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Chapter

In-Liquid Plasma: A Novel Tool
for Nanofabrication
Palash Jyoti Boruah, Parismita Kalita and Heremba Bailung

Abstract

This chapter focuses on synthesising nanomaterials using an emerging
technology called In-Liquid Plasma, i.e., plasma generation inside a liquid. The
generation of various reactive species and energetic electrons in the plasma zone
plays a crucial role in synthesising nanomaterials. They act as the reducing agent.
Non-requirement of the toxic chemical reducing agents make In-Liquid Plasma an
environmentally friendly green approach to fabricate nanomaterials. This method
enables the simultaneous synthesis of nanoparticles from the electrode material and
liquid precursor, which gains much importance on the single-step synthesis of
nanocomposites. Moreover, it gives flexibility in controlling both the physical and
chemical parameters, which provide fine-tuning required for the size, shape and
composition of nanomaterials.

Keywords: In-Liquid Plasma, Plasma zone, Reactive species, Nanomaterial,
Precursor solution, Size and shape transformation

1. Introduction

Plasma technology has been involved in various biomedical and environmental
applications for quite a long time. From the treatment of cancer to the polluted
water, its involvement increases day by day to humankind. Moreover, plasma has
also been immensely engaged in the fabrication of high-quality nanomaterials [1].
Various methods have been employed to generate the plasma both in the non-
thermal and thermal conditions. Amongst them, Plasma – Liquid Interaction (PLI)
gains a lot of attention as it involves both the physical and chemical processes
simultaneously [2]. It offers single-step, rapid and large-scale synthesis of uniform
nanomaterials with different shapes and sizes [3]. One of the advantages of PLI is
that it does not require any external reducing and stabilising chemical agents, so a
few purification steps can be avoided before applying in any application. The
reactive species form during the generation of plasma act as the reducing or
oxidising agents. Moreover, it does not require water cool vacuum chambers or
pumping systems. PLI offers two effective ways for nanomaterial synthesis. The
first one is from the electrode material by generating plasma between two elec-
trodes placed in a liquid. This process is termed as In-Liquid Plasma or solution
plasma. Here, nanomaterials can also synthesised using specific metal precursor
solutions. Hence, both the electrode material and the precursor solution can be the
source of nanomaterial formation. In the second one, nanomaterials are fabricated
by generating plasma above a liquid surface. Here, one electrode is placed above the
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liquid surface and the other is immersed into the liquid in such a way that the liquid
surface acts as the counter electrode. The liquid (precursor) acts as the
nanomaterial source i.e., plasma interact with the liquid solution to synthesise
nanomaterials.

In-Liquid Plasma mainly consists of three zones. The central zone is the plasma
region, where the temperature goes beyond thousands of kelvin. The next one is the
gaseous region, which is formed due to the evaporation of water/solvent. The
outermost zone is the liquid medium, where the temperature is slightly more than
the room temperature. Besides these zones, there are two interfacial regions called
the plasma/gas and gas/liquid interface. These are very significant regions for
nanomaterial synthesis, where many physical and chemical activities occur. A broad
range of active radicals such as OH ∗ ,H2O2, O3,NO, e�

aqð Þ
, UV radiations and shock

waves are formed in these interfacial zones [4]. Figure 1 shows the presence of the
three zones (plasma, gas and liquid) and the interfacial regions (plasma/gas and
gas/liquid) during the generation of plasma inside a liquid. This chapter will mainly
discuss the In-Liquid Plasma, i.e., plasma generation inside liquid to synthesise
various nanomaterials. A review of nanofabrication by In-Liquid Plasma over the
last two decades has been discussed in the following paragraphs.

Since the beginning of the 21st century, In- Liquid Plasma has been vigorously
involved in the synthesis of various nanomaterials. In the early years, researchers
have mainly focused on the synthesis of carbon-based nanomaterials [5–8]. In 2000,
Ishigami et al. reported the continuous synthesis of multi-walled carbon nanotubes
by generating arc discharge between two graphite electrodes inside liquid nitrogen
[5]. Whereas Sano et al. in 2001 investigated the synthesis of carbon onions in water
[6] and in 2004, single-walled carbon nanotubes with nanohorns in liquid nitrogen
[9]. Bera et al. synthesised palladium nanoparticles filled carbon nanotubes using
arc discharge in palladium chloride (PdCl2) solution in 2004 [10]. After these
pioneering investigations, researchers began to work on the synthesis of noble and

Figure 1.
Schematic representation of the generation of plasma inside a liquid showing the presence of plasma/gas and
gas/liquid interfaces.
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transition metal nanomaterials and their composites. Lo et al. synthesised Copper
(Cu) – based nanofluids and silver nanofluids using submerged arc nanoparticle
synthesis system (SANSS) in 2005 and 2007 respectively [11, 12]. Lung et al., in
2007, reported the synthesis of gold (Au) nanoparticles in water by arc discharge
[13]. Ashkarran et al. synthesised tungsten trioxide (WO3), Zinc oxide (ZnO) and
Zirconium oxide (ZrO2) nanoparticles inside water in 2008 [14], 2009 [15] and
2010 [16] respectively. In 2009, Omurzak et al. reported the synthesis of blue
amorphous titanium oxide (TiO2) and TinO2n-1 nanoparticles by generating plasma
between two titanium electrodes [17].

In the meantime, besides the erosion of electrode materials, the researchers
investigated the reduction of metallic salt solutions by the In-Liquid Plasma for the
synthesis of various nanomaterials. Saito et al., in 2009, synthesised Au
nanoparticles by generating plasma between two tungsten electrodes inside
Chloroauric acid (HAuCl4) [18]. HAuCl4 acts as the metal precursor for Au
nanoparticles. Pootawang et al. investigated the synthesis of silver/platinum
(Ag/Pt) bimetallic nanocomposites by producing plasma between a silver and a
platinum electrode inside a mixture of solution containing sodium dodecylsulfonate
(SDS) and sodium chloride (NaCl) using a unipolar pulse power supply in 2012
[19]. Synthesis of WO3, Ag and Au nanoparticles by generating plasma between a
metal electrode (tungsten or silver or gold) and a copper plate was investigated by
Hattori et al. in 2013 [20]. Lee et al., in 2014, synthesised tin (Sn) and tin oxide
(SnO2) nanoparticles by the reduction of tin chloride dehydrate (SnCl2. 2H2O) [21].
Fabrication of manganese (Mn) oxide/activated carbon composites was investi-
gated by Lee et al. in 2015 [22]. They used a mixture of manganese chloride
tetrahydrate (MnCl2.4H2O) and activated carbon powder as the solution. The for-
mer and latter act as the precursor for manganese oxide and carbonaceous material
respectively. Synthesis of bimetallic Nickel (Ni)/Copper (Cu) nanoparticles by
generating plasma inside a mixture of nickel nitrate hexahydrate (Ni(NO3)2.6H2O)
and copper nitrate tetrahydrate (Cu(NO3)2.4H2O) solution was reported by Sun
et al. in 2016 [23]. To enhance catalytic activity towards oxygen reduction reaction
(ORR), Panomsuwan et al. reported the synthesis of metal-free composite of
nitrogen-doped carbon nanoparticles (NCNP)/carbon nanofiber (CNF) using solu-
tion plasma in 2016 [24]. The composites were obtained by generating plasma
inside a mixture of CNF and 2 – cyanopyridine (C6H4N2), where the latter act as the
source of nitrogen. Fabrication of bead-chain-like nanostructures of ZnO from the
oriented attachment of spherical Zn/ZnO nanoparticles by generating DC plasma
between two Zinc electrodes inside deionised water was reported by Ziashahabi
et al. in 2017 [25]. Fabrication of nitrogen-doped activated carbon-supported iron
oxide (Fe2O3) nanocomposites for supercapacitor applications was investigated by
Lee et al. in 2018 [26]. They first prepared the nitrogen-doped carbon (NC) by
Liquid Phase Plasma (LPP) inside a solution containing ammonium chloride
(NH4Cl) and activated carbon (AC) powder, where the former act as the precursor
for nitrogen. After that, the resultant particles were mixed in iron chloride (FeCl2)
and Cetyltrimethyl ammonium bromide (CTAB) solution. The LPP reaction then
gives the iron oxide/NC composites (IONCC). The specific capacitance and cyclic
stability of NC and IONCC were found superior to the bare AC. Synthesis of Cu –

Ni/CuO – NiO (CNO) nanocomposites by generating a plasma between a copper
and nickel electrodes inside water using a bipolar pulse high voltage power supply
was reported by Yang et al. in 2020 [27]. They found superior catalytic activity of
CNO towards methanol electrocatalytic oxidation in alkaline media than the other
transition metal or metal oxide based catalyst. Boruah et al. in 2021, reported a
novel single-step synthesis method of Au/CuO micro/nanocomposites by generat-
ing plasma between two copper electrodes inside a solution of HAuCl4 [28]. The
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copper electrodes acted as the source of CuO particles and the HAuCl4 acted as the
precursor of Au nanoparticles.

Moreover, researchers have also focused on the fabrication of nanomaterials
having various defect states to enhance the catalytic activity of the materials during
the last few years. Panomsuwan et al., in 2015, reported the synthesis of defect-
induced black titanium oxide (H-TiO2-x) nanoparticles by generating plasma
between two titanium electrodes inside water [29]. They observed a higher
photocatalytic performance of H-TiO2-x (90%) than the commercial TiO2 particles
(18%) for the degradation of Methylene blue (MB) dye under visible light irradia-
tion. Moreover, about 51% of MB molecules adsorbed on the surface of H-TiO2-x

under dark, whereas for commercial TiO2, the adsorption was about only 9%. The
same group in 2018 fabricated defect–induced heterophase anatase/brookite TiO2-x

nanocrystals by generating plasma inside a solution containing commercially avail-
able TiO2 powder [30]. Active radicals present in the plasma interact with the TiO2

particles to form defective sites. A higher gaseous photocatalytic activity towards
acetaldehyde degradation to CO2 of the plasma-treated particles (TiO2-x) (91.1%)
than the untreated commercial TiO2 particles (51%) was observed. Boruah et al. in
2020 synthesised narrow bandgap tungsten oxide (WO3-x) nanoparticles by gener-
ating plasma inside deionised water [31]. The reason behind the formation of
narrow bandgap nanoparticles was investigated to be the presence of higher amount
of oxygen vacancies. They observed higher photocatalytic performance of WO3-x

nanoparticles (77%) than the commercial nano WO3 (62%) and bulk WO3 (50%)
particles under a solar simulator.

2. Experimental details and methodology

2.1 Experimental designs

The design of experimental setups mainly depends on two electrode configura-
tions: pin-to-pin and pin-to-plane. In the first one, two pointed electrodes are
placed vertically towards each other and in the second one, a pointed electrode is
positioned vertically to a planar (plate) electrode. The advantage of pin-to-pin and
pin-to-plane electrode configuration is to attain maximum electric field at a desired
electrode gap. Various types of voltage waveforms such as DC, pulsed DC, AC, RF
(radio-frequency) and microwave are used to generate plasma. Figure 2 (a) and (b)
shows the generation of plasma using the pin-to-plane and pin-to-pin electrode
configurations respectively, in our laboratory. For pin-to-plane, it is observed that

Figure 2.
Generation of plasma using (a) pin-to-plane and (b) pin-to-pin electrode configurations.
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the plasma channel diverse from the pin electrode towards the plane electrode and
for pin-to-pin, the plasma expands at the central region from the tip of the two
electrodes. Hattori et al. employed a pin-to-plane electrode configuration to gener-
ate a plasma between a metallic electrode and a copper plate using radio-frequency
plasma [20]. Whereas Lange et al. reported the use of pin-to-pin electrode configu-
ration to generate a plasma between two vertically pointed graphite electrodes using
a DC power supply [8].

Many different types of experimental setups have been designed so far for the
fabrication of nanomaterials in various liquids. Ishigami et al. designed the experi-
mental setup for the continuous production and transportation of carbon nanotubes
[5]. They dipped a graphite anode and a short copper or graphite cathode having
pin-to-pin electrode geometry into a vessel containing liquid nitrogen. After the
generation of plasma, carbon nanotubes were formed due to the erosion of the
anode material. They made funnel-shaped bottom of the vessel and sealed it with a
valve to operate continuously. The valve opens periodically to transfer the
nanotubes from the vessel. In a pin-to-pin or pin-to-plane electrode configuration,
erosion of anode is much higher than the cathode erosion [32]. Hence, the resultant
nanomaterial is made of anode material.

2.2 Mechanism of plasma generation

Usually, a pulsed high voltage power supply with a voltage rise time shorter than
the Maxwellian relaxation time of the liquid is required to generate plasma inside a
liquid [33]. When a high voltage is applied between the two electrodes inside a
liquid, it induces a current and redistribution of the electric field. Subsequently,
Joules heating at the tip of the electrodes takes place, which initiates the bubble
formation due to the evaporation of the liquid. Eq. (1) provides an expression for
the theoretical maximum of the electric field in pin-to-plane electrode
configuration [34]:

Em ¼
2V i

Rln 2D=Rð Þ
(1)

Where, V i, R and D represent the applied voltage, the radius of curvature of the
pin electrode tip and the distance between the two electrodes respectively. There-
fore, to attain the maximum electric field (Em) at a constant voltage, both the radius
of curvature of the pin electrode tip and the distance between the two electrodes
should be as minimum as possible. When the applied voltage is increased to a
specific value, the high electric field initiates the discharge inside the bubbles.
When the bubbles are bridged together, a continuous plasma channel is formed
between the two electrodes. The formation of plasma or the conductive channel
depends on the Joules heating. When it is larger than a threshold value, instability
occurs, which stimulates the immediate evaporation of the liquid followed by ther-
mal breakdown. Hence, plasma is generated between the two electrodes. However,
when Joules heating is smaller than the threshold value, only electrolysis takes
place. The mechanism of plasma discharge inside liquid also depends on its polarity.
As water is a polar medium, it can conduct current and the plasma discharge occurs
using the mechanism as explained above. However, for a non-polar medium, the
discharge mechanism is slightly different. As non-polar medium cannot conduct
electricity hence, bubble formation does not take place. Therefore, plasma genera-
tion can only be possible when the electric field between the two electrodes is high
enough to trigger the dielectric breakdown of the medium. The dielectric break-
down can be defined as the sharp reduction in the electric resistance of a medium,
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when the electric field is higher than the dielectric constant of the medium. Li et al.
compared the mechanism of plasma discharge in polar (tap water) and non-polar
(benzene) solution [35]. The dielectric constant of benzene is �106 V/m. They
observed the discharge inside benzene after applying the voltage between the two
electrodes (electrode gap 0.5 mm) reached 1.5 kV. However, for tap water, the
plasma discharge channel was observed by applying less than 1 kV.

2.3 Plasma diagnostics and influence of reactive species on material fabrication

As the plasma inside the liquid is confined to a tiny region, spectroscopic diag-
nostics is mainly employed to determine the plasma parameters such as plasma
density and temperature. Optical emission spectroscopy (OES) helps to identify the
presence of various reactive species in the plasma zone. The emission spectrum
obtained from the plasma zone is the superposition of the continuous spectra of
electron radiation and band or line spectra of various molecules, atoms and radicals.
Stark broadening of spectral lines and line intensity ratios are employed to deter-
mine the plasma density and temperatures respectively [36]. The temperature of
the plasma zone is very crucial to fabricate various nanoparticles from the electrode
materials. When two or more spectral lines of the same element (atom or ion) are
present in the emission spectrum, then the electron/excitation temperature of the
plasma from the line intensity ratio can be expressed as [37].

Te ¼
E2 � E1

k ln
I1A2g2λ1
I2A1g1λ2

� � (2)

Where, subscripts 1 and 2 denote two different spectral lines of the same ele-
ment. I, E, A, λ, g, and k are the relative intensity, the energy of upper level,
transition probability, the wavelength of the emission line, statistical weight and
Boltzmann constant respectively. When the temperature exceeds the boiling point
of the electrode material, there is a high probability of the vaporisation of the
electrode material to form the nanoparticles. Dunleavy et al. observed the presence
of two well-defined regions of plasma [38]. A central core having high tempera-
ture� (16000� 3500) K with high electron density Ne � 5� 1017 cm�3. The region
is at local thermodynamic equilibrium (LTE). As for LTE, the minimum electron
density is 2 � 1017 cm�3. The other is the low density (Ne � 1015 cm�3) peripheral
region, which is much cooler having temperature � 3500 K. In a unique work of
deposition of anti-corrosion layer using plasma electrolytic carbonitriding on pure
aluminium, the electron density and temperature were calculated to be
6 � 1015 cm�3 and 4000 K respectively [39].

The generation of various reactive species such as hydrogen (H*), oxygen (O*),
hydroxyl (OH*) and superoxide (O ∗�

2 ) radicals in the plasma region can be
explained using the following reactions [2]:

H2Oþ e� ! 2H ∗ þ O ∗ þ e� (3)

H2Oþ e� ! H ∗ þ OH ∗ þ e� (4)

O ∗ þO ∗ ! O2 (5)

H ∗ þO2 ! HO ∗

2 $ O ∗�
2 þHþ (6)

During the formation of metal nanoparticles from the electrolytic solution, the
expression for the reduction of metal ions (Mn+) dissolved in the solution by ener-
getic electrons in the plasma zone is as follows:
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Mnþ þ ne� ¼ M (7)

The mechanism of the formation of Au nanoparticles using the gold precursor
solution (HAuCl4) can be understood by considering the Eqs. (8)-(12) reported by
Ashkarran et al. [40] and Bratescu et al. [41]. Here 0 < j < 4 and the replacement of
Cl� by OH� depends on the pH of the solution.

HAuCl4 ! Hþ þ AuCl�4 (8)

AuCl�4 þ 3e� ! Au0 þ 4Cl� (9)

AuCl�4 þ jOH� $ AuCl�4�j OHð Þ�j þ jCl� (10)

AuCl�4 þ 3H ∗ ! Au0 þ 4Cl� þ 3Hþ (11)

Au OHð Þ�4 þ 3H ∗ ! Au0 þ OH� þ 3H2O (12)

Klapkiv et al. reported a simulation study on the synthesis of Al2O3 by
considering the plasma channel into three zones [42]. In the central zone of the
plasma channel, the temperature ranges from 7000 to 10000 K and the density of
electrons in the order of 1022 cm�3. Here, the evaporated anodic materials (made of
aluminium, Al) are partially ionised and all the other species are in a monoatomic
state. In this zone, Al reacts with singlet oxygen to form AlO, Al2O, and AlO2 as
given by the following reactions:

AlþO $ AlO (13)

2Alþ O $ Al2O (14)

Alþ 2O $ AlO2 (15)

In the next zone, the temperature is about 5400 K and the reactive molecular
species can exist. The following reactions are possible in this zone:

Alþ OH $ AlOþ 1=2H2 (16)

2Alþ OH $ Al2Oþ 1=2H2 (17)

The temperature of the third zone is around 2327 K and the formation of Al2O3 is
possible using the following equations:

2Alþ 3O $ Al2O3 (18)

2AlOþ O $ Al2O3 (19)

Al2Oþ 2O $ Al2O3 (20)

2Alþ 3OH $ Al2O3 þ 3=2H2 (21)

After this region, the temperature of the liquid medium falls to around 300 K
(room temperature of the liquid). During this drastic temperature change, the
polymorphic transition in the oxide phases is possible.

Optical Emission Spectroscopy also provides the emission spectra of electrode
materials; therefore, one can get an idea about the formation of nanoparticles from
the electrode material before going through the other material characterisation
techniques. To detect the plasma species, Lu et al. used OES, where they observed
the emission of Cu atoms along with the other plasma species such as OH, Hα, Hβ, O
and Na [43]. From the emission of Cu atoms, they suggested that at first, copper foil
anode is oxidised to form Cu2+, which then move towards the cathode due to the
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external electric field inside the plasma region. During their movement, they react
with high-energy electrons and H atoms to form Cu atoms. As copper atoms are
highly reactive in water, they are easily oxidised to form CuO nanoparticles. How-
ever, Saito et al. reported the synthesis of CuO nanoflower by considering a slightly
different mechanism [44]. Firstly, copper hydroxide [Cu(OH)2] is formed at the
surface of the copper electrode. The temperature of the electrolyte covering the
electrode goes beyond 260°, which is sufficient to melt the surface of the electrode.
Secondly, Cu(OH)2 interacts with plasma-generated OH� to form tetrahydrox-
ocuprate(II) anions [Cu(OH)4]

2�. Lastly, as the temperature drops, precipitation of
CuO (s) occurs by releasing H2O and OH�. Preferential growth of crystal plane
along with a specific direction forms spindle structures.

3. Synthesis of nanomaterials by controlling process parameter

It is well known that nanoparticles have widespread applications in various field
such as solar cells, photo-thermal cancer treatment, controlled drug delivery, catal-
ysis etc., because of its tunable optical, electrical and catalytic properties which
strictly depends on its structure and morphology of the particle. Therefore, nowa-
days, researchers have devoted substantial effort to have proper control on the
shape and size of nanoparticles by simply controlling the fundamental physical and
chemical parameters. One of the main advantages of In-Liquid Plasma method for
nanofabrication is that it provides flexibility in controlling both the physical
(plasma) as well as the chemical (solution) parameters. However, in the chemical-
based synthesis, only solution parameters and in the gas phase plasma synthesis of
nanomaterial, only plasma parameters can be controlled. Process parameters have a
very significant role in the morphology and composition of nanomaterials.

3.1 Variation of physical parameters

In the plasma – liquid interface, due to the interaction of energetic electrons with
the liquid medium, various reactive species are formed, which play a significant role
as the reducing agent in nanomaterial synthesis. Interestingly, these plasma-
generated reducing agents are directly related to the discharge voltage and current
applied to generate plasma. Therefore, the proper understanding of the role of
discharge voltage and current on nanomaterial synthesis is very essential. Saito et al.
investigated the size of Au nanoparticles by varying the discharge voltage [18]. For
the applied voltage of 1600 and 3200 V, after 1 min of plasma discharge, dendrite
shape nanoparticles of size �150 nm and after 5 min of discharge �50 nm
nanoparticles were observed. After 20 mins of discharge, for 1600 V applied volt-
age, a slight change of the size of the nanoparticles was observed. However, for
3200 V applied voltage, the particle size decreased significantly with some aniso-
tropic shapes such as triangular, pentagonal and hexagonal. After 45 mins of dis-
charge, the size of the nanoparticles reduced up to 20 nm. During the experiment,
they also observed that the pH of the solution (HAuCl4) decreased with the increase
of discharge time. The change in pH explains the formation small nanoparticles. At
low pH, gold nanoparticles dissolve and the reduction rate of gold ion decreases,
which leads to a reduction in nanoparticle size and formation of exotic or aniso-
tropic shapes. Ashkarran et al. reported the effect of discharge current on the size of
Zirconium oxide (ZrO2) nanoparticles [16]. For 10 A and 20 A arc current, the
average size (diameter) of the spherical particles were 21 nm and 42 nm respec-
tively, i.e. size of the particles increased with the increase in discharge current. As
the smaller particles have a larger specific surface area, therefore, they observed
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higher photocatalytic activity of the nanoparticles synthesised at lower discharge
current. However, Ziashahabi et al. reported contradictory results, where they
observed a decrease in the size of the Zn/ZnO nanocomposites with the increase of
discharge current [25]. By maintaining the discharge current at 20, 50, 100 and 150
A, the diameter of the particles was 60, 40, 35 and 26 nm respectively. They also
observed that the shape of the nanoparticles changed from spherical to bead-like at
higher discharge current. For 50, 100 and 150 A discharge current, the length of
bead-like aggregates was 114, 117 and 120 nm respectively. Therefore, with the
increase in discharge current, the size of nanoparticles decreased in diameter and
increased in length. Jin et al. observed the effect of discharge voltage on the shape
and size of Ag nanoparticles [45]. To investigate the phenomenon, they fixed the
other physical and chemical parameters such as pulse frequency, pulse width,
discharge duration, electrode gap and solution concentration at 20 kHz, 2 μs, 600 s,
1 mm and 0.5 mM respectively. When the discharge voltage was in the range of
800–900 V, the particles formed were mostly aggregated and had some dendritic
structures. Further increase in discharge voltage to 1000 V, only dendritic structure
was observed. This change in morphology of the Ag nanoparticles at higher voltage
has been explained by considering the orbit – limiting charging model [46]. The
model relates the particle charge with the surface potential as:

Q ¼ CΦs (22)

Where, Q , C and Φs represents the charge, capacitance of the particle in plasma
and the surface potential of the particle respectively. As the quantity of electrons is
directly proportional to the particle charge. Therefore, when the discharge voltage
increases, the generation of energetic electrons also increases, generating more
charged particles. A considerable number of electrons surrounds the surface of
these charged particles. Hence, further reduction of the Ag ion will take place quite
quickly on the already nucleated negatively charged particle, which helps in
forming a dendrite structure. They also investigated the effect of nanoparticle
morphology by controlling the discharge duration. They also studied the impact on
the morphology of the nanoparticles by varying the discharge duration and keeping
the applied voltage at 1000 V. At 120 s of discharge duration, nearly spherical Ag
nanoparticles of size 12.7 � 4.4 nm in diameter were observed. When the duration
was increased to 500 s, aggregated nanoparticles of a dendritic shape having branch
of size 61.8 � 21.8 nm was observed. However, further increase in discharge dura-
tion to 600 s showed an abrupt increase in the size of the dendritic structure to
153.8 � 54.6 nm. Moreover, during the experiment, they observed the rise of
solution temperature from 333 to 368 K. From this observation of temperature rise,
they explained the change of morphology of the nanoparticles by considering the
Brownian motion of the particles. The below equation is used to explain the rela-
tionship between the temperature and the Brownian motion of the nanoparticles:

D ¼ kT=6πηr (23)

Where, D, k, T, η and r represents the diffusion constant of particle, Boltzmann
constant, temperature, viscosity and radius of particle respectively. Since, along
with the discharge duration, the temperature of the solution increased. Therefore,
the average kinetic energy of the nanoparticles also increases, which helps in
aggregating the particles, due to continuous encounters with each other.

Sun et al. observed the variation on Ni – Cu bimetallic nanoparticle size and
shape as well as the percentage of metal components with the plasma discharge
duration [23]. With the increase of discharge duration, the size of the nanoparticles
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was observed to increase. At the initial stage of discharge, spherical bimetallic
nanoparticles and after longer plasma treatment time flower-shaped nanoparticles
were observed. Moreover, they observed higher copper content in the bimetallic
particles. The atomic composition of the resulting bimetallic nanoparticles was 60%
Cu, 30% Ni and 10% Oxygen. The observation can be explained by considering the
standard potentials of copper and nickel, as shown by the following equations.

Cu2þ aqð Þ þ 2e� ! Cu sð ÞE0 ¼ þ0:34V (24)

Ni2þ aqð Þ þ 2e� ! Ni sð ÞE0 ¼ �0:25V (25)

Since, copper has a higher standard potential i.e. lower ionisation tendency than
nickel. Hence, copper ions are reduced faster than nickels to have more copper
content in the resulting bimetallic nanoparticles. Kang et al. investigated a different
phenomenon, where they observed the size and crystallinity of carbon nanospheres
by varying the pulse frequency of a bipolar pulse power supply [47]. The voltage,
pulse width and electrode gap were controlled at 1.3 kV, 2 μs and 1 mm respectively.
Benzene was used as the precursor for carbon nanospheres. By adjusting the pulse
frequency from 25 to 65 kHz, the average diameter of the carbon nanospheres was
observed to be 20 to 100 nm. Moreover, during the discharge, another interesting
phenomenon was observed. When the pulse frequency was adjusted from 25 to
50 kHz, amorphous carbon spheres were synthesised. On the other hand, at 65 kHz,
synthesised carbon nanospheres composed continuous short-range graphite with
turbostratic structure.

3.2 Variation of chemical parameters

The chemical parameters such as concentration of the solution, pH and use of
surfactant plays a significant role in the morphological and chemical compositions
of the nanomaterials. In a recent work on the synthesis of Au/CuO micro/
nanocomposites, we have reported the shape transformation of CuO particles by
simply varying the concentration of the gold precursor (HAuCl4) solution [28]. In
the experiment, simultaneously, both the electrode (Cu) and the liquid solution act
as the source of materials for the formation of Au/CuO micro/nanocomposites. At
low concentration (0.1 mM HAuCl4) of the solution, the shape of CuO was found to
be spindle. When the concentration was increased to 0.5 mM, along with the
spindle shape, several rod-like structures of CuO were also observed. However, at
higher concentration (1 mM), the spindle shape of CuO completely transformed to
sheet – like structure. The shape transformation of CuO is believed to be due to the
presence of a large number of foreign metal (Au3+) and halide (Cl�) ions at a higher
concentration of gold precursor solution. The pH of the gold solution could also be
responsible for the shape transformation process. Moreover, with the increase of
solution concentration from 0.1 to 1 mM, the size of the Au nanoparticles was found
to increase from 7.73 � 0.11 to 37.50 � 1.50 nm. A different work reported by Saito
et al. investigated the morphology of copper/copper oxide nanoparticles synthesised
from the electrode material by varying the concentration of K2CO3 solution [44].
They observed the formation of CuO nanoflowers having sharp nanorods, where
size increased with increasing the solution concentration. The pH value of the
precursor solution also plays a pivotal role in controlling the structure of
nanomaterials. In most cases, the pH value of the initial precursor solution is
controlled by using different concentrations of NaOH solution. Bratescu et al.
investigated the variation of pH on the size of the Au nanoparticles [41]. They used
HAuCl4.3H2O as the gold precursor. To adjust the pH of the solution, different
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amount of NaOH was used. At pH 3, 6 and 12 the average size of the Au
nanoparticles was measured to be 10, 4 and 2 nm respectively. They explained the
size variation of Au nanoparticles with pH by considering the standard redox
potential of Eqs. (11) and (12), which occur at pH 3 and 12 respectively. The

standard redox potential of the reduction of AuCl�4 to Au0 at pH 3 is 0.95 eV,

whereas for Au OHð Þ�4 to Au0 at pH 12 is 0.60 eV [48]. As greater redox potential
leads to the formation of a high number of atoms, hence, at pH 3 more number of
Au atoms were formed, which aggregates and generate nanoparticles with sizes
�10 nm. At higher pH, less number of atoms were formed, which lead to the
formation of smaller Au nanoparticles.

Although most researchers do not use any stabilising agents, a few reported the
addition of surfactant to the initial solution. Surfactants mainly act as a capping
agent to control the size and shape of the nanoparticles by preventing the aggrega-
tion of particles. Kim et al. reported the use of Polyvinylpyrrolidone (PVP) as the
stabiliser to observe the size variation of Au nanoparticles at different concentra-
tions [49]. For the experiment, they dissolved 0.1 mM gold precursor HAuCl4.3H2O
in ethylene glycol. After the plasma discharge, Au nanoparticles with various shapes
such as triangular, square and nearly spherical, having sizes 20.85 � 2.78 nm in
diameter and a few nanorods with 10 nm in diameter and 40–45 nm in length, were
observed. After that, they mixed potassium chloride (KCl) to generate high plasma
density, as potassium ions have higher oxidation potential than hydrogen. For 0.05
and 0.1 M KCl, most of the nanoparticles were observed to be nearly spherical of
diameters 17.1 � 0.48 and 16.38 � 0.48 nm respectively. Therefore, the use of KCl
had a significant role in the shape of the nanoparticles. When 0.01 mM PVP was
added to a mixture of 0.05 M KCl and 0.1 mM HAuCl4.3H2O solution, the size of
the Au nanoparticles was reduced to 12.32 � 0.87 nm. Moreover, with the increase
of the concentration of PVP, the size of the Au nanoparticles decreased and they
have a high tendency to become spherical. It indicates that the use of PVP effec-
tively protects the surface of the Au nanoparticles by limiting the crystal growth
and results in spherical nanoparticles. Lee et al. reported the effect of a cationic and
anionic surfactant on the size of nickel (Ni) nanoparticles [50]. For the cationic and
anionic surfactant, Cetyltrimethyl ammonium bromide (CTAB) and Sodium
dodecyl sulfate (SDS) respectively were used. Nickel chloride hexahydrate
(NiCl2.6H2O) solution was used as the precursor for Ni nanoparticles. When SDS
was added to the solution, formation of spherical nanoparticles at all molar ratios of
SDS/NiCl2 were observed. On the other hand, when CTAB was added up to 20% of
the molar ratio of CTAB/NiCl2, smaller spherical nanoparticles than the no surfac-
tant case was observed. When the molar ratio was increased to 30% or greater, the
formation of large polygonal or whisker-shaped particles was observed. From this
experiment, it has been established that cationic surfactant play a significant role in
tuning the size and shape of the nanoparticles. Use of surfactant also influenced the
composition of transition metal nanoparticles, as they have very high probability to
form oxides in liquid environment. For the synthesis of copper (Cu) nanoparticles,
CTAB or other surfactants have to be used otherwise formation of spindle-like
Cu2O/CuO structures are frequently observed [51, 52]. Change of composition of
the nanoparticles from metal (Sn) to metal oxide (SnO2) with discharge time even
after the use of surfactant has also been reported by Lee et al. [21]. They explained
the observation by investigating the pH of the solution. With the increase in dis-
charge time for 50 mins, solution pH decreased i.e., H2O2 and HNO3 were formed in
the solution. HNO3 may react with Sn to form SnO2 nanoparticles as shown by the
equation:

Snþ 4HNO3 ! SnO2 þ 4NO2 gð Þ þ 2H2O (26)
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As HNO3 was consumed during SnO2 synthesis, the pH of the solution again
increased for the discharge duration of 50 to 60 mins.

4. Conclusion

The main concern of this chapter is to deliver a general perception on the
generation of plasma inside liquid and its importance in the field of material fabri-
cation. In-Liquid Plasma method offers single-step, rapid and large-scale synthesis
of uniform nanomaterials with different shapes, sizes and compositions. Moreover,
from the economic point of view, it is a cost-effective approach as it does not
require any gas, water cool vacuum chambers and pumping systems. Interaction of
various reactive species on the synthesis of pure metal and metal oxide
nanoparticles as well as nanocomposites has been discussed in this chapter. Mor-
phological and compositional modification of nanomaterials by controlling the
physical (e.g. applied voltage, current, pulse width and discharge duration) and
chemical (e.g. solution concentration, pH and surfactant) parameters have also
been discussed.
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