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ABSTRACT

We studied composite wires assembled from eleféld-driven nanoparticles in a dielectric
liquid (heptane) to elucidate the exact processeb @ntrolling factors involved in the
synthesis of the multi-phase nanocomposites. Filang wires are synthesized by a two-step
process: (1) abundant nanoparticle production, Ilmagtcarbonaceous types, from heptane
decomposition by spark discharge and of metal namicfes by electrode erosion and (2)
assembly of hydrogenated amorphous carbonaceouschasters with incorporated metal
nanoparticles forming wires by dielectrophoret@ngport while maintaining a high electric
field between electrodes kept sufficiently sepatate avoid breakdown. Four types of
nanocomposites products are identified to formitierént steps in distinctive zones of the
setup. The black carbonaceous agglomerates withl mgherules made by electrode erosion
represent the pyrolytic residues of heptane decsimpo by spark discharge during step 1.
The filamentary wires grown in the interelectrodapgduring step 2 get assembled by
dielectrophoretic transport and chaining forceseifflgreat stability is shown to express the
concurrent effect of polymerization favoured by #imindance of metal catalysts. The nature,
abundance, and transformation of solid particlesfthe source materials versus discharge
conditions control the morphological and compositilodiversity of the wires. The production
of mineral and metal nano-particles traces thecieficy of dielectrophoresis to separate
compound particle mixtures by size and to co-sysi#iee nanostructured microcrystals and
nanocomposites.

The link between impurities and the variabilityrframano- to micro-scales of the synthesized
products provides an innovative contribution to km®wledge of nanocomposite synthesis

triggered by electric field.



1. INTRODUCTION

Research conducted on nanoparticles and nanocaeposynthesized by discharges in
liquids have devoted considerable attention toidate the involved processes and the factors
controlling the properties of the final productpdeding upon the precursor materials and the
experimental setup. Electrode erosion and/or liguadversion have been shown to produce
nanoparticles at high rate by discharges in liq{dd$]. They can also be used to grow other
nanostructures like nanowires, mostly by the Vdgdquid-Solid mechanism [6—8]. Yaet al.

[9] have proposed to view the synthesis by disasig liquids of uniform CuO nanorods
with sharp ends from tiny nanoparticles as a tistep- process: (1) rapid oxidation of Cu
nanoclusters, (2) spontaneous aggregation of CmOpaaticles, and (3) Ostwald ripening. A
similar synthesis of one-dimensional CuO nanoctystesing the pulsed wire explosion
technique in deionized water was documented byhikeset al. [10] but rather explained as
a selective formation of spherical Cu nanopartidesne-dimensional CuO nanocrystals due
to modulation of the exploding medium temperatiitee oriented spindly nanocrystals would
trace the effects of Brownian coagulation whichrtstat about 35°C in the conditions of
Krishnan’s work in the continuation of Ostwald myxeg, which prevails at low temperature.
Xie et al. [11] varied the concentration of cetyltrimethylawmum bromide (CTAB) in an
ascorbic acid solution to regulate the organizasbapes of Cu nanoparticles. The rod-like
micellar template of the CTAB would be favorabler feynthesizing one-dimensional
nanomaterials.

Hermansonet al. [12] revealed the great potential of dielectrogss to form microwire
assembly of metallic nanoparticles from aqueousoital suspension, or even of complex
structures, in mixed suspensions of metallic angigbgrene particles. This technology refers
to the mobility and interactions of nanoparticlegether they are charged or not, when

subjected to a non-uniform electric field. The gtiowef the wires starts above a threshold



defined by the field strength and occurs in the lgatpveen planar electrodes at a speed faster
than 50 micrometers per second. Hermargai. [12] reported the effect of larger particles
on the stronger interparticle attractions, thusiltesy into mechanically stable wires in spite
of their high porosity.

The microwire synthesis by electrical fields waplered further by Velewt al. [13] who
recognized a two-step process. The first stepastignment of particles by attractive dipolar
interparticle interactions along the direction loé telectric field lines into cylindrical or half-
cylindrical structures of micrometer diameters,imed as the "chaining" force. The second
step is the assembly of the microwires by theediebphoretic effect into complex structures,
recognized to be stable even after removal of gied electric field. In addition, Velest

al. [13] also documented how the combined action pbidi-field (DEP) and dipole—dipole
chaining interactions could synthesize colloidgistals showing one axis aligned along to the
electric field. This electrically-triggered crydtaation process was observed to be controlled
by the type of particles because the denser orfésx stironger sedimentation forces acting
against the assembly by chain forces and dieleotn@sis [13]. Lumsdoet al. [14] pointed
how the DEP-driven assembly efficiently separatasmound particle mixtures by size, thus
resulting into the co-synthesis of distinctive pargstals.

Using a rather different experimental setup, Hamdaal. [15] also reported a two-step
synthesis of nanoparticle assembly of micro-wiresnfa dielectric liquid under high electric
field. First, the discharges between electrode$0& um gap distance decompose a liquid
hydrocarbon €.g., heptane), thus resulting in the production of memtcles, mostly of
carbonaceous types. Then, the increased gap distanat least 1 mm avoids electric
breakdown, thus suppressing heptane decompoditigh-speed imaging technique helped to
view the synthesis of composite wires formed ofr2Zcstrand assembly by DEP until the

depletion of nanoparticles in the liquid was achokV{15]. Their first characterization



documented a bi-phase assemblage showing the metalhoparticles issued from the
electrode erosion embedded within a hydrogenatext@mus carbonaceous matrix. The later
was suggested to derive from agglomeration of @mgoparticles that were produced by the
dielectric liquid decomposition [15]. The non-cowrtlue property of the composite wires,
which can be a few millimeters long, has shown it percolation threshold was not
reached in spite of the high concentration of ntietalanoparticles in the carbonaceous
matrix. We present here further exploration of cosife wires assembled from electric field-
driven nanoparticles in a dielectric liquid (hemam order to elucidate what are the exact

processes and controlling factors involved in tegithesis.

2. EXPERIMENTAL SETUP

A new run of experiments was performed using theesaperational setup and the same
conditions as the ones formerly established [16)o&itive high voltage is applied to one pin-
electrode while the other is grounded. The effettsanoparticle composition issued from the
electrode erosion on the synthesized nanocomposit® investigated by comparing
different materials of similar wire electrodes (Immn diameter): platinum, aluminium,
nickel, copper, tungsten, and carbon. Experimemsewun in two steps. The first step was
operated in similar conditions (applied voltageQ+#l, gap distance: 100 um, and liquid
medium: heptane) for about one hour of successigehdrges ignited at 10 Hz. This
corresponds to the production of hydrogenated ahoug carbonaceous nanoparticles (HAC)
from decomposition of heptane and of metallic namtigles (~5% in weight) issued from the
electrode erosion. About six thousand discharge® vgmited to load the dielectric liquid in
HAC nanoparticles. The second step consists ireasing the gap distance to 1 mm and
keeping the high voltage constant at +10 kV oraased up to + 15 kV was controlled not to

induce breakdown in heptane while an intense étefiéld (15 MV nT') was maintained in



the inter-electrode gap space. An ultrafast carR&3TCAM SA5 (model 1000K-M3) was
used to observe the growth of the wire during #®ed step and its movement in the inter-
electrode gap. Pictures were acquired at rate Ofi@ages-per-second for a corresponding
window of 256x128 pixels. Composite producise.( filamentary wires, agglomerates,
crystallized minerals, and metal particles) werkected by sedimentation on a silicon wafer,
located under the pin-electrodes, which was retdeafter total evaporation of the heptane.
The various composites were at first directly obedr from the silicon wafer using a
Scanning Electron Microscope (SEM), FEI XL 30 eqa@ with micro-EDX (Energy-
Dispersive X-ray) and TLD detector (Through the &ddetector) for chemical analysis and
high-resolution imaging, respectively. A selectioh the synthesized products was then
displayed on a carbon tape for performing highdtggmn SEM characterization at stable
conditions. The structure at high-resolution of ttwenposites together with their chemical
composition and crystallinity was studied usingranBmission Electron Microscope (Philips
CM200). A Fourier Transform Infra-Red (FTIR) spectreter, Cary 600-Agilent Technology,
was used to identify chemical bonds in by-produ€tss study focuses on the comparison of
the composition and structure of the composite foghpcts that were deposited on the

electrodes and on the silicon wafer after the &tapd step 2 operations.

3. RESULTS AND DISCUSSION

3.1. Visual control of the multi-strand wire growth
As we formerly described [16], the control with thirafast camera allows the following of
the two-step process that leads to the formatiomolti-strand wires in these operational

conditions figure 1).



The first step consists of about six thousand disgds that are ignited to load the dielectric
liquid in HAC nanopatrticles from the heptane decosifion and to a minor extent (~5% in
weight) in metallic nanoparticles due to the eled#r erosion. Then, electrodes are moved far
enough from each other to grow wires by dielectosphis from suspensions of nanoparticles.
No breakdown is then possible under these conditibm fact, the wire could be observed
only once its diameter became thick enough, sottteastructure could be visible on camera
records. Infigure 2, the time evolution of material formation withihet inter-electrode gap
area, where a wire is moving, is depicted. At thgibning, the inter-electrode gap is free of
wires. After 40 ms only, a dark thread becomesrigleasible near the center of electrodes
axis and crosses the gap, connecting to both etbedr This resulted in the formation of wires
of about 1 mm in length in less than 40 ms. Thiesgjia growth rate of ~25,000 pit, 40 be
compared with the growth rate (> 50 pit)smentioned by Hermansoet al. [12]. This
change in the growth rate of wires might be attelduo differences in nanoparticle size (5-10
nm here [15]vs 15-30 nm in [12]), applied voltage (10,000 v¢ 50-250 V) and inter-
electrode gap distance (1 nwa 2-10 mm). The main feature of this primary wirehose
movement is presented figure 2, is that it is already as long as the gap distancehe
initial period of time. Then, as time passes, itdraes thicker. At 1.63 s, a second wire is
clearly observed and likely appears from 1.50 svben a dot shows up (see circlefigure

2) on left-hand side of the gap, which acts as aeption point for the second wire. Then,
wires are entangled and likely spin around thetedde axis, such that they are successively
nearer or farther from the electrode axis. At 4.812 new discharge occurs. Although the
gap discharge is too large to have breakdown inanep as explained before, the enrichment
of the liquid by nanopatrticles allows breakdowrea# sufficient large number of discharges.

Then, we observe fragments in the liquid and a waw bridging the gap 12 ms later. This



new wire was not formed during this time lapse foutnerly, so that it got trapped between
the electrodes.

In our experiments, observing an already-synthdsiese in the inter-electrode gap is
subjected to several conditions. First, the ligmidst be submitted to convection to bring the
wire in the vicinity of the gap. The fluid velocityust not be too high anyway, otherwise the
wire cannot be trapped between the electrodes. dépends also on the applied voltage.
Indeed, the wire is submitted to the following #®sc buoyancy, the electrostatic force due to
the applied voltage, and convection induced byflind motion after discharges. Practically,
several attempts are needed to meet the propeitiomsdand capture a wire in the gap. Then,
there will be no potential confusion between a viarened in the inter-electrodes region and a
wire formed elsewhere and trapped between the rethet. To conclude, we readily
understand that if the synthesis of a wire is & fiascess (~25,000 pm} the formation of
multi-stranded wires takes time (several secondshas/n infigure 2). Indeed, the presence
of the electric field greatly affects the parall@ehd perpendicular components of the
nanoparticle mobility. Transport towards the latstaface of the wire is by far much slower
than to the wire ends.

The way strands get entangled can be partly adriiy changing step by step the inter-
electrode gap distancéidure 3). First, the electrodes are moved closer one filoenother
(from ~2.2 mm to 0.25 mm) and in a second step; #re moved farther (from 0.25 mm to
~1.7 mm). Every 30 seconds, the gap distance isggthand a picture is taken. When the
electrodes are far one from the other, strandstwhre shorter than the inter-electrode gap
distance are stretched by the electric field. Wicadhat several strands are attached to each
electrode tip. When the electrodes are moved clasdrcloser one to the othdrglre 3a),
strands get entangled, and the longest wires ®léral times and form a ball. On the other

hand, when electrodes are pulled away one fronottner §igure 3b), strands unfold and get



untangled. This reversible behaviour indicates #teands do not bind together in these
conditions and that another assembling process baust stake to assemble several strands
into a single wire. This shows that the bindingheff strands to form a multi-strand wire is not
mechanical, but would more likely require a cenmeptigent, the nature of which is discussed
in the following section.

Another important aspect shown by this image i$, thacause of erosion, pin electrodes no
longer exhibit a sharp tip with high radius curratiafter several discharge events, but a flat
tip (figure 3). The patterns of the electric field lines arezaféd by this change, and several
parallel strands get stacked vertically as it isible on the topmost image fingure 3a.
Consequently, assembling strands into a 2D ribbecoimes more likely than forming a

cylindrical wire, as mentioned earlier.

3.2. Structure and composition of the synthesized nanocomposites

The by-products that were deposited on the eleesrathd on the silicon wafer after the step 1
and step 2 operations can be separated into fquestyf composites based on their
composition and morphology at various scales, htbwsng nanostructured patterns at
nanoscales. These products, now defined as nanasieg comprisefigures 4 and 5): (1)
black carbonaceous agglomerates, (2) translucergléared carbonaceous filamentary wires,
(3) metal particles, and (4) mineral particles. Tisial control with the ultrafast camera has
helped us to estimate where and at what exact sihghe discharge process made the

different synthesized nanocompositegh(e 1).

Type 1. The black carbonaceous agglomerates
The type 1 agglomerates have been collected owdlfier and on the anode after the step 1

and step 2 operation$idure 5). They are abundant as scattered heaps on the whén



using the aluminium electrodes and form a nearhtinaous deposit when using the copper
electrodes. They are rare to exceptional for thbag platinum, and tungsten electrodes.
They displayed fine cracks and elongated vesi@ed, they are strongly stick to the silicon
wafer. The absence of fine cracks in the agglomasratcurring on the anode helped us to
interpret that they formed on the anode due to mosition of heptane by the step 1 spark
discharge, whereas they were deposited on the waf@ng the final evaporation from the
carbon black that formed by spark discharge decaitipo of heptane mostly during step 1
operation.

They contain numerous poorly sorted metal spher(lesno to micron-sized) identical in
composition to the involved electrodes. This chimastic is useful to trace the sensitivity of
the electrode to the erosion initiated by the stegischarge. The spherules are formed of
densely packed platy metal flakes ranging in simemf 50 to 200 nm. The cracked
agglomerates displayed a homogeneous, dark browblaick fine mass, with abundant
micron-sized vesicles, which consist of poorly taltzed graphitic carbon based on FTIR
analysis. At higher magnification, the fine massasists of randomly packed nano-sized
particles that are locally forming short (< 100 pfitgmentary nanostructures. In addition to
the spherules from the electrodes, a few angul@eromsized, nanostructured inclusions
made of barium sulphate and rare-earth oxides owgthin the fine mass. The same
inclusions are also present in type 1 agglomeratethe aluminium anode in which they

locally form dense concentrations.

Type 2. Thefilamentary wires

The filamentary wirebiave been encountered only after step 2 operatidrcallected on the

wafer after evaporation of heptane. In order tadwaixing of the different products, only the

10



ones deposited in wafer zones free of the type dloaterates have been taken into
consideration and selectively sampled for highdwggm characterization.

Based on marked contrast in morphology of the fdatary wires and composition of their
matrix with associated inclusions, four sub-typéfilamentary wires have been identified to
occur together after each experiment. They comygfigares 4 & 6, table 2): (a) cylindrical,
single micron-sized filamentary wires of diverséocwos (blue, red, translucent or black) that
are several millimeters long and composed of dgnsatked, twisted nano-sized filaments,
(b) translucent to white, micron-sized, multi-filant wires of several millimeters long, often
in the form of imbricated bundles with a twisted rpfwlogy, (c) flat translucent films
showing a crumpled paper-like pattern without didive long wires, and (d) flat white to
pale yellow multi-filament wires often showing dimsttive microstructures of plant tissues.
The four sub-types were encountered together fer ékperiments performed using the
aluminum electrodes; the sub-type (a) was domif@nthe copper electrodes, only a few of
sub-types (c) and (d) were observed for the carplatinum, and nickel electrodes.

Based on the visual control using the ultrafasteanthe type 2 nanocomposites are assumed
to correspond to the filamentary wires that werseobed growing in the inter-electrode gap
during the step 2 operation. The few filamentaryewicollected on the silicon wafer, when
compared with the great number of wires that appeanave formed during the 20 mn
experiment, suggest that part of them were eitb&rduring the evaporation procedure or not
preserved as solid products in the heptane befotetal evaporation. The good resistance of
the remaining ones to the manipulation, or underdlectron beam when performing high-
resolution characterization, attests for their rd@ble structural stability under high-energy
exposure. The four sub-types of filamentary wirestain abundant inclusions of two types
(figure 7): (i) nano- to micron-sized nanostructured splesushowing a composition

identical to the one of the electrodes and (ii)udagto filamentary micron-sized inclusions
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showing a highly variable composition that consistsoxides, sulphates and sulphides,
carbonates and carbide, and pure or alloy metalpooents fable 2) which are also
nanostructured; often the inclusions formed of icakccarbonate with distinctive faces and
angular edges have clearly the typical morpholofggamostructured micro-crystallites. The
inclusions can be either isolated particles ortelgsof heterogeneous composition. They can
be embedded within the carbonaceous matrix or westkhched to the wire wall, particularly
for the metal ones. Often the latter, when mantedldor sample preparation, detached from
the filamentary wire. The limited number of filamary wires collected has not allowed the
establishment of a solid correlation between themmusitional range of the micron-sized
inclusions and the type of filamentary wires. Theilar sub-types of filamentary wires
produced with the different sets of electrodes (A, Cu, and Ni) mostly differ by the
composition and abundance of nano- to micron-sgggterules that are inclusions from the
eroded electrodes and incorporated into the cadsmes matrix during the growth process.
Observation at high resolutiofigure 8) shows marked contrast of the nanostructural patte
between the different sub-types of filamentary wjilgetween the ones from a same sub-type
and even between different parts of the same \pagjcularly for sub-type 2b, 2c, and 2d.
The finest mode of nanostructuration is an assemib&fementary nanoparticles that range in
size from a few nm to 50-100 nm. They can be dgnsetembled in twisted nanostructured
films (figure 8a), densely imbricated and regularly aligned formglgmentary nano-sized
filaments {igure 8b), irregularly imbricated with no preferential aliment {igure 8c), or
present as porous agglomerates that are organmgdbcally as micron-sized filaments. The
sub-type 2c (crumpled like-paper films) shows akedrcontrast between a finely folded,
homogeneous, carbonaceous matrix exhibiting noctstre and agglomerates made of
nanostructured, micron-sized filamentig@res 9a & 9b). At high resolution, the cell

structure of the tissue-like sub-type 2d appeany weell preserved and the elementary
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filaments revealed to be formed of twisted plamigments figure 8d). Calcium carbonate
micro-crystallites have been identified only foethub-type 2d in which they appear often as
regularly-spaced particles that are associatedlt@itucturesfigures 9c & 9d).

At high-resolution SEMf{gure 10a), mineral and metal nanoparticles of the same rsizge
are also identified as scattered within the hyditoga matrix. However these components are
more easily characterized when occurring as digé@aenicron-sized grains that are in most
cases formed of densely-packed coarse nanopar{itd&500 nm). The TEM observation
(figures 10b and 10c) gives a better view of the dense network of metadl mineral
nanoparticles, which are both issued from the eldet erosion and from the heptane
impurities within the HAC matrix. The TEM imageseally show that these nanopatrticles
most often appear in the form of a rather openrcin@twork within the HAC matrix and
never as dense agglomerates.

Locally-resolved EDX measurements (data are availab demand) show that the amount of

metal and mineral in the filamentary wires nevere®ds a few weight percent.

Type 3. The metal particles

In addition to the ones bounded and attached tdidmentary wires as described above,
metal particles of similar composition (Ni, Cu, E&J-Zn, Cu-Ni, V-Fe-Cu-Zn for the most
common) and nanostructure have been encountertdtearathode to which they are strongly
attached and within cracks of the type 1 agglonesribm which they can be easily removed

(e.g., figure 5¢c & 5d).

Type 4. The mineral particles

In addition to the micron-sized ones that are erdbddwithin the HAC matrix of the wire,

coarser mineral particles (15 to 40 um) have bewmountered either as isolated grains or

13



finely incorporated into the multi-filamentary warefigure 11). They can be sub-angular
composite agglomerates formed of poorly-sorted omigized calcium carbonate, silicon
oxide, and titanium oxide nanoparticles with tingtal inclusions, which are embedded by
nano-sized carbonaceous films. Angular single-phaseeral grains with sharp edges
showing evidence of nanostructuration on their $aceetal inclusions in the anfractuosities,
and carbonaceous domains have also been obseredsikca, silicon, and diverse alumino-

silicate minerals have been identified.

3.3FTIR data

Spatially-resolved FTIR measurements were perforoedhe filamentary wires that were
produced between the different types of electrd@es Ni, Al, C, and W), figure 12). The
most intense absorption bands are assigned tolbeving contributions. Peaks at 2921 ¢m
and 2852 cnt are assigned to methylenel€ asymmetric and symmetric stretch vibrations,
respectively. Peaks at 2954 ¢rand 2867 cnit are assigned to methyHE asymmetric and
symmetric stretch vibrations, respectively. Peaks tb methylene €H bending and methyl
C-H asymmetric bending are expected near 1470 and bts’, respectively, and
overlapped to give the contribution observed atl1d6i*, mainly in the case of C and W
electrodes. Rovibrational contributions centred@d2, 2349, and 3784 cfirare undoubtedly
due to CQ. The broad peak due to OH stretching is found mdd®880 crit. In the case of
Al, Ni, and Cu electrode, skeletal vibrations doeG-C backbones in long carbonaceous
chains are likely present between 1180 and 925.cfhe presence of skeletal vibrations
when Ni, Al, and Cu metallic nanoparticles arehe tiquid, suggests that the decomposition
of heptane is affected by these catalytic elemdrisir presence would favour the synthesis

of long-chain molecules. In the case of C and W, #ifect is not observed because the
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erosion of these materials is known to be limitad tb their high melting point (3800 K for C

and 3695 K for Wrs 933 K for Al, 1728 K for Ni, and 1358 K for Cu).

3.4. Forming processes of the synthesized nanocomposites

The structure and composition of the synthesizewo@amposites collected for the successive
experiments using different electrodes and thests®ie of the visual control provided by the
ultrafast camera now allow us to establish wheosy,hand from what precursor materials
each type was formed.

The marked contrast in spatial distribution, conmpms, and structure between the type 1
black agglomerates and the type 2 filamentary wiwéh their specific inclusions can be
interpreted to represent two distinct transformatmroducts of the heptane to different
intensities of the applied electric field. The typeoroducts showing the characteristics of
pyrolitic residuesd.g., amorphous soot to graphitized carbon black) tthegroducts formed
by decomposition of the heptane at first duringdtep 1 spark discharge and then to a minor
extent by lower energy thermal decomposition of fieptane due to maintenance of the
electric field during the step 2 operation. Thelaggerates encrusted on the anode would be
mostly issued from the step 1 spark discharge, @dsethe ones on the silicon wafer integrate
pyrolytic residues from the two steps. Although thaneral inclusions associated with the
type 1 agglomerates have a similar compositionhenanode and on the wafer, the greater
abundance in the former clearly attests that stepigh-energy electric discharge has
decomposed a higher amount of heptane as comparttek tstep 2 phase. In addition, the
occurrence of the type 3 metal particles firmlyaelted to the cathode illustrates the
efficiency of the step 1 spark discharge to havyeassed components according to their
respective charge: positive ones on the cathod¢alsheand negative ones on the anode

(carbon and salt-based volatiles). In contrast,tyipe 3 metal particles trapped within the
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cracks of the type 1 agglomerates on the silicofem@bviously represent the latest particles
that synthesized in the liquid heptane at the enthe step 2 operation. The structural and
compositional similarities of the metal-nanostruetl particles between step 1 and step 2
phases show that a similar process of metal separBiom impurities originally present in
the precursor materials has been maintained fraap tto step 2 in spite of the lower
intensity. The evidence for the synthesis of thgetyl pyrolytic residues by high-energy
electric field allows us to clearly reinforce theoguction of the type 2 filamentary wires by
low energy electric fieldi.e., mostly the one exerted for 20 mn during the &eyperation
without electric discharge. Thus, their formatioasults from reorganization of C-H
compounds during the step 2 break that was madsibp@sdue to the low-energy electric
field, whereas during the previous step 1 the rggealectric discharges were continuously
breaking the most fragile C-H bonds. The controthaf ultrafast camera helps us to clearly
visualize how the molecular fragments that weralpoed by the high-energy decomposition
of heptane during the step 1 electric dischargeraatated in the inter-electrode domain due
to maintenance of the applied electric field. Reaigation of the broken molecular fragments
might have also occurred during the step 2 operdaticoughout the entire liquid due to their
dispersion following the electric discharge. Thesenponents would most likely correspond
to the nanostructured microfilaments that were tified within the fine mass of the type 1
carbonaceous agglomerates. Their specific chaizaten that would have required
performing selective filtration of the heptane la¢ tend of the experimentation was not the
scope of our study. However, the overall producttbmbundant nano-sized bricks from the
activated molecular fragments formed in the ergpark-affected domain is obviously the
initial stage of the nanocomposite synthesis duiheoelectric discharge. In this direct effect
of plasma-driven processes, the primary clusteraldvoandomly reorganize by diffusion

limited aggregation [16, 17], therefore showingnano- to micro-scale a fractal-like assembly
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that is not constrained by the long-applied electield. In contrast, the dielectrophoretic
particle transport obviously controls the filamegtgrowth of the type 2 nanocomposites
which can be achieved only when liquid breakdowd plasma formation have ended, or at
best in domains not affected by these two procesHas close resemblance between the
nanostructural pattern particular to the termimatod the subtype 2b wires obtained by the
present in-liquid discharge procedgygre 13) with the ones formerly described for wires
synthesized by dielectrophoresis [12] brings sddidpport to explain the growth of
filamentary nanocomposites by this mechanism. TikeaV control with the ultrafast camera
does confirm how aggregation starts where nanapestiaccumulate to form the incipient
stage of filamentary nanostructure which is theppsad by increased concentration of
nanoparticles at the end of the wire as previopsiyted by Hermansoet al. [12].

This observation highlights the critical role pldydy the tips of the nanostructured
filamentary wires to sustain a continuous growtd &m prevent depletion effects at the tips,
illustrated as well by the granular structure anaszale of single strandigure 10a). The
overall similarity between the type 2 filamentaryreg produced using different sets of
electrodes (Al, Pt, Cu, and Ni) together with thman contribution of nanoparticles eroded
from the electrodes to the nanocomposite supplyvshthat occurrence of the latter is
certainly important for the filament growth, alttgbuit might not be the leading mechanism.
The occurrence of similar features for the différelectrodes and the minor proportion of
metal spherules issued from electrode erosionlglehpw that the metal components do not
form the skeleton of the filamentary wire, althoutlieir scattered presence is critical for
consolidating the HAC nanoparticle-chain assemfuly stable filamentary wires. In addition,
the contrast between the visual control with theatdst camera that showed the production of
many filamentary wires during the 20 mn step 2 apen and the few filamentary wires

which could be collected after total evaporationheptane implies that the latter would
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represent only the most stable filamentary nanoasigs. This observation incites to
consider that the dielectrophoresis process camiobr explain the chain-like assembly of
nanoparticles but not the formation of the strommds between nanoparticles, which is
required to produce solid filamentary wires. Intfabe joint occurrence of compositionally
variable nanoparticles within a C-H film with no pspent structure, together with the
presence of metal nanoparticles, show that therldibve acted as catalysts to allow
nucleation and growth of the C-H matrix from molecu clusters by gas/liquid
polymerization during step 2. The similar stabildf/the filamentary nanoparticle assembly
synthesized with the different electrodes and tharaon occurrence within the C-H matrix
of diverse metal and mineral nanoparticles clesntlycate that two joint processes produced
nanocatalysts: the step 1 electrode erosion andsdgeegation of impurities from the
precursor materials. This is also well corrobordigdhe synthesis of type 2 filamentary wires
using graphite electrodes that are morphologicsiigilar at nano- to micro-scales to the
crumpled paper-like type 2c wires obtained usirigepimetallic electrodegigure 14a). The
TEM images show that instead of metal nanosphenliescontribution of the electrode
erosion is also represented by nano-sized partickge made of pure carbon that are
embedded in the HAC matrixigures 14b and 14c).

The micron-sized calcium carbonate nanostructurgstallites filling the cells of the tissue-
like multi-filament wires can be interpreted to Bdermed due to increased concentration of
the impurities originally present in the plant cegs when exposed to the flash heating of the
spark discharge during the step 1 operation. Thigep strongly resembles the one of
mineral particles in ash residues from flash py@yf biomass combustible [18]. Here, the
translucent aspect and the composition of the HAGasthat the fast rate heating has not
induced pyrolysis of the organic carbon but insteadransformation into HAC compounds

simultaneously to the growth of carbonate nanoayt&s in the plant cells. This singular
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thermal transformation of micron-sized organic coonmpds immersed in the liquid is viewed
to express the profusion of hydrogen issued from délectric decomposition of heptane,
which contributed to instantaneously form new moles by reaction with the activated ions,
thus preserving the plant cell structure with thewly formed crystallites. The presence of
structural heterogeneities with concentration oftefegeneous impurities observed at
nanoscale clearly shows that this subtype of méten-sized multi-filament wire is in fact a
flattened coalescence of micron-sized residuesnana single plant fragment. Although the
visual control with the ultrafast camera does rlotwaus to finely view the wire morphology
during growth, the similar filamentary structure af the type 2 components confirms their
common formation during the step 2 operation. Tioeeg the tissue-like multi-filament wires
are concluded to have formed during the step 2 dpylomeration of the micron-sized
transformed plant residues and of the HAC clugtessluced during the step 1 process.

The flat translucent films (subtype 2c) with thearticular crumpled paper-sheet morphology
share strong resemblance with the tissue-like &latary wires (subtype 2d) by the abundance
of nanostructured microcrystals embedded withinHIR& matrix and the evidence of a cell
pattern. The lack of a filamentary morphology atmscales and the profusion of finely
imbricated nanosized filaments suggest that thp &t@peration has agglomerated step 1
HAC clusters and plant tissues that were originailythe form of a thin film without a
distinctive biotic structure. The latter may haweb altered by diagenetic alteration during
the differentiation of the hydrocarbon precursor fas long established in kerogen
petrography [19].

The single and multi- filament wires of the typ@@&ocomposites (subtype 2a & 2b) do not
present tissue-like fragment and clearly show ioarty from nano- to micro-scales in the
chain alignment of the HAC clusters that appeasngity imbricated. A similar diversity of

nano- to micron-sized impurities as the ones ofdifer type 2 nanocomposites is observed
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both at the surface of the wires or at the corttabiveen the assembled nano-sized filaments.
The continuity of the regular cylindrical morphologll along the wire length in spite of the
irregularly distributed micron-sized mineral paeg shows that the latter did not constrain
the growth process.

In contrast to the subtype 2c and 2d wires, tharzh2b cylindrical filamentary ones are thus
concluded to have grown during the step 2 operdiipma regularly chain agglomeration of
the step 1 charged by HAC clusters. Thus, the tieaguhanocomposites can be viewed as
abiotic filamentary wires although part of the HAlsters might have originated from plant
debris decomposed by the step 1 electric dischtagggher with the ones issued from the step
decomposition of the liquid heptane. The high-resoh SEM or TEM data do not allow at
present any distinction between possible differencsize and or composition of the HAC
nanoclusters, which would relate to these two sEirc

The fact that wires are longer than the inter-etetet gap can be explained by the distribution
of the charged HAC clusters when high voltage igliad between the electroddsgre 3).
The HAC clusters have thus organized along thel fieles to form chains that could have
been two or three times longer than the gap distare, several millimeters. This long
continuous growth process implies that the wire aiewed trapped between the electrodes
because the controlled applied voltage preventgdnzarked increase of the fluid velocity.
Thus, the wire growth process is confirmed to has@urred by different forces interacting on
the "neutral particle cloud" trapped between thectebdes: gravity, buoyancy, the
electrostatic force due to the applied voltage, @m/ection induced by the fluid motion. The
common occurrence of twisted nano-sized filamentge folding with formation of
filamentary balls or wire assembly wrapping thegonulti-filament wire perpendicular to the
initial growth direction, reflect slight variatiortrough time of the interacting forces. This

assignment is well supported by the visual contritth the ultrafast camera that showed how
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slight changes of the inter-electrode gap instadasly modify the overall morphology of
the filamentary wire but not its nanostructuratpaitern figure 3).

Similarly to the subtype 2c and 2d nanocompositesstrong cohesion of the subtype 2a and
2b filamentary wires indicates that irreversiblglageration by HAC cluster polymerization
occurred simultaneously to their alignment by th&enacting electric forces. As formerly
stated, the diverse impurities issued from the dtdpeptane decomposition and electrode
erosion might have provided a profusion of the meficient nanocatalysts required to
initiate the polymerization. The restricted quaniif filamentary wires obtained for each
experiment with the different sets of electrodes hat allowed yet to test up to what extent
the different colours (blue, red, translucent @ch) of the filamentary wires would relate to
the composition and/or size of the nanoparticlésgrated to the HAC clusters from the step
1 operation or to other factors. For similar reas@md in addition to the difficulty of
visualizing at high-resolution the 3D-geometry ok tHAC nanocluster chains with the
associated mineral and metal nanoparticles, thet ezke of the latter on the assembly of the
nano-sized filaments or on structural defects atondo micro-scales of the wiregd.,
twisting, cavities) cannot be further elucidated. dontrast, the common occurrence and
diversity of micron-sized mineral and metal pagsclencountered within the HAC matrix of
the subtype 2 filaments and at their surfaces, edsethey were nearly not detected in the
type 1 carbon agglomerates on the silica wafearlsl@locuments how the maintenance of the
electric field during the step 2 operation hasttethcrease concentrations of impurities in the
"charged particulate cloud" trapped in the Iintexedlode zone. The presence of
nanostructured crystallites, particularly quartzsdicon, with euhedral shape and impinged
metal droplets at the crystal surfaces, illustratew/ the electric field segregates chemical
species which can generate various nanocrystallseswing great diversity and

compositional defects at microscale.
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4. CONCLUSION AND PERSPECTIVES

The experimentation reported here has allowed tigrtber refine the forming processes and
the controlling factors involved in the synthesik fdlamentary nanocomposites from a
dielectric liquid under high electric field. At &, our complementary exploration reinforces
the critical importance of the initial spark disoyes (step 1) for producing hydrogenated
amorphous carbon (HAC) from heptane decompositiod associated impurities from
electrode erosion. Unexpectedly, the multi-scalestigation performed on the different
zones of the experimental setup has revealed lieaintpurities are jointly issued from the
electrodes and from the liquid heptane itself. Enere surprising, solid micro-particles that
were originally present in the latter appear toeheesisted to the step 1 spark discharge and to
have remained trapped in the "charged particullatedt formed between the two electrodes.
During the second step, the increased inter-eléetgap distance from 100 pm to 1 mm to
avoid breakdown was confirmed to create a suitetefracting forces efficient to assemble
the HAC nanoclusters in wires by dielectrophorag@ansport.

In agreement to previous studies [13, 14], our olad®n emphasizes the role of
dielectrophoresis process to form the chain-likeeasbly of nanoparticles to the simultaneous
separation of compound particle mixtures by sizel &m co-synthesize nanostructured
microcrystals.

In contrast, the refined morphological study of siyathesized products reveals the major role
of concurrent polymerization process to produce maogite nanostructures of great stability
even after removal of the applied electric fieldarldus metal particles issued from the
different source materials are shown to have pexvi@ profusion of catalysts for the
irreversible consolidation of the polymerized cardceous matrix. The link that we have

established between the solid particles originafesm the liquid heptane and the
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morphological diversity at nano- to micro-scales thé filamentary wires provides an

innovative contribution to the knowledge of nanopasite synthesis triggered by electric
field.

Factors explaining how plant micro-particles weot carbonized by the spark discharge in
the heptane and got assembled under the couplexh aift DEP and polymerization into

filamentary nanocomposites resembling biotic tisstexjuires to be fully elucidated. Also,
further research should help us to increase théuatmn of the cylindrical filamentary wires

by discharges in liquids in order to determine thkevance of their distinctive properties

(color and composition) with respect to the soumegerials and the discharge conditions.
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CAPTIONS
Table 1. Typology and properties of the filamentary nanocosites

Table 2. Type of nanocomposites and domains of synthesis.

Figure 1. Pictures of the inter-electrode gap. (a) Fluidest att = To. The electrodes are
covered in soot. (b) Discharge event observed atTyp + 4 ms. (c) Cloud of carbon
nanoparticles aligned along the electric field dirzt = Top + 8 ms. (d) Same cloud observed
att=To+ 12 ms.

Figure 2: Time evolution of material formation within thetén-electrode gap area. Distance
between the electrodes: 1 mm. Applied voltage: k%0 Read vertically from top left to
bottom right. First three columns on the left: frOno 972 ms. Next four columns: from 1.44
t0 4.932 s. At 4.912 s, a new discharge occurs

Figure 3: Wire dynamics in the inter-electrode gap. (a) Whiem gap size is reduced. (b)
When the gap size is increased. Carbon electréggsied Voltage 10 kV.

Figure 4. Main types of nanocomposites viewed under the duilaw microscope. (a) Red
cylindrical filamentary wire. (b) Translucent mulifiament wire embedding a synthesized
quart particle. (c) Brown flat translucent film.)(dissue-like multi-filament wire. (e)
Translucent crumpled paper-like agglomerate. (fité/imineral-carbonaceous patrticle.
Figure 5. (a) Type 1 agglomerate on the aluminium anode showlmg@ant aluminium
spherules embedded in the black carbonaceous m@®E-SEM). (b) Detailed view
showing the abundance of metal and mineral inchssigbright grains) in the black
carbonaceous matrix (BSE-SEM). (c) Type 1 aggloteermn the silicon wafer for the
aluminium electrode experiment showing the blackb@aaceous matrix with aluminium
spherules and the metal particles dominantly formfe@u-Ni (bright grains)- BSE-SEM. (d)
Type 3 metal particle on the copper cathode showitegrmixing of bismuth and cadmium

(BSE-SEM).
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Figure 6: Examples of type 2 carbonaceous-metal filamentames. (a) Subtype 2a
cylindrical filamentary wire made of densely packedsted nano-sized filaments with metal
particles (bright grains). (b) Subtype 2b multafitent wire made of an assembly of strands of
smaller diameters. (c) Subtype 2d filamentary wirdh plant structure. (d) Crumpled paper-
like flaky agglomerate. BSE-SEM.

Figure 7. Micropattern of mineral and metal particles asseddao type 2 carbonaceous-
metal filamentary wires. (a) Subtype 2b twisted tifildment wire. (b) Detailed view
showing a Fe-Cr-Ni nanostructured rod, an angulartg and needle-shape alumino-silicate.
(c) Subtype 2c flat translucent film. (d) Detailei@w showing abundant particles made of
barium sulphate, calcium carbonate and calciumrcldoBSE-SEM.

Figure 8: Micro-pattern of type 2 filamentary wires. (a) ye 2a twisted wire showing a
nanostructural pattern of the folded matrix. BSBVSE) Subtype 2b multifilament wire (cf.
figure 6b) showing the very fine nanostructuraltgat of elementary filament. SE-SEM. (c)
Dense imbrication of nanostructured filament fasudbtype 2b multiflament wire. SE-SEM.
(d) Plant cell with carbonate inclusion (in brigim)a subtype 2d wire (cf. figure 6c¢). BSE-
SEM.

Figure 9: Nano-pattern of type 2 filamentary wires. (a) Diethiview of a crumpled paper-
like flaky agglomerate (cf. figure 6d). SE-SEM. (H)gh-resolution view showing the fine
folding of the nanostructured film and the presenteoarse nanoparticles. SE-SEM. (c)
Detailed view of a subtype 2b multi-filament wiref.( figure 6b). SE-SEM. (d) High-
resolution view showing the euhedral calcium cadtermanocrystallites embedded in the
nanostructured carbonaceous matrix. SE-SEM.

Figure 10: (a) SEM image of a single strand wire. Inserts laigher resolution images
showing the agglomeration of nanoparticles at thgiro of the wire structure. (b) Low-

resolution TEM image showing a wire made betweakealielectrodes. (c) High-resolution
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TEM image showing the presence of Ni nanoparti¢tEsk dots) in the network of HAC
nanoparticles.

Figure 11: Type 3 mineral particles. (a) Synthesized quarizfigure 4b). (b) Detailed view
showing Fe-Cr-Ni metal coating on the edges and itfegular surface. BSE-SEM. (c)
Composite mineral aggregate made of calcium catbasad alumino-silicate (cf. figure 4f)
cemented by carbonaceous film. BSE-SEM. (d) Angtldee of silicon. (e) Detailed view
showing the nanostructural pattern. SE-BSE. (f)aed view of the parallel nanostructures
with Fe-Cr-Ni particles. BSE-SEM.

Figurel2: FTIR spectra of wires elaborated with differerdottode materials (C, W, Al, Ni,
and Cu).

Figure 13. Comparison of multi-strand wire tips (a) after thesis by discharges in liquids
(b) after dielectrophoresis. Reproduced with pesmisfrom Science. After [12].

Figure 14: (a) Example of wire synthesized using graphiteteteles. (b) Low-resolution and

(c) high-resolution TEM images showing the HAC ghee
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Ty+12ms

Figure 1. Pictures of the inter-electrode gap. (a) Fluidest att = To. The electrodes are
covered in soot. (b) Discharge event observed atTo + 4 ms. (c) Cloud of carbon
nanoparticles aligned along the electric field dirmt = Top + 8 ms. (d) Same cloud observed

att=Ty+ 12 ms.
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Figure 2: Time evolution of material formation within thetén-electrode gap area. Distance between the etisdtr 1 mm. Applied voltage: +10
kV. Read vertically from top left to bottom rigtHirst three columns on the left: from 0 to 972 Mext four columns: from 1.44 to 4.932 s. At

4.912 s, a new discharge occurs.
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Figure 3: Wire dynamics in the inter-electrode gap. (a) Wites gap size is reduced. (b)

When the gap size is increased. Carbon electréggsied Voltage 10 kV.
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Figure 4. Main types of nanocomposites viewed under the chilew microscope. (a) Red
cylindrical filamentary wire. (b) Translucent mudlifiament wire embedding a synthesized
quart particle. (c) Brown flat translucent film.)(dissue-like multi-flament wire. (e)

Translucent crumpled paper-like agglomerate. (fité/imineral-carbonaceous particle.
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Figure 5: (a) Type 1 agglomerate on the aluminium anode showhmgn@ant aluminium
spherules embedded in the black carbonaceous M@MSE-SEM). (b) Detailed view
showing the abundance of metal and mineral inchssigbright grains) in the black
carbonaceous matrix (BSE-SEM). (c) Type 1 aggloteern the silicon wafer for the
aluminium electrode experiment showing the blackb@aaceous matrix with aluminium
spherules and the metal particles dominantly forwfedu-Ni (bright grains)- BSE-SEM. (d)
Type 3 metal particle on the copper cathode showitgrmixing of bismuth and cadmium

(BSE-SEM).
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Figure 6: Examples of type 2 carbonaceous-metal filamentaimes. (a) Subtype 2a
cylindrical filamentary wire made of densely packedsted nano-sized filaments with metal
particles (bright grains). (b) Subtype 2b multafitent wire made of an assembly of strands of
smaller diameters. (c) Subtype 2d filamentary wirth plant structure. (d) Crumpled paper-

like flaky agglomerate. BSE-SEM.
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Figure 7: Micropattern of mineral and metal particles asdecdiao type 2 carbonaceous-
metal filamentary wires. (a) Subtype 2b twisted tifildment wire. (b) Detailed view

showing a Fe-Cr-Ni nanostructured rod, an angulartg and needle-shape alumino-silicate.
(c) Subtype 2c flat translucent film. (d) Detaileig@w showing abundant particles made of

barium sulphate, calcium carbonate and calciumrictdoBSE-SEM.
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Figure 8: Micro-pattern of type 2 filamentary wires. (a) $yp®e 2a twisted wire showing a
nanostructural pattern of the folded matrix. BSBVISED) Subtype 2b multifilament wire (cf.

figure 6b) showing the very fine nanostructuraltgat of elementary filament. SE-SEM. (c)
Dense imbrication of nanostructured filament faubtype 2b multifilament wire. SE-SEM.
(d) Plant cell with carbonate inclusion (in brigim)a subtype 2d wire (cf. figure 6c¢). BSE-

SEM.
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Figure 9: Nano-pattern of type 2 filamentary wires. (a) Diethiview of a crumpled paper-
like flaky agglomerate (cf. figure 6d). SE-SEM. (High-resolution view showing the fine
folding of the nanostructured film and the presenteoarse nanoparticles. SE-SEM. (c)
Detailed view of a subtype 2b multi-filament wiref.(figure 6b). SE-SEM. (d) High-
resolution view showing the euhedral calcium cadtemanocrystallites embedded in the

nanostructured carbonaceous matrix. SE-SEM.

37



.

_w;_f;}:*"} S

Figure 10: (a) SEM image of a single strand wire. Inserts laigher resolution images
showing the agglomeration of nanoparticles at thgiro of the wire structure. (b) Low-
resolution TEM image showing a wire made betweeakealielectrodes. (c) High-resolution
TEM image showing the presence of Ni nanoparti¢tesk dots) in the network of HAC

nanoparticles.
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Figure 11: Type 3 mineral particles. (a) Synthesized quartzfigure 4b). (b) Detailed view
showing Fe-Cr-Ni metal coating on the edges and itfegular surface. BSE-SEM. (c)
Composite mineral aggregate made of calcium catbasad alumino-silicate (cf. figure 4f)
cemented by carbonaceous film. BSE-SEM. (d) Angtl&ke of silicon. (e) Detailed view
showing the nanostructural pattern. SE-BSE. (f)aDed view of the parallel nanostructures

with Fe-Cr-Ni particles. BSE-SEM.
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Figure 12: FTIR spectra of wires elaborated with differer@ottode materials (C, W, Al, Ni,

and Cu).
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Figure 13. Comparison of multi-strand wire tips (a) after thesis by discharges in liquids

(b) after dielectrophoresis. Reproduced with pesmaisfrom Science. After [12].
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Figure 14: (a) Example of wire synthesized using graphiteteteles. (b) Low-resolution and

(c) high-resolution TEM images showing the HAC ghee
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Table 1. Typology and properties of the filamentary nanocosiigs

Type

Aspect

Assemblage

Inclusions

a. Single filamentary
wires

Long, dense
Blue, red,
translucent,black

densely packed,
twisted nano-sized
filaments

CaCQJ/C (
FeO/Fe-Cr (red)
COAISI
COAIS

Sio,

(Cu) Cu spherules
Al SiK

CasQ

MgSiCa

(Cu) FeMgCQ
(Cu) Fe Ca

(Cu) Fe Ca

(Cu) MgAlCaFe/SiQ
/SCa

b. Multi- filament wires

Long, porous, twisted
bundles

Micron-sized
filaments;
nanoparticle chain
alignment and micro-
particle inclusions

FeCr/CaCQ@

Carbonaceous matrix/Al
S/SiO/ Al Si K CaSQ/Cu
spherules
Carbonaceous/Ca

C/ FeCrNi

Fe Bright grain/ Ca KCI S/Ag
Au Pd In

FeCr/CaCQ@

Carbonaceous matrix/Al
S/SiG/ Al Si K CaSQ/Cu
spherules
Carbonaceous/Ca

C/ FeCrNi

Fe Bright grain/ Ca KCI S/Ag
Au Pd In

c. Flat translucent films

Short, sharp edges,
crumpled sheet

Euhedral coarse NP;
not organized (1/2
pm)

Dense packing of
nano to micron-sized
particles
Microcrystals with
euhedral shape
formed of network of
nanoparticles
Nanostructured; deng
packing of
nanoparticles;
scattered micron-
sized metal particles

Al Si K
BasSQ
AlSiFe
AISITi
Al matrix/FeCr
Al matrix/Si
Al matrix/CaC, Cl, KCI
C matrix /Ca
Al matrix/ FeCr
Al matrix/ Fe
eAl matrix/ CaC
C matrix/ KCI/C Ca/C S ClI
C/AIMgSiFe/FeCrNi
Al/ Ca S/Zn & sulfate/Zn pure/
Ca S/CI Ag/Ca &C/im2

d. Tissue-like multi-
filament wires

Short to long, sharp
edges, twisted, cell
structure

Not nanostructured.
Micron-sized
nanostructured
inclusions;

Al/Fe

Carbonaceous matrix/
CaCQ/CaC
Carbonaceous matrix/
CaCQ/FeCr/Si
Carbonaceous matrix/ Ca
MgAICaFe/SiQ/SCa
WAuU K Cl CaCQ SO:Sr

FeCrNi
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Table 2. Type of nanocomposites and domains of synthesis.

Type/ Agglomerates | Filamentary Metal particles | Mineral
Domains wires particles
Cathode (-/D1a) +++

Anode (b/D1b) | +++ +++
Inter-electrode +++++ ++ +++
domain

Arc-affected ++++ (® ++ (®
domain

+ : abundance estimation

t: traces
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