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EXTENDED ABSTRACT

Metal powder electrolysis: The shape of powder particles as a
function of the exchange current density and overpotential for
hydrogen evolution reaction’
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Abstract: The short survey of the dependence of the shape of electrolytically
produced powder particles on the exchange current density for metal deposition
and overpotential for hydrogen evolution reaction is presented. The decrease of
the exchange current density leads to a branching of dendrites and their
transformation from needle-like and the two-dimensional (2D) fern-like to the
three-dimensional (3D) pine-like shapes. Vigorous hydrogen evolution inhibits
the dendritic growth leading to a formation of cauliflower-like and the spongy-
like particles. The very thin needles were obtained by molten salt electrolysis.
Mechanisms responsible for the formation of both the dendritic (the general
theory of disperse deposits formation) and the cauliflower-like and the spongy-
like particles (the concept of ,,effective overpotential“) were also mentioned.

Keywords: electrolysis; powder; particles; scanning electron microscope (SEM).
INTRODUCTION

Electrolysis is one of a common way for a production of metals in the pow-
der form. The advantages of electrolysis relative to the other methods of powder
synthesis can be summarized as follows: low equipment and product costs, one-
step, environmentally friendly, formation the high purity products, etc.! Metal
powders can be obtained by both electrolysis from aqueous electrolytes and
molten salt electrolysis.2 The both constant (potentiostatic and galvanostatic) and
periodically changing (pulsating overpotential (PO), pulsating current (PC) and
reversing current (RC)) regimes of electrolysis are used for the formation of
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powdered deposits. The parameters of electrolysis affecting a shape and size of
powder particles are type and composition of electrolytes, temperature and time
of electrolysis, the type of working electrode, stirring of electrolyte, the presence
of additives, efc.

Although all above mentioned regimes and parameters of electrolysis affect
the final shape of electrolytically synthesized particles, the shape of particles is
primarily determined by the parameters like the exchange current density (jo),
overpotential for hydrogen evolution reaction and melting point (7,).3 Accord-
ing to these parameters, metals are classified into three groups:

a) normal metals, like Pb, Sn, Cd, Ag, Zn; this group of metals is
characterized by high values of jj (jo > 1 A dm2) and overpotential for hydrogen
evolution reaction, and low Tp,

b) intermediate metals, like Cu, Ag (ammonium electrolyte), Au; this group
of metals is characterized by medium values of jj (102 <jj, <1 A dm2) and
lower overpotentials for hydrogen evolution reaction than the normal metals, and

c) inert metals, like Ni, Co, Pt and Fe; this group is characterized by the low
values of both the exchange current density and the overpotential for hydrogen
evolution reaction, and high T},.

Although dendrites are the most common shape of powder particles, some
other forms like spongy, needles, cauliflower, fibrous, efc., can be obtained by
electrolysis.2

METAL POWDERS OBTAINED BY ELECTROLYSIS FROM AQUEOUS
ELECTROLYTES

The normal metals

For the group of normal metals, the exchange current density decreases in
the following row: Pb < Ag < Zn.# Pb and Zn represent the limiting cases for this
group of metals, since the estimated value of jj for Pb tends to infinity, while the
jo value for Zn brings it closer to the group of the intermediate metals. The
needle-like and the 2D (two-dimensional) fern-like dendrites are the typical
shapes of powder particles characterizing this group of metals (Fig. 1).

The decrease of jo led to a shifting of formation of dendritic particles
towards the higher overpotentials of electrodeposition. The branching of den-
drites increases by both the process of complex formation with metal ions (Fig.
1¢) and the decrease of jy value (Fig. 1d).

The intemediate metals

The two types of powder particles characterize the group of intermediate
metals: the 3D (three-dimensional) pine-like dendrites constructed from the corn-
cob-like forms like the basic element (Fig. 2a) and the cauliflower-like particles
(Fig. 2b). The cauliflower-like particles are obtained by removing the deposit
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from the honeycomb-like structure (Fig. 2¢). The honeycomb-like type of struc-
ture, and hence, the cauliflower-like particles are obtained in the conditions of
vigorous hydrogen evolution, which inhibited a dendritic growth. The hydrogen
evolution as a parallel reaction to Cu electrolysis commences inside the plateau
of the limiting diffusion current density, and the increasing overpotential inten-
sifies this reaction causing a complete inhibition of dendritic growth at over-
potentials outside the plateau of the limiting diffusion current density.

a) b) ) C N d

i
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Fig. 1. The typical shapes of powder particles characterizing the group of the normal metals
(Pb and Zn): a) the needle-like dendrite of Pb (0.10 M Pb(NO3), in 4.0 M NaNOj; overpot-
ential (77) = 50 mV)>, b) the compact 2D fern-like dendrite of Pb (0.10 M Pb(NO5), in 0.50 M
NaNOj; 7= 80 mV)3, ¢) the branchy 2D fern-like dendrite of Pb (0.10 M Pb(CH;COO), in
1.5 M NaCH;COO in 0.15 M CH3;COOH; 7= 60 mV)®, and d) the 2D fern-like dendrite of
Zn (0.40 M ZnO in 6.0 M KOH; 7= 225 mV).”
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Fig. 2. The typical shapes of Cu powder particles: a) the 3D pine-line dendrite with the sharp
tips,® b) the cauliflower-like particle,? c) the honeycomb-like structure,® and d) the 3D
pine-line dendrite with globules.” Electrolyte: 0.10 M CuSO, in 0.50 M H,SOy;

a) 7= 625 mV;b) and ¢) 7= 925 mV and d) current density, j = 14.4 mA cm™2.

The shape of pine-like dendrites of Cu was very similar to the shape of
dendrites of the other representatives of the group of intermediate metals, like Au
and Ag when ammonium electrolyte was used.

In the galvanostatic regime of electrolysis with higher deposition charge
applied, it is possible to obtain modified shape of the 3D pine-like dendrite where
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the tips of both stalk and branches are finished by globules (Fig. 2d), instead of
the sharp tips (Fig. 2a).”

The inert metals

For this group of metals, there is parallelism between metal electrodeposition
and hydrogen evolution in the whole range of overpotentials and current den-
sities.2 The spongy-like particles (Fig. 3) are the typical shape of the particles
characterizing the group of the inert metals. This particle type, with the honey-
comb-like structure, is obtained in the conditions of vigorous hydrogen evolution.
There is no difference in the shape of the spongy-like particles of Ni, Co and Fe.2
It is understandable because this particle type is only determined by vigorous
hydrogen evolution as a parallel reaction. Formation of the 3D dendritic particles
is possible for this group of metals, but the strong effect of hydrogen evolution
on their shape is clearly visible.2

Fig. 3. The spongy-like Co powder particle
electrodeposited onto glassy carbon electrode
from the solution containing 0.1 M CoSO, in
1M (NH4)2SO4 in 0.70 NH4OH atj =05A
cm2.10

AccV Spot Magn  Det WD ——— zgpnm“,
250kV 6.0 100x SE 95w W 2

MOLTEN SALT ELECTROLYSIS

The very thin needles of MgO/Mg(OH), are formed by the electrolysis from
magnesium nitrate hexahydrate melt (Fig. 4). These very thin needles are often
grouped into the flower-like aggregates. Aside from very thin needles, holes
formed from detached hydrogen bubbles can be also formed by this molten salt

Fig. 4. The very thin needles of MgO/Mg(OH),
obtained by electrolysis of magnesium nitrate hexa-
hydrate melts at j = 4 mA cm™2.
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electrolysis process.*11 There is no any difference in the shape of thin needle-
like forms between those obtained by potentiostatic and galvanostatic regimes of
electrolysis.

DISCUSSION

Formation of all types of dendritic particles can be explained by the applic-
ation of the general theory of disperse deposits formation.2:12 The basis of this
theory is a formation of the spherical diffusion layer around the tip of surface
protrusion formed in the initial stage of electrolysis and buried deep into the
diffusion layer of the macroelectrode. It follows from this theory that the tip of
the protrusion grows under the activation control, while simultaneously electro-
lysis to the flat part of the macroelectrode is under the diffusion control.

Formation of a cauliflower-like (Fig. 2b) and the spongy-like (Fig. 3) par-
ticles in conditions of vigorous hydrogen evolution can be explained by the con-
cept of the “effective overpotential”’.2:13 The basis of this concept is a strong
effect of vigorous hydrogen evolution on the hydrodynamic conditions in the
near-electrode layer. Vigorous hydrogen evolution causes a stirring of the elec-
trolyte in the near-electrode layer leading to an increase in the limiting diffusion
current density, the decrease in the thickness of the diffusion layer, and conse-
quently, to the decrease of the degree of the diffusion control. The formation of
cauliflower-like particles (Fig. 2b) instead of well-defined dendrites (Fig. 2a) really
proves the lower degree of diffusion control at the overpotential outside than at the
overpotential inside the plateau of the limiting diffusion current density.

CONCLUSION

The typical shapes of powder particles obtained by electrolysis processes are
identified. The decrease of the exchange current density leads to the change of
shape of dendrites from the needle-like and the 2D fern-like dendrites to the 3D
pine-like dendrites. The cauliflower-like and spongy-like particles are formed
under strong hydrogen evolution, as a parallel reaction to the metal electrolysis
inhibiting dendritic growth.

Acknowledgment. This work was supported by the Ministry of Education, Science, and
Technological Development of the Republic of Serbia (project no. 172046).

U3BOJM
®OPMUPALE METAJTHUX ITPAXOBA EJIEKTPOJIM30M: OBJIMK HECTHULIA KAO
OYHKLUHWJA TYCTUHE CTPYJE USMEHE U ITPEHAIIETOCTU 3A PEAKLIUJY
HU3IBAJALA BOJOHUKA
HEBOJIIA JI. HUKOJIMR
HUXTM — Llentuap 3a enexiupoxemujy, Ynusepsuitieii y beoipagy, beiowesa 12, Beoipag

[TpukasaH je KkpaTak Nperyiel 3aBUCHOCTH OOMMKa ENeKTPOIUTUYKM IPOU3BEINEHUX
METaJIHUX [IpaxoBa Of T'YCTHHE CTPyje M3MEHE TalOKemha MeTala U NMPEHANEeTOCTH 3a Peak-
LIWjy W3[Bajama BofOHUKA. CMamele TYCTUHE CTpyje U3MeHe JOBOAHU 0 IpaHama JeHApUTa U
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BUX0Be TpaHcopmauuje o5 UIMTUYACTUX U JBONUMEH3WOHANMHUX (2]]) HaMWUK mampatd, IO
TPOOUMEH3HOHAIHUX (3D) nmeHzpputa Hamuk cradimy dopa. HTEH3HBHO H3[iBajare BOJOHHMKA
WHXUOMpa NEeHOPUTUYHM pacT josomehu no ¢opmupama kapduonacTux U CyHhepacTux
yecTula. Beoma ¢uHe urne cy fnodujeHe enekTponusom U3 pacrona. Takohe cy pasmarpaHH
MEeXaHM3MH OJTrOBODHH 3a (Gopmupame W [IeHIPUTHYHUX (ommTa Teopuja (opmupama
IOUCIIEP3HUX Talora) W KapguoNacTUX M CyHhepacTHx uecTHla (KOHIeNT ,edeKTHBHE
IPEHANeToCTH").
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(ITpumseno 5. HoBembpa 2019, pesunupano 15. janyapa 2020, npuxsaheHno 24. janyapa 2020)
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