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Abstract 
Silver nanowires (Ag NWs) is a potential material to be used as the transparent conductive electrode (TCE) material, in the 
flexible electronic applications. The polyol method is the commonly used technique to synthesis the silver nanowires. The 
growth of the silver nanowires is facilitated by the oxidative etching of the silver seed particles. The present work investi-
gates the influence of the manganese(II) ions to promote the growth of silver nanowires. The manganese(II) ions, due to its 
multiple oxidation states, play an essential role in removing the dissolved atomic oxygen, which prevent the growth of longer 
nanowires. Its effect on the length and diameter of the silver nanowires is studied in detail with different concentration levels. 
Characterization tools, such as X-ray diffractometry, electron microscopy (FESEM and TEM) and UV–VIS spectroscopy 
are used to characterise the synthesised silver nanowires. The addition of manganese(II) ions alters the aspect ratio of the 
silver nanowires that in turn, affects the optoelectrical properties of the TCE films. By using the synthesised silver nanowires, 
transparent heaters are successfully fabricated and their performances under different conditions are evaluated.
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1  Introduction

Recent advances in the field of internet of things (IoT) are 
set to improve the human health and life with the help of 
flexible and stretchable devices, such as flexible solar cells 
[1], foldable displays [2], health monitoring sensor skins 
[3], transparent heaters [4] and so on [5]. These devices are 
designed to perform under various mechanical motions. In 
all these devices, a transparent conductive electrode (TCE) 
is an essential and critical element. The current TCE mar-
ket is lead by Indium Tin Oxide (ITO) film coated on PET 
sheet, mainly due to its high optical transparency (> 90%) 
and low sheet resistance (< 10 Ω/sq) [6]. But the brittle 
ITO is often prone to fail when it is subjected to stretching 
and twisting movements [7]. This raises a concern over the 
dependability and durability of the devices made using 
ITO. Alternatively, TCEs are fabricated from carbon nano-
tubes (CNT) [8], conducting polymers [9], metal nanow-
ires [10, 11] and graphene [12]. The metal nanowires are 
showing promising results amongst other alternatives in 
terms of cost, synthesis and fabrication process. The silver 
nanowires based films have been produced with the optical 
transparency > 90% and sheet resistance < 10 Ω/sq. [13]. 
Techniques, such as Meyer-rod coating [14], spray deposi-
tion [15], spin coating [16] and printing [17] are employed 
to fabricate the transparent conductive silver nanowires 
films. The polyol method is the widely used method to 
synthesis the silver nanowires [18–20]. The aspect ratio 
(length to diameter ratio) of silver nanowires used must 
be high to obtain a highly transparent and conductive film 
[21]. The one-dimensional growth of the silver nanowires 
is often hindered by oxidative etching of the silver seed 
particles during the polyol synthesis process [22]. Wiley 
et al. [23] and Korte et al. [24] reported that the intro-
duction of Fe(II)/Fe(III) and Cu(I)/Cu(II) ions during the 
synthesis process prevent the oxidative etching of silver 
seed particles. This proved to increase the length of the 
silver nanowires [25] where copper ions showed better 
results than the iron ions [26]. But the silver nanowires 
synthesised in the presence of Cu(II) tend to have diam-
eters in the range of 125-250 nm [25]. Many efforts are 
taken to improve the aspect ratio of the silver nanowires 
such as multistep synthesis [27], replacing the small chain 
length PVP molecules with the longer chain length PVP 
molecules [28], addition of Br− ions [29], high pressure 
[30] and N2 gas atmosphere synthesising [31] along with 
the use of oxygen scavengers, like copper or iron ions. 
Despite the improvements achieved by tailoring the other 
parameters, the presence of oxygen scavengers (like Cu/Fe 
ions) remains crucial in the synthesis of silver nanowires.

The present work is solely focussed on the prospect of 
improving the aspect ratio of silver nanowires with the use 
of alternative oxygen scavenger. The manganese (Mn) ions 
are explored as the oxygen scavenger in place of Cu or Fe 
ions in the polyol synthesis of silver nanowires. The charac-
teristics of manganese, such as (1) tendency to absorb more 
oxygen owing to its high negative free energy for oxidation; 
(2) large number of oxidation states (2, + 3, + 4, + 5, + 6 
and + 7) compared to that of Cu (+ 1 and + 2) and Fe (+ 2 
and + 3) is expected to help in removing the oxygen effec-
tively from the surface of silver seed particles. So the silver 
nanowires synthesised with the addition of Mn(II) ions may 
have a smaller diameter and higher aspect ratio than that 
synthesised with the addition of Fe or Cu ions. These are 
the important factors of the silver nanowires required to 
fabricate the high transparent and conductive films.

In this work, the conventional polyol method is adopted 
but with the rapid addition of silver precursor. In conven-
tional polyol method, the silver precursor addition is done 
slowly [25, 32, 33].

2 � Experimental Details

2.1 � Synthesis of Silver Nanowires

To synthesis silver nanowires (Ag NWs) by polyol method, 
solutions of silver nitrate (AgNO3), polyvinylpyrrolidone 
(PVP, M.W. = 40,000), NaCl (44.5  mM), CuCl2·5H2O 
(22 mM) and MnCl2·4H2O (22 mM, 40 mM and 65 mM) 
were prepared by using ethylene glycol (EG) as solvent. A 
flask containing 15 ml solution of 0.147 M PVP was heated 
for 45 min at 170 °C in an oil bath under magnetic stir-
ring. Then, 75 µL of chloride solution (NaCl/CuCl2·5H2O/
MnCl2·4H2O) was added into the flask. After 3 min, 3 ml 
AgNO3 (0.153 M) solution was added into the flask at once. 
Upon adding AgNO3, the solution was continued to be 
heated for another 2 h. Then the solution was removed from 
the oil bath and allowed to cool. Finally, the as-synthesised 
product was washed with acetone and isopropyl alcohol by 
following solvent-aid precipitation decantation method [34]. 
The washed silver nanowires dispersion was diluted with the 
IPA and stored in a vial. The silver nanowires films were 
prepared by spray coating technique. The silver nanowires 
dispersed in IPA was loaded into a commercial airbrush kit 
and spray-coated on the glass substrate kept on a hot plate 
at 80 °C. The air pressure used was 68.9 kPa (10 psi). The 
distance between the spray gun and the substrate was 15 cm. 
Later, the prepared silver nanowires films were subjected to 
annealing at 165 °C for 30 min.
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2.2 � Characterization

The structural property was characterized by using X-ray 
diffractometer (JDX 8P, JEOL), with monochromatic Cu 
Kα (λ = 0.154 nm) radiation. The morphological stud-
ies were carried out by using field emission scanning 
electron microscope (Carl Zeiss, Sigma). TEM studies 
were performed by using transmission electron micro-
scope (JEM-2100, JEOL). UV–VIS absorption spectra 
were obtained by using UV–VIS spectrometer (SD2000, 
Ocean Optics). The sheet resistance of the silver nanow-
ires films was measured by using four-probe measurement 
setup (SES instruments, India).

2.3 � Testing of Silver Nanowires Film

To test the mechanical flexibility, the silver nanowires 
film was spray-coated on a flexible plastic film. The 
prepared film was bent to 4.5 mm radius of curvature 
for 500 bending cycles. The heater test was performed 
by applying the electrical potential between two ends 
of the silver nanowires film using Keithley 2400 source 
meter. The temperature generated on the film was meas-
ured by using infrared thermometer (HT-826; Temp. 
resolution = 0.1° C).

3 � Results and Discussion

3.1 � Ag NWs Synthesised with Different Chloride 
Condition

The FESEM micrographs in Fig. 1 show the morphology of 
the silver products synthesised by using the polyol method 
with four different types of chloride solutions. The con-
centration of each chloride salts was chosen to have almost 
equal amount of Cl− ions in the reaction solution. The prod-
uct synthesised without the addition of any chloride lead to 
the growth of silver particles with an average size of 330 nm, 
with the size range 110 nm to 1 µm. When the solution of 
AgNO3 was introduced into the reaction solution, the silver 
ions (Ag+ ions) reduced to Ag0 rapidly. Instead of growing 
into one-dimensional nanowires, the reduced silver nano-
particles aggregated to grow into coarser silver particles by 
Ostwald ripening process [33].

However, the micrograph shown in Fig. 1b reveals that 
the addition of NaCl promoted the growth of one-dimen-
sional nanorods along with the cubes (avg. size = 74 nm) and 
pyramid (avg. size = 119 nm) particles. The rapid reduction 
of Ag+ ions to Ag0 was avoided by the formation of AgCl. 
This AgCl acted as the buffer phase to ensure the controlled 
release of silver into the reaction for the one-dimensional 
growth [33]. Hence, the presence of Cl− ions during the 

Fig. 1   FESEM micrographs of the silver products synthesised with the addition of a no chloride; b NaCl; c CuCl2·5H2O and d MnCl2·4H2O
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synthesis process is important to prevent the formation of 
large silver particles and to promote one-dimensional growth 
of the silver. The mean length of the silver nanorods is 1 µm 
(Fig. 2a). It is very small to be used for the TCE application. 
The growth of the short nanorods was the result of oxygen 
etching of the silver twinned particles. During the synthe-
sis, the atomic oxygen (Oa) present in the reaction solution 
tends to etch away the twinned particles that otherwise 
serve as seeds for the silver nanowires growth. The etch-
ing of twinned seed particles leads to the growth of shorter 
nanowires or nanorods [22].

The addition of copper chloride in place of NaCl is a 
proven approach to act against the problem of oxygen etch-
ing of twinned particles. The length of the silver nanowires 
(Fig. 1c) was enhanced up to 7.2 µm with the maximum 
length up to 20 µm (Fig. 2c) when NaCl is replaced with the 
copper chloride. The introduction of copper ions into the 
reaction through copper chloride prevented the etching of 
the twins by scavenging the atomic oxygen from the surface 
of the twinned silver particles [24]. But, there is a concern 
with the diameter of the nanowires. The average diameter the 
nanowires synthesised with the addition of copper ions was 
measured as 151 nm (Fig. 2d). Although the added copper 
ions helped to enhance the length of the silver nanowires, it 
also increases the diameter of the nanowires. The formation 
of large diameter (125 to 250 nm) nanowires with the pres-
ence of copper ions is already reported [25].

The large diameter silver nanowires would block more 
light when it is used to fabricate TCE film. As a result, the 

optical transparency of the film is expected to reduce. Many 
efforts were taken in recent times to decrease the diameter of 
the silver nanowires by optimizing the other parameters, like 
the use of longer chain length PVP molecules [28, 35] or use 
of Br− ions [29], introducing benzoin-derived radicals [31], 
high pressure [30, 36] and N2 gas environment synthesis 
[31]. As mentioned earlier, the present work explored the 
use of manganese ions as an alternate oxygen scavenger to 
iron and copper ions without changing any other synthesis 
parameters.

3.2 � Ag NWs Synthesised with MnCl2

FESEM micrographs of the silver nanowires synthesised 
with different concentrations of MnCl2, their length and 
diameter distribution are shown in Fig. 3. The maximum 
and average length of the nanowires synthesised with 22 mM 
of MnCl2 was measured as 16 µm and 5.2 µm, respectively. 
But increase in the concentration to 40 mM increased the 
length of the nanowires. The maximum and average lengths 
were measured as 20 µm and 7.7 µm, respectively. When 
the MnCl2 concentration was further increased to 65 mM 
the longitudinal and diameter wise direction growth was 
relatively reduced compared to that of the previous concen-
tration. The measured maximum and average length of the 
nanowires was 16 µm and 6.3 µm respectively.

Meanwhile, the average diameter of the synthesised silver 
nanowires was measured as 60 nm, 80 nm and 71 nm for the 
concentration of 22 mM, 40 mM and 65 mM respectively. 

Fig. 2   Length and diameter dis-
tribution: a, b silver nanorods 
synthesised with the addition 
of NaCl; c, d silver nanowires 
synthesised with the addition 
of CuCl2
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Though 40 mM sample is reported to have large diameter, 
its corresponding length is longer compared to that of other 
samples. The aspect ratio (length to diameter) of the silver 
nanowires was calculated for silver nanowires synthesised 
with the addition of three different MnCl2 concentration 
samples (Fig. 4). The mean aspect ratio of 40 mM concentra-
tion sample was the highest among all the silver nanowires 
samples. The high aspect ratio of silver nanowires will be 
beneficial to improve the percolation path that in turn will 

increase the electrical conductivity of the silver nanowires 
film fabricated by using this sample.

Figure 5a shows the UV–VIS absorption spectra of the 
silver particles synthesised without any chloride salt, silver 
nanowires synthesised with the addition of CuCl2 (22 mM) 
and MnCl2 (22 mM). The absorption spectrum of silver 
particles showed a broad absorption peak at 450 nm. The 
silver nanowires exhibited a predominant peak along with 
a low intensity peak. The CuCl2 sample showed maximum 

Fig. 3   FESEM micrographs of the silver nanowires synthesised with the addition of MnCl2 of different concentrations a 22 mM, d 40 mM, g 
65 mM; their corresponding length (b, e, h) and diameter distribution (c, f, i)

Fig. 4   Aspect ratio distributions of silver nanowires synthesised with the addition of MnCl2 of concentration a 22 mM, b 40 mM and c 65 mM
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absorption at 389 nm while MnCl2 sample exhibited the 
maximum absorption at 382 nm. The existence of these 
observed peaks was due to the surface plasmon resonance 
(SPR) of silver nanostructures [26]. The SPR peak at the 
450 nm is attributed to the large particle size of silver [37]. 
However, the maximum absorption shifts to smaller wave-
length for the nanowires. This is because the surface plas-
mon resonance becomes dominant in the transverse direction 
[26].

The blue-shift from 389 nm to 382 nm is attributed to the 
decrease in the diameter of the nanowires from 151 to 60 nm 
[31]. Similarly, the shift in the absorption peak was also 
observed for the silver nanowires synthesised with different 
MnCl2 concentration (Fig. 5b). The 22 mM sample with 
a mean diameter of 60 nm exhibited the absorption peak 
at 382 nm. But the absorption was red-shifted to 387 nm 
for 40 mM sample because of its larger diameter of 80 nm. 
This red-shift of SPR peak with respect to increase in the 
diameter was attributed to the inhomogeneous polariza-
tion caused by the existence of multipolar oscillations in 
the silver nanowires due to the large diameter [26, 38]. The 
absorption peak was blue-shifted to 384 nm for the 65 mM 
sample as the result of decrease in the diameter to 71 nm 
from 80 nm. The change in the absorption wavelength cor-
responding to the concentration of the MnCl2 again confirms 
the influence of Mn(II) ions on the diameter of the silver 
nanowires [26, 31].

The schematic shown in Fig. 6 explains the influence of 
Mn(II) ions on the growth of the silver nanowires. During 
the synthesis, when Ag+ ions are reduced to Ag0 to form 
nuclei, the twins are formed due to the availability of the 
thermal energy. Multiply-twinned decahedra twins are the 
most stable and more favorable one to form. These mul-
tiply twinned particles (MTP) acts as the seeds for silver 

nanowires growth [33]. But this growth is often affected 
by atomic oxygen, dissociated molecular oxygen from EG, 
adsorbed on these seed particles. The adsorbed oxygen 
block the surface of seed particles for the addition of new 
silver species [24]. This eventually results in the formation 
of nanocubes or short nanorods instead of nanowires [22]. 
When Mn(II) ions are introduced into the reaction through 
MnCl2, the Mn(II) ions get oxidized to higher oxidation 
state by absorbing the atomic oxygen from the surfaces of 
the seed particles. The oxidized manganese ions are subse-
quently reduced back to Mn(II) state by the ethylene glycol 
[39]. This oxidation and reduction process of Mn ions is 
continued to remove or scavenge the oxygen which blocks 
the growth of the nanowires. Thus, the active {111} sites on 
the twinned seed particles remain available for the addition 
of new silver species.

Fig. 5   UV–VIS absorption spectra of a silver products synthesised with three different chloride conditions; b silver nanowires synthesised with 
the addition of different concentrations of MnCl2

Fig. 6   Schematic shows the role of Mn(II) ions as oxygen scavenger 
in preventing oxidative etching of the silver seeds
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When the Mn(II) ions absorb oxygen from the surface 
of silver seed particles, the following are the possible com-
pounds to be formed, namely, Mn3O4, Mn2O3 and MnO2. 
Among the oxides of Mn, Gibbs free energy of formation 
(∆Gf°) for Mn3O4 is more negative compared to other man-
ganese oxide compounds. In the case of Cu(I) ions, it will 
move up to Cu(II) state by absorbing the atomic oxygen. 
So, the CuO is the expected compound to be formed. The 
∆Gf° for Mn3O4 is − 1288.23 kJ mol−1 whereas ∆Gf° for 
CuO is − 129.7 kJ mol−1. Here, the MnCl2 and CuCl2 are 
the reactants and Mn3O4 and CuO are their corresponding 
products. The ∆Gf° for oxygen scavenging is calculated as,

The more negative of ∆Gf° of (MnCl2 → Mn3O4) indicates 
that the process of oxygen scavenging is more spontaneous 
than that observed by using Cu(II) ions. In other words, the 
tendency to absorb oxygen from the surface of silver seed 
particles is high for Mn(II) ions compared to Cu(I) ions.

ΔG◦

f
of

(

MnCl
2
→ Mn

3
O

4

)

= −1288.23 kJ mol
−1 −

(

−440.53 kJ mol
−1
)

= −847.7 kJ mol
−1

ΔG◦

f
of

(

CuCl
2
→ CuO

)

= −129.704 kJ mol
−1 −

(

− 161.92 kJ mol
−1
)

= 32.216 kJ mol
−1

The TEM micrograph (Fig. 7a) confirms the aggregation 
of silver particles when no chloride was used during the 
synthesis. Figure 7b, c shows the nanorod and nanocube 
synthesised with the addition of NaCl. The presence of twin 
boundaries in the nanorod is seen parallel to its axis. The 
nanocube does not show any evidence for the presence of the 
twins. It’s corresponding SAED pattern (Fig. 7d) confirms 
the same. From the above observation, it is concluded that 
the oxidative etching was the reason for the growth of the 
short nanorods and nanocubes.

XRD pattern (Fig. 8a) of the synthesised silver nanow-
ires show peaks at 38.1°, 44.2° and 64.4° which are corre-

sponding to (111), (200) and (220) planes of silver (JCPDS 
04-0783), respectively. The higher peak intensity of (111) 
plane is attributed to the preferred (111) plane growth of 
the silver nanowires. Figure 8b shows the TEM micro-
graph of the silver nanowires synthesised with the addition 

Fig. 7   TEM micrographs of a 
the Ag nanoparticles synthe-
sised with the addition of no 
chloride salt; b Ag nanorod and 
c Ag nanocube synthesised with 
the addition of NaCl and d the 
corresponding SAED pattern of 
Ag nanocube
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of MnCl2 (22 mM). The presence of the twin boundaries 
along the longitudinal axis of the nanowire is seen in the 
micrograph (Fig. 8b). It is observed that the diameter of 
the nanowires was 50 nm. The selected area electron dif-
fraction (SAED) pattern shown in Fig. 8c confirmed the 

presence of twins in the silver nanowire. Two different 
sets of diffraction patterns with the zone axis of [011] and 
[111] were observed. The existence of two sets of dif-
fraction in the SAED pattern is supported by the previous 
report [40].

Fig. 8   a XRD pattern; b TEM micrograph and c SAED pattern of the silver nanowires synthesised with 22 mM of MnCl2

Fig. 9   Optical transmittance and sheet resistance of the silver nanowires films prepared by using a 22 mM; b 40 mM; c 65 mM concentration of 
MnCl2 sample; d figure of merits of films prepared by using 22 mM, 40 mM, 65 mM concentration of MnCl2 samples



272	 Electronic Materials Letters (2020) 16:264–275

1 3

3.3 � Characterization and Testing of Ag NWs Films

Figure 9a–c show the UV–VIS transmittance spectra of the 
films prepared by using silver nanowires synthesised with 
the three different concentrations of MnCl2 (22 mM, 40 mM 
and 65 mM). The films prepared by using 22 mM, 40 mM 
and 65 mM samples are named as M22, M40 and M65 
respectively. The spray coating method was followed to pre-
pare the multilayer (4L, 5L, 6L, 7L and 8L) silver nanowires 
films. The density of the silver nanowires film was increased 
with respect to the number of spray-coated layers. Figure 9a 
shows the transmittance spectra of M22 films with their cor-
responding sheet resistance (Rs) values. The transmittance 
at λ = 550 nm (%T550 nm) and Rs values of 4L, 5L, 6L, 7L 
and 8L are 90%, 81%, 72%, 62%, 55% and 485, 40, 20, 16 
and 7 Ω/sq, respectively. With high Rs (4L film) of 485 Ω/
sq and low %T550 nm of less than 75%, the films other than 
5L are not suitable to be used as TCE. The 5L film is the 
best TCE among M22 films with the optical transmittance 
of 81% and sheet resistance of 40 Ω/sq. Similarly, among 
M40 and M65 films, the 5L film of each set showed the 
acceptable transmittance and sheet resistance with the 
values %T550 nm = 79%, Rs = 29 Ω/sq and %T550 nm = 80%, 
Rs = 34 Ω/sq, respectively. The figure of merit is the widely 
accepted quantitative expression that defines the quality of 
a transparent conductive electrode film. The figure of merits 
or FOM (φTC) is calculated by using the formula given by 
Haacke [41],

The term ‘T’ and ‘Rs’ are the optical transmittance and 
the sheet resistance of the film, respectively. The FOM val-
ues of 5L films from each set of films were calculated by 
using the formula (1). The calculated values are showed 
with their sheet resistance in Fig. 9d. The maximum value 

(1)φ
TC

= T
10∕R

s

of 0.00327 Ω−1 was reported for the 5L-M40 film. The FOM 
value of 5L-M65 and 5L-M22 were reported as 0.00316 Ω−1 
and 0.00304 Ω−1, respectively. The figure of merit is also rep-
resented as the ratio of electrical to optical conductivity (σDC/
σOP). The σDC/σOP ratio is calculated using the formula [42],

The calculated σDC/σOP ratio for 5L-M22, 5L-M40 and 
5L-M65 are 42.4 Ω−1, 52 Ω−1 and 46.97 Ω−1, respectively. 
The maximum FOM values calculated from the above two 
formula belonged to 5L-M40 film. Although large diameter 
factor of the silver nanowires (40 mM sample) caused to 
reduce the optical transmittance of M40 sample to 79%, the 
low sheet resistance of 29 Ω/sq was obtained because of 
increased length of the nanowires. The use of longer silver 
nanowires improved the percolation path while reducing the 
wire to wire contact resistance in the film. That eventually 
lead to high FOM value.

The silver nanowires coated on the plastic film and com-
mercial ITO/PET film (Sigma-Aldrich) were subjected to the 
bending test. The percentage change in the sheet resistance 
of both films with respect to the bending cycles is shown 
in Fig. 10a. The sheet resistance of the ITO film increased 
up to 275% from its original value after the 280 bending 
cycles. On the other hand, the prepared silver nanowires film 
showed better mechanical flexibility with only 14% increase 
from its original sheet resistance after 500 cycles of bending. 
The camera image of the silver nanowires film is shown in 
Fig. 10b.

The 5L silver nanowires film of sets M22, M40 and M65 
having the sheet resistance of 40, 29 and 34 Ω/sq, respec-
tively were tested for the heater application. The heater test 
was conducted at the applied voltage of 5, 7 and 10 V. The 
temperature of the silver nanowires film in response to the 
applied voltage was recorded at the time interval of 15 s. The 
temperature versus time profiles of silver nanowires films 

(2)T = (1 +
[

188.5∕R
s

)

⋅ (σ
OP
∕σ

DC
)]−2

Fig. 10   a Change in sheet 
resistance value of the silver 
nanowires film and ITO film 
against the number of bending 
cycles; b camera image of the 
silver nanowires film
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corresponding to applied voltages are shown in Fig. 11. 
From the temperature versus time curve shown in Fig. 11a, 
it is observed that the temperature of the silver nanowires 
film increased with respect to time of the voltage supply. The 
silver nanowires film of Rs = 40 Ω/sq attained the maximum 
temperature of 62 °C in 300 s at the applied voltage of 10 V. 
While the silver nanowires film of 34 Ω/sq reached higher 
temperature of 74 °C for the same voltage. But the highest 
temperature of 90 °C was attained by the silver nanowires 
film of Rs = 29 Ω/sq at the voltage of 10 V. The same film 
reached the temperature of 65 °C when the applied voltage 
is 7 V. When the sheet resistance of the nanowires film is 
low the performance of the heater is high [43].

The present study explored the effect of Mn(II) ions dur-
ing the synthesis of silver nanowires. The results showed 
that the length and diameter of the nanowires could be 
manipulated by introducing Mn(II) ions during the growth. 
It shows the potential of Mn(II) to play a role in synthesising 
process of the silver nanowires to produce better transparent 
conductive electrodes.

4 � Conclusions

The role of manganese(II) ions as the oxygen scavenger 
during the synthesis of silver nanowires was explored. The 
addition of MnCl2 promoted the one-directional growth of 
silver nanowires. The silver nanowires synthesised with 
the presence of Mn(II) ions was reported to have a diame-
ter of 60 nm compared to 151 nm when widely used Cu(II) 
ions was added. Among three different concentrations of 
MnCl2, the 40 mM concentration sample showed longest 
nanowires with highest aspect ratio. The reason is due to 
the effectiveness of Mn(II) ions in removing atomic oxy-
gen from the surface of silver seed particles. It is supported 
thermodynamically with the help of Gibbs free energy of 
formation. The oxygen scavenging process was more spon-
taneous when Mn(II) ions were used. The Ag NWs films 

prepared using 40 mM sample showed good optoelectri-
cal characteristics with the T550nm = 79% and Rs = 29 Ω/
sq. The transparent heater test conducted showed that the 
Ag NWs film generated high temperature of 90 °C at the 
applied volt of 10 V. The flexible Ag NWs film deposited 
on a plastic substrate exhibited good mechanical flexibility 
with small change in sheet resistance of 14% after 500 
bending cycles. Hence, we conclude that the addition of 
Mn(II) ions in the synthesis process will positively affect 
the silver nanowires formation.
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