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A novel submicron-sized tubular network composed of rolled
silver nanosheets was successfully fabricated by the assem-
blage of silver nanoparticles in a reverse micellar solution;
the size of these assembled nanoparticles was ca. 3 nm and
they had a narrow size distribution. The molar ratio between
H,0O and lauric acid in the reaction media was found to signi-
ficance effect the structure of the resultant tubular network.

This study further showed that these nanostructures are sta-
bilized by lauric acid, which contributed to the assemblage
of the network. After detailed analysis, a possible reaction
mechanism was determined, and these nanostructures
showed obvious advantages and potential application as con-
ductive fillers in coatings, especially because of their unique
network morphology.

Introduction

It is well known that conductive coatings have wide ap-
plication in our daily life, and they are primarily composed
of two components: a polymeric matrix and a conductive
filler. The conductivity of these coatings is predominantly
determined by the type of metal filler employed, which is
usually nickel,!?! copper,3# silver!>7 or an alloy of these
metals. Owing to its high conductivity and stability, silver
is considered as an excellent and promising metal filler can-
didate, but there are still plenty of aspects related to the use
of silver that need to be improved. Ordinarily, a high silver
filler content is needed to achieve high coating conductivity,
but this will inevitably impair the performance of the poly-
meric matrix.[®] Therefore it is necessary to determine an
effective route to obtain high conductivity, while keeping
the silver content of the composite coating low. One of the
most feasible and effective ways to achieve this goal is to
introduce silver nanomaterials into the conductive filler,
and in this way the total silver content of the coating is
reduced, while still maintaining good conductivity by coat-
ing film.>1% Currently, silver nanowires are considered to
be the ideal nanostructures for improving the conductivity
of coatings because of their 1D morphology. Moreover, a
number of different synthetic routes have been developed
for the fabrication of silver nanowires, although the soft
solution method is primarily considered to be the most
popular and effective synthetic strategy.l''-'4l However to
date, the simple and rapid production of silver nanowires
is still infeasible. The improvement of this method, or the
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development of alternative means of preparation, for wide
application is urgently required.

We have successfully obtained a group of novel nano-
tubular networks, which have been built by the assemblage
of silver nanoparticles in a reverse micellar solution. These
networks are connected by rolled nanosheets rather than
seamless nanotubes. However, these nanostructures would
be favorable candidates for improving silver-doped conduc-
tive coatings because of their morphologies and small sizes.
It has been reported that these silver nano-assemblies could
transform into continuous silver nanostructures after being
sintered at high temperatures.['>] Therefore, it is feasible for
these nanoassemblies to become conductive after a similar
treatment. We found that the width of the rolled nanosheets
was about 500 nm, and the diameter of the nanoparticles
from which they were assembled were only 3 = 1 nm. Lauric
acid played a very important role in this assembly pro-
cedure. The hydrophobicity of this acid, and the resultant
steric repulsion between different assembled silver nanopar-
ticles is considered to be the main influence on the selfas-
sembly process. In principle, the morphology of the nano-
sheets is advantageous for the formation of a conductive
network in a polymeric matrix, and such a tubular silver
network could be ideal as a conductive filler in coatings,
after further treatment. Furthermore, the synthetic process
for the generation of these nanostructures is relatively re-
producible, highly efficient and facile. Accordingly, the syn-
thesis of these silver nanotubular networks is promising and
of significance.

Results and Discussion

In this study we fabricated a group of novel silver nano-
tubular networks using a water-in-oil reverse micellar sys-
tem. In this system, lauric acid was exploited as the surfac-
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tant to form the reverse micelles, and methyl methacrylate
(MMA) was used as the organic phase, as shown in
Scheme 1. Previously, Liu et al. reported that individual sil-
ver nanotubes could be synthesized in a reverse micellar
solution with octanoic acid as the surfactant.'> In their
report, these authors proposed that acid would form reverse
micelles after adding an aqueous solution of it to MMA,
and then different micelles (A and B in Scheme 1) would
further collide with each other to generate silver nanopar-
ticles that are stabilized by the surfactant. These nanopar-
ticles would assemble into nanotubes that would be directed
by the behavior of the hydrophobic part of the surfactant
cluster in the organic phase. In contrast to Liu et al.’s work,
we have adopted lauric acid in our study, and instead of the
1D nanotubes formed in the octanoic acid solution, rolled
nanosheet assemblies were predominately formed in the
lauric acid solution. Most interestingly, the network mor-
phology is very favorable for the formation of conductive
networks and meaningful for the improvement of conduc-
tive coatings.'> Figure 1 shows the silver tubular networks
we prepared following the standard procedure shown in
Scheme 1. From the high resolution TEM image, we can
see that the network is assembled from numerous nanopar-
ticles with a diameter of 3 =1 nm. Due to their small size
these nanoparticles appeared to be of poor crystallinity,
furthermore the spacing between the assembled nanopar-
ticles was commonly less than 3 nm. In addition, the EDX
spectrum (Figure 1) of the sample indicated that elemental
silver existed in these nanostructures, and the C:O molar
ratio was 5.6:1, which is similar to the value in lauric acid
(6:1).
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Scheme 1. Typical procedure of the lauric acid assisted reverse mi-
cellar method for the fabrication of silver nanotubular network.

The minor difference between these values may be due
to the influence of the ambient C and O. The molar ratio
between Ag and lauric acid was 1.53:1, which showed that
these silver nanoparticles had a large fraction of surface
atoms. Liu et al.l'l reported that in their nanostructures
were formed by the assemblage of the silver nanoparticles.
From the SEM image, we can see that in our case the net-
work is formed from rolled nanosheets, and not planar
nanosheets or seamless nanotubes. These assembled silver
nanoparticles have a small size and the bonding between
the silver atoms and carboxyl groups of the lauric acid is
not as strong as the bonding between Ag and thiol groups,
1554

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Si

C
0.2
(0]
0.0- 1700 T

200 3.00

4109“\;5.'@

Figure 1. TEM (A) and HRTEM (B) images of tubular silver net-
works prepared following the standard procedure detailed herein.
The inset in (A) is the selected angle electron diffraction (SAED)
pattern for the silver nanoassembly recorded by directing the elec-
tron beam perpendicular to the plane we observed without tilt.
Image (C) is the SEM image of the silver networks. Figure (D)
shows the spectrum and results of energy dispersive X-ray analysis
(EDX) of the networks.

Ag and amino groups, etc; therefore, the carboxyl-bonded
silver nanoparticles are expected to have a higher activity
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than these other groups, and the carboxylic surfactants can
be easily removed or substituted. Such nanostructures
might attract attention in many fields such as fluores-
cence,l'®171 catalyst,['1%1 and Surface-Enhanced Raman
Scattering (SERS).[20:21]

The lauric acid-assisted reverse micellar method for the
fabrication of silver nanotubular networks.To study the re-
producibility of our method, and to evaluate other influenc-
ing factors, parallel experiments with different water/acid
molar ratios (W values) were performed. As shown in
Table 1, experiments 1-5 were carried out at W = 20, 40,
80 by two different methods: (i) the W value was adjusted
by changing the amounts of the precursors added to the
reaction solution; (ii) the W value was adjusted by altering
the concentration of the surfactant, lauric acid, in the solu-
tion. From Figure 2 we can see that the nanostructures,
which form by the assemblage of silver nanoparticles, were
all generated under different conditions and the diameters
of the majority of assembled nanoparticles displayed no ob-
vious change when the reaction conditions were altered. It
is evident that this preparation method is highly reproduc-
ible and stable. However, there were some slight morpho-
logical changes to the product nanostructures when the re-
action conditions were altered. The network fabricated at
when W = 80 was decorated by some large silver nanopar-
ticles on the outer surface of the nanostructure, and they
(Figure 2, image D) were much more densely decorated by
large nanoparticles with a diameter of ca. 10 nm. We sug-
gest that the nonuniformity of the products from these two
reactions resulted from the weakened protection of the
nanoparticles due to the reduction in the amount of lauric
acid and the increase in the amount of silver precursor used
in the latter experiment. Experiments with low W values
gave silver nano-assemblies that were preferentially orga-
nized into individual nanotubes with few branches and reg-
ular surfaces. Experiments with high W values produced
assemblies that were tight tubular networks with many
branches and irregular surfaces.

Table 1. Synthesis of the silver nanotubular networks by the assist-
ance of lauric acid.

AgNO; NaBH, Lauric acid/ Wiel
(aq.) (aq.) MMA
14 C C C plal Civl
Run  [ul] [M] [uL]  [M] (mL] [M]
1 144 0.2 144 0.2 5 0.04 40
2 72 0.2 72 0.2 5 0.04 20
3 288 0.2 288 0.2 5 0.04 80
4 144 0.2 144 0.2 5 0.08 20
5 144 0.2 144 0.2 5 0.02 80

[a] V: volume of the MMA/carboxylic acid solution. [b] C: concen-
tration of carboxylic acid in the solution. [¢] W molar ratio be-
tween H,O (from the added aqueous solutions of AgNO; and
NaBH,) and the added carboxylic acid; the experiments (runs 1—
5) were all performed at room temperature (ca. 30 °C).

It was assumed that the self-assembly of silver nanopar-
ticles into tubular networks was due to the intermolecular
action of the hydrophobic part of the surfactants.['’] Fig-
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Figure 2. TEM and HRTEM (inset) images of the silver nano-
tubular networks synthesized at various W values that were ad-
justed by different routes. (A) and (B) W = 20, adjusted by chang-
ing the amount of H,O in the AgNO; and NaBH, aqueous solu-
tions, respectively; (C) and (D) W = 80, adjusted by changing the
amount of H,O in the AgNO; and NaBH,; aqueous solutions,
respectively; (E) and (F) W = 20, adjusted by changing the concen-
tration of lauric acid; (G) and (H) W = 80, adjusted by changing
the concentration of lauric acid.

ure 3 shows the IR spectra for lauric acid and the silver
nano-assembly formed in run 1 (Table 1). The major differ-
ence in these spectra is that the strong adsorption peak of
lauric acid located at 1696.1 cm™! in its spectrum is blue-
shifted to 1561.1 cm™! in the spectrum of tubular silver net-
work. However, the spectra of both lauric acid and the sil-
ver nano-assembly show the following characteristic ab-
sorption peaks: dcy = 1464 and 1407 cm™!, yey =
723 cm™! corresponding to (-CH,-)o. As the peak at
723 cm™! is only observed for (-CH,-), groups with n >
4, its presence in the spectrum of the silver nano-assembly
indicates that the long carbon chain of lauric acid is present
in this sample. Furthermore, there are two characteristic —
COOH group absorption peaks in the IR spectrum of lauric
acid, ve=p = 1703 and v = 1294 cm™! (Figure 3), that
have disappeared or are shifted in the IR spectrum of the
silver nano-assembly. Additionally, the spectrum of the sil-
ver nano-assembly shows a peak located at 1561 cm !, It
has been reported that Ag! can coordinated with L-histidine
and (S)-(-)-2-oxopyrrolidine-5-carboxylic acid through —
COO-Ag bonds,??! and that the surface atoms of silver
nanowires can coordinated with polyvinyl pyrrolidone
1555
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(PVP) through the interaction between carbonyl and silver
atoms.?>24 In addition, oleate has been used to fabricate
silver colloids, the IR spectrum of which displayed similar
changes when compared to the spectrum of oleic acid that
we observe when comparing the spectra of our silver nano-
assemblies and lauric acid.>’! However, the details of the
binding mode between carboxyl and silver atoms is still not
clearly understood in this situation. After extensive analysis,
we are in a position to propose one possible binding mode:
that both the oxygen atoms in the lauric acid carboxyl
group coordinate with a surface silver atom of the nano-
structure. This mode satisfies the requirements of bond val-
ence, and is also consistent with the phenomenon observed
in IR spectra i.e. only one vibrational adsorption peak is
located between the ve=p and v o peaks.
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Figure 3. FT-IR spectra of lauric acid and the silver nanotubular
network. Lauric acid: ve_yy = 2924 ecm™!, ve g = 2954 em ™!, ve—o
= 1703cm ™!, 6y = 1464cm™!, veo = 1294cm™!, yopu =
723 cm’!; silver nano-assembly: vey = 2923cm’!, vey =
2923 cm !, ve o = 1561 ecm™!, 6y = 1464 cm ™! (1407 cm™), ye
=723 cm™.

There are some adsorption peaks of moderate intensity
in the IR spectrum of lauric acid that are absent from the
spectrum of the silver nano-assemblies. The absence of
these peaks from the nano-assembly spectrum can be ex-
plained by the dissociation of lauric acid into the anion
after adsorption onto the surface of the silver nanoparticles.
In conclusion, the stability and assemblage of these silver
nanoparticles was due to the intermolecular action of the
adsorbing lauric acid.

It has been reported that the amphiphilicity of a surfac-
tant influences the manner in which it self-assembles.[?%]
Therefore tuning the amphiphilicity of surfactants can be
used to fabricate different silver nano-assemblies. The inter-
particle forces for nanoscale self-assembly commonly in-
clude van der Waals, magnetic, molecular or entropic
forces.?”) In this system, van der Waals and entropic forces
(steric repulsion, electrostatic force etc) are the main effects
in the self-assembly process; van der Waals forces are pres-
ent between any two material bodies, and usually act in as
an attractive force to bring nanoparticles together. The ad-
sorbed carboxylic acid also provides some affinity due to
1556
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the hydrophobicity of its long hydrocarbon chain. Con-
versely, the electrostatic force and steric repulsion provide
the repulsive forces for the self-assembly and protect the
nanoparticles from aggregating into a bulk state. These two
kinds of opposing forces need to be balanced, and the
nano-assemblies need to stay in the lowest energy state. Dif-
ferent carboxylic acids provide different levels of affinity
and repulsion, and therefore result in different lowest en-
ergy states for the nano-assemblies.’®! However, the de-
tailed mechanism as to how the tubular network is formed
is still unknown and needs further investigation. What is
known is that stabilizing ligands and appropriate solvent
are indispensable for the self-assembly process or else the
nanoparticles would precipitate from solution. The steric
repulsion generated by lauric acid adsorbed on the nano-
particle’s surface is dependent on the length and adsorption
density of this surfactant. If insufficiency lauric acid is pres-
ent it is inevitable that the silver nanoparticles that are gen-
erated would agglomerate into large particles to compensate
for the weakened steric repulsion provided by the surfactant
molecules. As shown in Figure 2, image D, these large par-
ticles then further self-assemble epitaxially onto the outer
surface of the nanotubular network to form large particle
decorated nano-assemblies.

As mentioned before, the nanotubular networks do not
comprise seamless nanotubes, but rather hemi-tubes. As
shown in Figure 1, the silver tubular networks are com-
posed of rolled silver nanosheets. We have also synthesized
analogous silver nano-assemblies by use of other carboxylic
acids such as capric acid, palmitic acid, and so on. The
morphologies of the assemblies were quite different from
each other, in particular the size of the assembled nanopar-
ticles were different. The synthetic procedures for the silver
nano-assemblies shown in Figure 4 were performed as fol-
lows: AgNO; (0.2wm, 144 uL) aqueous solutions and
NaBH, (0.2 M, 144 pL) aqueous solutions were added to
two different vessels both containing carboxylic acid/MMA
(5 mL, 0.04 m) solutions; all other conditions were the same
as those adopted in the lauric acid synthesis method men-
tioned above. As shown in Figure 4, most of the silver par-
ticles fabricated in the capric acid/MMA solution had a dia-
meter of 3.0 = 1.0 nm, which is quite close to the diameter
of the silver nanoparticles synthesized in the presence of
lauric acid. This may be because there is no big difference
in the chain length between lauric acid and capric acid, so
they provide similar steric effects. However, the morphology
of the resultant silver nano-assemblies formed in the capric
acid/MMA solution were not networks. However, the dia-
meters of the assembled silver nanoparticles obtained in the
palmitic acid/MMA solution were much smaller than those
created from the capric acid solution, being generally less
than 2 nm; however, their self-assembly morphology was
also branched, and similar to the networks generated with
lauric acid. It has also been reported that the assembled
silver nanoparticles obtained with the assistance of octanoic
acid had a mean diameter of not less than 7 nm, and were
therefore much larger than the particles we obtained in our
research.l'>l We also discovered that no silver nano-assem-
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blies could be obtained in the presence of n-hexanoic acid.
Carboxylic acids with long carbon chains could provide
strong protection for the silver nanoparticles, and therefore
small particles would be obtained with the assistance of
such carboxylic acids. If the carbon chain was short enough
insufficient steric repulsion would be provided and no silver
nano-assembly would be fabricated.

Figure 4. TEM and HRTEM images of the silver nano-assemblies
synthesized in the presence of different carboxylic acids following
a typical procedure. (A) and (B): 0.04 m capric acid/MMA solution,
W = 40; (C) and (D): 0.04 M palmitic acid/MMA solution, W =
40.
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From the experimental results reported herein, it can be
concluded that the size of the assembled nanoparticles does
not change significantly with changes in the concentration
of AgNOj; in the reaction solution. Therefore, it is imposs-
ible for each micelle to form a single silver nanoparticle;
otherwise different precursor concentrations would result in
the diameters of the assembled particles being different. In
addition, the size of the resulting reverse micelles had been
tracked by dynamic light scattering (DLS) measurements.
As shown in Figure 5, the reverse micellar solution pre-
pared from mixing aqueous NaBH, (0.2 M, 144 puL) with
lauric acid/MMA (0.4 M, 5mL) solution was more stable
after 20 min sonication than the solution prepared from
mixing aqueous AgNO; (0.2 M, 144 pL) with lauric acid/
MMA (0.4 M, 5 mL) solution. The reverse micelles involv-
ing NaBH, would have relatively small diameters ranging
from 350-850 nm during the first 18 min after 20 min of
sonication. However, the reverse micellar solution involving
AgNO; was unstable and the micellar diameter would
change sharply from 1454-2516 nm 4 min after sonication.
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Figure 5. Hydrodynamic radius changes for different reverse mi-
celles measured by DLS: (A) Reverse micellar solution prepared
by mixing aqueous NaBH, (0.2 M, 144 pL) with lauric acid/MMA
(0.4 M, 5 mL) solution after 20 min sonication; (B) reverse micellar
solution prepared by mixing aqueous AgNO; (0.2 M, 144 pL) with
lauric acid/MMA (0.4 M, 5 mL) solution after 20 min sonication;
(C) reverse micellar solution prepared by mixing solutions A with
B together. The error bars were plotted based on the standard devi-
ation.
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The diameter will continue to increase further after that
time. It has been reported that NaBH, can be used as a
methyl methacrylate stabilizer, and cannot reduce the car-
bonyl group in a carboxylic acid or ester species.”’! Why
the reverse micelles involving NaBH, are much more stable
than those involving AgNOj is still unknown, and the de-
tailed mechanism involved needs to be explored further.
The whole solution involved in the assembly process was
monitored by DLS and the results are shown in Figure 5.
The reaction between NaBH,; and AgNO; was very fast
and the color of the solution changed within a few seconds
after their reverse micellar solutions were mixed together.
The mixed reverse micellar solution contained micelles that
had relatively large diameters, with the average diameter
fluctuating near 1450 nm during the course of the testing
process. However, no peak approximating to the diameter
of assembled nanoparticles was observed, this might be be-
cause the intense signal from the large micelles obscured
that from the tiny nanoparticles.

As shown in Scheme 2, when the micellar solutions of the
NaBH, and AgNO; were mixed together, different micelles
collided with each other. After the reaction, the newly
formed silver nanoparticles overcame environmental resis-
tance to move into the organic phase as soon as they
reached a critical size. The environmental resistance for
small particles entering the organic phase might be interfa-
cial tension, the surfactant resistance in the interface, repul-
sion due to the hydrophilicity of the particle surface, and so
on.B% Therefore the size of the nanoparticles is determined
predominantly by the resistance from the carboxylic acid at
the interface, because carboxylic acids can change not only
the interfacial tension, but also the surface hydrophilicity
and steric repulsion of silver nanoparticles. Then the lauric
acid stabilized nanoparticles further self-assemble into the
nano-assembly in the organic phase due to the hydropho-
bicity of the adsorbed surfactant. It is believed that the in-
teraction of the hydrophobic part of the surfactant with the
solvent drives this nanoscale self-assembly process. Initially,
the synthetic silver nanoparticles congregate to form the
growth core in the organic phase. Several branches then
grow out from this organic core, and these branches then
grow longer through the continuous self-assembly of the
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Scheme 2. Schematic illustration of the fabrication of silver nano-
tubular networks by the reverse micellar method.
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silver nanoparticles. Despite changes in size, the branches
formed early in the process can outgrow new branches
formed later. The continuously generated silver nano-
particles epitaxially self-assemble onto the tip and outer
surface of the branched nano-assembly layer by layer. As
long as the appropriate steric repulsion is provided by lauric
acid, a tubular silver network with both uniform structure
and dense branches will be fabricated.

Conclusions

In summary, we have successfully fabricated a novel
nanotubular network from a reverse micellar solution. It
has been demonstrated that such supramolecular structures
were formed by the self-assemblage of silver nanoparticles
with diameters of 3£ 1 nm. In addition, densely branched
networks comprising rolled silver nanosheets were fabri-
cated with the assistance of lauric acid, especially when W
= 40. Under other conditions, tubular silver networks with
nonuniform structures or few branches were be generated.
The network morphology is favorable for the formation of
continuous conductive networks in coatings, which makes
the silver tubular networks excellent and promising conduc-
tive fillers, and the nanotubular networks self-assembled
from small silver nanoparticles would be promising for
showing significant surface-enhanced Raman scattering
(SERS) effects. Therefore the fabrication of such silver
nanotubular networks is meaningful and significant.

Experimental Section

Chemicals and Materials: Analytical grade AgNO; (Shanghai Rea-
gent Factory, China), and MMA (Shanghai Chemical Reagent Pur-
chase and Supply Wulian Chemical Factory, China) were used in
this study. NaBH,, lauric acid, capric acid and cetylic acid were
bought from Sinopharm Chemical Reagent Co. Ltd., China, and
used as received.

Preparation of Silver Nanotubular Networks: The reverse micellar
solutions containing AgNO;, NaBH,;, MMA, surfactant (lauric
acid), H,O were used to synthesize the silver nanotubular networks.
In a standard preparation, an aqueous solution of AgNO; (0.2 M,
144 L) was added to a lauric acid/MMA solution (0.04 M, 5 mL)
in a vessel with magnetic stirring. In a separate vessel under the
same conditions an aqueous solution of NaBH, (0.2 M, 144 uL)
was added to a lauric acid/MMA mixture (0.04 M, 5 mL). Then the
oily mixtures from the different vessels were sonicated for 20 min to
form the micellar solutions, and then the reverse micellar solution
containing NaBH, was added to the vessel containing the AgNO;
reverse micellar solution with vigorous stirring. The solution was
then maintained at room temperature for 1 h. After completion of
the reaction, the silver nano-assembly was separated from the re-
verse micellar solution by centrifugation and then washed with
water. Then the surfactant was removed from the product by centri-
fugation and washing with ethanol. The centrifugation was carried
out in an Anke TDLS80-2B centrifuge at a rotating speed of
3000 rpm. The purified silver nano-assemblies were dispersed in
ethanol to enable further characterization.

Characterization: TEM images were obtained with a Philips HR-
TEM CM200 instrument, and the samples was prepared by drop-
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ping a purified ethanol solution of the samples onto a copper grid.
FT-IR spectra were recorded on a Thermo Nicolet 5700 infrared
spectrophotometer, and the silver nano-assemblies and lauric acid,
which were dispersed in ethanol, were dropped onto a KBr wafer.
The SEM images and energy dispersive X-ray analyses were re-
corded with a FEI SIRION instrument. Before recording the SEM
images the sample dispersion was dropped onto a silicon wafer to
form a thin film, and after drying, the prefabricated sample was
treated with gold spray to improve the conductivity. The gold
spraying was performed on an E-1030 ion sputter. Particle size
analysis was performed by dynamics light scattering on a Malvern
Zetasizer 3000HSA Laser Nanometer Particle Size Analyzer. The
wavelength of the laser source was 633 nm. The refractive index
(RI) and viscosity of MMA were used to approximate the disper-
sant RI and solution viscosity in the particle sizing analysis, and
the RI of water was set as the Real Refractive Index in the testing
software. Due to the micellar instability, the particle size analysis
of the reverse micellar solution involving AgNO; was conducted
five times with each run comprising only one cycle lasting 40 s. The
other samples were also run five times with each run comprising
10 cycles each of which lasted 3 min.
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