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Abstract: The electrocrystalliztion nucleation and growth process of Nt Fe alloy was studied using cyclic voltamme-

try and chronoamperometry. The results show that, in the case of high deposition overpotential, the nucleation/

growth process of NrFe binary alloy is 3-D instantaneous, and the growth rate of the previously formed nuclei in-

creases with overpotential. However, at low overpotential, no distinguished nucleation current can be observed.

M eanw hile, the discrepancy between the experimental nomdimensional variables(1/1,)” and those calculated from

the theoretical model was elucidated in the light of the molecular orbital theorem.
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1 INTRODUCTION

Electrodeposited Nt Fe alloy was widely used
in the area of memory devices for computers, as
perpendicular magnetic recording media for rotary
encoders and as stampers for disk pressing''.
Meanw hile, due to the substitution of nickel by
iron, less expensive NrFe alloy with high corro-
sion resistance may be an alternative for widely
used pure nickel coatings. So far, many attempts
have been made to study the influence of techno-
logical parameters on the composition and structure
of NiFe alloys''"', investigate the electrocrystalli-

[8]

zation process ', and model the galvanostatic pulse

and pulse reverse plating of NrFe alloys on a rota
ting disk electrode'™ '

Up to date, NrFe alloy can be obtained by
many deposition techniques. Among them, elec
trodeposition offers unique possibility for an exact
and easy control of the deposition conditions, the
chemical composition and the microstructure of the
electrodeposited layer, and represents a straight-
forw ard approach for locally structuring and modif-

[11]

ying surfaces During the whole electroplating

process, the nucleation kinetics and the growth
mechanism of the first metallic nuclei formed on
the initial substrate are critical steps, which deter-

mine the physicochemical properties of the electro-

[12. 13]

deposited materials . Electro-crystallization on

different substrates is commonly related to only

[ 14716]

one kind of nucleation process and complex

deposition system, consisting of two or more nu-
cleation processes with sophisticated transitions

between the different types''” .

Generally, characterization of electrocrystalli-
zation nucleation and growth process is performed
by analyzing the cyclic voltammograms and the
current transients obtained using chronoamperome-
try technique. So far, a number of different theo-
retical formalisms have been developed to identify
the different nucleation process and different
growth types' '™,

The goal of this paper is to probe into the
electrocrystallization nucleation/ growth processes
of NrFe alloys in chloride-boric acid solution, and
find the basis for further studying the electro-
deposition mechanism of nanocrystallization terna-
ry CoNiFe soft magnetic alloys.

2 EXPERIMENTAL

The experimental electrolyte was prepared
with AR grade reagents and twice distilled water
according to the basic compositions listed in T able
1. A conventional threeelectrode system consis-
ting of 1) cycloidal polycrystalline brass electrode
with an area of 0. 502 7 cm”® exposed as working e
lectrode( WE), 2) saturated calomel( reference) e
lectrode( SCE) and 3) a large bright platinum foil
as the counter electrode, was employed. Before
measurement, the exposed surface of the WE was
polished with silicon carbide papers and velvet,
rinsed with the twice distilled water, washed in ac
etone, rinsed with the twice distilled water again
and then dried in air. Cyclic voltammetry and chro-
noamperometry were performed with a commercial
(IM 6e,

The experimental temperature was

electrochemical ~ analyzer/ workstation

Germany) .
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Table 1 Basic electrolyte compositions and experimental conditions for electroplating nickeliron alloys

Components/ (g * L")

Rotating speed of solution/

NiSO4 * 6H20 FeSO4 * TH.O H3BO3

NHs+Cl Na>SO4

Ascorbic acid Additive

pH

(r* min ")

52.5 8.7 40 30 14

1.0 0.01 2.66 1 000

(25 £1) T controlled by thermostat water tank,
and all potentials were referred to SCE.

3 RESULTS AND DISCUSSION

3.1 Voltammetric study

During cyclic voltammetric experiments, the
sweep potential range was from open circuit poten-
tial(c.a. — 0.252V) to — 1.6V and always initia-
ted in the negative direction. Fig. 1 shows the typi-
cal voltammogram obtained in NrFe electroplating
solution with a scanning rate of 10 mV/s.

~0.035
~0.025}
<-0.015 Scanning dircction
~0.005
0.005 L1 1 n 1
02 06 <10  -14 I8
oIV

Fig. 1 Typical voltammogram for brass electrode
in basic NiFe binary electroplating solution

It can be seen that there exist current loops in
anodic branch of voltammogram, which imply that
the electrodeposition of NrFe alloy follows three
dimensional ( 3D ) nucleation and grain growth

. 24. 25
mechanism' I,

3.2 Chronoamperometric study

Fig. 2 shows the experimental current —time
transient curves. It can be seen that, each of the
“l —t” curves consists of an initial spike(within the
first 0. 02 s) due to the charging of the electro-
chemical double layer, a subsequently rising por-
tion due to the nucleation process and a posterior
decreasing portion due to the diffusion process.
The rising section appears to reach its maximum at
increasingly shorter time with more negative over-
potential steps. The maximum in the current tran-
sient corresponds to the maximum surface area,
i. e. the point with hemrspherical nuclei is on the
point of collision.

11 Potential increases
in this direction
from-1.00Vto-140V
| Step length: ~40 mV
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Fig. 2 Potentiostatic / —¢ transients for
nucleation and growth of NiFe film

The most extensively employed theoretical
model for electrochemical nucleation is the one de-

(23] Even

veloped by Hills and his colleagues
though this theoretical model is based on the nucle-
ation/ growth of single metal, it has been widely
used to analyze the nucleation/growth of al

(8. 26, 27] 1'% the authors de-

loys In this mode
scribe the kinetics of electrolytic phase formation at
early stages when diffusion of the electroactive
species from bulk solution to the interface is the
rate determining step, and the growth of nuclei is
considered to be 3D taking into account of the
overlap of diffusion zones. According to this mod-
el, the rising portion of the current transient can
be described, respectively for the instantaneous

nucleation and progressive nucleation by

Ii= zFD"?¢[1- exp(- NTkD¢)]/T*"* (1)

k= | 8mem/g v (2)
I,= zFD"?d 1-
expl = AN =T D¢?/2) | /77242 (3)
K= 4r8ncM/d 23 (4)
where zF is the molar charge of electrodepositing

species, D is the diffusion coefficient, ¢ is the bulk
concentration of the zinc species, N is the number
of nuclei, N «» and AN « are the total number of ac
tive sites for instantaneous nucleation and progres-
sive nucleation respectively, M is the molar mass,
Pis the density of the deposited material, and £
and k¥ are the numerical constants determined by
the experimental conditions.

Fig. 3 shows the relationship of the experr
mental non-dimensional variables between (t/tw)
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Fig. 3 Nomrdimensional I/ Imx vs t/ twa plots for electrodeposition of NiFe film
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and (I/1.)°, where I, and tw are the current tran-
sient maximum values. Determination of the nucle-
ation/ growth process involved is achieved by ana-
lyzing the rising section of the current transient
and then comparing the curve to the dimensionless
theoretical curves obtained from Eqns. (1) 7(3) re
spectively.

From Fig. 3, it can be seen that, in the case of
high overpotentials, the experimental [ —¢ curves
closely follow the theoretic instantaneous nuclea-
tion curves. However, at low overpotential( Fig.
2), no distinguished nucleation current can be ob-
served because the practical electrode substrate
surfaces usually possess many imperfections such
as plateau edges, kinks, vacancies and emergent
screw dislocations, at which crystal growth can oc
cur without nucleation'™'.

Meanw hile, it can also be seen from Fig. 3
that, after the maximum current, the experimental
(I/1.)? is much larger than that calculated from
the theoretical model. According to the well ac
cepted theorem, the electrochemical reduction of
iron-group metal ions on the cathode surface obeys

the following mechanism'* :

2H>0+ 2¢” ~ Ha+ 20H"
M* + OH™ “M(OH)*
M(OH)* " M(OH)
M(OH)+ 2¢ M+ OH"

where

—~ o~~~
o0 1 O\ W

)
)
)
)

M designates iron, cobalt and nickel at-
oms. Therefore, the reduction rate of M mainly
depends on the stability of M(OH ) or M(OH) ™,
i. e. the atomic orbital( @ and @) overlapping in-
tegral(Sas) of M and O in OH™ . The larger the
Sas, the more stable the M(OH) i or M(OH) ™ .
According to the theory of molecular orbital ™,
Sap is directly proportional to the product of the

radial function of the two bonding atoms(R. 1 -, *
Ru i ry)

Sas <R 1 v, * Rutny (9

Because the energy of the empty 3d-orbit is
less than that of 4s-orbit, the first electron from
the cathode will fill into the 3d-orbit preferential-
ly. In this case, the empty orbit of the monovalent
iron-base metal ions in M ( OH )i will be the
4s-orbit. For the 4s-orbital of Fe and Ni,

%Iri< 0 (10)

Therefore, R. . . decreases with the increase
of the atomic radius(r) of iron series elements. Be-
cause the radii of iron series ions(M*") follow the
following order'™: ry. > rni (Table 2), then
So—i> So—re, i. e. the stability of the iron-group
metal monohydroxide ions or metal hydroxides can
Ni(OH) " >

Fe(OH)" , which will result in the anomalous co-

be sorted in the following order:

deposition of nickekFiron binary alloys. The above

stability order of the nickel and iron metal mono-
hydroxide ions or metal hydroxides are also sup-
ported by calculating the crystal field stabilizing
energy( CFSE) of Ni(OH)" and Fe(OH)" using
GAUSSIAN94 software'™, on the basis of the
electrodeposition mechanism shown in Eqns. (5) ~
(8) and that, under our electroplating conditions,
the OH™ ions are a kind of weak ligands which will
result in high spin ligated compounds'™ (T able 2).

2+ )[32] -

Table 2 Radii of ironrgroup ions(M
CFSE of Ni(OH)" and Fe(OH)"

Ton Radius/ m CFSE/2.721 eV
Fe™ /Fe(OH)* 7.5%x10" " - 0.753 088
Ni* /Ni(OH)* 7.0x 10" " - 0. 656 686

Because the stability of the nickel and iron
metal monohydroxide ions or metal hydroxides can
be sorted in the following order: Ni(OH)* >
Fe(OH)" as elucidated above, the content of nick-
el in the electrodeposited film is much lower than
that in the electroplating solution, and the concen-
tration of Ni** in the vicinity of the cathode should
maintain at a relatively steady value during the
whole electroplating process. Therefore, the ex-
perimental (1/1.)” should be much larger than that
calculated from the theoretical model; while the
decrease of current after the current maximum in
I —t curves may be originated from the sparsity of
Fe™ ions on the cathode surface.

4 CONCLUSIONS

Under the experimental conditions, the elec
troplating of NrFe alloy follows 3-D nucleation/
growth mechanism. In the case of high deposition
overpotential, the nucleation/ growth of NrFe al-
loy is instantaneous, and the growth rate of the
previously formed nuclei increases with overpoten-
tial. However, at low overpotential, no distin-
guished nucleation current can be observed and
crystal growth can occur without nucleation. The
discrepancy
dimensional variables (/1)

between the experimental non

* and those calculated
from the theoretical model can be theoretically con-
tributed to the fact that the orbital radius of 4s of
nickel atom is shorter than that of iron atom and
the stability of the irongroup metal monohydrox-
ide ions or metal hydroxides can be sorted in the

following order: Ni(OH)" > Fe(OH)" .
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