DE GRUYTER

Z. Naturforsch. 2020; 75(2)a: 171-173

Melania Babincova* and Peter Babinec

Photovoltaic Generator Based on Laser-Induced
Reversible Aggregation of Magnetic Nanoparticles

https://doi.org/10.1515/zna-2019-0247
Received July 25, 2019; accepted November 5, 2019; previously
published online December 7, 2019

Abstract: A new principle of electromotive force
generation is proposed, based on the intermittent laser-
induced reversible cluster formation due to the aggrega-
tion of magnetic nanoparticles in a ferrofluid placed in the
constant magnetic field. In such a configuration, accord-
ing to Faraday law, in response to unsteady light-induced
periodic motion of magnetized materials in an external
magnetic field, an alternating current is induced in the
coil wrapped around the ferrofluid tube.
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Colloids exhibit a rich and highly varied phase and struc-
tural behavior. Ferrofluid is a stable colloidal suspension
of single-domain ferromagnetic particles with a dimen-
sion around 10 nm coated by a surfactant layer of 1-2 nm
[1]. These magnetic nanoparticles have diverse applica-
tion in many fields, e.g. laser-mediated magnetic drug
targeting and release [2-4] and gene therapy [5, 6]. The
thermal agitation randomizes the iron oxide particles so
that the total magnetization of the ferrofluid is equal to
zero when no magnetic field is applied. Ferrofluids are
inexpensive, easily synthesized magneto-optic materials
that offer attractive optical, magneto-optical, and environ-
mental characteristics [7-12]. As has been experimentally
observed under the illumination of the ferrofluid by laser
in the presence of the external magnetic field, formation
of large aggregates of magnetic nanoparticles occurs [13].
The key factor is that the combined action of both light
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and magnetic field is necessary. The action of any of these
factors is not enough for cluster formation. Although the
microscopic mechanism of this effect is not fully known,
our aim in this study is to exploit it for the electromotive
force (EMF) generation. Ferrofluid in an external homo-
geneous magnetic field has a non-zero magnetization. If
a non-magnetic body crosses the ferrofluid, it leads to
variation of magnetic flux, which induces an electromo-
tive force, according to Lenz law. There are already two
experimental realizations of this principle: Kubasov [14]
used oscillation of glass rod in ferrofluid and Flament
et al. [15] used bubbles of the gas crossing the cell con-
taining ferrofluid. Vibratory and sloshing motion of fer-
rofluid, which changes the magnetic flux generated by the
permanent magnet and creates a time-varying magnetic
flux, which induces EMF in a coil, was also used for these
purposes [16, 17]. There is also another theoretical design
proposed by Zahn [18], where the waste heat is used to
create a vapor bubble creating a time-varying flow that
controllably rotates ferrofluid nanoparticles, as a possible
device for micropowering of a nanoscience craft planned
by NASA. In our approach, the mechanical movement of a
non-magnetic body is replaced by the action of laser light,
which leads to reversible formation of magnetic and non-
magnetic domains in the ferrofluid container, so that there
would be a time-varying magnetic flux through a coil that
induces a current through a load.

The experimental setup is shown in Figure 1. For our
experiments, we used light hydrocarbon oil-based fer-
rofluid EMG-911 (Ferrotec, Santa Clara, USA) with a volume
concentration of 2 %. In a detailed structural study using
2D small-angle X-ray scattering, a rather broad distribu-
tion of magnetic nanoparticles with a maximum at particle
diameter 10 nm and half-width of about 4 nm was found
[19, 20]. The density of ferrofluid and saturation magne-
tization are 890 kg m > and 11 mT, respectively. This fer-
rofluid was already widely used in several studies, e.g.
in [21] and [22]. For the illumination, we used 10 W of
He-Ne laser (A = 633 nm). The laser light was interrupted
with a frequency of 0.5 Hz using an electromechanical
shutter.

The EMF generated with intermittent illumination of
ferrofluid is shown in Figure 2. Although the measured
voltage is only in the millivolt range, and the signal is
rather fluctuating, the periodic dependence on the laser
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Figure 1: Experimental setup for the generation and measurement
of laser-induced electromotive force: (1) glass tube filled with
ferrofluid, (2) solenoid, (3) measuring coil, (4) compensative

coil, (5) He—Ne laser, (6) electromechanical shutter, (7) mirror,

(8) amplifier, (9) voltmeter.

source is clearly visible, and our results may serve as a
proof of principle of a novel method of electromotive force
generation.

The physical mechanism behind the effect is Faraday
law because the electromotive force is induced in response
to the unsteady light-induced motion of magnetized mate-
rials in an external magnetic field. The induced EMF can
be obtained by the Faraday law as [23]

_do
EMF = NI )
VA
®= (B.n)dA )

Electromotive force measurment

Voltage (mV)

Time (s)

Figure 2: Instantaneous values of EMF generated with intermittent
illumination of ferrofluid (periods of light-on for 1 s and light-off for
1 s) are shown after 6 s, when transient events disappear.
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where N, @, and t stand, respectively, for the number of
identical turns of the induction coil, the magnetic flux, and
the time, and n and A represent a unit normal vector and
the area. The magnetic induction field B can be further
expressed by B = po(H + M); where g, H, and M are the
permeability of vacuum, the magnetic field strength, and
the magnetization of ferrofluid, respectively. It is apparent
that both the temporal variations of the magnetic-induced
field and the effective area, which is perpendicular to the
magnetic flux, are capable of generating the EMF. Devices
for measuring the concentration and dispersion quality
of magnetic particles by the induced EMF were also sug-
gested [24].

A tentative microscopic explanation for these fully
reversible cluster and structure formation phenomena
was proposed in [25] and [26]. At higher laser powers
of the order of 1 mW occurs a reversible photobleaching
caused by the Soret effect-driven migration of the mag-
netic colloids out of the laser beam [27]. Another possible
explanation is offered for the low laser powers, namely, in
the existence of the photonic “glue” effect [25] due to the
increased average population of excited electronic states
with higher electric polarizability than the ground state,
the estimated number of absorption events per colloid is of
the order of 10° s 1. An increased polarizability enhances
the van der Waals interaction, which might then be able
to overcome the steric repulsion of the surfactant layer.
Once the light is turned off, the van der Waals forces are
switched back to their normal value, and the aggregates
dissolve.

Despite the fact that the attained EMF is rather small
compared to the traditional electromagnetic energy gen-
erators, the proposed principle has some unique advan-
tages because a moving solid permanent magnet is not
used. For practical applications, the method should be
further improved in several possible ways, e.g. using fer-
rofluid with higher magnetization, the electromagnet can
be replaced by a strong annular permanent magnet and
also different, possibly more efficient, lasers should be
used to influence kinetics and form emerging clusters of
magnetic nanoparticles.

The conversion of energy from one form to another
[28], or the production of useful work, has long been an
important element of engineering and scientific research
[29]. The present method provides proof of the prin-
ciple of a new method on how to exploit the light
energy for electricity production using nanotechnology
tools.

Acknowledgement: This work was supported by the
Slovak Research and Development Agency APVV, contract



DE GRUYTER

No. 16-0600, and the Slovak Grant Agency VEGA under

contract No. 1/0810/18.

References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]
[10]
[11]

[12]
[13]

M. I. Shliomis, Soviet Physics — Uspekhi 17, 153 (1974).

M. Babincova, P. Sourivong, D. Chorvat, and P. Babinec,

J. Magn. Magn. Mater. 194, 163 (1999).

M. Babincova, S. Durdik, N. Babincova, P. Sourivong, and

P. Babinec, Lasers Med. Sci. 33, 1807 (2018).

N. Babincova, P. Sourivong, P. Babinec, C. Bergemann, and

M. Babincova, Z. Naturforsch. 73c, 265 (2018).

M. Babincova, N. Babincova, S. Durdik, C. Bergemann, and

P. Sourivong, Laser Phys. Lett. 13, art. No. 065601 (2016).

S. Durdik, M. Babincova, C. Bergemann, and P. Babinec, Laser
Phys. Lett. 9, 678 (2012).

E. K. Nepomnyashchaya, A. V. Prokofiev, E. N. Velichko,

I. V. Pleshakov, and Y. I. Kuzmin, J. Magn. Magn. Mater. 431,
24 (2017).

S. Shulyma, B. Tanygin, V. Kovalenko, and M. Petrychuk,

J. Nanomater. 2017, ID 7251725 (2017).

E. Y. Loktionov, Appl. Phys. 5, 12 (2015).

Y. Gu, G. Valentino, and E. Mongeau, Appl. Opt. 53, 537 (2014).
D. Chicea and M. Racuciu, J. Optoelectron. Adv. Mater. 9, 3843
(2007).

T. Du, S. Yuan, and W. Luo, Appl. Phys. Lett. 65, 1844 (1994).
A. Cebers, T. Du, and W. Luo, Magnetohydrodynamics 32, 343
(1996).

[14]
[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

M. Babincovéa and P. Babinec: Novel Method of Electromotive Force Generation =— 173

A. A. Kubasov, J. Magn. Magn. Mater. 173, 15 (1997).

C. Flament, L. Houillot, J. Bacri, and J. Browaeys, Eur. J. Phys.
21, 145 (2000).

M. L. Seol, S. B. Jeon, J. W. Han, and Y. K. Choi, Nano Energy 31,
233 (2017).

Q. Liu, S. F. Alazemi, M. F. Dagaq, and G. Li, ). Magn. Magn.
Mater. 449, 105 (2018).

M. Zahn, J. Nanopart. Res. 3, 73 (2001).

R. Pelster, A. Spanoudaki, and T. Kruse, ). Phys. D 37, 307
(2004).

T. Kruse, H. G. Krauthduser, A. Spanoudaki, and R. Pelster,
Phys. Rev. B 67, art. no. 094206 (2003).

S. Kopyl, V. Bystrov, I. Bdikin, M. Maiorov, and A. C. Sousa,
J. Mater. Chem. C 1, 2860 (2013).

A. Bibo, R. Masana, A. King, G. Li, and M. F. Dagaq, Phys. Lett.
A 370, 2163 (2012).

C.Y. Chen, S.Y. Wang, C. M. Wu, C. H. Lin, and K. A. Huang,
Magnetohydrodynamics 48, 567 (2012).

T. M. Kwon, M. S. Jhon and T. E. Karis, IEEE T. Instrum. Meas.
41,10 (1992)

B. Hoffmann and W. Kohler, ). Magn. Magn. Mater. 262, 289
(2003).

R. R. Kellner and W. Kéhler, J. Appl. Phys. 97, art. No. 034910
(2005).

M. 1. Shliomis and M. Souhar, Europhys. Lett. 49, 55

(2000).

P. Ben-Abdallah and S. A. Biehs, Z. Naturforsch. 74a, 689
(2019).

F. Gazeau, C. Baravian, ). C. Bacri, R. Perzynski, and

M. I. Shliomis, Phys. Rev. E 56, 614 (1997).



	Photovoltaic Generator Based on Laser-Induced Reversible Aggregation of Magnetic Nanoparticles

