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Silver nanowire transparent conductive films have been proposed as a promising candidate to replace
indium tin oxide films for electronic applications. Stable ink with a high loading amount of silver
nanowires is essential for the scale-up of the production of transparent conductive films considering the
storage need due to separated procedures of nanowire synthesis and film formation. It is very hard to
re-disperse the nanowires if irreversible aggregation happens during storage for coating. The paradox of
stabilizing the concentrated nanowire ink and facile utilizing of the ink for highly conductive films with
a low junction resistance at the joint points of organic stabilizer-capped silver nanowires has to be
solved. A two-step method has been provided to overcome the difficulty in this work. First, a silver
nanowire ink with the loading amount of 5 mg mL™ is formulated, which is stable for more than three
months under normal conditions. The success in maintaining the long-term stability lies in applying an
appropriate amount of surfactant and choosing organic solvents with appropriate mixing ratios to
strengthen the interaction of the surfactant with the silver nanowires and to decrease the free energy
through enthalpy of mixing silver nanowires into the solvent for aggregation prevention. Second, the
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1 Introduction

In the past decades, silver nanowires (AgNWs) have drawn
tremendous attention due to their promising applications in
flexible electronic devices by forming transparent conductive
films (TCFs)."” The performance of TCFs containing AgNWs is
comparable to the state-of-the-art indium tin oxide (ITO) films,
while with additional merits, such as low production cost, being
indium free and flexible against mechanical touching or
bending. Usually, AgNWs are dispersed in ethanol after
synthesis as a dispersion for direct coating on a substrate. The
dispersion is not stable for long-term storage and if irreversible
aggregation happens during storage, it is very hard to re-
disperse the nanowires for coating and non-uniform TCFs
could be anticipated. To improve the stability of AgNW
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treating silver nanowires in large quantity paves the way for real industrial applications.

dispersion, organic additives should be employed to prepare
AgNW ink for long-term storage and transportation. For this
purpose, it is required to increase the loading amount of AgNWs
in the ink, and before use, it could be diluted to uniform
dispersion with a desired concentration for coating, whose
value depends on the coating methods. However, recipe for
concentrated and long-term stable AgNW ink is still lacking.
Many researchers have demonstrated AgNW dispersions
with good stability at a low concentration for a short term. For
example, Jin et al. implemented a binder of poly(dopamine) and
alginic acid to acquire a 0.65 mg mL ™' AgNW ink.® Li et al.
obtained a 5 wt% AgNW ink in ultra pure water,” and Hu et al.
prepared a 2.7 mg mL ' AgNW ink in methanol.® Reported
AgNW dispersions with a high concentration usually suffer
from aggregation under a long-term storage condition. For
example, Tao et al. prepared a 15 wt% AgNW ink using only
alcohols by mixing under ultra-sonication, and precipitation
could be anticipated after a certain period."* Hu et al intro-
duced polyethylene oxide (PEO) as a dispersing agent to obtain
a 9.6 mg mL~ " AgNW ink by vigorous stirring; however as
pointed out by the authors, PEO would precipitate together with
AgNWs at room temperature to generate solid composite sedi-
ments."”” Wu et al. formulated a 10-20 wt% AgNW ink under the
assistance of a double amino-silane capping agent; yet original

This journal is © The Royal Society of Chemistry 2017
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PEDOT:PSS ink was based to formulate the PEDOT:PSS and
AgNWs hybrid ink, which could hamper the neutral color of
coated films.” These inks could be used to coat TCFs on
a particular substrate; however, the long-term stability of these
inks poses severe problems for transportation, storage, and
utilization. Therefore, to make AgNW TCFs viable in real-world
applications, the formulation of stable AgNW inks with a high
concentration is essential.

The difficulty in preparing stable ink with a high loading
amount of AgNWs lies in that the ink should be both stable and
ready to utilize. To improve the stability of the ink, one could
add organic stabilizers that could not only increase the viscosity
of the ink but also suppress the aggregation of AgNWs.
However, the organic stabilizers will inevitably reduce the
conductivity of TCFs because the junction resistance will be
much too high for organic molecule-stabilized AgNWs."*
Therefore, the organic stabilizers should be readily removable
before coating TCFs. In this paper, the paradox was solved by
a two-step method: first, 5 mg mL~" AgNW ink based on
ethylene glycol (EG), N-methyl pyrrolidone (NMP), glycerol and
poly(vinylpyrrolidone) (PVP) was formulated, which can be
stable at room temperature for more than 3 months; second,
the concentrated ink was simply washed and diluted to uniform
dispersion for coating of TCFs with high performance. The
reason why choosing these organic solvents and additives for
ink formation are as follows. Mixed solvents based on NMP have
been explored to effectively enhance the stability of the pristine
single-walled carbon nanotubes (SWCNT) dispersion through
tuning solubility parameters of final solvent, which has been
theoretically analyzed in quantity combining DLVO theory,
Flory-Huggins theory and Hildebrand/Hansen solubility
parameters.'” Besides NMP, organic solvents of EG and others
have been identified to form graphene oxide (GO) dispersions
with long-term stability,*® probably due to large dipole moment
(3.75 for NMP and 2.31 for EG) and suitable Hildebrand/Hansen
solubility parameter.”” EG has also been employed in flexible
electronics as the humectant in stabilizing the ink of AgNWs.*®
Traditionally, glycerol acts both as viscosity modifier and
wetting agent in preparing directly writing inks with a relative
long-term stability.**** PVP was chosen to make use of its steric
hindrance arising from the long-chain for stability improve-
ment,”* and NMP along with PVP has been proven an efficient
system in improving the stability of graphite inks than the pure
NMP dispersions.?*?

Herein, the relative content of NMP to EG in our ink was
systematically investigated along with the concentration of
PVP, based on the consideration of tuning Hildebrand/Hansen
solubility parameters of final dispersing medium for AgNWs,
including the Hansen hydrogen bonding parameter (dy)
arising from hydroxyl and the Hansen polar parameter (dp)
originating from carbonyl.” The content of glycerol was fixed
at 10 vol% because of the more tough dispersive capacity
depending on its viscosity as high as 1412 mpa s. TCFs of high
performance could be coated by using the ink after a brief
cleaning to partially remove organic stabilizers on the surface
of AgNWs.

This journal is © The Royal Society of Chemistry 2017
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2 Experimental section
2.1 Materials

AgNO; (=99.8%, Shanghai Qiangshun Chemical Reagent Co.,
Ltd) was used as a source material. Ethylene glycol (EG, Sino-
pharm Chemical Reagent Co., Ltd) was used as a reductant in
a synthetic process. Poly(vinylpyrrolidone) (PVP) (average
molecular weight (MW) of 55 000, PVP-55000) and PVP (average
MW of 360 000, PVP-360000) (Sigma-Aldrich) were used as
capping agents during the growth of AgNWs. N,N-Dime-
thylformamide (DMF, Sinopharm Chemical Reagent Co., Ltd)
was used as a chemical agent to purify AgNW ink for TCF
formation. Glycerol and N-methyl pyrrolidone (NMP) (Sino-
pharm Chemical Reagent Co., Ltd) were used in the recipe for
ink formulation. PVP (average MW of 1 300 000, PVP-1300000)
(Aladdin Industrial Corporation) was explored as both
a viscosity modifier and a stabilizer in the ink. All reagents were
used as-received without further purification.

2.2 Preparation of AgNWs and stable ink

AgNWs were synthesized by reducing AgNO; in the presence of
PVP in EG as reported in our early work with minor modifica-
tions.”* Briefly, a mixture of 0.0812 g PVP-360000 and 0.0842 g
PVP-55000 was dissolved into 22 mL of EG. Subsequently, 2.5
mL of FeCl; solution (600 uM in EG) and AgNO; solution
(0.180 g in 3 mL of EG) were added rapidly into PVP solution
within 1 min. The synthesis was carried out at 130 °C for
130 min. After cooling to room temperature, the product was
washed with 30 mL de-ionized (DI) water, centrifuged, and
collected as the source for the preparation of concentrated
AgNW ink. In a typical procedure for the preparation of AgNW
ink, 1.5 g PVP-1300000 was dissolved in a mixture of 20 mL
NMP, 25 mL EG, and 5 mL glycerol under a vigorous stirring for
5 h. Then 6 mL of the mixture was applied to disperse 30 mg
AgNWs with a homogeneous stirring for 30 min at room
temperature. Finally, AgNW ink with a concentration of ~5 mg
mL ™' was prepared.

2.3 Fabrication of TCFs using AgNW ink

The as-prepared AgNW ink is stable up to several months under
normal storing conditions. Before the coating of TCFs, AgNW
ink was dispersed in DMF (or DI water), followed by centrifu-
gation to partially remove PVP, and then re-dispersed in ethanol
with a final concentration of 0.4 mg mL ™. TCFs were coated by
doctor blading without any post-treatment.

2.4 Characterizations

The morphology of AgNWs was characterized by scanning
electron microscopy (SEM) (Sirion 200 FEG) and transmission
electron microscopy (TEM) (JEM-2010). Photographs were
captured using an optical microscope equipped with a digital
camera (SOIF-55XA). Thermo gravimetric analysis (TGA) was
performed using a Pyris-1 analyzer (PerkinElmer). The viscosity
measurements were made on a viscometer (ND]J-5S) at 25 °C.
Sheet resistance of TCFs was measured using a four-point probe
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resistivity meter (RTS-9). Optical transmittance spectra were
obtained on a UV-Vis-NIR spectrometer (Shimadzu SolidSpec-
3600). FT-IR measurements were performed using a Nexus FT-
IR spectrometer (Thermo Nicolet NEXUS FT-IR spectrometer).
Raman spectra were recorded on a Micro-RAMAN Spectroscopy
(Renishaw inVia Reflex, LAICA DM2500, A = 532 nm).

3 Results and discussion

A modified polyol method as reported in our previous work was
employed to synthesize AgNWs with average length up to 72 pm
and average diameter of 36 nm (ESI: Fig. S11). In an initial stage,
Raman measurements were carried out to investigate the effect
of the volume ratio of NMP to EG (Vymp : Vig) On the stability of
inks with different formulations when the concentration of
PVP, AgNWs and glycerol were fixed at 7.5 mg mL ™", 0.3 mg
mL " and 10 vol%, respectively. As shown in Fig. 1, two repre-
sentative peaks centered at ~213 cm™' and ~240 cm ' were
observed for the system whatever the solvent ratio was. The
former one could be assigned to Ag-O stretching vibration in
AgO, and the latter one is originated from Ag-O stretching
vibration between the carbonyl and AgNWs.>**® The former
peak has nearly a constant center while the latter one changes
its center with the solvent ratio. We found that at a volume ratio
of 4 : 5, the frequency of stretching vibration between the O in
carbonyl and Ag in AgNWs is the largest, indicating the stron-
gest force constant (k) between silver and oxygen atoms due to
the most sufficient overlapping of electron clouds between the
carbonyl (>C=0) in PVP and AgNWSs.* As a consequence, the
ink is most stable, which was substantiated by the observation
of the stability of the inks (ESI: Fig. S27).

The mechanism on the stability of AgNW dispersion relating
with the volume ratio of NMP to EG could be explained by the
competition between the viscosity tuning by EG and the dipole-
dipole intermolecular force strengthening from carbonyls in
NMP and PVP. Density of electron clouds surrounding PVP was
elevated when NMP was employed as an additional additive,
which could enhance the intermolecular force between carbonyl
species and AgNWs as shown in Fig. 1a. In addition, embedded
NMP molecules in the interval between PVP molecules was ex-
pected to provide additional space repulsion potential energy to
stabilize AgNW dispersion from irreversible aggregation. More-
over, varying the volume ratio of NMP to EG changed the
Hildebrand/Hansen solubility parameters of final solvent, which
tuned the free energy through enthalpy of mixing AgNWs into the
solvent; minimum energy could be achieved at a proper ratio
when the Hildebrand/Hansen parameter of solvent equaled to
that of AgNWs to formulate the most stable ink.*

However, when the concentration of AgNWS (Cagnws)
increased from 0.3 up to 1.2 mg mL ", the ink became less stable
because PVP in the ink was not sufficient to stabilize AgNWs from
aggregation (ESL Fig. S31)."° When we simultaneously increased
the concentration of PVP (Cpyp) from 7.5 to 30 mg mL " and
fixing the solvent ratio at the optimal value, the ink became stable
again. Fig. 2 indicated that the stretching vibration between Ag in
AgNWs and oxygen atom in carbonyl shifted up to 244 cm ™ after
adopting 30 mg mL ™" of Cpyp. However, further increasing PVP

1938 | RSC Adv., 2017, 7, 1936-1942
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Fig. 1 (a) Raman spectra of AQNW inks stored for two weeks, which
contained NMP, EG and glycerol with volume ratio of (i) 2: 7 : 1, (ii)
3:6:1(ii)4:5:1,(iv)5:4:1and(v)7:2: 1 while Cpyp, Cagnws, and
the volume ratio of glycerol in the solvent (Cgycero) Were kept as
75 mg mL™% 0.3 mg mL~* and 10 vol%; (b) Raman peak position for
Ag-0 stretching vibration between the carbonyl and AQNWs obtained
from (a); (c) schematic diagram depicting the mechanism of NMP
stabilizing PVP-capped AgNW dispersion.

concentration led to the aggregation of AgNWs in the ink,
possibly due to the decrease of solubility (ESL: Fig. S4t). Finally,
a concentrated AgNW ink of ~5 mg mL™" was formulated where
Ceve and Viwp : Vig ¢ Vaiycerol Were fixed at 30 mg mL ™' and
4:5: 1, respectively.

The resultant 5 mg mL~' AgNW ink prepared with the
optimal recipe was characterized using TEM. Fig. 3a and
b display photographs and the SEM image of the AgNW ink,
where no apparent sediment or non-uniformity could be
observed revealing good dispersion for long-term stability. An

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Raman spectra of AQNW inks stored for two weeks, sampled

from suspensions where Cpyp is (i) 7.5, (ii) 15, (i) 22.5, (iv) 30 and (v)
37.5 mg mL’l, while VNMP/VEG/Vglycerol and CAgNWs were kept as
4:5:1and 1.2 mgmL™% (b) Raman peak position for Ag—O stretching
vibration obtained from (a).

amorphous layer with a thickness of ~5 nm was detected on the
surface of AgNWs, probably corresponding to the thickness of
the adsorbed PVP layer (Fig. 3c). Moreover, AgNW ink produced
according to this recipe exhibits a long-term stability up to 6
months (ESIL: Fig. S571).

Fig. 4 displays the infrared spectra of pure PVP and PVP-
encapsulated AgNW ink. FT-IR spectrometry has been proven
a powerful technique to monitor the interaction between PVP
and metal nanoparticles.**** From curve (a), peak positioned at
1662 cm ™' should arise from the fundamental C=0 stretching
vibration since its characteristic peak was supposed to be
located at this region.* A red-shift of 12 cm ™" could be detected
for carbonyl when a vigorous stirring was applied to dissolve
AgNWs homogeneously into the PVP dispersion, indicating the
attachment of PVP to the surface of AgNWs through the inter-
action of the lone pair electrons of oxygen in PVP and the vacant
orbitals of Ag.>

Viscosity tests at set intervals were carried out to verify the
stability of 5 mg mL ™' AgNW ink as shown in Fig. S6.7 No
obvious change of the viscosity had been observed, indicating
the stability of the ink for at least 3 months.

The capability to formulate such concentrated AgNW ink
with long-term stability enables the storage of AgNWs against
irreversible aggregation. It will be shown in the following
paragraph that the ink could be used to prepare high-quality
TCFs after gentle cleaning to partially remove organics on the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Photographs of the 5 mg mL™ AgNW ink freshly made and
stored for 3 months; (b) low and (c) high magnification TEM images of
the ink stored for 3 months.
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Fig.4 FT-IR spectra of (a) pure PVP dissolved in a mixture of NMP, EG,
and glycerol, and (b) 5 mg mL~! PVP-encapsulated AgNW ink.
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surface of AgNWs before coating films. DI water and DMF were
employed as treating solvents, respectively. TGA was used to
detect the residual PVP on the surface of the AgNWs since the
decomposition temperature for PVP was estimated as
300 °C.*»* Fig. S7 in ESIf and 5 show evidence that PVP could
be removed by the two solvents efficiently since the relative
weight of PVP on the surface of AgNWs exhibited a decrease
from 30% to 2.7% when 1 cycle cleaning was applied.

After gentle cleaning, the purified AgNWs were coated on
PET substrates. Fig. 6a and b show that 7% above 90% (1 = 550
nm) and and R below 50 Q could be achieved. From Fig. 6¢ and
d, it is observed that 2 cleaning cycles by DMF generated
optimum overall performance of AgNW TCFs. The figure of
merit ¢1g is defined by Haacke as*®

TlO
PTE = R- &Y

where T is the transmittance and R, is the sheet resistance.
Recently, another figure of merit has also been widely utilized
and defined as the ratio of the electrical conductance to optical
conductance (opc/oop)**

(2)

Rs apC

-2
() = (1+188.5 @)

where opc and gop are the DC conductivity and the optical
conductivity at 550 nm, respectively. From Table 1, conductive
film coated with AgNWs purified with DMF for 2 cycles shows
a value of opc/oop as high as 228 at a relative lower surface
density (ESI: Fig. S71), which is superior to the recently reported
values.

(a) 100/

40 N
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Fig. 5 (a) TGA curve of AQNW ink dried for 24 h in the vacuum oven at
80 °C. (b) The weight of residual PVP in the purified AQNWs versus
cleaning cycles with DI water and DMF, respectively.
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Fig. 6 Comparison of (a) transmittance (T%), (b) sheet resistance (Rsp),
(c) figure of merit (p1g), and (d) pc/aop (A = 550 nm) of films coated on
PET by AgNWs cleaned for various cycles with DMF and DI water,
respectively.

The transparent conductive films coated by AgNWs cleaned
with DMF for 2 cycles exhibit relatively high comprehensive
performance due to (i) the AgNWs with a large aspect ratio as
high as 2000, (ii) less organics on the surface of AgNWs, and (iii)

This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of optical and electrical performance between
our optimal transparent conductive films coated by AgNWs purified
with DMF for 2 cycles and those in reported work

MIA Rsn PTE

(mgm™2) (Q persquare) T% (107* Q") opcloop  Ref.

32 182 88 15.3 15.7 41

93 110 92 39.5 40.3 10

28 13 85 151 171 39

60 18.7 91.7 225 228 This
work

a much lower surface density. More importantly, the perfor-
mance of the films was tested directly after coating without
further physical or chemical treatment as done by others, which
dramatically simplifies the production process of AgNW trans-
parent conductive films.

4 Conclusions

In summary, we have formulated concentrated AgNW inks with
good stability against aggregation by adjusting the content of
organic additives. The ink could be applied to coat high-
performance AgNW transparent conductive films after a brief
cleaning of AgNWs prior to the coating process. It is noteworthy
that the films exhibit a large figure of merit without post
treatment after coating. The ability to produce concentrated
AgNW inks with good stability and ease of utilization will bring
this material even closer to industrial applications.
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