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ABSTRACT

Nowadays, conductive nanocomposites are widely utilized in many applications of electronic equipment,
telecommunications, the internet of things (IOT), and biosensors. Enhancing electrical properties, transparency,
mechanical strength, or surface adhesion in materials for printed circuits can drive advancements in related
industries. To improve the conductivity, it’s significant to pay more attention to the types of electrical resistance
(ER) in nanostructures such as tunneling resistance, contact resistance, and their mechanisms. Several review papers
examine the synthesis processes of nanowires and how their diameter affects conductivity. Others concentrate on
the mechanical properties and stability of reinforcement particles, along with efforts to synthesize rGOs and analyze
their mechanical and electrical properties. However, none of these studies specifically address how morphology and
synthesis impact conductivity in optoelectronic materials. This paper reviewed the various data obtained about the
conductivity of single and multiple silver micro-flake, nanowires, nanoparticles, and rGO systems as 2D, 1D, and 0D
nanostructures. To obtain the best conductivity by statistical methods, tried to find a mathematical relation between
ER and structural parameters. Proportions of 20 wt.% for silver Micro-flakes, 20 wt.% for silver nanowires, and
5 wt.% for silver nanoparticles, respectively, may be suitable. Further, the most efficient result was obtained at the
lowest aspect ratio for Ag-NWs. In general, it can be concluded that the higher the aspect ratio consequent the
lower the ER. Also, probably, rGO especially without metal heteroatom can be a proper substitute for Ag micro-flakes.

Keywords: Nanostructure; Nanocomposite; Conductivity; Ag; rGO; Morphology.

1. Introduction To increase the conductivity in nanocomposites,

In recent years, nanocomposites have received
much attention due to the special mechanical,
electrical, and thermal properties they can have. As
shown in Fig. 1., the number of published papers
has increased from 103 to 2,114 between 2001
and 2023, particularly since 2010. For conductive
nanocomposites, it is common to use copper (Cu),
silver (Ag), carbon nanotubes (CNT), graphene,
and reduced graphene oxide (rGO), both in the
matrix phase and in the reinforcing phase. [1-6].

it is necessary to systematically study the methods
of reducing ER. There are various theories to that
explain the conduction phenomenon. Conductivity
in electrolyte fluids occurs due to the movement of
ions [7]. Although metal matrix composites have
received much attention for application in electric
and electronic industries owing to excellent thermal
and electrical conductivities, in some applications
it’s just allowed toutilized them as reinforcement [1,
3, 8-10].
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In the solid phase, the conductivity is highly
dependent on the temperature of the substance,
the type of atoms, the electronegativity of the
atoms, their crystal structure, and the type of their
interatomic bonds [11-13]. In the case of ceramics,
crystal defects cause electrostatic instability,
and if placed in an electric field, ions can easily
pass through the mechanical energy barrier and
move, or even convert into ions by transferring
an additional electron to the covalent compound
located coordinated them and resumption electric
charge carrying electric charge transfer through
them. This phenomenon also occurs in fuel cells
and some oxygen sensors [14, 15]. Indeed, ions are
charge carriers in ceramics. However, in metals and
alloys, the situation is more complex because of the
presence of metallic bonds, with electrons acting
as the charge carriers. In the metal bond, there
are many electrons with very low affinity to the
nucleus of their atoms, which are easily transferred
when placed in an electric field. Electrons must
pass energy barriers to move freely. One of the
parameters that resist charge transfer through
electrons is grain size. Apart from pure metals, the
effect of grain size on the conductivity of alloys,
oxide ceramics such as Pyroxene, and nitride
ceramics such as Si,N, have been investigated
[13,16-18].

During the synthesis of conductive
nanocomposites, various nano/micro conductive
structures with different types and mechanisms
are used. Conversely, multiple critical issues with

these materials may cause a significant increase or
decrease in conductivity. Therefore, it is necessary to
check the impact of various combinations of these
materials on conductivity in the optimal mode to
use the least number of materials and obtain the
best conductivity [8, 19-22]. For example, when
moving from a material with a certain energy level
to another one with a different energy level, it has to
pass through an energy barrier. The phenomenon
of quantum tunneling occurs when the electron
tunnels through the potential barrier to pass from
one energy level to a lower level when these two
substances with different energy levels are at a short
distance from each other while the electron goes to
another energy level instead of crossing the energy
barrier. This amount of energy barrier is smaller
than the tunneling resistance [23].

For optoelectronicapplications and nanosensors,
it is important to select a material that can be
synthesized at the nanoscale with high purity. For
this reason, Ag is an excellent choice. The choice of
synthesis method is also significant, as it influences
the morphology, conductivity, and the costs. In
most cases, the hydrothermal synthesis method
was used to produce Ag nanowires. This method
allows for the production of metal nanowires
and even metal oxides at a low cost, providing
the desired dimensions for various applications
[21, 24-27]. Solvents in hydrothermal synthesis
are cheap and available, and the crystallinity of
the synthesis material can be easily controlled by
changing the temperature. Metal salts are usually

2500

N

o

(=)

o
1

1500 +

—

o

(=)

o
1

500 +

Number of published papers

2003 2008

2013
Year

2018 2023

Fig. 1- Frequency of published papers from 2001 to 2023 in the nanocomposite field on the Science Direct database.
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used in hydrothermal synthesis. Also, if the solvent
is polar or another non-polar agent is needed
during synthesis (such as ethylene glycol), the
supercritical water can be used along with metal
salts [28-30].

On the other hand, rGO is one of the advanced
nanomaterials with a wide range of applications
due to its exceptional electrical, mechanical,
and thermal properties. The synthesis of rGO
involves the reduction of graphene oxide (GO),
which is typically achieved through various
methods such as chemical reduction, thermal
reduction, or electrochemical reduction. One
common approach is the chemical reduction of
GO using reducing agents like hydrazine (N,H,),
and sodium borohydride (NaBH,). This process
leads to the restoration of sp2 carbon networks in
the graphene structure, resulting in the formation
of rGO with improved conductivity and reduced
oxygen-containing  functional  groups.  The
synthesis of rGO is a critical step in harnessing
the full potential of graphene-based materials for
advanced technological applications [31, 32].

In this paper, an attempt has been made to
comprehensively evaluate and compare the most
important types of widely used materials in the
future of optoelectronic and nanosensor industries,
specifically focusing on their conductivity aspect.
Furthermore, the comparison of the effect of metal
heteroatoms in the structure of 2D materials and
the effect of the aspect ratio of Ag nanowires on
conductivity, based on the latest achievements of
nanophysics has happened for the first time [33].

2. Conductivity theory

This section investigates classical, semi-classical,
and modern theories of conductivity in solid-state
materials. The classical model cannot explain
certain phenomena at the nanoscale. The influence
of temperature, crystal structure, and chemical
composition on the conductivity of materials will
explored [11, 23].

2.1. Classical semi-classical model

The classical theories of conductivity in metals,
while successful in some respects, most notably in
regard to the Wiedemann-Franz law encountered
significant difficulties. These challenges have been
almost completely removed by modern quantum
theory [33]. There is another model known as the
semi-classical Boltzmann model, which defines
conductivity as a function of charge carrier density.
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In this model, concepts such as mean free path and
relaxation time are determinants, and some of the
shortcomings of the classical model are solved
by this one [34]. In addition to the grain size, the
grain shape is also important. Generally, the more
interface between the grains and their coherence
in the crystal arrangement, the more charge shall
transfer per minute [11, 13].

The electron faces various resistances to transfer
the charge. Tunneling resistance is explained in the
quantum model of conduction [23]. The cause of
this phenomenon is the wave behavior of electrons
[23]. Electrons, as charge carriers, exhibit a dual
wave-particle behavior when faced with a potential
barrier. This is a statistical issue. That is, based on
this principle, which is derived from Schrédinger’s
equations, a number of electrons can overcome
the potential barrier if there is a small distance
(less than 3 nm) between two objects, and an
electron wave with a smaller amplitude enters the
new object. Besides the physical distance, the type
of material also influences the magnitude of the
tunneling potential barrier [23].

In conductive nanocomposites, tunneling
resistance is not the sole type of resistance
encountered. The concept of contact resistance
first appeared during the study of semiconductors.
Experience shows that access to a semiconductor
region through a metal contact usually exhibits
a higher resistance than an ideal contact. The
additional resistance that can be thought of as a
series resistance in series with an ideal contact
is called contact resistance [35]. The theoretical
solution to semiconductor problems became
possible through this mental picture. That is,
it allows one to first consider the behavior of
the device under the simple condition of ideal
contacts and later add experimental or theoretical
contact resistances that provide corrections [35].
Considering that oxidation of metal nanoparticles is
inevitable; Researchers usually prefer Ag nanowires
because even its oxide has good conductivity [8,
24]. While, for example, indium tin oxide, which
is widely utilized, is expensive and brittle [36. 37].

2.2. Quantum model

The classical theory of conduction had
shortcomings that were later solved by Sommerfeld,
Houston, and Bloch with the quantum model [38].
In the classical model, the movement of electrons
is considered almost free. Except that they are
bound to their crystal structures. Due to their
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movement being accidental and they move almost
the same amount in each direction and the reverse
of that direction; Rest time is considered half of
the collision time [11-13]. Two mechanisms that
can influence conductivity through condensation
are the bending and breathing modes. Resulting in
a discrete change in the metal-O bond angle and
a disproportionation into expanded (metal atom
sites) and contracted octahedral sites [13, 30, 33, 39].
This affects the metal-O covalence and transfers
spectral weight over large energies, as observed
experimentally. In the insulating phases, the
metal atom sites are closer to the ionic sites. In
the spin quantum number s=1 limit, the M2 sites
(secondary sites) are closer to the covalent limit,
with electrons in bonding orbitals forming s=0.
This may be approximately ten times smaller than
the large energy scales present in the system before
[11]. The case investigated in this research was
nickel oxide, but it can be generalized to almost all
metal oxides [11, 39].

Assuming the electrons move freely, the equation
of motion along the x-direction will be as follows:

m dvy /dt = - eF (1)
[ dvx = [(—eF/m) dt @)
vi==", 0=]/F,]=-Neva (3)
o= —Ne’—~ (4)

Where F is the electric force, m is the effective
mass of the electron, e is the effective charge of the
electron, J is the current density, v is the velocity,
and o is the conductivity. In this way, it is concluded
that conductivity has a direct relationship with the
number of electrons, charge square, and an inverse
relationship with the effective mass and scattering
rate of electron-phonons  [38]. During the
completion of the conduction theory, Boltzmann’s
theory was proposed, in which electrons are
considered semi-classically. It is assumed that
an electron moves with a wave vector between
scattered particles, impurities, and some other
disturbances [38].

The average distance an electron travels between
two scattered particles is the mean free path [7]. In
this model, assuming a three-dimensional system
with a spherical Fermi surface with a scanning
plane, electrons are described, in other words in
the semi-classical view, the chance of electrons
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moving in all directions is considered the same.
For pure transition metals such as copper, the
mean free path reaches hundreds of angstroms
[13. 38]. However, this model also had some
shortcomings. According to the semi-classical
theory, the conductivity should decrease with an
increase in temperature, as the temperature of the
excitation of electrons increases. This hypothesis
was supported by experimental data for 100 years,
but it is violated in some cases [11]. For metals with
low conductivity, this hypothesis predicts such a
high scattering rate that it contradicts Heisenberg’s
uncertainty principle. However, the new quantum
model justifies the low conductivity by examining
rare cases such as nickel oxide, by examining Ni-O
bond orbitals without violating the uncertainty
principle. In the new relation of equal conductivity:
6 =nq?t/m" (5)

Where n is the number of charge carriers, q is
the charge of electrons, m* is the effective mass of
the charge and 7 is the electron-phonon scattering
index. According to the principle of uncertainty,
E = h/t should be calculated. Most of the metals
melt before reaching the final scattering limit, but
some metals with low conductivity continue up to
this temperature and become insulated by the way.
The crystal structure and the degree of freedom
of bonding orbitals and stretching and bending of
Ni-O bonds are important in this context [11]. The
crystal structure can affect the value of T by creating
interstitial spaces that are capable of swelling or
breathing. In this way, with a constant density of the
scattering charge, it is increased and in this way, the
non-conductivity is justified [11, 40]. The longer
the mean free path is, for a constant energy level,
the relaxation time and electron-phonon scattering
rate will be lower, and as a result, the conductivity
will decrease.

2.3. Two-dimensional nanostructures model

In the case of two-dimensional nanostructures
such as Graphene, two conduction modes are
important. In the transversal mode where the
load passes through the thickness, the following
relationship is established:
RS = (Gb t)1 (6)

Where t represents the thickness and represents
the bulk conductivity [8, 41]. Considering that the
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conductivity of bulk graphene is not so high for
multi-layer graphene [1], according to equation
[12], due to their thickness of about 2 nm, high
conductivity is not obtained. However, in the
conduction mode, graphene has good conductivity
along the length of the graphene sheet due to its two-
dimensionality and sp®> bonds [42-44]. Chemical
vapor deposition (CVD) is the best method to
produce graphene to achieve higher conductivity.
Because in this method there are fewer defects on
each page [8, 19, 38].

Theoretically, the molecular orbitals between
graphene sheets and rGO are reckoned of - bond
type. For this reason, it is at a higher energy level,
and charge transfer is not done in one direction
and parallel or planes, as a result, the conductivity
decreases [38] for this reason, due to the van der
Waals force, which increases the conductivity
of graphene or rGO with metal atoms dope [38,
45-47]. In doping, it is crucial to ensure that the
d-spacing between layers does not increase when
incorporating more conductive metals [46]. This
works like a parallel circuit for conduction along
the graphene sheets by reducing the interlayer
resistance [38, 47].

The importance of investigating the temperature
is that in the synthesis stages of nanowires,
subsequent treatments such as annealing the
material are subjected to high temperatures.
At high temperatures, the ER of a pure metal
is approximately proportional to the absolute
temperature. Weine [11] suggested that the
conductivity is proportional to the mean square of
the range of motion of the ions. Every metal has a
certain amount of impurity, which makes the range
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of movement of ions around the interstitial atom
not reach zero even at very low temperatures so
when the temperature drops to absolute zero, the
ER does not reach zero, but tends to a constant
number [11].
R=Rt+R, (7)

Where R is the total resistance, R is the term
depending on the temperature and R, is the
term independent of the temperature. Generally,
alloying increases ER. The closer the composition
ratio and the size of the atoms are, the worse the
conductivity will be. As a result, we have to utilize
pure Ag [33,39].

3. Conductivity of rGO

2D structures such as  WSe, MoS,
Fluorographene, Graphene, and rGO are of
interest due to their special mechanical, optical,
and electrical properties. Graphene and rGO are
suitable for a wider range of applications because of
their high chemical and thermal stability in three
dimensions and the highest mechanical resistance
and excellent electrical properties [46, 48, 49].
Therefore, a temperature of approximately 600 K is
required to compromise the properties of graphene
[47]. 2D structures such as rGO and graphene
crystals can be formed during synthesis without
impurities due to van der Waals forces [46].
However, the type of synthesis is also important.
Utilizing precise methods such as CVD creates
better properties.

The m-m molecular orbitals affect the
electron transfer in the direction of 2D crystal

Low layer distance

()

Fig. 2- (a) 3D schematic of rGO with Cu heteroatom layer distance and rGO layer distance, (b) 2D schematic of rGO crystal
structure. The use of metal heteroatoms may hinder conductivity by enhancing layer distance.
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accumulation. The result of Geim’s research shows
that a conductor with a distance between two
crystals exhibits a homographic relationship [46].
As shown in Fig.2., the use of metal heteroatoms
may hinder conductivity more than it enhances it,
primarily due to the formation of bonding orbitals.
It is essential to note that the size of the heteroatom
is also crucial as it impacts the distance between
the crystals. There are several ways to synthesize
rGO. Such as CVD and other methods such as
vacuum, evaporation and freezing the results of the
conductivity test show that V> E> F have stronger
accumulation structures in the order [31].

Epitaxial growth of 2D crystals such as rGO
is theoretically possible. The temperature during
the graphene reduction stage is essential for
conductivity, thermodynamically, each reaction
occurs within a specific temperature range along
the reaction pathway. At a critical temperature,
the reducing agent attacks a chemical bond. As
per the experimental data reported by Guex et
al [31], the critical temperature was 80°C [31].
The conductivity graph, based on treatment
time, indicates a gradual decrease in the rate
of conductivity increase from one time to the
next. This phenomenon occurs because, at this
temperature, the attack of the reducing agent on
C-O is completed, and the attack on C=0O begins
[8]. The results indicate that increasing the amount
of NaBH, during the treatment enhances the
conductivity of rGO. As expected, temperature
enhances the activity necessary for conduction.
Roughness is also crucial; high roughness in the
composite may lead to a short circuit [50]. The
highest reported conductivity of rGO was 110 S/cm
[32], while the sample doped with copper recorded
24.85 S/cm [2, 31]. However, the use of KMnO, in
graphene synthesis via the Hummer method has
been reported to result in reduced conductivity
[51].

Because copper has a high boiling point, it is
proper for high-temperature synthesis like the
microwave synthesis that was done by Zeng et
al. [52]. Furthermore, copper oxides like CuO
and Cu,0 are also conductive, though their
conductivity is lower than that of copper. They
are only proper for applications like biosensors.
Different concentrations of copper and various
annealing temperatures were evaluated by Iskandar
et al. [2], and the reduction of rGO was also done
with hydrazine. Basically, among the compounds
in graphene oxide, epoxy and hydroxyl groups
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are well regenerated and are mostly attacked by
hydrazine [45, 52, 53].

There are some well-known methods for the
synthesis of graphene and reduced graphene
oxide (rGO) which vary in physical properties.
Hydrothermal is one of the most popular methods
because of cheap instruments. Nevertheless, the
best results for achieving the highest possible
conductivity are obtained by producing graphene
via CVD and using hydrazine as a reducing agent
[31, 32].

The CuSO, powder was added to NaOH to
obtain the deposition of Cu (OH),. The product
was then washed with deionized water and then
with ethanol, then dried. Subsequently, it was dried
in the oven at 60°C for 12 h [51]. Afterward, it
was placed at a temperature of 700°C for 3 hours,
leading to the production of CuO black powder
[51]. Copper oxide produced in rGO synthesis
was added to different amounts for each sample
[2]. In a research study [2], copper atoms were
utilized to dope reduced graphene oxide (rGO).
The raw material, CuSO, powder was added to
diluted water and NaOH until the deposit of Cu
(OH), was formed. Subsequently, the product was
washed three times with deionized water, followed
by 70 wt.% ethanol, and then dried. In this process,
copper hydroxide should be placed in a furnace at
700°C for 3 h to produce CuO black powder [2,54].

In contrast, graphene produced by the Hummer
method is typically subjected to lower temperatures
and shorter heating times [51, 55]. In some cases,
reduced graphene oxides doped with copper
and copper oxide were annealed or placed in an
ultrasonic bath for a while. The highest conductivity
limit of 24.85 S/cm is associated with the sample
annealed at 300°C for 45 minutes [56, 54].

4. Silver nanostructure

One of the factors that can affect the conductivity
of nanocomposites is the structure and dimensions
of Ag nanostructures. Table 1 reports previous
research data about the diameter of nanowires
and corresponding ER [8, 19- 21, 24, 25]. For
example, according to what Cheng et al. report,
the diameter was approximately 54.5 nm while the
corresponding ER was equal to 18x [20].

Additionally, Table 2 reports previous research data
about the length of nanowires and their corresponding
ER [8, 19-21, 24, 25]. For example, according to the
report by Liu et al. [21], the length was approximately
60 nm while correspond ER was equal to 2x10*Q).
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Table 1- Effect of the diameter of Ag nanowires on ER

Diameter (nm) ER (1 x 107%Q) Reference
54.5 18 [20]
60 2 [21]
60 10 (19]
80 5.7 [24]
200 233 [25]
2314 2 (8]

Table 2- Effect of length of Ag nanowires on ER

Length (nm) ER (1 x107*Q) Reference
308 18 [20]
1500 10 [21]
10510 2 [19]
14000 5.7 [24]
32700 2 [25]

Table 3- Effect of the aspect ratio of Ag nanowires on ER

Aspect ratio ER (1 x 107*) Reference
5.66 18 [20]
25 10 [21]
141.31 2 [19]
175 2 [24]
175 5.7 [25]
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Furthermore, Table 3 reports the nanowire
aspect ratio in previous efforts [19-21, 24, 25]. As
Ji et al. report the average length and diameter
of nanowires were 37 um and 231 nm [25]. Also,
Bellew et al. report the length of the nanowire is 1.5
um and the diameter is 60 nm [25]. He et al. reports
when the diameter of the Ag nanowires reaches 200 nm,
the resistance will reach R = 2.23x103Q/m [8].

By utilizing the data presented in Table 1, Table
2, and Table 3 and plotting the data in the form of
scatter plots for each parameter, the graphs in Fig.
3 were generated. Subsequently, curve fitting was
done for each graph.

Of course, these experiments were performed
in different conditions with different treatments
and dispersity of nanomaterials, and these factors
can cause some errors in the data and conclusions.
Based on the comparison made between different
dimensions, it can be said that the et al. data
about the relationship between the diameter of
Ag nanowires and conductivity have a high yield
contrary to what Huetang et al. [58] showed. No
special result can be seen from the trend line of their
chart. However, the length of nanowires and aspect
ratio have an inverse exponential relationship with
ER. Exactly the opposite of the relationship in
the macroscopic dimensions, which has a direct
relationship with the resistance during the length,

and the resistance from the equation [58], R=F1/A is
obtained. On a large scale, the cross-sectional area
has a direct relationship with the conductivity. In
bulk materials, as the length increases, the distance
that charge carriers must travel, along with the
number of defects and tunneling resistance they
pass, also increases. Consequently, the conductivity
decreases. However, in nanocomposites, due to the
special processes, there are fewer structural defects
and nanoscale resistance as contact or tunneling
resistance. As a result, the conductivity will not
decrease in length as much as in bulk materials
[51].

Secondly, because the Ag nanowires are located
in a polymer matrix and are not a continuous
material if the length is too short, a collision between
the nanowires will not occur, and the electron to
transfer from one nanowire to another nanowire
must overcome the resistance of the polymer matrix
and the interface resistance overcome according to
some efforts [8, 19-21, 24, 25]. If the length of the
nanowires is short sufficient connection does not
occur. Instead of moving along the desired axis,
the load will move in the transverse direction.
According to Fig. 4., if we consider each nanowire
as a resistor, state (a) will occur when there is a
longitudinal connection of nanowires, and state (b)
will occur when there is no connection.
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Fig. 3- Relationship between (a) resistance and aspect ratio, (b) resistance and length, and (c) resistance and diameter
of Ag nanowires.
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Fig. 4- Schematic of electrical circuits equivalent to situations (a) for continuous reinforcement and
(b) for non-continuous.
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The dimensions of nanowires are not the only
structural factor affecting conductivity. When the
scale of nanowires, nanospheres, or micro-flakes
becomes smaller the surface energy increases.
Therefore, for two samples with the same weight and
composed of the same nanostructure the sample
containing smaller particles will have a higher
surface energy. This can greatly reduce the mono-
dispersity and consequently, the conductivity will
be greatly reduced [1, 20, 24].

According to the data extracted from the graph
and using the curve fitting technique it seems that
the relationship between the length of nanowires
and ER is an exponential relationship such as
below:

R = a+ be("/o (8)

Where R is the ER of the order of , | is the
length of the nanowire and a, b, c are experimental
constants. Also, the relationship between the aspect
ratio and resistance follows the relation 9:
R=a—DblIn(x+c) )

Where R is the ER of the order of, x is the aspect
ratio of the nanowire, and a, b, ¢ are experimental
constants.

As seen in Fig. 5., Ag content does not exhibit
a linear relationship with conductivity. Contrary
to initial expectations, a higher number of
conductive nanomaterials in the composite does
not necessarily result in higher conductivity. It is
almost possible to determine the range of 30 to 50%
as the optimal amount of Ag content, although this
may vary depending on the type of n-dimensional
nanomaterial used and their dimensional ratio [1,
20, 22, 24, 59].

According to the data extracted from the
mentioned papers and in the scattered form, the

60 60

conductivity, expressed as weight percentage, the
mass fraction of each nano/microstructure and the
total Ag content, were plotted. Curve fitting was
done for each of these variables and the Ag content
diagram. Utilized a confidence band of 90%, the
figure that is the behavior of the ER function in
relation to Ag content was displayed (Figs. 5 and 6)
[1, 20, 22,24 59].

The minor ER point was masked because the
great conductivity in each graph relies on the
existence of other conductive nanostructures.
When considering the weight fraction of nanowires
in relation to the total Ag content, an intriguing
observation is that varying conductivity values
are observed up to approximately 70 wt.% [22].
Beyond this threshold, there is a significant
increase in resistance. This phenomenon is likely
attributed to interactions between the nanowires
and other conductive materials. Furthermore, for
nanoparticles, the optimal range of volume fraction
in relation to the total Ag content is between 5 and
20 wt.% [20, 24, 46]. As shown in Fig. 6., the content
of Ag nanomaterials and micro-materials has
an optimal amount [1, 20, 22, 24, 59]. When the
content of nanospheres exceeds 5 wt.%, resistance
starts to increase due to the particles initiating the
aggregation [24, 60]. Similarly, for nanowires, when
the weight percentage surpasses about 20 wt.%,
resistance increases once more.

However, the weight percentage of micro-flake
remains relatively constant within the broad range
of 20 to 45 wt.% and then rises after the ER. A
certain percentage of each nanomaterial was used
with different combinations of other conductive
materials. So, it can be seen that for a constant
number in the x-axis of each diagram, several
different resistances are sometimes seen. To solve
this issue, the data points that were far from the
cluster were masked during interpolation (Indicated
by red dots). According to other research [2, 20, 24,
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25], the cumulative effect of nanoparticles is such
that if their weight percentage exceeds the optimal
value, they agglomerate and no longer disperse
well in the matrix, and consequently the resistance
increases.

An increase in the weight percentage of
nanowires from the optimal value is probably
due to an increase in adhesion and an increase in
the junction resistance and separation from the
matrix phase. This leads to a decrease in wettability,
and consequently, an increase in the tunneling
resistance, which causes a decrease in conductivity
[61].

In general, the data used in this section were
extracted from various references. In all of these
studies, both the type of matrix material and the
nanomaterial synthesis method differed. Additives
were also incorporated in some materials; for
instance, copper nanoparticles coated with Ag
were utilized to reduce the cost [62]. These cases
cause parameters such as copper bulk resistance
effect, and tunnel resistance difference for Ag
with different polymer matrix to affect the final
results, while they cannot be separated and assess
their impacts, potentially leading to errors in data
processing and conclusions [19-21, 24, 25, 61-64].

5. Effect of synthesis method

There are various synthesis methods for
producing nanostructures. As mentioned, the
purity and morphology of the nanostructure
significantly affect its conductivity [2, 4]; therefore,
the selection of the synthesis method is important,
which will be investigated further.

Hydrothermal synthesis has weaker dimensional
control and mechanical strength compared to
methods such as the synthesis method in the form of
anodic aluminum oxide (AAO) template although
the nanowires don't need to have high strength in
the construction of conductive nanocomposites

[43]. In the hydrothermal synthesis of Ag
nanowires, the raw material is always AgNO, and
usually, ethylene glycol is used as a solvent and
polyvinylpyrrolidone is used as an adhesive [19,
21, 24]. These three factors are always constant,
although the molar mass of polyvinylpyrrolidone
used in different formulations may vary. In
some experiments, Methyl Hexahydrophthalic
Anhydride (MeHHPA) was used as a curing
agent [66], 2-ethyl 4-methylimidazole [64] and
FeCl,.6H,0 as a catalyst, y-2.3 epoxy propoxy as a
coupling agent, and for the complete reduction of
AgNO,, NaBH, was used as a significant amount
of ethylene glycol and volatile substances [21, 24].
Usually, the synthesized nanowires are washed with
ethanol and placed in an autoclave for 24 h or more
until the water and volatile substances are removed
[19, 21, 24, 64].

In certain cases, post-fabrication processes like
annealing or aging may be required to modify the
properties of the produced nanowires [65]. Bellow
et al. utilize two heat treatment methods to enhance
the properties of nanowires [66- 68]. Annealing in
an oxygen-free furnace and electrical activation
through induction current. The first sample was
annealed at 200 °C under N, for 2 h [25]. The
second sample was annealed at 180 °C for 2 h in
air. As a result, the induced current of the ER of the
sample decreased from 507 to only 30 Q) in the best
case. The performance of annealing in the furnace
was much weaker and resulted in less resistance
reduction. The reduction ratio of samples annealed
with a furnace and annealed by induction current
is not constant and depends on the cross-section
of the nanowire. Because annealing is effective on
the junction resistance. Although there are several
other methods to reduce junction resistance, such
as epitaxial decorating SnO_on the tips of silver
nanowires, annealing is recognized as an easy and
accessible choice [69]. Overall, it can be stated
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that if the goal of annealing is to reduce ER, the
induction method is significantly more effective
than the furnace method [25, 54, 70].

As can be seen, annealing can affect the
electrical properties of nanowires. The annealing
temperature is usually around 200°C [25, 68].
Moreover, the annealing temperature is not
the only critical factor. The curing temperature
during cooking in the matrix and the temperature
of the autoclave can also be effective. In three
experiments, various synthesis temperatures were
evaluated. In one instance, only a temperature of
130 °C was examined, while in the other two cases,
the optimal temperature was found to be 160 °C
[19, 20, 24].

In certain applications, metal nanowires serve
as conductive agents in paper production. It is
important to note that after mixing the nanowires
with the matrix, the curing operation is performed.
At temperatures above 80 °C organic coatings
gradually decompose at temperatures exceeding
80 °C [19]. Therefore, it is crucial to ensure that
the organic coating is not removed by crowding
as much as possible. At a very high temperature,
even a high weight percentage of Ag, at very high
temperatures, the ER much, so it was observed that
the sample containing 66 wt. % of Ag at 160 °C
exhibited high ER, whereas a sample with 30 wt.%
Ag at a curing temperature of 60°C showed lower
ER [19, 71].

6. The challenges and open issue

Investigating the effect of temperature, time,
and frequency of ultrasonic bath vibration on
graphene conductivity, and the effect of time and
temperature on Ag nanowires and rGO under
annealing and tempering can be suitable cases for
future studies. Additionally, exploring methods to
reduce tunneling resistance in nanomaterials and
conducting a microstructural evaluation of the
interaction between nanowires and conductive
nanoparticles on their electrical properties can be
considered as other suitable cases.

7. Conclusion

In this paper, the effect of structural parameters
on the conductivity of 1D and 2D nanostructures
used in conductive nanocomposites was reviewed.
The rGO can probably be a suitable substitute for
Ag micro-flakes, particularly in applications where
there is a greater risk of oxidation. There is a novel
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method for synthesis that obtain more conductive
rGO than the Hummer method. To obtain more
conductivity, rGO should not be doped with metal
heteroatoms. Concerning Ag nanowires, it can be
stated that if their weight fraction is more than 20
wt.%, it will not positively impact conductivity. This
is due to the increase in junction resistance and
adhesion of nanowires. The use of nanoparticles
(especially nanospheres) with a weight fraction of
more than 5 wt.% also causes them to agglomerate.
This phenomenon, similar to nanowires, will
decrease conductivity. Although using micro-flake
alone is not so effective (for example, 60 wt.% Ag
content of Ag micro-flake creates a conductivity
equal to 35 wt.% of Ag with 10 wt.% nanowires),
removing it completely or using less than 15 wt.%
of it also dramatically reduces the conductivity. To
calculate the optimal amount of each conductive
nanomaterial, one must consider the polymer
or organic matrix and the interaction between
the conductive additives as important factors. To
obtain better conductivity, the value of 20 wt.% for
an Ag micro-flake, 20 wt.% for an Ag nanowire,
and 5 wt.% for an Ag nanoparticle may be suitable.
However, this optimal ratio is only calculated
for conductivity and may change if we consider
other application-related parameters such as wear
resistance. The triple combination is more suitable
and creates better conductivity with a lower weight
percentage the higher the aspect ratio, the lower the
ER. In short lengths, the likelihood of nanowires
colliding with other conductive particles decreases,
and if the diameter is increased, the probability of
agglomeration increases. The formation of clusters
reduces the continuity of the reinforcement phase,
leading to a decrease in conductivity. By relying
on this paper, researchers can gain a better vision
of synthesizing the nanomaterials required for
optoelectric, nanosensors and IOT applications
in their future work, ultimately achieving optimal
conductivity while minimizing the utilization of
consumables.
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