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a b s t r a c t

Electrically conductive polymer composites have been elaborated by dispersing silver microplates into a

polyvinylidene fluoride (PVDF) matrix. Silver microplates have been successfully synthesized. Their mean

lateral length is about 1.15 mm, presenting a moderate aspect ratio (12e25). Synthesis is easily controlled

and can produce 1e500 mg depending on the volume and the concentration of the solutions used.

Electrical bulk and surface conductivity of the composites containing different filler fractions (4e20

vol.%) have been determined for each sample. Electrical percolation has been observed for each situation

and was determined at 5.9 vol.% for bulk conductivity (through the thickness), while the value is shifted

to 6.9 vol.% when surface conductivity is considered. The gap between the two values of percolation

threshold is attributed to the orientation of fillers. Bulk conductivity and surface resistivity reaches

12.9 S m!1 and 0.123 U/☐ respectively at filler fraction of 15 vol.%.

1. Introduction

The improvement of electrical conductivity of polymer-based

composites is one of the actual challenges. Extensive work has

been done on the introduction of conductive fillers into insulating

polymer matrices. Firstly, carbon fillers such as carbon black [1],

carbon nanotubes [2] and, graphene [3e5] have been widely used.

The carbon fillers present good electrical conductivity (∿104 S m!1)

but once they are dispersed into a homogeneous matrix, electrical

conductivity of the composites is generally limited to

10!2
e10!1 S m!1 [6]. To obtain highly conductive composites,

metallic fillers such as silver [7,8], gold [9], nickel [10] or copper

[8,11] have been introduced into various polymer matrices. Metallic

nanowires with high aspect ratio enable the conductivity to reach

101e102 S m!1 with a low percolation threshold [7,10] and a little

impact on the initial mechanical properties of the composites.

Surface conductivity enhancement has been extensively studied

particularly for transparent electrodes applications [12e16]. The

use of high aspect ratio conductive fillers such as carbon nanotubes

and silver nanowires made the increase of surface conductivity of

multi-layer composites possible. Both graphene and silver flakes

(i.e. silver sheets with no regular morphology) were used as 2D

conductive fillers. Graphene nanocomposites [17] have an electrical

conductivity from 10!2
e101 S m!1 while multilayer composites

could reach 104 S m!1 [4,18]. Nanocomposites containing silver

flakes could reach 103e105 S.m!1 at high loading values (up to 20

vol.%) [19]. Metallic nanoparticles, especially silver nanoplates (i.e.

well-defined morphology) have multi-potential applications such

as plasmon resonance [20e22], optics [23], biological sensing [24],

and antibacterial activity [25,26]. To our knowledge, regular hex-

agonal and triangular silver nanoplates have not yet been used as

conductive fillers.

Silver nanoplates were first obtained by Mirkin et al. [27]. Since

this starting point, two major processing ways have been explored:

seed-mediated process (or multiple steps) [28e32] and one-step

process [33e35]. Each includes several methods such as photoin-

duction conversion [36,37], solvothermal reduction [38] etc. Seed-

mediated process requires the production of a reaction interme-

diate which is used in a subsequent step. On the contrary, a one-

step process implies that the synthesis directly generates the sil-

ver nanoplates, where an in-situ generation of silver seeds may

occurs. The improvement of the quality of the products for each

method was possible by a better understanding on the involved

mechanisms [39e41]. To produce high aspect ratio silver nano-

plates, a seed-mediated process is more suitable than the one-step* Corresponding author.
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process. Many reasons led us to choose seed-mediated process. The

reduction rate of new Agþ ions, which influences the morphology

and the size distribution, is better controlled by seed-mediated

process. It is also the most adapted process to produce large

quantities of silver nano/microplates. The efficiency of seed-

mediated growth method has already been demonstrated to pro-

duce microplates from nanoplate by iteration growth [29,30,42].

Two important parameters are the injection of specific amount of

seeds [23,31,43] and the time reaction [44]. It is well known that

carboxyl capping agents, especially citrate ions, promote the

growth of lateral dimensions [30,31,40] during all steps of the

elaboration. Citrate ions binds preferentially to {111} surface of Ag

crystal which drastically slows the reduction of Agþ ions on the

{111} surface, promoting reduction of Agþ ions on the {100} surface

[39]. The addition of hydrogen peroxide (H2O2) at early stages is

known to act as an etching agent by re-dissolving non-capped sil-

ver seeds. It improves the yield efficiency of nanoplates. This allows

us to achieve a high number of silver plates [28]. It is important to

mention that Liu et al. [35] have recently reported an efficient one-

step method to obtain a tunable length of silver nanoplates or

microplates at large scales.

In this paper, we present the elaboration of nanocomposites

with a moderate filler content. A comparative study of both bulk

and surface conductivity has been done. Seed-mediated growth

method was adopted to produce the required quantity of micro-

plates to be used as a conductive filler in a polymer matrix.

2. Experimental section

2.1. Materials and chemicals

Silver nitrate (AgNO3, 99.9999%), sodium borohydride (NaBH4,

99%), sodium citrate tribasic (TSC, >98%), hydrogen peroxide (H2O2,

30 wt.%), L-ascorbic acid, sodium hydroxide (NaOH, #98%) were

purchased from Sigma Aldrich. All chemicals or products were used

as received. Polyvinylidene difluoride powder (PVDF, Kynar 500)

was purchased from Arkema, colloidal silver paint was purchased

from Electron Microscopy Sciences.

2.2. Elaboration of silver microplates

Micrometre sized silver nanoplates were obtained by a seed-

mediated protocol which involves three phases. The first phase

consists of the synthesis of silver spherical seeds. A definite amount

of the prepared spherical seeds is used in the second phase devoted

to the conversion into nanoplates. In this article, we identify the

second phase as “the morphological selection phase” because the

plate-like structure is formed during this phase. As a matter of fact,

a large number of morphologies are available from silver seeds

(cubes, tetrahedrons, plates, wires…) depending on capping agent

and experimental conditions [39,45]. Finally, the silver nanoplates

prepared during the second phase were used as new seeds during

the growth phase. The lateral dimension of each nanoplate grows

continuously until it reaches the desired value of 1 mm. The syn-

thesis schema is represented in Fig. 1. All the solutions were pre-

pared with distilled water.

2.2.1. Spherical seeds synthesis

The synthesis of spherical silver seeds was inspired by a modi-

fied protocol originally established by Li et al. [28]. The solution

volume was fixed at 25.00 mL. A solution of sodium citrate

(24.00 mL, 0.2 mM) was mixed with 0.06 mL of silver nitrate

(25 mM), 0.06 mL of an iced solution of H2O2 (2.418 M) and 0.08 mL

of water (to complete 24.20 mL). A freshly made aqueous solution

of NaBH4 (0.80mL, 50mM)was added drop by drop under vigorous

stirring. The colour becomes immediately pale yellow revealing the

formation of silver nanoparticles. Stirring was stopped after 3 min.

Small bubbles appeared after several minutes and became bigger,

indicating the decomposition of silver by hydrogen peroxide (re-

action 1). H2O2 plays two roles during silver nanoparticles elabo-

ration: 1) it re-dissolves non-capped silver seeds; 2) it can act as a

weak reducing agent on capped silver seeds. In some cases the

solution becomes brownish after 1e12 h of the addition of NaBH4,

indicating that silver nanoparticles formed aggregates [40].

H2O2 þ 2Agþ/2Hþ þ O2 ðgÞ
þ 2Ag (1)

2.2.2. Morphological formation phase: conversion of spherical seeds

in nanoplates

During this phase, silver seeds are converted to nanoplates.

Typically, 2.0 mL of the previously prepared spherical silver seed

solutionwas added to 8.0 mL of water. Then, 0.5 mL of TSC (75 mM)

and 1.0 mL of ascorbic acid (AA, 100 mM) was added to the solution

under moderate stirring. After homogenization, 0.3 mL of AgNO3

(10mM)was added at a rate of 3.0mL h!1with a syringe pump. The

colour of the solution changes from pale yellow to orange, red,

purple and finally blue when the entire volume of AgNO3 has been

added. The prepared solution is designated as AgNpt0.

2.2.3. Growth from nanoplates to microplates

The growth phase was inspired by Zeng et al. [30]. The AgNpt0

solution is used as a nanoplates-seed solution during the growth

phase. The growth phase involves three very similar steps. Each

step increases the lateral dimension of the nanoplates; new silver

ions are reduced specifically on the {100} surfaces. Their growth is

continuous and is controlled by the number of growth iterations

and the quantity of Agþ added. Typically, 1.0 mL of AgNpt0 solution

was dispersed in water to obtain a 10 mL solution. Then, 10 mL of a

solution containing AA (8.0 mM) and TSC (2.67 mM) (noted AA/TSC

(8.0/2.67 mM)) was added under moderate stirring. Then 10 mL of

AgNO3 (4.0 mM) was injected with a syringe pump at the rate of

5.5 mL h!1. The obtained solution is designated as AgNpt1. One

third of the AgNpt1 solution was taken out and used as new seeds

for the next growth step (without any purification or treatment).

The second growth step was conducted in the same way as the first

one: 10 mL of the AgNpt1 solution was added to 10 mL of AA/TSC

(8.0/2.67 mM) in a new beaker. Then 10 mL of AgNO3 (4.0 mM) was

injected at the rate of 6.7mL h!1. The third stepwas achieved by the

same method as described previously. The injection rate is fixed at

10 mL h!1. At the end of the growth phase, 3.0 mL of NaOH

(500 mM) was added to balance the excess of AA and to equilibrate

the pH at 7. To remove the excess of TSC and other products of the

reaction, the microplates were washed. The solution was stored

during 1e2 days, giving time to Ag particles to settle at the bottom

of the flask. A volume of 25 mL of the upper solution was removed

and replaced by 25 mL of clean distilled water. This washing

Fig. 1. Schematic illustration of the three phases involved in the synthesis of silver

microplates and reactants used for each phase: ascorbic acid (AA), trisodium citrate

(TSC), hydrogen peroxide (H2O2).



process was repeated 3 times. Silver microplates were stored in

distilled water and are stable for months.

A scaled-up synthesis was successfully performed where all

volumes used are multiplied by 10. Concentrations of all solutions

were kept the same as described. The rate of the injection steps

were 55, 67 and 100 mL.h!1 for the first, second and third steps

respectively. The washing process was the same as described pre-

viously. This large batch produces approximately 0.5 g of silver

microplates.

2.3. Preparation of nanocomposites

A known amount of silver microplates was dispersed in acetone.

The corresponding quantity of PVDF was added to the dispersed

solution and then heated at 65 &C under sonication to facilitate the

dissolution of the PVDF. When the dispersion was homogeneous, it

was transferred into a large volume of water to precipitate the

PVDF. This technique ensures that the fillers are immobilized in a

random orientation. The formed nanocomposite was first dried in

an oven at 100 &C for 2 h, then hot-pressed at 200 &C with an

applied pressure of ~15 MPa. The obtained thin film was cut and

hot-pressed again for four times. The range of filler fraction is be-

tween 4 and 20 vol.%. Sample thickness varies from 39 to 78 mm.

2.4. UVevisible spectroscopy

At morphological selection phase, twelve aliquots were peri-

odically withdrawn from the solution during AgNO3 injection. The

total volume of the added AgNO3 solution is 0.5 mL. UVevisible

absorbance spectra were performed at room temperature using a

PerkineElmer Lambda 19, with incident radiation ranging from

300 nm to 1350 nm. A 3 mL capacity quartz cuvette was used.

2.5. Electron microscopy

The structure and texture of Agmicroplates were determined by

high-resolution transmission electronmicroscopy (HRTEM). A drop

of the Ag suspension was deposited on a copper grid coated with

Lacey carbon films to obtain transparent samples for electron

irradiation. TEM and HRTEM images were obtained by using a JEOL

2100F. The diffraction patterns were obtained using the selected

area electron diffraction (SAED) mode.

Morphology of silver microplates, size distribution and cryo-

fractured nanocomposites were observed using a Jeol 6700 FEG

scanning electronmicroscope (SEM) equippedwith a field emission

gun by using a backscattered electrons detector. Acceleration

voltage was 8 kV.

2.6. Electrical conductivity

All measurements were performed at room temperature. Elec-

trical conductivity of nanocomposites was measured by a four-

point probe configuration using a Keithley 2000 multimeter for

high conductivity level nanocomposites. Lower electrical conduc-

tivity values were measured by dynamic dielectric spectroscopy

(DDS) on a Novocontrol broadband spectrometer. The real part

s0(u) of the complex conductivity s*(u) at low frequency (10!2 Hz)

was assimilated to DC conductivity of the nanocomposites.

For practical reasons surface conductivity ss will be used in this

article: It is considered as the reciprocal of the surface resistivity rs

(equivalent value of surface resistivity rs will be given for each

experimental value). Surface resistivity was determined using the

following equation, after deposition of two electrodes of silver

paint on the surface of the nanocomposites [46]:

ss ¼
1

rs
¼

1

R
)

d

w

Were R is themeasured resistance of the sample, w thewidth of the

electrodes, d the separating distance of the two electrodes.

3. Results and discussion

3.1. Characterization of silver nanoplates

Colloidal silver particles and nanoplates (cf 2.2.b) are subject to

plasmon resonance; the bright colouration of the solution varies

from pale yellow to deep blue according to the morphology and

size. Seed-mediated prepared silver nanoplates were characterized

by UVevisible spectrometry. Normalized absorbance is shown on

Fig. 2 as a function of incident wavelength l. Sample 1 (curve 1)

only contains silver spherical seeds. Spherical silver nanoparticles

dispersed in water produce a yellow coloured solution. The

observed unique plasmon band located at 400.8 nm is in agreement

with literature [27,32,47e49]. When AgNO3 is injected in presence

of AA, TSC and H2O2, the growth of particles is oriented according to

lateral length rather than vertical thickness. Xia group [30,31] and

Yin group [28,29] have demonstrated the efficiency of sodium cit-

rate or other carboxyl compounds [40] to produce nanoplates from

spherical seeds. Carboxyl compounds develop a better affinity with

(111) Ag crystal surface. This promotes growth by reduction of Agþ

atoms on the (100) Ag crystal surface [29,39]. The aspect ratio of the

particles increases with silver salt injection because the thickness

increase is negligible when compared to the lateral length increase.

On Fig. 2, the plasmon band associated with the particle dimension

is redshifted, from values of 400 nme733 nm (curve 1 to curve 12

respectively). This plasmon band is attributed to the in-plane dipole

of resonance, which depends on the edge length of nanoplates [21].

The increase of lateral length is monitored by the magnitude of the

in-plane dipole plasmon band redshift. On curves 3 to 12, two

supplementary plasmon bands can be indexed: they are located at

335e340 nm and 450e470 nm. They are attributed to the out-of-

plane quadrupole and the in-plane quadrupole respectively,

proving the existence of plate-like morphology [21,37,48]. The out-

of-plane quadrupole does not present significant changes. It is

thought that the slight redshift of the in-plane quadrupole band

Fig. 2. Normalized UVeVis absorbance spectra taken from morphological selection

phase. Each curve corresponds to an injected volume of Agþ ranging between 0 (seed

solution, curve 1) and 0.5 mL (curve 12). The in-plane dipole plasmon band is

redshifted with the increase of addition of silver salt.



from 448 nm to 472 nm (respectively curve 3 and 12) is due to a

small increase of the thickness of the nanoplates during the

process.

The evolution of the intensity of plasmon band attributed to the

(non-converted) spherical silver particles (400 nm) has been

monitored. Qualitatively, the relative intensity of the 400 nm

plasmon decreases (from curves 2 to 8) attesting the conversion

from nanospheres to nanoplates. More precisely, a shoulder band is

observed at 400 nm attesting that the relative quantity of silver

spherical particles is decreasing (curves 2 to 8). They cannot totally

be eliminated during the morphological selection phase because of

experimental conditions, but the majority of the products present a

plate-like morphology, attested by the large redshifted in-dipole

plasmon band. On curves 9 to 12, the 400 nm plasmon band is

well-defined again, which indicates the presence of newly-

generated spherical silver particles in response to an excess of sil-

ver salt. It is believed that when the quantity of injected AgNO3

becomes too high, the reduction on existing plates requires more

energy. In this case, the formation of new spherical particles is

favoured and the plate growth is limited. It is better to stop reaction

before the quantity of nanospheres reach such a high value. Curve 8

(Fig. 2, bold curve) presents a maximum absorbance at 621.2 nm,

which is attributed to the nanoplates lateral length around

40e60 nm [31,37]. It also presents the most interesting compro-

mise between the lateral size and the relatively low quantity of new

generated spherical particles.

3.2. SEM and TEM observations

3.2.1. Silver microplates

Silver microplates structurewas observed by HRTEM. The bright

field image (Fig. 3A) shows the triangular morphology of the Ag

microplates combined with a very low thickness (the carbon

membrane layer is visible through the plates). The SAED pattern is

composed of punctual spots and the spacings are in good agree-

ment with the spacings of the monoclinic AgO (space group P21/ce

a¼ 5.8592Å, b¼ 3.4842Å, c¼ 5.4995Å -b¼ 107.51&). The punctual

diffraction and the high resolution image (Fig. 3B) of some part of

the plates are characteristic of a mono-crystallized sample.

Silver microplates morphology was observed by SEM. Fig. 4

shows microplates obtained after three steps of growth. The ma-

jority of the produced structures is composed of microplates of

various morphologies: triangular, truncated triangular and hexag-

onal. The mean lateral size has been determined from SEM images

to be 1.15 mm, with a standard deviation of 0.25 mm from one batch

to another. (Fig. 4 inset B) shows a typical dispersion of lateral

length (L). The size distribution is monodispersed and quite nar-

row: 90% of the produced microplates have sizes ranging from 0.75

to 1.57 mm. Statistics on size distribution show that 68% of the

microplates have sizes ranging between 1.15 ± 0.20 mm demon-

strating a narrow distribution of silver microplate size. Some

microplates were observed vertically, enabling the measurement of

their thickness (T): it ranges from 49 to 110 nm. The Aspect ratio

x ¼ L=Tmay be determined. In our case, the experimental aspect

ratio of the as-produced silver plates is ranges from 12 to 25.

Microplates present a moderate aspect ratio compared to low

aspect ratio particles, such as, spheres (x ¼ 1) and high aspect ratio

objects such as metallic wires (x > 200) [10] and carbon nanotubes

(x > 1000) [50].

A minor quantity of by-products with low aspect ratio has been

observed. Their presence can be explained by self-nucleation

occurring during all three phases of silver injection. It is admitted

that a small amount of unconverted silver spherical seeds remains

during the morphological selection phase. These seeds grow

Fig. 3. (A) TEM image of a silver microplate. Inset: SEAD of the corresponding microplate showing the microplates are monocrystalline, (B) HRTEM of a microplate surface.

Fig. 4. SEM image of typical silver plates obtained after three growth steps. Micro-

plates are very thin, it is possible to see through them. Inset (A) observation of the

thickness of a single microplate; (B) size distribution of the microplates, bar plot shows

statistical size dispersion extracted from SEM image analysis, the line is the corre-

sponding fitted gauss curve.



simultaneously with regular plates during the process. Self-

nucleation can be avoided by using a lower AgNO3 injection rate

but this lengthens the reaction time [29]. This explains the slower

injection rate on the first growth step (5.5 mL h!1). It is supposed

that decahedrons and icosahedrons are formed because of a local

excess of TSC on spherical silver seeds. Whether in a normal batch

or a large quantity batch, the number of plates is about ~76% of the

total produced silver material, rendering further purification of

silver microplates unnecessary.

3.2.2. PVDF/Ag nanocomposites

SEM images show the lateral surface of a cryo-fractured PVDF/

Ag 4 vol.% nanocomposite (Fig. 5). The nanocomposite was frac-

tured using liquid nitrogen. Bright domains correspond to the

dispersed silver microplates. They are uniformly distributed

throughout the matrix and the formation of aggregates is limited.

SEM images indicate that the repeated hot-pressing process aligns

the microplates perpendicularly to the applied force.

3.3. Electrical conductivity of nanocomposites

3.3.1. Bulk conductivity

Bulk conductivity was measured for each volume fraction of

silver microplates and reported in Fig. 6. Electrical conductivity of

neat PVDF is 10!12 Sm!1. Nanocompositeswith filler fraction below

6 vol.% present a very low conductivity level (Fig. 6) close to neat

PVDF. When filler fraction is above 6 vol.% nanocomposites are

electrically conductive with s ¼ 0.1e22.9 S m!1. Electrical bulk

conductivity has been increased by 13 decades after the percolation

threshold. As shown on the cartoon (inset Fig. 6), the electrical

behaviour of conductive nanocomposites is described by the

following power law model proposed by Stauffer [51].

s ¼ s0ðp! pcÞ
t

Where s0 is a constant, p the filler volume fraction, pc is the filler

fraction at percolation threshold and t is the critical exponent

related to the dimensionality d of the system. For d ¼ 2, t varies

from 1.1 to 1.3, and for d ¼ 3, t is about 1.6e2 [7].

The experimental values obtained for the percolation threshold

and the critical exponent are respectively pc ¼ 5.9 vol.% and

t ¼ 1.58 ± 0.18.

This experimental t value is in adequacy with literature, Lonjon

et al. [10] obtained a similar value of critical exponent of t ¼ 1.57 by

hot-pressing metallic wires in a copolymer matrix. Cortes Q. et al.

[7] obtained a higher value of t ¼ 2.06 using the same process.

Other processing methods lead to a higher values: Carponcin et al.

[52] obtained t ¼ 2.48 by an extrusion process; Wu et al. [18]

reached t ¼ 3.77 by dispersion and hot-pressing; both of them

using carbon nanotubes as conductive fillers. These upper values of

t 3D-dimensional exponent could be explained by the presence of

aggregates.

The dimensional exponent obtained in this work with micro-

plates is on the lower limit for a three dimensional system. It is

thought that hot-pressing forces a fraction of microplates to be

oriented perpendicularly to the applied force. The value of the

critical exponent t highlights the preferred orientation of micro-

plates, but film thickness remains relatively higher than the di-

mensions of microplates e thickness or lateral length e explaining

a non-negligible 3D contribution on t exponent. The low value of t

could be also explained by an aggregation phenomenon [53] of

microplates, although SEM images only showed limited aggrega-

tion. It is believed, rather, that the conductive pathway is formed by

a non-negligible number of “dead arms” that represent branches

that do not contribute to the percolative pathway through the

sample volume. These dead arms are formed preferentially during

hot-pressing and are the result of the orientation of microplates in

the matrix [6].

A lot of work has been devoted to the analysis of the relationship

between percolation threshold and aspect ratio. According to Bal-

berg et al., the value of the percolation threshold varies as the

reciprocal of x [54]. This analysis is valid when x is much higher than

50 which is not true for our microplates. A theoretical model based

on excluded volume was proposed for hard platelets [55]; using

those data, a non-monotonic variation of the percolation threshold

versus the aspect ratio was predicted by Mathew et al. [56]. The

percolation threshold pc is given by the following relation:

pc f1! e!
1
x

According to this model, the corresponding percolation

threshold pc for the prepared microplates (12 < x < 25) should be

comprised between 11.3 vol% and 6.4 vol% respectively.

Fig. 5. Liquid nitrogen cryo-fractured surface of a PVDF/Ag nanocomposite containing

4 vol.% of Ag microplates. Bright domains correspond to silver microplates while

darker continuous domain corresponds to the polymer matrix.

Fig. 6. Electrical bulk (left scale) conductivity of the nanocomposites as a function of

filler fraction. (7) Low bulk conductivity nanocomposites, was measured by DDS and

(▵) bulk conductivity of nanocomposite measured with the four-probe technique, (∎)

surface conductivity of the nanocomposites (right scale). Dotted line and solid line

correspond respectively to the experimental fit of bulk and surface conductivity. Inset:

(▵) log(sbulk) plotted as a function of log(p-pc bulk), (∎) log(ssurf) versus log(p-pc

surf). Dotted line and solid line are respectively the linear fit for bulk and surface

conductivity.



The measured value of the percolation threshold is lower than

the predicted value. The calculated corresponding aspect ratio is

x ¼ 28 using Mathew et al. model [56], which is close to the

experimental value determined from SEM images (x ¼ 25). Un-

derestimation of the experimental aspect ratio could be explained

by the lack of information about the thickness of microplates. The

model proposed by Mathew allows a good estimation of the

experimental percolation threshold when microplates are

dispersed in a polymer matrix.

3.3.2. Surface conductivity

Surface conductivity presents a similar behaviour as bulk elec-

trical conductivity. Nanocomposites with a filler fraction below 7

vol% present an insulating surface. When filler fraction is above 7

vol.% nanocomposites are electrically conductive with

ss ¼ 0.074e36.9 S.☐ (rs ¼ 0.027e13.4 U/☐). The data of surface

conductive nanocomposites have been fitted with a power law

model (Fig. 6). A linear regression (inset Fig. 6) allowed to extract

parameters such as pc (surf) ¼ 6.9 vol.% of filler and

tsurf ¼ 1.34 ± 0.32. Percolation threshold occurs at higher filler

fraction compared to bulk conductivity. It is thought that the

orientation in the plane (2D) is reduced compared to a random 3D-

orientation which is correlated to the reduction of the degree of

freedom (3D to 2D orientation); eg. the sample containing 6.2 vol.%

of filler is bulk conductive but insulative on the surface. The shift of

the curve to a higher filler fraction is in accordance with the sim-

ulations made by Favier et al. [57]. The value of dimensional

exponent is consistent with those of a 2D-dimensionality (theo-

retical values ranging between 1.1 and 1.3). The value of critical

exponent tsurf depends on the geometry of the measurement and

the state of dispersion of fillers and it is in accordance with litera-

ture for 2D-systems [13,58]. The gap between bulk and surface

percolation threshold is relatively low (~1%), a larger shift should be

expected for percolation threshold from 3D-bulk to 2D-surface. It is

important to mention that theoretical surface conductivity is sup-

posed to be a perfect 2D plane where thickness limit is 0. In reality,

even if the thickness of the nanocomposites is very thin (~50 mm)

compared to their large diameter (Ø ~3 cm), the surface percolative

network may not be represented by a monolayer at the extreme

surface and conductive network may be distributed at least in the

fewmicrometres below the surface. It is thought that the small shift

of percolation threshold observed could be explained by the for-

mation of a thin layer of conductive network. The difference be-

tween the two percolation threshold values is attributed to the

non-negligible experimental thickness of the conductive network.

4. Conclusions

Silver microplates were successfully obtained by a seed-

mediated synthesis. During morphological selection phase, the

conversion from spheres to nanoplates was controlled by UVeVi-

sible spectroscopy. Microplates were obtained from nanoplates by

3 growth iterations, with sufficient quantities to disperse micro-

plates in a polymer matrix. Their Lateral length is 1.15 ± 0.25 mm

and thickness is between 49 and 110 nm. The experimental aspect

ratio was determined between 12 and 25. PVDF/AgMicroplates

nanocomposites at different loadings (4e20 vol.%) were elaborated

by dispersing silver microplates into a PVDF solution. Homoge-

neous dispersion of metallic filler was observed.

An original study of electrical properties was conducted to

determinate both bulk and surface conductivity on the same

samples. The characteristic step of an electrical percolation mech-

anism is observed for both bulk and surface conductivity: The

threshold occurs at 5.9 vol.% and 6.9 vol.% respectively for bulk

conductivity and surface conductivity. A theoretical model allows

the determination of the aspect ratio of silver microplates as a

function of the percolation threshold. Bulk percolation takes place

in a 3D environment while surface percolation occurs in a quasi 2D

environment thus explaining the shift of the percolation step. The

fitting of data by the percolation law gives critical exponents of

1.58 ± 0.02 for bulk conductivity, and 1.34 ± 0.02 for surface con-

ductivity. The decrease of t value from 3D to 2D systems is

explained by the reduction of the dimensionality of the environ-

ment. After the percolation threshold, bulk conductivity reaches

0.1e20 S m!1 and a surface conductivity ss ¼ 0.074e36.9 S.☐

(rs ¼ 0.027e13.4 U/☐). These levels of conductivity are more than

one decade over the conductivities reachedwith carbon nanofillers.
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