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high environmental stability of Ag
nanowires applied for thermal management†
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Małgorzata Cieślak b and Grzegorz Celichowski *a

Since silver nanowires (AgNWs) show high infrared reflectance many studies present their applicability as

thermal management products for various wearable textiles. However, their use for practical purposes is

only partially evaluated, without focusing on improving their low atmospheric and liquid stability. This

report describes a new approach for the topic and proposes a facile method of Ag nanowire passivation

with a SnO2 layer for high environmental stability and retention of high infrared reflectance. The one-

step passivation process of AgNWs was carried out in the presence of sodium stannate in an aqueous

solution at 100 �C, and resulted in the formation of core/shell Ag/SnO2 nanowires. This study presents

the morphological, chemical, and structural properties of Ag/SnO2NWs formed with a 14 nm thick SnO2

shell, consisting of 7 nm rutile-type crystals, covering the silver metallic core. The optical properties of

the AgNWs changed significantly after shell formation, and the longitudinal and transverse modes in the

surface plasmon resonance spectrum were red shifted as a result of the surrounding media dielectric

constant changes. The passivation process protected the AgNWs from decomposition in air for over 4

months, and from dissolution in a KCN solution at concentrations up to 0.1 wt%. Moreover, the report

shows the microwave irradiation effect on the shell synthesis and previously synthesised Ag/SnO2NWs.

The post-synthesis irradiation, as well as the SnO2 shell obtained by microwave assistance, did not allow

long-term stability to be achieved. The microwave-assisted synthesis process was also not fast enough

to inhibit the formation of prismatic silver structures from the nanowires. The Ag/SnO2NWs with a shell

obtained by a simple hydrolysis process, apart from showing high infra-red reflectance on the para-

aramid fabric, are highly environmentally stable. The presented SnO2 shell preparation method can

protect the AgNW's surface from dissolution or decomposition and facilitate the designing of durable

smart wearable thermal materials for various conditions.
Introduction

Silver nanowires (AgNWs) have attracted increasing attention in
optoelectronics, sensing and energy-saving applications due to
their high electrical conductivity, high transmittance, excellent
plasmonic properties, infrared radiation reectivity, nano-
metric size and quasi-one dimensional (1D) geometry.1 Their
use as basic building blocks in a wide range of nanodevices and
materials has been extensively considered.2 Recently, the
concept of “personal thermal management” based on silver
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nanowires, has been particularly highlighted and initiated for
the design of various textiles.3,4 Due to the AgNWs' ability to
reect human body infrared radiation and reduce heat loss,
they are applied in creating smart wearable materials.5,6

However, AgNWs use for practical purposes is limited by their
low chemical and thermal stability, low adhesion, electrical
instabilities, and ageing processes.7 Although the number of
reports investigating AgNWs as a material for thermal
management is steadily growing, these still represent only
a partial evaluation of the topic, without focusing on nanowires
stability. The main concerns about the silver nanostructures
applications are focussed on the fact that they corrode at
ambient conditions. Atmospheric corrosion of silver nanowires
covered with PVP, as a commonly used capping agent during
the polyol synthesis process, has been extensively studied by
Elechiguerra et al.8 They found that the polymer layer is
permeable to gases and water vapour and does not inhibit
atmospheric corrosion of the NWs due to the high reactivity of
nanoscale silver and the presence of defects along the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanowires. In an aquatic environment, AgNWs also reveal low
stability because they are inuenced by two processes: disso-
lution and sulphidation.9 The dissolution leads to the decom-
position of the initial nanowire to shorter structures like rods,
and additionally, extends their surface area for further corro-
sion. Sulphidation is one of the most important processes on
silver nanomaterial surfaces due to the effective interaction of
Ag+ ions with reduced-sulphur gases, which results in the
formation of a thin, non-conductive, silver sulphide layer.8

Moreover, Ag2O and AgO can also be formed as a consequence
of local oxidation of the silver nanostructure surface.10

To enhance the AgNWs processability and avoid chemical
instability, which does not facilitate their integration in future
devices and textiles, various approaches have been applied aer
the synthesis process. One of the ideas is thermal annealing and
electrical welding to minimise the junction resistance between
single nanostructures in the AgNWs network. However, due to
the high surface area to volume ratio of nanowires, in
comparison to the bulk material, high temperature above
300 �C can cause melting or spheroidisation of AgNWs and the
loss of percolation pathways.7 The chemical stability of Ag
nanostructures can be improved by forming an alloy with more
stable metals such as Au. The synthesis of this kind of alloy is
complicated due to signicant differences in both the compo-
nent reactivity and reducing their precursors at the same time.11

A facile and effective method to inhibit silver nanostructure
corrosion is the synthesis of a protective coating layer which
results in the formation of core/shell alignment. The silver
nanowires have been previously covered with titanium dioxide
(TiO2) and their thermal stability increased to 750 �C due to the
suppression of silver atom motion at the Ag/TiO2 interface.12 A
signicant enhancement of adhesion as well as thermal and
electrical stability of AgNWs, with only a small decrease in
optical transparency, was obtained by forming a zinc oxide
(ZnO) coating on Ag nanostructures.7 On the other hand, ZnO is
known as a compound with low stability in an aquatic envi-
ronment, especially at the nanoscale.13

One of the promising non-organic coating material is tin
oxide (SnO2), which shows high mechanical, thermal, and
chemical stability and can be applied as a protective shell for
silver nanostructures.14–16 AgNWs were decorated with SnO2

nanoparticles to obtain thermal stability and to minimise the
annealing procedures and post-treatment of silver nanowires.17

SnO2 layer, as an anti-corrosion coating for Ag nanowires
protection, has been previously presented only in the form of
a monolayer, which was grown in solution overnight under the
treatment of stannous uoride (SnF2), additionally covered with
amorphous carbon layer.18

This study presents a rapid method of SnO2 shell formation
on AgNWs. The obtained SnO2 shell improves the Ag nanowires
stability in the air, or even in strongly complexing solutions
such as cyanides, as well as providing long-term stability. The
SnO2 layer on the AgNWs surface was formed in a one-step
synthesis process by the treatment of sodium stannate in
aqueous solution. The SnO2 shell is characterised by a thickness
of 14 nm and formed by 7 nm rutile-type crystals. The charac-
terisation of the core/shell Ag/SnO2NWs was performed using
© 2021 The Author(s). Published by the Royal Society of Chemistry
STEM (Scanning Transmission Electron Microscopy), TEM
(Transmission Electron Microscopy), EELS (Electron Energy
Loss Spectroscopy), UV/Vis, and XPS (X-ray Photoelectron
Spectroscopy) analysis. The high efficiency of the SnO2 shell was
proven in ambient conditions and in a harsh KCN environment
(up to 0.1 wt%), and by long-term stability for over four months.
Moreover, Ag/SnO2NWs were applied on a para-aramid textile to
show that silver nanowire infrared reectance properties are
maintained. The thermal properties of the para-aramid with
deposited nanowires were studied using the Alambeta tests,
DSC (Differential Scanning Calorimetry) and TG/DTG
(Thermogravimetry/Derivative Thermogravimetry) analysis.
The proposed system might nd applications in fabrics
designed for saving energy and maintaining warmth in the
human body under different environmental conditions.

Experimental details
Synthesis of AgNWs

A mixture of 40 ml of ethylene glycol (EG, POCH), 2 g of poly-
vinyl pyrrolidone (PVP, molecular weight of 55 kDa, Sigma
Aldrich) and 0.028 g of sodium chloride (NaCl, Chempur) was
heated to 170 �C and stirred at 570 rpm to obtain a homogenous
solution. Then, a mixture of 0.408 g previously dissolved AgNO3

(purity 99.9999%, Sigma-Aldrich) in 20 ml of EG was added,
dropwise, to the constantly heated, reuxed and stirred solution
of EG, PVP and NaCl. The feed rate was 16 ml h�1. Aer deliv-
ering the whole amount of AgNO3, the solution was kept at the
above-described conditions for 1 h and then air-cooled to room
temperature. In order to remove PVP from the solution, it was
diluted by acetone in the ratio of 1 : 10, and then the AgNWs
were dispersed in 60 ml of ethanol (anhydrous, POCH).

SnO2 shell formation on AgNWs under high temperature

For a typical shell synthesis, 2.5 g of AgNWs solution was added
to 92.7 g of deionised water (Deioniser Millipore Simplicity
System) and mixed with 4.78 g of a 1 wt%. aqueous solution of
sodium citrate (Na3C6H5O7$2H2O, purity 99.0%, Sigma
Aldrich). The solution was heated to water boiling point (100 �C)
under reux with 300 rpm continuous stirring. Then, 5.051 g of
a 0.25 wt%. aqueous solution of sodium stannate trihydrate
(Na2SnO3$3H2O, Sigma-Aldrich, 95%) was added to the silver
nanowires mixture at 100 �C and the mixture was maintained at
the same conditions for the next 15 min. Then the mixture was
cooled in cold water bath.

SnO2 shell formation on AgNWs under high-temperature and
microwave irradiation

In microwave-assisted shell synthesis, 2.5 g of AgNWs solution
was added to 92.7 g of deionised water, 4.78 g of a 1 wt%
aqueous solution of sodium citrate and 5.051 g of a 0.25 wt%
aqueous solution of sodium stannate trihydrate. The mixture
was irradiated by microwave at 150 �C for 30 minutes under
magnetic stirring (Microwave Reaction System, Anthon Paar
GmbH – Synthos 3000). During the irradiation process, the
power increased with heating temperature increasing but not
RSC Adv., 2021, 11, 4174–4185 | 4175
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View Article Online
exceed 250 Watt (the maximum power) and pressure of 100 PSI.
The applied temperature and synthesis time were optimised to
achieve the conditions of 100 �C for at least 15 minutes in the
sample chamber for comparison with the shell obtained
without microwave assistance.

Moreover, core/shell Ag/SnO2NWs prepared without micro-
wave treatment (aqueous solution) were irradiated aer the
synthesis by microwave at 150 �C, a pressure of 100 PSI,
maximum power of 250 Watt and time of 30 min under
magnetic stirring.
Characterisation and stability studies of core/shell Ag/
SnO2NWs

The morphology and size of Ag and core/shell Ag/SnO2 nano-
wires were determined using the STEM imaging capacity at the
SEM microscope (microscope NovaNanoSEM 450 FEI equipped
with STEM II detector for transmitted electron detection, an
accelerating voltage of 30 kV). The optical properties of the NWs
were determined using UV/Vis spectroscopy (Spectrophotom-
eter UV5600, Biosens) at the wavelength range of 190 to
1100 nm. The stability of the AgNWs coated with an SnO2 layer
under high temperature and/or microwave treatment, was
studied using STEM imaging within several weeks at ambient
condition. The samples aer the synthesis were put on copper
grids (300 mesh) with a carbon support layer, stored in air at
room temperature, and measured every few days.

Moreover, the core/shell Ag/SnO2NWs were treated with an
aqueous solution of KCN at different concentrations of 0.0001,
0.001, 0.01 and 0.1 wt%. To study the inuence of the SnO2

shells, obtained with and without the assistance of microwave
irradiation, on the AgNWs chemical stability in the strongly
complexing solution of CN�, their optical properties were
evaluated using absorbance measurements in the wavelength
range of 190 to 1100 nm.

The structural characterisation of the selected core/shell Ag/
SnO2 nanowires characterised by high environmental stability
(Ag/SnO2NWs synthesised without microwave irradiation
assistance) was performed using TEM and EELS analysis (JEOL
2010F operating at 200 kV, equipped with a HAADF detector, an
EELS spectrometer GIF2000 Gatan Imaging Filter). The EELS
spectra were recorded using the spectrum imaging (SI) modes.
The SI mode consists on acquiring a simultaneously HAADF
signal and a collection of spectra at successive positions while
the ne electron probe (0.5 nm in our experiments) is scanned
over a predened region in the sample. This approach allows
correlating nanoanalytical and structural information of the
region under study. EELS spectra with 0.3 eV energy dispersion,
aperture of 5 mm and speed of 0.1 s per spectrum were recorded
with convergence and collection semiangles of 8 and 24 mrad.
XPS analysis was applied to evaluate the surface elemental
composition of the core/shell system. The Ag/SnO2NWs were
deposited on a silicon wafer coated with 100 nm of gold. An X-
ray photoelectron spectrometer (Axis Supra, Kratos Analytical)
with a monochromatic X-ray beam (energy of 1486.6 eV) was
used for the study. The photoemission spectra were collected in
a wide range of binding energies from �5 to 1200 eV.
4176 | RSC Adv., 2021, 11, 4174–4185
Preparation and characterisation of Ag/SnO2NWs para-
aramid composite fabric

The para-aramid, poly(1,4-terephthalate-fenylodiamid) fabric
made of doubled, staple 20 � 2 tex yarn, Kevlar® (DuPont,
London, United Kingdom) with a surface mass of 165 g m�2 was
cut into 50 � 50 mm pieces and ultrasonic spray-coated (105
kHz) with 1 ml of aqueous solutions of AgNWs and Ag/SnO2-
NWs. The both solutions were centrifuged (8000 rpm, 5
minutes) and re-suspended to obtain a concentration of
7000 ppm of silver. The solutions before spray-coating process
were homogenized (120 Watt, Hielscher homogenizer: model
U200S) for 3 minutes.

The heat transfer analysis of AgNWs and Ag/SnO2NWs spray-
coated and uncoated (control sample) fabrics were performed
on Alambeta (Sensora, Czech Republic) apparatus. The Alam-
beta tests19 were based on measuring the amount of heat ow-
ing through the sample placed between two plates – the upper
one, heated up to about 32 �C and the bottom one with
a temperature of 22 �C. The plates of 110 cm2 area exerted
a constant pressure of 200 Pa� 10%. Measurements were taken
at the temperature of 20 �C and relative humidity of 27% for 5
minutes.

The thermal properties of uncoated (control sample) and
spray-coated para-aramid fabric with AgNWs and Ag/SnO2NWs
were studied using DSC. The measurements were carried out
using the differential scanning calorimeter DSC 204 F1 Phoenix
(Netzsch, Germany). The samples with a weight of about 4 mg
were placed in a ceramic crucible with a volume of 85 ml and
heated in the temperature range of 20–600 �C with a rate of
10 �C min�1 under nitrogen (gas ow 25 ml min�1). TG/DTG
analysis of the pure fabric, which acted as a control sample
and fabric with deposited AgNWs and Ag/SnO2NWs as well as
powders of AgNWs, and Ag/SnO2NWs was performed on ther-
mogravimetry analyzer TG 209F1 Libra (Netzsch, Germany). The
samples with a weight of about 2–4 mg were placed in a ceramic
crucible with a volume of 85 ml. The measurements were carried
out in the temperature range of 20–800 �C with a heating rate of
10 �C min�1 under a nitrogen ow rate of 25 ml min�1.

Infrared thermography studies of the para-aramid fabric
before and aer the modication processes were performed
with a thermal imaging camera VarioCAM (InfraTec., Germany),
recording thermograms in the form of a colour image with
a resolution of 640 � 480 pixels. The camera was equipped with
an uncooled, microbolometer detector with a spectral range of
8–13 mm. The samples were placed on a heating plate in which
temperature was regulated in the range of 35 to 40 �C, in 1 �C
steps. The distance of the camera from the plate surface was 1
m. Measurements were made at 23.4 �C and RH ¼ 75 � 2%. For
each test, 20 thermograms were made, being recorded every 1 s.
Processing and analysis of the obtained thermograms were
performed using the IRBIS V2.2 soware.
Results and discussion

In this study, AgNWs were obtained by the polyol method,
optimised in our previous reports.21,22 AgNWs were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 STEM images of core/shell Ag/SnO2NWs. The SnO2 shell was
obtained (a) without and (b) with microwave irradiation assistance.
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characterised by a mean diameter of 42 (�3) nm (Fig. S1(a)†)
and the average length of 7.6 (�1.7) mm. The size of the nano-
wires was estimated based on STEM measurement of about 100
single nanostructures. The stability of the AgNWs was studied
in ambient conditions, in the air at room temperature over
several weeks using STEM imaging (Fig. S2†). The stability of
the silver nanowires in the air is known to be low due to rela-
tively fast silver surface corrosion and the decomposition
process.8 The morphology of the AgNWs changed aer just one
week during constant exposure to air (Fig. S2(b)†). The nanowire
surface was no longer smooth and revealed visible clusters,
which were not homogeneously distributed along the silver
nanostructures. The corrosion process does not have the same
rate in different regions of the same nanowire. The surface
defect accumulation and local lower surface coverage with PVP
coating promote the corrosion and higher rate of the process.8

The number of inclusions on the nanowires increased with
time, aer 2, 3, 7, and 9 weeks, resulting in the decomposition
of the nanostructures (Fig. S2†). The atmospheric corrosion of
silver nanostructures is caused mainly by the sulphidation
process and not, as might be predicted, by the oxidation
process.23 Hydrogen sulphide (H2S) and carbonyl sulphide
(OCS) have been shown to be the most important corrodent
agents for the tarnishing and decomposition process of silver
materials in the air, about one order of magnitude higher than
the rates for other sulphur gases, such as sulphur dioxide (SO2)
and carbon disulphide (CS2).23 It was found that H2S at
a concentration of 0.2 ppb in the air is sufficient to initiate
a silver corrosion process and form a crystalline form of silver
sulphide (Ag2S).24 Carbonyl sulphide also signicantly inu-
ences the silver surface by relatively fast decomposition into
H2S.

To improve the chemical stability of the silver surface, the
nanowires were passivated with a tin oxide layer. The synthesis
of the SnO2 shell was carried out by two methods, the rst of
which was stannate hydrolysis (according to eqn (1)–(4)),
previously presented in our report on AgNPs.16 The process is
achievable at a temperature above 60 �C in aqueous solution; in
this study the synthesis was carried out at 100 �C (Fig. 1(a), S1(b)
and S3(a)†). The second technique was also a stannate hydro-
lysis process in aqueous solution, but under a combination of
high temperature and microwave irradiation (Fig. 1(b) and
S3(b)†). The microwave irradiation was applied for shell
synthesis as a factor previously used in many reports for SnO2

growth.25,26 The comparison of the environmental stability of
both samples enabled the further sample selection, charac-
terised by high resistance to atmospheric conditions and
chemicals.

Na2SnO3 + 2H2O / H2SnO3Y + 2NaOH (1)

SnO3
2� + 3H2O / Sn(OH)4Y + 2OH� (2)

Sn(OH)4 + 2OH� / Sn(OH)6
2� (3)

Sn(OH)6
2� / SnO2Y + 2OH� + 2H2O (4)
© 2021 The Author(s). Published by the Royal Society of Chemistry
The core/shell Ag/SnO2 nanostructure synthesis can prevent
diffusion of Ag atoms and structural damage, as well as enhance
their chemical stability. STEM images of the Ag/SnO2NWs
(Fig. 1) obtained by both methods revealed uniform coatings on
the nanowires along the whole silver structures. The thickness
of the shell was about 14 nm (�2 nm) for both applied tech-
niques (Fig. 1). However, microwave irradiation affected the
AgNWs during the synthesis of the SnO2 coating. It caused the
formation of silver particles and rods due to the fast decom-
position process of the nanowires before the creation of the
SnO2 protecting layer (Fig. S3(b)†). The microwave treated
AgNWs, without providing a substrate of sodium stannate
caused the rearrangement of the nanowires into rods and
particles (Fig. S4†). The sample irradiated with the presence of
sodium stannate showed a mixture of nanowires, rods and
particles, all covered with the SnO2 shell. It indicates that
a protective coating is formed for all silver nanostructures, but
the process is not rapid enough to prevent the decomposition
process from starting under microwave irradiation (Fig. 3S(b)†).

To get more insight into the SnO2 shell synthesis process
under microwave irradiation, the Ag/SnO2NWs, obtained under
high temperature only, were treated with microwaves aer the
coating synthesis. It was found that microwave irradiation did
not inuence the AgNWs morphology if they were previously
coated with SnO2 (Fig. S3(c)†).

The stability of the core/shell samples was studied for 4
months. The nanowires aer the synthesis process were
constantly exposed to the air and room temperature conditions
for the whole studied time. The morphology of the Ag/SnO2-
NWs, for the shell obtained in aqueous solution under 100 �C,
remained unchanged for 4 months (Fig. 2). The atmospheric
RSC Adv., 2021, 11, 4174–4185 | 4177
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Fig. 2 STEM images of core/shell Ag/SnO2NWs (a) after the synthesis, (b) after 3 weeks and (c) 4 months kept in air at room temperature. The
SnO2 shell was obtained without microwave irradiation assistance.

Fig. 3 Absorbance spectra of (a) as-synthesised and microwave
treated AgNWs and (b) core/shell Ag/SnO2NWs. (b) The SnO2 shell was
obtained without and with microwave irradiation assistance and was
also treated with microwave irradiation after the shell synthesis
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stability studies for AgNWs covered with SnO2 under microwave
irradiation (Fig. S5†) revealed an unaffected morphology of the
wires aer 3 weeks (Fig. S5b†), similar to Ag/SnO2NWs, for
which the shell was obtained without microwave assistance
(Fig. 2(b)). The morphology of both samples showed stability for
several weeks, but aer a long time (several months) it differed
signicantly. Aer 4 months the silver core of the nanowires
with the shell microwave treated had started to decompose in
many places (indicated in Fig. S5(c)†), while Ag/SnO2NWs non-
microwave treated remained unchanged (Fig. 2(c)). The shell
synthesised under microwave irradiation only protects the silver
nanostructure to a certain extent, in comparison to the non-
coated samples, which decomposed completely aer 9 weeks
of ambient condition exposure (Fig. S2†). This is not the long-
term stability required for designing future devices and
materials.

The studies also revealed the inuence of microwave irra-
diation on the SnO2 layer previously formed in aqueous solution
at 100 �C. Although it prevents the formation of silver particles
and rods as during the direct synthesis in microwaves, the
microwave irradiation damaged the previously formed protec-
tive SnO2 layer. The silver core decomposed aer 5 weeks of
laboratory ambient conditions (Fig. S6†). The impact of the
applied microwave irradiation has been studied previously for
the PdAgNW system.27 The core/shell nanowires were syn-
thesised by a microwave-assisted polyol method with pulse
mode, however further microwave irradiation made the nano-
wires break into nanorods. Although the microwave-treated
nanowires showed higher catalytic efficiency,27 the microwave
irradiation can have a harmful effect on the protective ability of
the previously synthesised SnO2 layer, or only form a short-term
protective shell.

The optical properties of the core/shell Ag/SnO2NWs also
depend on the method of shell formation. The absorbance
spectra of AgNWs show two major bands centred at around
349 nm and 376 nm (Fig. 3(a)). Their values are consistent with
other reports and reveal, respectively, the plasmon response in
the longitudinal and transverse modes of the AgNWs with ve-
fold symmetry.28,29

The AgNWs coated with SnO2 under high temperature reveal
a red shi for both major absorbance peaks. They were shied
to 361 nm and 415 nm for the longitudinal and transverse
surface plasmon resonance modes of the silver nanowires,
4178 | RSC Adv., 2021, 11, 4174–4185
respectively (Fig. 3(b)). The plasmon response mode was red
shied to about 10 nm, whereas the transverse mode was
shied to about 40 nm. This indicates the effective formation of
the coating on silver nanowires. The surface plasmon resonance
(SPR) of silver nanowires is sensitive to the morphology and
dielectric constant of the environment, which is signicantly
changed aer coating the nanostructures. It was shown previ-
ously that the SPR modes of AgNWs covered with a TiO2 shell
revealed a gradual red shi upon the systematic build-up of the
dielectric cover.12
process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Absorbance spectra of core/shell Ag/SnO2NWs obtained (a)
without and (b) with microwave irradiation assistance and (c) also
treated with microwave irradiation after the shell synthesis process.
The samples were treated with 0, 0.1, 0.01, 0.001, 0.0001 wt% KCN.
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The two major bands for nanowires covered with the tin
oxide layer obtained under simultaneous treatments of both
high temperature and microwave irradiation are also compa-
rable with core/shell samples synthesised without microwave
treatment (Fig. 3(b)). The bands are centred at around 368 nm
and 424 nm. However, a new band appears in the absorbance
spectra with a maximum at around 620 nm, connected with the
existence of new silver structures in the sample, prismatic
triangular shape ones.30,31 This is consistent with the results of
the STEM observations, which show that microwave irradiation
causes the formation of that shape of structures (Fig. S3(b)†
inset). To study the inuence of microwave irradiation on the
optical properties of the as-synthesised AgNWs, their absorp-
tion was also measured. The spectra revealed that themaximum
of the plasmon response longitudinal mode band remained
unchanged while the maximum of the transverse mode was
shied to 393 nm (Fig. 3(a)). Moreover, a third wide band cen-
tred at around 545 nm appeared as a result of the silver cubes
formation under microwave treatment, and the silver nanowires
rearrangement.30,32 In contrast to the microwave-assisted shell
synthesis, in which triangular structures were formed, the as-
synthesized AgNWs decompose mainly into cubical structures
(see Fig. S4†). The shell synthesis with applied microwave
assistance is not effective because it allows rearrangement of
the silver material before the formation of the protective SnO2

coating. However, the SnO2 shell is formed on both AgNWs and
silver prisms appearing in the sample under microwave
irradiation.

The samples obtained under high-temperature treatment
only did not improve, or even change, signicantly, aer post-
synthesis microwave irradiation. The absorbance spectra did
not change signicantly aer treating the core/shell Ag/SnO2

nanowires with microwave irradiation (Fig. 2(b)). The main
absorbance bands are centred at around 362 nm and 411 nm for
the longitudinal and transverse modes of the nanowires,
respectively. It indicates that the dielectric constant of the
surrounding medium of silver nanowires did not change
signicantly.33

The SnO2 shell obtained in both ways as well as improved by
microwave irradiation was studied as a liquid stability
improving factor. Since cyanides (CN�) dissolve metals in the
presence of oxygen they were selected for the stability studies.
Cyanides are nucleophilic reagents, which can donate electrons
to unoccupied orbitals on the coordinatively unsaturated
surface of Ag nanostructures. Ag nanostructures are highly
reactive toward oxygen, which allows atom complexation and
dissolving in the form of Ag(CN)2

�.34 The complex is soluble and
colourless and allows quantitative (absorbance intensity
changes) and qualitative (colour loss) stability studies and
verication of the protective effect of SnO2 shell.

The core/shell Ag/SnO2NWs and AgNWs samples were
treated with KCN solution at a concentration of 0.0001 to
0.1 wt% as high complexing reagent (Fig. 4, S7 and S8†). The
samples with the shell obtained by the hydrolysis process
without microwave assistance shows two main absorbance
bands at about 361 and 415 nm characteristic for the longitu-
dinal and transverse modes of silver nanowires, respectively
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 4(a)). The position of the bands remained unchanged in
the entire concentration range of KCN. Moreover, only the CN�

ions at the highest concentration inuenced, to some degree,
the absorbance intensity of silver nanowires. The absorbance
intensity of Ag/SnO2NWs slightly decreased for 0.1 wt% KCN
concentration. This indicates a high environmental stability of
the proposed system as well as a high density and efficiency of
the SnO2 shell as an effective barrier layer which prevents the
harmful inuence of strong complexing CN� ions on the silver
nanowire core.

The core/shell Ag/SnO2NWs with the shell obtained by
a combination of the high temperature and microwave
RSC Adv., 2021, 11, 4174–4185 | 4179
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Fig. 5 (a) TEM and (b, c) HRTEM images of core/shell Ag/SnO2NWs. (d) The electron diffraction pattern and (c) HRTEM image indicating the
studied area of the SnO2 shell.
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irradiation was signicantly inuenced by the cyanides
(Fig. 4(b)). For the highest concentration of the CN� ions
(0.1 wt%) the nanowires decomposed completely. For the
concentration of 0.01 wt% only the peak at 415 nm charac-
terised by low absorbance intensity is noted, which also indi-
cates the decomposition and structural damage of the silver
nanowires. The other concentrations also proportionally inu-
enced the AgNWs absorbance intensity, which decreased for the
two main silver nanowire bands and for the prismatic struc-
tures. The harmful inuence of the CN� ions is similar for the
silver prismatic structures obtained by microwave irradiation
because they were also only covered to the same extent with the
SnO2 shell during the stannate hydrolysis.

The images of the aqueous solution of Ag/SnO2NWs treated
with KCN (Fig. S7†) show the results consistent with the
absorbance analysis. The colour of SnO2/AgNWs samples
characterised by the SnO2 shell obtained at 100 �C remained
unchanged for a wide applied range of KCN concentrations. The
core/shell Ag/SnO2NWs samples with the shell synthesised with
microwave assistance changed colour signicantly. They
4180 | RSC Adv., 2021, 11, 4174–4185
became colourless for KCN concentration of 0.1 and 0.01 wt%,
indicating the decomposition of the nanowires.

The SnO2 shell synthesised with microwave irradiation
assistance did not show a protective effect for the applied
concentration range of KCN. AgNWs were oxidised by dissolved
oxygen in the presence of CN� as a result of the redox reaction.
The absorbance band intensity decreased due to the formation
of a soluble and colourless complex of Ag(CN)2

�.35 This indi-
cates that the shell synthesised with microwave assistance is
permeable to cyanide ions and the crystallites inside the layer
are not compressed enough to protect the core against envi-
ronmental inuences.

Moreover, the chemical stability of Ag/SnO2NWs with the
shell obtained by the hydrolysis process without microwave
assistance, but irradiated with microwave aer SnO2 shell
synthesis, was also studied (Fig. 4(c)). The samples revealed
lower environmental stability against KCN in comparison to the
non-irradiated ones (Fig. 4(a)), similar to those obtained with
microwave treatment assistance (Fig. 4(b)). For the two highest
concentrations of CN� ions, the absorbance spectra did not
show SPR bands typical for silver nanowires and the samples
© 2021 The Author(s). Published by the Royal Society of Chemistry
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became colourless as well (Fig. S7(c)†), indicating the decom-
position of AgNWs. Only for the lowest concentration of cyanide
ions of 0.0001 wt% did the absorbance spectrum and sample
colour remain unchanged, similar to the as-synthesised AgNWs
(Fig. S8†), showing that the concentration of CN� ions was too
low to affect the nanowires. The chemical stability studies of the
core/shell Ag/SnO2NWs sample treated withmicrowave aer the
shell synthesis revealed that irradiation damaged the protective
effect of the SnO2 shell. The microwave irradiation is
a commonly used technique to obtain, or improve, the crystal
structure of different ceramic nanomaterials, such as increasing
the size of crystallites or changing the amorphous phase to
a crystalline one at relatively low temperature.36 It can result in
the modication of the crystallite's alignment and compression
within the SnO2 layer, and these processes make it permeable to
various environmental factors.

The atmospheric and liquid stability studies of the core/shell
Ag/SnO2NWs demonstrated that shell synthesis by simple
hydrolysis at about 100 �C according to eqn (1)–(4) is the most
effective and facile way to protect nanowires against environ-
mental inuence. Moreover, the shell synthesis without
microwave assistance did not cause sample rearrangement and
formation of other silver structures of different
dimensionalities.

The structural properties of the most functional SnO2 shell
(synthesised without microwave irradiation assistance) were
studied by TEM analysis. HREM images (Fig. 5(a) and (b))
indicated that the covered layer is made of an agglomeration of
nanostructures with the mean diameter of the crystallites to be
7 nm (�2 nm). The diffractogram of shell single crystal from
HRTEM image (Fig. 5(c)) indicates rutile-type tin oxide (111)
structure, which conrmed its polycrystalline nature and the
presence of tin oxide (Fig. 5), which is known as a material with
high chemical stability.37,38 Moreover, STEM-EELS experiments
of core/shell nanowire also conrmed the presence of SnO2

shell (Fig. 6). In particular, SI-EELS performed on the area
marked in green at Fig. 6(a) allow correlating HAADF signal with
Fig. 6 (a) TEM and (b) high angular annular-dark-field (HADF) images and
of core/shell Ag/SnO2NWs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the elements distribution in the sample. HAADF signal is
proportional to the element atomic number, therefore the
difference on the HAADF contrast (Fig. 6(b)) suggests that the
inner core has a different composition that the covered layer.
Ag-M4,5 (367 eV) and Sn-M4,5 (485 eV) elemental maps (Fig. 6(c)
and (d)) are extracted from the EELS raw data aer removing the
background using a power-law model and a window width of
25 eV maps. Silver atoms were evenly distributed along the
nanowire core, while tin atoms were located in the outermost
part of the nanowire (Fig. 6). The superimposition of the EELS
maps for silver and tin showed the core/shell Ag/SnO2 nanowire
system.

To study the chemical state of the Ag/SnO2NWs' surface, XPS
analysis was used. Fig. S9(a)† presents the XPS survey spectrum
for the Ag/SnO2NWs sample characterised by high chemical
stability indicating the presence of Sn, O, Ag, C and Au. Fig. S9
(b) and (c)† show respectively core level XPS Sn 3d and Ag 3d Ag/
SnO2NWs. The core level Sn 3d spectrum core/shell nanowires
revealed the spin–orbit doublet at 487.1 eV (Sn 3d5/2) and
495.5 eV (3d3/2) typical for Sn

4+, indicating the presence of SnO2.
The value of the Sn 3d5/2 and Sn 3d3/2 peak maxima are very
close to the reported value for the SnO2 surface,39 conrming its
high-quality crystal structure. The binding energy of the Ag 3d3/2
and Ag 3d5/2 peaks respectively at 373.9 and 367.9 eV indicated
metallic silver (Ag0) of nanowire core. Au is present in the XPS
spectrum because Ag/SnO2NWs were deposited on a silicon
wafer coated with 100 nm of gold. Carbon (C 1s) comes from
organic residues aer the synthesis, such as citrate ions.

Recently, some reports have presented silver nanowires
deposited on fabrics and their potential in wearable thermal
management cloth. Ag nanoparticles anchored onto cellulose
bres formed high thermal insulating material characterized
also by high breathability and antibacterial activity.40 It was also
shown that cellulose laminated on one side with carbon nano-
tubes can absorb sunlight and Ag-coated on the other side was
used as an infrared reector to minimize the human radiation
heat output.41 AgNWs/polydopamine composite attached to the
EELS map of (c) Ag-M4,5, (d) Sn-M4,5, and (e) EELS superimposed map

RSC Adv., 2021, 11, 4174–4185 | 4181
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cotton fabric showed high IR reectance, indicating higher
thermal insulation capacity than unmodied fabric.42 To reveal
the impact of the SnO2 shell on future Ag nanowire applications
for designing smart wearable materials, the ability to reect
infrared radiation and reduce potential heat loss of the core/
shell Ag/SnO2 nanostructures was studied. The most atmo-
spheric and liquid resistant hybrid was selected to the study to
characterized infrared reectance ability of the environmentally
stable system. The SnO2 coating obtained by a one-step hydro-
lysis process at 100 �C was selected as the most facile and
effective method of AgNWs protection against harmful envi-
ronmental inuence. Para-Aramid fabrics were sprayed with
aqueous solutions of the selected Ag/SnO2NWs and AgNWs at
the same concentration. Para-Aramid fabric without any coating
acted as a control sample. The thermal diffusivity of pure para-
aramid fabric was 1.05 � 10�7 (�1.7 � 10�8) m2 s�1. The
thermal diffusivity of the coated fabrics was determined to be
1.77 � 10�7 (�1.9 � 10�8) m2 s�1 and 8.90 � 10�8 (�4.0 � 10�9)
m2 s�1 with deposited AgNWs and Ag/SnO2NWs, respectively. It
indicated that AgNWs deposited on fabric only slightly change
the heat transfer properties of the para-aramid. The core/shell
Ag/SnO2NWs decreased thermal diffusivity in the fabric by
one order of magnitude due to the introduction of a semi-
conductor shell on the AgNWs surface.

To analyse the thermal properties of uncoated and nanowire
coated para-aramid fabrics DSC studies were performed.
Fig. 7(a) shows the thermograms for pure para-aramid fabric
(control sample) and para-aramid fabric with deposited AgNWs
and Ag/SnO2NWs. DSC analysis of uncoated para-aramid fabric
indicated its thermal decomposition in the temperature range
of 526.0 to 590.4 �C and endothermic peak at about 580.8 �C
(Fig. 7(a)), characteristic for aramid yarn.43 The peak maximum
was shied to 572.5 �C and 579.8 �C for fabric coated with
AgNWs and Ag/SnO2NWs, respectively. The deposition of silver
nanowires on fabric resulted in shiing the maximum of the
endodermic peak to lower values by about 8 �C due to
decreasing thermal degradation temperature. Aer fabric
coating with SnO2 shell, the maximum of the peak and the
initial degradation temperature were shied to the higher
Fig. 7 (a) DSC and (b) DTG thermograms of para-aramid fabric with dep

4182 | RSC Adv., 2021, 11, 4174–4185
values by about 7 �C and 5 �C indicating the protective effect of
the shell against the thermal decomposition process.

The degradation enthalpy value (DHdeg) for the uncoated
para-aramid fabric was 269 J g�1 DHdeg for AgNWs and Ag/
SnO2NWs coated fabric was determined to be about 404 J g�1

and 320 J g�1, respectively. The heat of thermal decomposition
of the fabric with silver nanowires increased by about 50%. Ag/
SnO2NWs coated fabric revealed a decrease of thermal decom-
position heat about 20% in comparison to AgNWs coated
sample showing an increase of thermal stability of the sample
aer applying the SnO2 layer on Ag nanostructure surface.

The thermogravimetric analysis revealed thermal decompo-
sition of pure para-aramid fabric in the temperature range of
553.4 to 619.4 �C with the maximum peak at 584.8 �C (Fig. S10,†
and 7(b)). The maximum of the peak shied by 7.3 �C to the
value of 577.7 �C aer deposition of metallic nanostructures
(AgNWs) on the fabric. Moreover, the end temperature for the
process was lower about 20.8 �C indicating the lower tempera-
ture of fabric degradation. The initial temperature was noted at
561.3 �C and the process was nished at the temperature of
604.6 �C for fabric with deposited Ag/SnO2NWs. The maximum
of the peak was shied to higher temperature values by 4.5 �C
and the end temperature of the degradation process was shied
by 6 �C in comparison to the fabric coated with AgNWs. TG/DTG
analysis conrmed the protective effect of SnO2 shell on AgNWs
and show an increase in their resistance to high temperatures.
The mass loss for the samples was also calculated. The content
of AgNWs and Ag/SnO2NWs deposited on the para-aramid
fabric was to be about 7.1 wt% and 15.2 wt%, respectively.
Moreover, TG/DTG analysis of AgNWs and Ag/SnO2NWs
powders was carried out (Fig. S11†). TG thermogram for AgNWs
showed the weight loss to be about 81.3 wt% in the temperature
range of 401.2 to 458.1 �C connected with PVP thermal degra-
dation. DTG thermogram showed the maximum peak at
228.5 �C, characteristic for PVP polymer.20 PVP was used for
AgNWs synthesis by polyol reduction method and acted as
a capping agent, which further also stabilized silver colloid. The
thermogram for Ag/SnO2NWs powders did not reveal any mass
loss in the studied temperature range indicating efficient SnO2

shell formation. Aer Ag/SnO2NWs hybrid formation PVP was
osited Ag/SnO2NWs, AgNWs and without nanowires (control sample).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Sample temperature vs. applied temperature after placing the para-aramid fabric with deposited Ag/SnO2NWs, AgNWs and without
nanowires (control sample) on an open-air hot plate at 35 to 40 �C. (b) Heat transfer measurement by the temperature increase for an applied
temperature of 36 �C. (c) Infrared images of the samples for an applied temperature of 36 �C.
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removed by the ltration process and the colloid remained
stable and homogenous. The shell protected AgNWs against
aggregation without the addition of any surfactants.

Fig. 8 shows the comparison of the fabric surface tempera-
ture values aer heating samples at different temperatures
between 35 and 40 �C, in the range containing the temperature
of the human body. The results show that pure para-aramid
fabric has a minimal ability to reect IR irradiation in
comparison to the fabrics with the nanowires. The temperature
differences between the fabrics with and without nanowires
were signicant, demonstrating efficient thermal insulation for
the whole selected temperature range. Moreover, infrared
radiation reectivity for AgNWs was only slightly higher than for
nanowires with the SnO2 shell (Fig. S12,† and 8(b)), indicating
that shell formation did not harm IR reectance properties of
AgNWs. The fabrics covered with AgNWs and Ag/SnO2NWs had
an 84% and 70% increase in temperature difference, respec-
tively, indicating an effective thermal insulation effect for both
coated samples (Fig. 8(b)). Fig. 8(c) shows infrared images of the
samples for the applied temperature of 36 �C. IR images show
that the temperatures of the fabrics covered with SnO2 coated
and uncoated silver nanowires are lower than that of the pure
para-aramid fabric. Most of the thermal radiation of the sample
with nanowires is reected, while the pure fabric transferred the
radiation effectively through the material, which is indicated by
a dark red colour. The AgNWs provide more radiation insu-
lation as a low-emissivity material4 and retain these properties
for silver nanowires coated with SnO2, making the core/shell Ag/
SnO2 system useful for trapping the thermal radiation of the
human body.

The results are consistent with other reports presenting
silver-based thermal management, such as cotton coated with
pure AgNWs,4 AgNWs/cellulose lms,44 3D silver platelets/
reduced graphene oxide foam,45 polyurethane sponges with Ag
nanoparticles46 or a combination of silver thin lm and silica
nanoparticles.5 The heat transfer study of the samples with and
© 2021 The Author(s). Published by the Royal Society of Chemistry
without the SnO2 shell, as well as the comparison to other
studies, conrmed the core/shell Ag/SnO2NWs as a good IR
reector. The core/shell nanostructures can be applied in
designing fabrics for efficiently decreasing the heat loss from
the human body in various conditions as a material character-
ized by high and long environmental stability.
Conclusions

In conclusion, we have presented the surface passivation tech-
nique of AgNWs by an SnO2 shell through a one-step hydrolysis
process of sodium stannate at 100 �C. The morphological,
chemical, and structural characterisation of the core/shell Ag/
SnO2 nanowires revealed a 14 nm (�2 nm) thick SnO2 shell
consisting of 7 nm (�2 nm) rutile-type crystals surrounding the
metallic core. The shell signicantly inuences the optical
properties of the AgNWs. The plasmon responses in the longi-
tudinal and transverse modes in the absorbance spectrum are
red shied from 349 and 376 nm to 361 and 415 nm, respec-
tively, indicating that the AgNW's surrounding medium
changes the dielectric constant. The SnO2 shell signicantly
improves the atmospheric resistance of the AgNWs, which
completely decompose aer 9 weeks without a protective layer.
The Ag/SnO2NWs are stable for over 4 months at ambient
conditions. The core/shell Ag/SnO2NWs shows high liquid
stability in the highly complexing environment of KCN. They are
resistant to harsh CN� ions at the concentration range of 0.01 to
0.0001 wt%. The absorbance intensity spectrum of the Ag/
SnO2NWs only slightly decreases for 0.1 wt% cyanide ion
concentration.

The report also presents microwave assisted SnO2 shell
formation at 100 �C and microwave irradiated Ag/SnO2NWs
aer the shell synthesis. The microwave treatment is
a commonly used technique for synthesis and improving the
crystal structure of various semiconductor coatings. This study
shows that a simple hydrolysis process at 100 �C is a facile,
RSC Adv., 2021, 11, 4174–4185 | 4183
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effective method to obtain a protective coating on AgNWs. The
microwave irradiation allows core/shell Ag/SnO2 nanostructures
to be obtained, however they do not show long-term stability in
both atmospheric conditions and KCN solution. Moreover, the
shell formation under microwave treatment is not fast enough
to inhibit the early start of the AgNWs decomposition process,
and the formation of silver prismatic triangular shaped struc-
tures. The Ag/SnO2NWs, microwave treated aer the shell
synthesis, also show low environmental stability, they decom-
pose aer 5 weeks under ambient conditions.

The selected Ag/SnO2NWs obtained at 100 �C in aqueous
solution revealed high atmospheric and chemical stability. This
most stable core/shell Ag/SnO2NWs composite and pure AgNWs
were deposited on para-aramid fabric. DSC analysis shows that
the maximum of the degradation peak and the initial degra-
dation temperature for the fabrics with Ag/SnO2NWs are shied
to the higher values by about 7 �C and 5 �C in comparison to
AgNWs coated fabric indicating the protective effect of the shell
against the thermal decomposition process.

TG/DTG analysis conrms the protective effect of the SnO2

shell on AgNWs and shows an increase in their resistance to
high temperatures on para-aramid fabric. The maximum of the
DTG peak is shied to higher temperature values by 4.5 �C in
comparison to the fabric coated with AgNWs. The Ag/SnO2NWs
decreases also thermal diffusivity of the fabric by one order of
magnitude due to the introduction of a semiconductor shell on
the AgNWs surface.

Moreover, the para-aramid fabric, aer covering it with Ag/
SnO2NWs, shows a signicant increase in the IR reection
efficiency, which is comparable to pure AgNWs. It reveals that
SnO2 shell synthesis does not affected signicantly IR reec-
tivity of Ag core. Our ndings indicate that core/shell Ag/SnO2-
NWs represents a very promising material, characterised by
high IR reection as well as high environmental stability, for the
fabrication of effective wearable “personal thermal manage-
ment” devices in the near future.
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