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Abstract
For electronic devices, a tradeoff exists between the structural stability and electrical conductivity of silver nanowires (Ag 
NWs). Self-assembled monolayers (SAMs) containing sulfur functional groups formed on the Ag nanowire surface through 
Ag–S covalent bonds can act as a passivation layer, thereby improving the corrosion resistance. This work explored the 
effect of 2-mercaptobenzimidazole (MBI) SAM on the thermal and oxidation resistance of Ag NW films. The conductivity, 
surface morphology, chemical properties, and thermal stability of MBI-modified Ag NW films were analyzed via four-point 
probe measurements, field-emission scanning electron microscopy, x-ray photoelectron spectroscopy (XPS), and thermal 
characterization. In particular, the results show that the MBI layer can significantly reduce the oxidation of Ag NW films 
at room temperature for 60 days. Moreover, the MBI layer improved the thermal stability of the Ag NW films up to 230°C 
by inhibiting Ag diffusion. The unmodified Ag NW film completely lost conductivity after heating and oxidation treatment. 
In contrast, the sheet resistance of the Ag NW film modified by 0.1 wt.% MBI only increased from 65 Ω/◻ to 106 Ω/◻ , and 
156 Ω/◻ after heating treatment and oxidation test, respectively.

Keywords Silver nanowire · 2-mercaptobenzimidazole · oxidation resistance · transparent conductive film · thermal 
stability · self-assembled monolayers

Introduction

In the last few decades, indium tin oxide (ITO) has been widely 
used as a transparent electrode material due to its low sheet 
resistance and visible light transmission of approximately 90% 

at a wavelength of 420 nm.1 However, the brittle ITO layer can 
be easily cracked and damaged by external forces, making it no 
longer suitable for next-generation flexible electronic devices, 
including wearable devices, slim flexible displays, resistance 
switching memory,2,3 and mobile phones.4 Therefore, devel-
oping new materials to replace ITO for flexible transparent 
electrodes has become a widely researched topic. Many poten-
tially valuable materials can replace ITO in solar cells and 
organic light-emitting diodes (OLED). These include carbon 
nanotubes (CNTs),5-7 aluminum-doped zinc oxide (AZO),8,9 
fluorine-doped tin oxide (FTO),10 indium gallium zinc oxide 
(IGZO),11 metal meshes,12,13graphene,14,15 poly(3,4-ethylene 
dioxythiophene):poly (styrene sulfonate) (PEDOT:PSS),16-18 
and Ag nanowires (NWs).19,20 However, these materials have 
a variety of disadvantages. The worse continuity of nanotubes 
compared with ITO may affect the electrical conductivity of 
carbon nanotubes.21 The low availability of FTO and AZO 
leads to high prices for these materials.22 Because IGZO con-
tains rare metals (indium and gallium), its processing cost is 
high. Compared with ITO, metal grids suffer from poor depo-
sition.23 Graphene’s complex processing technology limits 
large-area production.24 To increase the conductivity, the 
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PODET:PSS surface treated with strong acid may produce a 
certain degree of corrosion on flexible Ag NW substrates.25 
Consequently, considering the production cost, optical per-
formance, electrical conductivity, mechanical properties, and 
other factors, Ag NWs are considered to be the most prom-
ising material as an alternative to ITO.26,27 However, in the 
absence of the passivation layer, the main disadvantages of Ag 
NWs include oxidation and thermal instability when exposed 
to air or a continuously passing current.28,29 These disadvan-
tages prevent the application of these nanowires in transpar-
ent conductive devices. To improve the oxidation resistance 
and thermal stability of Ag NW films in air or other special 
environments, many scientists have combined Ag NWs with 
other materials or surface-modified Ag NWs; For example, 
graphene oxide or graphene/Ag NW,30,31 PEDOT:PSS/Ag 
NW/graphene oxide,32 zinc oxide/Ag NW,33 laser-reduced 
Ag NW,34 acrylate/Ag NW,35 electron-beam-irradiated Ag 
NW,36 and Ag–Au nanocomposite have been investigated.37 
Most researches have aimed to improve the structural-level 
connections between Ag NWs and nanomaterials. These strat-
egies include increasing the number of layers and thickness of 
the composite film, thus improving the oxidation resistance 
while reducing optical transparency. Therefore, identifying 
a functional material that improves the thermal stability and 
oxidation resistance of Ag NW films without compromising 
their excellent optical transmission properties is of utmost 
importance.

2-Mercaptobenzimidazole (MBI) has garnered signifi-
cant attention as an anticorrosion layer due to its ability to 
block the migration and contact of metal atoms with oxy-
gen, thereby maintaining the excellent conductivity of metal-
lic materials in harsh environments.38-41 To the best of the 
authors’ knowledge, there are some articles on the study of 
MBI molecules as a self-assembled layer to maintain the 
high-temperature resistance of Ag NW. In this work, by 
immersing the Ag NWs film in transparent MBI ethanol 
solution, a self-assembled MBI molecular layers was formed 
on the surface of Ag NWs. We explored the effect of using 
different concentrations of MBI solution on the Ag NWs and 
determined the best MBI solution concentration to improve 
the thermal and oxidation resistance of the Ag NW film. 
Moreover, the results of the thermal and oxidation resistance 
experiments reval that MBI can not only prevent Ag NWs 
from melting at 230°C for up to 1 h, but also effectively 
protect the Ag NWs from oxidation in air for up to 60 days.

Experimental Procedures

Materials

This study utilized Ag NWs with average length of 20 µm 
and diameter of 20 nm. The Ag NWs were dispersed in 

isopropyl alcohol (IPA) to make 0.3 wt.% Ag NW ink. Ag 
NW ink with a polyvinylpyrrolidone (PVP) capping layer 
was purchased from C3Nano Co., Ltd. (Hayward, USA). 
2-Mercaptobenzimidazole powder was obtained from Sigma 
Aldrich Co., Ltd. (St. Louis, USA)

Preparation of MBI/Ag NW Films

Initially, 0.02 g or 0.06 g MBI powder was weighed using 
an ML-T analytical balance (ML204T/00, Mettler Toledo, 
USA), then dissolved in 20 g ethanol with purity of 99.9%. 
The mixture was sonicated (SD 200H, Wan Kyung Tech, 
Korea) for 10 min to accelerate dissolution of MBI in etha-
nol and obtain uniform and colorless 0.1 wt.% and 0.3 wt.% 
MBI solutions. Glass substrates were cleaned by sonication 
with acetone and IPA for 10 min each. Then, the cleaned 
glass substrates were dried in a drying cabinet at 100°C 
for 10 min to evaporate any remaining organic matter. The 
0.3 wt.% Ag NW suspension solution was deposited on the 
clean glass by spin coating (ACE-200, Dong Ah Trade Corp, 
Korea) at 3000 rpm for 30 s. Subsequently, the Ag NW film 
on glass was dried on a hot plate at 120°C for 1 min to 
evaporate the organic molecules and form a more stable two-
dimensional network by promoting the welding of Ag NW to 
each other. As seen in Fig. 1a, the MBI layer was formed on 
Ag NWs via a sol–gel system. The heated Ag NW films were 
immersed in the previously prepared MBI ethanol solutions 
for 30 min, being denoted as 0.1 wt.% MBI/Ag NW and 
0.3 wt.% MIB/Ag NW, respectively. The MBI and Ag NW 
composite films were dried at room temperature for 10 min 
to remove the remaining ethanol and form the MBI layer by 
evaporation naturally.

Results and Discussion

UV–Vis Spectroscopy Analysis

The transmittance characteristics of the films as measured 
using an ultraviolet–visible–near infrared (UV–Vis–NIR) 
spectrophotometer (Carry 5000, Agilent, USA) are shown 
in Fig. 1b. The transmittance of Ag NW, 0.1 wt.% MBI/Ag 
NW, and 0.3 wt.% MBI/Ag NW is marked as TA, T0.1, and 
T0.3, respectively. The transmittances of the three samples 
lies in the order: TA > T0.1 > T0.3. The transmittance of the 
MBI/Ag NW films decreased as the MBI flakes generated 
a self-assembled layer adsorbed on the surface of the Ag 
NWs.42 However, the transmittance of the 0.1 wt.% MBI/Ag 
NW film and 0.3 wt.% MBI/Ag NW samples was 85.0% and 
80.0% at a wavelength of 500 nm, respectively. Notably, we 
confirmed that increasing the thickness of the MBI molecu-
lar layer had a negative influence on the light transmittance 
of the Ag NW film and that the optical transparency of the 
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MBI-functionalized Ag NWs also depended on the concen-
tration of the MBI. The transmittance after drying is shown 
in Fig. 1c, showing that the transmittance of the three films 
lies in the order: T0.1 > T0.3 > TA. The main reason for the 
change is that the Ag NWs were fused by heat to form silver 
nanoparticles (Ag NPs) with larger diameters, increasing 
the surface roughness and the light absorption rate of the Ag 
NW and thereby reducing the transmittance of the Ag NW 
film.43 On the other hand, the 0.1 wt.% MBI layer produced 
volatilization after heating, which increased the transmit-
tance of the MBI/Ag NW film. In the 0.3 wt.% MBI/Ag NW 
film, although most of the MBI layer was volatilized after 
heating, the transmittance increased but many silver oxide 
nanoparticles were produced on the surface of the Ag NWs, 
resulting in a transmittance slightly lower than that of the 
0.1 wt.% MBI/Ag NW film.

SEM and XPS Analyses

The structural morphology of the Ag NW, 0.1 wt.% MBI/
Ag NW, and 0.3 wt.% MBI/Ag NW without heat treat-
ment is illustrated in Fig. 2a, b, and c, respectively. The 
transmittance of the 0.1 wt.% MBI-coated Ag NW film 
was not significantly lower than that of the pristine Ag 
NW film. The MBI molecules did not affect the trans-
mittance of the Ag NW film because the low concen-
tration of the MBI solution was not sufficient to form a 
complete layer adsorbed on the Ag NW film. Conversely, 

the transmittance of the Ag NW film soaked in 0.3 wt.% 
MBI solution was significantly reduced because the Ag 
NW was distributed under a thicker MBI layer. Besides, 
there were many structural defects in the 0.3 wt.% MBI 
film, which weakened the inhibition of the diffusion of 
Ag atoms when heated. Figure 2d, e, and f show the nano-
structural changes in the Ag NW film, 0.1 wt.% MBI/Ag 
NW film, and 0.3 wt.% MBI/Ag NW film, respectively, 
after heat treatment for 60 min, exhibiting the fusion of Ag 
NWs by heat to form smaller nanoparticles and nanorods. 
The phenomenon of Ag NWs fusing into silver nanoparti-
cles at high temperatures is due to the Rayleigh instability 
of metals.44,45 However, the 0.1 wt.% MBI/Ag NW did 
not fuse and there were no large amounts of silver oxide 
particles on the surface of the Ag NWs (Fig. 2e). Due 
to the thiol functional groups forming more stable Ag–S 
bonds with Ag atoms, MBI was volatilized and a thinned 
out-layer composed of S–Ag bonds with a higher melting 
point than Ag–Ag bonds was left, preventing the diffusion 
of atoms on the surface of the Ag NWs after heating.46 
Compared with the Ag NW film, although the 0.3 wt.% 
MBI layer protected the Ag NW film from fusing after 
heating at 230°C (Fig. 2f), a large number of nanoparti-
cles were attached to the Ag NWs because of defects in 
the MBI layer before heating. As illustrated in Fig. 2g, 
the sheet resistance of the 0.1 wt.% MBI/Ag NW sample 
indicated better thermal resistance. The sheet resistance 
of the pristine Ag NW film was measured to be 57 Ω/◻ 

Fig. 1  (a) Schematic of process for covering glass substrates coated with Ag NW film with MBI by the immersion method. Transmittance spec-
tra of MBI film, pristine Ag NW film, and MBI-decorated Ag NW composite film (b) before and (c) after drying at 230°C for 1 h
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in the initial state. The sheet resistance of the Ag NW 
film immersed in the 0.1 wt.% MBI solution was 65 Ω/◻ . 
The sheet resistance of the MBI/Ag NW film increased 
slightly because of the MBI layer adsorbed on the AgNW 
structures. When heated to 230°C, the sheet resistance 
of the Ag NW film without MBI increased quickly and 
completely lost conductivity after a heating time of only 
10 min compared with the 0.3 wt.% MBI/Ag NW. The 
resistance of the 0.3 wt.% MBI/Ag NW sample rose from 

65 Ω/◻ to more than 1200 Ω/◻ . The sheet resistance of the 
0.1 wt.% MBI/Ag NW only increased to 106 Ω/◻ after a 
heating time of 60 min.

Figure 2h shows the Ag 3d XPS spectra of the three films 
before and after heating. In the high-resolution XPS spectra, 
the Ag peak of the 0.1 wt.% MBI/Ag NW film splits into a 
doublet with Ag 3d5/2 and Ag 3d3/2 components located at 
367.8 eV and 373.8 eV, respectively.47,48 The Ag 3d5/2 and 
Ag 3d3/2 bonds of the 0.1 wt.% MBI/Ag NW film also did 

Fig. 2  Morphologies of (a, d) Ag NW, (b, e) 0.1 wt.% MBI/Ag NW, 
(c, f) 0.3 wt.% MBI/Ag NW samples observed before and after heat 
treatment at 230°C for 60 min, respectively. (g) The resistance curve 
of Ag NW, 0.1 wt.%, and 0.3 wt.% MBI/Ag NW films after heating 

at 230°C for 60 min. (h) Ag 3d core-level XPS spectra of Ag NW, 
0.1 wt.% MBI/Ag NW, and 0.3 wt.% MBI/Ag NW before and after 
heating at 230°C for 60 min
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not shift after heating. However, the coexistence of Ag 3d5/2 
and Ag 3d3/2 in Ag NW and 0.3 wt.% MBI/Ag NW before 
annealing is evidenced by a shoulder observed at 367.0 eV 
and 373.0 eV, respectively. As Ag atoms reacted with oxy-
gen to form silver oxide nanoparticles, the binding energy of 
Ag atoms shifted to a higher position in the oxidized silver, 
marked as Ag(O)  3d5/2 (367.8 eV) and Ag(O)  3d3/2 (373.8 
eV) after heating at 230°C, respectively.49,50 These results 
confirmed that the 0.1 wt.% MBI layer has excellent anti-
oxidation performance and effectively protects the Ag NW.

Oxidation Resistance Test

The effect of MBI concentration on the oxidation resist-
ance of Ag NW films was investigated and the resulting 
sheet resistance curves are depicted in Fig. 3a. The sheet 
resistance of the Ag NW film increased from 57 Ω/◻ to 
more than 10000 Ω/◻ after 60 days. The sheet resistance of 
the 0.3 wt.% MBI/Ag NW composite film increased from 
67 Ω/◻ to 600 Ω/◻ , which is significantly lower than the 
growth trend of the bare Ag NW. Interestingly, as shown 
in blue, the sheet resistance of the 0.1 wt.% MBI/Ag NW 

film increased from 65 Ω/◻ to 156 Ω/◻ . To more intuitively 
demonstrate the MBI-enhanced oxidation resistance of Ag 
NW, the three films were imaged using an SEM as can be 
seen from Fig. 3b, c, and d. The SEM images suggest that 
several silver oxide nanoparticles were formed on the surface 
of the Ag NWs over the 60 days. The Ag NW without an 
MBI passivation layer easily reacted with oxygen in the air 
to form numerous non-conductive silver oxide nanoparticles 
distributed on the surface of the Ag NW. Compared to bare 
Ag NW, large MBI fragments were observed on top of the 
0.3 wt.% MBI/Ag NW film and small amounts of nanopar-
ticles were also formed around them. Due to the structural 
defects in the 0.3 wt.% MBI layer, the Ag NW came in con-
tact with air, which in turn led to the oxidation of the Ag 
NW. Conversely, the 0.1 wt.% MBI/Ag NW film surface 
did not have nanoparticles or large MBI fragments as the 
0.1 wt.% MBI solution formed a dense monolayer coating on 
the Ag NW. Therefore, through SEM image analysis, we can 
speculate that a 0.1 wt.% MBI solution can form a protective 
layer on the Ag NW through Ag-S bonds and ensure that 
the Ag NW has great electrical conductivity and enhanced 
oxidation resistance.

Fig. 3  (a) Sheet resistance curves of Ag NW and MBI-decorated Ag NW films stored at room temperature for 60 days. SEM images of (b) Ag 
NW, (c) 0.1 wt.% MBI/Ag NW, and (d) NW 0.3 wt.% MBI/Ag NW after 60 days
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Compared with results previously reported in literature, 
this study demonstrates that the MBI layer led to improve-
ments in the oxidation and thermal resistance of the Ag NW 
film. The MBI layer containing thiol groups evenly coated 
the surface of the Ag NWs and inhibited the diffusion of Ag 
atoms from the surface after it was heated at 230°C for 60 
min. Conversely, replacing the MBI with 1-octanedanethiol 
(ODT) (St. Louis, Sigma Aldrich Co., Ltd., USA), which 
also contains thiol groups, and heating under the same afore-
mentioned conditions causes the Ag NW to fuse into the Ag 
NPs. This is because the ODT is nonuniformly distributed 
on the surface of the Ag NWs, which promotes the surface 
diffusion of Ag atoms.38 Therefore, the protective effect of 
Ag–S bonds on Ag NWs also depends on the type of thiol-
containing organic compound used.

Conclusions

Thermal and oxidation resistance experiments revealed that 
the conductivity of 0.1 wt.% MBI/Ag NW film could be 
maintained at the initial level. The optical properties, chemi-
cal stability, and thermal resistance of the 0.1 wt.% MBI/Ag 
NW film were significantly better than those of bare Ag NW 
film without MBI. The initial resistance of 0.1 wt.% MBI/
Ag NWs was 65 Ω/◻ . Although the resistance increased to 
156 Ω/◻ and 105 Ω/◻ after oxidation and high-temperature 
resistance testing, respectively, it remained significantly bet-
ter than the values for the 0.3 wt.% MBI/Ag NW (602 Ω/◻ 
and 1189 Ω/◻ ) and Ag NW (infinity and infinity) samples. 
Stable covalent Ag–S bonds formed between the Ag NWs 
and thiol groups, enabling self-assembly of the MBI mon-
olayer to act as a passivation layer and prevent oxygen from 
reacting with the Ag NW. Moreover, the MBI layer on the 
Ag NW film can prevent the Ag NWs from melting and 
diffusing at high temperature. These experimental results 
support our view that MBI provides a unique protective 
mechanism for Ag NWs, thereby enabling its use for dura-
ble and thermally resistant conductive layers for solar pan-
els, OLEDs, resistance-switching memory, transparent films, 
and flexible electronic devices.
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