Synthesis of CdO nanostructures
by nano-second pulsed dischargesin liquid nitrogen
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Abstract: In this work, we report on the synthesis of Cdawructures by nano-second
pulsed electrical discharges generated betweenpiwve cadmium electrodes in liquid
nitrogen. These nanostructures are oxidized iaféér evaporation of the cryogenic liquid,
leading to CdO. An investigation of the effect idaharge voltage on the synthesis process
was conducted. Transmission Electron Microscopylyaea show that, contrary to other
metallic nanoparticles synthesized by the samegaxyaCdO nanopatrticles self-assemble to
give hollow micrometric cubes that transform intanbhes of nanowires when the applied
voltage increases. Time-resolved optical emisspatgoscopy performed on the discharge
during synthesis shows the presence of ionic amtraleCd species in the discharges. A
growth mechanism of Cd objects along the electeid fines in the discharge is proposed.

Keywords. cadmium, discharges in liquid, nanoparticles, néres

1.Introduction liquid nitrogen. The obtained nanoparticles were

Research on plasma discharges generated in liquidsestigated by High-Resolution Transmission Electr
have experienced a renewed interest in the lashddec Microscopy (HR-TEM), micro-Energy Dispersive X-ray
owing to the potential applications such dischargas (EDX) analyses whereas the process was charaatdrize
have in a wide variety of rapidly evolving techngiltal  current voltage measurements on the dischargeiiad t
fields such as water treatment, sterilization, mal® resolved optical emission spectroscopy. The strattu
processing and nanoparticles synthesis [1, 2hérldtter, properties of the nanoparticles and the discharge
plasma discharges are particularly attractive beedley diagnostics were correlated in order to better tstdad
allow the synthesis of nanoparticles with typicedeter the formation of the CdO nanostructures.
of the order of 20 nm and lower, at significantligth
yield rates reaching several hundred grams per[3pufA  2.Experimental
variety of carbonaceous and non-carbonaceousThe experimental set-up used in this work is atpin-
nanoparticles have thus been obtained, in polarrmmd pin electrode configuration that is described irtade
polar liquids under different electrical conditiomsd elsewhere [10]. Briefly, a high DC voltage powepply
geometries, but a major challenge is the contrdhefsize (Technix SR15-R-1200—15 kV— 80 mA) feeds a high
and shape of the nanoparticles and their stoichignie voltage solid-state switch (HTS-301-03- GSM), tisain
the case of compound materials such as alloys bimetturn connected to one of the pin-electrodes whiéedther
and semiconductor oxides. One such semiconductdeoxis grounded. The two electrodes are identical, mafde
that has recently attracted much interest latebagmium cadmium (cut from pure Cd wires) with a diameterlof
oxide (CdO). It is an n-type semiconductor withagd- mm. The polished and sharpened tips of the eleetrade
centered-cubic (fcc) crystal structure and a ditembd placed facing each other and are dipped in an Desvar
gap of 2.2 to 2.5 eV. CdO, under nanostructurednfor having a volume of about 100 &nThe Dewar is filled
whether as nanoparticles or as hollow nanoshaggbiex with liquid nitrogen (purity 99.995%, Air Liquideand
low density, high surface area, and distinct opticahe gap between the electrodes is adjustable with a
property making it a promising candidate for apgicns micrometric screw but was fixed at 3 mm in this kvor
in catalysts, sensors, nonlinear materials, sadls,cand Discharges in the liquid were thus generated bgipgl
other optoelectronic devices. Several authors radeed the DC power supply at a frequency of 10 Hz, for a
recently reported on the synthesis of cadmium oxideertain amount of time that can exceed one houe Th
nanoparticles by laser ablation in a liquid enviremt nanoparticles that are generated in the process are
[4], microwave irradiation [5], microwave assistedcollected by sedimentation on a carbon TEM gricceth
techniques [5, 6] as well as a variety of solveasddl at the bottom of the Dewar underneath the electrode
techniques [7-9]. the end of the experiment, the high voltage isdvet off

and the liquid nitrogen is left to evaporate sd tha grid,

In this work, we report on the synthesis of cadmiunyith the nanoparticles resting on it, can be rerdovem
oxide nanostructures synthesized by electricalhdisges the Dewar. In this work, several experimental parms
generated between two cadmium electrodes immersedwere varied, namely the applied voltage, from 4QdV,



the discharge pulse width 75 to 2500 ns, and thk& tonanoparticles could only be attributed to an oxadabf
processing time from 15 to 60 minutes. A PhilipsZlM the metal after liquid nitrogen is fully evaporatatithe
device and a JEOL ARM 200F Cold FEG device werend of the experiments. The porous nature of the
used for TEM investigation in order to study thesynthesized particles, as observed by TEM imaging,
crystallinity and the chemical composition ofshown above would play a significant role in ensgra
nanoparticles. Optical emission spectroscopy wasearly complete oxidation of the Cd structure, eduted
performed on the discharges with a 550 mm focajtlen from EDX measurements while a crystalline structisre
monochromator (Jobin-Yvon TRIAX 550) equipped withstill maintained.
a 100 gr.mrt grating for overall spectra in the 250-900 CdO nano-objects look visibly "stretched" when the
nm. It was coupled with a HORIBA Jobin-Yvon i- applied voltage increases. This means that thdiialin
Spectrum Two ICCD detector. Each measurement @ibic shape — we checked that these objects wer@nd8D
averaged over 50 spectra recorded with an expdsnee not 2D— evolves towards the shape of an elongatgstb
of 50 ns. Electrical data from the discharge weguaed with cube corners getting filamentary, as visibieFig. 1
with two voltage probes. The first probe is seeathe (c).
ballast resistor, and it is used to determine tbkage On the other hand, STEM high-angle annular darkl-fie
applied to the discharge. The second probe isfeatthe (HAADF) images of wires (Fig. 3) show that wiresar
discharge. As a voltage is measured, another oesist assembly of particles with sizes close to 3-4 nm.
used to calculate the current. Unreported high-resolution TEM analyses show thasé
nanoparticles have cubic shapes.

3.Results and discussion

Fig. 1 shows representatives TEM images @
nanostructures synthesized for a pulse duratiob06fns
at three different voltages 4, 7 and 10 kV, forogalt
synthesis time of one hour. At 4 kV (Fig. 1 (a)klw
faceted crystallites are obtained in agreement reitorts
of similar shapes of high quality cadmium oxidehniiat
surfaces and sharp edges obtained by thern|iom ’
decomposition of cadmium carbonate. Typical sizés (
these particles are a few hundred microns, and neéiny Fig. 1. Nanostructures synthesized for a pulsetituraf
them appear cube-shaped as seen in the inset.af (. 100 ns at three different voltages a) 4, b) 7 riDkV,
Increasing the discharge voltage to 7 kV produces for a total synthesis time of one hour.
significantly different shapes, as shown in Fig.(d),
where the formation of bowtie-like nanoparticles is
detected. The inset of Fig. 1 (b) shows a zoomedjerof |
a particle where clearly directional nanowire grioviias
taken place emanating from the core of the partities
leading to the bowtie-like shape. Directional grovaf
nanowires is further evidenced in Fig. 1 (¢) whires
seen that the synthesis product consists essgntéll -
nanowires and remains of particles from which naresv
originate.

High resolution TEM analyses were performed o
cubes grown at 4 kV (Fig. 1a). It was found thdiesiare
made of stacked up nanopatrticles. Indeed, in thenple
given in Fig. 2 where an isolated cube is depictad,
structure appears porous in close-up images afdge of
the nanocube. Nanocrystalline domains, whose siz":
range between 2.3 and 2.7 nm are marked in theefigu
These randomly oriented nanocrystalline domainsewe
identified through unreported electron diffractipaitterns — gagcae
that confirm the presence of CdO (111) (200) arzD)2 Fig. 2
planes. Micro-EDX measurements on these cubes show
that their stoichiometry is Cd 55 at.% O 45 at.%hin
an accuracy of 5%, thus confirming that these are
impurity-free CdO nanoparticles. It is notewortbyrécall
that the starting electrodes in the process areerohdure
Cd, and therefore the presence of oxygen in the

. High resolution TEM image of one edge & th
nanocube depicted in Fig. 1.



Time-resolved optical emission spectra were reabrde
with an integration time of 50 ns for pulse widdtual to
100 ns. Discharges were ignited between two eldeso
of cadmium for an applied voltage of +10 kV. Thirs,
Fig. 5, the time evolution of two selected neuénadl ionic
lines shows that the former lasts during the temlpor
afterglow of the discharge whereas the latter stop®st
at the end of the discharge.

Table 1: Identified transitions corresponding tassion
lines depicted in Fig. 2.

Transition  Wavelength (nm) Upper  Lower
level level
Cd Il 274.85 6SS;,  5p°P°
Cd | 346.62 (346.76) 5s5  5s5p°P°
J=2 J=1
Cd | 361.05 (361.28) 5s5  5s5p°P°
J=3 J=2
' ' ' cdll 441.56 58°Ds;  5pP%;
Fig. 3. STEM HAADF image of a bunch of CdO wiresas Cd | 467.81 5s6% 5s5p°P°
those in Fig 1. J=1 J=0
cdl 479.99 55688  5s5pP°
We thus confirm that both kinds of structures are J=1 J=1
obtained by assembly of the same kind of elementary Cd | 508.58 5s6% 5s5p°P°
nanocubes, assembly whose anisotropy is enhanctg: by J=1 J=2
intensity of the applied electric field. Cdll 533.75 4fF°g, 5d°Dgyy;
Further insight on the growth of the nanoparticesl Cdll 537.81(538.19) 4o, 5d°Dsy;
nanowires in our process were deduced from time Cd | 643.84 555D 5s5p'P°
resolved optical emission spectroscopy. In Fig.wé, J=2

show spectra from the discharge operated at 4,d718n
kV and the corresponding identification of linerséions
(see Table 1 for a list). First, it is importantrtotice that

emission lines are strongly broadened, shifted and 1.2x16+ cd —Vi
sometimes distorted (their shape becomes asymmnetric cd cd cd cd cd | 7y
especially at the beginning of the discharge bexafithe 1.0x10 T ——10kV
important contribution of the Stark effect, whichdue to N
the high electron density in the discharge (typycal 8
around 18&° cmi®) [10]. The presence of both the Cd | and = 60,(1(3-
Cd Il systems is easy to admit. ‘

For the 4 kV spectrum, the emission is somewhalkweau 4.0x10 1\ \\w
and can be solely attributed to Cd neutral atormesl. — — ‘/I \ A M
Expectedly, emission becomes stronger at highdages 2.0x104 J S I e e,
but more importantly, lines that correspond to @inis ALl . _
from Cd" ions are identified. In addition, no emission 300 400 500 600 700 800
from nitrogen lines are detected at any of thresetdirge Wavelength (nm)

voltages used, as reported in other work involving
discharges in liquid nitrogen [11].

From the inspection of TEM analyses and OES
measurements, we observe that the detection biddd
in the discharges generated at 7 and 10 kV seerbs to
correlated with the formation of nanowires, (seguFés 1
(b) and 1 (c)). Such a correlation could provide an
explanation for the formation of nanowires, resigitirom
the presence of ions that might play a role in ahaaism
of anisotropic growth along the electric field lineThis
aspect is further discussed below.

Fig. 4. Optical Emission spectra obtained from the
discharge at three different voltages, namely@nd 10
kV. Emission lines from Cd neutral atoms and @uhs

are identified.
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Fig. 5. Time resolved optical emission spectrosdopy Fig. 6. Proposed growth mechanism of Cd wires.
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