 (a) for 10 mM and 100 mM H>0, addition. Higher current response was
observed for the 100 mM of H>O; addition compared to 10 mM H>O; addition.
However, still the current response of the bare Ag NW electrodes were lower than
that of Ag-Pt core-shell NW based electrodes. Also no clear step wise current
response was observed when bare Ag NWs were used. From the calibration curve

provided in Figure 5.13 (b) sensitivity of the bare Ag NW electrodes was determined
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as 2.11 x 10* pA/uM for 100 mM of H>O; addition. This was significantly lower
than the sensitivity of the Ag-Pt core-shell NW based H>O» electrodes. Low current
response and sensitivity of the bare Ag NW electrodes under 0.8 V (vs. Ag/AgCl)
(Figure 5.13 (a) and (b)), in addition to the SEM images of bare Ag NWs that were
exposed to H>O» solution (Figure 5.7) indicated that performance of the bare Ag
NWs are restricted by the instability and dissolution of Ag against H>O> and
electrochemical measurements. Such insufficient performance of the bare Ag NW
based amperometric H>O» sensors highlights the importance of the utilization of the

Ag-Pt core-shell NWs for the amperometric detection of H>O».
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Figure 5.13 Amperometric response of bare Ag NW electrodes for the detection of
10 mM (black) and 100 mM H>O; (red) under an applied potential of 0.8 V (vs.
Ag/AgCl). (b) Calibration plot of bare Ag NW electrode for the addition of 100 mM

H>0O> with corresponding linear regression equation in the linear concentration range
of 756-1800 puM.
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CHAPTER 6

SILVER-PLATINUM CORE-SHELL NANOWIRE NETWORK BASED
SUPERCAPACITOR ELECTRODES

6.1 Introduction

Alternative energy sources and storage systems were developed to fulfill the need
for high energy and high power density [112]. Such energy storage systems are now
essential to power hybrid/electric vehicles, electronic gadgets and to store energy
from renewable sources. In that sense, electrochemical capacitors (ECs) are in high
demand considering their ability to deliver and store electrical energy at high rates.

[113].

Figure 6.1 shows the Ragone plot, which demonstrates the performance of the energy
storage systems (ESSs) with respect to the change in specific energy with a specific
power. High energy and low power region represent the characteristics of batteries,
where they can provide low power for long time applications. Li-ion batteries
dominate the market due to their high energy density. However, short battery life (a
few thousand cycles) and long charging time because of the volume changes during
charging-discharging, ion diffusion in the bulk, phase transformations and size
dependent energy density of batteries limit their uses for small sized and wearable
devices [113],[114]. Capacitors, on the other hand, lie in the low energy and high
power region. ECs, also called supercapacitors or ultracapacitors, fill the gap
between batteries and capacitors in energy and power and can deliver high power
compared to batteries for short operation periods. Although they manage a hundred
to thousand times higher power, they store lower charge compared to batteries [112].
They can be charged/discharged in a few seconds thus, they have lower energy
density than batteries. But they can deliver/uptake higher power for shorter times

[115]. Different than conventional capacitors, supercapacitors are composed of
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electrodes with higher effective surface area, which in turn increases the capacitance

of the supercapacitors (by roughly 10* times than conventional capacitors) [116].

Therefore, the performance of supercapacitors can complement or even replace
batteries where the system needs to store/release high amount of energy in seconds
with high reliability and exceptional cycle life [117],[113]. Hence, supercapacitors
are usually used in hybrid electric vehicles, portable electronics, uninterruptible
power supplies (UPS), volatile memory backups in PCs, wind turbines and etc.

[118],[119], [120].
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Figure 6.1 Ragone plot for the comparison of energy storage devices [115].

6.2  Working Principle of Supercapacitors

Different electrochemical mechanisms take place in supercapacitors. The charge
storage property depends on these mechanisms. For batteries, redox reactions occur
in the bulk of the electrode due to the diffusion controlled, slow insertion of Li+ ions.
On the other hand, no redox reactions take place in electrical double layer capacitors
(EDLCs) and charge is stored through adsorption of electrolyte ions onto the
electrode surface. Such redox reaction free mechanism gives rise to high power
supercapacitors with fast response against changes in potential, whereas surface
confined charge storage mechanism brings lower energy density compared to

batteries [121]. Thanks to such surface storage very little amount of volume change
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of the electrode occur, which brings fast charging ability and long cycle life (over
10° cycles of charge-discharge) to the supercapacitor [113]. A different type of
supercapacitiors, pseudocapacitors, on the other hand, are operated with fast redox
reactions. Such faradaic reactions enhance the charge storage ability and allows

pseudocapacitors to posses high energy and power densities [114],[117].

A typical supercapacitor cell consists of current collectors, film of an active material
electrode, separator and electrolyte. Two electrodes can be composed of the same
composition in symmetric supercapacitor configuration or can be different in
asymmetric supercapacitors. To prevent the electrical contact of electrodes a
separator allowing transfer of ionic charges having high ionic conductance and low
thickness is soaked in an electrolyte and placed between the electrodes. Depending
on their active material and charge storage mechanism, there exist different types of
supercapacitors as electrical double-layer capacitors (EDLCs), pseudocapacitors

(redox capacitors) and hybrid capacitors (Figure 6.2) [112], [113],[115].

Supercapacitors

| | !

Electric double
layer capacitors

! ! ! l_‘_l

Conducting
polymers

Types

Hybrid Pseudocapacitors

Activated carbon Carbon nanotubes| Graphene Metal oxides

Electrode
materials

Figure 6.2 Types of supercapacitors [112].

6.3  Types of Supercapacitors

6.3.1 Electrical Double Layer Capacitors

In EDLCs, charge is stored electrostatically through reversible electrolyte ion

adsorption and desorption onto the active material [115]. At the electrode electrolyte
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interface oppositely charged layers are created due to electrostatic attraction between
the electrode surface and electrolyte ions [114]. Double layer capacitance arises from
the electrostatically stored surface energy at the interface of the electrodes [119].
Energy is stored non-faradically and no redox reactions occur in EDLCs type
supercapacitors. This provides long life (>10° cycles) and high power delivery and
uptake capability. Rectangular box-shaped cyclic voltammograms (CVs) and
galvanostatic charge-discharge (GCD) plots are the indications of non-faradaic
nature of the charge-storage mechanism. Mainly electrode materials with high
surface area are used. Nanoporous carbon is the most typical one for efficient ion
adsorption onto the electrode. Due to the polarization at the interface of electrode
and electrolyte, charge separation occurs, which was described with the double-layer
capacitance by Helmholtz [113]:

& & A
d

,where C is the double-layer capacitance, ¢o and &r is the dielectric constant of
vacuum and electrolyte, respectively, A is the surface area of the electrode, and d is
the effective thickness of the double layer (charge separation distance) [113].
Helmholtz described the EDL in a way that all the charges were assumed to be
adsorbed on the surface of the electrode. Later Gouy and Chapman modified the
previous model and suggested that ions are not rigid and attached to the electrode
surface, they tend to diffuse into the solution and the thickness of the diffusion layer
is determined by the kinetic energy of the ions. In this diffusion model, from the
analytical point of view Boltzmann distribution was followed for the ionic
concentration near the electrode surface. However, the model fails experimentally,
where calculated double layer thickness is smaller than the measured thickness for
highly charged double layer. Better representing the reality, a model was developed
by Stern (Figure 6.3), where previous two Helmholtz and Gouy-Chapman models
were combined and ions were stated to have a finite size with a limited approach to
the surface. Two distinct layers were explained for EDL as the inner-Stern layer

(Helmholtz layer) and outer-diffuse layer (Gouy-Chapman) [112], [120].
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This model clarify the EDL on plane surfaces, however, ion electrosorption in
supercapacitors with nanoporous electrodes thus, the charge storage mechanism still
requires a better understanding of the behavior of ions in the nanopores and the effect

of pore size [113], [114].
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Figure 6.3 Schematic of the EDL model of Gouy-Chapman-Stern [120].

6.3.2 Pseudocapacitors

Different than EDLCs, pseudocapacitors or redox capacitors are operated such that
fast redox reactions take place at the active material surface. Charge storage
mechanism of the pseudocapacitors is not entirely based on electrostatics; but also
involves faradaic processes and redox reactions. Instead of static separation of
charges, redox reactions occur across the double layer [116]. This in turn improves
the capacitance and energy density [113]. Over the years, pseudocapacitors gained
high interest due to their potential to combine battery like high energy density and
EDLC like long cycle life and power density [114]. The presence of redox reactions
enhances the charge storage ability compared to EDLCs. Therefore, similar to
EDLCs, rectangular box-shaped CVs are observed for pseudocapacitor devices.
Such confinement of redox reactions differentiates pseudocapacitors from batteries,
where the faradaic reaction occurs in the bulk [113], [115]. Different than the
faradaic reactions in bulk for batteries, pseudocapacitive materials follows the
characteristics of linear dependence of charge on potential (which results in a

mechanism based on the transfer of electrons rather than the accumulation of charges
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[116]). Capacitance for pseudocapacitor is represented by the following equation
[116];

d (4q)

C=aan

,where C is the pseudocapacitance, which is the derivative of charge acceptance (4q)
and potential change (4V). Capacitance is obtained by the applied potential that

produces faradaic current from redox reactions of the electroactive materials [116].

An illustration showing the comparison of the electrode processes taking place for
EDLCs and pseudocapacitors together with battery like storage devices is given in
Figure 6.4. Figure sums up the nature and kinetics of each of the charge storage

mechanisms.
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Figure 6.4 Schematic representation of the processes occurring for (a) EDLC, (b)
pseudocapacitive and (c) faradaic electrode materials [122].

Electroactive materials representing the pseudocapacitive behavior are the ones that
exhibit high charge/discharge rates and high energy densities [114]. Manganese
oxide (MnO) [123], ruthenium oxide (RuO>) [124], iron oxide (Fe3O4) [125], nickel
hydroxide (Ni(OH)2) [126],[127] and nickel oxide (NiO) [128] also conducting
polymers (negatively charged (n-type) and positively charged (p-type)) such as,
polyaniline (PANI) [129], polypyrrole (PPy) [130] and polythiophene (PTP) were
widely used for the fabrication of pseudocapacitors. For the well-known

pseudocapacitive material of RuO: high capacitance was achieved through fast and
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reversible electron transfer with insertion and de-insertion of protons into the

anhydrous RuO; according to the following reaction [115];
RuO; + xH" + xe~ <> RuO2 x(OH)x

,where 0 <x <2 over a potential window of ~ 1.2 V [115]. Together with NiO, which
is a cheap and environmentally friendly pseudocapacitive material with a theoretical
capacitance of 2583 F g! in the potential window up to 0.5 V, Ni(OH), is also
recognized as a promising electrode material [128]. Both crystalline and amorphous
Ni(OH), shows unique electrochemical behavior. Ni(OH)> nanosheets that were
grown on Ni foam showed excellent performance with a specific capacitance of
23843 F glat 1 A gl by preserving 75 % of its initial capacitance after 3000 cycles.
The faradaic reaction associated with Ni(OH): is as follows [127];

Ni(OH), + OH <> NiOOH + H,0 + ¢

As an example of conductive polymers, PANI is a very promising material for
pseudocapacitors due to its ease in preparation (chemically or electrochemically),
high specific capacitance values and electrical conductivity (0.1-5 S cm™) in addition
to its environmental stability [116]. A specific capacitance of 1210 F g was reported

for PANI nanofibers by Zhang et al. [131].

However, the use of aqueous electrolytes for the operation of conventional
pseudocapacitive materials restricts the voltage window (up to ~1 V) and
consequently restricts both the energy and power density. Also, the high cost of
RuO», low cycling stability due to the high tendency of decomposition of conductive
polymers with time as a result of mechanical stress (swelling-shrinking during redox
reactions) and low electrical conductivity and limited capacitance of MnO> creates
obstacles in the way of widespread use of commercially offered pseudocapacitors.
Thus, the commercialized use of pseudocapacitors still requires some improvements

on the device and material fabrication [113], [115].
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6.3.3 Hybrid Supercapacitors

Improved capacitance and energy storage capability are achieved by coupling an
EDLC and pseudocapacitor taking advantage of both of their characteristics. The
combination of the properties and storage mechanisms of EDLCs and
pseudocapacitors enhance the characteristics of hybrid devices. In addition to higher
working potential, higher energy and power density than an EDLC and
pseudocapacitor alone achieved through hybrid supercapacitors. According to such
a coupling approach, hybrid systems are composed of capacitor-like (nonfaradaic)
and battery-like (faradaic) electrodes and can possess a symmetric or asymmetric

assembly of electrodes [116].

Most of the commercial hybrid devices combine a capacitive porous-carbon
electrode with a Li-ion battery graphite anode, which is known as Li-ion capacitors
(LIC) reaching a high operating voltage of 2.2 - 3.8 V. Although they have high
energy density values ( > 20 Wh kg') they suffer from low power capability
compared to EDLCs [113]. Some other commercially available hybrid
supercapacitors are also conducting polymer based asymmetric devices, which
provides high specific capacitance. Charge is stored and released through the redox
reactions. lons are transferred through the polymer backbone during oxidation, and
they are transferred back to the electrolyte in the reduction step. In addition to the
behavior of electrode materials, internal resistance (related to the current collectors,
electrolyte resistance, equivalent series resistance (ESR)) are very critical in terms
of power performance of a supercapacitor. Therefore choosing proper electrode
materials together with a suitable electrolyte is very important for the overall

performance of hybrid supercapacitors [116].
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6.4  Experimental Procedure

6.4.1 Fabrication of Core-Shell Nanowire Networks

Ag-Pt core-shell NWs, dispersed in ethanol was deposited onto glass via spray
deposition method. Glass substrates were cleaned beforehand through 15 min
ultrasonication in acetone, ethanol and DI water. Similar to the spray deposition of
Ag NWs, glass substrates were placed on a hot plate at 110 °C. With an air brush
Ag-Pt core-shell NWs were deposited from a 15 cm distance to the substrate at a
pressure of 2.5 atm. Upon vaporization of the solvent, random NW network was

obtained.

6.5 Characterization Methods

6.5.1 Electrochemical Measurements

For the characterization of supercapacitor electrodes, a Biologic (VMP 3) 3-channel
Electrochemical Workstation was utilized. A three-electrode setup was used where
all the electrochemical measurements were conducted at room temperature (Figure
6.5). In a three-electrode setup working electrode (WE) was the active material
electrode and a reference electrode (RE) was positioned close to the WE. Potential
applied to the WE is with respect to the RE of Ag/AgCl electrode (in saturated
potassium chloride (KCI)). A Pt plate was used as a counter electrode (CE). As being
chosen from one of the inert materials such as Pt, Au, and graphite rod CE allows
the current to travel through the system without causing a chemical reaction on itself.
All three of the WE, RE, and CE were connected to a potentiostat [ 132]. Thanks to
this three-electrode setup, potential changes occuring at the WE were measured
independently from any possible changes occurring at the CE. Different electrolytes
were chosen for different electrochemical procedures. For the electrodeposition of

Ni(OH)2, 0.1 M nickel acetate (Ni(OCOCH3)2-4H20) solution was used as the
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electrolyte. For the electrochemical characterization of Ag-Pt-Ni(OH),

nanocomposite electrodes 1 M KOH was chosen as the electrolyte.

Potentiostat ﬁ

L=

RE : Ag/AgCl «

<

CE : Pt plate «——

WE : NWs network 4__- g

Electrolyte «———

Figure 6.5 Schematic illustration of the three-electrode setup configuration.

6.5.1.1  Cyclic Voltammetry (CV)

CV is one of the most common techniques that is used for the qualitative and
quantitative electrochemical characterization of various types of active materials of
the WE. A potential is applied to the WE with respect to the RE (having a fixed
potential). A certain potential window is scanned in forward and reverse directions
with different scan rates, while recording the current that passes through the system.
It provides information about the kinetics, mechanism and reversibility of the
electrochemical reactions occurring on the electrode surface and in the electrolyte.
For an ideal supercapacitor, rectangular-box shaped CV graphs should be observed
as shown in red curve (a) in Figure 6.6. The rectangular shape is also common for
EDLCs, shown with the blue dashed lines in Figure 6.6 (b). CV graph of
pseudocapacitive materials on the other hand shows redox peaks as in the green
dashed lined CV plot in Figure 6.6. In the case, where there is a supercapacitor with
high resistivity CV plot appears to be a parallelogram. Also increasing the scan rate
may cause distortion from the ideal rectangular CV curve since the kinetics of the
electrochemical processes may not follow the fast changes in the potential

[132],[133].
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Figure 6.6 (a) Rectangular-box shaped ideal capacitor CV curve. CV curves of (b)
EDLC and (c¢) redox reaction peaks of pseudocapacitive materials [132].

Electrochemical properties of the electrodes can be studied according to the scan
rates and specific capacitance of the electrodes can be calculated. Using the area
under the CV in a potential window from E1 (V) to E2 (V), specific capacitance (Csp
(F g)) can be obtained through the equation shown below, where i (A) represents
the measured current and m (g) represents the mass of the active material on the WE

[132]:

t(E2)

f i(E)dt

t=0(E1)

1

Cop =———
P m(E; — E;)

6.5.1.2  Galvanostatic Charge-Discharge (GCD)

Another method to measure the capacitance of a material 1s the GCD measurement.
A constant current is applied and changes in the potential are measured with respect
to time. To determine the capacitance, WE is charged to a potential and the discharge
process is monitored. EDLCs and pseudocapacitive materials display different GCD
behaviors as shown in Figure 6.7. A linear charge-discharge behavior is observed for
EDLC:s (like triangle), whereas nonlinearity (voltage plateaus) is observed in the

presence of redox reactions for pseudocapacitive materials [132].
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Figure 6.7 GCD curves for (a) EDLCs, (b) pseudocapacitive materials [132].

Different equations for Cgp are present since different GCD behaviors are observed
for EDLCs and pseudocapacitive materials. For EDLCs, specific capacitance is
ontained from the slope of the discharging process as shown in the equation below,
where Csp (F g!) is the specific capacitance, AV is the potential (voltage) window, m
(g) is the mass of the total active material, | (A) is the current, and A4z is the time

passed for the discharge process :

I
b = AV
MRt
Due to the presence of the redox reactions for the pseudocapacitive materials,
calculations from the discharge curve is not possible. Therefore, integral of the area
under the discharge section is used to calculate the specific capacitance. According
to the following equations, discharge energy, E, capacitance of the cell, Ccen, and

specific capacitance, Cgp, can be calculated.

t(Vmin)
2E
E=1 J V(t)dt Ceen = vz Csp = 4Ccent
max
t(Vmax)

Here, | represents the current in ampere (A), V is the voltage window in volts (V),
and t is the discharging time in seconds (s). Ccerl is calculated according to two series
connected electrodes and it contains masses of two electrodes, therefore Cgp is four

times the value of Ceell.
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Using GCD curves maximum energy (Emax) and power (Pmax) density of the full cell
device can also be calculated, where Vcen represents the cell voltage, Ceen is the
capacitance of the cell, Resr equivalent series resistance, and m (g) total mass of the
two serially connected electrode. Pmax (W kg!) and Emax (Wh kg™!) is as shown in the

equations below [132]:

i (Vcell)zmax
4m  Res

Emax = 2 Ccell(Vcell)zmax Prax =

6.5.1.3  Electrochemical Impedance Spectroscopy (EIS)

EIS is used to measure the electrical series resistance (ESR) and help to further
investigate the electrochemical characteristics of the material. Over a frequency
range of 0.01 Hz to 1 MHz, small magnitudes of an alternating current is applied to
the supercapacitor [132]. A Nyquist plot showing imaginary resistance (Z'") against
real resistance (Z) is obtained in which the point intersection of the impedance curve
on the x-axis gives the ESR of the cell (Figure 6.8). A semicircle followed by a line
region of 45 ° and 90 ° is typical for the charge storage mechanisms of capacitive and
pseudocapacitive materials [122]. In the lower frequency region, a 45° line starting
from the ESR which continues as a parallel (close to parallel) to the imaginary axis
is typical for porous electrodes. Such a behavior shows that in a short time all the
reactive sites on the electrode are accessible showing a capacitor-like behavior [134].
On the other hand, a semicircle formation at the high-frequency region is correlated
to the interfacial impedance originated at the interface of the current collector and
the active material or due to charge transfer resistance. Recording the ESR at
different potentials can help to distinguish the reason for such behavior since
interfacial impedance will be constant through all the potentials. In addition to that,
throughout the three-electrode measurements, the impedance of the cell is affected
from the position of the RE with respect to WE, use of porous frits at the tip of the
RE, presence of air bubbles, or clogging in the filling solution of the RE. Therefore,
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for the EIS measurements maintainance and proper selection of the RE is highly

important [122].
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Figure 6.8 Representation of a typical Nyquist plot showing the behavior of an EDLC
(green), a pseudocapacitive material (blue) and a battery (red) [122].

6.6 Results and Discussion

6.6.1 Electrochemical Deposition of Ni(OH):

A three-electrode setup was used and Ag-Pt core-shell NW network prepared on PET
substrate was used as WE. Conformal deposition of Ni(OH), was performed
according to the previous work done by Yuksel et al. [46]. Electrodeposition was
conducted using 0.1 M freshly prepared nickel acetate (Ni(OCOCH3)2:-4H>0)
solution under a constant potential of -0.9 V (vs. Ag/AgCl). Deposition of Ni(OH)>
was performed for different periods of times as, 100, 200, 400 and 600 sec. Figure
6.9 shows SEM images representing the effect of deposition time on the morphology
of the fabricated Ag-Pt-Ni(OH), NWs.
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Figure 6.9 SEM images of the Ag-Pt-Ni(OH)> nanocomposites fabricated using
deposition times of (a) 100, (b) 200, (c) 400 and (d) 600 sec.

The optimum deposition time was determined as 400 sec since Ni(OH), flake
formation and a considerable amount of thickness increase (~ 15 nm) was observed
for 400 sec of deposition. For the 600 sec deposition, cracks in Ni(OH), were

observed visually on the electrode material due to excessive coating of Ni(OH)..

EDS mapping was conducted on the 400 sec Ni(OH), deposited Ag-Pt core-shell
NWs. Results are provided in Figure 6.10 (a). Figure 6.10 (b) shows EDS maps for
Ag, Pt and Ni, where the conformal deposition of Ni(OH). on Ag-Pt core-shell NWs

was achieved.

Figure 6.10 (a) SEM image, (b) EDS maps for Ag (blue), Pt (green) and Ni (red) for
400 sec Ni(OH): deposited Ag-Pt core-shell NWs.

To further characterize the Ag-Pt-Ni(OH) electrodes, XPS analysis was performed
for Ni 2p and results are provided in Figure 6.11 (a). Two peaks at 855.8 and 873.4
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eV corresponds to Ni 2p32 and Ni 2pi., respectively. The spin energy difference is
17.6 eV, which is characteristic to the Ni(OH)> phase and their satellite peaks at
861.5 and 880.6 eV corresponds to the Ni 2p3/2 and Ni 2p12, respectively, is in good
agreement with previous studies in literature [ 126],[135],[136]. XRD was conducted
to determine the phase of the electrodeposited Ni(OH).. Figure 6.11 (b) shows the
XRD pattern of Ag-Pt core-shell NWs and Ag-Pt-Ni(OH), nanocomposite
electrodes. Diffraction angles of 38.82°, 45.14° and 65.72° were assigned to be
(111), (200) and (220) planes, respectively, and showed that Ag-Pt core-shell NWs
has the FCC structure. XRD patterns of Ag-Pt-Ni(OH), nanocomposite electrodes is
given in Figure 4.7 (b) were the diffraction angles of 38.44°, 52.02° and 65.04°
corresponds to the (011), (012) and (111) planes of [1-Ni(OH), (JCPDS Card no: 74-
2075) having hexagonal structure. Results shows that there exist only [1- Ni(OH)o,
which is the prefered phase since [ /-Ni(OH): has higher stability than a-Ni(OH), and

widely used for electrochemical applications.
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Figure 6.11 (a) XPS spectrum of Ni 2p from Ag-Pt-Ni(OH) electrodes. (b) XRD
patterns of Ag-Pt core-shell NWs (red) and Ag-Pt-Ni(OH): nanocomposite
electrodes (black).
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6.6.2 Electrochemical Characterization

6.6.2.1  Nanocomposite Electrodes

Electrochemical characterization of Ag-Pt-Ni(OH), nanocomposite electrodes was
conducted via CV, GCD and EIS methods. CV measurements were conducted in an
aqueous solution of 1 M KOH within the potential window of 0 - 0.6 V (vs.
Ag/AgCl). The potential window was determined considering the existence of
reversible and strong redox reactions within the specific potential range. Redox
peaks apparent in the CV measurements in Figure 6.12 (a) are due to the
transformation of B- Ni(OH); to B- NiOOH according to the Reaction (3) shown

below:

B-Ni(OH), + OH™ <> B-NiOOH + H,0 + ¢ 3)

Ag-Pt NW network functioned as a stable conducting path for the deposition of
Ni(OH), layer and charge transfer between core and Ni(OH) layer was obtained.
Strong peaks at 0.16 V and 0.48V correspond to the oxidation and reduction peaks
for Ag-Pt-Ni(OH)> nanocomposite, according to the reversible Faradaic reaction in
(4), respectively. Peaks at 0.04 V and 0.16 V on the other hand corresponds to the
Ag/Ag" redox couple due to the reversible redox reactions of the thin layer of silver
(D) oxide (Agr0O) formed during the CV measurements according to the following

Reaction (4):
2Ag+OH < AgO + HxO +2¢e” “4)

Although there also exists the pseudocapacitive behavior of partially coated Ag-Pt
NWs, which are in contact with the KOH electrolyte, their effect on
pseudocapacitance is insignificant compared to the overall Ni(OH)2 layer on Ag-Pt
core-shell NWs. During the CV measurements, increasing the scan rate led to an
increase in redox reaction peak intensities in addition to the peak shifts towards the
opposite directions. As the scan rate is increased, active materials can not interact

sufficiently with the electrolyte ions to take part in the Faradaic reactions due to the
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ionic-electronic diffusion limitation. As a result of such restriction in the redox
reactions at high rates, specific capacitance decreases accordingly. This shows the

rate-dependency of the charge storage capacity [137].

Specific capacitance of the electrodes were calculated according to the following
equation, where | represents charge-discharge current in ampere (A), A¢ discharging
time in seconds (s), M mass of the active material in grams (g), and 4V potential drop
during discharging in volts (V):

I x At
Cop = mAV

GCD measurements were conducted in a potential window of 0 - 0.6 V at different
current densities ranging from 5 to 40 A/g (Figure 6.12 (b)). A non-linear GCD
profile was obtained as it was expected due to the pseudocapacitive profile of the
nanocomposite electrodes. With an increase in current density, ions could not find
enough time to diffuse therefore, shorter time for redox reactions was observed from
the charge-discharge curves at higher current densities. Specific capacitance values

calculated from the GCD curve was 816.7 F/g at a current density of 5 A/g.

Specific capacitance was found to decrease to 661.2 F/g at the current density of 10
A/g and to 290.7 F/g at the current density of 20 A/g. Voltage plateaus on the GCD
curves are consistent with the redox peaks in the CV. The second plateau observed
around 0.06 V at lower current densities is due to the redox reaction of Ag/Ag"* redox

couple, which is consistent with the CV curves and previous studies [137], [138].
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Figure 6.12 (a) CV plots of the Ag-Pt-Ni(OH)> nanocomposite electrode in 1 M
aqueous KOH electrolyte with scan rates ranging from 100 mV/s to S mV/s. (b) GCD
curves of Ag-Pt-Ni(OH); electrode at current densities ranging from 40 A g to 5 A

g

Lower IR drop was observed for Ag-Pt-Ni(OH), nanocomposite compared to Ag-
Ni(OH), indicating lower internal resistance, favourable for energy storage
applications. In Figure 6.13 (a), higher charge-discharge time of Ag-Pt-Ni(OH)
nanocomposite indicates higher specific capacitance compared to Ag-Ni(OH):
electrode. The specific capacitance value of the Ag-Pt-Ni(OH). electrode is larger
than that of the Ag-Ni(OH); electrode (110.7 F/g) at 5 A g,

Comparison of the electrochemical impedance spectroscopy (EIS) results for Ag-Pt-
Ni(OH)2 and Ag-Ni(OH); electrodes is shown in Figure 6.13 (b). EIS was conducted
under a 5 mV AC perturbation within a range of 100 kHz to 100 mHz. Semicircle
formation was not observed for Ag-Pt-Ni(OH), electrode, which indicated the high
conductivity of the electrode in the high frequency region and low resistance at the
electrode-electrolyte interface for the charge transfer process. Due to the
pseudocapacitive property of the active material, sharp increase in the low frequency
region was observed. Such a sharp inclination in the low frequency region, which is
close to the ideal pseudocapacitor behavior, indicated the low diffusion resistance of
Ag-Pt-Ni(OH); electrode compared to Ag-Ni(OH); electrode. Therefore, the higher
specific capacitance of Ag-Pt-Ni(OH), was due to the low electrical resistance and

IR drop with fast charge transfer properties of the electrode.
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Figure 6.13 (a) Comparison of the GCD curves of Ag-Ni(OH), and Ag-Pt-Ni(OH):
electrodes at a current density of 5 A g!. (b) EIS of Ag-Pt-Ni(OH), and Ag-Ni(OH),
electrodes.

Electrochemical stability of the fabricated Ag-Pt core-shell electrodes were studied
under different potential windows. Three-electrode measurements were conducted
in the potential window of -0.1-0.75 V for Ag-Pt core-shell and bare Ag NW
electrodes. Both of the NW networks were coated with a Ni(OH), under same
electrodeposition conditions. As shown in Figure 6.14 (a) and (c) higher current
densities were observed for the Ag-Pt-Ni(OH): electrode in all scan rates. Larger CV
curve area indicates higher capacitance for Ag-Pt-Ni(OH). electrode compared to
Ag-Ni(OH); electrode. This results were also supported with the GCD curves in
Figure 6.14 (b) and (d). Discharge time was longer for Ag-Pt-Ni(OH): electrode,
which provides higher capacitance compared to Ag-Ni(OH),.
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Figure 6.14 CV plots of (a) Ag-Pt-Ni(OH); and (c) Ag-Ni(OH); electrodes in 1 M
aqueous KOH electrolyte with scan rates ranging from 100 mV/s to 5 mV/s in the
potential window of -0.1-0.75V. GCD curves of (b) Ag-Pt-Ni(OH), and (d) Ag-
Ni(OH); electrodes electrode at current densities ranging from 20 A gl to 6 A g'!.

Potential window was further increased to -0.3-0.8 V and CV analysis was
conducted. Figure 6.15 (a) and (b) shows the CV plots of the Ag-Pt-Ni(OH), and
Ag-Ni(OH), electrodes, respectively. Similar to the previous results, higher current
densities and curve area was observed for Ag-Pt-Ni(OH), electrode, which provided
higher capacitance compared to Ag-Ni(OH), electrode. A comparison of the CV
curves at the scan rate of 25 mV/s (Figure 6.15 (c) ) clearly shows the improvement

of capacitance with the use of a Ag-Pt-Ni(OH); electrode in large potential window.
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Figure 6.15 CV plots of (a) Ag-Pt-Ni(OH) and (b) Ag-Ni(OH): electrodes with scan
rates ranging from 5 mV/s to 100 mV/s, (¢) the comparison of Ag-Pt-Ni(OH). (black
curve) and Ag-Ni(OH): (red curve) electrodes at the scan rate of 25 mV/s within the
potential window of -0.3-0.8V in 1 M aqueous KOH electrolyte.

In all cases for Ag-Pt-Ni(OH): electrodes, current density and CV area was found to
increase with the potential window. However, when aqueous electrolytes are used
such an increase in the potential window causes electrolyte degradation, which is
observed within the potential region of 0.7 to 0.8 V. With the use of aqueous
electrolyte, water splitting reactions causes gas evolution, which is highly dependent
on the concentration of OH™ and H" species in the electrolyte [139]. Such gas
evolution also causes bubble formation on the surface of the electrode and prolonged
bubble formation on the surface may alter the results of the electrochemical
measurements and eventually harm the integrity of the NW network. Therefore,
these results also show that the Ag-Pt-Ni(OH), electrodes with enlarged potential
window should be utilized with gel electrolyte to get all the benefits, such as

enhanced power and energy densities.
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CHAPTER 7

CONCLUSIONS AND FUTURE RECOMMENDATIONS

7.1 Conclusions

This work is focused on the simple solution based synthesis of Ag-Pt core-shell NWs
and their utilization in electrochemical applications. Detailed characterizations on
the Ag-Pt core-shell NWs through SEM, HR-TEM, XPS and XRD analysis
evidenced the presence of a conformal Pt layer on Ag NWs. High chemical stability
of the Ag-Pt core-shell NWs provided by the conformal Pt shell layer allowed the
use of Ag-Pt core-shell NWs for electrochemical applications as demonstrated here

through H>O: sensors and supercapacitor electrodes .

High chemical stability of the Ag-Pt core-shell NWs under H>Oz exposure (1, 5, 10
mM H20:) compared to that of bare Ag NWs and ability of Ag-Pt core-shell NWs
to withstand an applied potential of 0.8 V (vs. Ag/AgCl) showed the superior
performance of Ag-Pt core-shell NWs compared to bare Ag NWs for amperometric
H>0; detection. Fabricated amperometric H>O> sensor operated with a sensitivity of
0.167 nA/uM in the linear range of 16.11-194.81 uM. Low detection limit of 4.75
uM (S/N=3) and fast response time of 2.44 sec were obtained. Both their high
stability against H>O» exposure and their high electrochemical stability provided the
fabrication of stable, reproducible and selective amperometric H2O> sensors. In
addition to their outstanding performance over bare Ag NW based H,0- sensors, Ag-
Pt core-shell NWs based H>O» sensors, with a thin Pt layer, are also promissing
candidates due to their low fabrication cost over Pt nanostructure based H>O:

Sensors.

The Ag-Pt core-shell NW networks were also utilized as supercapacitor electrodes.
Ni(OH)> layer was electrodeposited onto Ag-Pt core-shell NWs to obtain Ag-Pt-
Ni(OH)2 nanocomposite electrodes. A specific capacitance (Csp) of 816.7 F/g at a
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current density of 5 A/g was obtained from the fabricated Ag-Pt-Ni(OH)>
nanocomposite electrodes. Potential window of the Ag-Pt-Ni(OH), electrodes was
also widened from 0-0.6 V to -0.3-0.8 V, showing promising electrochemical

stability of the electrodes.

Results presented in this work provides a solution for the improvement of the
stability of Ag NWs and opens up new avenues for their utilization in

electrochemical and optoelectronic devices.

7.2 Future Recommendations

In this work, synthesis route and the use of Ag-Pt core-shell NWs for two different
electrochemical applications were presented. Fabricated Ag-Pt core-shell NWs
based amperometric sensors provided high sensitivity, selectivity and stability for
the detection of H>O». For electrolyte-free, portable and flexible sensors, fabrication
and design of the sensor should be further investigated. Afterwards, microsensor
design can be employed for the Ag-Pt core-shell NWs to widen their application

arcas.

High electrocatalytic activity of the Pt shell layer on the core Ag NWs can also be
investigated as the electrode materials for hydrogen (HER) and oxygen evolution
(OER) applications. Performance of the fabricated Ag-Pt core-shell NWs should be
compared to Pt NP decorated Ag NWs to clearly analyze the benefits of the core-

shell structure.

For the supercapacitors, high electrochemical stability of the fabricated Ag-Pt core-
shell NW electrodes allows deposition of various other pseudocapacitive materials.
Under the electrodeposition conditions where Ag NWs fail to operate, Ag-Pt core-
shell NWs can be used without any problem. Therefore, electrodeposition of various
pseudocapacitive materials such as oxides, hydroxides, sulfides and conducting

polymers on Ag-Pt core-shell NWs can be investigated. Based on those different
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pseudocapacitive materials, symmetric or asymmetric supercapacitor devices can be

fabricated and their electrochemical properties can be investigated.

Although Ag-Pt-Ni(OH), nanocomposite supercapacitor electrodes were
investigated in this thesis, there is still extensive work to be conducted on the
performance improvement of the electrodes. To determine the best performance of
the electrodes, effect of the amount of Ni(OH), deposited, use of different aqueous

or gel electrolytes can be further studied.

To increase the specific capacitance by widening the potential window and at the
same time to prevent the electrolyte degredation occuring due to the use of aqueous
electrolytes at high potentials, an asymmetric supercapacitor based on Ag-Pt-

Ni(OH): should be fabricated using a gel electrolyte such as PVA/KOH.

Other electrochemical devices like electrochromics can also be engineered with Ag-

Pt core-shell NWs developed in this work.
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APPENDICES

A. Electrodeposition of Ni(OH)2 on NW Networks

Current (mA)

——— Ag-Pt-Ni(OH),
-8 ——— Ag-Ni(OH)

0 100 200 300 400 500 600
Time (sec)

Figure A. 1 Chronoamperometry curve for the electrodeposition of Ni(OH)> on Ag-
Pt core-shell NW (black) and bare Ag NW (red) networks.

B. Symmetric Supercapacitor

A symmetric supercapacitor (SC) was fabricated using a two electrode setup
configuration. A polyvinyl alcohol/potassium hydroxide (PVA/KOH) gel electrolyte
was fabricated and two identical Ag-Pt-Ni(OH), electrodes were sandwiched
ttogether via PVA/KOH gel electrolyte. A specific capacitance of 1373.9 mF/g was

calculated at the scan rate of 5 mV/s.
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Figure B. 1 Two electrode setup for a symmetric full device.
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Figure B. 2 (a) CV plots of the Ag-Pt-Ni(OH)> nanocomposite supercapacitor with
scan rates from 100 mV/s to S mV/s. (b) GCD curves of the symmetric device of Ag-
Pt-Ni(OH), nanocomposite at current densities ranging from 1 A g’ t0 0.05 A g\,

Fabricated Ag-Pt-Ni(OH)> SC exhibited a Specific capcitance of 757.2, 802.4,
855.0 and 942.6 mF/g when the potential window was widened upto 1.1, 1.2 1.3

and 1.4 V, respectively. A capacitance retention of 98.7 % was observed upon 2000

cycles of CV.
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Figure B. 3 (a) The CV curves of Ag-Ni(OH), symmetric supercapacitor in different
potential windows at 100 mv/s scan rate. (b) Capacitance retention upon 2000 cycles
of CV.
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tasied, if cormgdute payerant for thi license i not recehed o & Dmaly bass sither from User dinecly of

CreoLigh & EuyTTnt agent, Sach 45 .4 redic cand oompany.

Uribess: othanwise providied in tha Onder Confirmagion, any grant of fights to User 1] & "one-Ome” induding
e dnclitiionTs asred ooy farmily Specfied in th Boerde), (i) s non-esclmive and non-rardterabie and (i)
I SubCT 0o vy and &l BMEAtoNS ard rceTicions {such &S, but not imied oo, Bmitekons on duration of
Ui o ciroulaion] includked in D Oder Confirmation of imveion andicr in thise terms and condizions.
Upon cormgiation of th Boemsid use, User shall S Securs a rew penmission for furher use of the
Dl @ity P LS of D Wores] and shall rendis inacoessible isuch as by
dabeting of by Femoving of severing links or oo oanors) ammy furher cophes of e Wark fxcept for
Copii prined o pagsr in acocrdance with this osrde and soll in User's Stock at th snd of such peried].

Work(s) or
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34, I this et thart The Fraterial for whidh a repubbcaticn lioenss B sought indiades thind pary materials
[sunchs aes pihoographe, Brrations, gragéd, irderts and similar mateniak) which are idendfied insuch
martarial a5 hasdng b USed by paermbdion, Ul £ responsibls Tor identifying, snd sesking sepanios
licansas {under this Sensdce or othanwvise] for, any of such thind parmy Fracerials; without J separans Bosrde,
such dhind party materl sl My fol ba Sl

35, Usa of proper copytight notice for 2 'Work i reguined & & condithon of any lioenss sranced under th
Sanvice. Unkss othenviss provided inthe Onder Confinmation, & proper oopsTight foos will rdd
subszantialy as follows: "Republished with pemssion of [Fghvshobder's nama]. froen [Work's Tk, author,
il adimion numbier and year of copyTight] parmsiasien conseyed hioagh Copymight Claarancs Cinter,
I ™ Skt mothon e b prosided inoa reasonabily kegible font sie and ros b placed sither
irnimidianily SCRICET 1o Tha Wk &3 iid [Tor exampli, & pait of 3 Byine oF TooTrohe BT Rt 35 2
saparats slesrone Bnk) of it placs whee substantially sll coer credins oF notioes For thie nen work
CONCINING i rapublishied Work sns locaned. Failans 1o includs the regquined roTios resuls in loss 1o thi
Righasholdsr and CCC and thi User shall Bss Eabbe 1o pay lyuhdared damages for aedh aech falune egual
Co D This Ll Pk Spadifad i tha Order Confirmation, in abdition 1o @ uss S sl and sy ohir T

and Jharpes spadfied.

36, Liser may oy make alterations 1o the Work if and as exprssly sat forth in the Order Confirmation. Ko
Work ey Ese s in any way that & defaenacory, violates the rfights of thind pardes Snduding such thind
parties’ rights of copyright, privacy, pubdicity, of cther tangibbe of intangible progparmy), o b cthrstss
i, SecqLsaily aeplicit o cbsoani. In addition, User may Mol conjoin a Werk with ey o raterial that
ey rasult i darnagge 0o o repuCaton of thi Righcshodder Lser agrees to inform COC i it bisnorrees awars
of ary infringement of amy righs in a Werk and 10 Ceoparacs with any ressonabls request of OCC o tha
Rigreshobder in connection tharesith.

. Inaiseruniiy. sar harabs indarmnifiis and agreis to defend this Rightshoider and OCC and thir respche

amiphoyies ard dineTors, aEainst all daird, Eabiity, damages, codms and pird, induding gl Tees ard
RS, artsing ouT of 3y Use of & Work Bsyond the scops of th rights granted hinsin, or any e of 2 Work
which has been atsred in any unauthonized vay by User, induding taims of dsfamatien of mivingement of rights
of coparight, publicity, privacy of other tangibls of intangible propamy.

. Limitation of Liabiing. LSIDER M0 CIRCUMETAMCES WILL OOC OR THE BIGHTSHOLDER BE LIAELE FOR ANY IMRELCT,

IMDERECT, CONSEJUENTIAL R INCIDENTAL DAMAGES [INCLUDING WITHOUT LIMITATION DMMAGES FOR LOSS OF
EUSINESS PROFTS DR INFORMATION, OF! FOR SUSINESS INTERRLPTION] AREING OUT OF THE LISE OR INAESLITY
TO WISE & WIORK, EVEN IF OME OF THEM HAS BEEW ADVISED OF THE POSSIBILITY OF SUACH DAMAGES. In any event,
tee Tzl labsiliny of O Rightsholder ared COC (Inchading Thir respecthe ernploypees and directors) shall not asceed
tee tiotal amount scually paid by User for this Boerse User assures Tull Rabing for the actions and omisions of
its principais, employees, agenns, afiltes, SCoesunrs and dsigns.

. Limited ‘Warrantis. THE WORKIE) AND BSGHT(S) ARE FROVIDED "AS 5. €00 HAS THE RIGHT TO GRANT TO LISER

THE RIGHTE GRANTED 1M THE QROER CONMARMATICON DOCLMENT. COC AMD THE RIGHTSHOLDES DHEECLAN ALL
OTHER WARRANTIES RELATING TO THE WORE(S) &ND RIGHTRE], EITHER EPRESS OR IMPLIED, BeOLLADNG
WIT-OUT LIMTATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITHESS FOR A PAETICUILAR PURPOEE,
ADDITIOMAL RIGHTS MY BE REQUIRED T USE ILLLISTRATROMS, GRAPHS, PHOTOGRAPHS, ASSTRACTE, INSERTS
OR OT-HER PORTIONS OF THE WORH (AS OPPOSED TO THE ENTIRE WORE) 1N A MANMER CONTEMPLATED EY LISER;
LEER USMIDERSTANDS AND &GREES THAT METTHER CCC MOR THE RIGHTE=HROLDER MAY HAVE SUH ADDITHOKMAL
RIGHTS T GRAMT.

. EMact of Braach. Sy failars by USer 0o pary &y am ount whisn dus, or any uss by User of a Work bayond the

mmummmnmmmmmm“nmmu.mmﬂ
Oes e crmaned by thas Order Confirmagon and s Terns and conditions. Ay brasch nat cursd within 30
darys of writen natice eres! shall resut in immediate terminazion of such Bense without further notios. Ay
unautheried M ioercabie) use of 3 Wirk tha is Temminaned immisSansly G2 notice deresd may be lgbdated
by payrent of the Righeshoiders ondinany loenss price thineor, sy Unautheried jand unlicensable) use that i
N perTninaned immediacsly Tor aimy reason Gnouding, for xarmgls, becauss materials ConGning e Work canna
risasorabily Be ricalid] will i subje 1o all rerridie reailaibbs a0 lea of i iguity, But in no @eent 0o 2 payenent of
bicss Thain Thies Timiss o Righrsheclder's crdinany loenss price for T mast dosely anslogous oersable uss plus
Rigrashobkders andion C0CS CoSTs afd expansis incurmed in collecting sudh paymant
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B. Miscidllareoi s

Wi

B User acknowhisdges chat OO0C mary, from dmie oo time, make dhangis of sdditions 1o th Service o to Owss
cairns aind| conditiorns, and OO ricerves thin right to-samd nothos 1o thi User by alecroni: mail or
ot Tor o punpoces of notifying User of such drangics o Jdditionds,; proised That &y sudh chanpes
oF additiore Shall not Spply 0o paTREsions. alrsady Seoimed and pasd for.

B2 Usa of User-nelated informmarton collscmed thiough the Sendos & govemed by 000 pracy policy,
ardile Cardin

E3. Tha liosnsing oransmien desoribed inthe Onder Confirmation i personal to User. Trerefons, Liser may
T3l BSSRITY OF DRafek T T 2y OOFvlr EsErSOn (Winethsir 3 NaTUral parson of an organization of amy kind) the
licainga craabied bef thel Ondder Confemmartion and thice tenrd and conditions of Sy righzs grantied
hasrgisrdir; provdded, howanser, That e Fhay adsign such Bosrde in S emtneny onwrien notos o 000 in
vl i oF & erainaler of all of subsrancally all of User's righns in the ree material whidh inclodes tha
Work]s) Brnised under ohis Service

B, Mo arriiadimant of waisar o sy Denerd 5 binding unliss St forth in wiriting and sipreed By thie pamies. Tha

Rigfnshobder ahd COC Feraly oyt T i DS contained in iy wiitng prepaned by the User or i
prindipals, arnphossie, EDenms of SMEaTEs nd pUrpoeTing 0o govm of otenviss relais To the loerding
Craineae o diesoribaed in tha Order Confirmatgon, wWiich T 308 i Jivy Wiy inConSimenT with ansy s
St Torth in the Order Confirrnazion and/or in thiss terrd and condidens or O00s standand opssrating
procidunes, whather such wridng & prépaned pricr to, simultaneously with of Subdsguant 1o the Drder
Confirmation, snd whither such Wiling Sppears o & cogdy of o Onder Conifinm aTien of in & Separik
INSTPLITHEnT.

E5. Thi licensing oransasion desoribssd in the Onder Confirmation documiant Shall be gosweimed by and
consirusd ireker this law of the Scace of Maw York, USA, withosd regand 0o the principles theneol of con@ias
of . Advy Clcks, SONITOWMETSY, SUI, BCT0N, OF Procieding aFising our of, in confscthon with, of related o
sich licensing orarcamion shall b brought, & O00s sole disretion, in any Tederal of STa08 £oum hocamed in
ol iy of Wi Yo, ST of Naw Fork, LIS, or in any Rederal o Sane court whoss geographical

CohrS Tha hocation of o Rightsholdier st fomh in the Order Confirrraton. The Dartks

ikt by Sl 0o the parsonal jurksdioion and s of sach Such Sederal oF Starbe oot T you husss vy
COIMTEES of guastons about dhe Servos of Copyright Oaaranon Canler, phide OonCT i o $7E-T50-

B8 oof Sasvid s il 00 SUppor@enpyTighL.Onm.
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