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Abstract: Low-emissivity (low-e) glass has garnered considerable attention for implementation
in energy-saving windows, which can effectively decrease the energy consumption of buildings.
However, the traditional vacuum-coating technology of low-e films greatly enhances the cost of
energy-saving windows, and the influence of the vacuum-coating parameters on the optical character-
istics of low-e films necessitates a complex optimization process. Herein, we prepared Ag NWs with
controllable diameters using the polyol method, and the alignment of the Ag NW film coating on glass
substrates was regulated by the shear force of the liquid flow generated through magnetic stirring.
After optimization, the low-εMIR windows based on aligned Ag NW (60 nm) coatings showed an
optical transmittance of 84.4% and a low εMIR of 0.3, which were superior to those of commercial
low-εMIR glass (T: 65.6%; εMIR: 0.4). The simplicity and low cost of aligned Ag NW coatings for low-e
glass open up a new avenue for reducing energy consumption in existing windows.

Keywords: energy-saving window; silver nanowire coating; orientation alignment; optical transmittance;
low-emissivity

1. Introduction

In recent years, more than thirty percent of global energy consumption has been
attributed to buildings [1], and HVAC (heating, ventilation, and air conditioning) systems
in residential and commercial buildings account for the majority of this energy consump-
tion [2,3]. Approximately one third of the energy loss from a typical house comes from the
windows, due to their high optical transmittance and thermal radiation [4–7]. Therefore,
in order to decrease the energy consumption of buildings, low-emissivity windows must
be developed.

Low thermal radiation and high visible transmittance are attractive characteristics
of low-emissivity windows. So far, various functional materials, such as metal-based
multilayer coatings [8,9] and doped semiconductors with broad band gaps [10–13], have
been employed for low-emissivity (low-e) films [14]. Due to its relatively low absorption
in the visible light region and high reflectance in the IR region [8], Ag is a promising
material for energy-saving windows. However, the use of vacuum-coating technology is
severely constrained by the exceedingly high cost and difficult processing requirements.
Accordingly, it is essential to develop a low-emissivity material that can be applied in a
straightforward manner while maintaining the functionality of low-e films. Recently, Yu
et al. fabricated energy-saving smart windows through the high-efficiency spray assembly
of thermos plasmonic gold nanoparticles (Au NPs) [15]. Such methods for fabricating low-
emissivity windows are relatively simple, but Au NPs are more expensive than Ag NPs.

Ag nanowire (NW) networks, characterized by 1D properties, high visible-light trans-
mittance, and a straightforward manufacturing method, can reflect back IR radiation to
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prevent heat loss and have therefore been employed in personal thermal management [16].
Motivated by this, Ag NWs ought to be a candidate nanostructured Ag material for low-e
windows [17,18]. Due to its simplicity and usefulness, the direct spray coating of ran-
dom Ag NWs on glass has been exploited for depositing traditional Ag NW coatings on
energy-saving windows [19,20]. However, the transmittance is inevitably influenced by
the random network of Ag NWs [21], partially due to the uncontrolled interwire spacings.
However, regulating the interwire spacings to ensure the regular arrangement of Ag NWs
is largely dependent on the size of the Ag NWs and the coating technology.

Herein, Ag NWs of different diameters were prepared via the CuCl2-mediated polyol
method by adjusting the content of the KBr template. Then, relying on the shear force of the
liquid flow generated through magnetic stirring, orientation-aligned Ag NWs were coated
onto SiO2 glass, and the interwire spacings were easily controlled according to the stirring
duration. After optimization, the energy-saving window with a Ag NW interval distance
of 0.68 µm demonstrated a low emissivity in the mid-infrared region (εMIR) of 0.3 and an
optical transmittance (T) of 84.4%. This stirring-assisted orientation alignment strategy
could pave the way for a new coating technology for low-e energy-storage windows.

2. Materials and Methods

Silver nitrate (AgNO3, AR) was purchased from Tianjin YingDa Chemical Reagents
Co., Ltd. (Tianjin, China). Copper chloride (CuCl2 2H2O, AR); polyvinylpyrrolidone
(PVP, Mw = 58,000); and polyvinyl butyral (PVB, Mw = 170,000–250,000) were purchased
from Macklin. Ethylene glycol (EG, 99.5%); ethanol (99.7%); and potassium bromide (KBr,
AR) were purchased from Tianjin FuChen Chemical Reagents Co., Ltd. (Tianjin, China).
Glass substrates (24 mm × 24 mm × 1 mm) were purchased from GuLuo Glass Co., Ltd.
(Luoyang, China). Deionized water was prepared using a UPT ultrapure water dispenser
(UPT-II-20T, Chengdu Chaochun Technology Co., Ltd., Chengdu, China). The suppliers
and purity of the materials are listed in Table 1. All chemicals in this work were used
without further purification.

Table 1. The suppliers and purity of the materials.

Material Supplier Purity

AgNO3 Tianjin YingDa Chemical Reagents Co., Ltd. (Tianjin, China) AR
CuCl2.2H2O Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China) AR

PVP, Mw = 58,000 Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China) AR
PVB, Mw = 170,000–250,000 Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China) AR

EG Tianjin FuChen Chemical Reagents Co., Ltd. (Tianjin, China) 99.5%
Ethanol Tianjin FuChen Chemical Reagents Co., Ltd. (Tianjin, China) 99.7%

KBr Tianjin FuChen Chemical Reagents Co., Ltd. (Tianjin, China) AR

Deionized water UPT-II-20T, Chengdu Chaochun Technology Co., Ltd.
(Chengdu, China) Resistivity = 18.2 MΩ cm

Synthesis of Ag NWs: Generally, 0.66 g of PVP was dissolved in 50 mL EG under
magnetic stirring at 80 ◦C. Then, 1 mL 0.01 M CuCl2/EG solution and 0.25–1 mL 0.01 M
KBr/EG solution were rapidly injected into the PVP/EG solution. Subsequently, 3.2 mmol
AgNO3 powder was instilled into the above solution under magnetic stirring, and the color
changed from colorless to saffron yellow. The mixture was kept in an oven at 145 ◦C for 4 h.
After cooling down to room temperature, the resultant solution was set for two days. The
resultant Ag NWs were separated by centrifugation at 2000 rpm and washed several times
using deionized water and ethanol. Finally, the clean Ag NWs were redispersed in 100 mL
ethanol for further characterization.

Preparation of energy-saving nanowire films with different interwire spacings: Ag NW
films with different interwire spacings were fabricated by the stirring-assisted orientation
alignment strategy [16]. The experiment was performed using a common laboratory
magnetic stirrer. First, SiO2 glass substrates (24 mm × 24 mm × 1 mm) were sonicated in
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deionized water and ethanol for 20 min to remove the impurities on the glass surface. The
as-cleaned glass substrates were treated with ozone for 20 min. The ozone-treated glass
substrates were fixed to the inner wall of a beaker containing 60 mL 1 mg mL−1 Ag NWs
in the PVB solution (1 wt.%). The solution was stirred at 400 rpm for 0.5–2 h, and finally
the glass substrates were dried under N2 flow.

The crystal structures of the Ag NWs were investigated by X-ray diffraction (XRD) us-
ing an ARL EQUINOX 3000 X-ray diffractometer (Thermo Fisher Scientific, Waltham, MA,
USA) with Cu Kα radiation (λ = 1.5418 Å) in the 2θ range of 10–90◦. The morphologies of
the Ag NWs were measured by a scanning electron microscope (SEM) with a field emission
gun (Quanta FEG 250, FEI, Hillsboro, OR, USA). Transmission electron microscopy (TEM)
using a Talos F200× (FEI, Hillsboro, OR, USA) microscope was performed to observe the
morphology, microstructure, and composition. UV–vis spectra were collected by a Lambda
750 (PerkinElmer, Waltham, MA, USA) spectrophotometer. The transmittance and haze
factors were measured with the Lambda 750 (PerkinElmer, Waltham, MA, USA) spectropho-
tometer using the standard test method (Haze ASTM D-1003-00). The mid-IR emissivity
and mid-IR reflectivity of the Ag NWs were measured by a FTIR spectrometer (Frontier
Mid-IR FTIR/STA6000-TL9000-Clarus SQ8, PerkinElmer, Waltham, MA, USA). The IR
images were taken with an IR camera (InfiRay C210, Hunan, China). The nomenclature
involving in the text is listed in Table 2.

Table 2. Nomenclature.

Abbreviation Meaning

T Transmittance
R Reflectance
εMIR Emissivity of mid-infrared region
XRD X-ray diffraction
SEM Scanning electron microscope
TEM Transmission electron microscope

FTIR spectrometer Fourier transform infrared spectrometer
UV–Vis UV-visible spectrophotometer

3. Results and Discussion

Ag NWs with different diameters were prepared using the CuCl2-mediated polyol
method by adjusting the addition of KBr templates, as illustrated in Figure 1a. Firstly, the
Ag+ combined with the Cl− from the CuCl2 to form AgCl colloids, effectively decreasing
the concentration of Ag+ (aq). Then, at 145 ◦C, the Cu2+ was reduced to Cu+, which
depleted the dissolved oxygen and adsorbed oxygen at the surface of the Ag NWs, thus
avoiding the formation of Ag nanoparticles [22]. Moreover, the addition of an extra KBr
template increased the number of five-fold twin crystals in the initial period of the reaction,
which produced a smaller crystal seed and thus decreased the diameter of the Ag NWs [23].
When the amount of KBr was 0.25 mL, the average diameter of the Ag NWs was 88 nm
(Figure 1b). With the amount of KBr increasing from 0.5 to 1 mL, the average diameter of
the Ag NWs reduced from 70 to 47 nm (Figure 1c–e), accompanied by the formation of
some by-products (AgBr nanoparticles) (Figure 2). The formation of AgBr nanoparticles
could have been due to the addition of too much Br−, covering all the crystal faces of the
multiple twins and hindering the deposition of silver atoms on the (111) planes of the
five-fold twin crystals [24].
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Figure 1. (a) Schematic illustration of the synthesis of Ag NWs. The diameter distributions of the Ag 
NWs synthesized with different amounts of Br− were: (b) 0.25 mL; (c) 0.5 mL; (d) 0.75 mL; and (e) 1 
mL. Insets: TEM images of the corresponding Ag NWs. (f) XRD patterns and (g) UV-Vis spectra of 
the Ag NWs with different diameters. 

 
Figure 2. SEM of Ag NWs with diameters of (a) 88 nm, (b) 70 nm, (c) 60 nm, and (d) 47 nm. 

Figure 1. (a) Schematic illustration of the synthesis of Ag NWs. The diameter distributions of the
Ag NWs synthesized with different amounts of Br− were: (b) 0.25 mL; (c) 0.5 mL; (d) 0.75 mL; and
(e) 1 mL. Insets: TEM images of the corresponding Ag NWs. (f) XRD patterns and (g) UV-Vis spectra
of the Ag NWs with different diameters.
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To investigate the crystal phase and phase purity, the XRD of Ag NWs with different
diameters was carried out, as shown in Figure 1f. The characteristic peaks of the Ag
NWs at 11.8◦, 16.8◦, 26.7◦, and 55.9◦ could be indexed as the (111), (200), (220), and (311)
planes of Ag (JCPDF #04-0783), respectively. No other impurity peaks were observed,
suggesting the high phase purity of the as-synthesized Ag NWs. Moreover, with the
amount of Br− increasing, the I(111)/I(200) decreased from 10.53 to 5.05, which revealed the
decreased diameter of the obtained Ag NWs. The theoretical I(111)/I(200) for cubic Ag is
2.5, which is much lower than that of the Ag NWs, demonstrating the predominant (111)
orientation of the Ag NWs [25]. Taking the Ag NWs with a diameter of 60 nm as an example,
transmission electron microscopy (TEM) was performed to check the microstructure along
with the crystal selectivity (Figure 3). The lattice spacing of 0.237 nm on the top region of
the Ag NWs could be attributed to the (111) plane of Ag (Figure 3b). The SAED pattern
further confirmed the existence of single-crystal Ag NWs, and the (111), (100), (110), (311)
planes could be checked in accordance with the HRTEM and XRD results.
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Figure 3. (a) Low-resolution TEM, (b) high-resolution TEM, and (c) SAED images of Ag NWs with
an average diameter of 60 nm.

To better comprehend the absorption characteristics of the Ag NWs, we obtained UV–
vis absorption spectra with a wavelength ranging from 300 to 600 nm. When the amount
of Br− was 0.25 mL, the UV–Vis spectra showed an absorption peak at ca. 390 nm with a
small shoulder peak at 350 nm, both of which could be attributed to the transversal surface
plasmon resonance (SPR) modes of the Ag nanowires with pentagonal cross-sections [26].
The absence of the strong peak at 430 nm in the Ag nanoparticles indicated the purity of
the Ag nanowires [27]. With the amount of Br− increasing from 0.25 to 1 mL, the SPR peaks
displayed a continuous blue shift from 390 to 380.5 nm, partially due to the decreased
diameter of the Ag NWs [28].

For the practical experiment, we adopted the as-synthesized Ag NWs with a diameter
of 60 nm as building blocks to fabricate an energy-saving window, using the shear force of
the liquid flow generated through magnetic stirring to align the NWs. The cleaned SiO2
glass substrates were treated by UV ozone to ensure good hydrophilicity. The results of
the contact angle measurements (Video S1, see Supplementary Materials) showed that the
hydrophilicity of the substrate was greatly increased. These glass substrates were fixed to
the inner wall of a beaker containing a Ag NW suspension. The liquid flow direction was
maintained in the same direction as the shear force, and the Ag NWs in suspension aligned
in the same direction as the liquid flow, as illustrated in Figure 4a.
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Figure 4. (a) Schematic illustration of stirring-assisted orientation alignment of Ag NWs. (b) Influence
of the stirring duration on mass loading and interwire spacing of Ag NWs. SEM images of aligned
Ag NWs with average interwire spacings of (c) 1.36 µm, (d) 0.68 µm, and (e) 0.28 µm.

Theoretically, the mass loading of the Ag NWs was positively correlated with the
duration of the shear force application on the glass substrates. Thus, the interwire spacings
could be easily controlled by the stirring time (Figures 4b and 5). The mass loading of
the Ag NWs on the glass substrate increased from 35 to 63 µg cm−2 as the stirring time
increased from 30 min to 120 min. As is evident from the optical microscopy images in
Figure 4c–e, the shear forces generated by high-speed stirring mediated the directional
movement of the Ag NWs and finally induced the regular alignment of the Ag NWs on the
glass substrate. The interwire spacings of the Ag NWs decreased from 1.36 µm to 0.28 µm
with an increase in the stirring times from 30 min to 120 min.
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To accurately evaluate the characteristics and performance of the aligned Ag NW-
coated energy-saving windows, the side coated with the aligned Ag NWs faced towards
the inside. The mechanism of the aligned Ag NW-based energy-saving windows is shown
in Figure 6a. The glass can transmit most visible light and reduce the heat transfer from
indoors to outdoors, because a large proportion of the thermal radiation in the MIR range
can be reflected. Figure 6b shows the transmittance spectra of the Ag NW films with
different interwire spacings in the wavelength range of 400–600 nm. The transmittance
(T) at 550 nm decreased from 89.2% to 82.2% as the interwire spacings of the Ag NWs
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decreased from 1.36 to 0.28 µm. This decreased T of the Ag NW films with smaller interwire
spacings could be attributed to the increased mass loading of the Ag NWs.
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silver nanowires with different interwire spacings. (f) Heat-insulating performance of the bare glass
and the aligned silver nanowires with different interwire spacings.

Haze is another significant parameter for evaluating the performance of energy-saving
windows. The haze values for the energy-saving windows covered by Ag NW films with
interwire spacings of 0.28, 0.68, and 1.36 µm were 21, 15, and 9%, respectively (Figure 6c).
Figure 6d shows the reflectance spectra of the Ag NWs films. There were clear differences
between the experimental samples. The reflectance of the films gradually increased from
43% to 82% with the decrease in interwire spacing. Based on the measured reflectance
(R) and transmittance (T), the emissivity (εMIR) of the films could be calculated using the
following equation: εMIR = 1 − R − T. The emissivity of the films gradually decreased
from 0.57 to 0.18 with the decrease in interwire spacing (Figure 6e). The energy-saving
window with the Ag NW interval distance of 0.68 µm demonstrated a low emissivity in
the mid-infrared region (εMIR) of 0.3 and an optical transmittance (T) of 84.4%, which were
superior to those of commercial low-εMIR glass (T: 65.6%; εMIR: 0.4).

In order to investigate the low-emissivity properties of the Ag NW films, a heat-
insulation performance evaluation was carried out by setting Ag NW-coated glass sub-
strates and a blank glass substrate on a heating plate preheated to 60 ◦C. The surface
temperature was monitored after thermal equilibrium using an infrared thermal imager.
As displayed in Figure 6f, the colors of the substrate surfaces ranged from light to dark,
corresponding to decreased emissivity. The average temperatures for bare glass and glass
substrates coated with Ag NWs with interwire spacings of 0.28, 0.68, and 1.36 µm were
54.2, 52.4, 50.0, and 47.9 ◦C, respectively. Compared with the bare glass, the temperature
of the modified glass substrate was reduced by a maximum of 11.6%, indicating that the
emissivity of the Ag NW films was much lower than that of bare glass, which was consistent
with the transmittance and reflectivity results.
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4. Conclusions

Traditional commercial low-e windows are fabricated by the vacuum coating of metals
(silver etc.). This technique requires sophisticated and expensive equipment, which limits
its widespread application. In conclusion, by generating shear force through the stirring
of the liquid, Ag NWs with different diameters could be regularly aligned on the glass
substrates. The interwire spacings of the Ag NWs ranging from 0.28 to 1.36 µm could be
controlled by adjusting the stirring time. Benefitting from the optimization of the Ag NW
interwire spacing and diameter, the energy-saving windows coated by the aligned Ag NWs
with an interwire spacing of 0.68 µm demonstrated a high optical transmittance (84.4%),
a high RMIR (70%), and a low εMIR (0.3), which were comparable to those of commercial
low-εMIR glass (T: 65.6%; εMIR: 0.4). As a result, the aligned Ag NW-based energy-saving
windows displayed a remarkable heat-insulating performance. Such functional Ag NW
coatings with highly regular alignments could break new ground in modified energy-saving
windows.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings12101552/s1, Video S1: The contact angle of water on UV-treated glass.
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