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Abstract. Nano and micro-particles have been synthesized through an original
method by coating an iron oxide core with polymer layers formed by interaction
between chitosan (Chi) and sodium alginate (Alg). The synthesis has two stages: In the
first the magnetite (FesO,) nanoparticles having negatively charged surface were
synthesized, and covered with cationic chitosan. In the second, the chitosan coated
Fe30, nanoparticles were introduced in a NaAlg solution, when complex layers were
formed by the interaction between the two polymers, which led to an increase in size of
the particles. The coated microparticles (CM) were morphologically and structurally
characterized by SEM microscopy, FTIR spectroscopy, and their surface area and
porosity was determined by BET method. The obtained microparticles have a quasi-
spherical shape with a mean diameter of about 700 nm, and show a rough surface with
pores in the form of scales. The saturation magnetization measured by using a vibrating
sample magnetometer (VSM) showed good superparamagnetic properties for the CM.
The adsorption capacity of CM was tested on two reactive dyes: Reactive Red 11
(RR11) and Reactive Red195 (RR195). The removal efficiency of dyes increases with
the CM dose, and the amount of adsorbed dye increases with the initial pollutants
concentration. The adsorption kinetic study shows that the process rapidly develops in
the first 3 hours, then it slows down, and the equilibrium is reached. The kinetic



experiments proved that the adsorption of RR11 and RR195 obey the Langmuir model.
Key words: magnetite, microparticle, chitosan, alginate, adsorption, reactive
dye.

1. Introduction

In the last decade the study of magnetic particles coated with polymers has
expanded due to its theoretical importance, and because of many medical and
industrial applications [1-3]. At the same time the use of polymeric matrices for
dyes adsorption is one of the mostly used options to removing contaminants from
polluted waters. Contamination of surface and groundwater by dyes resulted from
industrial processes is a main and current environment problem. Residues from
dyeing processes contribute to the water pollution, even if present in minute
concentrations. The dyes released in water lead to changes in water transparency
by coloring effect [4, 5].

The sunlight penetrates harder in dyes contaminated waters, entailing
reduction of photosynthesis with direct effects on flora and fauna [6]. Some
persistent dyes show resistance to biochemical degradation, which can cause
allergies, skin irritation or even tumors [7].

Generally, a suitable adsorbent used for dyes sorption should meet several
conditions: i) low cost; ii) readily available; iii) large capacity and rate of
adsorption; iv) high selectivity for different concentrations; v) efficient at removing
a wide variety of dyes [8]. A considerable advantage of polymeric matrices is the
presence of a variety of functional groups, which are able to modulate their
properties for desired applications [9].

Among the polymeric adsorbents, chitosan is a successfully used biopolymer
for sorption of metals and organic substances from aqueous media [10]. The
chitosan is obtained by partially deacetylation of chitin, and has the following
formula poly(b-1-4)-2-amino-2-deoxy-dglucopyranose [11].

Chitosan nanocomposites which include iron oxide were used in recent years
as adsorbents for removal of hazardous azo dyes, or as electrochemical sensor of
nitric oxide [12, 13].

Magnetic particles with different compositions (hematite, magnetite or
maghemite) were coated with synthetic polymers such as polyvinyl alcohol,
polyacrylic acid [14, 15], or with natural polymers like dextran, proteins, or starch
[16-18]. The polymer coated magnetic microparticles have the advantage that can
be easily separated from the water [19].

In order to improve the properties of the chitosan-coated particles, in
particular to increase their strength and stability in an acidic medium, the synthesis
of the complex polymer layers containing alginate was attempted [20].

Sodium alginate (Alg), a water soluble salt of alginic acid, is a natural linear
polysaccharide from marine brown algae composed of B-D-mannuronic and
a-L-guluronic acid residues arranged in a nonregular and blockwise fashion along



the chain [21].

A large amount of effluents discharged in water are acidic, therefore the use
of the chitosan for their retention is not recommended, because it is soluble in this
environment. On the other hand, the good solubility in water of these reactive dyes
is the main reason why they are difficult to be removed from aqueous solutions.
The research performed to date for chemical modification of chitosan led to the
improvement of its stability at low pH and increased its adsorbent ability [22]. The
complexation of chitosan with other polymer was necessary to stabilize the
microparticles in acid medium as well as to grant the porosity and mechanical
strength of the material necessary for the adsorption studies in these dynamic
systems [23].

The purpose of this study is to synthesize and characterize magnetite nano-
and micro-particles coated with a new type of chitosan-alginate complex layers.
We intend also to use the coated microparticles for dyes removal from aqueous
solutions, to investigate their adsorption efficiency and kinetic behavior.

We applied the particles for adsorption and removal of two commercial
monochlorotriazinic dyes Reactive Red 11 (RR11), and Reactive Red 195
(RR195), which are routinely used for silk dyeing.

2. Materials and Methods
2.1. Materials

Chitosan medium weight (Chi) and sodium alginate (Alg) was purchased
from Fluka (Switzerland). FeSO, x 7H,0 and FeCl; x 6H,0 were purchased from
Sigma-Aldrich (Germany). The dyes: Reactive Red 11 (RR11) and Reactive Red
195 (RR 195) were purchased from ACC Corporation (USA) having purity >95%.
The water used in the experiments was Milli-Q water (MILLIPORE Simplicity UV
Lab System - France).

2.2. Preparation of the Particles

The present study shows how to confer special properties to the magnetite
particles by coating them with complex polymers layers which possess different
functional groups.

2.2.1. Preparation of Fe;O4 nanoparticles

Magnetite nanoparticles were prepared by co-precipitation reaction of a
mixture of ferric/ferrous salts in a molar ratio of 2:1. In a round-bottom flask
equipped with mechanical stirring FeSO4 x 7H,0 and FeCl; x 6H,0 were dissolved
in 200 mL of water. The solution was then purged with N, to eliminate air.
Then, over this solution, ammonium hydroxide (25% v/v) was added under
vigorous stirring (at 400 rpm). The formed precipitate was treated with HCI, and



after 30 minutes a 0.2 M lactic acid solution was added. The mixture was heated to
about 80°C for 1.5 hours under atmosphere of N, than it was cooled at room
temperature. The obtained particles were repeatedly washed with Millipore water
(5-6 times with 100 mL of water), centrifuged and then decanted. Then the resulted
particles were washed with ethanol 50% v/v (3-4 times with 100 mL), collected by
magnetic separation, and vacuum-dried, to obtain homogeneous dry nanoparticle of
magnetite powder.

2.2.2. Coating process of Fe;04 nanoparticles with polymers

The chitosan solution was prepared by dissolving 2g of chitosan in 100 mL
of aqueous acetic acid solution 1 % (w/v) under stirring at 200 rpm, for 24h at
room temperature. For coating with polymers the Fe;O4 powder was dispersed (at
300 rpm) in 100 mL of 2% (w/v) solution of chitosan (in 1% v/v solution of acetic
acid), at 40-45°C for 90 minutes, when magnetite particles were covered with thin
shells of chitosan. After that, the Fe;sO4-Chi nanoparticles were transferred in a
flask over which an aqueous solution of sodium alginate 3% (w/v) it was added,
under rapid stirring (200 rpm) that was mentained for 60 minutes, when the
chitosan-alginate complex layers are formed. We assume that the positive charge of
chitosan primary layers interacted with negatives charges of alginate, to form
polyelectrolyte complex layers [9]. In the next step the particles were placed in a
vessel containing CaCl, (5% w/v), and they are held there for 2 hours under
continuous stirring (200 rpm) to complete the reaction. Then, the particles were
magnetically separated, were repeatedly washed on a porous filter with 100 mL
portions of Millipore water (5-6 times), to remove any reagent traces, and finally
were dried in vacuum.

2.3. Reactive Dyes

The two reactive dyes used in adsorption experiments have the following
structures:
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Fig. 1. Structure of RR11 dye.
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Fig. 2. Structure of RR195 dye.

2.4. Adsorption of Reactive Dyes from Solution

Batch equilibrium adsorption experiments were conducted in 250 mL conical
flasks filled with 200 ml aliquots of RR11 and RR195 dyes solutions in the
concentration range of

5-800 mg/L. In each flask different amounts of CM dried microparticles were
added, at room temperature (25°C).

The amount of dye adsorbed by the microparticles, q. (mg/g dried), was
calculated by following equation [22]:

(CO —C, )\/

Qe m )
where V (L) is the volume of the dye solution, m (g) the weight of the dried
microparticles, Co (mg/L) the initial dye concentration, and C. (mg/L) the dye
concentration at equilibrium.

After completion of adsorption, the CM microparticles were separated from
aqueous medium by means of a magnet, and then were washed and dried under
vacuum.

The dye concentrations were determined at different time intervals by using a
UV-Vis spectrophotometer (Varian Cary 100-Bio), and the pH values were
measured with an Orion pH-meter model 402A.

2.5. Characterization Techniques

The morphology of the microparticles was determined by using a Scanning
Electron Microscope (SEM) Quanta 3D FEG 200/400 (FEI Company) operating at
300 keV.

The particle size distribution and Zeta potential were measured by using a



Zetasizer NanoZS (Malvern) apparatus equipped with a laser emitting at
Lo = 633 nm, and operating at a scattering angle of 173°.

The chitosan-based dry microparticles were characterized by Fourier
Transform Infrared (FTIR-ATR) spectroscopy using a Nicolet iN10 FT-IR
spectrometer (Thermo Scientific), in the 550-4000 cm™ wavenumber range, at a
spectral resolution of 4 cm™.

The microparticles specific surface area was determined by BET method
based on nitrogen adsorption [24]. The measurements of surface area were
determined by adsorption of nitrogen vapors which penetrate into the interior of
microparticles mass. The nitrogen adsorption-desorption isotherms were recorded
at 77 K, in the range of relative pressure from 0 to 1, using a Micromeritics-ASAP-
2020 volumetric adsorption analyzer. The specific surface areas of the
microparticles were calculated using the BET equation.

The magnetic properties of CM microparticles were measured on a High
Field Measurement System (Cryogenic Ltd. UK) vibrating sample magnetometer
(VSM) having a cryogenic free system working with the sample down to 1.5 K and
a sensitivity of 10° emu.

3. Results and Discussion

The coating of magnetite particles was made by a sequential deposition
process. At first several layers of chitosan were deposited. Then, they will interact
with sodium alginate to form complex polymer layers.

3.1. Characterization of Fe3;0, Nanoparticles and
Formation of Chitosan Layers - Stage |

The first layers on the microparticles surface were obtained by coating the
Fe;0,4 nanoparticles with chitosan. This coating is favored by the presence of the
positive amino groups of chitosan that have a strong affinity for the negatively
charged surface of the iron oxide nanoparticles [25].

3.1.1. DLS measurements and SEM analysis of Fe;O, nanoparticles

The coating process efficiency was monitored by DLS technique, measuring
the size and electrical charge of the chitosan-coated particles.

The results show that the obtained particles have a narrow size distribution,
with average diameter of 420 nm, and Zeta potential of +52.6 mV (Fig. 3a and b).
These data proved that the primary particles have nanometric size and positive
charge conferred by the free amino groups of chitosan.

The SEM micrographs confirms that the core particle consists of Fe;0, nano-
crystallites [25] having cubic shape with homogeneous size of about 50-80 nm
(see Fig. 4a).
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Fig. 3. Size particles distribution (a) and Zeta potential
(b) of chitosan coated microparticles.

Besides the single Fe;O, colloidal particles, there are small aggregates
containing magnetite nanoparticles surrounded by chitosan layers. In the Fig. 4b
the particles appear surrounded by chitosan layers which have been deposited on
their surface.

The particles consist of nano-sized coated spheres which present diameters
in-between 100 and 350 nm. They have a nucleus of cubic nanocrystallites

surrounded by polymer layers with a relatively homogeneous porosity, and pores of
about 15-25 nm.



a) b)
Fig, 4. a) Fe;0, nano-crystallites; b) Chitosan coated F;0, nanoparticles.

The approximate size of nanoparticles determined by SEM microscopy was
smaller than that determined by DLS technique in aqueous solution. The
difference, probably, arises from the dry state of nanoparticles in the SEM
determinations.

3.1.2. XRD Diffractograms of the Particles

The particles were structurally characterized by using the XRD method,
aiming to prove the presence of crystalline FesO4 into magnetite nanoparticles
coated with chitosan. The diffraction pattern in Fig. 5a belong to unmodified Fe;O,
particles with six diffraction peaks at 26 of 222, 310, 398, 420, 509 and 532. These
values prove that the obtained nanoparticles are a standard pattern of crystalline
magnetite with inverse spinel structure [26].

Fig. 5. XRD diffraction patterns of Fe;O, (a) and
Chitosan coated F;04 (CM) microparticles (b).



Figure 5b shows the difractogram of magnetic particles coated with chitosan layers.
One may observe that the coating process did not alter the structure of magnetic
nanoparticles. These data agree with the previous ones reported in the literature
[27]. Therefore our nanoparticles have a core of pure Fe;O, with a cubic inverse
spinel structure.

3.2. Characterization of Microparticles Coated with
Complex Chitosan-Alginate Layers - Stage |1

In the second stage of the preparation process, the chitosan coated
nanoparticles were treated with sodium alginate solution. As a result of alginate-
chitosan interaction, polymer complex multilayers are formed entailing the increase
in size of nanoparticles. It is well-known that chitosan nanoparticles can not be
used in acidic media and have small surface area and low porosity [28]. These
drawbacks can be eliminated by coating of them with chitosan-alginate complex
layers as we originally propose in this paper.

3.2.1. SEM microscopy of CM microparticles

The SEM images show CM particles having quasi-spherical shape, with
diameters between 600-700 nm. They have a rough surface with many pores in the
form of scales (Figs. 6 and 7). We presume that porosity of microparticles is the
result of the interaction between chitosan and alginate.

Fig. 6. Blank CM particles. Fig. 7. Surface of CM particles.

After adsorption of dyes the size of microparticles increased at about
750-900 nm (Fig. 8). Moreover, the particles changed the appearance presenting a
smoother surface with cracks.



Fig. 8. CM microparticles after dye adsorption.

3.2.2. Microparticles porosity and surface area — BET method

The isotherm of nitrogen adsorption reveals that the nano and micro-particles
exhibit significant porosity and high surface area as compared to the bulk material.
Taking into account the BET specific surface area values, the differences between
particles are due to dissimilar porosities. The smaller pores possess high surface
free energy and thus are easily to be filled by the dye molecules [29]. The pore size
analysis was made using a simplified Broekhoff and Boer polynomial relationship
[30]. The results are presented in the Table 1.

Table 1. Particles surface and pore analyzed by nitrogen adsorption method

Particl Mean pore radius Surface area BET
article type Broekhoff- de Boer (nm) method (mZ/g)
Fe,O0, - Chi (aggregated) 35 4.3
Fe,O, -Chi (individual) 25 55
Fe,O, —Chi-Alg (CM) 15 9.6

One observes that the magnetic nanoparticles individually coated only with
chitosan have a smaller pore size than those which are aggregated, and the surface
area for the bulk particles increases compared to those aggregated.

On the other hand, the particles coated with Chi-Alg complex layers show the
best characteristics, having many pores with a size of about 15 nm, and high
surface area around of 9.6 m?/g.

It is noteworthy that individual particles have smaller pores than those of
aggregates, but present a larger surface area.



The rough surface with many pores indicates that the polymer coated
microparticles are suitable for the adsorption of organic substances, such as dyes.

3.2.3. Magnetic properties of chitosan-alginate particles

The magnetic properties of polymer coated particles were characterized by

vibrating sample magnetometer method (VSM).
Figure 9 shows a typical magnetization curve of Chi-Alg magnetic

microspheres.

The obtained magnetic hysteresis curves reveal superparamagnetic properties
(i.e. no remanence effect). This proves that the polymer coated microparticles have
only a single magnetic domain, a result that matches the previous one [9].

The saturation magnetization of the bulk magnetite microparticles was
71.1 emu/g, while for iron oxide coated microparticles was 37.2 emu/g
significantly lower than the original FesO,4 microparticles [27]. This was due to the
existence of the large amount of diamagnetic chitosan-alginate complex in the iron
oxide coated microparticles [31].
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Fig. 9. Magnetic hysteresis curves for Fe;O,4 (1)) and Chi-Alg particles (o).

One can observe that the saturation magnetization is attenuated in case of CM
than for bulk magnetite nanoparticles, which is attributed to the coating with
polymer layers [9].

3.2.4. Effect of magnetic content on the particle properties

In order to obtain good response to the magnetic field, the effect of magnetic
content on the formation of the coated magnetite particles was studied.



When the Fe3O,4 content increased from 0.25 g to 2.0 g, the particle size of
coated nanoparticles increased from 255 to 590 nm and the zeta potentials
decreased from 72.2 to 29.5 mV (see Fig. 10).

650 - 80

600 - 17

] 170

550 ]

_ ] 165
1 >
E 500 - 160 E
N 450 155 £
o ' 1s0 &
5 400+ 178
£ ] {45 g
@ 350 {40 ™

300 ]35

250 - 730

—7r r 1 r r 1 1 1 1 1 1 1
00 02 04 06 08 10 12 14 16 18 20
Fe,O, content (g)

Fig. 10. Particle size (7)) and zeta potential (o) as function of Fe;O4 microparticle content.

3.2.5. Interaction between chitosan and alginate - the FTIR analysis

To explain the formation of polymer layers, we examined the interaction
between specific groups of chitosan and alginate biopolymers on the Fe;Oq4
microparticles surface.

The FTIR spectra of sodium alginate, chitosan and chitosan-alginate
microparticles are presented in Fig 11. Sodium alginate has characteristic bands of
hydroxyl at 3268 cm™, carboxyl at 1593 cm™ and 1404 cm™, and of carbonyl at
1025 cm™.

It is noteworthy that the characteristic peaks of Chi at 1642 cm™ for the -NH
bending vibration and at 1585 cm™* for the -NH deformation vibration of the amino
groups were affected and shifted to 1602 cm™ in the spectrum of the Chi-Alg
complex.

This proves that the amino gropus of chitosan have interacted with the
alginate carboxyls. Fig. 11 also shows that the chitosan-alginate coated
microparticles have a new peak at around 1416 cm ™. It is attributed to the —~NH;"
groups of chitosan interacting with the alginate carboxylate groups. The peak
appearing around 1603 cm* in the spectrum for chitosan-alginate coated
microparticles can be assigned to a symmetric -NHsC deformation. The absorption



peaks of 591 cm™ that appear in the spectrum of CM microparticles, are specific
for the Fe-O-Fe bands of the magnetite.
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Fig. 11. FTIR spectra: a) Alg powder; b) Chi medium wt; ¢) CM with Alg-Chi.

The FTIR spectra recorded after the chitosan-alginate interactions
demonstrate:

i) The formation of chitosan-alginate complex layers on the microparticles
surface;

ii) The apparition of new bonds between the positive amino groups of the
chitosan-covered microparticles and the negatively charged carboxyl groups of
alginate, which led to the displacement of the absorption peaks in the IR spectrum
[32].

3.3. Characterization of Reactive Dyes — the UV-Vis Spectroscopy

The adsorption of two monochlorotriazine reactive dyes by the CM
microparticles was spectrophotometrically assessed using a Varian Cary 100 Bio
UV-Vis spectrophotometer.

The UV-Vis experiments have been made to detect the absorption maxima of
the dyes and use them to draw up calibration graphs for calculation the dye
concentration remaining in solution after adsorption by microparticles.

Figure 12 shows the recorded spectra. They point out that RR11 has a
maximum absorption wavelength at 543 nm, while RR195 at Aya= 542 nm.
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Fig. 12. UV-Vis spectrum of RR11 and RR195,
at initial conconcentration of 50 mg/L.

The residual dyes concentration in solution was determined in order to
study the pH influence, the effect of microparticles dosage, and the influence of
contact time on the adsorption process.

3.4. Adsorption of the Reactive dyes Studied by Interaction of
CM Microparticles with the Dyes— the FTIR Spectra

The FTIR spectra of the CM microparticles after dyes adsorption were
compared to those of blank microparticles, in order to determine how theirs
functional groups are involved in the interactions with the two dyes.

3.4.1. Interaction of CM particles with RR11 and RR195

As a result of the RR195 dye adsorption, the characteristic absorption peaks
of the sulfonic groups stretching vibrations at 1141 cm™ and 1045 cm™ are shifted
to 1104 cm™ and 1030 cm™ respectively. In the case of RR11 dye, we find that the
absorption peaks of sulfonic groups stretching vibrations at 1114 cm™ and 1057
cm™ are shifted and affected to 1104 cm™ and 1033 cm™ respectively (Fig. 13).
This proves that the adsorption process affects the sulfonic groups stretching
vibrations.

On the other hand in the FTIR spectrum of CM the absorption peaks of
amino groups at 1602 cm™ and 1416 cm™ do appear. These positively charged polar
groups (protonated in acidic medium) are able to form electrostatic bonds with
negatively charged groups of the RR195 dye. After the formation of the
CM-RR195 complex, the absorption peaks are shifted to 1691 cm™ and 1473 cm™
respectively. In the case RR11 dye, the absorption peaks of the CM-RR11 complex
are shifted to 1694 cm™ and 1464 cm™, respectively.
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Fig. 13. FTIR spectra of: a) CM with Alg-Chi; b) RR195 powder;
c) RR11 powder; d) CM-RR195 complex; e) CM-RR11 complex.

The FTIR spectrum of CM particles has characteristic Fe-O-Fe bands of
magnetite at 591 cm™. After the dyes adsorption, the peak of the Fe-O-Fe band is
displaced and found for the complexes CM-RR195 and CM-RR11 at 587 cm™ and
584 cm™ respectively.

3.4.2. The dyes adsorption mechanism - Interaction between
CM and reactive dyes

To explain the mechanism of the dyes adsorption on the CM microparticles,
we used FTIR spectroscopy determinations. From FTIR spectra we can see that
there is a shift of the absorption peaks of both the colorants sulfonate groups, and
of the amino groups of the functionalized layers which cover the CM
microparticles.

The adsorption mechanism is based on the assumption that electrostatic
interactions occur between dyes sulfonate groups and the functionalized surface of
the CM microparticles.

Thereby, the adsorption is due to the available positively charged amino
groups of CM microparticles which allow formation of electrostatic bonds with
negatively charged sulfonate groups of the reactive dyes.

3.5. Adsorption of the Reactive Dyes

The obtained functionalized iron oxide microparticles coated with Alg-Chi
were used for removal of reactive dyes from aqueous solutions. In this respect we



have studied the effect of pH, the CM dosage, the kinetics of the adsorption
process, and the acquired data analyzed using Langmuir and Freundlich models.

3.5.1. Effect of pH on dyes adsorption

The influence of pH on dyes adsorption by CM microparticles was studied
within the 1.5-9 range, and the obtained results are presented in Fig. 14.
Figure 14 shows that removal of dyes increases with pH and has a maximum
around pH 5.0-5.5. Then, the removal of dyes decreases with increasing the pH for
both dyes.

The increasing part of the curves in Fig. 14, can be explained by the fact that
in strong acidic medium (pH=1.5 - 4) more protons are available to protonate the
amino groups of chitosan molecules and form —NHs" groups. This entails the
increase of electrostatic attraction between the dyes anionic groups (-SO3’) and the
protonated amino groups of chitosan-coated particles, causing an enhanced dye
adsorption.

The maximum of dye adsorbed is attaining in the range of pH =5.0-5.5. At
higher pH values the protonation of amino groups became small and the dye
removal considerably lowers.

At the same time at higher pH values of 5.5, a decrease of adsorption is
produced. It is presumably due to the abundance of hydroxide ions, and to the
saturation of active centers of CM by dyes molecules.

100 —e— RR11_800 mg/L
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80.] —o— RR11_400 mg/L
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Fig. 14. Effect of pH on removal efficiency of reactive dyes.

It can see that the adsorption maximum is specific for each dye. It depends on
pH, and is independent of the dye initial concentration.



For the same quantity of used microparticles we find that RR195 has a better
adsorbtion capacity than RR11. We assume that the phenomenon is due to the
structure of RR195 dye that has five sulfonate groups, whereas RR11 has only
three.

3.5.2. Influence of CM dosage on dye removal efficiency

To determine the optimal dose of microparticles required for a good
adsorption, the dyes removal efficiency of dyes was studied according to the
quantity of adsorbent, and the initial pollutant concentrations.

The obtained data are presented in Fig. 15. Fig. 15 shows that the removal
efficiency of reactive dyes increases with the quantity of microparticles, and the
initial concentration of dyes. The data reveal an increasing number of polar groups
of CM lead to an increase of the electrostatic interactions with the functional
groups of the dyes, and raise the amount of dye adsorbed. The result agrees with
the previous one [33].
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Fig. 15. Dyes removal efficiency versus CM dosage.

By using a dose of 1.4 g/L microparticles, the dye removal is significant,
reaching 81.5 % for RR11 and 93.5% in the case of RR195. We have found that for
a further increase of the CM dosage, the removal efficiency does not augment
significantly.

Due to practical and economical reasons, we worked in the subsequent
experiments with a dosage of microparticle of 1.4 g/L.



3.5.3. Kinetics of adsorption

The kinetics of dyes adsorption on CM microparticles was
spectrophotometrically studied within the concentration range of 5-800 mg/L, at
pH = 5.0-5.5 and 25°C.
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Fig. 16. Effect of contact time and initial dye concentration, on the
adsorbed amount of reactive dyes, at 25°C, CM dosage of 1.4 g/L.

The data presented in Fig. 16 show that the quantity of reactive dyes
adsorbed by CM microparticles increases with the contact time for all the initial
pollutant concentrations.

The process develops in two phases. In the first, the adsorption is rapid and
takes about 240 minutes. At this stage, there are several available active centers on
the surface of microparticles. In the second stage, the adsorption slows down, and
about 1200 minutes are necessarily to reach the equilibrium. At this stage, the
number of active sites decreases. The saturation of CM functional groups with dye
molecules occur leading to a slowdown in the adsorption process.

The amount of absorbed dye is dependent on the initial concentration of dyes.
However, the quantity of adsorbed RR195 is higher than that of RR11 for the
studied cases.

3.5.4. Adsorption model

The equilibrium adsorption is usually described by an isotherm characterized
by specific parameters, which express the surface property and affinity of the



adsorbent. The adsorption of reactive dyes by CM microparticles was investigated,
and the experimental data were analyzed using classical Langmuir and Freundlich
models.

One of the most used equations for modelling the adsorption process is the
Langmuir isotherm [34]. This model assumes monolayer sorption on a surface with
a finite number of identical adsorption sites [35].

K g.C
qe — Lqm e (2)
1+ K, C,
where: C, is the equilibrium dye concentration, K_ is the Langmuir isotherm
constant and g, represent the maximum adsorption capacity. Equation (2) can be
written in the following form:
C C
e _ 1 4+ —& (3)
qe KLqm qm

The values of Langmuir constants (g, and K_) are calculated from the plot of
Ce/qge versus Ce.

The adsorption isotherms for RR11 and RR195 were found to be linear over
the concentration range from 5 to 800 mg/L (see Figs. 17 and 18).

1.6 - y = 0.0021x + 0.7377
R?=0.975
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o
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Fig. 17. Langmuir isotherm for RR11; pH=5; 25°C.
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Fig. 18. Langmuir isotherm for RR195; pH=5.5; 25°C.

The adsorbed amount of the dye at equilibrium (qg.) increased with the initial
dye concentration. The isotherm constants and correlation coefficients obtained by
using Langmuir equation, are presented in the Table 2.

Table 2. Isotherm constants and correlation coefficients for reactive dyes adsorbed by CM

RRI11 RR195
Qm (Mg/g) Ky (L/mg) R? Qm(mg/g) K (L/mg) R?
476.19 0.0029 0975  588.23 0.002 0.9907

The data presented in the table above confirms that RR195 were better
adsorbed than RR11 on the CM microparticles.

These results are comparable to those obtained for reactive dyes adsorption
by crosslinked or non-crosslinked chitosan-based nanostructured systems [36].

The Freundlich model is an empirical isotherm described by the following
equation [37]:

Q. = KFCe% @

where: Kg is the Freundlich constant related to the adsorbent capacity, and n is a
constant that depends on the adsorption. This equation can be represented as:

(%)
logqg, =log K. +%Iog C.

The constant (Kg) and the exponent (n) are calculated from the intercept
and slope of the plot of log ge versus log Ce.



When Freundlich equation was applied to the dyes adsorption data, the

correlation coefficient (R%) was of 0.8853, which indicates that the adsorption is
not consistent with Freundlich model.

4. Conclusions

The results obtained on preparation of FesO, magnetic nano and micro-

particles coated with polymers allowed us to draw the following conclusions:

1. Microparticles of magnetite coated with polymer complex layers were

obtained by the interaction between chitosan and alginate.

2. The coated microparticles have dimensions between 600-700 nm, rough

surface with many pores and high adsorption capacity.

3. The magnetic coated microparticles show a pH-dependent behaviour and

superparamagnetic properties.

4. The CM microparticles have been successfully used to remove dyes from

aqueous solution in the concentration range between 5 and 800 mg/L.

5.The dye removing process takes place by the interaction between the

protonated amino groups of coated microparticles and the sulfonate groups
of reactive dyes, and was attested by displacements of specific absorption
peaks in the FTIR spectra.

6. The dyes removal efficiency increases with increasing the dose of

microparticles and the initial pollutant concentration.

7. Kinetic data on reactive dyes removal reveals two stages. The first lasts

about 3 hours, the adsorption is rapid, and over 50% of the initial amount
of dyes is retained. The second is slower and the adsorption reaches about
93 % at equilibrium.

8.0ur experimental data show that the adsorption of reactive dyes on

polymer coated microparticules obeys the Langmuir model.
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Nanotechnology involves the design, production and use of new materials,
systems and functional structures having at least one characteristic dimension
within the nanometer size regime (1-100nm). Based on the fact that properties of
materials change at the nanoscale, nanotechnology takes advantage of this by
applying selected property modifications to new applications and beneficial
endeavor. At the same time, research to date suggests that some manufactured
nanomaterials (MNMSs) will present hazards based on their structure - as well as
their chemistry - thus challenging many conventional approaches to risk
assessment and management.

Due to the unique and unusual physical and chemical properties of the
systems and structures at the nanoscale, the understanding of their behavior,
especially as concerns their stability and reactivity, presents a host of questions and
problems. In the present paper will be argued that the control of the thermodynamic
properties and the understanding of their crossover when working at the nano-level
are important steps in understanding the nanomaterial stability and the possibilities
to interaction with the biologic systems. Some compounds from specific systems
were selected for discussion: nanostructured multicomponent transition metal
oxides; nanoalloys; bio-nonbio systems.

1. The Relationships Between the Morphology and
Thermodynamic Properties of Nanocrystalline Perovskites

It is usually admitted that the properties of materials, and particularly of iono-
covalent oxides, strongly depend on their mode of preparation and on their



biographic story, before and during their use. At the nanometric scale, a large
variety of morphologies and related surface properties can exist for the same metal
oxide. This means that a great deal of attention must be turned to the energetic
parameters which play an important role in the overall properties and behaviour of
materials. However thermodynamic aspects related to the changes in the
morphology of the nanocrystalline multicomponent oxides have been little studied.
In the Chemical Thermodynamics Laboratory from Institute of Physical Chemistry
a detailed investigation of the thermodynamic properties of micro and
nanostructured multicomponent oxides was initiated in order to evidence new
features related to the effect of different compositional variables on the
thermodynamic behavior. The focus of the present research was to emphasize
modifications of the thermodynamic properties connected with the changes in the
morphology in some oxide systems with perovskite structure. As an example one
can quote works on the relationships between morphology and thermodynamic
properties of nanocrystalline barium titanate (BaTiOs).

The barium titanate is one of the most studied perovskite-type material
because of its dielectric, ferroelectric, and piezoelectric properties having great
potential for technological applications in microelectronics, ferroelectrics, and
optoelectronics. Of current concern is the extent to which bulk physical properties
can be considered for the design of miniaturized thin-layer devices from the micro
scale to the nano scale. This is because at nanoscale, a pseudo cubic,
nonferroelectric structure, and with low dielectric constant value, is stabilized at
room temperature [1, 2]. Previous studies showed that among barium titanate
nanostructures, the one-dimensional (1D) morphology as nanotubes, nanorods, or
nanowires presents a special interest because this kind of nanoparticles can
conserve its high dielectric constant and ferroelectric switchability at nanoscale [3].
Our recent research evidenced new features related to the modifications in
morphology connected with the synthesis method and demonstrated that the
structure, size, and shape—controlled BaTiO; crystalline nanoparticles can be
obtained by hydrothermal treatments of precursors at relatively low temperatures
(under ~408 K) [4, 5]. The focus of the present analysis is to emphasize the
relationship between modifications of the thermodynamic properties and the
changes in the morphology of the nanocrystalline BaTiOs.

The detailed synthesis procedure of barium titanate nanoparticles with
different morphologies was previously reported [4, 5]. In short, the synthesis was
performed in a high pressure Berghof BR-100 reactor starting from different
precursors: titanium-based nanotubes and barium chloride when BThollow
particles have been obtained [4], and from barium — titanium sol in the case of the
BTcubes and BT1D nanopowders [5]. The precursors mixture was hydrothermally
treated in the presence of sodium hydroxide at up to 408K (135°C) for 24 h. The
samples were characterized afterwards by X-ray diffraction, Raman spectroscopy,
SEM and TEM.



In Fig. 1 the SEM micrographs of the a) BThollow, b) BTcubes and ¢) BT1D
barium titanate particles are presented. As can be noticed torus-like particles
(Figure 1a) and cube-shaped nanoparticles (Fig. 1b) with narrow size distribution
and average dimension of 125 nm are obtained by as referred hydrothermal
treatment. Figure 1c revealed the formation of faceted elongated particles with
average diameter of 147 nm and aspect ratio around 3 suggesting the one-
dimensional (1D) feature of this sample.

Fig. 1. SEM micrographs of the a) BThollow, b) BTcubes and c) BT1D barium titanate particles.

For a more complex characterization, the morphological and structural
analysis has been coupled with the evaluation of the thermodynamic characteristics
in relation to significant changes in the overall concentration of defects. Thus, the
structural differences between samples could be discussed also in terms of lattice
point defects, which are of special importance in functional materials as they
control their electronic properties. Because the oxygen vacancies play a key role in
aging and fatigue of ferroelectric materials by impeding domain wall motion or by
acting as local disturbances of the polarization [6, 7], the information about the
concentration and mobility of this type of defects in barium titanate it is of special
interest. Tanasescu et al. [8, 9] demonstrated that information regarding the
concentration and distribution of the oxygen vacancies into the perovskite lattice of
complex oxide compounds can be obtained by determining the thermodynamic
properties of the oxygen dissolution in the perovskite phase, as well as by the
equilibrium partial pressure of oxygen. It is for the first time when the comparison
between the thermodynamic properties of hydrothermal prepared BaTiO; with
different morphologies is discussed.

A solid state electrochemical method [8] was used to obtain the
thermodynamic data represented by the relative partial molar free energies,
enthalpies and entropies of oxygen dissolution in the perovskite phase

(AC?02 ,Aﬁo2 ,A§o2 ), as well as the equilibrium partial pressures of oxygen as a

function of temperature. In Figure 2 the A(?o2 as a_function of temperature, in the



temperature range of 773 — 1273 K, for BThollow, BTcubes and BT1D samples is
presented.
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Fig. 2. Agoz as a function of temperature for BThollow,
BTcubes and BT1D samples.

Three temperature regions can be observed for the variation of A(?O2 . Until

973 K, the partial molar energy increase with temperature for all samples, however
the AG, values of BT1D are with almost 100 kJ mol™ lower than AG, of

BTcubes and with more 150 kJ mol™ lower than A@OZ of BThollow sample. The

lowest the partial molar free energy value, the lowest the oxygen vacancy
concentration is [9]. In the 973 — 1173 K temperature range, the AGO2 shows weak

temperature dependence for all morphologies with the observation that for 1D
morphology the energy shows the constant value of 417 kJ mol™ at 1023 K and
1073 K. At temperatures higher than 1073 K, the partial molar energy has an
increasing trend for BThollow and BTcubes samples, but for the BT1D only at
higher temperature of 1273 K the increase is significant; however one can be
noticed that even at this temperature the partial molar energy has lower values
comparatively with hollow and cube-shaped nanoparticles.

In Fig. 3 the variation of log p,, as a function of 1/T for all the samples is
presented.
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Fig. 3. Variation of log Po, s a function of 1/T for the samples BThollow, BTcubes and BT1D.

One can be observed that the values of p,, obtained for the BT1D sample are

almost one order of magnitude lower than the corresponding values of the oxygen
partial pressure of the BTcubes and BThollow samples in the temperature range
from 773-973 K. Finally, at temperatures higher than 1073 K, the p, values

obtained for both nanorods and nanocubes morphologies become comparable, but
Po, values of BT1D sample are still lower comparatively with the other two

morphologies. Based on the above presented results, the variation of A@oz and

Po, with temperature suggest the lowest concentration of oxygen vacancies in the

perovskite lattice for the barium titanate with 1D morphology in the temperature
range bellow 973 K. Clarifications regarding the binding energy and the order in
the oxygen sublattice of BaTiOz; perovskite structure can be achieved by
determining the AHo, and ASo, values in temperature ranges in which the partial
molar free energies are linear functions of temperature, namely 773-873 K for
BTcubes, 823-973 K for BT1D and 773-923 K for BThollow (Fig. 2 and Fig. 4).
The decreasing of the enthalpy and the increasing value of the entropy for BT1D
suggest the increased binding energy of oxygen and the random distribution of the
oxygen vacancies into the perovskite phase for the one-dimension barium titanate
nanoparticles.
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Fig. 4. The variation of Aﬁo2 and Ago2 for the BThollow,
BTcubes and BT1D samples.

The variation of the thermodynamic properties A@oz , Aﬁo2 and Ago2 , as

well as Po, with temperature, indicated that 1D BaTiO; nanopowders have the

lowest concentration of oxygen vacancies randomly distributed into the perovskite
lattice and the highest binding energy of oxygen. The obtained results are
significant in morphology - properties correlation for the perovskite-type oxide
nanomaterials, indicating the enhancement of the thermodynamic properties for 1D
shape morphology.

2. Thermodynamic Nanostructure Stabilization in the
Metastable Alloys Systems

One of the challenging problems related to the understanding and practical
exploitation of the enhanced properties of nanocrystalline materials is the thermal
stabilization of a nanoscale grain size. The thermal stability of these
microstructures is essential for adopting nanocrystalline materials in commercial
processes and applications. Because the refinement in grain size is accompanied by
a significant increase in volume fraction of grain boundaries, the thermal stability
involves not only the stability of the grain structure, i.e. microstructure, but also the
stability of the structure of the grain boundaries in nanocrystalline materials [12].
The lowering of interfacial energy with grain refinement and lattice strain in
nanometer-sized crystallites plays an important role in controlling grain size
stability of nanocrystalline materials during the grain growth in nanocrystalline
phases [13-17].



By applying different analytical and simulation models, significant
stabilization has been predicted for some nanocrystalline alloys synthesized
through far from equilibrium processing techniques, such as vapor deposition and
mechanical alloying [18-21]. By these methods a metastable equilibrium state at
the nanoscale grain size can be produced such that the driving force for grain
growth would be eliminated at a critical grain size. However a few systems have
been provided experimental evidence that this thermodynamic approach can
suppress grain growth and stabilize nanostructured polycrystals [22-24]. Such
analyses need the thermodynamic data, because the driving forces for chemical
reactions and diffusion can be given properly in terms of thermodynamic
properties. Despite of the importance of this issue of research, the experimental
information on the thermodynamic functions relevant for the thermodynamic
evaluation of the processes associated with the formation of nanoalloy phases it is
scarce and need to be investigated.

It has been a goal of our recent work [25, 26] to investigate the characteristic
parameters that favor stable nanostructured phases in some systems of nanoalloys.

Ag-Cu is one of the nanoalloy systems which have received considerable
attention for both applicative and fundamental reasons. Even though Cu and Ag are
satisfying the Hume-Rothery criteria to form solid solutions, both elements
presenting crystal structure similarity and an atomic size mismatch <15%, however
they are mutually immiscible in the solid state under equilibrium conditions, and
exhibit positive enthalpy of mixing [27]. Even though these alloys did not easily
synthesized by conventional metallurgical methods, however the use of far from
equilibrium processing techniques, such as vapor deposition and mechanical
alloying, can extend the solid solubility in such systems [18-21]. Of particular
interest for us is to evidence the role of the thermodynamic properties in
controlling grain size stability of nanocrystalline material with eutectic
composition Ag - 28% Cu.

The eutectic composition mixture Ag + 28% wt. Cu has been processed by
mechanical alloying (MA) route, starting from powders of Ag (Sigma
AldrichP99.9%) and Cu (Sigma Aldrich 99%) [25, 26]. The powders were mixed
in appropriate amounts in a planetary ball mill Pulverisette 6 (Fritsch, Germany)
under protective argon atmosphere and at different milling times (from 10 to
80 hours). The detailed technological parameters are described elsewhere [28].
Using Brookhaven 9Plus/BI-MAS technique it was determined that only samples
milled for 80 hrs presented nanometric particle size distribution.

The microstructure of the sample after milling, as well as after milling with
subsequent controlled annealing, was studied by powder X-ray diffraction (PXRD).
The procedure was described in detail in our previous paper [25]. The most intense
diffraction line associated with Ag-Cu alloys is shifted compared to the position of
the pure Ag line, showing the formation of a solid solution AgCus, (Fig. 5). The
medium crystallite size at room temperature and during heating until 973 K was



calculated and represented in Fig. 6 as a function of temperature. The crystallite
size variation with temperature is not monotonous. Until about 500-550 K the
crystallite size is stable. After this temperature, crystallite size rises with the

temperature.
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Fig. 5. XRD pattern of as-milled sample.

The thermal behavior of the processed samples was investigated under both
non-isothermal regimes (by differential scanning calorimetry, using a DSC Setaram
SETSYS Evolution 17 equipment) and in isothermal regime (by drop calorimetry



using a multi-detector high temperature calorimeter MHTC-96 of SETARAM in
the drop mode (Figs. 7 and 8). A critical comparison of the results obtained by
these methods revealed new features related to the occurrence of the micro-
relaxation process (at about 448 and 473 450-480 KK), as well as of the correlative
effects of decomposition and growth processes (from about 480 K to 973 K). These
aspects were in detail discussed in our previous paper [25]
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Fig. 7. DSC curves of the Ag - 28% Cu powders milled for 80 h.
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Fig. 8. Temperature dependence of enthalpy increment (Hr - Hagg) of the
Ag - 28% Cu powders obtained for 80 h milling times.



In order to further evaluate the previous results, the thermodynamic data
represented by the relative entropy and free energy functions for Ag - 28% Cu
nanopowders has been derived from the experimental enthalpy data and then
represented as a function of temperature in Fig. 9.
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Fig. 9. Gibbs free energy function and relative entropy of the nanozised
Ag - 28 % Cu powders as a function of temperature.

Then, the thermodynamic data were correlated with the results obtained from
XRD analysis. It was observed an unusual variation of both crystallite size and
thermodynamic data during heating (Fig. 6 and Fig. 9). Until temperatures around
500-550 K, the crystallite size does not increase with temperature, the medium
crystallite size having about 32 nm. This statement suggests that in this interval the
reduction in the grain boundary energy shows weak temperature dependence.
Meanwhile, Gibbs function and entropy have particular evolution. The higher
values for entropy at low temperatures, around 500 K, are explained by the
nanocrystalline structure generated by processing using ball milling technique and
are characteristic for the high degree of disorder present at the grain boundaries
(Fig. 9). At the same time, the energy dependence has a free energy minimum at
these temperatures, which corresponds to the range of stable crystallite size. This
means that the free energy of the system reaches a local minimum with respect to
the grain growth to some critical value of 32 nm. This result is in agreement with
some previous studies [24, 29-33] speaking in the favor of the thermal stabilization
of nanocrystalline metals and alloys. The onset temperature for grain growth
process and the energy of activation for this process have higher values compared
to the conventional materials. In the present case, when the temperature is higher



than 500 K, the crystallite size increases obviously with the increase of heating
temperature (Fig. 6), suggesting that the equilibrium grain size decreases, aspect
which is also in agreement with the evolution of the energetic parameters (Fig. 9).

The results obtained in the present study give for the first time evidence that
the concept of thermodynamic nanostructure stabilization is a real phenomenon for
the mechanically alloyed Ag-Cu nanopowders with eutectic composition. At this
point further studies are in progress in our laboratory for the investigation of the
stability of the Ag-Cu nanoalloys with different Ag/Cu ratio.

3. Investigation of the Changes in the Stability
of Proteins in the Presence of Nanoparticles

In the recent years there has been a renewed interest in the nanoparticle —
protein interaction. This issue is particular useful for both scientific and applicative
reasons. Studying bio-nano interactions is important not only for the understanding
the biology functions at the nanoscale which opens new opportunities for more
efficient diagnostics, therapeutics and tissue regeneration, so-called nanomedicine,
but also to find key findings for nanosafety research which is an emerging field
investigated in parallel with development of novel applications [34-36].

The protein adsorption layer that forms on the surface of nanoparticles is set
by means of several forces such as hydrogen bonds, solvation forces, Van der
Waals interactions, electrical interactions etc. [37, 38]. The nanoparticle surface
can induce conformational changes in adsorbed protein molecules and can also
introduce thermodynamic instability making it susceptible to chemical denaturation
which may affect the overall bio-reactivity of the nanoparticle [39]. Thus, the
thermodynamics of protein-nanoparticle interaction is a key issue when searching
for both fields: nanomedicine use and assessment of the safety of nanomaterials.

In the Laboratory of Chemical Thermodynamics have been initiated studies
having a principal goal the thermodynamic characterization of the
biomolecules—nanoparticle interaction.

The study involves two important objectives:

- The investigation of the changes in protein stability (protein
folding and denaturation) by measuring the thermodynamic properties
represented by heat capacity, enthalpy and entropy of the protein thermal
denaturation in the presence of nanoparticles.

- The investigation of the thermodynamic parameters characterising
the binding biomolecule-nanoparticle interaction, namely: Kq, dissociation
constant; n, the number of binding sites per biomolecule; AH, enthalpy
changes; AG, Gibbs energy changes; AS, entropy changes of binding
interaction.

In the present paper will attempt to address the former one, this issue being
directly related to the proposed subject of this work.



For the experiments of protein denaturation in the presence of TiO,
nanoparticle, were chosen human serum albumin (HSA) and TiO, rutile
nanoparticle (NP) in order to investigate the possibility of a complex formation.
HSA is generally used as a model protein in many studies and TiO, NP is the
widely used in research and industry fields. The aim of this work is to discuss the
importance of thermodynamic parameters in predicting the stability of the system
HSA-TiO, with regard to possible biological consequences.

The human serum albumin (HSA) - purity 99% and TRIS buffered saline
(TBS) tablets, pH 7.6 were purchased from Sigma Aldrich Chemical Company.
The rutile mineral form of titanium dioxide is a surface area reference material
provided by Quantachrome Instruments with a multi-point BET surface area =

13,82 (mzlg). The medium crystallite size calculated by powder X-ray diffraction
(PXRD) has been of 23.3 nm. The HSA lyophilized solid powder was dissolved in
TRIS buffered saline (TBS) solution at pH 7.6. Ultrapure water with conductivity
lower than 4.87 uS has been used for the solution preparation. The TiO,
nanopowders in different concentrations (1, 4, 7 and 10 pg/ml) have been dispersed
in the 10 mg/ml HAS-TBS solution using ultrasonic bath (45 kHz) for 3h at 30°C.
The resulting suspensions were incubated at 37°C for 1h, under gentle magnetic
stirring at 250 rpm. Afterwards, considering that the protein-nanoparticles
complexation reaction reached the equilibrium, the mixture was centrifuged using a
Hermle centrifuge, model Z 326K at 12000 rpm for 30 min. Two fractions have
been obtained: the top fraction containing the protein excess (fraction 1) and the
bottom fraction (fraction 2) with the protein-nanoparticles complex. For each TiO,
suspensions, denoted Sy, Sy, Ss, S, corresponding to the initial concentrations of 1,
4, 7 and 10 pg/ml, respectively, fraction 2 has been collected for further analysis.
As reference, pure HAS in TBS solution has been considered and the sample was
indexed as So.

The thermodynamic behavior of the HSA/TiO, systems has been investigated
by Calorimetry using a T.A. Instruments differential scanning NanoCalorimeter
model 6300, in the temperature range from 293.15 K to 363.15 K at a scanning rate
of 2 K/min.

Figure 10 shows the heat capacity versus temperature profiles for the thermal
denaturation of HAS in the absence and in the presence of TiO, of different
concentrations. Changes in the C, are believed to originate from the disruption of
the forces stabilizing native protein structure [40]. Associated with protein
unfolding process, AC, occurs as a result of changes in hydration of side chains,
which are buried in the native conformation but become exposed to the solvent in a
denatured state [40-42]. Any change in the conformation would affect the position,
sharpness, and shape of transition(s) in DSC scans. One can notice that the DSC
profile is sharper in the absence of TiO,. The heat capacity corresponding to the
transition temperature decrease with the increase in TiO, concentration and the
transition temperature range enlarged for the sample with higher TiO,



concentration. The increase in width of the transition peaks can be due to a larger
conformational heterogeneity in the surface-bound proteins and/or a less
cooperative heat denaturation process [43].
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Fig. 10. The variation with temperature of the heat capacity in the
presence of TiO, of different concentrations.

From DSC experiments, the thermodynamic parameters of unfolding as a
result of heat denaturation could be obtained. The enthalpy function can be
measured through integration of the Cp:

Tl
aH:f ACp dT
T1 (1)
AH indicates total heat energy uptake by the sample after suitable baseline

correction affecting the transition [43].
Accordingly, the entropy change could be obtained from the equation:
T2AC
AS = f P dT
n T (2)
In the Table 1 are presented the thermodynamic functions calorimetrically

obtained for fraction 2, together the van’t Hoff enthalpy calculated by the van’t
Hoff equation [44] when the transition is assumed to be of the two-state type, that



is, the native form is converted directly to the denatured form, without passing
through an intermediate [40, 45, 46]. In two-stage behavior, the ratio AHy, / AHgy
= 1. However, according to our data, for smaller concentrations of TiO,, AHyy /
AHgy <1, indicating that the fraction of the macromolecules in the native form
decreases, and the result is an enhancement of the equilibrium constant value and
the decreasing of AH4. Instead, for higher concentrations of TiO,, AH,y is more
than AH¢, and the intermolecular cooperation is shown [40]. So, the results are
indicative for complex transitions.

Table 1. Calculated thermodynamic data

Sample AHca (kImol™) AS (kJmol*K™) AHyy (kJmol™)
S; 598.84 1.86 471.61
S, 391.47 1.16 378.36
S3 301.95 0.93 331.09
S 289.21 0.87 328.27

From the Table 1, one can observe that increasing of the TiO, concentration,
the enthalpy change is decreasing. The value of the denaturation enthalpy for BSA
in the absence of TiO, has been also determined and found to be of 737.53 kJmol™.
Comparing with this value, it can be concluded that AH decreases upon adsorption,
indicating that BSA has a lower structural stability in the adsorbed state than in
solution. Decreases in structural stability due to adsorption have been reported
earlier for soft proteins such as BSA [43]. This effect is more pronounced for the
higher concentration of TiO..

Further examination of the enthalpy and entropy changes shows that the
complexation between NP and BSA involves unfavorable enthalpy change (AH >
0) which is compensated by favorable entropy gain (AS > 0), resulting in overall
negative free energy changes (AG) (according to Gibbs law of free energy: AG =
AH-TAS). This statement is indicative for the enthalpy-entropy compensation
process, which is commonly observed for many host-guest complexes [47, 48]. The
positive entropy changes obtained for these interactions reflect the extensive
desolvation during complexation, being in agreement with some previous results
showing that in complexation of smaller proteins like BSA, higher degree of
surface interaction results from the release of a large amount of the water of
hydration from the binding interface [47].

This result, together the previous analysis resulting by comparing AH,4 and
AH¢y speak in the favor of the competition between the stabilizing forces, leading
to the unfolding of the protein and the intermolecular cooperation factors [40]. At
this point further studies are in progress for the thermodynamic analysis of protein



interactions with nanoparticles by using isothermal titration calorimetry (ITC)
which is a powerful tool to resolve the nature of supramolecular interaction which
is very crucial for further applications.

4. Conclusions

This article has summarized some of the recent efforts performed in the
Laboratory of Chemical Thermodynamics in uncovering the key factors governing
the stability and reactivity of some structural nanocrystalline materials. Several
conclusions can be drawn from the characterization data obtained so far.

e Exploring the relationships between morphology and thermodynamic
properties of nanocrystalline BaTiOz we obtained that particular behavior of the
one-dimensional (1D) morphology could be explained not only qualitatively by the
structural changes, but also by the fact that the energetic properties are extremely
sensitive to the chemical defects in oxygen sites. Comparatively with BThollow
and BTcubes, the BT1D nanopowders have the lowest concentration of oxygen
vacancies randomly distributed into the perovskite lattice and the highest binding
energy of oxygen. The obtained results are significant for the understanding of
processing-structure relationships, indicating the role of the thermodynamic
properties in obtaining shape—controlled perovskite-type oxide nanomaterials.

¢ Investigating the metastable phases of nanoalloys synthesized by severe
deformation non-equilibrium methods we obtained that the energetic parameters
may be used to explain the experimentally observed stability in particular
temperature ranges associated with the growth process of nanometer-sized in
comparison with that of micrometer-sized samples. We proved_for the first time
evidence that, the concept of thermodynamic nanostructure stabilization is a real
phenomenon for the mechanically alloyed Ag-Cu nanopowders with eutectic
composition.

¢ In relation to bio-reactivity of the nanomaterials, the investigation of the
changes in protein stability in the presence of nanoparticle is an important issue of
research. As a first step of this study, the temperature-dependence of the heat
capacity and the enthalpy measurements generate additional information on the
adsorption-induced changes in structural stability of the proteins. The obtained
results on the thermal denaturation of BSA in the presence of TiO, nanopowder
show that the NP surface can introduce thermodynamic instability to the adsorbed
protein molecule making it susceptible to chemical denaturation. Further studies by
ITC will provide insight into the nature of supramolecular interaction between a
biological macromolecule and a nanoparticle.
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Abstract. In this paper examples of own data of vapor-liquid equilibrium
(VLE), thermodynamic and thermophysical properties of binary ionic liquids (ILs)
(1-butyl-3-methylimidazolium chloride, bromide and iodide) with organic solvents
(1-butanol or water) mixtures are presented. Two from the ILs are solids in normal
conditions. From the data obtained, the vapor-liquid phase diagrams, excess molar
Gibbs energy, heats of mixing or excess molar enthalpies, densities and excess molar
volumes, refractive indexes, surface tensions, dielectric permittivities and their
deviations from ideality, are presented. The data thermodynamic modeling is shown,
for their accuracy demonstration. The same type of data can be obtained for systems
composed of solid nanostructures with liquid solvents, with practical application in
actual top energetic nanotechnologies.

1. Introduction

Recently, the ionic liquids (ILs) have become solvents with large
applicability because of their very special properties: low melting points and a wide
range of temperature in which they exists in liquid state, reasonable viscosity,
chemical stability up to very high temperatures, high solubility in nonpolar or polar
organic solvents, high conductivity, negligible vapor pressure and therefore non-
flammability. These make that ILs be used in so-called green chemistry, for partial
or total replacement of volatile organic solvents which are, as it is known,
flammable and toxic. They can be very interesting solvents for a variety of
industrial applications [1]. Beyond these, they are much discussed as selective
solvents (entrainers) for various separation processes [2, 3]. The methods of their
synthesis are well developed [4], but for various scopes it should be well known
their properties, in many cases for their mixtures with organic solvents. For a better
understanding of their thermodynamic behavior, correlated with the development
of predictive thermodynamic models, phase equilibria data and thermodynamic and



thermophysical properties are required. As a result, in recent years, various
research groups in the world began systematic studies; currently there are more
than 12,000 sets of experimental data containing over 58,000 points accumulated in
Dortmund Data Bank. They are not far enough, even more many of them are not of
satisfactory precision [5] for verifying or development of adequate predictive
thermodynamic models involved. Therefore, with our new research project
concerning the thermodynamics of ILs with organic solvent mixtures, we aim to
enrich the existing data bank and to bring qualitatively original contributions.

It is well known that alcohols form azeotropes with water being difficult to
separate and to obtain desired alcohols of high purity without using an appropriate
entrainer. It has been shown that new generation green solvent ionic liquids can be
good in this role. To describe the VLE for the ternary water-alcohol-IL system,
VLE for the constituent binary subsystems are required. The VLE experimental
data for 1-butanol + water system are known from old literature [6-8] while for 1-
butyl-3-methylimidazolium chloride ([omim]Cl), bromide ([omim]Br) or iodide
([omim]l) + water systems they were already reported [9]. Here, we determined
experimental isothermal VLE data for these three ILs with 1-butanol binary
systems at the temperature of 363.15 K in a limited composition range due to the
reduced quantity of expensive ILs which was at disposal. In addition,
refractometric measurements at the temperature of 308.15 K have been performed
for whole composition range. From refractive index of mixture and densities of the
pure components at the same temperature, the densities, the excess molar volumes,
surface tensions and dielectric permittivities and their deviations vs. composition
data of the binary mixture have been predicted by Lorenz-Lorentz (np-p) mixing
rule [10] or by known equations [11, 12]. As far as we know, no experimental data
exist in the literature concerning these binary systems [9]. The phase equilibria,
thermodynamic and thermophysical data reported here bring new information
required for the design of the separation process of 1-butanol using organic salts as
[bmim]CI, [bmim]Br, and [bmim]l and an insight into specific inter and intra
molecular interactions or into structural arrangements existing in the binary IL + 1-
butanol system.

Other binary system of industrial interest is that of [omim]CI + water. For it,
many properties are available [9]. Only excess molar enthalpies are missing [9].
Therefore they were measured in this work. Due to experimental restrictions, these
properties have been determined at 303.15 K and high dilution of water, in the
range of 0.0009-0.0160 mole fraction of IL.

2. Experimental
2.1. Materials

The chemicals used for the VLE and refractive index measurements were of
high purity, imported from commercial sources. The characteristics of the used
compounds are summarized in Table 1. After purification, all chemicals were
deposited in closed system to dried atmosphere, on calcium chloride, during all



experiments. A good comparison with literature values has been obtained for the
density and ultrasonic sound velocity experimental values of the pure compounds.
Also a good comparison was found for the refractive index and the vapor pressure
of 1-butanol. This is shown in Table 2.

The samples of the ionic liquid 1-butyl-3-methylimidazolium chloride
[bmim]CI for the heat of mixing measurements was vacuum dried at 301.15 K for
four days, at 316.15 K for 2 days at 0.1 kPa and stored as described above. Water
was double distilled and deionized before use.

Table 1. Commercial sources, purities and methods of purification of the
used chemical compounds for the VLE and refractive index measurements

Compound Commercial Purity / mass Purification method
source fraction

[bmim]CI Fluka > 0.980 Dried in the oven at 70°C and 20 kPa
for 48 hours; content of water after
drying: 0.0004 mass fraction

[bmim]Br | Fluka >0.970 Dried in the oven at 70°C and 0.1 kPa
for 10 days; water content after
drying: < 0.001 mass fraction

[bmim]i Aldrich > 0.990 with <0.005 Dried in oven under vacuum of 0.1

water content kPa at 70°C for 48 hours; water

content after purification: 0.0007
mass fraction

1-butanol Riedel de Héaen > 0.995 D/gied and stored on molecular sieves
4

Table 2. Refractive indices, np, densities, p, and ultrasonic sound velocity, s,
at atmospheric pressure and vapor pressures, P, of pure compounds

np® p°/(gcm?) s/ (ms? P/ kPa

Compound This Lit. This Lit. This Lit. This Lit.
/ work work work work
T°/K
[bmim]ClI/ ‘ ‘
308.15 1.4990 10754 | 1.07651' | 1839.2 18481

1.06832!
[bmim]Br/
308.15 15326 | 154207 | 1.2843 1.290° 1642.1

1.549

[bmim]l/
308.15 15781 | 156707 | 1.4717 | 1.480731% | 14733

1.450'
1-butanol /
308.15 13931 | 1.39342" | 07981 | 0.79821" | 1207.0 | 1206.26"
363.15 3356 | 34.19'

Standard uncertainties, u: ®u,p = 0.0001, bup =0.0001 g cm?, ‘ug= 0.1 m s, %up = 0.1% of measured
value, and °ur = 0.01 K for density, refractive index and speed of sound measurements, ur = 0.1 K for
vapor pressure measurements. T13]; 9[14]; "[15]; '[16]; '[17]; ¥[18]; '[19].




2.2. Methods

The vapor pressure measurements of pure 1-butanol and of the binary
mixtures were carried out by an ebulliometric method using a Swietoslawski
ebulliometer modified according to Rogalski and Malanowski [20]. The apparatus,
is described in details elsewhere along with the experimental procedure [21],
usually employed [20, 22, 23].

The equilibrium temperatures in the ebulliometer were measured with an
accuracy of £0.1 K, by means of mercury thermometers (previously calibrated at
National Institute of Metrology, Bucharest).

The vapor pressure was measured by means of a mercury manometer.
Manometric readings were performed with a cathetometer to an accuracy of
+0.1 mm, and pressure reproducibility was estimated to be better than 50 Pa. The
accuracy of the pressure measurements is estimated to be 0.1% of measured values.
The composition of the liquid phase in equilibrium with the vapor phase was
analyzed by the refractometric method making use of a calibration curve obtained
by measurements of the refractive index of weighed samples (accuracy better than
+0.2 mg by GH-252 A&D Japan balance) at one constant temperature and data
correlation with Redlich-Kister polynomials [24] with three parameters in the form:

nE=n, - [an]l +(1- x)nD12]= x(1- x)[a0 +a,(1-2x)+a,(1- 2x)2] 0

The Redlich-Kister parameters ao, a;, a, of eg. (1) were obtained by
maximum likelihood optimization method using the following objective function:

X (Xi exp Xi ,calc)2 (ng,i exp ng,i ,calc)2
OF Zl: -7 + = @)

The refractive index was measured by a digital Abbemat RXA 170 from
Anton-Paar (Austria) at the wavelength of the D line of sodium, 589.3 nm, with
accuracy better than +0.0001. The temperature of the Safire prism was controlled
by a Peltier element to within +0.01 K and the calibration of the apparatus was
carried out with bidistilled and deionized water and by determining refractive
indexes at 298.15 K and its deviations for the binary cyclooctane + toluene system
at nine compositions. The error resulted from the comparison of our refractive

index deviation values, ng, and those calculated from 2-parameter Redlich-Kister

correlation of experimental data from literature [25] was 2:10™ in mean absolute
average, which it means a good comparison.

The estimated error for n§, which is defined as

ng =Np = XNp, _(1_ X)nD,Z ©)



is better than 2:10™. In egs. (1) and (3), N, ; and ny,represent the refractive

indexes of the pure components 1 and 2, n, the refractive index for the mixture

142, and X denotes the molar fraction of component 1 (IL) in the binary mixture.
Each measurement of refractive index consisted in 4 readings for the same sample.
Its averaged value is reported as one experimental point. Special attention was
devoted to avoid moisture absorption from the atmosphere in pure chemicals and in
their binary mixtures since it is known that water content of the sample has an
important effect on refractive index value. By this way, the error in the
determination of the liquid phase composition was 0.001 mole fraction.

The of vapor-liquid equilibrium VLE apparatus and experimental
procedure were successfully verified and used for investigation of different other
systems as mentioned previously [26].

The density and ultrasonic sound velocity measurements of the pure
compounds at 308.15 K were carried out by using a density and sound velocity
meter Anton Paar DSA-5000 M with precision of +0.000005 g-cm® and
+0.01 m s™. Dried air and distilled deionized ultra pure water at atmospheric
pressure were used as calibration fluids for the cell. The probes thermostating was
maintained constant at £0.01 K. The experimental measurement uncertainty for
density was better than 0.0001 g-cm® and for the sound velocity better
than 0.1 ms™.

The calorimetric measurements were carried out in SETARAM C80 3D
computer-controlled mixing and reaction calorimeter using reversal mixing cells
made from stainless steel. Each reversal mixing vessel is in the form of an 80-mm
high vertical cylinder with two compartments. The smaller, lower recipient (0.6
cm®) of the measuring cell contained the known amount of [bmim]Cl and was
closed by a removable lid. The same amount of water was added to the lower part
of the reference cell. The larger, upper container (5.0 cm®). of each cell was used to
contain the water sample. The measuring and reference cells were placed inside the
metallic block of the Calvet-type calorimeter. The temperature was measured by
means of a 100 Q platinum resistance thermometer located between the two
vessels, and was held constant to within £0.05 K during each measurement. The
working temperature was fixed and, when thermal equilibrium was reached (in cca.
2.5-3 hours), the components in the vessels were mixed by rotation of the
calorimeter block using the rocking device. The differential heat-flux was then
recorded, and integrated as a function of time to give the heat changes during mixing.

The calorimeter was calibrated electrically using the Joule-effect by means of
a special cell with calibrated heaters as recommended by IUPAC [27]. We checked
the accuracy of the calorimeter by performing test measurements of the enthalpies
of solution at infinite dilution of KCI (crystals) in bidistilled and deionized water.
Our value was with 0.6 % or 0.097 kJ mol™ lower than literature value [28] at



303.15 K. The reproducibility in determining the mixing enthalpy was
+0.002 kJ mol™.

3.Results, Modeling and Discussions

The experimental isothermal (P, x) data measured for the binary systems of
[bmim]ClI, [bmim]Br and [bmim]l + 1-butanol at 363.15 K are shown in Fig. 1.
The vapor pressure of pure 1-butanol has been measured each time for the three
investigations presented here. An average value is shown in Table 1, while direct
experimental value is shown in Fig. 1. The data for the [bmim]CI system were
correlated with 3" order Redlich-Kister model [24] with ideal assumption of the
vapor phase and by using maximum likelihood optimization method. Those for
[bmim]Br system were correlated with Wilson model [29] treating vapor phase by
virial equation of state and by using Barker optimization method [30]. Finally, the
data for the [bmim]l system were correlated with Wilson model treating the vapor
phase with virial equation of state and by using maximum likelihood optimization
method. The model parameters and standard deviations of the measured properties
are shown in Table 3. The regression by means of Barker method and maximum
likelihood method was made employing a program described by Hala et al. [31].
The objective functions are defined as it follows:

2
NP, —P
S:z( |,cP |,e] (4)

i=1 ie

for the Barker method, and
N
S:Z[(Pie - I:)ic)z / O-p2 +(Tie _Tic )2 / GTZ +(Xie - Xic)2 / ze] (5)
i=1

for the maximum likelihood method. N is the number of experimental points, P,
Ti, and x;e are the experimental data and Pj., T and x;. are the corresponding
calculated values for pressure, temperature, and liquid composition of component 1
(IL), respectively. In this work, the estimated standard deviations for the measured
quantities were set to op = 0.1% of measured value, or = 0.1 K, and o = 0.001,
respectively.

All standard deviations of correlations were calculated using the expression:

o, = [Z(Zi'e ~Z, ) I(N - m)]m, where Z is the value of the property P,

ng, and x, N is the number of experimental points and m = 2 in the case of Wilson

and 3" order Redlich-Kister models or m = 3 in the case of 4™ order Redlich-Kister
equation (used in correlation of the refractive indexes vs composition variation).

In the case of VLE data, when the real behavior of the vapor phase was
considered, it was described by the virial equation of state trucked after second
term. The second virial coefficients for both components and for binary mixture



were evaluated by means of the Hayden and O’Connell method [32], while the
molar volumes were calculated by using a generalized Watson relation [33]. For the
calculations, the experimentally determined vapor pressure of pure 1-butanol, that
estimated by Ambrose-Walton method [34] for [bmim]Cl and [bmim]Br, and that
estimated from http://ilthermo.boulder.nist.gov/index.html for [bmim]l were used.
The results of correlations are summarized in Table 3. In the range of the liquid
composition measurements, in Fig. 1 and Table 3 it can be seen a good agreement
between experimental and calculated bubble curves.
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Fig. 1. Bubble curves for the [bmim]Cl (), [bmim]Br (A), and [bmim]l (m) + 1-butanol
binary systems at 363.15 K. Filled symbols are experimental data, lines are
correlated data by thermodynamic models from Table 3.

Table 3. The models, their parameters values and standard deviations of the measured properties for
the VLE data of binary [bmim]ClI, [bmim]Br and [bmim]I + 1-butanol systems at 363.15 K.

Mixture Correlation Ao, A As Ay o(x) o(P), o(T),
model kPa K

[bmim]CI + 1- | Redlich-Kister | 4.7841 | -0.4373 | 0.0002 0.010 0.10
butanol

[omim]Br + Wilson 3650.40 | 44733.6 - 0.090 -
1-butanol
[omim]l + 1- Wilson 11718.7 | -2183.46 | 0.0004 0.010 0.14
butanol

The variation of the excess Gibbs energy, GF, with IL liquid composition in
the binary system is given in Fig. 2. Analyzing the GF values obtained for
[bmim]Br or [bmim]CI or [bmim]l with 1-butanol binary systems [35-37], it results



that at constant composition and temperature the GF is varying with the nature of
the IL in the order: [bmim]Cl > [bmim]Br > [bmim]l. This variation can be
explained by higher strength of the interactions between unlike molecules in the
case of [bmim]Cl than in the case of the [bmim]Br and in the case of [bmim]I, in
the same order of decreasing electronegativity of the halogen ion, thing which is

normal.
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Fig. 2. Calculated excess molar Gibbs energy for the [bmim]ClI (e),
[omim]Br (A), and [bmim]l (m) + 1-butanol binary systems at
363.15 K. Calculation models can be seen in Table 3.

Since the VLE data for the three IL + 1-butanol binary systems were
correlated successfully with a thermodynamic model without showing systematic
errors, we can say that the VLE data are thermodynamic consistent.

The experimental and calculated isothermal (xl,ng) data for the binary

systems have been determined at 308.15 K and they are shown in Fig. 3. The
correlation of the primary (x;, np) data has been made by 3-parameters Redlich-
Kister model by using maximum likelihood method, following the procedure
described in the section Apparatuses and procedures. The correlation results are
presented in Table 4. Due to the small water content of the ionic liquids, expected
values for the standard deviations of the liquid compositions have been obtained. It
should be mentioned that not complete purification of the organic salt is possible.
Similar situation was reported in the literature [18]. From Fig. 3 it can be observed
that excess refractive indexes are positive on whole composition interval and
increase in the order [bmim]l > [bmim]Br > [bmim]Cl being smaller when the
electronegativity of the halogen ion is higher and the molar volume is smaller. This
is normal since the steric effects are higher when the size of the molecules is
higher.
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Fig. 3. Excess refractive index variation with composition for the [omim]ClI (e),
[omim]Br (A), and [bmim]l (m) + 1-butanol binary systems at 308.15 K.
Filled symbols are experimental data, lines are correlated data by
Redlich-Kister model with 3 parameters given in Table 4.

Table 4. Redlich-Kister parameters and standard deviations obtained in correlation
of the refractive indexes and their excess vs. composition data for the binary
[bmim]ClI, [bmim]Br and [bmim]l + 1-butanol systems at 308.15 K.

Mixture ap a a o(x) | o(np5)x10*
[bmim]CI + 1-butanol 0.0604 0.0209 | 0.0148 | 0.0013 1.9
[bmim]Br + 1-butanol 0.0875 0.0275 | 0.0123 | 0.0010 1.9
[bmim]l + 1-butanol 0.1264 0.0394 | 0.0151 | 0.0005 0.9

From refractive index vs. composition data and measured densities of the
pure compounds at 308.15 K, densities, excess molar volumes, surface tensions
and dielectric permittivities at optical frequency and their deviations vs.
composition of the binary mixtures were determined by Lorenz-Lorentz mixing
rule [10] or by known equations [11, 12]. The selection of the mixing rule was
made after analyzing of ten different mixing rules results in giving the refractive
indices from experimental densities for twelve binary mixtures of various polarity
at 298.15 K [38].

The predicted variation of the excess molar volume with composition for the
binary [bmim]ClI, [bmim]Br and [bmim]l + 1-butanol system at 308.15 K is shown
in Fig. 4. As can be observed in this figure, the VE is negative on whole
composition interval; it is more negative when electronegativity of the halogen ion
decreases. The ionic liquids can act both as a hydrogen-bond acceptor ([CI], [Br],
[17) and donor ([bmim]®). It is expected to interact with 1-butanol which has both
accepting and donating sites. On the other hand, it is well known that 1-butanol is
hydrogen-bonded solvent with both high enthalpies of association and association



constant. Hence, it is expected to stabilize the IL with hydrogen-bonded donor
sites. For mentioned binary systems at constant temperature the effect of the anion
electronegativity on VF is not specific to new hydrogen bonds between unlike
molecules formation; it is most likely due to the packing between hydrogen
acceptor sites of 1-butanol and donor sites of imidazolium ([bmim]*) cycle. These
packing effects became more dominant when electronegativity of the IL anion is
smaller and temperature increase, as it was observed for other systems cited in
literature [39].
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Fig. 4. The predicted excess molar volume variation with composition for the
[bmim]ClI (-e-), [omim]Br (- A -), and [bmim]l (-m-) + 1-butanol binary
systems at 308.15 K by Lorenz-Lorentz mixing rule.

The surface tension of a liquid is a property of great importance in mass
transfer processes such as distillation, extraction, or absorption. It is not easily
measured, and considerable attention has been paid to the development and
analysis of equations allowing its prediction from properties for which data are
more readily available as refractive index, for example. The surface tension o is
related to the densities of the liquid p_ and of the vapor py phases of the substance
by using the Macelod equation [11]:

0= Ct(pL — Py )4 (6)

For a pure liquid compound, multiplying both sides by the molar mass M and
ignoring py in comparison with p,_ affords the Sugden equation [12]:

c’*M [ p_ =c"'*V_ = Parachor 7)



4
Parachor
—j (8)

\Y

m

from which it results: o = [

In egs. (7) and (8), the Parachor is assumed as mole-wise additive and molar
volume, Vy, is calculated from experimental densities of pure compounds and those
predicted for the mixtures by the Lorenz-Lorentz relation [10] (from Redlich-Kister
correlated refractive indices). So, we used eq. (8) to predict the surface tensions of
binary liquid mixtures at 308.15 K and after that to calculate the surface tension
deviation from ideality by applying a similar equation with eq. (3). Surface tension
variation with composition for the three ILs + 1-butanol binary systems at
308.15 K is shown in Fig. 5 and surface tension deviation variation with
composition for the same systems and temperature appears in Fig. 6.
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Fig. 5. The predicted surface tension variation with composition
for the [bmim]CI (-e-), [omim]Br (- A-), and [bmim]I
(-m-) + 1-butanol binary systems at 308.15 K.

The parachors of the [bmim]CI, [bomim]Br and 1-butanol (in the case of
chloride and bromide binary systems investigations) pure compounds have been
predicted by additive group contribution methods of Tyn and Calus, 1975 [40]. The
surface tensions of pure 1-butanol compares well with those determined
experimentally in literature [41] with mean absolute relative deviation of 2.7 %.
The calculated surface tensions for pure [bmim]ClI are about 20 % lower than those
brutish extrapolated from literature experimental data [42]. The parachor of
[bmim]l and of 1-butanol (in the case of iodide binary system investigation) has
been calculated from the surface tension of the pure component from literature at
308.15 K [43, 41] and molar volume at the same temperatures determined
experimentally in this work. Due to the two different modes of estimating parachor



for 1-butanol, it appears a small difference in its surface tension in Fig. 5. As can
be seen in Fig. 6, the surface tension deviations predicted here are positive on
whole composition range, and increase with decreasing the electronegativity of the
IL anion. The positive values are explained by the volume expansion resulted from
the new H-bonds and packing between unlike molecules in the binary mixture IL +
1-butanol. It seems that packing of the molecules is dominant since excess surface
tension is higher at higher molar volume of the IL.
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Fig. 6. The predicted excess surface tension variation with composition
for the [bmim]ClI (-e-), [omim]Br (- A -), and [bmim]I
(-m-) + 1-butanol binary systems at 308.15 K.
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Fig. 7. The predicted dielectric permittivity at optical frequency
variation with composition for the [omim]Cl (-e-), [bmim]Br (- A-),
and [bmim]I (-m-) + 1-butanol binary systems at 308.15 K.



From refractive index data, the relative permittivity at optical frequency can
be calculated by squaring the refractive index determined at the wavelength of
589.3 nm. For 1-butanol, the relative permittivity agrees well with that extrapolated
at 308.15 K from experimental literature data [44] with mean absolute relative
deviation of 0.35%. No data have been found for the ILs for comparison. The
dielectric permittivity (Fig. 7) at optical frequency is obtained by multiplying
relative permittivity by vacuum permittivity. As it can be observed, this property is
higher for [bmim]l. This is the reason why this IL is used in fuel cells. The excess
permittivity (Fig. 8) calculated by a similar equation like (3) is found to be positive
on whole composition interval and increase with decreasing electronegativity of the
IL anion. This indicates again that in each binary IL + 1-butanol system
investigated in this work both unlike molecular species interact in such a way that
they act as more H-bonded structure than those of pure compounds themselves.

The heat of mixing or excess molar enthalpies for the [bmim]Cl + water
system at 303.15 K and in the range of 0.0009-0.0160 mole fraction of IL are
presented in Figure 9. The data have been correlated with 4™ order Redlich-Kister
model. As can be seen in this Figure, the data are quite scattered (9.59 J mol™
standard deviation) due probably to the fact that the amount of water content of the
IL is not negligible. Further measurements will be done with more vacuum dried
samples, stored probably under high vacuum during entire experiments. However,
for these measurements, the Redlich-Kister parameters obtained from data
correlation are: a = -2257.65 J mol™, b = -2195.16 J mol™ and ¢ = -2134.58 J mol™.
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Fig. 8. The predicted excess dielectric permittivity at optical frequency variation
with composition for the [omim]ClI (-e-), [omim]Br (- A -), and
[bmim]I (-m-) + 1-butanol binary systems at 308.15 K.
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Fig. 9. Excess molar enthalpy variation with composition at 303.15 K
for the binary [bmim]CI + water system. Symbols represent
experimental data and line the correlation with 4™ order
Redlich-Kister model.

4. Conclusions

The binary 1-butyl-3-methylimidazolium chloride, bromide and iodide + 1-
butanol systems have been investigated isothermally at vapor-liquid equilibrium at
temperature of 363.15 K. By correlation of the experimental (P, T, x) data with
thermodynamics models like 3 order Redlich-Kister or Wilson it was found that
the system [bmim]Cl is azeotropic while the other two systems are zeotropic, with
positive deviations (the case of [omim]Cl and [bmim]Br systems) or small positive
and negative deviations (the case of [bmim]l system) from ideality. The GF values
at 363.15 K and constant composition varies in the order: [bmim]Cl > [bmim]Br >
[omim]I due to the decreasing of the specific intermolecular interactions between
IL and organic solvent molecules at mixing.

For the same systems, refractive index measurements have been performed at
308.15 K in whole composition interval. Excess refractive index is positive for all
systems on whole composition range and increase with decreasing
electronegativity of the IL anion and with increasing of the molar volume of the IL.
This is attributed to the steric effects which are higher when the size of the
molecules is higher.

Using the Lorenz-Lorentz (np-p) mixing rule, the densities, excess molar
volumes, surface tensions and surface tension deviations have been predicted. By
other known relations, dielectric permittivity and its deviations have been also
calculated at the same temperature of 308.15 K. Structural effects for the binary



investigated mixture have been explained again in terms of excess thermophysical
properties.

For the [omim]Cl + water system, the data of excess molar enthalpy have
been measured at 303.15 K and at high dilution of water. The heat of mixing is
negative indicating strong interaction between this IL and water molecules at
mixing. The types of interactions could be of H-bonds and packing between unlike
molecules.

Two of the ILs under study ([omim]CI and [bmim]Br) were solids in normal
conditions of temperature and pressure. Similar research study can be made for
solid nanostructures with liquid solvents which form homogenous solutions at
mixing. It was proved that even for this type of mixtures is possible to obtain
accurate thermodynamic data which are of interest in the actual top energetic
nanotechnologies.
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Abstract. The use of the same boundary integral equation method allows the
treatment of different systems with different sizes on different frequency scales of the
electromagnetic field. Thus, the radiofrequency behavior of biological cells, the surface
optical phonons/polaritons in semiconductor nano- and microparticles, and the collective
electronic response in metallic nanoparticles can be described as electrostatic resonances
that depend on the shape of the systems and are essentially scale invariant. We will analyze
not only the similarities but also the differences between the resonances of these systems.
Representative examples and applications will be given for each distinct case.

1. Introduction

One of the fundamental aspects of science and technology is the interaction of
electromagnetic fields with matter. Materials respond in a number of ways when an
electromagnetic field is applied upon them, depending on their nature, structure and
size as well as the intensity and the structure of the impinging field. For example the
optical response of a nanoparticle made of a given semiconductor is different from the
response of a bulk semiconductor of the same type due to quantum confinement [1].
Another example is the difference between optical linear and non-linear response of
materials that is determined by the intensity of light [2]. The microscopic description
of materials necessitates the laws of quantum mechanics but there are many situations
when classical physics is enough to describe satisfactorily the behavior of nanoscopic
materials. Such case is that of metallic nanoparticles whose optical behavior is well



described by Maxwell equations or more simply by Laplace equation in the quasi-static
approximation [3]. A comprehensive look at the interaction of radio-frequency fields
with dielectric materials down to nanoscale can be found in the review from the US
National Institute of Standards and Technology [31].

Although the optical response of metallic nanoparticles is a quantum effect the
success of classical description resides in the fact that material properties of metals are
calculated with and come from guantum mechanics. In this work we will show that the
interaction of electromagnetic fields with three different systems in three different
wavelength regions can be treated with the same method. We consider that the
electromagnetic radiation has the wavelength much larger than the size of systems
under consideration (at most one tenth of the wavelength). While this assumption (also
known as the quasi-static approximation) is fulfilled without difficulty in applications
involving biological cells interacting with radio-frequency fields and surface optical
phonons/polaritons in semiconductor nanoparticles, there is a much greater care when
one is dealing with optical properties of metallic nanoparticles [4]. From computational
point of view there are a plethora of numerical methods that can treat not only the
quasi-static but also the full dynamical regime [4, 41]. Unfortunately these methods are
computationally intensive and most of the time they may hide relevant physical
information and correlations since they are purely numerical. In the following we will
present a boundary integral equation method that works in the quasi-static regime and
provides relevant information about shape, number of modes, and dielectric relations in
the response of particles to electromagnetic stimuli [5, 6, 7]. By a number of examples
we will show the utility of the method in applications.

In the next section we will outline the method and its numerical implementation.
Then we will apply it to dielectric spectra of biological cells in radio-frequency, to
localized plasmon resonances in metallic nanoparticles, and to surface polar optical
phonons/polaritons in semiconductor nanoparticles. The present contribution will end
with conclusions and an outlook toward future applications and development.

2. Boundary Integral Method
2.1. Basic Equations

Consider a dielectric homogeneous particle (Fig. 1) of volume V and complex
dielectric permittivity &, delimitated by surface X immersed a host medium of
dielectric permittivity &, and subjected to a spatially homogeneous with an amplitude

Eo and temporally oscillating (harmonic) field with angular frequency . The Laplace
equation in the frequency domain and completed with boundary conditions is:



A®(x) = 0; everywhere in 3D space excepting =
oo oD
o 1 A
on|, on|_
—-VO(X) > E,, [X| >
The formal solution of (1) can be cast in terms of single layer distribution:

D(x)=- x-E0+—ﬂ u(y) @)

P XEX (1)

Fig. 1. Homogeneous particle of permittivity e; and volume V, bounded by surface X
and immersed in a dielectric of permittivity . By n we designate the normal to ~.

In other words, the single layer function u(x) defines the solution of the

problem (1). In the following we use the general formulae for the derivative of the
single layer potential. For a potential

yje.Z|X y| (3)
we have the following derivative formulae [8]:
V() = tu()- 2 [ AN gy @
+ 2 yel |X_ |
v 1 u(y)n(x)-(x- y)
S0 =300 [ ©

Rewriting the boundary conditions from (1) for the solution (2) at >



%:%‘r‘j (6)
and using (4) and (5) one gets
%tJ(x)—ﬁyduw)Tii)ﬂgx_Y)dzy=”'Eo ()
or defining the operator M on = we have
iu(x)—l\?l[u]:n-Eo, (8)
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with 1=(&-¢,)/(&+&) . a dielectric factor. The operator M is not symmetric,

but it has the same eigenvalues as its adjunct operator M ", which has the following
expression

- [ e ©

Moreover the relation between u,, the eigenfunctions of ™M, and v,, the

eigenfunctions of M, is given by Vv, = éuk where
3 1 u(y)
STul= dx 10
[U] 47Ty~£2|X—y| y ( )

iIs a symmetric operator derived from the single-layer potential [7]. The
eigenfunctions u, and v, are completely defined by the bi-orthonormality

relation <vi |uj > = 5” . The operator M has the spectral decomposition

M(u)=zk:)(kﬁk [u]=zk:)(k|uk><vk|u>' (11)

~

Here B, and y, are the spectral projector of the operator M and its
corresponding eigenvalue, respectively. Now applying Eqg. (11) to Eq. (8) we will have
1
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The spectral projectors FA’n are linearly independent; therefore Eq. (12) provides
the solution of (8) as

=3 - 1ka[n E]- z”—EZu (13)

k 21 k
In Eq. (13) E, =E,;N with N the normalized vector and n, =(v,[n-N) with (| )

the scalar product defined on 2 [7]. We make several remarks. The induced charge u
contains explicitly information about dielectric properties of the particles along with
information about the shape. The response defined by u also is decomposed in
eigenmodes that may have physical relevance with respect to different multipoles of
the response. We will see those by analyzing concrete examples. Additionally, the
main response provided by u is a dipolar response that is evaluated by calculating the
dipole moments of u.

Fig. 2. A model for shelled particle.

2.2. Shelled Particles and Their Homogenization

Another case that will be discussed below is that of shelled particles with
dielectric permittivitiese,, &;, and &, for outside, for the shell (usually thin), and for
inside the shell, respectively. Boundary conditions are needed to be set on both
interfaces %, and X, (Fig. 2). Thus, the single-layer solution looks like

O(x)=-x-E,+ —I ) dz, +— I 'uZ(y)dE (14)

x—y| 47ryezzlX yl

yEZl



where g, and p, are the induced charge densities on surfaces X, and X, of the shell,
respectively. Similar operators may be defined

e s (xoy)
Miil: i:layezi |x—y|3 dx, (15)

and the solution comprised of £, and z, will obey the following equations

1 R R
aﬂl(x)_ My [/ul]_ My, [,Uz] =n-E,

1 . .
gﬂz(x)_le[ﬂl]_Mzz[ﬂz]= n,-E,
2

(16)

with 4 =(£i —.9i_l)/(5i +‘9i-1)-
Now, let us consider that the outer surface of the shell is obtained by expanding
the inner surface by a factor »>1. We want to define a homogenization process to

replace the shelled particle with a particle that is homogeneous and generates the same
field outside. Thus the equivalence of a shelled particle with a homogeneous one that

satisfies the analogous of Eq. (8) with an equivalent charge density , is obtained in a

following manner. First, one can notice that the operators I\7Ill and M,, have the same
eigenvalues/eigenvectors. The potentials generated outside by the homogeneous
particle with charge density g, and the shelled particle must be the same. This

condition is fulfilled if one imposes same Neumann boundary condition on the outer
surface [5, 9]

o0, | _ 0P 17)
on 5, on 5,
Equation (17) can be written as
1 - 1 - A
E:us(x)"'M[:ue:|=§,u1(x)+Mu[ﬂl]"'Mlz[/uz] (18)

Then using the first equation of (16) we obtain

(3 )uC0-2u (0t (19)



The solution of (19) is found by the decomposition of , and g, in the basis
generated by the eigenvectors of M = M,, and work within each subspace generated by
the spectral projectors:

Moy = ﬁ[%(“‘%) Moy — I:A’k [n' Eo]] . (20)

Here 4, and g, are the expansion coefficients of 4 and g, . If we write (20) in
analogy with (12) then in each individual subspace generated by the spectral projectors

we have

1 1

1+— oy = 1+ Mo - (21)

[ ﬂlJ * [ ﬂk_eﬁectivej i

Combining (20) and (21) one finds 4, . as a function of
1++ 14

[1+ 1 ]= ( Al)/‘lk(zA Zk) ' 22)

ﬂ'kfeffeclive %(1+ %) =P |:n . E0:|

A meaningful relation, as we will see shortly, is obtained if we parameterize

ﬂ’k_effective as
Ex_eft %0

/,lk_effective = (23)

& o T &

2.3. Solution in the Dipole Approximation

The next step is to solve Egs. (16) in order to find 4, ... and ¢, from Eq.
(22). To solve (16) we make approximations consistent with the dipole approximation,

namely: (a) the normal component of the electric field falls off as r > outside the
surface and (b) it is constant inside the surface. Thus the dipole approximation reads
[5.9]

R 1(1 R
M, [/Uz] ~ ?(Eﬂz +M,, [,u2 ]) (24)

- 1 -
le [/u’.l] ~ _Eﬂl"' M11 [IUL] .



Equations (16) together with the dipole approximation (24) can be reformulated
in terms of a direct product of Hilbert spaces for operators M defined on surfaces X,

and X, , respectively. In matrix form the solution is

yz(”l) (25)
Hy

Equations (16) and (24) can be combined and then written in the following
matrix form:

) (4)-(75) -

2 n-E
- l+|\/| L_M H 0
2 22,

where M is the matrix form of M . Equation (26) is solved by matrix inversion.
Cumbersome but straightforward algebra manipulations lead to the following
expression of ¢,

E ot =& | 1+ L4 , (27)
- &+ol2—y)e,+0(112+ y )

with parameter 5 =7*-1= 1. To summarize, the solution for the effective charge of a

homogeneous particle that is equivalent with a shelled particle is

1 ~
=Y ——R[nE] (28)
2/11( _ effective - lk

with 2, e and & given by Egs. (23) and (27). Therefore, by the process of

homogenization Eq. (28) is similar to Eqg. (13) but with a dielectric factor 4 that is
geometry-dependent and has different values for different eigenmodes.

2.4. Effective Permittivity of a Random Assembly of Particles

In the quasi-static regime the incident field E, is constant such that only the
dipolar part of the induced charge contributes to response of the system [5]. In a
concise manner the dipolar response is given by the volume weighted or specific
polarizability that is induced by the incident field. The specific polarizability is the
volume weighted dipole moment of the induced charge along the applied field, i. e.,



1 1
azvz 1

k 21— Xk

~ 1 pk
Xx-N|P |n-N :—E—, 29
< |k| > Vi le;L_Zk ( )

where V is the volume of the particle and x is the position vector pointing to the
surface 2. There are two sum rules needed to be fulfilled, one of them being of the
form > p, =1 [5, 10].

k

The effective response of a collection of randomly arranged particles to a
macroscopic field is obtained by summing the specific polarizabilities of the
constituent particles. There are several effective theories that describe with certain
success the effective permittivity of random assemblies of particles. The oldest one is
the Maxwell-Garnett formula which considers a dilute collection of spheres situated in
a uniform field (applied plus induced) [11]. A more refined mixture formula is the
Bruggeman’s [12], which, supposedly, works for larger volume fractions of spherical
particles in an assembly. A recent review on mixture formulas can be found in [13].
We proceed in a different manner. If we apply a mean field approximation [14], which
is also valid in the limit of low-volume fractions, the effective permittivity of the
suspension is

Ege =6+ | M. (30)

In Eq. (30) («) is orientation averaged specific polarizability. It can be shown
that («) may be calculated as an average over three orthogonal orientations. In the

dilute limit, i.e., p<<1, ¢, is linear in p, such that the linear approximation of Eq.
(30) combined with Eqgs. (28) and (29) will lead to :

E eff ~€0
& =gl 1+ f p = ' (31)
sus o{ Zk: k (1/2+zk)ao+(1/2—lk)‘9k_effJ

The influence of geometry on the dielectric response of the system is given by
P, and y,, hence Egs. (30) and (31) show a clear distinction between electric and

geometric parameters. In applications the effective permittivity given by Egs. (30) and
(31) is a complex-valued quantity, which considers not only the dielectric polarization
but also the losses into the system. These equations can be valid for mixtures like
suspensions of biological cells in radio-frequency as well as of semiconductor micro-
and nanocrystals for surface optical phonons/polaritons and of metallic nanoparticles



for localized plasmons [13]. Equations (30) and (31) are generalizations of Maxwell-
Garnett formula to particles of arbitrary shapes.
2.5. Numerical Approach

In the general case, only numeric solutions can be obtained for Egs. (13) and
Eg. (28). We adopt a spectral method that, contrary to any type of finite element or
other discrete versions, uses basis defined on the whole domain, which is in our case
the surface X [4, 5]. Thus if we choose a basis of functions

{la ()} o (29)

n=0,00
that are defined on the surface X, Eq. (13) will be written in matrix form as

i[i% - 'V'mn} A=B, (30)

n=0

m=0,N . N is the (finite) number of basis functions considered for simulation. The
matrix has the form

Mo == [ (%) an(y)(x_y)‘n(x)dﬁydﬁx (31)

and the column vectors are expressed by

A= [ u(x)a, (x)az,
2

B, = Ix(n(x)~N)an(x)dZX . (32)
ZX

The choice of basis {

a, (x))} determines not only the way the matrix defined by

Egs. (7) and (8) can be calculated but also the modality of solving the system of linear
equations (29). A convergence criterion in these methods is the accuracy by which the
sum rules are fulfilled. Another issue is how to define a basis for a given particle
shape. We consider here surfaces X that are diffeomorphic with a sphere [5,6].
Therefore, the correspondence between 2 and the sphere is given by differentiable
functions(x) and ¢(x), where @ and ¢ are the angles that define the sphere and x is

the vector that defines 2. A basis for smooth surfaces is



Y (0(X),0(X)). (33)

where s(x) is a (smooth) function which defines a measure on surface %, i. e.,
dx =s(x)dQ,, Y,, (6,¢) are the spherical harmonics defined on sphere, and dQ, is the

solid angle element also related to the sphere equivalent to T . The choice given by
Eqg. (33) is not as general as it might seem. This is one of the drawbacks of this
methods [4, 14]. But as we already noticed [15,16] when the spectral method may be
applied it has an exponential convergence [14].

3. Applications
3.1. Dielectric Spectra of Living Cell in Radio-Frequency

The use of radio-frequency fields in biological applications is advantageous due
to its non-invasive nature. The radio-frequency fields are used either for manipulation
[17, 18] or for cell imaging and bio-impedance measurements and analysis [19, 20].
The progress made by micro- and nano-fabrication enables dielectric measurements at
a single cell within the concept of Lab-on-a-chip [32]. In radio-frequency and further
in the microwave region there are encountered three interaction mechanisms of
biological cells with electromagnetic fields called a-, B-, and y-relaxations[33]. The
interaction of electromagnetic fields with ions and counter-ions around the cell
membrane is responsible for a-relaxation. It occurs at very low frequency about few
kHz and usually is very tricky to identify it because its complex capacitance competes
with the capacitance resulted from polarization of measurements electrodes. The
second relaxation, the p-relaxation, is due to the Maxwell-Wagner relaxation
mechanism. In this mechanism the main physical property that plays a defining role is
the cell polarization which, in principles, can be found from dielectric spectroscopy
measurements. The Maxwell-Wagner relaxation is a structural property depending on
both the shape and the dielectric parameters of cells. It takes place in the MHz region
of frequencies and is the most used in applications. The third relaxation mechanism
present in the microwave (GHz) region of the electromagnetic spectrum is y-relaxation
arising from the permanent dipole relaxation of bound water present in cells. Below we
will treat and discuss the pB-relaxation which is the most known and used in
applications regarding the interaction of electromagnetic fields of radio-frequency with
living cells.

In order to calculate the behavior of dielectric objects interacting with
electromagnetic fields one needs to know the dielectric response of bulk materials from



which the dielectrics are made. We start out with the Drude dielectric function [1],
which is the model of free electrons and describes metals. The Drude dielectric

function is

2
. w

— p
& =g ————, 34
" o(o+iy) (34)
where the * means complex quantities and ¢, is the real part of permittivity including
g,, o, is plasmon frequency and » is the ohmic-type loss. As we will see below it

oo 1 p

will be used for metals at optical frequencies and also for dielectrics with losses. In the
limit of low frequency @—0 we have & =g +iwl/(yw). Usually in dielectric

spectroscopy the following form of the complex dielectric constant is used
g =¢ —igy =6 —ido, (35)

with ¢ the ionic and/or electronic conductivity. Equation (35) considers a compact
form for the continuity of normal components of the electric induction and for the
continuity relation of electrical current at the interface. The sign issue between Eg. (35)
and the low frequency limit of (34) comes from the definition of the imaginary part of
complex permittivity. Equation (35) is the usual expression of complex dielectric
functions used in materials including biological systems in radio-frequency [31].

Fig. 3. Real part of the effective dielectric constant of a red blood cells in suspension.
The dashed/dotted lines represent the effective dielectric constant of a suspension of
aligned but otherwise randomly positioned cells in suspension for parallel/perpendicular
field orientation. The solid line represents the real part of the efffective dielectric
constant for random positions and orientations of the cells. The volume
fraction of the cells in solution is 5%.



The minimal model of biological cells is a particle covered by a thin shell
(membrane) with a very low conductivity. We consider here such a case for biological
cells. Models of multi-shelled cells can be easily studied by using the homogenization
procedure described in the previous section. If the dielectric constants of the form
given by Eq. (35), it is easy to show that the equivalent permittivity ¢ . in Eq. (27)
can be expressed as a term with one Debye relaxation term for each eigenmode whose
weight p, #0, i.e.,

gk_eff = €+A$k/(l+ia)Tk) . (36)

More generally, a suspension of particles with m shells has m+1 Debye
relaxation terms [21] for eiach eigenmode. The relaxation time T, is the inverse of the
relaxation frequency where the impedance of the system changes significantly and the
real part of the dielectric function has a visible drop. For a single shell the relaxation
time is given by [5]

N (1+6/2+ 8y, )&, +5(12- 1) &,
“ T (1 6R2+ 8y o+ (12— )0,
which provides the value of the relaxation time induced by the shell in the
experimentally accessible ¢, . Assuming that the shell has similar dielectric properties
with the cytoplasm, which will be the case for post-relaxation frequencies, then
T, = &/o, . However, if we consider a non-conductive shell (o, =0), the relaxation
time is

37)
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displaying the leading role of the thickness of the shell, and of the shape of the cell .
On the other hand the dielectric decrement Ag, of the relaxation is also inverse
proportional to &,

(38)

fpé&
Ag, v P 39
S @W2- ) (39)

Both parameters of the relaxation, namely the relaxation time and the dielectric
decrement, depend inverse proportionaly with the generalized depolarization factor

(1/2_Zk) [5]-
In Fig. 3 we plot the dielectric spectra of a 5% volume fraction suspension of red

blood cells. The shape of the cells are Cassini ovals given by the following equation in
(x,y)-plane and polar coordinates

r*—2a’r?cos(20)=b*-a‘ (40)



The shape is obtained by rotation about y-axis. We considered that the minimum
thickness of the cell is u=2vb*-a®=0.81 um and the diameter of the cell

isv=2vb*+a’ =7.82 um. The membrane is 1/100 of the total size and the electrical
parameters are: the relative permittivity of the cytoplasm is 51 and its conductivity is
0.73 S/m; the relative permittivity of the membrane is 9 and its conductivity is
0.0001S/m; and the relative permittivity of outer medium is that of water, i. e., 81, and
its conductivity is 0.1 S/m. We see in Fig. 3 that there is basically one relaxation that
is given by membrane and is practically the dipole part of the dielectric response.
Although there are several eigenmodes contributing to the relaxation shown in Fig. 3,
it appears as a single relaxation due to two factors: their relative close position and the
broad character of the dielectric relaxation itself.

However, situation changes when one of the eigenvalues is very close to the
largest eigenvalue which is 1/2. This can be the case of clusters of slightly connected
cells or alternatively in very elongated cells. Thus, in these cases a distinct relaxation
emerges at very low frequency. In Fig. 4 we present a case of two connected cells with
the shape depicted in the inset of the figure. The electric parameters of the cells are
those from Fig. 3 and the volume fraction of the cells is also 5%. The gap between
cells is varied such that below a treshold gap a distinct relaxation appears at lower
frequencies. Other cases are presented also in [6]. Similar situation will be found below
when we discuss localized plasmon resonances in metallic nanoparticles.

Fig, 4. Real part of the effective dielectric constant of a suspension of connected
cells for three gap sizes h: 0.5, 0.1, and 0.001 of the cell size. The inset
shows a cross-section of the connected cells in these three cases.



According to the general theory outlined above for each eigenmode there are two
relaxations of shelled particles. Thus, at frequencies larger than membrane relaxation
frequency, the cell permittivity and conductivity are determined by the dielectric
properties of cytoplasm and/or of outer medium. The second relaxation is visible
whenever the conductivity ratio of outer medium and cytoplasm is either <<1 or >>1.
The relaxation time is either

&
T ®— (41)
O-l
or, correspondingly,
T, i (42)
Oy

In Fig. 5 we depict the case where the conductivity of the suspension medium is
lowered from 0.1 S/m to 0.001 S/m.

Fig. 5. Same as Fig. 3, but the conductivity of the outer medium is 0.001 S/m.

The examples shown above demonstrate the usefulness of the BIE method as a
tool in studying and describing g-relaxation. It reveals that, depending on the shape and
on the electric parameters of the cells, there are three distinct regions of relaxations
whose parameters are defined by Egs. (36)-(39) and (40)-(41). These equation and
additional ones given in [6] can be a starting point in a process of fitting and thus
monitoring electric and shape parameters from dielectric measurements.



3.2. Localized Plasmon Resonances in Metallic Nanoparticles

Metallic nanoparticles made of noble metals interact strongly with light through
localized surface plasmon resonances (LSPRs) which are collective excitations of
conduction electrons [22]. Classically, the LSPRs appear at a dielectric interface where
the real part of the dielectric constant on one side of the interface is negative. For
metals and, more notably, for noble metals the dielectric constant is negative in the

frequency range [y,wp], which is at optical frequencies, hence the LSPRs are mostly

located in visible (VI1S) and near-infrared (NIR). The LSPRs confine the electric field
nearby the surface of nanoparticles enabling their use as sensors like refractive-index
sensors [23] or sensors based on surface enhanced Raman scattering (SERS) [24] and
surface enhanced infrared scattering (SEIRS) [25]. Metallic nanoparticles can be also
used to enhance the near-field microscopy [26], photoluminescence [27], second or
higher harmonic generation [28, 29], etc.

The specific polarizability « also defines the optical spectrum of LSPRs. In fact,
the far-field expressed by the extinction spectrum is characterized by the cross-section
extinction and is proportional to the imaginary part of « [6]

ext

c :%Im(av) (43)

The eigenmode decomposition of « allows also an eigenmode decomposition of
the extinction spectrum. The Drude model, moreover, allows explicit modal
expressions of « like in the following equation [6]

~2
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which provides the square of the localized plasmon resonance frequency by
@ = ((U2-2)@}) 2, and &, = (U2+ )& +(U2- z,)z, is an effective permittivity.
Similar to the expressions for membrane relaxation in living cells the term (1/2— 4, ) is
the depolarization factor of the eigenmode.

The near-field properties can be calculated with similar expressions like those
used for far-field because the near-field is generated by the same induced charge
density u. In [7] we have shown that the near-field enhancement at the surface = can
be calculated from the eigenfunctions of M and M'. Thus if an incident field of

strength E, acts on nanoparticle, the normal and tangent components with respect to
of the enhancements are given by

r



E,/E, = Zwuk (45)
and ST

E/E, = —;ik vy, (46)
where V, is the gradient in the tangenf[iplarwke to = . The total field enhancement at the
surface X is of the following form

Evoat/Eo = (En/Eo)* +(Ec/Eo ) +1. (47)

As in the case of the extinction spectrum equations (45)-(47) provide also the
near-field decomposition over the eigenmodes of u and an intuitive and a direct
relationship between the LSPRs and the near-field enhancement. Actually the total
electric field is complex-valued, hence its modulus represents the strength of the
enhancement and its phase is just the phase shift between the applied and the total
field. Equations (44) - (47) show elegantly the shift between near-field and far-field
peak intensities in LSPRs [30].

Equation (8) indicates that an LSPR is determined by the eigenmode weight py as
well as its eigenvalue yx. In the following we consider gold nanoparticles with the
Drude parameters also used in [7]. In Fig. 6 we show the influence of shape
modification on LSPR of prolate spheroid with an aspect ratio of 2:1 [15]. The shape
changes illustrated by volume variation of 11% may induce change in the LSPR
spectrum of metallic nanoparticles. The change appears for light polarization across
smallest dimension of the nanoparticle which is the transverse direction in our case.
Moreover, it was shown in [15] that the variation in the LSPR spectrum is made by the
variation of both the eigenmode weight px and the eigenvalue y«. For shape changes
with volume variations greater than 12% additional eigenmodes may appear in the
spectrum of LSPR. This kind of study is important in the design of plamonic devices
when a supplementary care must be considered for smaller dimensions of devices. In a
recent paper we also shown that near-field properties are much greater influenced by
shape variation because the near-field is more sensitive to local changes of the shape in
contrast to the far-field which rather depends on the overall changes of shape [34].

Dimers of metallic nanoparticles are very attractive for plasmonic applications
since they exhibit very large field enhancement [35, 36, 37]. Significant progress has
been made toward fabrication of dimers made of slightly connected nanoparticles due
to their advantage over non-connected dimers by the emergence of new strong
resonances in infrared [38]. In Fig. 7 we depict the far-field spectrum of a dimer made




of two almost spherical nanoparticles shown in the inset of the figure. The polarization
of the incident field is parallel with the symmetry axis of the dimer. The first LSPR is a
new resonance specific to the dimer; it is in infrared and is called charge-transfer
resonance [7, 9]. The second resonance is also specific to dimers, it is a “molecular
mode” because the charge is localized in the dimer gap like the hybrid molecular
orbitals in molecular physics [7]. Only the third one is specific to the sphere and is also
a hybrid mode of the two constituent spheres.

Fig. 6. Shape variation of LSPR spectrum by volume change of 11%. Solid/dotted line represents the
LSPR spectrum of the pristine/deformed spheroid for parallel (resonance at longer wavelength) and
perpendicular light polarization. The LSPR spectrum of deformed spheroid
was shifted upward for a better visualization.

Fig. 7. Imaginary part of specific polarization, a, which is proportional to extinction
spectrum of a closely touching dimer. There are three mainly LSPRs.
The inset shows the dimer and the direction of polarization.



The location of the third LSPR is almost the same as that of a single sphere [7].
In Fig. 8 we plotted the near-field enhancement at the surface on the nanoparticle. We
can easily see that the largest field enhancement is found in the gap between the
particles, the second mode having the strongest field enhancement of about 500. The
third mode has a field enhancement of 200, while the enhancement of the first mode is
about 70. We notice here that the near-field enhancement of a single sphere is about
20, which is an order of magnitude smaller than the similar eigenmode (the third) of
the dimer.

Fig. 8. The near-field enhancement of the LSPRs shown in Fig. 7. The first is plotted
on the left-hand side, while the third on right-hand side. The field enhancement
is plotted against the z-coordinate and has an axial symmetry around the same
axis. The inset shows the z-defined dependence of the dimer surface.

Other plasmonic systems of interest are nano-rods. Metallic nano-rods are
attractive because they are relatively easy to fabricate. Thus, by controlling their aspect
ratio one can tune the plasmon resonance from visible to infrared [37, 40]. An example
is presented in Fig. 9 with its ends being almost flat. Usually hemispherical capping is
considered. For hemispherically capped rods there is a scaling law which also is valid
in the quasi-static limit [40]. The aspect ratio of the nano-rod is 3:1. In Table 1 we
present the relevant eigenmodes, their weights and the field polarization for which they
are “bright”. By relevant it is meant all modes whose weight is larger than 2%. A
“pbright” mode is the mode with p, =0, otherwise the mode is “dark”.

From Table 1 and from Fig. 10 we notice that only eigenmodes with p, >0.2 can

be effectively seen in the spectrum. In the case of parallel (longitudinal) polarization
there is one major mode, i. e., dipolar, with p, ~0.9. There is a second mode, much

weaker and not actually seen in the spectrum. The second mode is basically formed as



two aligned dipoles as we have seen it from its eigenfunction (not shown here). When
the polarization is perpendicular there are several modes with relevant weights but only
two can be easily detected in the spectrum. The heights of these resonances are much
smaller than the height of the longitudinal resonance. So this example shows that nano-
rods can be used as successful plasmonic devices only for field polarization parallel
with nano-rod axis.

Fig. 9. A metallic nano-rod with flat ends. It is also shown the two
directions of light polarization considered in the main text.

Table 1. The most representative eigenmodes of the metallic rod depicted in Fig. 9.
Both polarizations are considered, i.e., parallel and perpendicular

Pk Ak P Ak
parallel 0.8939 0.4160 perpendicular 0.147221 0.24298
0.0427 -0.116 0.0246591 -0.0990
0.0218 -0.027 0.0419887 0.0968179
0.0484039 0.0438715
0.407311 0.0382197
0.249318 0.0358536

0.0438867 -0.012240



Fig. 10. Extinction spectrum of the nano-rod described in the main text. The solid line corresponds to
longitudinal polarization while the dotted line corresponds to transverse direction of the electric field.

3.3. Surface Optical Phonons

In nanostructures beside electrons and holes also phonons are confined [42]. For
phonons continuum models are very successful in describing their properties in
structures at nanoscale. Thus, in continuum models the boundary conditions at the
interface delimitating the nanostructures are very important. For acoustic modes the
displacement and normal component of stress tensor must be continuous while optical
modes require the continuity of the electric potential and the normal component
electric induction. In layered nanostructures [42] as well as in nanocrystals [43] there
are both interface and confined optical phonons. Phonons in nanostructures were first
studied in layered structures mostly due to their relations with the electron-phonon
coupling [44-49]. In nanocrystals or quantum dots there are several studies concerning
polar optical phonons more notably [50, 51] that suggest similar behavior of surface
optical phonons with plasmon resonances of metallic nanoparticles. They are called
localized phonon polaritons. Along with their role in affecting the electron-phonon
coupling and the lifetime of charge carriers in nanostructures the localized polaritons
have been used recently also in characterizing aerosols [52] and as alternate plasmonic
materials in IR and THz due to their low energy loss [53].

In the IR light couples with optical phonons leading to strong absorption in the
band called reststrahlen [1], between «, and «,, the frequencies of transverse optical

phonons and longitudinal optical phonon branches at the Brillouin zone center,



respectively [1, 53, 54]. This band appears only in polar crystals and the dielectric
constant in this band is [1, 53, 54]

5= s(oo)[uz‘?;z“’i} (48)

Fig. 11. Extinction spectrum of the InAs spheroidal nanodot. The solid line corresponds
to longitudinal polarization while the dotted line corresponds to transversal direction
of the electric field. The inset shows the spheroid and its dimensions in a ale invariant

theory. The dashed vertical lines are the lines defining the wavelengths associated
with longitudinal optical and transverse optical branches at the
Brillouin zone center [1, 53].

From Eq. (48) one can check that & is negative if o is between o, and o, .

Thus, nanocrystals exhibit localized polaritons in the reststrahlen band. In fact one can
show similar relations like those described by Eqs. (44)-(47) for localized surface
plasmons. Moreover, these localized polaritons have a much smaller frequency range
than localized plasmons since they are located between @, and o, . In Fig. 11 we

show the localized polaritonic spectrum of an InAs nanoparticle of spheroidal shape
with an aspect ratio of 2:1. The horizontal coordinate is the wavelength of the IR
radiation expressed in um. The parameters of the dielectric constant given by Eq. (48)
are taken from [1] and [54]. Similar to LSPRs, localized polaritons display stronger
absorption when the field is polarized in the direction of longer dimensions because it
is also proportional to 1/(1/2— ;(k) . Moreover, the above formalism can also describe

crystal microparticles with sizes of few um given that the resonances are at
wavelengths above 40 um (we remind that, in order to obey the quasi-static
approximation, the size of the particle should be much smaller than the radiation



wavelength, usually by a factor of 10).

4. Concluding Remarks

In this work we have presented a spectral approach to the boundary integral
equation method that can be used in a variety of frequency ranges of the
electromagnetic field and for different classes of micro- and nano-structures. We have
shown that the method obtains a modal decomposition of the response to
electromagnetic excitations and each mode has a definite dependence on electrical and
geometric parameters of the system. Maxwell-Wagner relaxation in biological cells,
localized plasmon resonance in metallic nanoparticles and localized surface polaritons
in quantum dots can be successfully analyzed by this approach. Insights into physical
properties and direct dependences on electric and geometric factors are provided.

The approach can be further developed and improved in several directions. For
biological cells the method permit the development of some procedures by which one
can extract electrical and geometrical parameters of the cell from dielectric
measurements. For localized plasmon and polariton resonances the theory can be
extended beyond the quasi-static limit to consider retardation [55]. Non-local effects,
which are purely quantum, can be considered in many other ways [56, 57]. Fully
qguantum calculations are quite expensive from computational point of view [58],
consequently other quantum effects like tunneling can be successfully described by
guantum corrected models [59]. As a result, the calculation method presented in this
work is by itself a valuable tool for studying nanostructures and also is a good starting
point for more refined procedures that that may describe in an intelligible manner the
physics at the nanometer level.
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Abstract. This paper presents results on metallic nanoparticles behaviour in a
micro-electro-fluidic system for cell separation and electroporation. The microsystem
has a fluidic layer with channel, reservoires and electrodes in contact to liquid media in
the channel. The functionalities of the microsystems include cell separation by
dielectrophoresis and cell electroporation by membrane permeabilization. Metallic
nanoparticles are used to be attached to specific cells for detection and also contribute
to increasing the field local intensity inside the channel. Simulation results were
obtained for electric field distribution and nanoparticles migration by electrophoresis
and dielectrophoresis.

Keywords: metallic nanoparticles, microfluidics, cell electroporation.

1. Introduction

Nanotechnology remains today the research area with the broadest field of
applications, from material chemistry to electronics, optics and medicine. Magnetic
nanoparticles are one of the most studied nanomaterial, due to its very interesting
properties, especially SPIONs (superparamagnetic iron oxide naoparticles).
Magnetic nanoparticles, with various size and compositions are an attractive
research material in a variety of topics, including biomedicine [1-3].

Cell labelling using magnetic nanoparticles is an increasingly used approach
for various applications, from cell recognition in diagnosis devices to tracking
therapeutic cells following infusion or transplantation in vivo, due to their



outstanding biocompatibility and superparamagnetic properties. Magnetic forces
are used to separate cells in vitro [4], but also to attract cells by an external
stimulus with applicability for tissue engineering [5] or for cell therapy [6].

Magnetic labelling of living cells creates opportunities for numerous
biomedical applications, from individual cell manipulation to MRI tracking of
subsequent differentiation of these therapeutic cells, T-cell or stem cells, allowing a
better understanding of cancer development and intervention mechanisms [7, 8]. In
this type of applications the main requirement is to make sure that cells possess
sufficient magnetization to allow a suitable reaction to the external magnetic field,
without major changes in cell viability and functionalities.

The control of the size and monodispersity is very important because the
properties of the magnetic nanoparticles strongly depend upon the dimension. For
the biomedical application, size, size distribution, and chemical and physical
properties of magnetic nanoparticles are essential to be known and quantified.

Since the MNPs are intensively studied for the last four decades, there are
many methods developed to prepare iron oxide nanoparticles, usually magnetite
FesO, or maghemite Fe,O; nanoparticles, such as co—precipitation from the
solution of ferrous/ferric—salt mixture in alkaline medium [9], oxidation of Fe(OH),
by H,0, [10], chemical vapour deposition [11], the sol-gel method [12], thermal
decomposition [13] etc.

The surface functionalization and encapsulation in various carriers allow the
interaction of magnetic nanoparticles with cells. Superparamagnetic iron oxide
(SP1O) nanoparticles could be directly attached onto cell surfaces [14]. They can
be also internalized via a receptor-mediation (they induce specific recognition with
receptors at the surface of targeted cell) or transfection agent-mediated endocytosis
pathway, with a non-specific mechanism of interaction with plasma membrane [15].

There are various types of labelled cells, aside from common cells, using the
functionalization of magnetic nanoparticles with biological ligands that ensure
specific recognition from the receptors on the cell membrane. The size, zeta
potential, stability in culture medium of the formed complexes and interactions
with cells are finely tuned by the nature of the ligand and the functionalization
procedure. [16,17]. Recent studies pointed out that ligand- SPION nanoparticles
complexes may precipitate and be absorbed on the plasma membrane of cells rather
than internalization [18], leading to a control of their properties hardly achievable.

Up to now, a series of potential markers were adopted as imaging targets for
pancreatic islets, but none of these targets or tracer probes has allowed for islet
imaging successfully in humans as yet, mainly due to the unfavorable signal-to
background ratio. Superparamagnetic iron oxide nanoparticle (SPIO) has made
important contributions for developing negative contrast agent for in vivo imaging
of trasplanted pancreatic islets, and possibly for future beta cell imaging [19].
Much endeavor has been aimed at developing suitable procedures for efficient
intracellular labeling, given the fact that precise localization of stem cells after



transplantation is critical for understanding cell-fate and therapeutic efficacy [20].

One of the most important applications of SPIONs in medicine is as superior
contrast agent in MRI [21]. Magnetic nanoparticles with polymeric coating for
increased biocompatibilty are used, but still have not reached their full potential in
terms of internalizing efficiency, MRI sensitivity, and especially lack of toxicity.
Numerous studies already demonstrated the in vivo tracking of SPION-labeled
MSC by MRI in various tissues, such as brain, liver, kidney, spinal cord,
myocardial heart and traumatic muscle tissue [22-24].

Several studies describe the use of complexes made up of transfection agents
and SPI1O nanoparticles which were used to enhance the labelling efficiency of the
magnetic nanoparticles. Also in this case the surface functionalization of the
magnetic nanoparticles play an important role in the interaction with the cells [25].
The anionic surface charges are reported to be unfavorable for internalization due
to the electrostatic repulsion between the anionic charged particles and the anionic
charged cell membrane [26]. Moreover, it is clear that cationically charged
nanoparticles could internalize into the cells more easily [27]. The transfection
agents, cationic compounds, are helpful in transporting SPIO nanoparticles to the
target cells, some of them allowing adhesion to the culture dish surface via in vitro
cell cultivation [28, 29]. Transfection agents (TAs) include cationic peptides,
lipids, polyamines, and dendrimers. Cationic thiolated surface stabilized
superparamagnetic iron oxide nanoparticles (TSS-SPIONs) were established by
chelation between thiolated chitosan—thioglycolic acid (chitosan-TGA) hydrogel
and iron ions (Fey+/Fes+) [20].

Another simpler magnetic nanoparticles were also used for cell tracking,
nonpolymer-coated SPIONs stabilized with monomers or chelating agents with
anionic charges, such as citrate or dimercaptosuccinic acid [30]. There were
performed type- and dose-dependent cell labeling studies evaluating the
intracellular iron uptake and the MRI signal loss, including determination of the
impact of magnetic labeling on mesenchymal stem cell function.

However, for the biomedical applications such as to track the transplanted
cells in vivo, to monitor cellular biodistribution, or assessing the efficiency and
safety of cell-based therapies the issues related to the increased biocompatibility,
stability and size control of the MNPs are still needed . Therefore, many researches
are devoted to formulate new surface modified SPIONs with improved
biocompatibility, appropriate MRI sensitivity and efficient internalization into
therapeutic cells.

The purpose of this study is to investigate the movement of MNPs under
effect of electric field in a microsystem dedicated to cell separation by
dielectrophoresis and cell irreversible electroporation to release intracellular
content for further biomedical analysis. The ferromagnetic particles are
functionalizated with specific cellular antibodies to form bioconjugates and they
are used for cells caption and detection.



2. Synthesis and Characterization of Magnetic
Nanoparticles (MNPs)

Reactants FeCl,, 4H,0, FeCl; 6H,0, ammonia (25% solution) were Aldrich
reagents. Citric acid and hidrochloric acid were Fluka reagents. All chemicals were
of analytical grade and were used without any further purification. For the
synthesis and washing distilled water was used.

The nanoparticles used in this study were prepared in aqueous media, since the
post-synthesis modification to obtain water dispersible MNPs is quite difficult
procedure and the persitance of the organic reactants is very common. The Fe;0Oq4
magnetic nanoparticles were prepared according the Massart co-precipitation
method with minor changes [31]. Briefly, an agueous mixture containing 9.36 g
FeCl; and 3.44 g FeCl, dissolved in 100 ml of bidistilled water was slowly dropped
into an alkaline solution obtained from 50 ml of ammonia (25%) diluted in 50 ml
of water, under moderate stirring, at 75°C. The resulting mixture was left to react
for 60 minutes under N, atmosphere. The obtained black precipitate was
magnetically separated, washed with bidistilled water and stabilized by adding
hydrochloric acid. To obtain —COOH functionalized magnetic nanoparticles, a
further complexation was performed by adding citric acid under constant stirring at
50°C for 2 hours. Finally, MNPs were magnetically separated, washed three times
with distilled water. The hydrodynamic particle diameter of the MNPs was
measured by dynamic light scattering and the zeta potential was determined by
laser Doppler velocimetry module, using a ZetaSizer Nano ZS instrument. The
particle size measurements were performed in distilled water, and zeta potential
was measured in 1 mM NaCl.

The preparation of FesO4 nanoparticles using co-precipitation method leads to
the formation of rather monodisperse samples, with nanoparticle size around
72 nm, as it is shown in figure 1. The zeta potential is - 25.7 mV, a value that
suggests a stable dispersion of magnetic nanoparticles.

Fig.1. Hidrodynamic radius of the MNPs.



3. Electrokinetic Theory for Metallic Nanoparticles

The electrokinetic motion of the particles occurs when suspensions in a liquid
solution migrates under effect of an electric field [32]. Electrokinetic phenomena
include electrophoresis, electroosmosis and dielectrophoresis. Electrophoresis
refers to the migration of electrically charged particles in the presence of an applied
electric field. The electrophoretic velocity of the particle related to suspending
medium is proportional to the applied electric field strength:

Ve = HepE 1)
where ., is the electrophoretic mobility given by [33]:
2C¢,
Hep = 3n (2)

Here, £ denotes the zeta potential of electrical double layer at solid/liquid
interface, €, is dielectric constant of particle and n is the liquid medium viscosity.

The electrical double layer (EDL) is a thin layer around particles that contains ions
of opposite charge to the nanoparticles surface charge. Zeta potential is the electric
potential at the interface of EDL. For nanoparticles as ferromagnetic, gold or
covered with gold, zeta potential is in range of [-45..-30] mV [33, 34].

Another electrokinetic phenomena is dielectrophoresis (DEP) that represents
the movement of polarisable particles in non-uniform electric field. When placed in
a non-uniform electrical field, the particles are electrical polarized and experience a
translational force. This force depends on electrical properties of the particles and
fluid, as well on the intensity and frequency of the applied electrical field [35]. The
DEP force is given by relation:

- 1 .12
Foer =5V Re(o*)V|E| 3)
where Vp is particle volume and a* is the particle polarizability, which depends

on complex permittivity of medium (ep,) and particles (s;), and angular
frequency of electric field w:

. gp*_gm*
a 238m T :38mK (4)
ep *+2m *

The term K is called Clausius—Mossotti factor. DEP velocity and mobility
can be further written:

Vpep = HDEPV‘E‘Z (5)



Vo
Hpep = of (6)
where o = Re(a*), R is the radius of particle and f = 6nnR is the Stokes factor.
For spherical metallic particles it is assumed that resistivity p — 0, and gp > ©
[36] and the force and mobility become:
- 3 12 2mre
F= 2nrp8mV(‘E‘ ); Hoep = 1‘3

DEP force on metallic particles is therefore in direction of largest field.

m

()

4, Simulation Results
Electrostatic

For numerical study of metallic nanoparticles behaviour under electric filed, a
microchannel of 1 mm lenght, 300 um width and 100 um was designed. On the
top surface the electrodes area were defined for boundary condition in applied
voltage. A first study was performed using ANSYS Multiphysics. A cross section
was considered for 2D simulation. The fluid media was deionized water (relative
permittivity 80 and conductivity 6.6x10° S/m at 20°C). Fe;O4 nanoparticles (14.2
relative permittivity) of 100 nm diameter were considered in volume. Figure 2
illustrate the distribution of voltage for 20 V applied between electrodes and for 30
um interelectrode gap. Electrodes are placed on the bottom side. In absence of
particles, the electric field reach a maximum value of 1.9 V/ um (fig. 3). When
nanoparticles are taken into account, the local field around it are increasing (fig 4).

Fig. 2. Voltage distribution (V).



Fig. 3. Electric field distribution (V /um ) in absence of particles.

Fig. 4. Electric field distribution: vector orientation in the presence of particles.

Another set of simulations were performed in Comsol Multiphysics by
considering nanoparticles of 100 nm and 50 nm diameter distributed as 90 spheres
in a matrix of 10 lines and 30 columns. Their positions are simmetric related to
channel centre. The distance between two adiacent spheres is 5 pm on X axis and
12.5 ym on Y axis. The analysis were done for 20 um interelectrode gap and 20 V
applied. In figure 5 electric field distribution is represented three versions: in
absence of nanoparticles, with particles of 100 nm diameter and with particles of
50 nm diameter. For comparison, the value of 3.476 \//um (or 3.476 x 10° VV/m),
which is the maximum field value in absence of particles, was kept as reference on
the scale for comparison, while the area marked by dark colour show the region
were field is higher than this value. The local field in the vicinity of nanoparticles
become higher and the increase is greater for smaller particles. The increase of
electric field for a given voltage in the presence of nanoparticles show that
phenomena as dielectrophoresis and cell membrane permeabilization can be
obtained with lower voltage and the Joule effect is minimized.



a)

b)

©) Scale (V/m)
Fig. 5. Electric field distribution (\V/m): a) in absence of particles;
b) with 100 nm diameter particles; b) with 50 nm diameter particles.

Electrophoresis

Electrokinetic simulation were performed using Coventorware 2012 software
package for evaluation of metallic nanoparticle migration under effect of electric
field. The particles moves by electrophoresis and dielectrophoresis. The 3D



geometry is illustrated in figure 6; the area corresponding to electrodes in contact
with liquid are placed on top surface. The finger of the electrodes have 100 pum
length and 20 um width and they are partially interdigitated along 50 um. The
interelectrode gap is 20 um. The mobilities and diffusion coefficients are listed in
table 1. Due to size variation, DEP velocity, that depends on particle volume, is
lower for smaller particles while diffusion coeficient is higher.

Table 1. Nanoparticles properties used in simulations

Nanoparticles 100 nm diameter 50 nm diameter
Concentration 1 puMoles/liter 1 puMoles/liter
Electrophoretic 2.328324 x 10° um?/(V' s) |-2.328324 x 10° um?/(V s)
mobility

Dielectrophoretic 5.479212 x 10° um*/(V* s) [1.369803 x 10° um*/(V* s)
mobility at 100 Hz
Diffusion coefficient 3.974261 um*/ s 7.948523 um*/ s

Fig. 6. Channel geometry with electrodes on top surface.

Electrophoretic analysis were made for various time interval considering that
at t=0 s, the voltage is applied (fig.7). The simulation results show that particles
migrate to electrode of negative charge (top surface, right side). For 20 V applied,
nanoparticles with 50 nm diameter require 10 s to be extracted from volume. The
volume and surface particle concentration at t=1s are shown in figure 8 in 3D
representation. Species 1 denotes particles in volume and Species 2 reffers to
particles on surface. Variation of concentration in time is represented in figures 9-
10 in longitudinal sections - (X-Z) plane and (X-Y) plane. The volume
concentration decreases while the surface concentration is increasing. The
concentration in volume decreases first in the opposite channel region related to
electrode where particles migrate.



Fig. 7. Voltage distribution (V) for 20 V applied between electrodes, top view.

a)

b)

Fig. 8. Concentration distribution in channel volume: a) Volume concentration (uMoles/liter);
b) Surface concentration (uMoles/cm?).



a)

b)

c)
Fig. 9. Distribution of volume concentration (uMoles/liter) in (X-Z) plane;
a) middle, t=1 s b) middle, t= 4s; c) near edge, t=4 s.

Fig. 10. Distribution of volume concentration (uMoles/liter)
in (X-Y) plane at Z=50 um;a) t=1's; b), t=4s.



In figure 11, the variation of total quantities of particles in volume and on
surface are obtained. These values are obtained by volume and surface intergration
respectively. Before applying voltage, the quantity of particles in volume is 3x10°
uMoles corresponding to initial concentration of 1 pMoles/liter. After voltage is
applied, the particles migrate to the electrode; the quantity in volume decreases.
Since no flow is considered, there is no outlet flux; the sum of volume are surface
quantities is constant over time. In case of 20 V applied medium velocity 33 pm/s),
approximately 89% from all particles reach the electrode surface in 6 seconds. For
10 V the particles are separated on electrode in 20 s.

a)

b)
Fig. 11. Variation of particle quantities (uMoles): a) 20 V; b) 10 V.



Dielectrophoresis

In a first stage, dielectrophoretic analysis was performed for the sime time
interval as electrophoresis (10 s) whithout flow. The results showed that only
particles in the vicinity of the electrodes (in a region up to 10 um in depth). For
better results it necessary to investigate the separation by DEP in a longer period of
time. The necessary time for particles to migrate in region of high electric field is
120 s. In figures 12-13 the concentration in the channel in 3D and sections is
represented at 5 s and 25 s to illustrate the variation in time. By DEP separation of
nanoparticles in the region of highest field, the volume concentration decreases
starting with region near electrodes. Figure 5 illustrates the concentration at 5 s and
25 s in case of flow.

a)

b)

Fig. 12. Distribution of concentration in channel volume: a) at 5 s; b) at 25 s



a)

b)

Fig. 13. Distribution of concentration in longitudinal sections: a) at 5 s; b) at 25 s.

a)

b)

Fig. 14. Distribution of concentration in longitudinal sections in case of flow :
a)at5s; b)at 25s.



Figure 15 illustrate the quantity on nanoparticles that decrease to a value
under 5x10° pMoles (representing 0,16% of initial value) in 100 seconds. The
DEP velocity depends on particle volume and it is higher for particles of 100 nm
diameter; as consequence, these particles will be extracted from volume faster than
in case of 50 nm diameter and, at a given time step, the remaining quantity in
volume is lower.

In case of fluid flow, there is a convective flux of particles trough outlet even
at low flow rates. In figure 16, a comparative variation of particles quantities are
represented. For 0.01 Pa applied between inlet and outlet, the medium flow
velocity (computed by flow rate divided by cross area) is 19.6 um, 15% of particles
are carried trough outlet.

Fig. 15. Variation of particle quantities in case of no flow (uMoles).

Fig. 16. Variation of particle quantities in case of flow (uMoles).



5. Conclusions

A numerical study on metallic nanoparticles behaviour in the presence of
electric field inside a microfluidic channel is reported. FesO, nanoparticles were
obtained using co-precipitation method; the measured zeta potential is - 25.7 mV,
that signifies a stable dispersion of nanoparticles. The presence on nanoparticles in
carrier fluid lead to local increasing of electric field; this effect can be used to
obtain required field for dielectrophoresis and electroporation with lower applied
voltage. The particles migrate to electrode by electrophoresis and in region of high
field by dielectrophoresis. The electrophoretic velocity is much higher than DEP
velocity; the migration by electrophoresis dominates and the particles are separated
on electrode area. |If carrier fluid flow trough the channel, part of nanoparticles
leave the channel trough outlet by convective flux and the quantity on the electrode
is reduced. In order to avoid the particle loss, after initial pulse flow for filling the
channel, the particles manipulation by electric field shall be performed in non flow
regime.
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1. Introduction

The first atomically thin material was a single atom-sheet matter consisting of
carbon atoms known as graphene. After ten years from its discovery now graphene
is a hot topic in research [1] and is produced by many companies [2] due to its
many applications in various branches of industry. Meanwhile starting four years
ago hundreds of new atomically thin materials were discovered and researched
[3].Graphene is now a main topic in nanoelectronics [4] and photonics [5]. The
THz devices or graphene are at the border between electronics and photonics [6].
Graphene was first obtained by using a scotch tape and was detached as flakes
from graphite with a subsequent transfer it on a doped Si/ SiO, substrate [7].The
method is still applied today for graphene other 2D materials originating from bulk
layered materials. Nowadays, the graphene grown by CVD methods is the key
technology for batch production of graphene monolayer at 4 —inch and 6-inch
wafer scale and even 12 —inch and followed by the transfer method on various
substrate either solid or flexible[8].The physical properties of these atomically thin
materials are have new physical new properties with many applications in
electronics, harvesting, biosensing and photonics [9], [10].

The main physical properties of graphene are summarized in Table 1.

The mean-free path and the ballistic transport in graphene monolayers are
probably the main advantage of graphene over any other materials, which could
eventually achieve comparable mean-free path values only at very low
temperatures. The room-temperature ballistic transport regime in high-quality
graphene monolayers is preserved for mean-free paths of up to 400 nm if graphene
is deposited on SiO,, or up to 1 um in graphene deposited over boron nitride [11].



Very recently, it was demonstrated that these already impressive mean-free paths at
room temperatures could attain even larger values, of more than 10 um [12], for
20-100 nm wide graphene nanoribbons epitaxially grown on SiC. The remarkable
ballistic transport in graphene is the result of the dispersion relation which is
unique compared to any other known material displayed in Fig. 1. What is
graphene? According to the dispersion relation is a semiconductor with no energy
gap- a gapless semiconductor or a semimetal, because the valence and conduction

bands are overlapping only at one single point — the Dirac point where E is zero.

Table 1. Graphene physical properties.

Parameter At room temperature
Mean-free-path 400 nm, even 1 um for graphene deposited
on hexagonal BN

Mobility 40000 cm?/Vs (intrinsic),

100000 cm?/Vs in suspended graphene or
in graphene deposited on hexagonal BN

Effective mass of carriers 0 near the Dirac point
Thermal conductivity 5000 W/mK, better than in many metals

TE

Eg for Electrons

A

+aVy

K

»

Er at Dirac point

-aVy

Er for Holes

Fig. 1. Graphene dispersion relation.

The unusual linearity of the dispersion relation of graphene around Dirac
point, means simply that that the effective mass of charge carriers is zero,



indicating a ballistic transport i.e. the lack of collisions during the transport of
carriers travelling the graphene device over distances smaller than the mean-free-
path. However, the ballistic carriers are travelling with the Fermi velocity vp =

¢/300, where ¢ is the speed of light. Thus, the dispersion relation is:
E=xh|k|vg (1)

In striking contrast with a semiconductor, the holes and electrons have
identical physical properties, and the same role in transport of carriers, their
selection is done by a gate voltage shifting above and below the Femi level from
Dirac point. Moreover, via the gate voltage it is selected also the carrier density via
the relation :

n=guegVy/te = aV, (2)

where g, and &, are the dielectric permittivities of air and SiO,, respectively and

tis the isolation dielectric thickness.The above relation is the most important for
graphene and tells us that we can have a doping in graphene only due to an applied
DC voltage. This electrostatic doping is the ultimate doping mechanism having as
precursor the chemical doping without which no progress in semiconductor science
and technology was possible. The relation (2) is the physical reason for any tunable
device working at any frequency based on graphene.

Since ballistic transport is very fast and allows very high frequency cutoff
frequencies of graphene devices attaining tens of THz. Therefore, the
electromagnetic properties of graphene will be subject of the next paragraph.

2. Electromagentic Field Properties of Graphene

In the optical range graphene has an index of refraction of 2.6 in an ultrawide
band of wavelengths ranging from UV up to NIR and a constant absorption of
2.3 % large for an atomically-thin material [13], but rather weak compared with
other 2D materials, for example in MoS, monolayers the absorption is larger than
10 %. However, the index of refraction in graphene is tunable as it was recently
demonstrated at 1550 nm where the index of refraction was varied between 0.1-3
for back-gate voltage ranging from -80 V up to +80V [14].

To study the microwave properties of graphene, we have fabricated first a
metallic coupled coplanar line (CPW) placed over a graphene monolayer, as shown
in Figs. 2a) and 2b). The CPW consists of three metallic electrodes, the central one
being a signal electrode, while the outer electrodes are ground electrodes. The
graphene monolayer is deposited on a high-resistivity Si substrate, having the
resistivity of 8 kQ, on top of which 300 nm of SiO, were thermally grown. The
graphene was fabricated by Graphene Industries and its quality was tested by
Raman spectroscopy. We have found that the graphene is of high quality (the



absence of D band), and that it is indeed a monolayer (the ratio of 2D and G peaks
is greater than 2).

The coupling distance between the central lines is 1 um in Fig. 2b), and the
coupling length is 36 um. It is known that the information needed to extract the
electrical permittivity is the dependence on frequency f, of the phase difference
A (f) between the transmission of the CPW, denoted further Si,(f), deposited over

graphene and the transmission of an identical CPW in a reference structure,
without graphene under the CPW electrodes. Therefore, we have fabricated first a
graphene CPW and its corresponding reference structure and measured the phases
of both structures with a VNA. Because we have observed that Ag is very small,

not exceeding 2-3°, and thus no significant phase difference is observed in such
structures, we decided to choose the configuration in Fig. 2b). In this structure, the
discontinuity of the central electrode exposes a region where the graphene is
uncovered by metals and the electric field lines are coupling through it to get a
larger phase difference between the coupled CPW reference structure (no
graphene) and the coupled CPW with graphene. The SEM image of the device
corresponding to that in Fig. 2b is represented in Fig. 3 [15].

CPW
I I @

gold - graphene monolayer

Fig. 2. (a) Standard CPW configuration and (b) coupled CPW lines.

Coupled CPW lines

(b)
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Graphene 36 um

Fig. 3. The SEM image of the graphene device (from [15]).

The phase of the graphene coupled CPW and the reference coupled CPW
structure is depicted in Fig. 4. Such relative large phases originate only from the
coupled line region of the CPW, where the attenuation is very small: 0.018 dB/um
for 1 um coupling distance. In these conditions, the effective permittivity formula

as extracted from is :
2 2
Eeft gr = (Pgr.cpw | PCpw )Ecrw 3)
where @ cpy IS the phase shift of the coupled CPW on graphene, ¢cp,, is the

phase of the coupled reference structure, while gcpy, is the electrical permittivity
of the Si/SiO, substrate.

CPW on graphene Vs CPW

200

100
MMM

Phase [degrees]
o

-100

-200
1 11 21 31 40

Frequency (GHz)
Fig. 4. The phase of coupled CPW on graphene (triangles) and
of the coupled CPW reference structure (rhombs) (from [15]).



The electrical permittivity is displayed in Fig. 5. We can see that at the low
frequency part of the spectrum we have a relative abrupt decrease of the effective
permittivity, while between 10 and 40 GHz the effective permittivity has a slow
decrease with frequency, with an average value of 3. Thus, the graphene monolayer
behaves as a low-permittivity dielectric, almost constant over three decades of
frequency within the microwave and millimeter spectrum.

16
14
12

10

Euit.gr

P = T ]

[

5 10 15 20 25 30 35 40
f (GHz)
Fig. 5. The dependence of effective electrical permittivity
of graphene on frequency(from [15]).

On the other hand the S21 in amplitude is dependent on the applied voltage.
In [16] it was shown that the graphene is behaving up to 110 GHz as a tunable
resistor in parallel with capacitor (see Fig. 6). The resistance has a maximum near
Dirac point and then decreases since the density of carriers are modulated by the
applied voltages ranging from -2V up to +2V. Te decrease of C with the bias
originates in the screening effect, which becomes important as the carrier
concentration increases.
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Fig. 6. The voltage dependence of the parameters of the equivalent circuit
of the CPW on graphene: R (full rhombs) and C (full circles) (from [16]).



Although this results is origination from an equivalent circuit consisting from
a variable resistance and capacitance in parallel in the range 0.04-110 GHz, the
results are similar for the DC measurements in which the graphene has the same
behavior i.e. the resistance has a maximum at OV and decreases as soon as a
voltage is applied on it.

3. Electronic Devices Based on Graphene

There are many devices based on graphene diodes, transistors, sensors and
even integrated circuits, but by far the most studied is the graphene transistor [17],
[18]. In fact, the discovery of the graphene was the result of searching a metallic
transistor [7].

The electric-field-effect (EFE) in metals is not possible due the vary large
number of carrier to be controlled by an electric field, so other experiments were
performed with semimetals such as bismuth, antimony and graphite simple because
the carrier density is much smaller compared to a metal [19]. However, the
breakthrough is originating from graphite via graphene. An in-depth review of EFE
in many materials is found in [20]. The quest for a metallic transistor was
successful in 2012 [21] using a Ni ultrathin film having a thickness of 1-2 nm, the
transistor having a graphene transistor -like behavior. Further, metallic switches
and logic gates were developed based on thin films of 2H-TaS, which is semimetal
without bandgap [22]. The EFE is now investigated in other 2D materials such as
atomically thin MoS,, black phosphorus.

The first metallic transistor has a channel which is an induced two-
dimensional electron gas located at the interface between an ultrathin metallic film
of Ni and a p-type Si(111) substrate.The metallic transistor structure [21] is
depicted in Fig. 7.

Source and drain contacts

Metal pads

gate metallic contact Ni (1-2 nm)

protective layer

p- Si (111)

Fig. 7. The graphene-like metallic and dielectricless transistor (from [21]).



The transconductance of the graphene-like FET for a drain voltage of 3 V,
6V and 9V is 0.8 mS, 0.6 mS and respectively 0.2 mS at a gate voltage of 1V. The
mobility of carriers is 12000 cm?/Vs.

The physics behind this metallic transistor is found in a a recent experiment
[23] which shows that very small carrier effective masses as in graphene are
obtained at a metal/n-S(111) interface, where the metal is one (or few)
monolayer(s) thick. In such the ultrathin metal film/n-Si(111) nanostructures, the
surface states induce a quantum well in the Si inversion layer and thus the
effective mass of charge carriers in Si is dramatically decreasing due to repulsive
forces. So, such nanostructures show an almost linear dispersion relation and a

similar carrier effective mass as in graphene, of only m = 0.0075 m,, where mj

is the electron rest mass; this value is 20 times smaller than in bulk Si. The surface
states located near the induced quantum well are localized states and are confining
all the carriers at the surface so playing an analogous role to the gate dielectric in a
normal FET. So, this is a metallic channel transistor without any isolation gate
material. We note that the selection of Si(111) as a substrate is done because it
displays a honeycomb lattice, similar to graphene, and calculations and the
dispersion relation is linear close to the K point, with the (massless) Dirac
fermions moving with a velocity of 10* m/s.

Despite, the ballistic FET transistor is working at room temperature is the
most desired device in graphene , only recently was fabricated [24]. The main
problem of graphene transistors is the lack of the bandgap and thus the relation
between drain current Ip and the drain voltage Vp is linear and no saturation
currents are occurring.

The creation of a bandgap in graphene monolayers is based on rather difficult
technological procedures all of them destroying the physical properties of the
graphene monolayer. However, only in the ballistic graphene devices an oblique
gate modulates the transmission between the two electrodes: drain and source. In
the ballistic transport regime, the lack of an energy bandgap makes the
transmission to be constant and equal to 1 when the gate is normal to the direction
of electron propagation, irrespective of gate biases. However, an oblique gate at an
angle of 45°, for instance, is producing a transmission bandgap of about 0.3 eV. No
degradation of graphene is made in this case [24]-[27]. Moreover, an oblique gate
having the role of a barrier [10], induces a negative differential resistance [26],
[27]. The NDR in ballistic graphene devices with oblique gates is due to an abrupt
drop to zero of the transmission of charge carriers over a certain range of Vp, due to
the lack of charge carrier propagation through the gated region. Such a drastic drop
in the transmission is corresponding to a minimum in Ip versus Vp characteristic.
A bias applied on the oblique gate of the ballistic graphene FET can shift the NDR
region of the Ip-Vp dependence and can affect the peak-valley ratio of the (PVR of
the ballistic device. The technological process is explained in detail in [24].



We have fabricated FETs with oblique gates on a chip of CVD graphene
transferred on a doped 4 inch silicon wafer (back gate) having 285 nm thin film of
silicon dioxide on top of it.

The HSQ was selected as dielectric for the transistor having an electrical
permittivity around 3, because it was used many times as gate dielectric in
graphene FETS since it does not destroy the graphene monolayer. The thickness of
the HSQ is about 50 nm. On the top of the gate insulating layer, there is a tilted
electrode for the top gate consisting of a Cr/Au electrode with a thickness of
45 nm fabricated by e-beam lithography and lift-off. The gate length is 40 nm, at
the state-of-art of graphene FETs

The graphene ballistic transistors was fabricated in 12 distinct steps
(see Fig. 8).

The transistor is depicted in Fig. 9.

-Global alighment marks patterning (e-beam)

-Global alignment marks metallization and lift-off

-Graphene patterning (1) (e-beam)
-RIE (1)

—Local alignment marks patterning (e-beam)

—Local alignment marks metallization and lift-off

—-Graphene patterning (2) (e-beam)
-RIE (2)

=S and D patterning (e-beam)

=S and D metallization and lift-off

=S and D contact pads patterning (e-beam)
=S and D contact pads metallization and lift-off

Fig. 9. The technological process for graphene ballistic transistor.



The NDR of the above transistor with a tunable PVR is dependent on the
top-gate voltage and is displayed in Fig. 10, where the Ip-Vp curves were measured
at top gates of Vi = 0 V dashed line), 0.5 V (dotted line) and 1 V (solid line). The
PVR ratio is enhanced by the gate voltage because the Fermi level in graphene is
shifted by the top gate voltage and changes the behaviour of the NDR. The
maximum drain current is 105 pA at a drain voltage of 1.5 V and a gate voltage of
1V, and drops dramatically at 12 pA at Vp = 2 V and we have a very large PVR of
8.75. When there is no gate voltage the maximum and minimum Ip values are
about 95 pA and 12 pA, and PVR is becoming 7.9. This NDR behavior was
retrieved in many graphene FETs with oblique gates having PVRs (see Fig. 10).
This graphene ballistic transistor has the cutoff frequency of 2.5 THz.

gate
D S

Graphene
monolayer

Fig. 9. The ballistic graphene transistor after [24].

Fig. 10. The NDR behavior of the graphene ballistic FET (after [24]).



4. The new world of 2D materials

After a couple of years after graphene discovery the world of 2D materials
was enriched with hundreds of new 2D materials , so an atlas of 2D materials was
necessary[28].

By far the two-dimensional (2D) transition metal dichalcogenides (TMD)
most studied 2D materials after graphene [29]. MoS; monolayers and multilayers
are fabricated using the exfoliation procedures as for graphene in the case of
graphene. In this way, transistors [30], photodectors [31], and sensors were
fabricated with very good performances [32]. However, little is know about
microwave performances of MoS2 and we have recently started to study the device
shbased on MoS2 for RF applications[33]. Very recently, we have measured the
effective permittivity and loss tangent of MoS2 in a very large bandwidth using an
electromagnetic —bandgap resonator. Details about resonator fabrication,
dimension, MoS, deposition are found in [33]. Below we show the SEM images of
MoS2 monolayers deposited over the resonator. It is evident from this image the
layered structure of MoS; thin films formed from millions of M0S2 monolayerls.

Fig. 11. The SEM image of MoS2 monolayers.

The effective permittivity and the tangent loss were extracted from S-
parameters measurement of MoS2 deposited on resonator and are represented in
Fig. 12 and 13. We see that effective permittivity is rather low while the loss
tangent is indicating moderate losses.



Fig. 12. Effective permittivity of MoS,thin film made
of millions of monolayers.

Fig. 13. The loss tangent of MoS2 of millions of monolayers.

5. Conclusions

The paper has presented a short review of the graphene and other 2D
materials applications in the area of RF. We see that although the technologies of



fabrication are tedious and challenging enhanced nanodevices working at very high
frequencies are emerging.
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Abstract. The study of physicochemical behavior in the exfoliated graphite
nanoplatelets mixtures with different solvents is important for further separations of
environmental contaminants and industrial applications.

The density, speed of sound, and refractive index of diluted binary mixtures of
exfoliated graphite nanoplatelets and active carbon dispersed in tetrahydrofuran, water,
and N,N-dimethylformamide, respectively, at various compositions of solvate and at
various temperatures have been measured. The acoustic and optical parameters from
the experimental data obtained were calculated.

The results of xGnP + THF binary mixture have been used to identify molecular
interactions in the mixtures, including structural changes of exfoliated graphite
nanoplatelets in different solvents.

Key words: physicochemical study; exfoliated graphite nanoplatelets (xGnP);
active carbon (AC); solvents; tetrahydrofuran (THF); binary mixtures; optical and
acoustical properties.

1. Introduction

The investigation of some physicochemical properties contributes to better
understand of the physicochemical behavior of binary and multi-component liquid
blends. The experimental values of thermodynamic and thermophysical properties
in combination with other analytical data of liquid mixtures are of high
fundamental practical importance, with applicability in industry and chemical
analysis. Moreover, these properties significantly influence the dispersion of the
nanomaterials in the studied solvents, offering new information on the structure
and interactions of mixed solvents [1]. In this way, the properties of these dispersed



nanostructured materials in different solvents can be easily controlled by adjusting
a variety of factors such as: pH, surface chemistry, and ionic strength [2, 3].

The nanoplatelets from graphite (10-100 graphene layers, 3-30 nm thick) are
usually named exfoliated graphite nanoplatelets (xGnP), independent of the
number of layers show similar electrochemical behavior [4]. Although the number
of studies on xGnP is increasing [5], there is still a lack of data on their
thermodynamic properties [6], the thermophysical description and molecular
modeling properties [7].

In order to characterize the type and magnitude of the molecular interactions
between the tetrahydrofuran (THF) and the xGnP, the density, speed of sound, and
refractive index of the pure solvent and of the blends are provided in this study, no
effort being done till the moment to study these molecular interactions. xGnP
dispersed in THF provide potential environmental applications [8] being used in
composite nanomaterials for sensors [9], in field sensing systems to monitor the
environmental stress and for sorbents [10], or removing contaminants from water
[11] and soils.

The state of science and prototyping for both sensors and sorbents using
nanostructured materials is the most advanced in the field of nanotechnology, but
the basic level of knowledge concerning interactions at molecular level is not at the
same level of study.

As a continuation of our research on solutions blends behavior [12, 13, 14],
this work presents the physicochemical properties in binary systems of exfoliated
graphite nanoplatelets (xGnP)/ active carbon (AC) in tetrahydrofuran (THF), for
which no such experimental data are available. The variation of the studied
acoustic and optical parameters versus composition was useful in understanding the

nature and the extent of interaction between unlike molecules.

2. Experimental Section
2.1. Materials and Methods

Exfoliated graphite nanoplatelets (xGnP) containing a mass fraction more
than 0.95 carbon was provided from XG Sciences, Lansing, MI, USA (thickness
approximately 15 nm, diameter 25 pm, surface area 50-80 m”g™) and was
characterised in our laboratory. Activated carbon with a mass fraction more than
0.99% carbon have been purchased from Sigma-Aldrich. Tetrahydrofuran solvent
has been supplied by Merck. xGnP and AC were used without any pre-treatment
because of their mass fraction purity higher than 0.95. The details of the used
chemicals for samples preparation are presented in the Table 1.

Table 1. Specification of Exfoliated Graphite Nanoplatelets, Active Carbon
and THF Compounds Used in Samples



Chemical Source Initial Mass | Purification Final Mass Analysis
Name Fraction Method Fraction Method
Purity Purity
XG Sciences,
xGnpP? Lansing, MI, | >0.95 Carbon | none >(0.95 Carbon | -
USA
b Sigma )
AC Aldrich >0.99 Carbon | none > (.99 Carbon
THF® E. Merck p.a. none p.a -

2xGnP = Exfoliated Graphite Nanoplatelets
AC = Active Carbon
“THF = Tetrahydrofuran

Doubly distilled, de-ionized, and degassed water with a specific conductance
of 510° Sm™ at 298.15 K has been used for calibration and measurements,
according to the recommendations of the manufacturer. The all working samples of
different compositions xGnP/AC + THF were prepared at temperature of 298.15 K.

2.2. Apparatus and Measurements Procedure.

The data concerning density and speed of sound of the stock binary solutions
were measured with an Anton Paar DSA 5000 digital (Austria) instrument, with an
accuracy of + 10° g-:cm® The sample temperature during the density
measurements has been controlled with a precision of + 10° K, several Peltier units
being used. The density and speed of sound values obtained for air and twice
distilled water by calibration have been reproducible within 5 + 10° g-cm® and +
5+ 102 m-s?, respectively. The refract meter was calibrated by measuring the
refractive index of doubly distilled water.

Table 2. Comparison of experimental densities (p), ultrasonic velocities (c), and refractive indices
(np) of pure tetrahydrofuran with literature values at temperatures of (313.15 and 318.15) K

n
T plg-cm?® c/m-st °
K : : :
Expt. Lit. Expt. Lit. Expt. Lit.
THF
313.15 | 086561 |00/ 111 1150739 [1150-00 [[16] |y 59663 |1-3|[26]
087262 |[17] 1202.00 [[18]
318.15 | 085996 00223 [[18] |y1g350 117618 1161 |y 5930, \1-3[16]
086872 |[17]

3.2. Theory and Calculation



The following thermodynamic acoustical and optical properties were
estimated using the standard relations employed in previous studies [12, 14]. The
acoustic impedance (Z) was calculated using the following relation [19]:

Z=pcC 1)

where p is the density (kg-m™), and c is the speed of sound (m-s™) in the mixture.
The isentropic compressibility coefficient ks for the pure solvent and liquid
mixtures have been estimated from the density p and the speed of sound c using
the Laplace equation [20].

1 1
K pc’
where K is the bulk modulus of the solution.
According to the method of Gerecze [21] and Lorentz-Lorenz [22], the space-

filling factor (S) has been computed from refractive index (sodium D line) data
using the following relation [23]:

Ks

()

:n'ZD -1 (3)
2
ng +2

where, B is the effective volume occupied by molecules per mole, V is the
molecular volume and np is the refractive index of the aqueous solution.

The specific refraction (rp) has been estimated from the density () and
space-filling factor (S) using the Lorentz and Lorenz equation, which is based on
the electromagnetic theory of light, where as the other equations are of empirical
origin [24]:

S =

<|w

2
np-11
D — E - (4)
np+2p
The relaxation strength (r) has been calculated using the following equation
[25]:
C2
r = 1— —2 (5)
c

ct
where c is the speed of sound in the experimental solution, and c is a constant
with a value of 1600 m-s™ [24].

The specific concentration dependence on density and on ultrasound speed
obtained in the two systems was correlated by a polynomial type equation:

F(\():ipﬁ c™ 6)

where Y represents the properties measured in general (p, ¢) and C represents the
specific concentration.



Correlations of p, c, ks and r as a function of concentration (Eq. 7) along
with the absolute average percentage deviation (AAD) were analyzed. The absolute
average percentage deviation (AAD %) was determined using the following
relationship:

YCalc.

YExpt. -

\ Y

AAD (v) = 10 Z

N ‘ ()

Expt.

where N is the number of experimental data points. The subscripts “Expt.” and
“Calc.” represent the values of the experimental and calculated property,
respectively.

3. Results and Discussion

Based on the values of the measured properties of xGnP + THF mixtures, the
derived thermophysical parameters as a function of the specific concentration
fraction at two different temperatures of (313.15 and 318.15) K were calculated
and presented in Table 3.

Table 3. Experimental Values of the Density p, Ultrasound Speed ¢ and Refractive Index at
Various Temperatures T and Specific Concentration C of (xGnP), for the System xGnP + THF?

TIK plkg:m* cmst  np plkg:m* cmst  np
Clkgm3=0 Clkg-m3=20

313.15 865.61 1207.3  1.39663 865.76 1207.35 1.39604

318.15  859.96 11835 1.39392 860.16 1183.55 1.39384
Clkg-m== 40 Clkg-m== 60

313.15 865.87 1207.38 1.39567 866.05 1207.4  1.39595

318.15  860.32 1183.62 1.39378 860.48 1183.69 1.39401
Clkg-m™=80 Clkg-m*=100

313.15 866.18 1207.39 1.39623 866.33 1207.38 1.39703

318.15  860.67 1183.73 1.39427 860.73 1183.76 1.39531

C/kg-m™ is the specific concentration of xGnP in the THF solvent. Standard uncertainties u are
u(T) = 0.001 K for p and c; u(T) = 0.01 K for np and the combined expanded uncertainties U, are
Uc(p) = 0.01 kg-m™, Uc(c) = 0.1 m-s™%; (level of confidence = 0.95, k = 2) and Uc(np) =0.00001.

The experimental data for AC + THF mixture as a function of the specific
concentration of AC at the same temperatures are presented also, in Table 4.



Table 4. Experimental Values of the Density p, Ultrasound Speed ¢ and Refractive Index at
Various Temperatures T and Specific Concentrations C of AC, for the AC + THF? System

TK  plkgm? c/m-s? Np plkgm?®  c/ms? Np
Clkgm=3=0 Clkg:m==20

313.15  865.61 1207.3 1.39663  865.63 1207.32  1.39664

318.15  859.96 1183.5 1.39392  860.02 1183.53  1.39392
Clkg-m3= 40 Clkg-m?=60

313.15  865.65 1207.38 1.39665 865.7 1207.46  1.39667

318.15  860.04 1183.61 1.39393 860.1 1183.76  1.39396
Clkg-m™=80 Clkg-m*=100

313.15  865.75 1207.58 1.39668  865.82 1207.58  1.39668

318.15  887.80 1303.72 1.40733  887.87 1303.72  1.40733

C/kg-m~ is the specific concentration of AC in the THF solvent. Standard uncertainties u are
u(T) = 0.001 K for p and c; u(T) = 0.01 K for np and the combined expanded uncertainties U,
are Uc(p) = 0.01 kg-m?>, Uc(c) = 0.05 m-s™; (level of confidence = 0.95, k = 2) and
Uc(np) =0.00001.

The density, ultrasound speed and refractive index values as a function of
specific concentration of exfoliated graphite nanoplatelets (xGnP) are shown in
Figs. 1, 2 and 3, respectively, comparing the three binary xGnP + THF, xGnP +

H,0 [12], xGnP + DMF [14] systems, along of polynomial correlated values (p, c).

The measured densities of the xGnP dispersion in THF increase by increasing
xGnP composition.

As shown in Figure 1, the density of the XxGnP + DMF system increases with
an increasing the xGnP concentration up to 60 kg:m® then decreases up to
C =100 kg-m®,

The values of the densities of xGnP in water mixtures decrease by increasing
XGnP composition and vary according to the relation: xGnP + DMF < xGnP +
THF < xGnP + H,0 in binary mixtures.

The measured density values of xGnP in all studied solvents are decreasing
by increasing temperature from (313.15 up to 318.15) K.

A similar behavior for the variation of the refractive index in all studied
XGnP dispersions in THF/DMF/H,0 is reported in this work, presented in Table 3
and Figs. 1 and 3.

Good dispersion of the nanostructured material is influenced by the surface
tensions and solubility parameters of the solvents, being found that an efficient
solvent has a surface tension equivalent to that of graphene. Good solvents for
graphene provide stable colloidal dispersions for nanosized graphene material [25].

The solvent molecules can insert between the graphite layers providing a
colloidal stability by ultrasonic treatment.



Fig. 1. Comparative representation of the density of binary xGnP + THF, xGnP
+ H,0 [12], and xGnP + DMF [14] systems versus concentration of solute
at various temperatures, T/K: o, 313.15; A, 318.15; — —, for THF;

—, for DMF; -, H,O-polynomial correlated values.

The speed of sound (Fig. 2) of xGnP dispersed in all solvents is increasing by
increasing XxGnP composition.

The values for measured speed of sound in the xGnP + THF/DMF systems
are decreasing, but in the dispersion xGnP + H,O they increase by increasing
temperature.



Fig. 2. Comparative representation of the ultrasound speed of binary xGnP + THF, xGnP + H,0 [12],
and xGnP + DMF [14] systems versus concentration of solute at various temperatures, T/K: o,
313.15; A, 318.15; — —, for THF; —, for DMF; -, H,O - polynomial correlated values.

The dependence of the refractive indices on the concentration of xGnP
dispersed in THF, DMF, and H,O is presented in Fig. 3.



Fig. 3. Comparative representation of the refractive index of binary xGnP + THF, xGnP + H,0 [12],
and xGnP + DMF [14] systems versus concentration of solute at various temperatures, T/K: o,
313.15; A, 318.15; — —, for THF; —, for DMF; -, H,O - polynomial correlated values.

The measured refractive index of xGnP dispersion in DMF decrease by
increasing xGnP composition.

From Figure 3, the refractive index of the xGnP + THF mixture decreases by
increasing XGnP concentration up to 60 kg:-m®, then increases up to C = 100 kg-m?®.

The values of the refractive index of xGnP in water mixture increase by
increasing xGnP composition and vary according to the relation: xGnP + H,0 <
XGnP + THF < XGnP + DMF in binary mixtures.

The measured refractive index values of xGnP in all studied solvents are
decreasing, by increasing temperature from (313.15 up to 318.15) K. The behavior
is similar with that of the density, as seen from Table 3 and Figs. 1 and 3.

From the experimental results of the measured properties, the derived
thermophysical parameters as a function of the specific concentration fraction at
temperatures of (313.15 and 318.15) K were calculated and presented in Table 5.



Table 5. Calculated Values of the Acoustic Impedance Z, Isentropic Compressibility ks, Space
Filling Factor S, Specific Refraction rp, and Relaxation Strength r at VVarious Temperatures

T, Specific Concentration C of (xGnP), for the Systems xGnP and AC + THF

-z _ Kg o

T/IK 10°kgm2st  10°.m2.N ° S 102 -m® kg™ r
XGnP+ THF
Clkgm®=0
313.15 10.45051 7.92588 0.24062 0.27797 0.43064
318.15 10.17763 8.30205 0.23916 0.27811 0.45286
Clkg-m*=20
313.15 10.45275 7.92385 0.24030 0.27756 0.43059
318.15 10.18042 8.29942 0.23912 0.27799 0.45282
Clkg:m®= 40
313.15 10.45434 7.92245 0.24010 0.27729 0.43056
318.15 10.18292 8.29689 0.23909 0.27790 0.45275
Clkg-m*= 60
313.15 10.45669 7.92054 0.24025 0.27741 0.43054
318.15 10.18542 8.29437 0.23921 0.27799 0.45269
Clkg-m*= 80
313.15 10.45817 7.91948 0.24040 0.27754 0.43055
318.15 10.18801 8.29198 0.23935 0.27810 0.45265
Cl/kg-m™= 100
313.15 10.45990 7.91824 0.24083 0.27799 0.43056
318.15 10.18898 8.29098 0.23991 0.27873 0.45262
AC + THF
Clkgm®=0
313.15 10.45051 7.92588 0.24062 0.27797 0.43064
318.15 10.17763 8.30205 0.23916 0.27811 0.45286
Clkg-m®=20
313.15 10.45092 7.92543 0.24062 0.27797 0.43062
318.15 10.17859 8.30105 0.23916 0.27809 0.45283
Clkg-m*= 40
313.15 10.45168 7.92446 0.24063 0.27797 0.43056
318.15 10.17952 8.29973 0.23917 0.27809 0.45276
C/kg-m®=60
313.15 10.45298 7.92295 0.24064 0.27797 0.43048
318.15 10.18152 8.29705 0.23918 0.27809 0.45262
Clkg-m*= 80
313.15 10.45462 7.92092 0.24064 0.27796 0.43037
318.15 10.18332 8.29461 0.23919 0.27808 0.45249
C/kg-m™= 100
313.15 10.45651 7.91871 0.24066 0.27796 0.43026
318.15 10.18523 8.29207 0.23922 0.27809 0.45236




Fitting parameters A; and absolute average percentage deviation results are
reported in Table 6 for binary AC in THF mixtures at all temperatures studied.

Table 6. Fitting Parameters A;, Correlation Coefficient (R?) Obtained for Density p, Ultrasonic Speed

¢, Isentropic Compressibility ks and Relaxation Strength r Along with the Absolute Average
Percentage Deviation (AAD %) for Binary (xGnP) and (AC) in THF Mixtures.?

TIK Clkgm?®  Agkgm®  Aykg®m° Aglkgtm® R? AAD %

xGnP + THF

plkg-m?

313.15 0-100 865.61 0.0068429 0.0000036 0.99786 0.002

318.15 0-100 85996 0.0105036 -0.0000259 0.99488 0002

TIK Clkgm?®  Adkg®m?ts Aykgm™s Agkg®m’s  R? AAD %

c/ms*

313.15 0-100 1207.30 0.002825 -0.000021 0.99279 0.000

318.15 0-100 1183.49 0.003711 -0.000010 0.99263 0.001

TIK ckgm?® Az As i AAD %

Np

313.15 0-100 1.39662 - 0.000038562 0.000000426  0.98242 0117

318.15 0-100 1.39399 -0.000018614  0.000000307  0.95877 0.088
Clkg-m?®  AJ10° AJ10°kgm® N Ag/10° kg R? AAD %

TIK 10, Om2NE L 2 me.NL

ks/10°0-m?.N'?

313.15 0-100 7.92586 - 0.000997 0.000020 0.997669 0.002

318.15 0-100 8.30219 -0.001534 0.000004 0.996496 0.002

TIK Clkgm?®  Adkg®m®  Aykg™m? Aglkg?m® R? AAD %

r

313.15 0-100 0.43064 -0.000002825  0.000000021 0.99279 0.001

318.15 0-100 0.45287 -0.000003287  0.000000008 0.99157 0.001

AC + THF




TIK Clkgm® Adkgm?®  Aykg’m° Aglkgtm? R? AAD %
plkg-m?
21315 000 86561 00004339 00000165  0.99838 00
21815  o0q00 89997 00018920 00000054 099180 ..,
Clkgm®  Akg®m  Akgm*s Agkg®>m’s R AAD %
TIK s
c/m-s?t
21315 o0a00 120730 0000782 0000033 099868 10
21815 0400 118349 0002130 0000035 099364 0,5
TIK Chkgm?® M A As R AAD %
Np
21315  0q0p 139663  0.000000325 0000000004 0.98879 4000
21815 000 139392 -0.000000209 0000000013 099135 oo
Clkgm?® AJ100  Ay10°kg AJ10°%kg  R? AAD %
kg m? N L.mP.N* 2 m8.NL
TIK !
ks/101%-m?2.N'?
21315 0400 792592 -0000014486 -0.000000582 0.99943 oo
21815  0a00 830217 -0.000048339 -0.000000544 0.99613 o,
TIK Clkgm?®  Adkg®m® Aykgtm? Agkg?m®  R? AAD %
r
31315 0100 %394 4000000998 -0.000000029 999836 001
31815 0100  9%287 000001925 -0.000000033 929373 0003
100 | Ve — Yeae.

°A; and R? were obtained from Eq. 7; AAD %: AAD (Y) = —
N

where N = 6 number of experimental data at each temperature.

The behaviour of the isentropic compressibility on the concentration of the
XGnP solute is illustrated in Figure 4.
The computed values of the isentropic compressibility of xGnP dispersion in
THF decrease by increasing xGnP composition.

As shown in Figure 4, the isentropic compressibility of the xGnP + DMF
mixture decreases by increasing the solute concentration up to 60 kg:m® then
increases up to 100 kg-m® xGnP composition.

Expt.

Y

Expt.



The values of the refractive index of xGnP in water mixture decrease by
increasing xGnP composition and vary according to the relation: xGnP + H,0 <
XGnP + DMF < xGnP + THF in binary mixtures.

Fig. 4. Comparative representation of the isentropic compressibility of binary xGnP + THF, xGnP +
H,0 [12] and xGnP + DMF [14] systems versus concentration of solute at various temperatures,
T/K: o, 313.15; A, 318.15; — —, for THF; —, for DMF; , H,0 - polynomial correlated values.

The relaxation strength behaviour on the temperature of the three systems
shows differences, as evidenced in Fig. 5.

The relaxation strength results in the xGnP + THF mixture decrease by
increasing the xGnP concentration up to 60 kg:-m® then increase up to C =
100 kg:m® for the temperature of 313.15 K; for a temperature of 318.15 K the
values of the relaxation strength decrease by increasing xGnP composition, as seen
from Fig. 5.

The calculated relaxation strength values of xGnP dispersion in DMF
decrease by increasing xGnP composition up to C = 60 kg-m?®, then increase up to
100 kg-m?* xGnP concentration.



The values of the relaxation strength of XGnP in water mixture decrease by
increasing XxGnP composition.

Fig. 5. Comparative representation of the relaxation strength of binary xGnP + THF, xGnP + H,0 [12]
and xGnP + DMF [14] systems versus concentration of solute at various temperatures, T/K: o,
313.15; A, 318.15; — —, for THF; —, for DMF,; -, H,O-polynomial correlated values.

In the xGnP + THF binary mixture, the relaxation strength decreased as in the
XGnP + H,0 system. The relaxation strength variation in XxGnP + DMF decreased
up to a solute composition of 60 kg:-m* and increased after by increasing the solute
concentration, suggesting the predominance of molecular interactions [26].

In the XxGnP + THF and xGnP + H,0O binary mixtures, the relaxation strength
increased by increasing the temperature and decreased by increasing the
concentration. As the composition of THF, DMF, and water gradually increased,
various interactions such as H-bonding, dipole-dipole and dipole induced dipole



interactions occurred between molecules.

The effect of the studied THF, DMF, and H,O solvents used for dispersing
increasing concentrations of exfoliated graphite nanoplatelets vary in the following
order: THF < DMF < H,0 for the density and speed of sound, H,O < THF < DMF
for the refractive index, and H,O < DMF < THF for the isentropic compressibility
and relaxation strength.

The rise of temperature has a significant effect on increasing the isentropic
compressibility and relaxation strength of binary xGnP + DMF and xGnP + THF
dispersions. Water solvent decreased the isentropic compressibility and relaxation
strength in the xGnP + H,O blend by increasing temperature.

The presence of oxygenated functional groups reduces the micro pore volume
accessible to THF and H,O molecules and does not affect the micro pore volume
accessible to DMF molecules.

4. Conclusions

In the present work there were measured the densities, speeds of sound, and
refractive index of the exfoliated graphite nanoplatelets and active carbon
dispersions in tetrahydrofuran, over the whole composition range at temperatures
of (313.15 and 318.15) K.

The characterization of the graphene-based nanomaterials dispersed in three
different solvents, based on the experimental results of some thermodynamic
parameters was investigated by comparison.

The effect of different solvents over increasing concentrations of dispersed
exfoliated graphite nanoplatelets vary as follows: THF < DMF < H,O for the
density and speed of sound, H,O < THF < DMF for the refractive index, and
H,O < DMF < THF for the isentropic compressibility and relaxation strength.

The obtained results show that the studied physicochemical parameters
depend on mixture compositions, which could be an indicative type and strength of
molecular interactions in the studied solutions.
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Abstract. This work investigates the use of graphene oxide for developing
biosensors, appropriate for optical (by Surface Plasmon Resonance-SPR) and
electrochemical detection. A polycationic polymer, poly(diallyldimethylamonium-
PDDA) and graphene oxide (GO) were deposited on gold interfaces by a layer-by-layer
(LBL) approach to obtain PDDA/GO coated sensors. Functionalisation with a lysozyme
aptamer by 2 different methods (through avidin-biotin affinity binding and covalent
immobilisation by carbodiimide chemistry) was demonstrated to produce biosensors,
that can sensitively detect lysozyme. The short time required and the easiness of coating
by the described LBL method, recommend GO as a good alternative to self-assembled
monolayers, previously investigated with lysozyme aptasensors.

1.Introduction

Graphene oxide, the oxidised form of graphene, is a single layer of carbon
arranged in a honeycomb-like lattice, that presents oxygen-containing functional
groups such as hydroxyl, epoxide, carbonyl and carboxylic groups. It is obtained
from graphite by exfoliation with strong oxidizing agents. (e.g potassium
permanganate and sulfuric acid as per Hummer’s method [1]). Due to its high
content of oxygen-containing species, graphene oxide is hydrophilic and therefore
easily dispersed in water. By chemical or electrochemical reduction, graphene
oxide may be transformed into reduced graphene oxide which displays very
different electrical and optical properties. Due to its hydrophilic character, the high
surface-to-volume ratio and oxygen functional groups contained that can facilitate
immobilisation of biomolecules, graphene oxide was a preferred material in recent
years for developing biosensors with both optical and electrochemical detection [2-5].

Biosensors, combinations between a biorecognition element able to
specifically bind or convert the target analyte and a physical transducer, hold great



promise as better (i.e faster, easier, cheaper, more sensitive) alternatives to classic
detection methods for many analytes. One example of analyte for which various
biosensors have been developed so far is lysozyme, a small protein of 14 kDa with
complex biochemical and functional properties, relevant for both human health and
food safety. Increased levels of human lysozyme in serum and urine are associated
with kidney diseases, while lysozyme extracted from hen-egg white is allowed to
use in food industry in wines, cheese, sausages etc. as an antimicrobial or fining
agent. Hen-egg lysozyme being an allergen, its presence in small quantities in food
matrices needs to be sensitively detected.

In this work we investigated the utility of graphene oxide in the development
of a biosensor for lysozyme that could be interrogated by Surface Plasmon
Resonance or electrochemical methods. More specifically, gold interfaces were
coated with a graphene oxide layer that served further for immobilisation of the
biorecognition element, the lysozyme aptamer. Aptamers are nucleic acid selected
in vitro to bind specifically a selected ligand. They are increasingly used in
biosensors due to their stability, ease of production and further modification with
functional groups, fluorescent and redox labels etc. [6]. Our group has previously
developed aptasensors with SPR detection for lysozyme, based on Au interfaces
covered with self-assembled monolayers (SAMs) of thiols [7-9]. While convenient,
SAMs present some disadvantages related to long —term stability, therefore we
investigate whether replacing SAMs with GO could yield better modified surfaces
for use in biosensors or not. To deposit GO on gold, we use a layer-by-layer
approach, which consists in alternating layers of oppositely charged components
that exhibit attractive forces between them [10.] This versatile approach allows to
obtain multilayer coatings with controlled composition, thickness and functionality,
being very useful for the development of biosensors [11]. Here we report
modification of Au interfaces by successive immersion in a polycationic polymer,
poly(diallyldimethylammonium) (PDDA) and graphene oxide for controlled time.
PDDA is a polyelectrolyte that displays strong electron withdrawing capacity due
to positively charged nitrogen (N¥) in its chemical structure. It adsorbs strongly and
transfers electrons from C atoms in graphene. After obtaining interfaces modified
with PDDA/GO using the LBL method, we studied their applicability in
electrochemical and SPR biosensors and investigated two strategies for
immobilising an aptamer as biorecognition element. The performances of aptamer-
PDDA/GO-Au sensors were compared to those of similar sensors developed by our
group, based on SAM- coated Au interfaces.

2. Material and Methods
2.1. Reagents

Graphene oxide was kindly provided by Professor Sabine Szunerits from
Interdisciplinary Research Institute, Lille, France. It was synthesized from graphite



by a modified Hummer’s method [12]. The lysozyme aptamer with the sequence
5°-/5-Biosg_TTT TTT TTT TTT TTT TTT GCA GCT AAG CAG GCG GCT
CAC AAA ACC ATT CGC ATG CGG C-3" was purchased from Integrated DNA
Technologies, Belgium. Neutravidin was purchased from Pierce, hydrogen
peroxide was purchased from Carl Roth and potassium hexacyanoferrate (111) from
Merck. Hen-egg lysozyme, PDDA and all other reagents were from Sigma-
Aldrich, Germany. Glassy carbon electrodes were from BAS.

2.2. Electrochemical Studies

Electrochemical measurements were performed using a potentiostat/
galvanostat VSP (Bio-Logic S.A, France), equipped with the EC-Lab software EC-
Lab and a conventional 3-electrode setup that includes a gold wire with a surface of
0.378 cm? as working electrode, a Ag/AgCl (3M) reference electrode and a Pt
counter electrode (Fig. 1).

Fig. 1. The 3-electrode system used for electrochemical testing
includes a gold wire as working electrode, a Ag/AgCl (3M)
reference electrode and a Pt counter electrode.

Au electrodes were immersed for 10 minutes in a 1:1 mixture of 0.5 M KOH:
H,0,, followed by rinsing with water. An electrochemical cleaning was next
carried out by cyclic voltammetry in 0.5 M H,SO, (from -0.4 to +1.6 V with a scan
rate of 100 mV/s, for at least 15 cycles) until the typical voltammogram of clean
gold was observed.

2.3. Surface Plasmon Resonance Studies

The Surface Plasmon Resonance (SPR) studies were performed using a
SPREETA system (Nomadics Inc. USA) connected to a syringe pump and a



computer for data acquisition and processing [13]. A 2-channel PDMS
(polydimethylsiloxane Sylgard 184, Dow Corning, USA) flow cell was fitted to the
SPR system. The system is controlled by a Labview-based software developed at
the International Centre of Biodynamics, Bucharest. Measurements were
performed in 20 mM MES buffer pH 6 with 50 mM NaCl, 1 mM MgCl, and 0.05%
Tween-20. The Au interfaces used for SPR testing were fabricated at the
International Centre of Biodynamics, Bucharest by Physical Vapour Deposition
and consist in a 50 nm Au layer deposited on glass with a 3 nm titanium adhesion
layer. Prior to modification with PDDA and GO the interfaces were cleaned by
overnight immersion in a 1:10 hypochlorite aqueous solution, followed by 10
minutes ina 1:1 0.5 M KOH: 30%H,0, mixture, and final cleaning for 10 min in a
0.5 M NaBHj, solution (prepared in a 1:1 mixture of water and ethanol). Between
these steps and at the end of cleaning, the gold chips were washed with Millipore
water and then dried under a gentle stream of nitrogen.

2.4. Atomic Force Microscopy Studies

Atomic Force Microscopy (AFM) images were obtained using a Nanowizard
Il instrument (from JPK Instruments AG), silicon PPP-NCSTPt cantilevers
(resonance frequency 76-263 kHz, force constant 1.2 — 29 N/m, from Nanosensors)
and intermittent contact mode in air (setpoint ~ 690 mV, line rate 0.8 Hz). The
lines of the AFM images were corrected by matching height median using
Gwyddion software (version 2.26).

2.5. Production of LBL Modified Interfaces with
GO for Electrochemical and SPR Testing

The Au interfaces (SPR chips and electrodes) were immersed alternatively in
5 % PDDA solutions in 0.1M NaCl and in 0.2 mg/mL solutions of GO in water (30
minutes in each solution each time). Between switching to the next solution the
interfaces were rinsed with water and dried under a nitrogen stream.

3. Results and Discussion

3.1. Deposition of GO on Au Through the Layer-by-Layer
Method and Characterisation by SPR and
Electrochemical Methods

The gold interface coated with GO by the LBL approach is presented
schematically in Fig. 2.



Fig. 2. Schematic representation of a surface coated with GO through
LBL method, using alternating layers of PDDA and GO.

Deposition of consecutive layers of PDDA and GO was observed through the
change in the reflectivity curve in SPR, the curve becoming broader and the
minimum of the curve (the “dip”) moving to higher SPR angles (Fig.. 3 A): These
effects were more pronounced as the number of layers increased (Fig. 3 B).

With graphene-modified SPR interfaces, a compromise must be reached
between the increase in adsorption and immobilisation capacity for biomolecules,
brought by an increased GO content and the decrease in sensitivity associated
with thicker deposits, due to the SPR curve broadening as emphasized in Fig. 3A.
Initial studies concerning the influence of the number of PDDA/GO layers on the
sensitivity for lysozyme testing did not reveal a substantial improvement when
modifying the Au interfaces with more than 2 layers of PDDA/GO. Additionally,
Au electrodes coated with 2, 4, 6, 8 and respectively 10 layers of PDDA/GO were
analysed by electrochemistry to probe their differences with respect to charge
transfer, using ferricyanide as electrochemical redox probe. Compared to clean
gold electrodes, for those modified with 2-10 layers of PDDA/GO the intensity of
the anodic peaks of ferricyanide diminishes and the separation between the
anodic and cathodic peaks increases from 93+£1.6 mV for a clean electrode to
107-109 mV for PDDA/GO-Au electrodes (Fig. 3C). This proves a slower
electron transfer at the interface of PDDA/GO coated electrodes compared to
clean gold. However, current intensity remains still high enough and appropriate
for developing electrochemical biosensors. Increasing the number of deposited
layers does not bring a dramatic modification in electron-transfer abilities proved
with the ferrycyanide probe. Consequently, considering both the results from SPR
and electrochemical testing, all interfaces used in further experiments were
modified with 2 layers of PDDA/GO.



Fig. 3. A: Changes in the SPR reflectivity curve of clean Au after modification with PDDA/GO.
B: Net variation of the angle corresponding to SPR minimum, after depositing various numbers
of PDDA/GO layers on clean Au interfaces. C: Cyclic voltammograms obtained with 1 mM
Ks[Fe(CN)g] in 0.1 M KCI for clean Au electrodes and electrodes modified with 2,
respectively 10 layers of PDDA/GO.

3.2. AFM Study of Au Interfaces Coated with PDDA/GO

Gold interfaces modified with PDDA/GO by the LBL method were
investigated by Atomic Force Spectroscopy. By scanning large areas, e.g 10 pum x
10 um it is observed that most of the surface of the sensor is covered with GO
flakes of different lateral dimension and thickness (Fig. 4A). The different
thickness of the GO flakes was confirmed by scanning smaller areas, of 3 um x
3 um. While thin GO flakes (see Figs. 4B to 4D) do not “cover” the topography of



the PDDA-modified gold, thick GO flakes (see Figs. 4E and 4F) “cover” well the
topography of the substrate and display more pronounced “wrinkles”.

A B
C D
E F

Fig. 4. AFM images of the PDDA and GO modified surfaces. A: 10 um x 10 pm
scans showing that most of the surface of the sensor is covered with GO flakes
of different lateral dimension and thickness. B-F: 3 um x 3 um scans
emphasizing the different thickness of the GO flakes from thin GO
flakes (B to D) to thick GO flakes (E and F).

Thus, AFM tests confirm the successful and relatively homogeneous
modification of Au interfaces with GO by the LBL approach.



3.3. Design of Aptasensors Based on PDDA/GO-Au for
Electrochemical and SPR Detection of Lysozyme

To investigate the usefulness of PDDA-GO coated Au interfaces for the
development of biosensors, we studied two immobilisation strategies for lysozyme
aptamer and two detection methods. One aptasensor was obtained by immaobilising
the aptamer covalently on the PDDA/GO-Au and was used in electrochemical
detection of lysozyme. In the second sensor, lysozyme aptamer was immobilised
by avidin-biotin affinity and the obtained aptasensor was used for SPR
measurements, as illustrated schematically in Fig. 5.

Fig. 5. Design of lysozyme aptasensors based on PDDA/GO-Au featuring
two aptamer immobilisation strategies and two detection methods.



Furthermore, the two aptasensors obtained were evaluated with respect to
their response to lysozyme.

3.4. Electrochemical Studies

To build an aptasensor starting from the PDDA/GO-Au electrodes, there are
various functionalisation possibilities, including adsorption of aptamer (through
n—m interaction with GO), covalent or affinity immobilisation. A simple approach
for efficient covalent immobilisation of aptamer is to use an amine-ended aptamer
and immobilise it using classic carbodiimide chemistry, by taking advantage of the
carboxyl groups in GO. This strategy was followed here.

3.4.1. Functionalization of the sensor with lysozyme aptamer

Lysozyme aptamer having an amine group at the 5” end was immobilised on
the surface of PDDA/GO-Au by classic carbodiimide chemistry, by taking
advantage of the carboxyl groups in GO. After grafting the aptamer, the sensor was
immersed for 1 hour in 2% BSA to block non-specific adsorption. Cyclic
voltammetry and electrochemical impedance spectroscopy experiments were
performed in order to check the effectiveness of aptamer immobilisation (Figs. 6
and 7).

Fig. 6. Cyclic voltammograms recorded in 1mM K3[Fe(CN)g] in 0.1 M KCl,
illustrating the various steps in the development of lysozyme aptasensor:
from clean gold electrode, coating with PDDA/GO through LBL method,
functionalization with lysozyme aptamer and blocking with 2%
BSA. The voltammograms were recorded in the range from
-200 to 600 mV vs Ag/AgCl (3M), at a scan rate of 100mV/s .



As illustrated in Fig. 6, the intensities of the anodic and cathodic peaks of the
redox probe ferricyanide decrease with every step in the construction of aptasensor:
clean gold> PDDA/GO-Au>aptamer-PDDA/GO-Au>BSA-aptamer-PDDA/GO-
Au. In the same time, the separation between the anodic and cathodic peaks
increases in the same order, thus proving a slower electron transfer with any
additional modification of the Au electrode. The drastic change in electrical
properties of electrode solution interface (i.e. theincreased resistance to charge
transfer) was also observed in EIS experiments (as shown in the Nyquist plots in
Fig. 7).

Fig. 7. Nyquist plots showing the increase of the resistance to charge transfer after modifying a clean
Au electrode with PDDA/GO through the LBL method, followed by further functionalisation with
lysozyme aptamer by amine coupling. Measurements were performed in 10 mM Ks[Fe(CN)]
IK4[Fe(CN)g] solution in 0.1 M KCI at the formal potential of Fe(CN)s]*/* couple (0.23 V vs
Ag/AgCl), in the frequency range 9.5 KHz - 1 Hz with an amplitude of 10 mV.

3.3.2. Testing the aptamer-modified sensor with lysozyme

To test whether the aptamer-modified PDDA/GO electrodes could potentially
function as a biosensor for lysozyme, the sensors were incubated with a 10 pg/mL
lysozyme solution in 20 mM TRIS pH 7.4 with 50 mM NaCl, 1 mM MgCl; and
0.05 % Tween 20 for 30 minutes. Figure 8 shows an example of the change in the
EIS spectra for a blank and an aptamer-modified electrode respectively, after
incubation with lysozyme.



Fig. 8. Nyquist plots for EIS experiments with a ‘blank” and an aptamer-modified
PDDA/GO-Au electrode respectively, before and after incubation for 30 minutes
with 10 pg/mL lysozyme in 20 mM TRIS pH 7.4 with 50 mM NaCl, 1 mM MgCl,
and 0.05 % Tween 20. Measurements were performed in 10 mM Kj[Fe(CN)g]/
K4[Fe(CN)g] solution in 0.1 M KCI at the formal potential of Fe(CN)]*/
Fe(CN)g]* couple (0.23 V vs Ag/AgCI), in the frequency range 9.5 KHz —

1 Hz with an amplitude of 10 mV.

The resistance to charge transfer of the aptasensor increases after incubation
with lysozyme, while no significant change was observed for the blank electrode.
This proves both the effectiveness of the blocking step with BSA in preventing
non-specific interactions and the possibility to develop an electrochemical
aptasensor for sensitive detection of lysozyme. Moreover, these results confirm the
potential of PDDA/GO-Au electrodes to be used as supports for aptamer
immobilisation. The aptasensor will be developed further and optimised in the
future to achieve the high sensitivity that is required in applications related to the
determination of lysozyme in food matrices or biological samples.

3.4. Surface Plasmon Resonance studies
3.4.1. Functionalization of the sensor with lysozyme aptamer

Neutravidin was covalently immobilised on PDDA/GO-Au by classic amine
coupling. Unreacted carboxyl groups were inactivated with ethanolamine. Next, the
biotinylated aptamer was immobilised by avidin-biotin affinity binding. All steps
in the sensor functionalisation process with neutravidin and aptamer were
monitored by SPR (Fig. 9).



Fig. 9. Steps in sensor functionalisation with aptamer: activation of carboxyl groups
from GO with EDC/NHS (1); immobilisation of Neutravidin (2); blocking with
ethanolamine (3); regeneration (4); immobilization of biotinylated aptamer (5);

regeneration (6). W=washing with water, R=regeneration with 50 mM NaOH
and 0.1 M glycine pH 2.

The stability of the obtained aptasensor was tested in two common buffers,
previously used with lysozyme testing [7-9]: 20 mM pH 7.4 with 100 mM NacCl, 5
mM MgCl, and 0.05% Tween and 20 mM MES pH 6 with 50 mM NaCl, 1 mM
MgCl, and 0.05% Tween-20. The sensor was found to be stable for 3 days of
operation in both buffers.

3.4.2. Calibration with lysozyme solutions

Calibration experiments of the aptasensor were next performed using
lysozyme solutions of various concentrations in the range 0.7-70 nM (Fig. 10).
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Fig. 10. Example of sensorgrams recorded with the PDDA/GO based
aptasensor for several concentrations of lysozyme : 0.7; 2.1; 7; 21
and 42 nM. Protein solutions were circulated through the flow
cell for 10 minutes at 100 pL/min, followed by rinsing with
buffer solution for 5 minutes.



The signal recorded at t=900 s from the sample injection (corresponding to a
10 minutes flowing of sample solution followed by 5 minutes washing with buffer)
was taken as the analytical signal and plotted against lysozyme concentration
(Fig. 11).

Fig. 11. Calibration plot for the detection of lysozyme in buffer
solutions using the PDDA/GO-based aptasensor and SPR.

The calibration plot for lysozyme emphasized a linear range from 2 to
21 nM and a detection limit of 0.7 nM. This detection limit is similar to that
obtained with a graphene-coated SPR interface coated with electrophoretically-
deposited graphene and with aptamer adsorbed on the surface [14].

3.4.3. Comparison with previously developed aptasensors

We have compared these preliminary results obtained with the aptasensor
with those obtained with a previous aptasensor develop by our group, with similar
design but based on Au interface coated with a SAM of thiol [9].

Table 1. Comparison of PDDA/GO-Au — based aptasensor with a SAM-based aptasensor[ 9].
The results correspond to the average of 3 replicate experiments.

Parameter SAM-based aptasensor | PDDA/GO-Au based aptasensor
Stability in 20 mM MES pH 6 > 3 days > 3 days
with 50 mM NaCl, 1 mM
MgCl; and 0.05% Tween-20
Stability in 20 mM TRIS pH > 3 days > 3 days
7.4 with 100 mM NaCl, 5 mM
MgCl, and 0.05% Tween-20

Immobilised neutravidin (RU) 2329 +110 1342 +236
Immobilised aptamer (RU) 487 +52 351 +£101
Linear range (nM) 3.4-70 nM 2-21

Detection limit (nM) 24nM 0.7




As observed from Table 1, the amount of neutravidin immobilised in the
PDDA/GO aptasensor was significantly lower than that in SAM aptasensor, hence,
the smaller quantity of biotinylated aptamer immobilised by (neutr)avidin-biotin
affinity binding. Furthermore, the lower amount of aptamer immobilised on the
sensor lead to a narrower linear range. The quantitation limit (taken as the lower
limit of the calibration range) was similar for both sensors, proving the potential of
PDDA/GO sensor to be applied for the sensitive quantitative detection of
lysozyme. It should be emphasized here that while the SAM-based aptasensor was
optimised, the results obtained with the PDDA/GO aptasensor represent
preliminary data. Better characteristics might be observed by improving the
aptamer immobilisation procedure and changing the operational conditions.

We have also compared the preliminary data hereby reported for the aptamer-
PDDAJ/GO SPR sensor with other biosensors for lysozyme reported in literature
(Table 2).

Table 2. Comparison of PDDA/GO sensor with other biosensors
for lysozyme reported in literature

method interface LOD Linear range Ref
Fluorescence/ | GO, aptamer + signal probe, 0.08 pg/mL 0.125 pg/ml to 1 pg/ml 15
amplification using (5.6 nM) (8.7 -70nM)
exonuclease 11
QCM MIP 1.2 ng/mL 0.2-1500pg/mL (0.014- 16
(0.084 nM) 105 uM)
EIS Chitosan/graphene 285 Up to 1 ug/mL (70 nM) 17
oxide
DPV SPCE,aptamer-antibody 4.3fM 5fM-5nM 19
sandwich
SPR rGO-gold, aptamer 0.5nM 0.5-200 nM 14
EIS GR-GCE-aptamer 6 fM 0.01-0.5 pM 19
SWV Au NP 0.3 pg/mL 1-50 pg/mL 20
(0.02 nM) (0.07-3.5 nM)
SPR PDDA/GO-gold,aptamer 0.7 nM 2-21nM This
work

MIP: molecularly imprinted polymer; SPCE: screen-printed carbon electrode; GCE: glassy
carbon electrode; GR: electrochemically reduced graphene oxide; rGO: reduced graphene oxide.

As emphasized in Table 2, very diverse methods have been reported so far
for quantitative detection of lysozyme. Some of them display exquisite sensitivity
achieved by some sort of signal amplification (e.g with aptamer-antibody
sandwiches or Au nanoparticles). Compared to literature, the aptasensor based on
PDDA/GO displays good analytical characteristics that might be further improved.

4.Conclusions

This work describes a LBL method for coating Au interfaces with GO, by
consecutive immersions in PDDA and GO solutions. The procedure was applied to
both Au wire electrodes used for electrochemistry experiments and to SPR chips,



leading in both cases to stable coatings and allowing further functionalization. The
utility of PDDA/GO-Au interfaces in biosensors was demonstrated by applying
two different procedures for immobilising a lysozyme aptamer and by
investigations with both electrochemical and SPR detection. An aptasensor was
obtained by immobilising a biotinylated aptamer to a neutravidin-modified
PDDA/GO -Au interface. Even without optimisation, the aptasensor allowed
reaching a detection limit of 0.7 nM lysozyme in buffer solutions using the SPR
assay, similar to other lysozyme aptasensors developed by our group and others.
Importantly, the LBL approach proves to be a simple and economically-efficient
way of coating Au interfaces with GO, for further use in biosensors and a viable
alternative to the intensively used approach of coating Au interfaces with SAMs of
thiols. By optimising the sensor and operational conditions for either SPR or
electrochemical detection, the analytical performances of the aptasensor based on
PDDA/GO-coated gold can be further improved. We are currently pursuing more
extensive characterisation of PDDA/GO coated interfaces, as well as further
development and optimisation of the electrochemical and SPR aptasensors for
lysozyme. The methods described here for the lysozyme aptasensor could be easily
adapted for other compounds of interest.
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Abstract. This work presents some experimental results regarding the
electrochemical synthesis of TiO, anatase and ZnO nanopowders through anodic
dissolution of Ti, respectively of Zn metal in choline chloride based eutectic mixtures,
also known as “deep eutectic solvents (DES)”. A detailed characterization of the
obtained oxides has been performed, using various techniques, including XRD, Raman
spectroscopy, XPS, SEM associated with EDX analysis and UV-vis diffuse reflectance
spectra. These novel ionic media proved to be an environmentally friendly alternative
with a large range of applications in materials chemistry and electrochemistry in a
green synthetic strategy.

1. Introduction

Semiconducting oxide materials have been the subject of a great interest due
to their numerous practical applications, usually related to their electronic
properties, mainly depending on the nature of cation-oxygen bonding. For
example, a closed-shell compound as Al,Og, is an insulator exhibiting large band-
gaps. These insulators may serve as effective host materials for efficient
luminescence when doped with rare earth or transition metals cations. On the other
hand, for closed-shell oxides based on cations with relatively high
electronegativity, such as in ZnO and SnO,, the more covalent nature of bonding
yields semiconductors with relatively high carrier mobility. In addition, many
oxides show interesting metal-insulator transitions dependent on the temperature
(e.g. V2053), pressure (e.g. NiO) or magnetic fields (e.g., LaMnOs, STMnQ3) [1, 2].

Among these oxides, a particular interest is devoted to the fundamental



aspects and applications of semiconducting wide band-gap oxide materials, such as
nanosized TiO, and ZnO, which show a wide range of electrical and optical
properties. Usually, they are applied in different areas such as catalysts, sensors,
photoelectron devices [3-6].

TiO, is a non-toxic, environmentally friendly semiconductor photocatalyst,
frequently used in paints, white pigments and sun-blockers. Because of its large
band gap (anatase: 3.2 eV; rutile: 3.0 eV), only a small UV fraction of solar light
may be used for photocatalytic reactions. Extensive efforts have been made to
develop titanium oxide photocatalysts that can efficiently utilize solar or indoor
light, including various doping procedures with transition-metal ions or their
corresponding oxides and/or non-metals [7-15]. Nanosized titania in its anatase
phase possess higher photocatalytic performance as compared to other phases and
its bulk counterpart [15-17]. There are reported various synthesis methods,
including precipitation, microemulsion, sol-gel, as well as physical or chemical
vapor deposition [2, 18, 19].

Zinc oxide (ZnO) is a wide band gap semiconductor with an energy gap of
3.37 eV. It has been used considerably for its catalytic, electrical, optoelectronic,
and photochemical properties [20-23]. ZnO nanostructures have a great advantage
to apply to a catalytic reaction process due to their large surface area and high
catalytic activity [24]. Since zinc oxide shows different physical and chemical
properties depending upon the morphology of nanostructures, not only various
synthesis methods but also the physical and chemical properties of synthesized zinc
oxide are to be investigated in terms of its morphology. Many methods have been
described in the literature for the production of ZnO nanostructures including laser
ablation [25], hydrothermal methods [26], electrochemical depositions [27], sol-
gel method [28], chemical vapor deposition [29], thermal decomposition [30], by
ultrasound [31], anodization [32], co-precipitation [33] and -electrophoretic
deposition [34]. Rodrigues-Paez et al. [35] synthesized zinc oxide nanoparticles
with different morphologies by controlling different parameters of the precipitation
process such as solution concentration, pH, and washing medium. Kumar et al.[3]
reported the synthesis of ZnO nanostructures using a simple precipitation method,
based on zinc sulfate heptahydrate and sodium hydroxide as precursors.

All above mentioned routes usually involve many steps, expensive alcoxide-
precursors and equipment.

A quite novel approach adequate to prepare nanostructured metal oxide
materials involving electrochemical procedures takes into account the use of ionic
liquids [36-38], which are gaining wide recognition as potential environmentally
benign solvents and widespread application in materials chemistry and
electrochemistry in a green synthetic strategy [39-42]. Room temperature ionic
liquids (RTILs or ILs) are organic salts, composed entirely of ions, with low
melting points of below 100°C.

Formation of ionic liquids from eutectic mixtures of quaternary ammonium



salt, mostly used choline chloride (2-hydroxy-ethyl-trimethyl ammonium chloride),
with hydrogen bond donor species such as amides, glycols or carboxylic acids [41,
43, 44] has recently been shown. These media, also known as “deep eutectic
solvents (DES)” exhibit good air and water stability, they are potentially
recyclable, biodegradable and bring no harm to human health. These kinds of ionic
liquids represent a low cost alternative to classical ILs.

Thanks to these properties the ionic liquids have attracted considerable
interest in the preparation of porous crystalline materials. Porous nano-titanium
dioxide particles with anatase framework and crystallite sizes of approximately
15 nm were prepared by using N,N-bis [2-methylbutyl] imidazolium
hexafluorophosphate ([PPim][PF6]) [45]. Farag et al. [46] reported the synthesis of
titania in the ionic liquid 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulphonyl)amide  (Pyl14TFSA) via sol-gel method, the
nanopowder being characterized by a high thermal stability and BET surface area
of 97 m°g™. Oumahi et al. [47] reported the synthesis of Au/TiO, heterogeneous
catalysts involving two imidazolium-based ILs (1-butyl-3-methylimidazolium
hexafluorophosphate (BMIMPF6) and trifluoromethanesulfonate (BMIMOTT)) or a
DES (eutectic of choline chloride and urea).

Azaceta et al. [48, 49] selected 1-butyl-1-methylpyrrolidinium
bis(trifluuoromethanesulfonyl) imide ionic liquid as reaction media at 100-150°C
for the electrodeposition of ZnO based hybrid films; zinc bis(trifluoromethane-
sulfonyl) imide and either bubbled oxygen or N-butyl-N-methyl pyrrolidinium
nitrate were used as precursors.

Harati et al. [50] has reported the electrochemical preparation of ZnO thin
films in a deep eutectic ionic liquid based on choline chloride — urea (1:2) mixture
containing zinc perchlorate as one of the precursors and Mo/glass substrate as
substrate. Differential pulse voltammetry (DPV) were carried out in the above
electrolyte at 90°C, in the absence and presence of oxygen. Transparent and
uniform ZnO film was cathodically deposited on Mo at -1.500 V (vs. ferrocene
reference) and this process was explained by reaction of zinc cations with the
generated superoxide ions from reduction of dissolved oxygen; zinc oxide film can
be formed through a peroxide route. The influence of the electrodeposition duration
up to 120 min on the film morphology properties was investigated. UV-vis
absorption spectra, EDX, XPS, Raman, and XRD results confirmed the possible of
these ZnO films for applications in thin film solar cells.

Our group recently reported the successful electrochemical synthesis of TiO,
anatase and ZnO nanopowders involving anodic dissolution of Ti, respectively of
Zn metal in DES based electrolytes [51, 52].

Despite of the growing interest in the field of “tailor-made” inorganic
materials production, very few published works were devoted to the effect of DES
electrolyte on the anodic behavior of valve metals and on the morphology of the
obtained oxide nanostructures. Additional information in this field may



significantly contribute to the extension of the practical applications of these
systems. With this in view, this work presents some more experimental results
regarding the formation of TiO, and ZnO nanopowders using anodic dissolution of
Ti, respectively of Zn metal in some choline chloride based ionic liquids.

2. Experimental
2.1. Chemicals and Materials

To perform experiments, choline chloride-based ionic liquids were
synthesized as shown in Table 1.

Table 1. lonic liquids systems involved in TiO, and ZnO electrochemical synthesis

System type Electrolyte composition

TiO, electrochemical synthesis

ILEG - EtOH [2:1 (volume ratio) ILEG : EtOH +1-5 mM TBAB

IL - EtOH 1:1 (volume ratio) IL: EtOH + 1-5 mM TBAB
Zn0 electrochemical synthesis

ILEG-H,0,-ZnAc |ILEG (ChCI:EG 1:2 molar ratio) + 0.01M Zn(CH;3C00),-2H,0
+ 1.5 mL/L H,O,

ILEG -TBAB ILEG (ChCI:EG 1:2 molar ratio) + 0.01M Zn(CH5COO),-2H,0
+ 1.5 mL/L H,0,+5 mM of TBAB

ILEG-PVP ILEG (ChCIL:EG 1:2 molar ratio) + 0.01M Zn(CH5COO),-2H,0
+ 1.5 mL/L H,0,+ 7 g/L PVP

IL IL (ChCl:urea 1:2 molar ratio) + 0.01M Zn(CH3CQO),-2H,0 +

1.5 mL/L H,0,

Choline chloride (denoted as ChCl, 99%), ethylene glycol (EG, 99.5%), urea
(99.5%), tetrabutylammonium bromide (TBAB, > 98%), ethanol (EtOH), hydrogen
peroxide (H,O,) (30 wt. % in water), zinc acetate dihydrate (Zn(CH3;COO),-2H,0)
(ZnAc) (98 %), poly (N-vinyl-pyrrolidone) with a molecular weight of 55000
(PVP),were used as received. The eutectic mixtures have been prepared by mixing
and heating with gentle stirring ChCI with EG (symbolized ILEG) and ChCI with
urea (symbolized IL) in 1:2 molar ratio at a temperature in the range 80°C-100°C,
until a homogeneous, clear liquid was formed. The other compounds, according to
the desired formulations were then introduced to prepare the electrolytes.

2.2. Electrochemical Synthesis



The electrochemical synthesis experiments were performed in stationary
conditions and in an open system (with the electrolyte in contact with air and
atmospheric humidity), using a DC power supply (0-5 A, 0-60 V). The cell has a
two-electrode configuration and contains 400 mL ionic liquid as electrolyte. The
ratio of anodic to cathodic area was 1:1.

To electrochemically prepare TiO,, pure titanium discs (4 mm thickness) of
38.46 cm?” exposed surface area have been used as sacrificial anode and Ni strips
(0.3 mm thickness) as cathode. Current densities between 20 and 70 mA cm™ were
applied at temperatures in the range of 30-60°C for durations between 2 and 6 h.
After Ti anode dissolution, 10 mL of water has been added to the electrolyte in the
cell. Thus, a direct hydrolysis occurred with the formation of a white gel. The gel
has been washed with ethanol and then subjected to centrifugation at 4000 rpm for
15 min. This sequence has been repeated for 4 times, followed by drying at 110°C
for 1 h and calcination at temperatures between 400°C and 600°C for 1 h.

In order to synthesize ZnO, pure Zn strips have been used as sacrificial anode
and a Pt sieve as cathode. Current densities between 15 and 50 mA cm? were
applied at electrolyte temperatures in the range of 20-30 °C for durations between 3
and 5 h. After Zn anode dissolution, 30-50 mL of water has been added to the
electrolyte. The formed white precipitate has been washed with deionized water
and ethanol and then subjected to centrifugation at 4000 rpm for 15 min. This
sequence has been followed by drying at 105 °C for 3 h and calcination at 300 °C
for 1 h to obtain nano-ZnO powder.

Faradaic efficiency was also determined, by the mass ratio between the
practically to theoretically obtained metal oxide powder.

In other series of experiments, anodic behavior of Ti, respectively of Zn
electrode in choline chloride based ionic liquids has been investigated by cyclic
voltammetry, using a three electrode glass cell, either with a Ti working electrode
(1 cm?) or a Zn working electrode (having an exposed constant geometrical area of
0.38 cm?), a platinum counterelectrode and a silver wire as quasi-reference
electrode. The reference and counterelectrodes were immersed in the solutions
without using a separate compartment. The working electrodes were polished with
0.3 pum alumina paste, rinsed and dried prior to all measurements. The
voltammetric and chronoamperometric (I-t curves for different constant applied
potentials) studies were performed using an Autolab PGSTAT 12 potentiostat
controlled with GPES software.

2.3. Characterization

The composition and structure of the prepared nanosized oxide powders have
been investigated using an X-ray diffractometer Rigaku Ultima IV instrument with
graphite diffracted beam monochromator for CuK, radiation. The UV-VIS
absorption spectra were recorded from 200 to 700 nm on dry nanopowder samples



using a JASCO 570 UV-VIS spectrophotometer with an integrating sphere. Raman
spectroscopy was conducted at room temperature using a Horiba LabRam HR 800
equipment, in which excitation was made by 633 nm wavelength laser light (He-Ne
laser). The nanopowder morphology was analyzed by scanning electron
microscopy (SEM) associated with energy-dispersive X-ray (EDX) analysis (Zeiss
EVO50 equipment provided with Bruker—EDX probe, SEM accelerating voltage of
2 kV, EDX accelerating voltage of 21 kV). X-Ray Photoelectron Spectroscopy
(XPS) was carried out on a Quantera SXM equipment, with a base pressure in the
analysis chamber of 10° Torr. The X-ray source was Al K, radiation (1486.6eV,
monochromatized) and the overall energy resolution is estimated at 0.65 eV by the
full width at half maximum (FWHM) of the Au4f;, line. In order to take into
account the charging effect on the measured Binding Energies (BEs), the spectra
were calibrated using the C1s line (BE = 284.8 eV, C-C (CH)n bondings) of the
adsorbed hydrocarbon on the sample surface. A dual beam neutralizing procedure
(e and Ar" ion beams) has been used to compensate the charging effect in
insulating samples. The UV-VIS absorption spectra were recorded from 200 to 700
nm on dry nanopowder samples using a JASCO 570 UV-VIS spectrophotometer
with an integrating sphere.

3. Results and Discussion
3.1. TiO;, eElectrochemical Synthesis

Following the electrochemical synthesis process, white (sometimes with light
grey tones) TiO, powders have been obtained. Faradaic efficiencies of 92-95%
have been determined in ILEG based electrolyte whereas slightly higher values of
efficiency, in the range of 95-98%, were calculated in the case of IL one. A slight
increase of the anodic efficiency against the applied current density in the range of
20 - 70 mA cm™ has been also noticed.

In order to get more information on the anodic dissolution of Ti metal in
ILEG based electrolytes, cyclic voltammograms in pure ILEG and in ILEG
containing 1 mM TBAB at a constant temperature (25°C) and a constant scan rate
(100 mV s™) for two successive scans are presented in Fig.1.

As shown in Fig. 1a, the anodic current increased as the applied potential is
shifted in anodic direction. Three potential domains may be evidenced,
respectively: (i) a slight current increase between 0-2V that may be assigned to the
anodic oxidation of chloride anion from choline chloride; (ii) between 2-5 V, an
intensified anodic process is noticed, due to anodic oxide formation, followed by
(iii) an oscillation of the current density between 5-10 V attributed to the anodic
corrosion of TiO,/Ti interface under the presence of halide ions [20]. In addition,
slightly lower anodic currents are evidenced during the second cycle. This behavior
suggests the formation of a porous anodic oxide allowing electrolyte penetration at
the metal/oxide interface with continuous metal dissolution. Visually, the detaching



of the oxihydroxide film from the metal surface was noticed, with formation of a
precipitate within the electrolyte.
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Fig. 1. Cyclic voltammograms for Ti working electrode (1 cm?) in:
() ILEG and (b) ILEG +1 mM TBAB (Scanning rate: 100 mV s%).

The influence of TBAB addition on the voltammograms shape is
exemplified in Fig. 1b. This compound facilitates the continuous anodic dissolution
of Ti metal. Only a slight decrease of the amplitude of the current density with the
number of cycles occurred, suggesting a continuous active dissolution of the Ti
electrode in the electrolyte. A clear anodic peak is evidenced at about 8-9 V,
followed by a current decrease during the reverse scan, suggesting the formation of
an anodic film. In addition the small anodic peak at 2.5-2.7 VV may be assigned to
the supplementary oxidation of bromide ions from TBAB. The beneficial effect of
TBAB addition consists in a significant increase of the anodic current from around
5-6 mA.cm™ in the case of pure ILEG to 35 mA.cm™ when TBAB was added.

Fig.2 presents typical I-t curves for Ti working electrode recorded at



different applied potentials using ILEG ionic liquid containing 1mM TBAB. The
anodic current had initially a relatively high value, but it decreased rapidly with
time, up to a quasi-constant value which depends on the applied potential. The
findings suggest that the anodic reaction during the initial polarization at 3-10 V
removes the air-formed oxide from the electrode surface. Once the oxide layer is
removed, the process seems to become a competition between the growth of oxide
and its corrosion at the interface with the electrolyte.
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Fig. 2. Current transients during the potentiostatic polarization of Ti electrode at
different values of the applied potential in ILEG +1 mM TBAB.

Fig. 3 presents an example of the XRD patterns of TiO, powder that was
anodically synthesized in ILEG-EtOH system, after drying at 110°C, as well as
after calcination at various temperatures between 400°C and 600°C. Similar results
have been obtained when IL-EtOH system has been used during Ti metal anodic

dissolution.
The synthesized and dried TiO, powder showed an amorphous structure.
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Fig. 3. XRD patterns of TiO, nanopowders anodically synthesized in ILEG-EtOH system
(40 mAcm, 40°C, 2 h) after drying and after calcinations at different temperatures.



Calcination at 400°C determined a significant improvement in the
crystallization of the anatase phase. The XRD peaks are narrow, suggesting the
presence of very fine particles. The anatase phase is still stable at 600°C calcination
(according to ICDD card No0.03-065-5714). Moreover, it should be mentioned that
no other peaks related to other titania phases or potential compounds resulting from
thermal decomposition of ionic liquids were evidenced. Therefore, the anodically
prepared anatase involving choline chloride based ionic liquids may be seen as a
high thermal stability nanomaterial, giving rise to applications as a catalyst. The
same behavior has been reported in [46], when titania anatase phase has been
prepared from 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulphonyl)amide
[Py14]TFSA ionic liquid. After calcination at 920°C, the anatase phase was subject
to a phase transformation into a well crystallized rutile.

The crystallites average sizes (d) of 8-18 nm have been determined (see
Table 2) using the well-known Scherrer equation:

= 0.9 A 1)
B cosO
where: A is X-ray wavelength, 6 the diffraction angle and 8 the half width at half
height for the diffraction peak. It should be noticed an increase of the crystallite
size upon heat treating samples from 400°C to 600°C.
Raman spectroscopy has been also applied to characterize the obtained titania
nanopowders, as shown in Fig. 4.
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Fig. 4. Raman spectra of TiO, nanopowders anodically synthesized in: (a) IL-EtOH and (b) ILEG-
EtOH systems after calcination at 500°C. The electrolysis conditions: 40 mA cm, 40°C, 2 h.



Anatase and rutile phases exhibit well distinct Raman fingerprints [17,53-55].
The anatase structure is tetragonal and its conventional cell is composed by two
primitive cells, each with two TiO, units. The six modes A.4(517 cm ™), 2B14(397
cm and 517 cm™') and 3E4(144 cm™, 197 cm ™, and 640 cm ™) are Raman active
[47, 56, 57]. As can be seen in Fig. 4, the Raman spectra of the electrochemically
prepared TiO, show four bands at 144, 397, 517 and 640 cm™ belonging to anatase
phase, in agreement with previous reports of TiO, structures prepared from ionic
liquids [58]. The observation of Raman spectra indicating the presence of anatase
phase is in accordance with XRD results shown in Fig. 3.

Examples of SEM micrographs of TiO, powder calcined at 600°C are shown
in Fig. 5. As can be seen, the samples contain very fine, spherical particles, with
sizes between 10-20 nm.

a)

b)

Fig. 5. SEM micrographs of TiO, powder anodically prepared in:
a) IL-EtOH and b) ILEG-EtOH electrolytes after calcination at 600°C.

It may be noticed a slight agglomeration state of the nanoparticles in the SEM
images, due to their small size. Additionally, a more disordered wormlike
morphology may be noticed when ILEG-EtOH electrolyte has been involved



during synthesis.

The elemental composition of the electrochemically prepared titania
nanopowders after different applied thermal treatments has been determined by
EDX analysis, as shown in Table 2.

Table 2. The elemental composition (based on EDX spectra) and crystallite size of TiO,
nanopowders after various thermal treatment regimes

Sample Thermal treatment XRD
type EDX content (wt.%) crystallite
size, nm®
O Cl Ti
TiO, Drying 110°C 33.06 23.19 43.74 -
(ILEG-EtOH) Calcination at 44.25 1.24 54,51 7.9
400°C
Calcination at 37.55 - 62.44 15.7
500°C
Calcination at 36.38 - 63.61 16.6
600°C
TiO, Drying 110°C 32.76 27.47 39.77 -
(IL-EtOH) Calcination at 36.64 0.87 62.48 10.7
400°C
Calcination at 32.69 - 67.30 15.8
600°C

@ Calculated by applying the Scherrer formula on the anatase (101) diffraction peak.

A significant amount of chlorine was detected in the case of dried powders,
most probably originating from the anodic decomposition of choline chloride
occurring at relatively high values of the applied anodic potential. The formed
chlorine gas could be incorporated in the porous structure of the gel. In addition,
the complexation of titanium ions with CI” during anodic dissolution process is not
excluded [18] that may contribute to its insertion in the titania structure. It should
be noticed that the EDX signal related to Cl drastically decreased upon calcination
at 400°C and then was entirely removed, at 500-600°C. Based on EDX
investigations, oxygen rich titania nanopowders have been obtained, with O:Ti
ratio between 2.11 and 3.88, depending on the calcination temperature and the
initial electrolyte system.

The composition of the electrochemically prepared titania nanopowder has
been also investigated involving XPS. Fig. 6 presents the typical XPS survey
spectra of the TiO, sample and the corresponding high resolution XPS spectra of
Ti2p, Ols and C1s. It can be seen that the nano titania sample only contained Ti, O
and C elements, with sharp photoelectron peaks appearing at binding energies of
459 (Ti 2p), 530 (O 1s) and 285 eV (C 1s), respectively.



b)

c)
Fig. 6. XPS survey spectra of the TiO, sample (a) and the corresponding
high resolution XPS spectra of Ti2p (b) and O1s (c).

The carbon peak is attributed to the residual carbon from the sample and
adventitious hydrocarbon from XPS instrument itself. High resolution spectrum of
Ti 2p (see Fig.6b) clearly shows the two characteristic maxima of Ti*[59]. The
core level XPS O 1s spectra are also analyzed, as presented in Fig.6¢c. The spectra
specifies the presence of at least two kinds of chemical states that include the
surface oxygen, probably in the form of surface hydroxyl groups and the lattice
oxygen in TiO,, at around 529.8 eV [59].

Fig. 7 shows the recorded UV-Vis diffuse reflectance spectra of TiO,
nanopowders obtained from different ChCI based ionic liquids systems compared



to commercial TiO,. It was perceived a noticeable shift of the optical absorption
edges of the TiO, systems toward the visible regions of the solar spectrum, more
pronounced in the case of the use of IL-EtOH system for electrochemical synthesis.
It is evidenced an absorption band located in the range of 400-550 nm apart from
the fundamental absorption edge of TiO,(in the UV region at about 350 nm) and
the presence of a tail as well, suggesting a better photocatalytic activity (extended
activity).
The band gap energy E, [60] of the obtained nano-titania was determined

from the graphs of (a.hv)*vs. hv, based on the relationship:

[, (hv—-E;)"]
a=
hv
where o is absorption of the TiO, powder and ay is absorption coefficient; hv is the
photon energy and n is a constant. The value of n depends on the probability of

transitions; it takes the values of 1/2, 3/2, 2 and 3 for direct allowed, direct
forbidden, indirect allowed and indirect forbidden transition, respectively.
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Fig. 7. UV-Vis diffuse reflectance spectra of TiO, nanopowders obtained from
different choline chloride based ionic liquids systems compared to commercial TiO,.

The calculated Eg4 values for the electrochemically synthesized TiO, anatase
nanopowders, considering the indirect type transition [61,62] were found to be 2.82
eV (IL-EtOH system) and 2.93 eV (ILEG — EtOH system) as compared to a value
of 3.1 eV determined for commercial TiO, (TitanPE Technologies, Inc., China).
These results suggest that these photocatalysts might be potentially adequate to
operate under visible light illumination. Quite similar band gap energies values
have been reported by Etacheri et al. [63] in the case of titania nanopowders



synthesized through a peroxo-titania route, characterized by the presence of high
oxygen content. They considered that the oxygen excess defects present in the
titania nanopowders could be responsible for the band gap narrowing. According to
the previously presented results, oxygen rich titania nanopowders have been also
obtained using anodic dissolution of Ti in different choline chloride based ionic
liquids. Therefore, one may assume that the obtained lower values of the band gap
energy may be ascribed to the higher content of oxygen.

The electrochemically synthesized titania nanopowders involving choline
chloride based ionic liquids exhibited relatively high photodegradation efficiency
of Orange Il as model dye, of about 95.5% under UV irradiation for 6 h. In
addition, a two times higher photodegradation efficiency under visible light
irradiation has been evidenced [51].

3.2. ZnO electrochemical synthesis

Usually, after anodic dissolution of Zn electrode in the above mentioned
electrolytes from Table 1, some amounts of water were directly added to the
choline chloride based ionic media to facilitate the formation of the white
precipitate. The obtained ZnO powders after the applied thermal treatment were
white. However, when ILEG-PVP system was involved, a dark grey tone was
evidenced. Faradaic efficiencies of 85-92 % were determined in ILEG based
electrolytes whereas slightly higher values, in the range of 90-95 % were calculated
in the case of IL one. During electrochemical process, approx. 5-7 % of the
anodically dissolved Zn was deposited onto the cathode, in the case of ILEG and
IL systems. The addition of TBAB or PVP significantly diminished, respectively
hindered the deposition phenomenon (up to 0.1-0.2 % of the dissolved Zn in the
presence of TBAB, zero percentage when PVP was added).

In order to get information on the electrochemical behavior of Zn electrode in
the proposed choline chloride based ionic liquids electrolytes, cyclic
voltammograms have been recorded at 25 °C in the precursors (pure ILEG, ILEG-
H,0,, ILEG_ZnAc) and in the full electrolyte (ILEG-H,0,-ZnAc). For the sake of
clarity, Fig.8 presents the CV curves in the case of pure ILEG and the full
electrolyte, ILEG-H,0,-ZnAc.

As illustrated in Fig. 8 curve 1, a large oxidation peak on the anodic branch
(or a plateau) is evidenced during scanning starting from the stationary potential.
This peak is centered at around -0.5 V for pure ILEG and at approximatively - 0.8
V for ILEG-ZnAc system (not shown here). The peak magnitude remained almost
the same, regardless the applied scan rate or the number of cycles. By extending
the anodic scan up to +2 V, a continuous increase of current was recorded, reaching
the same maximum current values of 34-38 mA at any scan rate. By reversing the
scan in cathodic direction, the current decreased on an identical route as in the
forward scan.
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Fig. 8. CV curves of Zn working electrode in different choline chloride based
ionic liquids systems (scan rate: 50 mV s, 25°C) (Swe = 0.38 cm?).

According to the literature [64,65], it is supposed that within the first part of
potential scan, from -0.8 V to -0.3V, Zn metal electrochemical dissolution takes
place producing univalent Zn* cations which are closely adsorbed onto the zinc
anode surface, according to Eq(l):

Zn—e d Zn+ads (I)

In the next portion, along the linear portion of anodic branch and reversing
scan, it is clear that a massive production of zinc ions occurs due to high
polarization values. The processes taking place in this part of CVs may be
described as both subsequent oxidation of Zn" intermediate cations and
electrochemical dissolution of Zn atoms from metallic anode, according to Eq(ll)
and Eq(I11):

Zn"as - € — Zn* ()

Zn-2e — Zn* (1)

Oppositely, CV curves for ILEG + H,0, and ILEG + H,0, + ZnAc systems
did not exhibit any anodic peak and the current increased continuously by scanning
up +2 V anodic potential limit and an exact route on reversing scan is recorded. An
example is illustrated in Fig. 8 curve 2. This behavior suggests that the H,0,
addition completely inhibits the processes (I) and (II) and only massive
electrochemical dissolution of zinc anode takes place (process (111)).

It is worth to mention that at the end of cathodic branch of all
voltammograms the small peak which appears within -1.35V to -1.45 V potential
range (see also Fig. 8) may be ascribed to the electroreduction of new formed Zn*
cations, according to Eq(IV):

Zn**+2e — Zn (V)



However, the position and amplitude of these cathodic peaks do not depend
substantially on scan rate or cycling, but depend on the nature of the ionic liquid
system, respectively on the H,O, content (1-2 mA in the absence and 4-5 mA in the
presence of H,0,). This is another support for a favorable influence of H,0, to
Zn*" production.

Based on the above observations, it can be supposed the mechanism for the
reaction process in investigated H,O, containing ionic liquids involves a
simultaneous oxidation of the peroxide ion (O,*) together with the
electrodissolution of Zn metal. The new formed species, superoxide ion (O,) and
Zn*" ion proceed to precipitate zinc oxide according to Eq(V), with zinc superoxide
(ZnQy,) as intermediate species [48]:

Zn** + 0, — Zn04 — Zn0O, + 0, <> ZnO + 3/2 O, V)

Figure 9 presents typical current versus time curves for Zn working electrode
recorded at different applied potentials using ILEG-H,0,-ZnAc electrolyte. The
anodic current had initially a maximum value, which is attained in the first 40-50 s
when the applied potential belongs to the plateau region (E = -0.66V, E=-0.2V) and
in the first 5 s when it is situated on the massive Zn dissolution zone (E = 0.5V).
Then it attains a quasi-constant value which depends on the applied potential.
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Fig. 9. I-t curves for Zn working electrode in ILEG-H,0,-ZnAc electrolyte for
different values of the applied potential (t = 25 °C; Sye = 0.38 cm?).

Figure 10 presents the XRD patterns of ZnO powder anodically synthesized
in different choline chloride based ionic liquids systems.

All observed peaks correspond to the hexagonal wurtzite structure of ZnO
(according to the standard card JCPDS 00-036-1451), in agreement with other
literature data [66]. No other peaks related to other potential impurities compounds
resulting from decomposition of ionic liquids were evidenced. All the obtained



nanopowders exhibit the highest intensities of crystal growth orientation on the
(101) plane, located at 36.3°. The crystallites average sizes of 12-18 nm have been
determined using the Scherrer equation (1). The addition of either TBAB or PVP
determines a slight increase of crystallites sizes, from around 12-13 nm towards
about 18 nm.
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Fig. 10. X-ray diffractograms for ZnO powder anodically synthesized in
different choline chloride based ionic liquids systems.

SEM micrographs, as exemplified in Fig. 1la, suggested that the
nanoparticles are approaching spherical shape having crystallite sizes of about 15-
31 nm, relatively similar to the calculated values from XRD patterns. It may be
noticed a slight agglomeration state of the nanoparticles in the SEM images, due to
their small size. EDX spectra of the anodically obtained ZnO nanopowder
(see Fig. 11b) revealed the fact that oxygen is slightly higher than zinc.

a) b)

Fig. 11. SEM micrograph (a) and (b) EDX spectrum of ZnO nanopowder anodically synthesized in
ILEG electrolyte after the applied thermal treatments at 105°C for 3 h and 300°C for 1 h.



Figure 12 shows examples of the recorded UV-Vis diffuse reflectance
spectra of ZnO nanopowders obtained from different ChCI based ionic liquids
systems.

A new absorption band was observed in the visible range of 420-550 nm
apart from the fundamental absorption edge of ZnO, which is located in the UV
region at about 350 nm and the presence of a tail as well, suggesting a better
photocatalytic activity, after the applied thermal treatment.
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Fig. 12. UV-Vis diffuse reflectance spectra of ZnO nanopowders electrochemically
prepared involving different choline chloride based ionic liquids.

4. Conclusions

Based on the obtained experimental results, new electrochemical synthesis
procedures to prepare TiO, and ZnO nanopowders from choline chloride based
ionic liquids have been proposed.

This easy and efficient procedure allowed for TiO, preparation faradaic
efficiencies of minimum 92% for applied current densities between 2-7 A/dm? and
operating temperatures of 30-60°C. The obtained TiO, nanopowders showed a
stable anatase structure after the thermal treatment at 400-600°C, with a narrow
size distribution of 8-18 nm. Based on the recorded UV-Vis diffuse reflectance
spectra for the electrochemically synthesized TiO, anatase nanopowders, band gap
energies between 2.82-2.93 eV have been determined, that are lower as compared
to those of the classical TiO,. It has been assumed that the oxygen excess present in
the titania nanopowders may contribute to the band gap narrowing. These findings
suggest that these photocatalysts are potentially adequate to operate under visible
light illumination.

It has been also reported the successful electrochemical synthesis of ZnO
nanopowders involving anodic dissolution of zinc electrode in choline



chloride-ethylene glycol or choline chloride-urea eutectic mixtures with additions
of hydrogen peroxide. This is an efficient procedure allowing faradaic efficiencies
of minimum 85 % for applied current densities between 15-50 mA cm? and
operating temperatures of 20-30°C .

The cyclic voltammetry investigations showed a continuous increase of
current during anodic scan, assigned to a continuous dissolution of metallic Zn and
simultaneous oxidation of the peroxide ion (0,%); both formed species precipitate
as ZnO. XRD investigations showed the hexagonal wurtzite structure of ZnQ, in
agreement with other literature data.

Crystallites average sizes of 12-18 nm have been determined for the
anodically synthesized ZnO nanopowders. The addition of either TBAB or PVP
determined a slight increase of crystallites sizes, from around 12-13 nm towards
about 18 nm. According to SEM micrographs, the nanoparticles are approaching
spherical shape with a slight agglomeration state, due to their small size.

Some other important aspects such as a better understanding of the anodic
processes occurring in the choline chloride based ionic liquid electrolyte and their
influence of oxides nanopowders structure and photocatalytic behavior, as well as
the possible increase of the performance through the addition of an appropriate
doping element are suggested for further investigation.
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Abstract. Application of zinc oxide (ZnO) thin films in advanced opto-
electronic devices designed to operate in space environment raises issues on material
properties and device function modification under exposure to radiation. Colliding
heavy charged particles may affect the structure as well as the optical and electrical
properties of ZnO, by the accumulation of radiation induced defects. In this work we
report results of a recent experiment performed with alpha particles at 3 MeV energy,
5.3 kGy/h dose rate, and various exposure periods between 100 s and 8 h, aiming to
understand the atomic-level mechanisms of defects build-up in irradiated ZnO thin
films. A plethora of characterization methods were used to analyse the material
properties, before and after irradiation, including field emission scanning electron
microscopy (FESEM), high resolution transmission electron microscopy (TEM-
HRTEM), atomic force microscopy (AFM), x-ray diffraction (XRD), electron
paramagnetic resonance (EPR), photoluminescence (PL). First principles calculations at
the GGA+U level were performed to determine the electronic properties of ZnO,
N:ZnO and Li:ZnO doped materials with local chemical and structural disorder.
Numerical simulations of test devices whose structure includes defected ZnO thin films
have also been performed in order to probe their electro-thermal and electrical behavior
after irradiation. The ZnO, N:ZnO and Li:ZnO doped films investigated are
polycrystalline, with wurtzite structure. The PL emission spectra reveal an increased
intensity of the peaks corresponding to defects in the irradiated films. Our results
evidence that a specific process of defect formation, hitherto unreported, may occur
when a threshold exposure time is exceeded. Numerical modeling of electrical and
coupled thermal-electrical response of ZnO FET transistors with various densities and
areas of radiation-induced defects shows that the defect concentration, their distribution
and the size of defected regions strongly affect the current density and the temperature
distribution within the device.



1. Introduction

Recently, an increasing number of investigations have been undertaken on
the evolution of the morphology, structure, optical and electrical properties of ZnO
based materials irradiated with high energy electrons, heavy ions or gamma rays.
Since these materials, including thin films, nano crystals, nano objects and
powders, are relevant for advanced nanoelectronics, optoelectronics, transparent
electronics, UV high performance photodetectors, solar cells and sensors, their
performance when operating in harsh radiation conditions as existing in space is of
utmost interest.

Thus, it was reported that the irradiation of ZnO and Al-doped ZnO thin films
with high energy electron beams, at 0.8 MeV and a fluence of 10" electrons/cm?, is
responsible for the increase in the electron mobility, but also for the decrease in
carrier concentration by creating acceptor like defects, such as zinc vacancies (Vzn)
and oxygen interstitials (O;). Besides the modifications of the optical and electrical
characteristics, the structure and morphology of the films change by electron
irradiation as well. The films showed larger grain size and rougher surfaces after
irradiation, which was attributed to an irradiation induced annealing effect [1-3].
Also, it was observed that electrons with energies of 6, 12, 15 MeV at a fluence of
1x10" electrons/cm?® affect the structure of ZnO thin films, through a regrowth
process activated by the electron beam-film interaction and the subsequent
annealing effect [4]. Electron beams with higher energy/fluence characteristics can
significantly affect the grain size, surface morphology, sheet resistance, optical
constants, absorption edge, and the optical band gap of ZnO and Al-doped ZnO
films. It was evidenced that after exposure to 8 MeV electrons at a fluence of
6x10*2 electrons/cm? the grain size decreased, the absorption edge shifted to blue
wavelength region, and the sheet resistance increased [5].

Irradiation of (0001) ZnO crystals with 500 keV **Xe* at fluences of 5x10™
and 1.5x10"™ cm resulted in the formation of near-surface nanocavities, and
stoichiometric imbalance [6]. Also, an increased surface roughness due to
sputtering was observed in 1.2 MeV Ar®, fluence 1-5x10" ions/cm? irradiated
polycrystalline ZnO, along with an enhancement of the irradiated sample UV
emission (~3.27 eV) and defect level emission (2-3 eV). The resistivity of the
films exposed to higher fluence was reduced by four orders of magnitude compared
to that of the unirradiated sample [7].

Gamma irradiation of ZnO nanoparticles at doses in the range 20-80 kGy
significantly affects their absorption properties, the band gap (Eg) and the electrical
conductivity. UV-Visible spectroscopic studies showed that the band gap of ZnO
nanoparticles increases as a result of gamma irradiation, which can be correlated
with a decrease in the dc conductivity [8]. As well, it was reported that ZnO-CuO
doped PVA nanocomposite thin films exposed to 60 Co y-radiation source ranging
from 0 to 30 kGy showed smoother surfaces for the highest gamma radiation dose.



Spectroscopy in the wavelength range 300-800 nm indicated that Eg increases
from 2.70 to 3.80 eV as the y-radiation dose increases [9].

The effect of alpha particles on the properties of ZnO thin films are scarcely
reported. Some studies reported on the defects produced by irradiation, such as Zn
interstitials (Zn;) resulted by 1.8 MeV proton irradiation of ZnO films, with
fluences from 1x10* cm? to 2.4x10%cm™? [10], or oxygen vacancies (OVSs)
produced in ZnO coatings and ZnO thin films or TFT devices [11]. It was reported
that high-dose proton irradiation of indium-doped ZnO films changed their
resistivity due to the formation of point defects and structure amorphization [12].

In this study we present the structural and photoluminescence properties of
Zn0O, N:ZnO and Li:ZnO thin films irradiated with 3 MeV alpha particles at 5.3
kGy/h and evaluate the effect of exposure time on the type and concentration of the
radiation induced defects. The main features of the ab initio calculated electronic
structure of the non-irradiated materials are highlighted. As well, we report results
of numerical modeling of the electrical and coupled thermal-electrical behavior of
ZnO FET transistors with defects. We evidence that the defect concentration, their
distribution and the size of the defected regions strongly affect the current density
and the temperature map in the FET channel.

2. Experimental
2.1. ZnO Films Preparation

ZnO and Li or N doped ZnO (Li:ZnO, N:ZnO) thin films were deposited onto
Si/SiO, and glass substrates by sol-gel method, spin coating technique. The
precursor materials were zinc acetate dihydrate, Zn (CH;COO),2H,0 (99.50%
pure) (ZAD) and 2-methoxyethanol (2-ME). The solution was prepared by
dissolution of ZAD in 2-ME, and then monoethanolamine (MEA) was added as
stabilizer. This precursor solution was mixed at approximately 60°C for 1 h to yield
a clear and homogeneous sol. Doping solutions were prepared from lithium acetate
(Li (CH3COy), LiAc (99.95%)) dopant source of Li, and ammonium acetate
((CH3COONH,) 99.99%) dopant source of N and were added to the sol. The
concentration of doping elements in the solutions were 1, 3and 5 at. % Liand 1, 3
and 5 at.% N. Also, some of the ZnO films were prepared in the presence of two
doping elements Li, and N. The concentration of dopants in these films was 3 at. %
Liand 5 at.% N.

The sol solutions were further spin-coated onto the substrates and stabilized
by a pre-treatment as following: i) ZnO films were spin-coated onto the substrates
at 1500 rpm for 30 s, then each layer was stabilized at 300°C for 10 min. The
deposition process was repeated five times and led to the formation of ZnO films
with thickness of about 100 nm. A final annealing of the films was performed at
500°C for 1 h in ambient atmosphere; ii) Li:ZnO films were-spin coated onto
substrates at 3000 rpm for 30 s and each layer stabilized at 130°C for 5 min. The



annealing was performed at 500°C for 1 h in ambient atmosphere. The thickness of
the films was about 60 nm; iii) N:ZnO films were spin coated onto substrates at
3000 rpm for 30 s, then pre-treated at 130°C for 5 min to remove the organic
compounds. The process was repeated five times, the films were annealed at
500°C for 1 h in ambient atmosphere. The thickness of the films was about 60 nm.
vi) (Li, N) codoped films were deposited onto Si/SiO, and Si (FZ) substrates using
the spin-coating process at 3000 rpm for 30 s, each layer was stabilized at 200 °C
for 5 min and the thermal treatment after five layers deposition was performed at
500°C for 30 min in ambient atmosphere.

The electron paramagnetic resonance (EPR) investigations required thicker
films, in order to have detectable amounts of unpaired spins in the samples, as well
as substrates with high resistivity and very low content of paramagnetic impurities.
Therefore four ZnO films were deposited on floating zone silicon substrates Si
(FZ), using a ten layers spin-coating procedure, namely an undoped ZnO film, as
reference, and three other ZnO films doped with 5 at. % N, 3 at. % Li and codoped
with 3 at.% Li and 5 at. %N, respectively.

A detailed description of the thin films preparation by sol-gel process is
presented in references [13, 14].

2.2. Irradiation Conditions

The films were irradiated with alpha particles at a dose rate of
5.3 kGy/h, the energy of 3MeV, and the irradiation time was varied from 100 s
(~11 pC) to 500 s (~54 uC), 1000 s (~104 puC) and 8 h (~2100 uC).

The irradiations were performed at the U120 Cyclotron facility at the
National Institute for R&D in Physics and Nuclear Engineering-“Horia Hulubei”
(IFIN-HH), Bucharest.

2.3. Characterization

The surface morphology of the films was analyzed by using a Field Emission
Scanning Electron Microscope (FESEM) - Nova NanoSEM 630 and Atomic Force
Microscopy (AFM) by using a Scanning Probe Microscope NTEGRA Aura (NT-
MDT Co). The structural characteristics were determined with a SmartLab X-ray
thin film diffraction system from Rigaku, at grazing incidence (GIXRD). The
photoluminescence (PL) emission spectra of the films were recorded with an
Edinburgh FL920 fluorimeter, at 310 nm excitation wavelength.

The EPR experiments were performed on a Q-band (34 GHz) spectrometer
model Bruker ELEXSYS E500Q equipped with variable temperature accessories,
from the Center for advanced ESR/EPR techniques (CetRESav). Details about the
equipment and magnetic field calibration procedures are described in ref. [15] and
at http://cetresav.infim.ro/.




Transmission electron microscopy (TEM) investigations were performed by
using a high resolution analytical electron microscope JEM ARM 200F. The
microscope is equipped with a field emission gun (FEG) with a maximum
acceleration voltage of 200 kV, CCD cameras for electronic recording of TEM /
STEM images and electron diffractograms, an analytical unit EDS JEOL JED-
2300T and a Gatan EELS Quantum SE unit. Microstructural investigations by
TEM require the appropriate preparation of samples. The available preparation
techniques allow obtaining samples with thicknesses below 50 nm, both in plan
view and cross section. The samples were prepared by cutting and assembling the
pieces (for the cross section specimens), mechanical polishing up to a thickness of
approximately 20 um using the tripod technique, followed by thinning under an
Ar" ion beam up to electron transparency with the Gatan PIPS system.

2.4. First principles Calculations

A study of the electronic structure in the Generalized Gradient
Approximation (GGA) was performed using the FPLO14 code [16] in order to
obtain accurate information at atomic scale on the effects of the dopant impurities.
We used the Perdew-Burke-Ernzerhof (PBE) parametrization for the exchange and
correlation potential [17] and a 4x4x4 k-points mesh (64 irreducible k-points) for
the Brillouin zone integration. The substitutionally doped materials were simulated
using 3x3x2 supercells built of ZnO unit cell at the equilibrium volume. All
structural models were fully relaxed until a residual force less than 5x102 eV/A on
an atom was reached.

2.5. Numerical Simulations

The effect of radiations - induced defects on the thermal and electrical
properties of ZnO thin films used as active channel in thin film transistor devices
has been simulated considering non-uniform resistivity of defective regions in the
films volume. The resistivity variation was taken into account by discretization of
the films thickness in several layers with different resistivity as function of defects
density. Electro-thermal simulations were performed with CoventorWare 2012
design and simulation software tool, by applying a voltage to the electrodes of the
test structure along with convection-thermal radiation boundary conditions on the
external surfaces. Transient electric simulations were also performed with ANSYS
Multiphysics 12.1 simulation tool for similar boundary conditions.

The electrical and thermal response of the test devices are simulated for various
ZnO thin films geometries and defects distribution [18].



3. Results and Discussion
a. As Prepared Films

FESEM images of ZnO films doped with Li in various concentrations,
1-5 at. % are presented in Figs. 1 (a)-(d). The films have rough surfaces, with
characteristic structural features, a network of fibers whose density decreases with
increasing Li concentration from 1 at. %, 3 at. % and 5 at. %, Figs. 1(a), (b), (c).
The cross section image presented in Fig. 1 (d) shows the cross section of a film
doped with 5 % at. Li and the film thickness of 51.6 nm [14].

(d)

Fig. 1. Surface morphology of ZnO films doped with 1, 3 and 5 % at. Li: (a), (b),
(c) FESEM images and cross section of a 5 % at. Li: ZnO film (d), [14].

Comparatively, the surface of the ZnO films doped with N, Figs. 2 (a)-(c), show
a higher density of fibers, however the structures are less pronounced than those on
the surface of the films doped with Li. FESEM images of Fig. 1 (a)-(c) emphasize
a dense network of structures on the films surface. The cross section image of a
film doped with 3 % at. N presented in Fig. 2 (d) shows that the film has a
thickness of about 56 nm. Codoped films, with (3 at. % Li, 5 at.% N):ZnO present
rough surfaces as well. XRD measurements demonstrate that all the films are
polycrystalline, with wurtzite structure. The XRD patterns show main diffraction



peaks situated at 20=31.81°, 34.44°, 36.29° which corresponds to (100), (002),
(101) planes of ZnO wurtzite structure (standard JCPDS card No. 00-036-1451).

(d)

Fig. 2. Surface morphology of ZnO films doped with 1, 3and 5 % at. N: (a), (b),
(c) FESEM images and cross section of a 3% at. N: ZnO film (d), [14].

Table 1. The average crystallite size ds (Scherrer), d (Rietweld), dy.+ (Williamson-Hall),
lattice strain, eg, residual stress, o, for the Li:ZnO, N:ZnO and (Li,N):ZnO films.

ds dr O ér [GOI;a]
Films [nm] [nm] [nm] [%%6]
ZnO 13 16 15 0.23 0.18
3% Li:ZnO 14 13 16 0.11 0.18
5% N:ZnO 21 24 17 0.29 -0.31
(3%L.i,5% N):ZnO 15 17 17 0.26 -0.31

In Table 1 are listed the crystallites size in the films doped with 3 % at. Li
and 5 % at. N and in the codoped films, calculated from the XRD data and refined
with Rietweld and Williamson-Hall methods, ds (Scherrer), dr (Rietweld), dw.n



(Williamson-Hall), the lattice strain, ¢g, and the residual stress, o. One may observe
the effect of N that causes an increase in crystallite size observed in the N:ZnO
films and also in the codoped films. The lattice strain also increases in the films
doped with N or codoped with Li and N. The residual stress in these films is
compressive, which suggest that N substitute O in ZnO host lattice [14].

Fig. 3 Morphogical, structural and chemical properties of ZnO, (3 at.% Li, 5 at. %):ZnO and 5 at.% N
respectively, determined by using transmission electron microscopy (a, b, f, g, k, I) electrons
diffraction (c, h, m), EDS spectroscopy (d, i, n) and EELS spectroscopy (e j, 0).



TEM investigations were performed on the thicker ten layers ZnO films
deposited on Si (FZ) for the EPR experiments. From the conventional transmission
electron microscopy (CTEM) images of the undoped (Fig. 3 a), (Li, N) codoped
(Fig. 3 f) and N doped (Fig. 3 k) ZnO films thicknesses of 440 nm, 520 nm and
440 nm, respectively, were determined for the three films. The high resolution
transmission electron microscopy (HRTEM) images obtained at a higher
magnification (Figs. 3 b), g) and I)) show that the films are composed of crystalline
grains with different orientations, with a diameter ranging between 10 and 40 nm,
their size increasing with the distance from the substrate. The electron diffraction
patterns presented in Figs. 3 c¢), h) and m) demonstrate that the films are
crystallized in a hexagonal structure with space group P63mc, with lattice
parameters a = 3.2427 A and ¢ = 5.1948 A, similar with the results of the XRD
measurements. The chemical composition of the films is confirmed by the
chemical analysis performed using energy dispersive X-ray spectroscopy (EDS).
Figs. 3 d), i), n) indicate a composition of 49 at. % O and 51 at. % Zn for all three
films. The films composition was determined also with the electron energy loss
spectroscopy (EELS) technique. In the EELS spectra presented in Figs. 3 €), j), 0),
the O K line appears at 532 eV and the Zn L line at 1020 eV. The difference
between the intensities of the O and Zn lines in the three spectra presented in Figs.
e), j) and o) is due to the different thickness of the samples prepared for TEM. The
signal-to-noise ratio is better for the thinner samples. The two doping elements, Li
and N, could not be observed in the spectra, as they both are near the detection
limit of these methods of analysis.

Fig. 4. Q-band EPR spectra of the ZnO, ZnO:Li, ZnO:N and ZnO:Li,N
films deposited on floating zone silicon, measured at 90 K.



The electron paramagnetic resonance spectroscopy has been used as a very
sensitive method to detect the presence of paramagnetic point defects in the films,
being able to provide insightful information about their nature, structure,
localization and ground state properties.

The EPR spectra of the films, recorded at 90 K, are displayed in Fig. 4. The
EPR line with the g-factor value g = 2.0057, observed in all four samples,
corresponds to the dangling bonds (DB) in the silicon substrate [19, 20]. Although
no EPR spectrum, directly related to the presence of either N or Li dopants, could
be observed at this temperature, the different doping has a visible effect on the
defects formed in the films. The EPR spectrum of the film doped with N is similar
with the spectrum of the undoped ZnO reference film, and contains, beside the DB
signal, a strong line with g; = 1.9599, with similar intensity. This line corresponds
to a shallow donor (SD) defect in ZnO, which has been previously associated with
the presence of intrinsic defects like Zn in an interstitial position, Zn; [21], or with
the presence of impurities such as interstitial Na [22], substitutional Al [23] or CI
[24]. Given the impurity content of the starting materials, the origin of this defect
could be assigned to either interstitial Zn or Na, which is present as native impurity
in the ZAD precursor in concentrations of up to 50 ppm. The strong decrease of the
SD signal intensity in the Li doped and (Li, N) codoped ZnO films could be an
effect of the Li doping. The EPR spectrum of the codoped film shows the presence
of another line at g, = 2.0029, which can be barely guessed in the other three
samples. A survey of the existent literature shows that the only close g-values
correspond to an acceptor center consisting of a substitutional Li* ion, with a
trapped hole at one of the four adjacent oxygen ligands. The reported values are g
=2.0026, g, = 2.0254 in polycrystalline ZnO [24] and g, = 2.0035, g, = 2.0254 in a
ZnO single crystal [25]. The g, value would correspond, within experimental
accuracy, to the reported gy value. As the g; signal is considerably weaker than the
g. one, the fact that we do not observe any feature corresponding to g, makes this
assignment debatable. Further investigations are needed in order to clearly assign
this signal and to determine the presence of Li and N dopants in the films.

PL emission spectra of ZnO undoped, 3 at.% Li:ZnO, 5 at.% N:ZnO doped
and (3 at.% Li, 5 at.%N):ZnO codoped films are presented in Figs. 5 (a), (b), (c).
The PL spectrum of undoped ZnO film, Fig. 5 (a) shows two emission peaks, a
sharp peak situated in ultraviolet (UV) region of the spectrum, at 382 nm
(3.24 eV), and a broad and less intense emission maximum in the visible region
(yellow-green), peaked at 590 nm (2.10 eV). The emission peak at 382 nm is
attributed to direct band-band transitions (band edge emission) and gives the value
of ZnO films band gap, Eg. PL emission peak located at 590 nm, is associated with
the presence of intrinsec point defects in the film. Several type of defects, e.g.
oxygen vacancies (OVs), oxygen interstitial (O;), zinc interstitial (Zn;), zinc
vacancies (Zn,) or "anitisite” defects can act as radiative centers with emission
bands in the visible region [26]. Previous PL spectroscopy studies suggested that



Zn; and Zn, defects may contribute to blue and green emission, while Oi and Ov
vacancies tend to produce yellow-orange and green-yellow emission, respectively.
Extrinsic impurities, such as doping impurities can also contribute to the PL
emission [27].

The PL emission spectrum of Li doped ZnO films, Fig. 5 a), shows a more
intense emission peaked at 570 nm (2.17 eV) which suggest the presence of defects
induced by Li doping. Contrary, the films doped with 1 at. % N and 3 at. % N
exhibit an increased intensity of the UV emission peak, situated at 375 nm
(3.30 eV) and 376 nm (3.29 eV) respectively, and quenching of the emission in the
visible spectral region as can be observed in Fig. 5 b). Previously, PL peaks
situated at 3.334 and 3.31 eV in the spectra of N doped ZnO films epitaxially
grown n-type ZnO single crystal substrates were assigned to neutral acceptor-
bound exciton (A0X) emission and a donor-acceptor pair (DAP) emission,
respectively, [28]. In these films free exciton emission was observed at about
3.375 eV. The strong quenching of the emission peaks associated with intrinsic
defects observed in Fig. 5 b) suggests that N annihilates the defect centers that
yield luminescence emission at 570 nm. It can be observed that the PL emission is
overall reduced in the films doped with 5 at.% N.

a) b)

©)

Fig. 5. PL emission spectra of the ZnO and 3 at.% Li: ZnO films (a), 1 at.%, 3 at.%,
and 5 at.% N:ZnO films (b) and (3 at.% Li, 5 at.% N):ZnO films (c).



Fig. 5 ¢) shows the PL emission spectra of ZnO films doped with Li, N, or
codoped with (Li, N). The PL emission spectrum of the codoped film shows a low
intensity emission peak situated at 386 nm (3.21 eV) and a relatively broad and
intense peak situated at 540 nm (2.30 eV). Therefore, PL spectra reveal the
presence of dissimilar defects in Li and N doped films. The emission peak at 3.21
eV observed in the codoped films may be related to the presence of Li(Zn)-N(O)
complex [29]. Previously, PL peak located at 3.24 eV in ZnO was attributed to
radiative recombinations of donor-acceptor type and the PL peak located at 2.4 eV
to recombination involving defect centers situated in the bandgap, such as OVs,
Zn;, O (Zn) [30]. It was also reported that the PL peak situated at 3.21 eV is
associated to the presence of acceptor complex defect involving Li and N, e.g. Li
(Zn)-N (O) [31].

PL spectra of the films exposed to radiation should exhibit modifications in
terms of intensity and peaks position due to radiation-induced defects, then a study
of PL emission of ZnO and doped ZnO films has been performed to bring data on
the mechanism of defects formation in ZnO films.

3.2. Irradiated Films

The FESEM images of ZnO films (Si(500 um)/SiO,(270 nm)/Zn0O (100 nm),
exposed to alpha particles with 3 MeV energy at a dose rate of 5.3 kGy/h, for
various irradiation times are presented in the Figs. 6 a), b), c). After exposure to
radiation for 100 s, the irradiated zone appears as a darker colored region in the
centrum of the sample, Fig. 6 a). With increasing the exposure time to 500 s,
irradiated dark region becomes larger. Also, some portions of the ZnO film appear
as separated from the substrate, Fig. 6 b). The surface of the ZnO films exposed to
radiation for 1000 s present two damaged regions, one with a darker color,
surrounded by a more extended region which has a less pronounced color change,
Fig. 6 ¢). It was previously reported that radiation induced coloration in ZnO is
determined by OVs generated during irradiation, which create hydrogen like bound
state with the nearby electrons. The defects created are F-centers or color centers
[32]. The diameter of the affected region is about 10 um after exposure to radiation
for 100 s, 20 um after 500 s and 100 um after 1000 s, respectively.

a) b) c)

20pum 20pm 20pm

Fig. 6. FESEM images of ZnO films exposed to 3 MeV, 5.3 kGy/h alpha particles:
a) 100 s (~ 11 uC), b) 500 s (~ 54 uC), c) 1000 s (~ 104 uC).



Figs. 7 a), b), ¢) show the FESEM images of the 1 at.% Li: ZnO films (Si
(500 um)/SiO,(270 nm)/Li:ZnO (150 nm) irradiated with alpha particles in the
same conditions as ZnO films. In this case the area affected by irradiation remains
almost constant for short irradiation times and expands after increasing irradiation
time to 1000 s. The films show a better stability comparatively with ZnO films.
The surface of the damaged regions is ~ 5-10 pm, much smaller than in the case of
ZnO films presented in Fig. 6. The increased stability of the Li doped films can be
associated with the higher thickness of those films.

a) b)

5um 5um

c)

5um

Fig. 7. FESEM images of 1 at.% Li: ZnO films exposed to 3 MeV, 5.3 kGy/h alpha particles: a) 100
S (~ 11 uC), b) 500 s (~ 54 uC), ¢) 1000 s exposure (~ 104 uC).

Figures. 8 a), b), c) present FESEM images of 3 at.% N: ZnO films
(Si(500 um)/SiOy(270 nm)/N: ZnO (60 nm)), irradiated in the same conditions as
ZnO and 1 at.% Li: ZnO films. The irradiated regions appear as dark zones whose
area increases with the exposure time increases. The diameter of the dark regions is
about 10 um after exposure for 100 s, 30 um after 500 s and 40 um, after 1000 s,
respectively. It appears that 3 at.% N:ZnO films are more stable to the irradiation



with alpha particles comparatively to ZnO, which suggests that the chemical
composition could influence their response to irradiation.

a) b)

10pm 10um
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Fig. 8. FE-SEM images of 3 at. % N: ZnO films exposed to 3 MeV, 5.3 kGy/h
alpha particles: a) 100 s (~ 11 pC), b) 500 s (~ 54 uC), ) 1000 s (~ 104 uC).

AFM images present the evolution of films surface roughness when the time
of exposure to radiation increases. Figures 9 a), b), ¢), d) show the surface of ZnO
films before and after radiation exposure for 500 s, 1000 s and 8 h, respectively.
The surface roughness decreases after short time irradiation, 500 s, and increases
after longer exposure to radiation, e.g. 1000 s, as can be observed in the diagram
presented in the Fig. 10. The root mean square (Ryys) value resulted from AFM
measurements on 2um x 2 um? area, decreases from 12 nm in unirradiated films to
11 nm in the films exposed to radiations for 500 s, and slightly increases up to
13 nm in the films exposed for 1000 s. The films irradiated for 8 h show a
transition region at the interface between the irradiated and non-irradiated zone
where the Rms Value is 11-15 nm. Ry Value in the irradiated area presented in Fig.



9 ¢), is about 23 nm in the localized zones containing clusters or large grains, while
in the smoother zones the value decreases to about 10 nm.

The results indicate a slight recrystallization of the surface caused by the heat
generated during irradiation for 500 s, Fig. 9 b) and 1000 s, Fig. 9 c¢). The
recrystallization process is stronger in the films exposed to radiation for 8 h and
leads to formation of larger grains and clusters of grains, Fig. 9 d). It was
previously reported that agglomeration of grains result as the effect of energy
transfer from the accelerated particles to the materials and the irradiated regions
had increased roughness [1-3].

Fig. 9. AFM images of the non-irradiated ZnO films a), and after exposure to
3 MeV, 5.3 kGy/h alpha radiation for 500 s b), 1000 s ¢) and 8 h d).

PL spectra of non-irradiated and irradiated ZnO films are presented in
Fig. 11. Fig. 11 a) shows the PL emission spectra of non-irradiated ZnO films and
after exposure to alpha particles for 100 s, 500 s and 1000 s respectively. The PL
spectrum of non-irradiated films exhibit emission peaks situated at 3.26 eV
(380 nm) and 2.75 eV (450 nm) and also a broad peak, with low intensity, in the
region 2.60-2.25 eV (476 nm-551 nm). While the PL emission in the UV region is
determined by free excitons band to band transitions, the emission peak in the



green-orange region is related to radiative transitions involving native point defects
in ZnO [33-35]. The PL emission of the films irradiated for 100 s presents a
slightly increased peak situated at 3.28 eV (378 nm) and decreased intensity of the
peak at 2.75 nm. Low intensity and broad emission can also be observed in the
region 2.59 - 2.23 eV (479 nm - 556 nm).

Fig. 10. Variation of surface roughness of ZnO films
as function of irradiation time.

After exposure to irradiation for 500 s, PL spectrum shows that the emission
peak at 380 nm (3.26 eV) remains intense, while the intensities of the peaks at
443 nm (2.80 eV), 468 nm (2.65 eV), 517 nm (2.40 eV) decrease significantly. The
PL spectrum of the films irradiated for 1000 s exhibits new peaks situated at 400
nm (3.10 eV) and 470 nm (2.64 eV) which suggest the formation of Zn; defects.
The increased intensity of the peak situated at about 540 nm (2.30 eV) can be
associated with the formation of oxygen vacancies (OVs).

The PL spectrum of ZnO films exposed to radiations for 8 h is presented in
Fig. 11 b). The PL emission spectrum exhibit several peaks 384 nm (3.23 eV),
400 nm (3.10 eV), 410 nm (3.02 eV), 451 nm (2.75 eV), 473 nm (2.62 V), 470 nm
(2.64 eV), 540 nm (2.30 eV) observed at the interface between non-irradiated and
irradiated regions. The PL emission is almost quenched in the irradiated region.
The evolution of PL peaks suggest that the irradiation with alpha particles
generates dispacement defects such as Zn; only for longer irradiation time (more
than 1000 s), while the OVs are produced even after a short exposure time. The
intensity of the PL peak corresponding to near band edge transitions decreases after
long exposure time, while the intensities of the emission peaks associated with
point defects increase, suggesting that both Zn; and OVs act as efficient radiative
centers [36].



Figures 12 a) and b) show the PL emission spectra of doped films, 1 at.% L.i:
ZnO and 3 at. % N: ZnO films, respectively, before and after exposure to alpha
radiations for 100 s, 500 s and 1000 s. The PL emission of the films doped with Li
increases after irradiation for 1000 s as is observed in Fig. 12 (a). Emission peaks
are situated in the UV- visible region at 375 eV (3.30 eV), 410 nm (3.02¢eV),
440 nm (2.82 eV), 455 nm (2.72 eV) and 475 nm (2.61 eV). The emission could be
associated with the presence of various type of defects induced by radiation, as
these emission bands are observed only after long time exposure to alpha particles
flux.

b)

Fig. 11. PL emission of spectra of non-irradiated and of ZnO films irradiated
with 3 MeV, 5.3 kGy/h alpha particles for: a) 100 s, 500 s, 1000 s and b) 8h.



a)

b)

Fig. 12. PL emission of spectra of non-irradiated and of irradiated ZnO films:
a) 1 at. % Li: ZnO films and b) 3 at. % N: ZnO films, irradiated with
3 MeV, 5.3 kGy/h alpha particles for 100 s, 500 s, 1000 s.

The PL spectrum of the films doped with N are presented in Fig. 12 b). As in
the case of the films doped with Li, the PL emission exhibits an increased intensity
after irradiation for 1000 s. The emission peaks are situated at 380 nm (3.26 eV),
435 nm (2.85 eV), 467 nm (2.66 eV), 550 nm (2.25 eV). It appears that different
radiation-induced defects acting as radiative centers form in 1 at. % Li: ZnO and
3 at. % N: ZnO films, respectively. The UV emission peak is situated at 3.30 eV in
PL spectrum of Li:ZnO film and at 3.26 eV in the PL spectrum of N:ZnO films



irradiated for 1000 s, suggest that Li and N doping strongly affect the band
structure of the ZnO films which respond differently to radiation exposure. Several
emission peaks situated at 3.02 eV to 2.61 eV in the PL spectrum of Li:ZnO films
and at 2.85 eV to 2.25 eV in the spectrum of N:ZnO films may be related to
various defects in the two type of films.

3.3. Electronic properties of 2.78 %Li:Zn0O, (b) 5.56 %N:Zn0O and
(2.78 %L.i,5.56%N):Zn0O systems

Herein we discuss some results of DFT calculations for the 2.78 % Li:ZnO,
5.56 % N:ZnO and (2.78 % Li,5.56 % N):ZnO systems. Figs. 8 a), b), ¢), show the
relaxed supercell structures for these systems. The density of states (DOS) plots
reveal that Li substitution for Zn does not introduce an impurity level in the ZnO
band gap. Instead, the N 2p states form a band almost completely filled at the
Fermi energy which merges with the valence band maximum (VBM) dominated by
O 2p states. At energies between -6.5 and -5 eV the N 2p orbitals hybridize
strongly with Zn 3d (g,) orbitals and also with the O 2p orbitals between -4 and -
0.5 eV. The fundamental state is paramagnetic with a magnetic moment of 0.37 pg
localized at the N sites. A small polarization, of about 0.06 pg is found on the O
near neighbors to N sites. The DOS plot of (2.78% Li, 5.56% N):ZnO, shown in
Fig. 14, reveals that each dopant species produces its own characteristic effect, as
that in the monodoped case. The N 2p states hybridize with O 2p and Li 2p states
just below the Fermi level and also with Zn 3d (e,) states at lower energy. The
results underline the contributions of Li and N impurities to electronic structure of
ZnO [29].

a) b)

Fig. 13. Supercell
structures for systems: a)
2.78%Li:Zn0O, b) 5.56
%N:Zn0O and C)
c) (2.78%Li, 5.56%N):ZnO0.



Fig. 14. Total DOS, per formula unit volume, and Li and
N partial DOS in (2.78% Li, 5.56% N): ZnO.

3.4. Electro-Thermal and Electrical Simulation

Numerical simulations of the effect of radiation-induced defects on the electro-
thermal and electric operation mode of a field effect transistor (FET) have been
performed on a test structure with the layout presented in Fig. 15. FET devices
were build in the bottom-gate configuration, with the channel parameters length
L=10-50 um and width, W=100-600 um, Fig. 15 a). The device consists of a 100
nm thick ZnO film as active channel, deposited on SiO, layer (270 nm) grown on
Si substrate, with source (S), drain (D) and bottom gate (G) electrodes from Au.
The presence of radiations-induced defects in ZnO thin films was simulated
considering a nonuniform resistivity in the film volume. The resistivity variation was
taken into account through discretization of the films thickness in several layers
whose resistivities correspond to a certain concentration of defects as presented in
Fig. 15 b).

a) b)

Fig. 15. FET device a) and ZnO film meshed in layers with
variable thickness and density of defects % b).



Electro-thermal simulations were performed with CoventorWare 2012 software
package, by applying a voltage on the electrodes of the test structure and convection-
thermal radiation boundary condition on the external surfaces. The voltage applied
between the electrodes was 40 V, the convection-thermal radiation occurs on
lateral and top surfaces, the top electrodes and the bottom surface were kept at
room temperature (293 K). The electro-thermal simulations were carried out on a
FET device with L=10 pm and W=600 pm [18].

The current density and temperature distribution in the test device with a
defective ZnO film are presented in Figs. 16 a) and b). The current density for
defect-free structure varies between 3.08x10°-2x10°® pA/um® whereas for the
structure with defects the current density in the defective layers varies between
3.08x10°-1.01x10° pA/um? The maximum temperature in ZnO thin film is
reached near the electrodes, and this value is higher in the defect-free structure,
312K, than in the structure with defects, 299 K. Temperature distribution along the
FET channel and in the channel cross section is presented in Fig. 17. The
temperature gradient show that the maximum value is obtained at the lateral
contacts. As well, the temperature decreases in the film volume.

Transient electric simulations were performed with ANSYS Multiphysics 12.1
simulation tool, for similar boundary conditions, the voltage between the electrodes
1V, and the parameters of the FET device, L= 50 um and W = 500 um. Fig. 18
shows the current density distribution in the channel region of a FET device. The
current density has a maxim value in the bottom region of the FET channel under
the defected area. In the defected region the current density decreases with the
concentration of defects, e.g. the degree of the defective region increases. The
current density remains high in the region which correspond to the 4th layer, with
the thickness of 20 nm and 10 % defects, as presented in Fig. 15 b).

a) b)

Fig. 16. Electro-thermal simulation of FET device with defects: a) current density (pA/um?)
and b) temperature distribution (K) in the ZnO film 3D structure with defects.



(@)

a) b)

Fig. 17. Temperature distribution (K): a) along the FET channel and
in the cross-section of the FET channel.

Region with
defects
3
Region
without
defects

Fig. 18. Current density distribution in the channel region of a ZnO FET:
the interface between region without and region with defects.

4. Conclusions

The morphology, structure and luminescence emission properties of ZnO and
Li, N doped or (Li, N) codoped thin films prepared by sol-gel method, spin-coating
technique have been investigated by FESEM, HRTEM, AFM and PL spectroscopy,
with emphasis on the contributions arising from alpha radiation induced defects,
and intrinsic defects and impurities, respectively. The presence of paramagnetic
point defects in the films has been evidenced by electron paramagnetic resonance
(EPR) spectroscopy and confirmed by the calculated electronic structure of the N
doped and (Li, N) codoped systems.



The effect of irradiation with alpha particles on the structure and
luminescence emission of ZnO and Li, N doped ZnO thin films has been
investigated by FESEM, AFM and PL. Particularly, the PL emission of the films
has been analyzed, aiming to evaluate the type and density of radiation-induced
point defects as a function of the exposure time.

The AFM images point out changes in the morphology of ZnO films
irradiated with alpha particles, showing that surface roughness decreases after short
irradiation time, (500 s), and increases after several hours of exposure to radiation
when crystalline grains with increased size and clusters of grains appear on the
films surface.

The PL spectra of the films exposed to alpha particles beam reveal the
variation of the peaks intensities, as well as the presence of new emission bands,
suggesting that new radiative centers associated with point defects have been
formed by irradiation. We suggest that the irradiation with alpha particles generates
dispacement defects such as Zn interstitials only for longer irradiation time (more
than 1000 s), while the OVs are produced even after a short exposure time (100 s).

Numerical simulation of radiation-induced defects ZnO thin films materials
electro-thermal and electrical behavior has been performed by using test FET
devices with defective ZnO films as active channel. It was found that the
concentration of defects and the size of the defected regions strongly affect the
current density and the temperature in the FET channel.
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Abstract. The paper presents the state of art of the most recent research
developed at the University of Craiova (Romania) in the field of nano and
microstructured structured materials by the powder metallurgy (PM) technology. High
performing applications in the field of tissue engineering and optic-electronic are
envisaged: Romanian patented hydroxyapatite-based biocomposite foams, respectively
AgCu bimetallic matrix in-situ reinforced by ceramic nanoparticles. Another Romanian
patent concerns the PM elaboration of new composite material for tennis table racket.
Future PM trends focus on the nanostructured materials elaboration by advanced
technologies as well on the education and research management

1 Introduction

The advanced materials’ outlook in designing, elaboration, characterization
and application presents a great attraction especially for engineers. The possibility
to improve the life style and conditions is basically supported by the evolution of
the products quality respectively high performing materials and processing
technologies.

The powder metallurgy (PM) technology started almost 20.000 years ago as
forming technology in clay crockery, as some archaeological sources mention.
Nowadays, the miniaturized parts for several microns up to nanorobots represent
the majority of the high-tech products processed by advanced PM routes or
complex combinations between classic and modern fabrication technologies. The
flexibility to combine more or less any material (ceramic, metallic, metalloid,
polymeric) as powder particles in different size and shape, for specific mixing rate



represent ones of the main PM challenges for the researchers and engineers in
materials science and engineering field. On the other hand, the possibility to obtain
high performing materials (cermets, composites) which are difficult to elaborate by
conventional technologies simultaneously with the near-net shape products stand
for ones of the best references to produce high quality parts in technical-
economical terms.

These are the reasons we selected PM as research area for more than 20 years
ago, considering the large spectrum of developments able to be performed in the
next future. This decision was accompanied by the national and international
support in the Romanian and ERA (European Research Area) spaces, providing
special research programs for nanotechnologies and nanosciences, knowledge-
based multifunctional materials and new production processes and devices,
advanced materials, advanced manufacturing and processing for a lot of economic
sectors (industry, medicine, agriculture, space, security). Here are some examples
of competition research programs: Romanian (ANSTI, CNCSIS, CEEX, PNCDI -
I, I1) and European (ESF, COST, FP6, FP7, H2020).

The applicative research is the main driven force of the present research
programs and the SMEs partnerships get a tremendous support from specific
European programs, such as EUREKA - EUROSTARS and COSME.

Another core element of the present research programs is the innovation. This
component should significantly contribute, by excellent science, industrial
leadership and tackling societal challenges, to create high-class science and
eliminate walls to simpler sharing innovation.

2. PM Nanoparticles For Joining Applications
2.1. Preamble

The main applications are represented by (the whole name should be given,
when first ICT abbreviation is introduced) ICT micro-joints [1, 2]. As far as the
optoelectronics applications concern, Ag and Cu, as individual metals are well
known from this point of view [3], as well as their alloys [4-6]. That is why they
are used, for instance, for sharp tips fabrication of Ag50Cu50 by cryo-milling [7].
Also, the eutectic Ag-Cu alloys used to be applied in the dentistry sector for
amalgam preparation [8].

The Ag-Cu alloys processing technologies developed as their applications
upgraded in time. Cast or wrought, the improvement of AgCu properties has
mainly developed by work hardening effects more than by age hardening ones,
related, also, to the chemical composition of the alloys. Thus, Frommeyer et al.
synthesized high tensile strength eutectic Ag-28%wt. Cu cast alloys by reinforcing
Cu matrix with 50 nm Ag fibers [9] while Hodge et al. developed AgCu
hypereutectic alloys (28...94 wt.% Cu) with tensile strength higher than 1 GPa, all
by cold working technology [10]. On the other hand, Zhang et al. obtained high



hardness values, closed to 6 GPa, for Ag - 50%wt. Cu alloys. Actually, AgCu
nanocomposites have been processed with a decomposition scale ranging of 30 nm
after dynamic recrystallization (by milling at 230°C) respectively 75 nm after static
recrystallization (by annealing at 230°C for 10 h) [11]. Also, ultrafine or
nanocrystalline structures of AgCu alloys have been fabricated by different plastic
deformation routes: high pressure torsion [12], cold rolling [13] or accumulative
roll-bonding [14]. These research pointed out the increasing of microhardness
values up to 350...400 units respectively the tensile strength to 1420 MPa after 20
revolutions of the alloy samples [12].

As far the microstructural evolution of Ag and Cu phases concern, Sheng et
al. mentioned that nano-grained phases occurs after the annealing treatment at
260°C of the cold-rolled of 50 passes of the Cu-Ag foils [15] or at ambient
temperature after a certain passes of accumulative roll-bonding process as Ohsaki
pointed out [14]. This improvement of the mechanical properties is based on the
eutectic component of the alloys, which is more deformable than other phases as
Tian et al. mentioned [12]. Thus, the strengthening mechanism of the processed
alloys is due to the continual deformation-recovery-recrystallization cycle
developing during the plastic deformation processes, that characterizes the
mechanical alloying (MA) process at low or elevated temperatures.

This was the reason to develop the processing of Ag-Cu alloys by MA route,
starting from elemental powder particles mixtures. Qin et al. synthesized
Ag37Cu63 nanocrystalline powders less than 10 nm grain sized by ambient
temperature ball milling, in dry argon atmosphere, reaching amorphous phases as
well as crystalline (fcc) ones [16].

More detailed study, developed by Wu et al., underlined that cryo-milling (at
-180°C) provides a near random mixing of 100% Ag and Cu atoms whereas higher
temperature milling (at +420C) affords only 70% level [7]. The nanometer scale
information obtained from the atomic probe field ion microscopy analysis of Ag-
50%Cu powder mixture processed by MA route pointed out the heterogeneous
plastic deformation taking place at micro- and nano-scale.

Notwithstanding, some technical issues are reported such as: possible
cracks/microcracks occurring inside the micro-joints because of Ag-rich and Cu-
rich eutectic phases coarsening during the artificial aging treatment [17] and the
delaminating of the micro-joint due to the Kirkendall effect that generates micro-
pores at the interface between the electronic components to be assembled [18].

On the other hand, AgCu alloys are suitable, too, for fabrication of
optoelectronic/electrical parts operating at elevated temperature rather than under
heavy loads or exposed to temperature changes [19]. Thus, Gluchowski and
Rdzawski pointed out the improvement of the stability of the properties for
Ag+7.5% wt. Cu (and Ag-mishmetal alloys) above 300°C. This improvement is
based on ultrafine structure of those alloys (200...400 nm crystalline grains size)
obtained by (the whole name shoud be introduced) KOBO extrusion process.



The eutectic alloy, 72% Ag + 28% Cu (wt.) has been selected for the study
concerning the properties improvement of at high temperatures, namely higher than
the eutectic melting point (778.1°C). This materials system is characterized by the
positive mixing enthalpy (AH = 6-10 kJ/mol) which means it is difficult to mix in
liquid state, but it is easy to be done in solid state. Using high energy techniques,
like high pressure torsion (HPT), severe plastic deformation (SPD) and MA, the
density of the crystalline defects increases by rapid atomic diffusion [20-22] and
the alloying effect occurs at the interface between the two different metal powders
even at low strain level [23, 24]. Thus, the solid-state reactions generate super-
saturated solid solutions leading to non-equilibrium alloys that decompose to fine
Ag and Cu rich phases on heating [25].

2.2. Research Goals

The main research goal was to elaborate AgCu-based composite
nanoparticles reinforced by in-situ processed oxides type Cu,O nanoparticles for
the following reasons: (i) to decrease the intensity of the decomposing reaction of
the super-saturated solid solutions that usual forms during the MA process; this
goal could be fulfilled by the means of in-situ Cu,O nanoparticles synthesis which
will reinforce the AgCu nanostructured matrix; (ii) to increase the melting point of
AgCu nanoparticles by in-situ reinforcing with Cu,O nanoparticles and (iii) to
obtain a composite precursor for some advanced fillers used for special joining
applications [26-28].

Our research use powder particles of silver (Sigma Aldrich, > 99.9%, flakes,
10 um average) and cooper (Sigma Aldrich, 99%, irregular shape, 75 pum average).
The chemical composition of the Ag + Cu powder mixture corresponds to the
eutectic one respectively Ag-28 Cu (% wt.).

The wet mechanical alloying (WMA) process is applied in order to get Ag
and Cu powders in intimate contact by this mechanic-chemical route. The WMA
takes place for 80 hours in a planetary ball mill Pulverisette 6 (Fritsch, Germany)
with agate balls in agate vial, working in ethylene glycol (EG) agueous solution
(1:1 ratio respectively water: EG) to prevent the powder mixture’s agglomeration
as well as its contamination.

2.3. Research Developments

The technological developments consist in using the mechanical alloying
(MA) process developed in wet conditions [29] in order to elaborate the AgCu-
based composite nanoparticles. The technological parameters of the MA process
are: the milling bowl and balls are in agate in order to avoid the contamination of
the processed powders; the milling bowl is 80 ml and the milling balls are 5, 10
and 20 mm diameter; the ratio between (Ag + Cu) powder mixture and milling
balls is 1:5; the rotation speed n = 200 rpm; the milling time is up to 80 hours.




Table 1 presents the samples quotations.

Table 1. The quotations for Ag-28% Cu (wt.) samples prepared by the WMA route

Sample code WMA [h]
WMA-5 5
WMA-10 10
WMA-20 20
WMA-45 45
WMA-80 80

Scientific developments

Along the MA time process, the powder mixture improves its homogeneity,
Fig. 1. Simultaneously, the powder particle size changes from micrometric range
up to nanometric scale, Table.2.

The scientific progress is based on the knowledge development regarding the
influence of the MA time as far as concern the following characteristics of AgCu-
based composite nanoparticles: the particle size, morphology, crystallite size,
chemical composition, reactivity between the powder particles and the inert gases
and melting point.

a)

b)

©)

d)

Fig. 1. Macroscopic changes of AgCu powder particles vs. the MA time process:
a)5h; b) 10 h; ¢) 45 h; d) 80 h.

Table 2. Powder particle size changes vs. the MA time

AgCu samples at different MA time Remarks
Property Oh 5h 20 h 45h 80 h on Ag28Cu
(initial) mixture
Powder Ag, 10 pm 6 pm 4-7 um 2-3 um 565-690 | Agglomerates
particle pm
size Cu, 75 um | 800-900 | 758-863 350-470 60-80 Dispersion
nm nm nm nm

The powder particles’ size is determined by BROOHKAVEN 90 PLUS BI-
MAS, Fig. 2 [29], and NANOSIGHT LM 10, Fig. 3 [30].



Fig. 2. Volumetric particle size distribution of AgCu-based powder particles
after 80h of MA provided by BROOKHAVEN 90 PLUS BI-MAS [29].

Fig. 3. Numerical particle size distribution of AgCu-based powder particles after
80h of MA provided by NANOSIGHT LM 10 after the third dilution [30].

Both equipments assess this morphological parameter on the base light
scattering by the 15 mW solid laser, £(1-2)% accuracy for the mono-dispersed
samples and the measurement range is 2nm...3um. Furthermore, the NANOSIGHT
LM 10 equipment provides on-line visual image of the studied powders as accurate
as higher the dilution of the solution incorporating the powder a particle is.
According to the experimental results, the longer the MA process, the smaller the
powder particle size are up to the nanometric range.



The chemical composition (quantitative — whole name - RIR analysis) of the
AgCu-based submicronic and nanometric powder particles and their crystallite size
(by William-Hall method) are detected by XRD analysis. The experimental results
confirm the nanometric range of the crystalline grains and a partial oxidation of Cu,
up to 25% [wt.] average?, after 45h of MA process, Table 3, [30]. By consequence,
composite nanoparticles with AgCu nanostructured matrix reinforced by
nanometric Cu,O particles are elaborated by MA process described above.

Table 3. Crystallite size and chemical composition of AgCu-based nanoparticles
[by courtesy of Dr. Speranta TANASESCU, “llie Murgulescu” Physical
Chemistry Institute of the Romanian Academy, Bucharest, Romania]

Ag28Cu samples along MA process
Chemical After 45 h After 80 h
composition | Crystallite Content Crystallite Content
size [A] [%0] size [A] [%0]
Ag 209.2 67.5 160.58 687.2
Cu 394 6.1 49.83 7.2
Cu20 174 26.5 72 24

The X-ray photoelectron spectroscopy (XPS) is used to determine the
chemical composition respectively the chemical states of the Ag and Cu elements
present on the very top surface (less than 110A depth) of the powder particles. The
experimental data show that after 45 h milling time, the Ag content drop up to 5%
respectively Cu content increases up to 90% on the surface of the powder particles
[30]. In the meantime, the oxygen binding energy increases along the milling time,
Fig. 4, which confirms the Cu,O presence in the AgCu nanoparticles.

Fig. 4. The superimposed XPS spectra of O1s of the AgCu-based nanoparticles
processed after 20h, 45h and 80h (by courtesy of Dr. Petre OSICEANU,
“Ilie Murgulescu” Physical Chemistry Institute of the
Romanian Academy, Bucharest, Romania).



In the same time, the AgCu/Cu,O composite submicronic powders change
their morphology along the MA process from initial irregular shapes to lamellar
geometry much thinner as the milling time is longer, Fig. 5.

The information provided by Fig. 5 and the thermal analysis developed in
[30] confirms the in-situ formation of the ceramic reinforcements type Cu,O by the
induced oxidation of the Cu matrix [31].

AgCu/Cu20
particles
a)
AgCu
Cu,O
reinforcem
b) c)

Fig. 5. AgCu-based nanoparticles after 80 h of MA a) flakes-like morphology (by courtesy of
Dr. Dan COJOCARU, Politehnica University, Bucharest, Romania); b) components of the
composite after synthesis and ¢) components of the composite after heating at 8000C (by
courtesy of Dr. Speranta TANASESCU, “llie Murgulescu” Physical Chemistry Institute
of the Romanian Academy, Bucharest, Romania Bucharest, Romania)

The reactivity of the AgCu nanopowders to the inert gases highlighted the
following main results [30]:



- the increasing of the powders specific surface along the MA process
determines the ignition of adsorbtion chemical reactions between the
AgCu/Cu,0 nanoparticles and the argon gas;

- the analysis of these reactions was studied by the thermal analysis and the
important outcomes are:
¢ the reactions develop with different intensity which is measured by the

powders mass variation, respectively the quantity of the entrapped argon on
the nanopowders’ surface. Thus, the mass increasing belongs to 1...4,5 %
once the milling time increases from 20 to 80 hours. The mass decreasing is
registered between 1...2,5 %. This phenomenon means the composite
nanoparticles processed for 80h by MA gain 2% of entrapped Ar due to the
highest specific surface in comparison with the powders elaborated after
20 hours whose mass variation is zero.

e the inert gas (Ar) is entrapped on the nanopowders’ surface by
chemosorbtive reactions. The bonding energy between Ar and Ag28Cu
nanoparticles belongs to 0,9...1,5 eV and it corresponds to chemical
adsorption reactions type [32].

2.4. Results

The research of Ag-Cu system brings the following contributions to the state
of the art:

- the elaboration of AgCu/Cu,O composite nanoparticles of 60...80 nm by the
MA process. The nanostructured metallic matrix is characterized by
nanometric crystallite size: Cu—49,83A and Ag-160,58A respectively the
ceramic reinforcements of Cu,0-72A. The reinforcing level is in range of
24...26,4 %[wt.].

- the increasing of the melting point. The nanostructured metallic matrix starts
to melt more than 200C over the conventional AgCu eutectic alloy, namely
8000C. This advantage could enlarge the spectrum of these hanocomposites’
applications.

- the identification of the chemosorbtive reactions between the nanopowders’
surface and the argon gas along the TA. The desorbtion energy varies between
0,95...1,99 eV/molecule depending on the milling time (20...80 hours). This
reaction may lead to the potential elaboration of AgCu nanofoams due to the
gas entrapping inside the nanopowders, also reported by the literature [33];

- the improvement of the thermomechanical behavior of this composite filler for
joining application. The linear and smooth variation of the AgCu/Cu,O
coefficient of thermal expansion (CTE) along the composite heating proves the
underpinning effect of the oxides nano-reinforcements on the metallic matrix

[30, 34].



3 PM biocomposites for bone reconstruction
3.1. Preamble

Last decades point out the increasing of the crania-facial and vertebrae
trauma. For most of the cases, the cause of these problems is represented by the
fractures of the skull, fractures-compaction of the vertebrae body and tumors
(primary or, more frequently, metastatic). The reconstruction can be processed
using the patient’s native bone or harvested from another donor. But these
solutions bring a lot of disadvantages such as: long time surgery procedure, high
risk for implant rejection, low supply from the bone banks, different anatomic and
structural problems [35-37]. Advanced surgical procedures require the bone
reconstruction by the substitution of the patient’s native affected bone tissue with
special materials. The market customers are the bone banks and hospitals (civil,
military, veterans and veterinary). This is a growing market due to accidents high
frequency like in sports (football, winter sports), transportation, wars theaters and
animal welfare (pets and trained animals for special purposes).

Nowadays, the bone reconstruction procedure claims the most advanced
synthetic materials. For skull and vertebrae reconstruction, polymeric, metallic and
composite materials are used for the implants manufactured through highly
developed technologies, as follow: polymeric implants respectively the polymeric
composites ones (PLLA, PMMA, PEEK, PEEK-OPTIMA®, OXPEEK OsteoFab™
by selective laser sintering (SLS) [38] and high speed milling (HSM) [39]; Ti-
based metallic implants, as compact sheets or meshes using HSM, selective laser
melting (SLM) [40], electron beam melting (EBM) [41] or laser engineered net
shaping (LENS) [42], respectively bioceramic implants based on B-tricalcic
phosphate [43] and synthetic hydroxyapatite Cal0(PO4)6(OH), (hereinafter named
HAP) [44, 45]. However, the polymers’ non-resorbability [46, 47], metals’
radiation opacity and stress shielding [48, 49] as well as ceramics’ dimensional
instability and low mechanical strength [50-52] represent important structural
drawbacks.

As far as concern the functional properties, the osseointegration process of
the bone implants into the native bone tissue may be accelerated by the HAP
presence. As macroscopic product or nanometric coatings (50...500nm thickness)
on Ti substrates for skull reconstruction, HAP provides the advantage of
osteoblasts proliferation [53, 54]. Yet, HAP cracking occurs due to its geometrical
instability and the large difference between the physical and mechanical properties
of the ceramic coating and the metallic substrate. Thus, low in-vitro toxicity and in-
vivo inflammation of the adjacent native bone are claimed [55-57]. On the other
hand, for the vertebrae reconstruction, usually the Ti mesh is filled with proteins
and debris of native bone tissue mixture [58]. These procedures are equivalent to
the alloplastic or autologous grafts, leading to an increased risk of the implant
rejection, spine instability and, generally, to the patient’s discomfort [50, 59, 60].



3.2. Research goals

Our research purposes envisaged the elaboration of HAP-based
biocomposites (hereinafter named BONY) for cortical and trabecular bone tissue
grafting with performing structural and functional respectively biocompatibility
characteristics. Advanced PM routes were used to fulfill these goals. Micronic
HAP powders (Sigma-Aldrich, 30-50 um, >90% purity), respectively submicronic
particles (Sigma-Aldrich; <200 nm; 99,99% purity) were used as biocomposite
matrix. Titanium hydride (TiH,) powders (Merck; 100-150 um; >98% purity) were
used as Ti reinforcement precursor as well as blowing agent for the foaming
process. Calcium bicarbonate (CaCOs) powders (2,93 g/cm®; melting point 800°C:;
Merck) were used as space holder agent for the foaming process. The PM routes as
well as the processing technological parameters are presented in Table 4.

Table 4. Sinthetic presentation of the biocomposites composition and processing technologies
BONY chemical

composition PM routes processing Applications
[% mass]
HAP | TiH, | CaCOg Technology 1
Cold die Two steps sintering
compaction (TSS) Trabecular
P =120-150 MPa | Step L: 900°C / 1-5 min. bone
0 reconstruction
Step 2: (750-850)°C /
75 15-25 0-10 5-10 hours

Technology 2

Spark plasma sintering (SPS): 1000-1100)°C /
10-30 min.

Cortical bone
reconstruction

3.3. Research Developments

The applicative developments, Table 5, were requested by the necessity to
design advanced grafts for cortical and trabecular bone tissues, which present
different physical and mechanical respectively functional properties. The BONY
biocomposites had to match the grafting placement demands, meaning to provide
the most important required properties: physical (density/porosity), chemical
composition, reliability (wear behavior) and geometrical adaptability (micro-
machinability).

The scientific developments consist in upgrading the biocomposites design
by the means of their internal structure, Table 6, respectively ceramic HAP
nanostructured matrix (<200 nm grain size, black arrows) reinforced by Ti
micrometric metallic particles (<150 um, white arrows). The hybrid structure of the
BONY biocomposites provides: the Young modulus improvement matching the
natural bone one (5...40 GPa) [67] and comparable biocompatibility (97...98 %)
[68, 69] with standard biomaterials (100%), Table 7, especially due to the
nanostructured ceramic matrix [45]. Over 80% viability provides the quality of
biocompatible material [69] and the experimental results show that BONY
biocomposites are biocompatible and comparable with pure HAP, Table 7 [68].




Table 5. Applicative developments by BONY biocomposites

Applicative
developments
of HAP/Ti
biocomposites

CORTICAL BONE
RECONSTRUCTION

TRABECULAR BONE
RECONSTRUCTION

Applications
Know-how BONY Natural cortical BONY Natural
[61] bone [62] trabecular bone
Density, 19...25 2,1...2.2. 12...16 13...15
p [g/em’]
Porosity, P [%] 5..12 5..10 50...65 50...90
Benefits High precision for grafting placement with specific structure
. High wear strength of BONY in contact (red area contact) with:
ceramic implant metallic implant
BONY Others BONY Other
[63] biomaterials [65] biomaterials [64]
[64]
Wear rate 2,2..34x10" | 2...3x10" |0,9x107..1,5x107 2..3x10"
[mm®/Nm]
Accurate laser micro-machining in case of post-sintering operations for
bone grafts finishing (smooth surfaces pointed out by the black arrows in
the below figures)
Ra [um] 7.8 ... 34,4 [66]




Table 6. Scientific developments by BONY biocomposites

Scientific CORTICAL BONE TRABECULAR BONE
developments RECONSTRUCTION RECONSTRUCTION

Applications / &
Yy,

Know-how BONY Natural cortical BONY Natural trabecular
[67] bone [67] bone

Young modulus, 25...30 15...40 7..15 5..25

E [GPa]

Benefits Comparable biocompatibility* of BONY with standard biomaterials
characterized by lower mechanical properties

**Mouse fibroblast-like cells on **Mouse fibroblast-like cells on
BONY [68] standard sample [68]

Cellular 97,1 ... 98,7 [%] 100 [%]

viability in case

of BONY

biocomposites

*The biocompoatibility tests were developed with mouse fibroblast-like cells in a specific cultivation
environment. The biocompatibility evaluation was performed qualitatively (Giemsa etching**) and
quantitatively (MTT test - cellular viability**).

Table 7. Biocompatibility evaluation of BONY biocomposites [68]

Cultivation solution Samples viability [%0]

concentration [mg/1] HAP calcinated BONY
12,5 98,9 95,6...98,7
25 103,7 93,2...98,6
50 102,9 85,5...97,1




The technological developments, Table 8, represent the key-tool for BONY
processing. The Spark Plasma Sintering (SPS) technology proved its adaptability
and efficiency to Ti processing [71] as well as for nanostructured biocomposites
[61]. The Two Steps Sintering (TSS) technology input is based on the “kinetic
window” concept respectively the ratio between the second step temperature and
dwell time for nanostructured materials processing [72].

Table 8. Technological developments by BONY biocomposites

The future technological developments envisage the PM foaming technology
to elaborate biocomposite foams with specific structural and functional
characteristics and high matching level to the natural bone tissue. Blowing and
space holder technigques will be combined with different sintering technologies in
order to facilitate the foaming reactions along the ongoing heat treatment [73-77].
Based on the experimental results, predictive modeling and simulation of the
BONY grafts’ mechanical behavior will be developed by the finite element
method. First approaches has been already done and mechanical shielding of the



vertebrae body grafted with the BONY biocomposites may be stated, in the case of
frontal collision, using an empty car with two anthropomorphic test devices and
afferent luggage [78]. Fig. 6 show a comparative displacement of the total
deformation of the lumbar L5 vertebra model (a) simulated at the frontal collision
with 44 kN and the respective response in case of different BONY biocomposites
used as grafts (b-d).

Fig. 6. Total deformation Al [mm] of the lumbar L5 model vertebra in case of frontal collision with
simulated 44 kN impact force: a) genuine vertebra (0,47 mm); b-d) grafted vertebrae with tronconic
BONY graft. The total deformation varies from 0,44 mm (b) up to 0,39 mm (d) depending on the
BONY grafts manufacturing technology [78].

In the frame of BONY project [79], the BONY biocomposites research will
focuse on three new research areas: (1) the innovative biocomposite material as
bulk product for vertebral implant processed by micro-injection moulding
technique; (2) the innovative biocomposite materials as coating for skull implant
processed by MAPLE technigue on Titanium substrate; (3) the acceleration of the
osseointegration process by the natural organic esters of bor.

3.4. Results

The research of HAP-based biocomposites brings the following contributions
to the state of the art:

- The PM technology provides the flexibility to select the proper matrix to
fulfill the biocompatibility demands;

- The PM technology provides the flexibility to select the proper reinforcing
elements to ensure the structural and functional matching to the natural human
bone tissues;

- The correlation of the conventional foaming techniques and advanced
sintering techniques in order to optimize the foaming process to elaborate specific
bone grafts for cortical/trabecular tissue.



4. PM Composites for Sports
4.1. Preamble

From the technological point of view, the table tennis racket is an assembly
comprising different layers of wooden, polymeric and textile materials, in a
specific geometrical displacement, Fig. 7.

A-A

Fig. 7. Cross-section of a tennis
table racket: 1- wooden blade; 2 -
glue; 3 - cellular sponge rubber
layer; 4 - smooth, grippy rubber
layer; 5 - rubber protection; 6 -
protection edge tape.

The performing functionalities of this sports article are evaluated by the
following parameters, Table 9.

Table 9. Performing parameters of the tennis table racket

BLADE RUBBER
Speed Speed
Control* Spin
Weight Control*
Price

* This parameter should be probably how easy is to block, to return a serve or, generally, to
move the ball wherever you want [80] = this sentence is not clear; it should be improved.



There are different scales to evaluate these parameters, used by the
manufacturers: ANDRO (0...110), JOOLA (words), DONIC (0...10), STIGA
(0...160) etc. In other terms, there is no unique range to compare the performance
of one tennis table racket. The state of the art concerning the materials
performances is presented in Table 10 for the blades respectively Table 11 for the
rubbers.

Table 10. Tennis table blades - state of the art [81]

BLADES Parameter scales
performing | Min./Product / Performing Max. / Product / Performing features
parameters | features
SPEED 60 / YinHe 980; YinHe DE-1/ 107 / Donic Ovtcharov Carbospeed / 5-ply
5-ply wood for blocks and hits carbon blade; great stiffness; nearly
impossible to fracture
110/ Yasaka Hinoki Leo 11 / 11-ply Hinoki
wood; very light blade providing very high
speed
Control 69 / Butterfly Senkoh Special 90 | 100/ 729 Friendship / 5-ply from hard
/ 1-ply Hinoki wood for steady (outer layer, very thin) to high-grade soft
topspins and precise blocks (core) wood that give increased spin and
dwell time
72 [ Butterfly Innerforce T500 /
2-ply carbon close to the 104 / Joola Chen Defender / 7-ply Samba
wooden core which increase wood bonded with Enzo glue layer that
the dwell time and control provides big control and great feel of the
ball
Weight 68 / Yasaka Balsa Plus / 5-ply 90 / Yasaka Silverline Carbon / the 2 hard
Balsa and Scandinavian woods | outer wooden veneers, sticked on the 2 thin
providing a faster blade than carbon layers by an advanced gluing
traditional Balsa technology, maximize the sweet spot size
70/ Joola Chen Weixing Jr / 5- | 102/ Stiga CarboKev / 7-ply wood (stiff),
ply composite woods carbon fiber (speed) and Kevlar (soft)
significantly increase the sweet spot (hitting
area with maximum control) and maximize
the speed of the blade
Price [$] 17.95/ 729 Friendship Bomb 317.99 / Butterfly Ryu Seung Ming G Max /
Penhold / for 5-ply, control- for 1-ply, weight 90 g, thickness 10 mm,
100, speed-90, thickness 6.2 fast attack style
mm, weight 82 g, offensive
style 283.99 / Butterfly Cypress Wood / for 1-ply
wood and carbon, control-88, weight 93 g,
32.95 / Donic Applegren thickness 10 mm, top-spin style
Exclusive AR / for 5-ply,
control-85, speed-60, weight
809




Table 11. Tennis table rubbers - state of the art [81]

RUBBERS Parameter scales

performing Min. / Product / Max. / Product / Performing

parameters Performing features features

SPEED 70/ 729 Friendship / slight | 120/ DHS Hurricane 2 Neo / the
ability to generate spin, sponged rubber (hardness 39)
strange effect of the ball, offer an extra pace and rebound
recommended for attack without losing the spin and
style control
90 / Andro Rasant 140 / Butterfly Bryce Speed FX /
Powersponge / the soft the soft (hardness 32) and
sponge absorbs the energy | flexible sponge provide great
of the arriving stroke and control
converts it into
considerable power

CONTROL 34 / Butterfly Feint Long Il | 120/ RITC 729 Friendship / the
— OX/ no sponge medium hardness sponge in

combination with high degree of
38 / Butterfly Feint Long Il | friction and power making
/ the thinner and taller the convert this rubber in an energy
pimple rubber is, the more | storing highly elastic top sheet.
effective the pimples are
for ball control. Regluing
rubber is not
recommended.

SPIN 0/RITC 804 Anti-Spin 120/ Xiom Omega IV Pro / the
Rubber / for precision new top sheet (hardness 47.5)
placements due to the matched with upgraded carbo
sinking ball effect sponge offers extra-ordinary

playing properties: ball contact +
32 / Butterfly Feint Long Il | clicking sensation generated by
/ the spin effect is speed glues
maximized when the
pimples (hardness 38) are
easily bent and deformed

PRICE [$] 5.95/RITC 837 Long Pips | 69.95/ Donic Traction MS Pro /
No Sponge / the hard bat the innovative TRACTION
(no sponge) ensures long rubber technology provides
range heavy chopping better adhesion and stronger
strokes; control-110; friction; spin-107; speed-103;
speed -110; spin-70 control-50

The known technique for the rubbers attaching to the sandwich composite
blades is to use special glues [82, 83]. The presence of VOCs in the chemical
composition of the glues has negative effects on the human health and
environment, so the International Tennis Table Federation (ITTF) did not allow the
using of such chemicals since 2009, January, 1. By consequence, one of the
improving trends to fabricate tennis table racket is to design new attaching



technologies of the rubber to the blade. One processing route is developed by [84],
the attaching technique is based on the magnetic film between the rubber coating
and the blade. The innovative solution provided by the author and the research
team [85] is described below.

4.2. Research goals

The International Tennis Table Federation’s (ITTF) mentions, in June 2007,
on the volatile organic compounds (V.O.C.) - free glue using rules, have been
refined, in 1 January 2009, up to higher standards due to the human health
protection. In this respect, the research on the materials and technologies related to
coatings processing and bonding to the wooden support of the table tennis rackets
have been developed. According to the new specifications of ITTF on using the
VOC-free glues, magnetic bonding of the coverings subscribes to this demand [84].

The experimental results presented in our research concern the processing of
a new table tennis racket made of Al alloy foams and rubber coating bonded to the
foam by a thermo-mechanical technique. The rubber/Al composite is attached to
the wooden support of the racket by a mechanical procedure.

The PM technology has been used in order to process Al-based foams using
40% mass of Al alloy powder particles (200 um average particle size) and 60%
mass NaCl granules (3 mm and 4 mm average size) as a spacer component. The
conventional PM technology is developed: the homogenization step is followed by
the cold compaction at 500 MPa, respectively the sintering in argon atmosphere at
630...6500C for 20...40 min. As the final operation, the lightweight metallic
structure is water washed and the Al alloy metallic foam gets lighter due to the
NaCl dissolution in water. The novelty of the rubber and carbon black mixture
coating on the metallic foam is the injection molding (IM), process developed at
30-70 bar pressure and 130-1500C. For 1...4 mm thickness of the rubber coating,
the Shore hardness is 40...80 respectively 0,9...1,4 g/cm3 as density.

Thus, a new composite blade, hereinafter named MIGGO, has been
processed. Another innovation element is represented by the mechanical technique
to attach MIGGO to the wooden blade. The research developed on this topic is
patented at the Romanian State Office for the Inventions and Trademarks [85].

4.3. Research developments

The technical problem solved by the patent [85], Fig. 8, is the fabrication of
the MIGGO composite blade (2 and 3), which is mechanically attached to the
wooden blade (1). The lightweight metallic clip (5) fastens the composite blade on
the wood. The lightweight metallic foam on Al alloy — based is one side injected by
the rubber and the opposite side is mechanically milled as dovetail shape for the
mechanical attaching on the wooden blade.



Fig. 8. Cross-section of the new tennis table racket: 1-wooden blade; 2 — lightweight metallic
foam injected by 3 — rubber that is MIGGO composite blade; 4 - rubber protection;
5 — lightweight metallic clip [85].

The innovative technological developments are represented by the followings,
Fig. 9.:

- the powder metallurgy (PM) technology to elaborate the Al alloy foam
using NacCl as space holders for the foaming technique;

- the thermomechanical attachment by rubber injection to one-side coating
the metallic foam;

- the milling processing for MIGGO composite blade placement on the
wooden blade;

- the mechanical fixing of the MIGGO composite blade by the lightweight
metallic clip.

Fig. 9. New tennis table racket: a) by components; b) assembly.



The innovative scientifical developments are represented by the followings,
Fig. 10:

- the porous structure of the Al alloy foam (pore size, Plateau border
thickness, functional graded porosity) is tailored in order to monitor the
blade functional parameters (speed, spin, weight and control);

- the rubber chemical composition, thickness and hardness are adapted to the
functional parameters (speed, control and spin).

Fig. 10. Macrostructure of the MIGGO composite blade.

The main properties of the MIGGO composite blade are presented in
Table 12.

Table 12. Properties of the MIGGO composite blade [86]

METALLIC FOAM

Property with 3mm NaCl | with 4 mm NaCl
granules granules

Density [g/cm’] 0,2-0,35 0,15-0,25
Porosity [%] 60 - 70 65 - 75
Pores diameter, average [mm] 2,15 2,65
Pore wall thickness [um] 80 - 150

RUBBER COATING
Density [g/cm’] 09-14
Thickness [mm] 1-4
Shore hardness 40 - 80

4.4. Results

Beyond the state of the art, the following assessments may be stated:

- the elimination of the gluing step from the technological chain due to the
rubber injection operation on one side of the Al alloy foam;

- the improvement of the rubber adhesion by the injection operation due to
its impregnation within the superficial pores of the Al alloy foam;



- the elimination of the rubber regluing, which is an usual operation to fix the
rubber outer layers on the blade. For those brands that don’t recommend the rubber
regluing (see Table 11, Butterfly Feint Long Il tennis table racket), the rubber
injection could be the most appropriate solution in the case of pimpled rubber outer
layer.

- the preservation of the racket weight because of the low density of the
metallic foam (0,2...0,35) g/cm3 respectively low weight (35...50) g, considering
the 15 cm diameter and 1 mm thickness of the metallic foam, including the dovetail
profile.

- the development of a new robust and stable tennis table racket by the means
of the mechanical adjustment of the MIGGO blade on the wooden one and their
fastening with the lightweight metallic clip and screws;

- the reliability of the technological solution. In the case of random spoilage,
the MIGGO blade can be easily and quickly replaced.

5. Future Trends in PM Technology by Education
and Research Management

5.1. Preamble

The materials science and engineering field may significantly contribute to
the society development. From the common goods industry up to the miniaturized
ICT technology or space and defense sectors, the smart designing of materials and
high technological progress have to be the driving force for the next future.

For the particular case of the PM materials and technologies, the first step of
our efforts towards their development will be focused on the following selected
topics, but not only:

e The societal needs. The R&D must be always in contact with the society
because it serves it. For example, the bone banks providing hard tissue
implants complain for the low level supplies for such products (that are
depending on the donors) as well as for their quality (especially from the
structural point of view). In this case, we propose to promote the
parametric design of bone implants to accelerate the supplying effort and
high processing technologies for quality improvement. This would mean to
design implants selected by gender and age, for a specific bones category,
capable for final geometrical adjustments and with tailored properties
according to the native hard tissue to be grafted.

e Powders’ multi-functionality. In addition to the smart materials, our
proposal targets the designing, elaboration and characterization of
multifunctional powder particles for specific applications (bulk or
coatings) that differently behave according to the functioning conditions.

e Environmental friendly miniaturization by micro-injection molding. We
propose two concepts regarding the binders designing:



o0 to avoid the residual gases/emissions exhausting during the de-
binding operation by using special binders that soften below 100°C

0 to bypass the de-binding operation by using special binders from
natural lubricant substances and contributing to the materials
systems sinterability.

e Environmental friendly heat treatments. Fast heat treatments for sintering
purposes, enabling any microstructural features of the final products
(micro- and nanostructures) may be designed on the basis of the
microwave heating.

The second step of our strategy looks on the “near-to-the-market” stage of
the developed materials / products. This would include:

I. Researcher’s preparation for the intellectual property rights (IPR) by basic
courses and patenting. The key-role of innovation is highlighted in present
Romanian (PNCDI - 1I) and European (H2020, ESF etc.) programs. This training
will bring benefits regarding the research management skills that are highly
requested to face the competition for the world-wide platforms/programs.

I.  Application for the specific programs/platforms to bring the innovative
products to the international markets.

I11.  Applications for consortia coordinated by special entities able to manage the
market transfer.

IV. Applications for the European SMEs’ programs [87, 88].

We conclude that there is mandatory to train, as student in license, Master
and Ph.D. programs and after that, as a researcher, to acquire the best skills in
research management. By consequence, we propose a strategy for the academic
business.

5.2. Research Development by Education and Academic Management

Our proposal to improve the students’ and researchers’ proficiency in IPR
and research management is represented in Fig. 11.
The model of the metallic chemical bond is used to design this new concept. This
selection is based on the main properties of the metallic bond, which may fit the
academic environment behavior, too:

e It operates inside a crystalline structure (Fig. 11a) characterized by the
large distance 3D atomic order (in crystallography). Each cubic entity
corresponds to the university structure (primitive cell, in crystallography).

o |t operates by means of the electronic gas (Fig. 11b), to transfer the heat
and electricity (in physics). This corresponds to the society always in
contact with the academic environment.



Fig. 11. New concept for the academic business.

The university structure is similar to the body centered one (in crystallography)
in its central atom called UNI. There are two textures:

°
o}

(0]

The organizational structure (horizontal) layered on three levels:

The 1% level: the license (courses-C, training in laboratories-LAB, inter-
universities programs-UP, good practice-GP). The IPR atom plays an
important role, representing the special training of the undergraduate
students in the field of IPR basics.

The 2™ level: the postgraduate (Master and Ph.D. programs) that is the
interface between the first and the last level and provides the strong
connections between them.

The 3" level: the academic business level. The atoms represent the
local/regional, national and European contact points acting on behalf of the
university interests. The EU atom represents the contact point for all the
connections that UNI has with the European Commission and reverse,
such as: European programs (EUp), European structural funds (EUsT),
national programs (NATp), local administration programs (LAp), and
private business environment represented by the SMEs clusters
(SMEs1, 2). Belonging directly to the UNI, there are the research and



business administration office (RBA) and the start-ups (Sups) and/or spin-
offs (Soffs).
e The BUSINESS STRUCTURE (transversal) organized in three plans:
o The 1% plan, research management, containing the following
“atoms”: IPR — RBA — Sups/Soffs;
o The 2nd pla, infrastructure development plan: IPR -
Eusf — Lap;
0 The 3rd plan, R&D: IPR - NATp — EUp.

The intersection of these three plans gives the main line to follow for benefic
academic management and business: IPR — UNI — EU. In other words, this line is
defined by the key-role players able to promote the university research and
innovation capacity on its behalf and the society’s, in the national space and the
European Research Area.
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