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Abstract: Silver nanowires with different aspect ratios were prepared by adjusting the molar content of polyvinylpyrrolidone (PVP)
through the liquid-phase reduction method. X-ray diffractometer, scanning electron microscope, UV-Vis spectrophotometer,
simultaneous thermal analyzer, and transmission electron microscope were used to characterize the phase composition,
microstructure, light absorption properties, thermal decomposition, and crystal structures of the silver nanowires, and the molecular
dynamics was used to simulate the stretching and melting processes of single-crystal silver nanowires. Result shows that the silver
nanowires are mainly composed of face-centered cubic silver. When the molar ratio of PVP to AgNO, changes from 1.5 to 7.5, the
diameter of silver nanowires firstly decreases and then increases, and the minimum diameter of nanowires is 77.7 nm when the molar
ratio is 6.0. With decreasing the diameter of silver nanowires from 106.1 nm to 77.7 nm, the melting temperature is decreased, and the
lowest melting temperature is 281.2 °C. The yield strength is gradually increased from 0.63 GPa to 0.83 GPa with increasing the
aspect ratios of silver nanowires from 6 to 72. The melting temperature of single-crystal silver nanowires is decreased from 690 K to
657 K with increasing the aspect ratio. Therefore, the molar ratio of 6.0 is the optimal condition to synthesize silver nanowires, and

the silver nanowires with a large aspect ratio have good resistance to deformation.
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Silver nanowires are one-dimensional materials with
transverse length limit of 100 nm and unlimited vertical
length™. Due to their good electrical properties, excellent
optical properties, and significant nanometer effects™, silver
nanowires are commonly used to prepare transparent
conductive electrodes instead of InSnO materials. Many
methods have been developed to prepare silver nanowires,
such as crystal seed, template, and sol-gel methods” . Liu et
al used AgCl as the crystal seeds and found that the aspect
ratio of the synthesized silver nanowires is more than 1000
when the molar ratio of AgCl to AgNO; is 1:5. Sun et al”
adopted the solvothermal method and found that the prepared
silver nanowires have good crystallinity and their aspect ratio
can reach 200 with low cost. Yuan et al™ synthesized the
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silver nanowires at low temperatures with AgNO, as the
starting agent and the dimethylformamide as solvent and
reducer. The prepared silver nanowires have good uniformity
and their length is up to 20 pm. Although the preparation and
properties of silver nanowires have been widely researched,
the formation mechanism of silver nanowires is rarely
reported.

Molecular dynamics (MD) ® is a simulation method to
study the system equilibrium thermodynamics and structural
dynamics. Recently, the deformation behavior of materials
during stretching and melting by molecular dynamics has
been widely researched. Zhang et al'” simulated the
unidirectional tensile process of Ti-Al nano-rods and found
that the simulation results are consistent with the experimental
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ones. Wang et al"'"! simulated the stretching process of silver
nanowires with different twin densities and found that the
twin boundaries can strengthen the nanowires. Zhao et al”
simulated the stretching process of silver nanowires with
diverse initial structures and found that the defects and twin
crystals can cause stress concentration.

In this research, the polyol reduction method™ ¥ was used,
polyvinylpyrrolidone (PVP) of different molar contents was
added to prepare the silver nanowires with different aspect
ratios, and the mechanism of lateral growth inhibition of silver
nanowires by PVP was investigated. The deformation
behavior of monocrystal silver nanowires during stretching
and melting was analyzed by MD method. The results
provided research basis for the investigation of failure
mechanism of flexible transparent conductive films.

1 Experiment

AgNO,, PVP, NaCl, and KBr were dissolved in ethylene
glycol to obtain Solution A, Solution B, Solution C, and
Solution D, respectively. Solution B was heated continuously
at 170 °C for 90 min and then cooled down to 160 ° C.
Solution C of 2 mL and Solution D of 1 mL were added to
Solution B and then heated for 15 min. Solution A was added
to the mixed solution at titration rate of 1 mL/min and then
heated for 60 min. The mixed solution gradually changed
from transparent yellowish liquid to white opaque, and gray
flocculent materials were produced to obtain silver products
of different structures.

Finally, an appropriate amount of anhydrous ethanol was
added to the reaction solution and centrifuged at 2000 r/min
for 5 min. The supernatant was poured off. The lower
precipitate was dispersed in anhydrous ethanol and washed by
anhydrous ethanol or deionized water for 3 or 4 times to
obtain the pure silver nanowires.

D8-ADVANCE X-ray diffractometer (XRD) was used to
analyze the phase composition. UV-5900PC UV-visible
spectrophotometer (UV-Vis) was used to analyze the light
absorption properties of the nanowires. The
microstructure and crystal structure of silver nanowires were
observed by HITACHI SU8010 cold-field scanning electron
microscope (SEM) and TecniaG2 TF30 S-Twin transmission
electron microscope (TEM). The thermal decomposition
properties of silver nanowires were analyzed by NETZCH
STA449F3 synchronous thermal analyzer.

silver

2 Results and Discussion

2.1 Effect of PVP/AgNO, on silver nanowires

2.1.1 Phase analysis

Fig.1 shows XRD patterns of the silver nanowires prepared
with different PVP/AgNO, molar ratios. According to Fig. 1,
the sharp diffraction peaks appear around 26=38°, 44°, 64°,
and 77°, which correspond to the (111), (200), (220), and
(311) crystal planes, respectively, indicating the face-centered
cubic (fcc) silver. Therefore, the silver nanowires are mainly
composed of fcc silver with good crystallinity. In addition,
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Fig.1 XRD patterns of silver nanowires with different PVP/AgNO,

molar ratios

when the molar ratio of PVP/AgNO,=1.5, the ratio of peak
intensity of (111) plane to peak intensity of (200) plane [,/
Ly, =2.5; when PVP/AgNO,=3.0, 1,,/1,, =2.9; when PVP/
AgNO,=4.5, 1,,/1,00,=3.0; when PVP/AgNO,=6.0, 1,,/1 =
3.4; when PVP/AgNO,=7.5, 1,,/1,4,=2.8. The experimental
result of 7, /1,, with PVP/AgNO;=1.5 is equal to the
theoretical value of 1,,,/1,,, with PVP/AgNO,=2.5, because
the main product is silver nanoparticles and the silver
nanowires are of low purity, which is consistent with the result
in Fig. 2. The experimental results of 1, //,, with PVP/
AgNO,=3.0, 4.5, 6.0, and 7.5 are higher than the theoretical
values due to the increased content of silver nanowires and the
selective growth of nanowires along the (111) crystal plane.
2.1.2 UV-Vis analysis

Fig. 3 shows UV-Vis spectra of silver nanowires with
different PVP/AgNO, molar ratios. It is found that the silver
nanowires with different molar ratios have different light
absorption properties. A strong absorption peak appears at 438
nm when PVP/AgNO,=1.5, which is the absorption peak
corresponding to spherical silver nanoparticles caused by the
nanoparticle dipole appearance resonance!”> . This phenome-
non indicates that the main products are silver nanoparticles
when PVP/AgNO,=1.5. A strong absorption peak at 373 nm
and a weak peak at 354 nm appear when PVP/AgNO,=3.0,
which are the typical absorption peaks of silver nanowires.
Particularly, the occurrence of the absorption peak at 354 nm
is due to the longitudinal plasmon resonance absorption of the

Fig.2 TEM morphology of silver nanowires with PVP/AgNO,

molar ratio=1.5
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Fig.3 UV-Vis spectra of silver nanowires with different PVP/
AgNO, molar ratios

silver nanowires, while the occurrence of the absorption peak
at 373 nm is due to the transverse plasmon resonance'”. When
PVP/AgNO,=4.5, the transverse surface plasmon resonance
(SPR) peak of the silver nanowires undergoes obvious redshift
to 382 nm, and the longitudinal SPR peak also suffers the
redshift to 348 nm, indicating that the synthesized silver
nanowires have high aspect ratio. When PVP/AgNO,=6.0, the
transverse SPR peak and the longitudinal SPR peak of the
silver nanowires have slight redshifts and an increase in peak
intensity, showing that the length of the silver nanowires
increases. When PVP/AgNO,=7.5, the transverse SPR peak
undergoes the redshift to 412 nm, and the longitudinal SPR
peak undergoes the redshift to 352 nm. Meanwhile, their peak
intensities decrease, and the peak widths extend, indicating
the increase in the diameter of silver nanowires.

2.1.3  Microstructure

PVP was used as surfactant during the growth of silver

nanowires, which can selectively adsorb on different
crystalline surfaces to control the aspect ratios of silver
nanowires. Fig.4 shows SEM morphologies of silver nano-
wires synthesized under different PVP/AgNO, conditions. The
diameters of ten silver nanowires were measured, and the
average diameter and variance were calculated, as shown in
Fig. 5. The inhibitory effect on the lateral growth of silver
nanowires is firstly strengthened and then weakened with
increasing the PVP content. The most obvious inhibition
effect on lateral growth occurs with PVP/AgNO,=6.0. In
conclusion, the morphology and aspect ratio of the silver
nanowires can be controlled by adjusting the molar ratio of
PVP to AgNO,.

Fig.6 shows TEM morphologies and selected area electron
diffraction (SAED) pattern of silver nanowires with PVP/
AgNO,=6.0. According to Fig.6a, the aspect ratio of the silver
nanowires with PVP/AgNO,=6.0 is about 96. As shown in
Fig.6b, PVP film is attached to the surface of silver nanowires,
leading to the smoother and more uniform nanowire surface.
In addition, the longitudinal side of the silver nanowires is
connected by five (100) crystal planes”**”, thus showing a
pentagonal cross-section. Fig. 6¢ shows the high-resolution
TEM microstructure of the silver nanowires with the Fourier
transformed lattice image. It can be seen that the spacing of
the crystal planes parallel to [ 011] plane and the connecting
twin grain boundaries is 0.2438 and 0.2000 nm, which are
consistent with the spacing of (111) and (200) crystal planes
of fcc silver, respectively. According to Fig.6d, more than two
sets of diffraction patterns can be observed, and each set of
diffraction spots can be assigned to the fcc crystal with the
[011]crystal band axis.

The surface energy can be calculated by Eq. (1)?'", as

follows:

Fig.4 SEM morphologies of silver nanowires with different PVP/AgNO, molar ratios: (a) PVP/AgNO,=1.5; (b) PVP/AgNO,=3.0; (c) PVP/

AgNO,=4.5; (d) PVP/AgNO,=6.0; (¢) PVP/AgNO,=7.5
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Fig.5 Average diameter and variance of silver nanowires with

different PVP/AgNO, molar ratios

y=AE - TAS @)
where y is the surface energy (J/m®); AE is the internal energy
of the surface (J); TAS is the surface entropy (J/mol).

According to Fig. 6d, the crystalline planes of silver
nanowires do not completely coincide with the densest (111)
plane. The internal surface energy and the orientation
difference angle can be expressed by Eq.(2)** ", as follows:

AE = (cos @ + sinf)e/2a 2)

where AE is the internal energy of the surface (J); sin 6/a is the
number of broken bonds in the vertical direction; cos 8/a is the
number of broken bonds in the horizontal direction; &/2 is the
bond energy provided by each broken bond (J).

When the system temperature is low, the surface entropy
can be ignored, and the internal energy of the surface is

d111=0.2438 nm

d200=0.2000 nm

\]{

regarded as the surface energy. When the system temperature
is high, the surface entropy is positive, i.e., y < AE. The
reaction temperature in this research is 160 °C, so the surface
entropy cannot be neglected. The relationship between the
surface energy and the orientation difference angle is shown in
Fig.7. When the Ag (111) crystal plane overlaps the densest
plane, the misorientation angle is 0° . The misorientation
angles of the densest plane with Ag (100), Ag (110), and Ag
(311) crystal planes are 54.7°, 35.3°, and 29.5°, respectively.
Therefore, the surface energies of different crystal planes are
different: y.00) > Y10y > Y11y > Yany- The Ag (111) crystal
plane has the lowest surface energy, so the crystallization
nuclei grow preferentially on the Ag (111) crystal plane to
minimize the system energy. However, this spontaneous
growth is very slow. Thus, PVP is added as a guiding agent to
promote the crystal growth. PVP has different effects on
different crystal planes. PVP has the most significant
influence on the Ag (100) crystal plane: it firstly absorbs on Ag
(100) crystal plane, passivates the crystal planes, reduces the
surface energy, hinders the deposition of Ag atoms on the
crystal planes, and inhibits the lateral growth of silver
nanowires. PVP has the weakest inhibitory effect on the Ag
(111) crystal plane: Ag atoms are deposited on the crystal
plane for continuous anisotropic growth, and the one-
dimensional silver nanowires are obtained. When PVP content
is low, the inhibition of lateral growth is weakened, and the
silver nanowires are coarsened. When PVP content is high,
some Ag (111) crystal planes are passivated, and the aspect
ratio of silver nanowires is reduced. As a result, the silver
nanowires with different aspect ratios can be prepared by

5 1/nm

Fig.6. TEM morphologies of silver nanowires with PVP/AgNO,=6.0: (a) overall nanowire, (b) nanowire end, and (c) high-resolution

microstructure of nanowire end; SAED pattern of rectangular area in Fig.6¢ (d)
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adjusting the PVP content.
2.1.4 Thermal analysis

Fig.8 shows the thermal analysis curves of silver nanowires
with different PVP/AgNO, molar ratios at 40—900 °C. The
protective gas was argon, and the heating rate was 10 °C/min.
Table 1 shows the melting temperatures of the silver
nanowires with different PVP/AgNO, molar ratios. Wen et
al® reported that the silver nanowires firstly deviate from the
equilibrium during the melting process and then the ordered
structure is destroyed. When the temperature rises to a specific
value, the nanowires break off and form nanoclusters. It can
be seen from Table 1 that the melting temperature of silver
nanowires is much lower than that of single-crystal silver.
Besides, the melting temperature has the similar variation
trend to that of the nanowire diameter: the melting
temperature is firstly decreased and then increased, and the
lowest melting temperature of nanowires is 281.2 ° C.
Therefore, with increasing the nanowire diameter, the melting
temperature is increased. The bonding energy of atoms is also
improved with increasing the diameter of silver nanowires.
Thus, the bulk melting of the nanowires occurs. Fig.8 shows
that when PVP/AgNO,=1.5 and 7.5, two heat absorption
peaks can be observed on the heat flow curves, which are
caused by the insufficient purity of the silver nanowires and
the existence of silver nanoparticles.

100.0 —— PVP/AgNOS15 0
- —— PVP/AgNO,=3.0 P
$99.5} —— PVP/AgNO,=45 o 3.0~
& —— PVP/AgNO;=6.0 %D
~ PVP/AgNO,=7 B
£99.0 : 20 ¢
2 o
= Z
%"98.5 1.0 &
R= E;
£ [}
£98.0 10.0 =
(=4

97.5 : : ' oo 10
0 200 400 600 800

Temperature/°C

Fig.8 Thermal analysis curves of silver nanowires with different
PVP/AgNO, molar ratios

Table 1 Melting temperatures of silver nanowires with different

PVP/AgNO, molar ratios
PVP/AgNO, molar ratio Melting temperature/°C
1.5 285.9
3.0 281.9
4.5 281.7
6.0 281.2
7.5 287.2

The thermogravimetric curves show that the maximum
mass loss of the silver nanowires is 2.3% when PVP/AgNO,=
7.5, and the thermal mass loss can be divided into three
stages. The first stage of mass loss is at 280—290 °C, which
corresponds to the decomposition of ethylene glycol and
anhydrous ethanol. The second stage of mass loss occurs in
the melting temperature range of the silver nanowires, where
the fracture and decomposition appear. The third stage of mass
loss occurs beyond 480 ° C, which is related to the PVP
decomposition with the maximum mass loss of 0.65% under
the condition of PVP/AgNO,=3.0. Thus, it can be inferred that
the silver nanowires are heavily encapsulated by PVP under
the condition of PVP/AgNO,=3.0.

2.2 Molecular dynamics calculations

2.2.1 Simulation method

The mechanical behavior and melting process of [110] -
oriented single-crystal silver nanowires with different aspect
ratios were studied. The initial structure is arranged according
to the ideal fcc structure with a circular cross section, as
shown in Fig. 9. To better simulate the natural system, the
periodic boundary conditions were used along X and Z
directions, and non-periodic boundary conditions were chosen
along Y direction. The isobaric isothermal (NPT) system was
used in this simulation. The interaction potential between
atoms was described by the embedded atomic potential
(EAM)™1 which involves the lattice parameters, elastic
constant, and cohesion energy of Ag atoms. EAM (E)) can be
used to evaluate the structural stability of nanomaterials, and
E. is expressed by Eq.(3), as follows:

Ei= l/szJVg(i’g,»)"'Fi(ﬁi) (3)

Fig.9 Schematic diagrams of initial model (a) and its cross

section (b)
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where 1/2 Ej,iVi/(rif) is the interaction potential; 7, is the
spacing between atoms i and j; F,(p,) is the atomic cloud
embedding energy determined by the average electron cloud
density p, at the atom location F,. This potential function can
simulate the multibody metal bonds by embedding atoms onto
the lattice array as impurities.

2.2.2  Stretching process

Fig. 10a shows the stress-strain curves of silver nanowires
with different aspect ratios (L/d) during the stretching process.
It can be seen that the silver nanowires firstly enter into the
elastic deformation stage during the stretching process, and
the strain is increased linearly with increasing the
the yield point occurs. After the yield point,
nanowires enter into the plastic deformation stage. The stress
of then
periodically, and finally decreases due to the fracture. The

stress until
the silver
silver nanowires firstly decreases, fluctuates
fracture process of silver nanowires is shown in Fig.11.

In the elastic deformation process, the crystal structure is
one of the main factors affecting the strength of materials. It
can be seen from Fig. 10b that the increment in yield stress is
reduced with increasing the aspect ratio of silver nanowires.
The yield stress is 0.63 GPa when the aspect ratio L/d=12. The
yield stress increases rapidly to 0.75 GPa when L/d=24. The
yield stress is 0.80 GPa when L/d=48, and the increment in
yield stress is further reduced. The yield stress increases
slowly to 0.82 GPa when L/d=60, and it changes to 0.83 GPa
when L/d=72. In the plastic deformation stage, the higher the
strain generated by the silver nanowires during the tensile
process, the better the flexibility of the silver nanowires. As
shown in Fig. 10c, with increasing the aspect ratio of silver
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nanowires, the yield strain of nanowires fluctuates and reaches
a maximum value at the aspect ratio of 60. Fig.10d shows the
relationship between Young’s modulus and aspect ratio, which
reflects the deformation resistance of the materials. It can be
seen that the Young’s modulus changes significantly when the
aspect ratio of the silver nanowires is relatively low, and it
hardly changes when the aspect ratio of the silver nanowires
increases to 60.

In the elastic deformation stage, the surface stress exists on
the silver nanowires, and the crystal structure is undamaged
when the tensile load does not exceed the elastic limit. In the
plastic deformation stage, the dislocations can move along the
slip direction on the slip surface. The slip process can be
blocked by the obstacles, such as precipitation phase and grain
The are pinned at the grain
boundaries, thereby increasing the dislocation density, causing

boundaries. dislocations
stress concentration, and producing microcracks” . Thus,
the silver nanowires fracture. The increased aspect ratio of
silver nanowires and the increase in the number of grains and
grain boundaries result in the shorter distance of dislocation
movement. Thus, more dislocation movements are required to
achieve the corresponding strain. The Hall-Petch formula™
can be used to describe the relationship between grain
boundaries and yield stress. With increasing the number of
grains and decreasing the grain size, the grain boundaries are
increased. Therefore, the yield strength is increased with
increasing the aspect ratio of silver nanowires.

0 =20y + kd™"? 4
where 0 is the yield stress of crystal; J, is the critical tensile
stress of the starting slip system; & is a constant; d is the grain
size.
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Fig.10 Stress-strain curves of silver nanowires with different aspect ratios (a); relationships of yield stress (b), yield strain (c), and Young’s

modulus (d) with aspect ratio of silver nanowires
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Fig.11  Schematic diagrams of silver nanowires at 0 ps (a), 37 ps (b),
54 ps (c), 90 ps (d), and 100 ps (e) during tensile fracture
process

2.2.3 Stretching process at different temperatures

Fig. 12a shows the stress-strain curves of single-crystal
silver nanowires with aspect ratio of 72 at different
temperatures. It can be seen that the single-crystal silver
nanowires stretched at different temperatures firstly undergo
suffer the plastic
deformation. It can be seen from Fig.12b that the yield stress

the elastic deformation and then
of single-crystal silver nanowires is decreased with increasing
the temperature. With increasing the temperature from 300 K
to 400 K, from 400 K to 500 K, from 500 K to 600 K, and
from 600 K to 900 K, the yield stress is decreased by 4.54%,
4.76%, 6.25%, and 17.33%, respectively. According to

—300K

Stress/GPa

Strain

0.076

<o o
= =)
1o 3
3 N

Yield Strain

. 0.06

200 400 600 800 1000

Temperature/K

Fig.12c, the yield strain is also decreased with increasing the
temperature, but the change amplitude is insignificant.
Fig. 12d shows that the Young’s modulus is firstly increased
and then decreased with increasing the temperature and it
reaches the maximum value of 11.83 GPa at 400 K.

The yield stress is decreased with increasing the temper-

ature, which can be explained by Eq.(5)**", as follows:
_ 2G 2nw
TP - 1 -y CXp ( b ) (5)

where 7, is the starting force of dislocation; G is the shear
modulus; v is the Poisson ratio; w is the dislocation width; b is
the Park vector. The higher the temperature, the lower the
shear modulus. According to Eq. (5), with increasing the
temperature, the force required for dislocation initiation is
decreased, many dislocations move, and the yield strength of
single-crystal silver nanowires is decreased.

2.2.4 Melting process

Fig. 13a shows the relationship between potential energy
and temperature of silver nanowires with different aspect
ratios during the melting process. It can be seen that there are
three abrupt changes in the potential energy during the
melting of silver nanowires. The first abrupt change of
potential energy occurs at about 670 K, indicating that the
silver nanowires break off to form nanoclusters. The second
abrupt change of potential energy occurs at about 1030 K,
corresponding to the melting temperature of silver
nanoparticles with particle size of 20 nm. The third abrupt
change of potential energy occurs at about 1256 K, which is
close to the melting temperature of block silver and also close
single-crystal
production during the melting of silver nanowires.

to the theoretical temperature for silver
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Fig.12 Stress-strain curves of silver nanowires with aspect ratio of 72 at different temperatures (a); relationships of yield stress (b), yield

strain (c), and Young’s modulus (d) with temperature of silver nanowires
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Fig. 13b shows the radial distributions of single-crystal
silver nanowires with aspect ratio of 12 at different
temperatures, which can reflect the relevant information of the
atoms in the system. The peaks are sharp at temperatures of
300, 400, and 500 K, indicating that the silver nanowires have
good crystallinity and no fracture occurs. At 600 K, the first
peak expands and the peak strength is weakened. Meanwhile,
the intensity of peak at radial distance of 0.55 nm becomes
weaker, and this peak disappears completely at 700 K,
indicating that the size of the silver nanowires becomes larger
and the silver nanowires are more disordered. When the
temperature increases to 1000 K, each peak becomes
significantly broader and their intensity becomes weaker. The
second, fourth, and fifth characteristic peaks disappear,
indicating that the long-range ordered structure is completely
destroyed with increasing the temperature. When the
temperature rises to 1200 K, the first characteristic peak is
weakened and other peaks can hardly be observed, suggesting
that the nanoparticles are transformed from solid phase to
liquid phase and the short-range ordered structure is
destroyed.

Fig. 14 shows the simulated melting temperatures of silver
nanowires with different aspect ratios. It can be seen from
Fig. 14 that the melting temperature of silver nanowires is
decreased with increasing the aspect ratio, because the
bonding energy of the surface atoms of silver nanowires is
much smaller than that of the internal atoms. The smaller the
ratio of surface area to volume of nanowires with small aspect
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Fig.14 Simulated melting temperatures of silver nanowires with

different aspect ratios

Table 2 Comparison of melting temperatures of silver nano-
wires with different PVP/AgNO, molar ratios

PVP/AgNO, molar ratio Theoretical/K Experimental/K
1.5 609.39 559.05
3.0 602.93 555.05
4.5 602.85 554.85
6.0 600.01 554.35
7.5 612.35 560.35

ratio, the higher the overall melting temperature. The fitting
curve in Fig.14 can be expressed by Eq.(6), as follows:
T =706.53 — 1.83x + 0.047x> — 0.000 346x°* 6)

where T (K) is the melting temperature; x is the aspect ratio.

The fitting curve agrees well with the theoretical values
calculated by simulation. Thus, the melting temperature of the
single-crystal silver nanowires is decreased with increasing
the aspect ratio. The decreasing rate of melting temperature
reaches the minimum when the aspect ratio is 39.2. The
melting temperature of silver nanowires with different PVP
contents was estimated by Eq. (6), and Table 2 shows the
comparison between the experimental results and the
theoretical results. According to Table 2, the theoretical
melting temperatures are all higher than the experimental
ones, because the single-crystal silver nanowires are
structurally stable with fixed bond angles and bond lengths.
Thus, more energy is required to destroy the ordered
arrangement of the atoms during melting process.

3 Conclusions

1) By controlling the polyvinylpyrrolidone (PVP) content,
the aspect ratio of silver nanowires can be adjusted. Thus,
PVP selectively adsorbs on different crystal planes. PVP with
low content cannot passivate all the Ag (100) crystal planes,
and the silver nanowires are coarsened. PVP with high content
can passivate both the Ag (100) and Ag (111) crystal planes,
and the silver nanowires become short. The optimal diameter
of 77.7 nm of silver nanowires can be obtained by synthesis at
the molar ratio of PVP/AgNO,=6.0.

2) The silver nanowires are composed of face-centered
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cubic silver, which has more than two sets of diffraction 58(6): 2262

patterns. 12 Zhao Jianwei, Li Ren, Cheng Na et al. Scientia Sinica
3) With increasing the aspect ratio of silver nanowires, the Technologica[J], 2017, 43(2): 143 (in Chinese)

number of grain boundaries is decreased, and the dislocation 13 Ahluwalia V, Elumalai S, Kumar V et al. Microbial Pathogen-

movement is hindered. Thus, the dislocation slip becomes esis[J], 2018, 114: 402

14 Ran Yunxia, He Weiwei, Wang Ke et al. Chemical Communi-
cations[J], 2014, 50(94): 14 877

15 ChiY, TulJ C, Wang M G et al. Journal of Colloid and Interface
Sciencel[J], 2014, 423: 54

16 Lee H S, Kim Y W, Kim J E et al. Acta Materialia[l], 2015,
83: 84

17 Andersson M, Pedersen J S, Palmqvist A. Langmuir[J], 2005,
21(24): 11 387

18 Clavero C. Nature Photonics[J], 2014, 8(2): 95

19 Lee E J, Kim Y H, Hwang D K et al. RSC Advances[J], 2016,
6(14): 11 702

20 Wang Z H, Liu J W, Chen X Y et al. Chemistry: A European
Journall[J], 2004, 11(1): 160

21 LiuS,WenY H, Zhu Z Z. Chinese Physics B[J], 2008, 17(7): 2621

22 Wang L, Fang L H, Gong J H. Transactions of Nonferrous

complex, the dislocation density decreases, and the stress
concentration can hardly appear. As a result, the yield strength
of silver nanowires is enhanced.

4) The deformation behavior of silver nanowires is
temperature-dependent, and the yield strength of silver
nanowires is decreased with increasing the temperature.

5) The melting temperature of single-crystal silver
nanowires is decreased with increasing the aspect ratio of
silver nanowires, and all theoretical melting temperatures are
higher than the experimental ones of silver nanowires.
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A EHCIREEARIRE & AR ALIE K ZE T A3

BHERT, HER, A, mRALY, =M, miEke, BEt], MgrEE
(1. BB T RZ MRBES TRE%, =/ B 650093)
Q. B EEB)ARFTELA R R L, =/ E# 650000)
Q. =G ERAT, =8 B 650501)
(4. PR AR TSR, I M7 637001)

O RAWOHIE RS, @R O (PVP) BERIREHI S A RKAZ LI PR R . KA XS RATHHM. Hifib7 E
By AT e Jeda i DI O E B T BB ORI I AL R OISR IR R RO A Rt
IPRAE, IER DTl A1 KRR M R A (i FE . S5 SRR ORI 3 BT O 7R R . PVP 5 AgNO, ) EE/R
FLr 15725 97,5, 9K AR N RN, MR N 6.0, YRIRE BEARR/N, N77.7 nm. YKL E AR 106.1 nm /Ny
77.7 nm, JEALIREREZ N, AN 281.2 Co HRMAKARE KA Lt 628y 7216, JE IR TR IZ i 1 0.63 GPa 2 12 0.83 GPa. #Fi4H
KRN BB KA LG I8/, 1690 K42 657 Ko PVP 5 AgNO, IR /K LA 6.0 42 & IR M I A 5 11, KAR LRI 9K AR 2R
A BT R T 1 6E
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