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ABSTRACT

Ag nanowire (NW) film is the promising next generation transparent conductor. However, the residual long-chain
polyvinylpyrrolidone (PVP, introduced during the synthesis of Ag NWs) layer greatly deteriorates the carrier transport capability of
the Ag NW film and as well its long-term stability. Here, we report a one-step I~ ion modification strategy to completely replace the
PVP layer with an ultrathin, dense layer of I ions, which not only greatly diminishes the resistance of the Ag NW film itself and
that at interface of the Ag NW film and a functional layer (e.g., a current collect electrode) but also effectively isolates the
approaching of corrosive species. Consequently, this strategy can simultaneously improve the carrier transport properties of the
Ag NW film and its long-term stability, making it an ideal electric component in diverse devices. For example, the transparent
heater and pressure sensor made from the I-wrapped Ag NW film, relative to their counterparts made from the PVP-wrapped Ag
NW film, deliver much improved heating performance and pressure sensing performance, respectively. These results suggest a
facile post treatment approach for thin Ag NW film with improved carrier transport properties and long-term stability, thereby

greatly facilitating its downstream applications.
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1 Introduction

Transparent conductor (TC) is a key electric component in
diverse photoelectric devices, such as transparent touch screen [1],
organic light-emitting diode [2], and solar cell [3]. Currently,
commercial TCs are usually made from indium tin oxide (ITO),
which, however, faces the problems of inherent brittleness, high
fabrication cost, and scarcity in indium resource [4]. To meet the
increasing need of flexible photoelectric device, it is highly
desirable to develop ITO-free TCs, such as thin films made from
carbon nanotubes [5], reduced graphene oxide [6,7], and metal
(eg, Ag [8] and Cu [9]) nanowires (NWs). Among these
alternatives, Ag NWs appear to be the most promising alternative
for ITO, because of their high flexibility, high conductivity
(6.3 x 107 S/m), and excellent optical properties [10].

Currently, the well-established method of Ag NW synthesis, i.e.,
reduction of AgNO; with ethylene glycol, needs the introduction
of long-chain polyvinylpyrrolidone (PVP) ligand to ensure
anisotropic growth and effective stabilization [11,12]. However,
the introduction of PVP ligand results in an insulating PVP layer
wrapping on the resultant Ag NWs, which, unfortunately, cannot
be readily removed using common washing process [13]. On the
one hand, the residual PVP layer greatly deteriorates the in-plane
and out-of-plane carrier transport properties of the Ag NW film,

i.e., the carriers transporting within and across out of the Ag NW
film, respectively. This is because it greatly increases the contact
resistance of the NW/NW junctions (i.e., the key limiting factor
for the conductivity of the Ag NW film) and as well that at the
interface of the Ag NW film and a neighboring functional layer
(e.g. a current collect electrode) [14-16]. In general, the in-plane
carrier transport properties of the Ag NW film can be improved
upon solid bonding of the NW/NW junctions using various
welding strategies, such as thermal [17] and light welding [18],
capillary-force welding [19], and electrochemical method [20].
However, these welding strategies are unable to remove the
residual PVP ligands from the sites other than the NW/NW
junctions, thereby furnishing no positive impact on the out-of-
plane carrier transport properties of the Ag NW film. Prompted
by this understanding, we have developed a series of post
treatment  strategies, including NaBH, treatment [14],
electrochemical cleaning [15], and plasma cleaning [16], to
completely remove the residual PVP ligands. Although greatly
favoring the carrier transport properties of the Ag NW film, the
removal of PVP ligand fully exposes the bare surfaces of the Ag
NWs, therefore increasing their corrosion risk in ambient air [14].
On the other hand, the residual PVP layer itself, contrary to
expectations, also deteriorates the long-term stability of the Ag
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NW film because of its uncompacted surface configuration [21]
and great affinity to water [14]. To address this issue, a series of
protective coatings have been exploited, including coatings of
carbonaceous  shell  [21],  graphene  [22],  graphene
oxide [23], metal (e.g., Au [24] and Ni [25]) and metal oxide (e.g.,
SnO, [26], TiO, [27], and HftZnO [28]), organic sulthydryl
compound (e.g., 11-mercaptoundecanoic acid [29], dodecanethiol
(DT) [14], and 2-mercaptobenzimidazole [30]), and C,F,
polymer [31]. However, a thick insulating coating may deteriorate
not only the out-of-plane carrier transport properties of the Ag
NW film but also its transmittance because of the film’s enhanced
light scattering.

Clearly, an efficient coating needs to compromise the long-term
stability of the Ag NW film and its (especially, the out-of-plane)
carrier transport properties and transparency. Previously, Ning et
al. and Chu et al. have found that surface modification with halide
ligands can greatly improve the air stability of semiconductor
dots [32] and Ag NWs [33], respectively. Inspired by these
progresses, herein, we develop a I" ion modification strategy to
completely replace the residual PVP layer with an ultrathin, dense
layer of I" ions, with the following expectations. The replacement
of a thick PVP layer with an ultrathin (at sub-nanometer scale) ion
layer would greatly improve the carrier transport properties of the
Ag NW film because it greatly diminishes the contact resistance at
the NW/NW junctions and that at the interface between an Ag
NW film and its neighboring functional layer. Owing to its great
affinity to metal and single atomic size, the I" ion ligand would
readily form a dense and ultrathin protective coating effectively
against the approaching of external corrosive species, thereby
improving the long-term stability of the Ag NW film while not
deteriorating its transparency. Therefore, this simple post
treatment shows great practical potential in a continuous
fabrication line for high-performance Ag NW film and the
downstream devices made from it.

2 Experimental section

2.1 Materials

AgNO; (AR), PVP (K-30), CuCl, (AR), ethylene glycol (AR), KI
(AR), DT (98%), PbNO; (AR), and NaBH,, (98%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Benzothiazole (BT) (= 96.0%) and CH;CSNH, were purchased
from Shanghai Macklin Biochemical Co., Ltd. (China).
Tetramethylammonium hydroxide (TMAH) was purchased from
Changchun Yinghua Co., Ltd. (China). All other chemicals were
obtained from native suppliers. Photoresist (SPR220-7.0),
polydimethylsiloxane (PDMS), polyethylene terephthalate (PET)
film (thickness, 0.125 mm), cotton fabric, commercial
interdigitated electrodes (IDEs) with 20 pairs of microelectrode
fingers (width, spacing, and length: 90 pm, 110 pm, and 6 mm) on
PET substrate, and Si/SiO, slide were purchased from Suzhou
Ruicai Semiconductor Co., Ltd. (China), Dow Corning Corp.
(USA), Shanghai Feixia Rubber and Hardware Co., Ltd. (China),
Shenzhen Balingzan Electronic Business Co., Ltd. (China),
Huizhou Xinwenxiong Trading Co., Ltd. (China), and Suzhou
Jingxi Electronic Co., Ltd. (China), respectively. Ultrapure water
(= 182 MQrcm) was purified from a RS2200QUV-PURIST
system (Shanghai Rephile Bioscience Co., Ltd., China) and used
for all experiments.

2.2 Synthesis of Ag NWs, fabrication of Ag NW film, its

surface modification with I" ions, and stability tests

Polyol reduction method [11] was used to synthesize the Ag NWs.
The resultant PVP-wrapped Ag NWs were separated from the
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reaction mixture by adding acetone, further cleaned upon 3 cycles
of centrifugation and redispersion in ethanol, and finally stored in
ethanol to form a stock dispersion (0.73 mg/mL). They have an
average length and diameter of 36.15 + 0.98 um and 97.10 +
227 nm (Fig.S1 in the Electronic Supplementary Material
(ESM)), respectively.

To fabricate PVP-wrapped Ag NW film, diluted Ag NW
dispersion (500 pL, 0.24 mg/mL) was spin coated on a PET
substrate (3 cm x 3 cm), followed by natural drying in air. Surface
modification of the PVP-wrapped Ag NW film with a I ion layer
was readily accomplished by immersing in a KI solution (10 mL,
0.048 mmol/L) for 5 min, followed by sequentially washing with
water and ethanol and finally drying in a N, flow. To ensure a
dense I" ion layer, the amount of the I" ions is sufficient for a
saturated monolayer adsorption, whose calculation is detailed in
the ESM. For comparison, the PVP-wrapped Ag NW film was
also modified with a DT (or BT) layer, accomplished by
immersing the surface-cleaned Ag NW film (achieved upon
treatment of the pristine film in a 0.1 M NaBH, solution for
2 min [14]) ina 0.5 M DT (or 0.17 M BT [34]) solution in ethanol
for 5 min, followed by washing and drying as the procedures
described above. For reliable comparison, the areal density of Ag
NWs in these compared Ag NW films was adjusted to be nearly
identical. That can be readily achieved by preparing them from the
almost equally transparent (T = 89% * 1% @ 550 nm) PVP-
wrapped Ag NW films (prepared under identical spin coating
conditions using the same batch of dispersion of PVP-wrapped Ag
NWs as ink).

The long-term stability test of the PVP-, I'-, DT-, and BT-
wrapped Ag NW films was performed by exposing in spring air
(room temperature, ~ 25 °C; humidity, ~ 30%) and in an H,S
atmosphere (created by containing 0.01 M CH;CSNH, + 0.01 M
H,SO, in a sealed desiccator) for different durations. During
exposing, the conductivity of each film was intermittently
monitored, from which the degradation extent of the Ag NW film
can be judged.

2.3 Fabrication of single Ag NW device with a NW/NW
junction

The contact resistance of a NW/NW junction was measured from
a single Ag NW device with a NW/NW junction. To construct the
single Ag NW device, Ag NW dispersion (100 pL, 0.15 mg/mL)
was spin coated onto a Si/SiO, substrate (1 cm x 1 cm) at
1,200 rpm for 20 s, followed by drying and spin coating a positive
photoresist (SPR220-7.0, 500 uL) at 7,000 rpm for 40 s. Upon
heating in air on a hotplate at 115 °C for 300 s, single crossed Ag
NWs with a NW/NW junction were positioned and patterned at
their terminals using the standard lithography process on a
lithography machine (UTA-IA-SET, Arms system, Japan),
followed by development in a TMAH solution for 40 s to expose
the patterned areas. Upon rinsing with pure water and drying in a
N, blow, Ag pads (thickness, 60 nm) were deposited onto the
patterned areas as electrodes in a JSD 300 vacuum evaporator
(Anhui Jiashuo Vacuum Science and Technology Co., Ltd,
China). Finally, single Ag NW device defined with Ag electrodes
was obtained when the photoresist where the area is not patterned
was dissolved away in acetone.

24 Fabrication of transparent heater and pressure sensor

Transparent heater was fabricated using PVP- and I'-wrapped Ag
NWs films as the heating component. To this end, the two ends of
the Ag NW film (3 cm X 3 cm) were cast with silver paste,
followed by adhering copper tape as electric connector. To ensure
reliable comparison, the two Ag NW films have nearly identical
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transparency (~ 86.51 T% at 550 nm).

Pressure sensor was fabricated using Ag NW film embedded in
a cotton fabric (10 mm x 20 mm) as the sensing component. To
this end, the sensing component was sandwiched between a
protective PDMS film (~ 500 um thickness) and a commercial
IDE (as current collector). The sensing component was prepared
by sufficiently cleaning the cotton fabric, treating it to
hydrophilicity in a O, plasma (SmartPlasma system, Plasma
Technology GmbH, Germany), immersing in an Ag NW
dispersion (5 mL, 0.3 mg/mL) for 30 min, and finally drying at
80 °C. During pressure sensing, different weights were gently
placed on the sensor with a defined dimension, from which the
pressure loading can be readily calculated.

2.5 Characterization

Scanning electron microscopy (SEM) images and transmission
electron microscopy (TEM) images were obtained on a TESCAN
MIRA3 LMH microscope equipped with an energy-dispersive
X-ray spectrometer (EDS) (TESCAN Co., Ltd., Czech Republic)
and a Titan G260-300 microscope (FEI, America), respectively. To
increase the electron density in the PVP layer and thereby
improve its contrast in the SEM images, the PVP-wrapped Ag
NWs were negatively stained in a 1 wt.% Na;O,PW, solution for
5 min. Raman spectra were measured on an inVia Reflexer
spectrometer (Renishaw, UK) using a 532 nm laser as the
excitation source. X-ray photoelectron spectroscopy (XPS) spectra
were recorded on an Axis Supra system with an Al Ka source
(1,486.69 eV) (Shimadzu-Kratos, UK). X-ray diffraction (XRD)
patterns were obtained on an XRD-6100 diffractometer with a
Cu-Ka radiation (Shimadzu, Japan). The transmittance and sheet
resistance of the Ag NW film were measured on a UV-1800
ultraviolet-visible (UV-vis) spectrometer (Shimadzu, Japan) and
on an RTS-9 four-point probe instrument (Guangzhou Four-
probe Scientific Co., Ltd., China), respectively. Current-voltage
(I-V) response of the single Ag NW device was monitored using
an Agilent BI500A semiconductor parameter analyzer. The
temperature and thermal images of the transparent heater were
obtained using an infrared thermal camera (Fotric 322Pro, Fotric,
America). The I-V curves of the pressure sensor under different
pressure loads were recorded using a B2912A precision
source/measure unit (Keysight, America). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
measurements were conducted in a three-electrode
electrochemical ~ cell using an  Autolab PGSTAT-302
electrochemical workstation (Metrohm, Switzerland). The EIS
spectra were measured at open circuit potential by superimposing
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a sinusoidal signal with 10 mV amplitude over a frequency range
of 100 kHz-0.01 Hz. For these electrochemical measurements, the
working electrode was prepared by dropping the Ag NW
dispersion (5 pL, ~ 0.73 mg/mL) on a glassy carbon (GC)
electrode (3 mm, in diameter), followed by drying in air. A Pt wire
and a Hg/Hg,SO, electrode were used as the counter electrode
and the reference electrode, respectively.

3 Results and discussion

3.1 Surface modification of the Ag NWs with I" ions and
their characterization

During the synthesis of Ag NWs, the introduction of PVP ligand
unavoidably results in an insulating PVP layer wrapping on the
Ag NWs. The residual PVP layer, on the one hand, creates high
contact resistance at the NW/NW junctions and also high contact
resistance at the interface between the Ag NW film and its
neighboring functional layer (e.g., a current collect electrode),
thereby greatly deteriorating the in-plane and out-of-plane carrier
transport properties of the Ag NW film, respectively [14-16]. On
the other hand, the residual PVP layer also deteriorates the long-
term stability of the Ag NW film because of its uncompacted
surface configuration [21] and great affinity to water [14]. To
overcome these problems, we hereby exploit the ultra-small I" ions
to completely replace the long-chain PVP layer to produce an
ultrathin, dense layer of I" ions, expecting to simultaneously
improve the carrier transport properties of the Ag NW film and its
long-term stability, while not affecting its transparency. Figure 1
illustrates the surface modification process and its impact on the
carrier transport properties of the Ag NW film and its long-term
stability. The PVP ligands weakly bind to the metal surface via
their carbonyl groups [35]. Therefore, they are possible to be
replaced by other ligands which show a stronger affinity to the Ag
NWs, e.g., I ions, as a result of the formation of the strong Ag-I
bond.

The successful replacing of the PVP layer by a I ion layer was
confirmed using SEM and TEM studies. Figure 2 shows the SEM
and TEM images for the pristine PVP-wrapped Ag NWs and that
upon a I' ion modification process. The PVP-wrapped Ag NWs
feature a light layer around their surfaces (Fig.2(a)). As more
clearly revealed by the TEM image, the light layer is a ~ 2.3 nm
amorphous layer neighboring the crystalline area of the Ag NWs
(Fig.2(b)). Upon a I ion modification process, the light
amorphous layer was completely removed, exposing the clear

<z, (b)
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Figure 1 Schematic illustration showing the replacing of long-chain PVP layer with an ultrathin, dense I ions layer. (a) Impact of surface layer on the in-plane carrier
transport of the Ag NW film and its long-term stability. (b) Impact of the surface layer on the in-plane and out-of-plane carrier transport of the Ag NW film in a

pressure sensor.
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Figure2 Morphology characterization of the Ag NWs. (a) SEM and (b) TEM
images of the PVP-wrapped Ag NWs. (c) SEM and (d) TEM images of the I"-
wrapped Ag NWs.

crystalline area of the Ag NWs (Figs. 2(c) and 2(d)). Cleary, the
PVP layer can be completely replaced upon a simple KI solution
treatment process, as can be further confirmed using Raman, XPS,
and XRD studies. Figure 3(a) shows the Raman spectra for the
PVP- and I'-wrapped Ag NWs. The Raman spectrum for the PVP-
wrapped Ag NWs shows two distinct peaks at 233 and 1,658 cm™,
which are assigned to the Ag-O stretching (v,, o) mode [36] and
the C=0 stretching (vc_o) mode of the PVP ligand, respectively.
In contrast, they are absent in the Raman spectrum for the
I-wrapped Ag NWs, on which an additional intense v,,; peak
appears at 108 cm™. Additionally, the XPS spectrum for the
I'-wrapped Ag NWs also shows two additional distinct binding
peaks at 618.1 (I 3ds,) and 629.5 eV (I 3ds,) (Fig. 3(b)) [37].
Moreover, high-resolution XPS spectra show that upon a I" ion
modification process, the binding energy for the Ag 3ds, peak
(367.4 eV) and the Ag 3ds, peak (373.4 eV) shifts to a relatively
higher value (Fig. 3(c)), because of the weaker electron-donating
effect from the adsorbed I" ions [38]. These Raman and XPS
studies, from a molecule level, further confirm the removal of the
PVP layer and the successful formation of a I ion layer on the Ag
NWs. To reveal whether the surface modification impacts the
crystal structure of the Ag NWs or not, Fig. 3(d) compares the
XRD patterns of the PVP- and I'-wrapped Ag NWs. The two
XRD patterns both show four distinct diffraction peaks at 38.1°,
44.2°, 64.4°, and 77.42°, corresponding to the (111), (200), (220),
and (311) planes of the face-centered cubic (fcc) silver crystal
(PDF No. 04-0783), respectively [39]. The two types of Ag NWs
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Figure3 Spectral characterization of the PVP- and I"-wrapped Ag NWs. (a)
Raman spectra, (b) XPS spectra of I 3d, (c) XPS spectra of Ag 3d, and (d) XRD
Ppatterns.
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essentially have identical XRD features, suggesting that the surface
modification process only involves the outmost surface atoms on
the Ag NWs, not influencing their bulk crystalline structure and
thereby their inherent conductivity.

The coating quality of the I" ion layer was examined using CV
and underpotential deposition (UPD) studies because they both
are surface-sensitive techniques, reflecting more electrochemical
properties of the surface than that of the bulk electrode. Figure
S2(a) in the ESM shows the CV curves of the PVP- and
I"-wrapped Ag NWs in 0.5 M NaClO, solution. The CV curve for
the PVP-wrapped Ag NWs shows a distinct oxidation peak at
0.10 V and a reduction peak at —0.14 V, signaling the formation of
a Ag,)O layer and its subsequent reduction back to the metal state
of Ag, respectively. These CV behaviors qualitatively agree with
the typical electrochemical behaviors of a polycrystalline Ag
electrode (Fig. S2(b) in the ESM) [40]. In contrast, the CV curve
for the I-wrapped Ag NWs shows a much-depressed oxidation
peak at —0.10 V and a similarly depressed reduction peak at
—0.23 V. Clearly, although with a thicker thickness and because of
its uncompacted surface configuration [21], the residual PVP layer
itself unlikely effectively limits the adsorption of H,O to the bare
Ag surface sites, which is typically identified as the first step for the
surface oxidation of Ag metal in a neutral electrolyte. Upon the
replacing, the resultant I" ion layer clearly forms a dense (although
not pinhole-free), protective coating so that it can effectively limit
the approaching of the relatively large oxygen-containing H,O
species. The same is true even for smaller single atomic ions, as
can be confirmed using UPD studies. Figure S2(c) in the ESM
displays the CV behaviors of electrodeposition of Pb* ions on the
PVP- and I-wrapped Ag NWs. Referring to the typical UPD
behaviors of Pb* ions on polycrystalline Ag electrode (Fig. S2(d)
in the ESM), the first couple peaks at —0.77 and —0.66 V are
assigned to the UPD of Pb* ions on the surface of Ag NWs and
the stripping of the UPD monolayer of Pb, respectively. The
second couple peaks at —0.93 and —0.82 V are assigned to the bulk
deposition of Pb* ions and the stripping of the bulk Pb,
respectively [41]. Compared with the PVP-wrapped Ag NWs, the
I"-wrapped Ag NWs as well deliver much weaker current densities
for the two couples of deposition/stripping peaks, thereby further
confirming the dense nature of the I" ion layer against the
approaching of external species. Not only that, this I" ion layer has
been extensively used as the insulating layer for limiting the charge
transfer between m-conjugated organic molecules and a metal
substrate and thereby decoupling their electronic interaction [42].

3.2 Impact of I' ion modification on the carrier transport
properties of the Ag NW film

Because of its single atomic thickness, the ultrathin I" ion layer,
upon replacing of the thick PVP layer, can greatly improve the
carrier transport properties of the Ag NW film. The improved in-
plane carrier transport properties of the I'-wrapped Ag NW film
can be readily revealed by measuring the film’s sheet resistance
and the contact resistance of a single NW/NW junction.
Figure 4(a) shows the sheet resistance and transmittances for three
PVP-wrapped Ag NW films before and after I" ion modification.
For the three PVP-wrapped Ag NW films with different initial
transmittances, the formation of a I ion layer diminished their
initial sheet resistance from 164, 115, and 78 to 60, 43, and 32
Q/sq, respectively, while not influencing their transmittance. This
improved conductivity (and in turn improved in-plane carrier
transport properties) is attributed to the diminished contact
resistance at the NW/NW junctions, which can be measured from
a single Ag NW device with a NW/NW junction (Fig.4(b)).
Figure 4(c) shows the typical I-V curves measured from single
PVP- and I'-wrapped Ag NW devices, from which the contact
resistance at the NW/NW junction can be readily extracted using
the Ohm’s law. Replacing the PVP layer with a I ion layer
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typically diminished the contact resistance at the NW/NW
junction from 312.5 to 64.1 Q), thereby accordingly increasing the
in-plane current by 4.88 times (Fig. 4(c)). The improved out-of-
plane carrier transport properties of the I'-wrapped Ag NW film
can be vividly revealed by monitoring its EIS behaviors in a
solution. Figure 4(d) shows the Nyquist plots and the
corresponding equivalent circuit (inset) for the PVP- and
I"-wrapped Ag NWs in 2 mM K;Fe(CN)y/K,Fe(CN); + 0.5 M
NaClO, solution. For both types of Ag NWs, only a semicircle
appears in the high frequency region, lacking the typical Warburg
impedance in middle frequency region and the capacitive line in
the lower frequency region [15]. These observations suggest that a
large charge transfer resistance (Table S1 in the ESM) dictates the
reaction kinetics for the Fe(CN)y” couple, which can be
reasonably understood because during reaction the redox couples
need transport across the coating layer on the Ag NW film. From
the intercept of the Z’ axis, the heterogeneous electron transfer
resistance (R) extracted is 10.22 and 2.295 KQ for the PVP- and
I'-wrapped Ag NWs, respectively. Also clearly, the I" ion layer as
well can substantially reduce the resistance at the Ag NW
film/solution interface, resulting in improved out-of-plane carrier
transport properties, which would greatly facilitate the applications
of the Ag NW film, especially, in stacked device constructed
fromit.
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3.3 Impact of I ion modification on the stability of the
Ag NW films

The dense nature of the I" ion layer suggests that the I" ion can
serve as efficient corrosion inhibitor to largely improve the long-
term stability of the Ag NW film. To this end, we have first
compared the impact of PVP ligand, I" ion, BT [34], and DT [14]
(two typical organic corrosion inhibitors, which can form a dense
self-assembled monolayer on metal surface) on the stability of the
Ag NW film in spring air. Upon exposure for 40 days, the sheet
resistance of the PVP-, BT-, DT-, and I-wrapped Ag NW films
with a nearly identical transparence (T = 89% + 1% @ 550 nm)
gradually increases from 103, 62, 49, and 43 to 201, 69, 63, and
57 Q/sq (Fig. 5(a)). Although the four Ag NW films all gradually
corroded, the corrosion extent is apparently comparable for the
latter three Ag NW films. Their final SEM images show that long-
term exposure gradually roughens the surface of the Ag NWs
(Figs. 5(b)-5(e)), especially for the Ag NWs wrapped with a PVP
layer because of its inferior protective effect (Figs. S2(a) and S2(c)
in the ESM). EDS analysis reveals that the resultant four Ag NW
films all contain S element (Fig. 5(f)), whose content is 8.94%,
0.41%, 0.83%, and 1.95% for the PVP-, BT-, DT-, and I"-wrapped
Ag NW films, respectively. The S contents in these corroded Ag
NW films are apparently along with their degradation trend,
implying that the S-containing species plays a key role for their
corrosion [43]. These results reveal that although I" ion layer is the
thinnest coating among the four coatings examined, it
unexpectedly exhibits comparable corrosion-resistant capability to
that from the relatively thick BT and DT layer. To accelerate the
corrosion rate, we have further compared the impact of the PVP
ligand, I" ion, BT, and DT on the stability of the Ag NWs exposed
in a H,S atmosphere. Under these severely corrosive conditions,
the I" ion layer still exhibited largely improved corrosion-resistant
capability, only slightly less inferior to that from the BT and DT
layer but far outperforming that from PVP layer, as can be
confirmed by examining the conductivity, surface morphology,
and S content for the PVP-, BT-, DT-, and I-wrapped Ag NW
films upon exposure in H,S for 24 h (Fig. S3 in the ESM). In Table
S2 in the ESM, we have further compared the conductivity and
stability of the Ag NW films treated using different methods. This
more extensive comparison still confirms the advantage of the
I' ion layer as an efficient corrosion inhibitor in terms of the
stability and conductivity of the Ag NW film.

34 Applications of the I-wrapped Ag NW films in
transparent heater and pressure sensor

With largely improved carrier transport properties and stability,

y

Figure5 Anticorrosion tests of the PVP-, BT-, DT-, and I'-wrapped Ag NW films in spring air. (a) Sheet resistance upon exposure for 0, 10, 20, and 40 days. (b)—(e)

SEM images upon exposure for 40 days. (f) EDS spectra upon exposure for 40 days.
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the I'-wrapped Ag NW film may serve as an ideal electric
component for diverse devices. To demonstrate its practical
potential, we have first constructed a transparent heater
(dimensions, 3 cm x 3 cm) from the I-wrapped Ag NW film.
Compared with its control counterpart made from the PVP-
wrapped Ag NW film, the transparent heater made from the
I"-wrapped Ag NW film can increase to a higher temperature at
each increasing/decreasing voltage step and also delivers a wider
working temperature range (29.1-71.4 vs. 27.9-56.2 °C for its
control counterpart) at the same voltage range of 1-5 V (Fig. 6(a)).
Furthermore, although the two heaters both can increase to a
steady temperature within 25 s, the transparent heater made from
the I"-wrapped delivers not only a faster heating rate (0.28, 0.74,
1.32, and 1.95 vs. 0.12, 0.38, 0.73, and 1.16 °C/s for its control
counterpart at an applied voltage of 2, 3, 4 and 5 V, respectively)
but also a higher steady temperature at different applied voltages
(Figs. 6(b)-6(d)). This improved performance can be reasonably
attributed to the higher conductivity of I'-wrapped Ag NW film,
which enables efficient current-to-heat conversion, far
outperforming that from the PVP-wrapped Ag NW film. Also
clearly, the two transparent heaters both can steadily operate for a
long duration of 1,800 s and repeatedly operate for at least 10
cycles, demonstrating high long-term operation stability and
recycling stability (Figs. 6(e) and 6(f)). This is because the
nanostructure of the flexible Ag NW film is robust enough to
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withstand the applied voltage when it is within the safe working
range. We have then constructed a pressure sensor with a
sandwiched PDMS/Ag NW film/IDE configuration (Fig. 7(a)), in
which Ag NWs were embedded in a supporting cotton fabric,
forming an Ag NW film with randomly separated Ag NWs.
When applied with increasing pressure loading, more and more
Ag NWs contact with each other, and so do they and the current
collector (i.e., the IDEs). This in turn generates increasing electron
transport pathways for the current to signal the pressure
loading [44, 45]. For the two pressure sensors made from PVP-
(sensor 1) and I"-wrapped Ag NW film (sensor 2), their current
collected linearly increases with the applied voltage at different
pressure loadings, suggesting only Ohm resistance in the sensor
(Fig. 7(b)). Under the same pressure loading, e.g., 24.5 kPa, the
current collected from sensor 2 (Fig. 7(c)) is 1.27 times higher than
that collected from sensor 1 (Fig. 7(b)). This improved current
collect efficiency can be reasonably understood from the structure
configuration of the pressure sensor (Fig.7(a)), whose overall
resistance Ry, can be expressed as Ry = Ryg nw oim +
Rgnw simape: Here, Ryg nw aim 18 the resistance of the Ag NW film
embedded in the fabric and Ry, nw gimipe I8 the contact resistance
at the Ag NW film/IDE interface. They, as revealed previously
(Fig. (4)), both can be largely decreased upon replacing of a thick
PVP layer with an ultrathin I" ion layer, thereby synergistically
decreasing the R of the pressure sensor 2. As a result, the
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Figure 6 Heating performance of the transparent heater made from PVP- and I-wrapped Ag NW films. (a) Temperature evolution of the transparent heater at
stepwise increasing/decreasing applied voltages. (b) and (c) T-V curves of the transparent heaters made from (b) PVP- and (c) I-wrapped Ag NW films at different
applied voltages. (d) Infrared thermal images of transparent heater made from (top panels) I'- and (bottom panels) PVP-wrapped Ag NW film at different applied

voltages. (e) Long-term stability tests at an applied voltage of 5 V. (f) Cycling stability tests at an applied voltage of 5 V for 10 cycles of heating/cooling (duration,
305/30s).
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Figure 7 Sensing performance of the pressure sensors made from PVP- and I'-wrapped Ag NW films. (a) Schematic structure of the pressure sensor. (b) and (c) I-V
curves of the pressure sensors made from (b) PVP- and (c) I-wrapped Ag NW films under various applied pressures. (d) Relative current response to external
pressure. (e) Response time under a pressure of 24.5 kPa. (f) Stability tests under an intermittently applied pressure of 24.5 kPa.
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current collected on sensor 2 is more sensitive to external pressure
loading, as can be revealed by the term of sensitivity (S). Here, S is
defined as S = AI/l)/p, where Al = I — I, is current variation and I
and I, are the current collected with and without the pressure
loading of p, respectively. Notably, pressure sensor 2 shows a
sensitivity of 1,242.48 and 34.61 kPa™ in the loading range of
0.00-0.98 and 2.45-44.10 kPa, respectively, both of which
outperform that (150.21 and 31.78 kPa™, respectively) of pressure
sensor 1 (Fig. 7(d)). Furthermore, pressure sensor 2 also shows a
faster response time of 190 ms at a representative pressure loading
of 24.50 kPa (vs. 300 ms for pressure sensor 1), thereby ensuring
flexible sensing in a timely manner (Fig. 7(e)). For the two
pressure sensors, they both show high stability, as revealed by
observing their current intensity and its recovery upon loading
and unloading of the pressure (24.50 kPa) for 8 cycles. Table S3 in
the ESM compares the performance of the pressure sensors made
from different materials, in which the pressure sensor made from
I"-wrapped Ag NW film is still among the best value. These results
show the great practical potential of I"-wrapped Ag NW film as
key electric component in transparent heater, pressure sensor, and
beyond.

4 Conclusions

In summary, we report a feasible and low-cost post treatment
approach to completely replace the long-chain PVP layer
wrapping on the Ag NW film with an ultrathin and dense I" ion
layer. As a result, the I" ion layer largely diminishes the contact
resistance at the NW/NW junctions and as well that at the
interface between the Ag NW film and its neighboring functional
layer, thereby largely improving the carrier transport properties of
the Ag NW film, while not influencing its transmittance.
Furthermore, unlike the PVP layer which has an uncompacted
surface configuration, the I" ion layer is ultrathin and dense so that
it can effectively limit the approaching of external corrosive species
to ensure largely improved long-term stability to the Ag NWs.
With these merits, the I-wrapped Ag NW film can serve as ideal
electric component in diverse devices, resulting in greatly
improved performance, as confirmed by comparing the
performance of the transparent heater and pressure sensor made
from the PVP- and I'-wrapped Ag NW film. These results
demonstrate a rapid (within a few minutes), low-cost post
treatment approach, which can simultaneously improve the
carrier transport properties and long-term stability of the Ag NW
film, thereby greatly facilitating its downstream applications.
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