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Abstract The synthesis of CdO, A@ (5 nm) and Ag (~20-30 nm) nano-objects is
achieved simultaneously by nanosecond-pulsed digeban liquid nitrogen between one
cadmium electrode and one silver electrode. Oxadaticcurs when liquid nitrogen is fully
evaporated and nanoparticles are in contact withaih No alloy is formed, whatever the
conditions, even though both elements are presemtltaneously, as showed by time-
resolved optical emission spectroscopy. This lddeactivity between elements is attributed
to the high pressure within the discharge that &egeh metallic vapor around the electrode it
comes from. Each element exhibits a specific befmaGubic Cd particles, formed at 4 kV,
get elongated with filamentary tips when the amplteltage reaches 7 and 10 kV. Cd wires
are formed by assembly in liquid nitrogen of Cd ayzarticles driven by dipole assembly, and
not by dielectrophoresis. On the contrary, silvghesical particles get assembled into 2D
dendritic structures. The anisotropic growth ofsehetructures is assumed to be due to the
existence of pressure gradients.

Keywords  Spark discharges, Submerged discharges, Time-ggbobptical emission
spectroscopy, Liquid nitrogen

1 Introduction

Bimetallic nanoparticles (NPs), composed of twdedént metallic elements, are of greater
interest than monometallic ones, from both scientiind technological views, to improve
catalytic properties [1]. It was shown that evemkdéid, monometallic nanoparticles exhibit
improved catalytic properties with respect to safet one [2]. Creating nanosecond-pulsed



discharges between two electrodes immerged inlactiie liquid is a competitive process to
produce nanoparticles at high rate. It is less esipa than laser ablation [3]. However, the
way alloy nanoparticles are created in non-equilibrdischarges submitted to huge gradients
in time and space is still unclear, especiallyhi@ tase of electrodes made of different metals.
Several attempts to synthesize alloy NPs by diggsain liquids were recently reported. For
instance, Pootawargf al. [4] used DC pulsed discharges between Pt and égredes in a
solution containing water, NaCl and sodium dodedfdmate. They obtained Ag-Pt
bimetallic particles in the form of nanocompositasd Pt oxide NPs. From Co and Ag
electrodes immersed in a 0.1M (HCI and NaOH) ebbygiie, Changet al. [5] combined a DC
pulsed excitation with ultrasonic vibration (at ~8z). They got a mixture of linked Ag and
Co NPs with an average size of 30 nm.

After Ag-Pt and Ag-Co, choice mas made to studyAleCd system. Indeed, from seminal
works in this field [6, 7], erosion is proposed lbe caused by electrode melting and
evaporation, which produces the metallic vapor whoendensation leads to the synthesis of
nanoparticles. In the Ag-Cd system, the meltinghpof Cd is much lower than the melting
point of Ag, contrary to the two other cases. Thistem is then interesting to better
understand the way nanoparticles are formed bydrges in liquids.

Liquid nitrogen is an excellent dielectric. The madvantage of using this liquid in the
experimental conditions that were used in this werthat no nitrogen lines are emitted. Only
metallic lines are visible, which simplifies a loterpretation of spectra. The choice of the
cadmiume-silver system originates from the diffemt the melting temperatures of the two
elements. Cadmium melts at 594.22 K whereas sihgdts at 1234.93 K. It is also interesting
because many compounds are available in this sy$teminstance at 573 K, one can find a
silver-rich alloy with a maximum solubility of cadam of 42%. Beyond this content, the
gande phases have compositions varying from 50 to %% af. cadmium, 57 to 61 at.%, and
66 to 81 at.% of silver, respectively. A cadmiurdhrialloy with a limited solubility of silver
(6.5%) is finally available close to pure cadmiudo, if any alloy forms by quenching from
the liquid phase, one might identify easily theuldjphase composition.

After a short description of the experimental gettesults obtained by time-resolved optical
emission spectroscopy will be presented first {tofo the way radiative transitions of both
elements, cadmium and silver, evolve as a funatibthe pulse width. In a second time,
material results will be presented. Then, we wilitsamong the possible mechanisms that
drive the synthesis of nanopatrticles in the presentitions and how they get assembled into
anisotropic structures.

2 Experimental setup

The experimental set-up was presented in detailprevious work of ours [8]. Briefly, a pin-
to-pin electrode configuration, immersed in liqurdtrogen, was usedS(pplemental
material 1). Electrodes were Cd (purity: 99.95%) and Ag ({ur$9.99%) wires (1 mm in
diameter). A high DC voltage power supply (TechBR15-R-1200-15 kV-80 mA) fed a
solid-state switch (HTS-301-03-GSM) connected t@ qin-electrode, the other electrode
being grounded. The voltage rise time was 20 nowit any ballast resistor. In this work, the
ballast resistance was null. The applied voltageldf kV and an inter-electrode gap distance
of 100 um were chosen for all experiments. Theriatectrode distance is kept constant
during the process by continuously adjusting itisTanables breakdown; otherwise the
process stops. The pulse width was adjusted at3@D.and 2500 ns and period was set to
333 ms Fig. 1). The voltage and current time evolutions wererded simultaneously. The



time t=0 is defined as the beginning of the current riBke sharp voltage rise before
breakdown (corresponding to an increase in theeatirintensity) followed by a plateau
corresponds to charge injection in liquid nitrogAs.the voltage drops and oscillates weakly,
the current rises and oscillates as well duringdibeharge step. The afterglow starts when the
current is equal to zerag. after the current drop and the few following dstibns. Then, if
the pulse width is 100 ns (resp. 500 and 2500ths)discharge time is 600 ns (resp. 900 ns
and 2700 ns) within an accuracy range of = 50 ns.

Fig. 1 Time-evolution of the voltage and current record@dpulse width of 100, 500 and
2500 ns.

Optical emission spectroscopy was performed wiBb@ mm focal length monochromator
(Jobin—Yvon TRIAX 550) equipped with a 100 g mingrating for overall spectra in the
(250-900 nm) visible range. It was coupled with @RHBA Jobin-Yvoni-Spectrum Two
ICCD detector. Each measurement is averaged ovespBb6tra recorded with an exposure
time of 50 ns. Although discharges in dielectrgquids are known to be stochastic, the use of
the solid-state switch ensures a high level ofaépcibility because breakdown necessarily
occurs within a time window inferior to the exposuime (see reference [9] for further
details). However, because of the generation di-figquency signals by discharge current
oscillations (at about 1 MHz), ghost lines are stomes observed. They are easily identified
in time-resolved data, for they disappear from smectrum to the other.

Nanoparticles are collected by sedimentation onlieos wafer located under the pin-
electrodes. We resorted to scanning electron neoms(SEM)— XL30S-FEG by Philips—
for structural and chemical observations. The XL-B&ES microscope was equipped with an
EDXS (Energy-Dispersive X-ray Spectrometer) used dtemental analysis and a TLD
detector (through the lens detector) used for heglution imaging. A Philips CM200 device



and a JEOL ARM 200F Cold FEG device were used feMTinvestigation in order to study
the crystallinity and the chemical composition d?dNdeposited on copper grids.

3 Optical emission spectroscopy

Time-resolved optical emission spectra were reabrdgh an integration time of 50 ns for
pulse widths equal to 100 and 2500 Bsigplemental material?. Discharges were ignited
between one electrode of cadmium and one electwbdéver for an applied voltage of +10
kV. In Fig. 2, a typical spectrum and the corresponding idewiifon of line transitions are
depicted (se@able 1for a list). First, it is important to notice thanission lines are strongly
broadened, shifted and sometimes distorted (th@ipes becomes asymmetric) especially at
the beginning of the discharge because of the itapbcontribution of the Stark effect, which
is due to the high electron density in the dischatgpically around 1% cnv3) [10]. If the
presence of the Cd | and Cd Il systems is easydimita no silver transition can be
straightforwardly assessed from such spectra dubeaamverlapping (lines being broad and
shifted) or to the proximity of Ag and Adines that are known to be intense with Cd of Cd
lines. The presence of the Ag | system in thesetspean only be established thanks to their
corresponding time evolution. Indeed, when thetdisge stops, ionic lines collapse and other
emission lines get narrower. When looking at tramss around 520 nm in the spectrum given
asSupplemental material3 we observe the narrowing of the Cd I line at 588 m and the
appearance of the Ag I line at 520.91 nm after ah800 ns, which becomes even clearer in
the afterglow i(e. beyond 2500 ns). This does not mean that silvapigpresent at the very
beginning of the discharge but simply that it cars®detected in this case.$upplemental
material4, the time evolutions of Ag I lines at 328.07 ar&8.29 nm, which are by far more
intense than any other silver line, are given falsp widths of 100 ns and 2500 ns. The lines
are convoluted with other cadmium lines (325.25%.82 nm for the first one and 340.37 nm
for the second one). A simplified method was useddtimate the area of the two selected
silver lines Supplemental material5) Finally, with time-resolved spectra, the preseate
Ag Il transitions could be assessed.
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Fig. 2 Identification of emission lines of an emissiorespum recorded in the visible range
800 ns after breakdown. Theoretical transitionsraaterialized by ticks whose heights are
proportional to their relative intensities normatlizto the maximum value in the visible range.
Acquisition time: 50 ns. Applied voltage: +10 kVulBe width: 2500 ns. If Cd | and Cd I
transitions are clearly present, the presence of &gnsitions cannot be asserted with this
spectrum and it requires results presented in 8upghtal Material 3. Stars denote second-
order transitions.

In Figs. 3a and 3bthe time evolution of selected lines is depictbdee from Cd, two from

Cd and two from Ag. At short pulse widtki¢. 3a), ionic lines are observed as long as the
current is not null. Their evolution roughly follewthe shape of the current. Neutral lines
decay exponentially and are visible in the aftesgtbat lasts about 150-200 ns. All selected
neutral transitions evolve with very similar timenstants. For a so short pulse width, the
emission line of silver at 546.55 nm could onlydstected during the afterglow because the
presence of this line earlier in the spectrum coudtl be confirmed. IrFig. 3b, the time
evolution of the selected emission lines is depidte a pulse width of 2500 ns. lonic lines
decay slowly, in accordance with the descriptiomengreviously: they follow the behavior of
the current and they fade away in the afterglowiogerNeutral lines are almost constant
during the current plateau and decay exponentialtite afterglow, as already observed for a
pulse width of 100 ns. Here again, time constamés edmost the same. The progressive
appearance of silver transitions at 328.07 nm &&i%% nm is materialized by a dotted line.
The presence of silver atoms during the dischasghen established and it is possible to
know that emission of silver starts as early asrgacdh (within a precision range of 50 ns).



Table 1: Identified transitions corresponding to emissime$ depicted in Fig. 2 (unresolved
double peaks are denoted with brackets). For lvréten in italic, see Supplemental Material
3 for their identifications. Second-order lines améten Z1 .

Transition Wavelength (nm) Upper level Lower level
Cd Il 257.29 68S1/2 5p2P°1
cdll 274.85 68S1/2 5p2P %2
Cd | 298.06 (298.14) 5560 J=3  5s5pP° J=2
Cdl 313.32 55785 J=1  5s5pP° J=1
Cd | 325.25 5578 J=1  5s5pP° J=2
Cdl 326.11 58S J=0 5s5pP° J=1
Ag | 328.07 58P/ 58S
Ag | 338.29 58P°12 55%S12
Cd | 340.37 5s5dD J=1  5s5pP° J=0
Cdl 346.62 (346.76) 5s5 J=2  5s5pP° J=1
Cd | 361.05 (361.28) 5s5i J=3  5s5pP° J=2
cdll 441.56 5€Ds)» 5p2P°%y2
Cd | 467.81 5s68S J=1  5s5pP° J=0
Cdll 2°226.50 5p 2P 552312
Cdll 27231.28 5cDs)» 5p2P°%s2
Cdll 2°274.85 6s°S1/2 5p2P°%s2
Cdl 479.99 5s68S J=1  5s5pP° J=1
Ag | 487.41 5s 68D7.2 5s 5p*F°a2
cdl 508.58 5s68S J=1  5s5pP° J=2
Ag | 520.91 5cD3p 5p 2P
cdll 533.75 APF°s) 5d°Da2
Cd i 537.81(538.19) AF°7p 5d2Ds/2
Ag | 546.55 5dDs2 5p2P°32
Cd | 643.84 5s5dD J=2 5s50P°
Cd | 2 340.37 5s5d°D J=1  5s5pP° J=0
Cdl 2 346.62 (346.76) 5s5d®D J=2  5s5pP°J=1

Cd | 2 361.05(361.28) 5s5d°D J=3  5s5pP° J=2




b)

Fig. 3: Time evolution of selected emission lines a) f@uése width of 100 ns (data recorded
every 50 ns) and b) for a pulse width of 2500 rsggdecorded every 250 ns). Each area is the
integrated value of the line intensity over a ral@vwindow of wavelength. The dotted line
represent the evolution of the area of the silvandition in the discharge period where this
contribution starts emerging as a shoulder of égmooring Cd | line. The current flowing
through the plasma is also given (right scale). @bhaution of the double transition at 537.81
nm and 538.19 nm was too weak to be evaluated lattéghin a).



4 Material results

Treatments were performed by running dischargesrerhour between one Cd electrode and
one Ag electrode. The duration of the treatmenindsfthe amount of nano-objects that are
collected. Four pulse widths (100, 500, 1500 araD2%s) and three applied voltages (4, 7 and
10 kV) were used. At 10 kV and beyond 100 ns, ttesgnce of three main kinds of nano-
objects is noticed: wires and elongated particladerof cadmium oxide on the one hand, and
clusters made of silver on the other harkdg( 4). All these objects are assembly of
nanoparticles with sizes around 5-10 nm for Cd-amirtg objects and around 30-50 nm for
silver clusters, as shown in high-resolution ima¢eg. 5 for wires and Supplemental
materials 6 and 7for Cd particles and silver clusters respectiveSijver nanoparticles are
round-shaped whereas those made of cadmium are Eidpi 5¢) with sharp edges.

Micro-diffraction and micro-EDS analyses (s®epplemental materials 8 and Y show that
nano-objects are CdO for cadmium and Ag oe@dor silver. AgO is obtained if the time
during which Ag nanoparticles are left in the aiceeds typically one day. In this latter case,
only nanoparticles with sizes around 5 nm are fotmde oxidized (sesupplemental
materials 8). Clusters, made of larger nanoparticles, are ésfigmmetallic. Oxidation occurs
once liquid nitrogen is evaporated, leaving nangadB in contact with the air. To sum up,
the composition of each object is reported @ble 2

The pulse width affects the amount of nano-objpobsiuced per pulse but it turns out that it
does not significantly affect the shape of objéegond 500 nanosecondsd. 4).

Fig. 4:Nano-objects synthesized at 10 kV and 4 kV foredléht pulse widths.

CdO nano-objects are visibly "stretched" when thgliad voltage increases. This means that
their initial cubic shape — we checked that thdgeais were 3D and not 2D— evolves towards
the shape of an elongated object with both endsgditlamentary Supplemental Material

10). These objects seem to be formed a bit later vinempplied voltage is lower, contrary to
silver clusters.



Table 2: Composition of nano-objects in atomic percent.

Nano-object Ag Cd O

CdO-Wires Traces 5045 at.% 5045 at.%
CdO-elongated particles Traces 5045 at.% 5045 at.%
Ag20-particles <5 nm 6515 at.% Traces 35+5 at.%

Ag-clusters 9545 at.% Traces Traces

Fig. 5:a) large view STEM HAADF micrograph of a set of oaires. b) Magnification

showing individual nanowires. ¢) HRTEM micrographaosingle nanowire whose edges are
showed by dotted lines. Inset: magnification of anaparticle composing the nanowire.
Atomic planes are materialized by yellow linesFdst Fourier transform image of the set of
nanoparticles composing a nanowire. dotl: (111)2:d(200). dot3: (220). dot4: (222) of

cubic CdO Fm3m).



5 Discussion
51 Existing theories on metallic nanoparticle assably

There are not so many possible mechanisms to peodinear assembly of metallic
nanoparticles. One is based on dielectrophoresi®aa is based on dipole alignment.

In 2001, Hermansomt al. [11] showed the possibility to grow gold nanowiiesan ac
electric field from a suspension of gold nanop&tidy dielectrophoresis (also denoted DEP
hereinafter). The dielectrophoretic force arisesrfithe interaction of the particle dipoles with
the non-uniform ac field and is directed alongfietl gradient:

= pa’e ANIE (1)

dep ms

with wthe angular field frequency aradthe particle radiusN|E *is the gradient of the

rms

square of the RMS electrical field. denotes the real part of the Clausius—Mossottbfac
which is an effective polarizability of the partcin the medium. The absolute value of the

force on a particle depends @TErms * and also on . This latter parameter is expressed by

the complex relative permittivities of the particﬁg and the mediung,:

&W)- &

e
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and it is bounded by the limits 1 < 1/2. It varies with the frequency of the appliéeld

and the complex permittivity of the medium. Pogtdielectrophoresis occurs wher 0, the
force is towards points of high electrical fielddatie particles collect at the electrode edges.
The converse of this is negative DEP which occulierw < 0, the force is in the direction of
decreasing field strength and the particles arelieghbfrom the electrode edges.

The ac field must be in the MHz range typicallytrp nanoparticles with diameters between
10 nm and 100 nm [12].

Aggregation occurs only when the concentrationatiples accumulated near the end of the
wire is sufficiently high. Indeed, the dielectropbtic force must overcome the electrostatic
repulsion between particles to enable their agdi@ga The dielectrophoretic particle
transport to the tips of the wires is then of priyianportance to sustain the wire growth and
prevent depletion effects at the tips.

The frequency dependence of
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wheres denotes the electric conductivity [13]. At higeduency,w>>¢,,, Ty and
p m
Ao A, = 2 i A 2 5o,
A® A, = 5 ~—" .AtlowfrequencyA® A, = —~~—"
eP(W)+26m Sp W)+25‘m

In the case of metallic particles, =1 because the conduction band electrons contynual
redistribute themselves to reduce the internaltedeiield to zero. Then, taking a gap distance

of 100 um in liquid nitrogen,?(\e(gm): 143, if a =10 nm, one finds at 10 &Wdep » 4pN,
which is typically the order of magnitude foundather works (see for instance reference

[14]) where aggregation occurs. This assumptioo alsans that the dielectrophoretic force is
not material-dependent because all metals behéee al

On the other hand, Liao and co-workers [15] sugmgkst mechanism for the assembly of
linear aggregates involving the formation of asyrtrioeharges on individual particles which

assemble to become dimers. The integrative dipaeemt of a dimer is greater than a single
particle and therefore attracts another nanopartitcadmium more strongly, causing growth
of the chain. Placed in an electric field, dipotegentate along the field lines and bond by
electrostatic interaction. This mechanism is pdeswith neutral particles that are mainly

present in the space and time afterglow of thehdigye.

5.2 Proposed mechanism

In every nano-object, the presence of elementackdmade of nanoparticles of small size
(5-10 nm for Cd, and 30-50 nm for Ag) is observBdo unreported studies were carried out:
one with Cd-Cd electrodes and one with Ag-Ag etatds, from which we could draw the
following conclusions. In the case of cadmium, jolet are more elongated if the applied
electric field is higher. It is not true for silvelusters, whose dendritic shape is very common.
Cadmium particles appear after a period that dependhe applied voltage. At 10 kV, they
are only visible after several hundreds of nanasdspbut at 4 kV they are visible from 100
ns on. On the contrary, whatever the applied vekagilver clusters are synthesized only
after several hundreds of nanoseconds. So, welyeadimit that growth mechanisms are
different for each element.

In both cases, elementary bricks are synthesizest, fprobably by condensation of the
corresponding metallic vapor, since their mean s@zeet around specific values. However,
these bricks get assembled differently. By optieadission spectroscopy, the intensity of
emissive neutral species during the discharge isidoto decay slowly, whereas ionic
cadmium lines decay more rapidly and follow theliggpcurrent.

The influence of the electric field on the growthcadmium objects suggests that elementary
bricks are sensitive to this electric field, whishnot the case of silver. The electric field can
only act on the linear assembly once nanopartieles formed,i.e. a short while after
breakdown.

As explained previously, the frequency requirechssemble metallic nanoparticles of a few
tens of nanometers by dielectrophoresis must kbanVIHz range. In the present situation,
the ac current generated by the nanosecond pudseo&illations irfFig. 3@ is around 20
MHz. Nevertheless, if such a mechanism was effecitwvould apply not only for cadmium
but also for silver. Furthermore, the force wougdHigher for silver as the mean size of silver



particles is larger than that of cadmium parti¢kee Eq. 1). Therefore, we propose to rule out
this mechanism.

Concerning the possibility of assembling nanopkesicas dipoles requires to introduce a
difference between cadmium and silver. We sugdest the initial asymmetry of charge
distribution would be due to the non-spherical €hapthe cadmium nanoparticles (Fig. 5c),
contrary to silver particles. McCreery and Greeasifll6] calculated a numerical
approximation to the non-uniform surface chargesdgn for a charged conducting
equipotential cubic surface in electrostatic equilim (Fig. 6a8). Because of their
crystallography, cadmium nanoparticles are prongoto-uniform charging and then, to linear
assembly by dipole-dipole interaction.

This situation assumes that the assembly of twa&ubparticles is only possible if the area
on one cube where the negative charge is mainigtéocfaces the area of the other cube
where the positive charge is mainly located. Tkiguires a shift by a half of the cube edge
length, as depicted iRig. 6b. Such a shift is observed at high magnificatieig (60).

Because the time required to set thermal procasdeg far much longer than the discharge
duration (hundreds of us versus hundreds of ns)alge rule out any transport mechanism
driven by heat transfer.

Fig. 6: a) Color density plot by McCreery and Greensid¢hef non-uniform surface charge
density on the faces of a conducting equipotertiddic surface [16]. Reproduced with
permission from Elsevier. b) Schematic illustratiminthe self-assembly process of metallic
Cd nanoparticle chains based on the dipole assemmgglel by Liaoet al. [15]. «¢)
Magnification of a Cd wire showing the shift by althedge length between primary cubic
particles



In our view, the formation of the elementary brid¢leppens in the discharge. There are two
main stages:

- the synthesis of elementary bricks,
- their assembly to form wires or particles.

The role of the applied voltage is not only relatedhe polarization of the bricks but also to
their density. When the applied voltage increasies,erosion of the electrodes is stronger
(higher current flux), leading to more bricks. Tbeerall kinetics of their formation is
enhanced. This only applies if we assume that withe limited voltage range used for
experiments (from 4 to 10 kV), the pressure distitn in space and time is not strongly
affected.

On the other hand, their assembly starts when twgicentration is sufficiently high. If the
applied voltage is high, the moment happens eaftiethe distance to the plasma axis is
shorter). The remaining electric field being high€d-particles tend to be elongated, the
transition from 2D (no-zero electric field) to 3Refo electric field) being delayed. Fig. 4,

we do observe that elongated cadmium particlepra@uced at 500 ns at 10 kV but they are
still cubic at 4 kV.

Assembly of silver nanopatrticles into 2-dimensiog@hdritic structures is assumed to be due
either to surface diffusion when nanoparticles h&aen onto the substrate or to the
existence of pressure gradients that enable doffusnly within iso-pressure layers, leading to
2D-objects. Synthesis from pure silver electrodesd$ to stacked 2D-plates (see
Supplemental material 1). Surface diffusion is assumed to be very limitestause the
substrate is at 77 K. The other process, due wspre gradients, is more likely. The presence
of cadmium might be indirectly responsible for ahe in the assembly process of silver
particles €.g.different discharge temperature or pressure),neathe formation of dendritic
instead of dense structures.

The fact that nano-objects remain unalloyed, mddauce elements, suggests that vapors do
not mix. The structure of the discharge is likelcls that cadmium and silver vapors react
close to the electrode where they are producedosPoond iICCD images, filtered in
wavelength, are now scheduled to check this assampt

6 Conclusion

In this work, we showed that the synthesis of nabgcts by discharges between one silver
and one cadmium electrode cannot lead in our donditto the formation of alloys.
Elementary bricks have cubic-like shapes for cadmiand are spherical for silver. The
emission of ionic and neutral lines of cadmium &eful to follow the dynamic of the
discharge and to compare it to afterglow time. Bwdkie similar lifetimes. For instance, for a
pulse width of 100 ns, the discharge and the dtterdast for about 250 ns. We could not
detect any ionic line of silver, probably becau$eexcitation pathways leading to atomic
levels are higher than the ion ground state. Modgliransition lines is under way but it is a
complicated task. It will be useful to have acdesglasma parameters.

The assembly of cubic-like Cd bricks into wires edongated particles is attributed to a
dipole-dipole interaction mechanism made possibbnks to the shape of the bricks that
enables a non-uniform charge distribution. The jbd#y of dielectrophoresis is ruled out.
Silver bricks form dendritic agglomerates.
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