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The impact of an external magnetic field on the morphology of nanosize clus-
ters obtained by magnetoelectrolysis of CuSO, aqueous solution within the
applied magnetic field up to 0.31 T is investigated by the controlled potential
method. As found, the morphology of obtained electrodeposits is significant-
ly changed by the applied magnetic field. In a zero magnetic field, one has an
isotropic growth of deposited aggregates, whereas for nonzero fields, there
appear preferred directions of growth for the field oriented either perpendic-
ular or parallel to the electric current lines. The observed ramified electrode-
posits have the fractal structure, with the fractal dimension being dependent
on the magnetic field strength and orientation. The features observed can be
explained taking into account the magnetohydrodynamic (MHD) convection
induced by the Lorentz force, which affects the natural convection due to
concentration gradient in electrolyte near the cathode surface both along the
plane of the electrode and perpendicular to it. In this way, nanoobjects of var-
ious structures (magnetic-field-driven) and different size (electrolysis-time-
dependent) can be fabricated in a controlled way. Additional feature observed
in the present work, viz. change of the sign of the potential difference be-
tween the lower and upper probes with increase of the magnetic field, evi-
dences the corresponding change of sign of the concentration gradient along
the cathode surface. This feature allows us to explain the impact of magnetic
field in the parallel orientation (where no Lorentz forces act) by interplay of
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the MHD effects and the diffusion over the cathode plane.

Key words: fractal structure, magnetic field, Lorentz force, concentration
gradient.

IloTeHnmiocTaTHYHOI0O METOIOI0 AOCJIiAKEeHO BILIMB 30BHIIITHLOT'O CTAJIOTO MAar-
HETHOTO II0JIA Ha MOP(O0JIOTii0 HAHOPO3MIpHHUX KJIACTepiB, OJepKaHnuX MarHe-
TOEJIEKTPOJIi3010 BogHOro po3unHy CuSO, B 30BHIIITHBOMY Mar€HeTHOMY ITOJi
BeauunHOMO 10 0,31 T. BerarnoBiieHo, 1110 MOPGOJIOTiA ofepKaHnX ocaliB icTo-
THO 3MiHIOETHCS HAKJaJeHNM MArHEeTHHM mojieM. B HyJLOBOMY IIOJi KJacTe-
pu, IO 0CAAKYIOThCS, He MAalOTh BUAIJIEHNX HATIPSIMKIB 3pOCTaHHS, B TOH Uac
AK B HEHYJIbOBOMY MarHeTHOMY II0JIi 3’ ABJAEThCA IepeBaKHi HAIPAMKM 3POC-
TaHHA AK IIPU MAarHeTHOMY I10JIi, 30Pi€eHTOBAHOMY IIEPHEHIUKYISIPHO 0 eJIeK-
TPUYHUX TOKOBUX JiHiN, TaK i mpu ix mapaJjenbHi# opieuTarii. Posramy:keHi
CTPYKTYPH OCafiB, IO CIIOCTEpirajaucsa, MaoTh GpaKTalbHy CTPYKTYPY, dhpa-
KTaJIbHA PO3MIipPHICTh AKOI 3aJIEKUTh BiJl BeIMUYWHM I Opi€eHTAI[il MarHeTHOTO
mona. Crmocrepe:keHi epeKTH MOKHA TOSCHUTH MAaTHETOTiIPOAMHAMIUHOIO
(MT'T) KouBeKIli€el0, IKY BUKJUKAHO Mieto JIopeHTI0BOI cuiu, KA BILIMBAE HA
IPUPOIHIO KOHBEKI[il0, II[0 CIIPUYKNHEHA I'PaliEHTOM KOHIIEHTpPAIlil B eJIEKTPO-
JiTi B IpUKaTOAHOMY IIapi K B3JOBXK, TAK i IIOMEpeK IIOBEPXHi eJIeKTPOau.
TakuM YMHOM, HAHOPO3MipHi 00’€KTH Pi3HOMAHITHOI CTPYKTypH (dKa BU3HA-
YaeThCA MArHETHUM II0JIeM) Ta PO3Mipy (AKHHM BU3HAUAETHCA YaCOM eJIEKTPO-
JIi3M) MOXKYTH OyTU offep:kaHi KoHTposboBaHuM unHOM. I1le ogHe ABUMIE, CIO-
cTeperkeHe B HJaHIil poOoTi, a caMme, 3MiHA 3HAKy PiiKHUIII IOTEHIIIAJIB MixK
BEePXHIM 1 HM!KHIM 30HZAMY IPU 3POCTAHHI MarHeTHOTO MOJIS, CBiIUUTEL IIPO
CYIIyTHIO 3MiHY 3HAKYy I'DaJi€HTY KOHIIeHTpaIlii B3IoBK moBepxHi KaTonu. e
YMOKJIMBJIIOE TIOACHUTH BIIJINB MarHeTHOT'O OJIA y BUIIAAKY IapaJjieIbHOI opi-
eHrarii (xe He mirors JlopeHTIOBI cuiau) BsaemMHuUM BiimBoM MI'/l-edekTiB i
Iudysil B3J0OBK I0OBEePXHi KaTOoU.

Kiarouori caoBa: ppaKkTaibHa CTPYKTypa, MarLeTHe Ioje, JIopeHTIioBa cuJa,
I'pamieHT KOHIIEHTpPAIIii.

IToTeHIIMOCTATUYECKUM METOJOM HCCJIEJOBAHO BJIMNSAHNIE BHEIIIHEro ITOCTOSH-
HOTO MArHWUTHOTO IIOJIS Ha MOP(OJIOTHIO HAHOPasMEPHBIX KJACTEPOB, IIOJY-
YEeHHBIX MATHUTOAJEKTPOJN30M BOoAHOTO pacTBopa CuSO, BO BHeEIIHEM Mar-
HUTHOM moJjie Beanunnoi 10 0,31 T. YcranoBiaeHo, 4To MOPGOJJIOTHA HOJIYUEH-
HBIX 0CaJKOB CYII[ECTBEHHO N3MeHAEeTCA IPUI0KEeHHBIM MAarHUTHBIM 1ToJIeM. B
HYJIEBOM IIOJI€ OCaKIEHHBIe KJacTePhl He MMEIOT BBIJEJEeHHBLIX HAIlPaBJIeHUH
pocTa, B TO BpeMsd KaK B HEHYJIeBOM MATHUTHOM II0JI€ TIOSBJISIETCS IPenMYyIIe-
CTBEHHOE HAaIIpaBJIeHNe pocTa KaK IPW MAarHUTHOM II0Jie, OPHMEeHTUPOBAHHOM
MEePIEeHANKYJIAPHO dJIeKTPUUECKUM TOKOBBIM JIMHUSAM, TaK W IIPU WX Iapa-
JenbHOUN opueHTanuu. HabuamogaeMble pPas3BETBIEHHBIE CTPYKTYPhI OCAJKOB
UMeT (ppakTaIbHYI0 CTPYKTYPY, hpaKTalbHAA Pa3MEPEeHHOCTh KOTOPOH 3a-
BHUCUT OT BEJIMUYUHEI I OPUEHTAIINN MaruuTHOro mojsa. Habarogaembie spder-
THI MOTYT OBITH 00'BSICHEHBI MarHuTOrUApoauHamMudeckoi (MI'[]) KoHBeKIIMeld,
BBI3BAHHOU HelicTBUEeM cuJibl JlopeHIla, KOTOpas BJANAET Ha €CTECTBEHHYIO
KOHBEKIIUIO, BRI3BAHHYIO I'PAAUEHTOM KOHIIEHTPAIIUY B 3JI€KTPOJIUTE B OKOJIO-
KaTOMHOM IIPOCTPAHCTBE KaK BAOJb, TAK U MOMEPEK IMTOBEPXHOCTU dJIEKTPOIA.
Takum ob6pasoM, HaHOPasMepPHbIE 00bEKTHI PA3JIUYHON CTPYKTYPHI (OIIpeesis-
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eMO¥ MarHuTHBIM IOJIEM) M pasdMepa (OIpeesiaeMoro BpeMeHeM 9JIeKTPOIr3a)
MOTYT OBITH IIOJIYUEHBI KOHTPOJIUPYEeMbIM o0pasom. E1é ogHo ABieHue, o0HAa-
PY'KeHHOe B TaHHOU paboTe, a UMEHHO, U3MeHeHNe 3HaKa Pa3HOCTHU HOTEeHIIU-
aJI0B MEXKIY BEPXHUM U HUIKHUM 30HAAMU MPU YBEJIUYEHUN MATHUTHOIO II0-
JIf, CBUAETEJIBCTBYET O COIYTCTBYIOIIEM WM3MEHEHWU 3HAKa I'PAJAVWEHTa KOH-
LEHTPAIMY BIOJIb IOBEPXHOCTH KATOAA. ITO IMO3BOJIAET OOBSICHUTDL BINSHIE
MATHUTHOTO TOJIA B CJIydYae HapaljieJIbHONM opueHTanuu (rae He JefCTBYIOT
cuibl Jlopennia) B3auMHbIM BausuaueM MI'I-adderToB u nuddysun BLoab m0-
BEPXHOCTH 3JIEKTPOLA.

Karouersle ciioBa: hpakTanbHasA CTPYKTYpPa, MarHUTHOE 1I0Jie, cuiia JlopeHna,
rpagueHT KOHIIEHTPAIINH.

(Received January 18,2018 )

1.INTRODUCTION

The deposition of metals from aqueous solutions of their salts is widely
used in various branches of industry such as hydrometallurgy, powder
metallurgy, anodic coating, etc.[1, 2], as well as in purely physical re-
searches, such as kinetics of electrode processes and surface chemis-
try, investigation of adsorption on electrode surfaces, electrocrystalli-
zation of non-ferrous metals, etc. [1, 3—6]. Imposition of an external
magnetic field over an electrolytic bath during the deposition process
(often-called magnetoelectrolysis) essentially changes the course of
electrolytic reaction that in turn essentially changes the output [7-9].
Some of the main advantages of the magnetic field imposition are (i)
the acceleration of the corresponding chemical reaction that allows us
to deposit more metallic substance with less power consumption, (ii)
the change of the deposit morphology that allow us to produce the
powders of different granulometry and shape of the constituent parti-
cles, and (iii) ability to produce more subtle deposit structures such as
ferromagnetic alloys and multilayers, nanowires and multilayer nan-
owires, dot arrays or nanocontacts[9, 10].

But despite the longstanding researches, a clear theoretical under-
standing and cogent picture of the effects of a magnetic field on an
electrolytic reaction is still lacking [8—10], e.g., one of the problems is
why the forces acting in an electrochemical cell, which typically differ
by four orders of magnitude, all have the measurable effect[9, 10].

The purpose of the present work is to outline briefly the general fea-
tures of our resent preliminary investigations of the effect of static
magnetic field on the structure and morphology of the nanosize copper
deposits obtained during the electrolysis process. For our study, we
have chosen copper-based deposits, since they are ones of the most in-
vestigated systems (but nevertheless producing unexpected results
[11]), whose results can be easily reproduced, as well as having in mind
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the growing niche the copper is going to occupy in manufacture of
computer chips as well as in micro and nanoelectronic devices [12].

Having found empirical rules, which govern the electrodeposition
process and define the deposit structure, it is possible to produce in a
controlled way the nanosize metallic clusters of various specified struc-
ture, morphology, shape and dimensionality, which can be used, e.g., as
experimental samples for studying the various properties of nanoparti-
cles as well as in purely applied fields such as, e.g., light absorber in far
infrared band [13, 14] (for deposits of fractal structure [15]), or as cata-
lyst carriers in complex chemical reactions [16]. The further step is the
development of a self-consistent mathematical model that takes into ac-
count all principal features of magnetoelectrolysis (e.g., MHD effects,
field-induced magnetization of the ions, surface properties of the grow-
ing deposits, etc.) and correctly reproduces the observed experimental
results. Having developed such a model, one obtains a powerful tool for
theoretical investigation and modelling of the deposit growth processes.
The major aspects of such a model are briefly outlined.

2. EXPERIMENTAL SETUP

A cylindrical temperature-controlled electrolytic cuvette made of
quartz filled with an aqueous electrolyte containing two Cu sheets
(length and width 10 mm, thickness 0.7 mm ) as working electrode and
counter electrode placed vertically at a mutual distance of 1 cm parallel
to each other was used in the present study. The electrolyte consisted
of 150 g/1 of copper sulphate and 50 g/1 of sulphuric acid and was pre-
pared from distilled water and analytical grade chemicals. To exclude
the impact of the initial surfaces, the electrodes were purified by ex-
posing them to a nitric acid and by subsequent two-minute electroplat-
ing in the same electrolyte solution at —100 mV that gives a smooth
copper coating over the entire surface of the electrodes. Two additional
probes consisted of insulated copper wire having a diameter of 80 pm
were placed in the cathode area at the top and the bottom of the cathode
on a distance of about 10—20 pm from its surface. The wires’ insulating
layer was removed from the side opposite to the cathode surface so that
the total distance between the cathode and the probes active area was
about 100 pm.

All experiments were performed in the homogeneous field of an elec-
tromagnet producing the magnetic field B up to 0.31 T. The field B was
oriented either perpendicular or parallel to the electric current lines in
the electrochemical cell. The work regime of 12 V was established dur-
ing the first 60 seconds with 0.2 V/s voltage sweep. The cathode and
the probes potentials are referred to Cl1/Ag reference electrode.

To study the electrolysis process, methods of polarization curves
and probe potentiometry were used. Time dependence of the electroly-
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sis current, surface cathode potential as well as potentials of the lower
and upper probes were measured at a room temperature. Polarization
curves were collected in the potentiodynamic regime by an automatic
recorder. The structure of copper deposits obtained during the magne-
toelectrolysis was investigated by means of the scanning electron mi-
croscope POMI'-100. The corresponding flows of electrolyte in the in-
ter-electrode space were observed using an optical microscope.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Magnetic field influences both the deposition rate and the morphology
of the electrodeposits (see Figs. 1, 2, respectively). The major impact of
the magnetic field on the polarization curves is as follows. (i) The field-
induced enhancement of the limiting current density j, varies with field
as B, in agreement with other experimental results [17]. (ii) The time
1,, at which a voltage drops in the cathode and the probes’ potentials oc-
cur, increases monotonically with increase of B (Fig. 1). This has its
origin in the MHD stimulated convection that retards the passivation of
the electrodes. (iii) The sign of the potential difference between the low-
er and the upper probes changes at the magnetic field B,, (in our case
B,. = 0.3 T). This one evidences that the thickness of the diffusion layer
changes when moving along the cathode surface from its top to the bot-
tom even at zero applied field, and at the field B,,, the concentration
gradient in the electrolyte along the cathode changes its sign. This is al-
so confirmed by the observed fact that the gradient of the density of nu-
cleation centres on the cathode surface varies synchronously with the

1—B=0T

-1,25¢ 2_B=0.13T
ool 3-B=02T

4—B=025T

-0,75F
-0,50p
0,25

0,00

0 100 200 300 400
Electrolysis time, s

Cathode potential (V), electrolysis current(A)

Fig. 1. The dependences of cathode potential (upper curves) and electrolysis
current (lower curves) on the electrolysis time for different magnetic fields.
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potential difference between the probes. This gradient is the origin of
the additional diffusion over the cathode plane [17], and this diffusive
flow is affected by Lorentz force oriented parallel to the initial current
lines. Being rotated by 180°, magnetic field turns the moving ions either
opposite or in the direction of flow, resulting in the different current
increase for both field orientations [17].

More drastically, magnetic field influences the structure of the elec-
trodeposit. In zero applied field, one has the typical fractal structure

e

» .
xZ .88k 38,8k

Fig. 2. The morphology of electrodeposits obtained in different magnetic
fields: B=0T (a); B=0.13 T (b), magnetic field is oriented perpendicular to
the electrical current lines in the cuvette; B = 0.13 T (¢), magnetic field ori-
ented parallel to the electrical current lines; B = 0.31 T (d), magnetic field ori-
ented perpendicular to the electrical current lines. Duration of electrolysis is
22 s for all pictures.
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of the deposited aggregates, whose shape is of spherical symmetry and
has no preferred directions of growth (Fig. 1, a). Magnetic field ori-
ented either parallel or perpendicular to the electric current lines es-
tablishes the preferred directions of growth and changes the morphol-
ogy of the electrodeposits (Fig. 2, b, c¢). Directions of growth are pri-
mary defined by the convective flows, and in our experiments, they
remain the same for each of the both orientations of magnetic field. A
further increase of field strength (for fields B> 0.3 T) removes the pre-
ferred growth directions and essentially changes structure and shape
of the deposits (Fig. 2, d). In contrast to the flat electrochemical cell [7,
8], no magnetic-field-induced chirality was observed.

It is well established that the deposit structure (for a given electro-
lyte composition, cuvette shape, zero magnetic field) is primary de-
fined by the electrolysis regime, e.g., one has a smooth surface of the
deposit (films) for the electrochemical kinetics, and structures of vari-
ous shape and morphology for the regime of the diffusion kinetics [1].
In what follows, we confine ourselves to the case of the diffusion kinet-
ics, for which all the results presented here were obtained.

Objects of the primary interest considered in the present work are
ramified (fractal-like) deposits made of nanosize elements obtained in
regime of the diffusion-limited kinetics. As seen from Fig. 2, a—d, im-
position of the magnetic field changes all the shape, morphology and
structure of the electrodeposits (see also [7—10]). Qualitatively, impact
of the magnetic field can be introduced through the field-dependent
thickness of the diffusion layer 6, which defines the regime of an elec-
trolytic process[1, 9, 10]:

. nFDc

L= 5 0 ’ (1)
where F is the molar charge (96485 C/mole), n is the cation charge
(1, 2), ¢, is the ionic concentration in the bulk of the solution, and D is
the diffusion coefficient. The field dependence 3(B) is the result of the
magnetohydrodynamic (Lorentz) force acting on the ions in electrolyte
that results in the additional stirring of the electrolyte and to corre-
sponding decrease of 3 [8—10].

A more comprehensive picture of the MHD effects on the magnetoe-
lectrolysis has to incorporate into the equations governing the process
other forces acting in an electrochemical cell, i.e., the driving forces
due to the concentration and field gradients, paramagnetic force,
MHD drag force due to non-zero conductivity of the moving electro-
lyte, viscous force, etc. (as it is already mentioned, despite being dif-
ferent by orders of magnitude, all the forces have a measurable effect),
as well as chemical reactions on the electrode [8-10, 18, 19]. In our
case, it will be a set of coupled Navier—Stokes and convective diffusion
equations [8, 18] bounded by the geometry of the cell and the elec-
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trodes’ shape. Finding a numerical solution to such the system for ar-
bitrary values of parameters poses a rather formidable task; as an ex-
ception, for some geometries and limited number of acting forces, an
analytical solution can be obtained [20, 21].

The general fractal-like picture of the deposited aggregates ob-
served in our experiment can be quantitatively described by the diffu-
sion limited aggregation (DLA) model [15, 22, 23], which supposes
that the deposited clusters grow by joining separate particles. In the
case of electrolysis, it is the Cu atoms, delivered through the electro-
lyte as Cu®" cations and reduced to Cu at the cathode. Having found the
mass transfer dependence as the solution to the afore-mentioned set of
equations, one can directly apply it to the model of fractal growth us-
ing the clear correspondence between (i) the trajectories of ions (veloci-
ty field in the MHD equations) near the growing electrodeposit and off-
lattice random walks in the DLA model [23], and (ii) the ions energy in
the cathode—electrolyte interface area related to the cathode potential
by the Lippman equation [19] and the sticking probabilities in the DLA
model. In that way, one can give a physical meaning to purely mathe-
matical parameters of the DLA model.

The more detailed study of MHD effects governing the fractal elec-
trodeposition as well as finding solution to corresponding equations
for some selected conditions, and detailed comparison of theoretical
and experimental data will be presented in our further works.

4. CONCLUSIONS

Magnetic electrodeposition is an attractive interdisciplinary area with
good opportunities for fabrication of novel materials and nanostruc-
tures. We have shown that relatively low magnetic fields significantly
change the morphology of the copper electrodeposits allowing us to
fabricate various sophisticated nanosize structures. Although the em-
pirical rules defining the deposit structure are basically known, there
is not so far any cogent and self-consistent theoretical model capable to
predict the morphology of the growing deposits from the first princi-
ples. In the present work, we have outlined the foundations of such a
model and shown its interconnection with the diffusion-limited aggre-
gation model used to describe the fractal growth of the electrodeposits.
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