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Abstract: The electrochemical nucleation mechanism of nickel on the vitreous carbon electrode from = Al2Os/ Ni
composite brush plating system was investigated using potential step method. The interaction between nano-alumina
and matrix metal was researched by X-ray photoelectron spectrometry. The results show that the nano-alumina leads
to the increasing of the nuclei density, nucleation rate constant and crystal growth rate during nickel electrocrystalli-
zation. Nano-alumina is found to be beneficial for nucleation and growth of nickel. During the electrodeposition
process, some nanoparticles are captured effectively on the growing metal surface. As the absorbed nickel atoms are
diffusing on electrode surface, some of them arrive at the interface between the captured nano-alumina and the grow-
ing metal surface. The unsaturated bond of oxygen on nano-alumina surface can capture some of the absorbed nickel
atoms and form nickeFoxygen chemical bond. The new nucleation and growth sites of nickel atoms appear at the in-
terfaces between nanoparticles and metal growing surface. Nanoparticles are embedded gradually in the newly depos-
ited nickel atoms, which leads to the formation of the composite coating. The results indicate that the nano-alumina
takes part in the electrode reaction and the unsaturated chemical bond of oxygen on nanoparticle surface can combine
with the absorbed nickel atoms by way of chemical bond.
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1 INTRODUCTION

In recent years, nanometer composite electric
brush plating technology has been developed. It is
a kind of novel surface repairing technology, which
can prepare excellent surface coating'"”. The
technology is at the stage of development, its
foundational theory and application field must be
expended. Up to now, investigations have been
mainly focused on preparing coating, testing per-
formance and developing new brush-plating solu-
tion, little attention is paid to the study on electro-
chemistry properties during the electrodeposition
process and interaction between nanoparticles and
matrix metal in composite coating. Although the
fundamental research on surface characteristics of
nanoparticles in solution and microstructure in
composite coating has been done to reveal nanome-

(3579 the study on elec

ter brush-plating process
trochemistry fundament and chemical combination
state of nanoparticles in composite coating has not
been reported in the case of composite electro-

brush plating.

Electrochemical nucleation is an important
growth mode of nickel electrocrystallization. The
effect of nanoparticles on electrodeposition mecha-
nism is a key factor determining the structure and
performance of composite coating. In this paper,
potential step was used for determining the electro-
chemical transient response from n~Al,03/Ni com-
posite brush plating solution and quick nickel solu-
tion. The electrochemical nucleation mechanism
was studied and compared with each other. The
effect of nanoparticles was discussed. The X-ray
photoelectron spectrometry ( XPS) of pure nickel
and composite coating was measured. The results
show that the nanoparticles take part in electro-
crystallization, reduce the electrodeposition over
potential, enhance the current efficiency, and ac
celerate nucleation rate as well as crystal growth
rate. Nanoparticles combine with nickel atoms in
the composite coating by means of chemical bond
and they are not mixed together mechanically.
Nanoparticles not only influence the electrochemi-
cal mechanism during the composite electrodeposi-

tion, but also change the microstructure of
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composite coating in some w ay.
2 EXPERIMENTAL

2.1 Electrochemical experiment

The experimental cell was designed as a three
electrode system. The vitreous carbon electrode
was employed for the working electrode with
diameter of 2mm. A platinum sheet with size of
8 mm X 15 mm was used as the counter electrode,
and a saturation calomel electrode( SCE) was se-
lected as the reference electrode. All potentials
were measured and quoted with relative to SCE.
The surface of the vitreous carbon electrode was
polished to a mirror finish using metallurgical coa
ted abrasive paper and alumina powder down to
0.3 Hm in turn before each experiment. Then, the
electrode was ultrasonicated and thoroughly rinsed
with distilled water, acetone, distilled water suc
cessively, and at last transferred to the brush-
plating solution with a layer of liquid membrane on
electrode surface.

All electrochemical experiments were per-
formed in quick nickel plating solution or compos-
ite solution. The solution contained 264 g/ I. NiSO4
* 6H.0, 56 g/ L ammonium citrate, 23 g/ L ammo-
nium acetate, 105 g/ L. ammonia water and 20 g/ L
mALLOs. The original diameter of nanoparticles
was in the range of 30 = 50 nm for nano-ALOs.
The pH of plating solution was adjusted to the de
sired range from 7.0 to 7. 4. All the solution was
prepared from analytical grade reagents and dis-
tilled water. The solution was bubbled with N for
10 min before each experiment in order to eliminate
the dissolved oxygen. The working electrode was
held at potential 0 mV for 2 min before each meas-
urement to ensure reproducible initial steady state
on its surface. All experiments were carried out at
the temperature of (20%2) C.

All electrochemical measurements were

performed with Potentiostat/ Galvanostat Model
273A (EG& G Instrumental Inc.).

controlled electrochemical system was used in re

The computer

cording the transient response. All coatings were
prepared by means of electric brush-plating tech-
nology and DSD-75S direct current power was
used (Armored Force Engineering Institute). The
technology procedure for preparing quick nickel
and composite coating w as

|Electr0' cleaningl - |Activati0nl - |Basing| -

‘Nickel brush-plating or composite brush‘plating‘

The coating thickness was about 100 Bm. T he
diameter of nanoparticles distributes in the range of

30~ 50 nm and its mass content was about 1% in

. - [8, 10]
composite coating :

2.2 Spectrum experiment

The coating with the proper size was used for
XPS testing. XPS measurement was preformed u-
sing ESCA LAB220FXL (VG Scientific). The po-
sition sensitive detector( PSD) and aluminium an-
ode target were used with photon energy 1 486. 6
eV. The pressure in the vacuum room was kept at
2.9% 1077 Pa. C 1s with energy of 284. 6 eV was
used to calibrate spectral series displacement. Be
fore testing the surface of solid samples was sput-
tered by argon ion, with sputtering rate of 4 nm/
min, and lasting for 2 min. The emissive current
was 25 mA and potential 3. 0 kV. The powder

sample was not sputtered.
3 RESULTS AND DISCUSSION

3.1 Effect of nanoparticles on potential step tram
sient

The current —time curves of nickel on vitreous

carbon electrode are shown in Figs. 1 and 2 in the

potential rang of — 0.98 7= 1.35V.

v 05 10 15 20 25 30
t's

Fig. 1 Current —time curves obtained in

quickly nickel brush plating solution
(Number in plots is step potential)

Figs. 1 and 2 show the general feature of the
current —time curves, which is commonly observed
during the initial stages of the electrocrystallization
of nickel on vitreous carbon substrates''™ . When
a step potential is employed, the current rises after
the induction time and then arrives at the maxi
mum value, finally approaches the steady state
slowly. The higher the step potentials are, the
more rapidly current drops. The peak current In
becomes higher, while the peak time tn becomes
shorter as the step potential increases. It can be
seen from the current —time curves at & - 1.30V
and = — 1.35V that there is a current peak after
w hich from multrnucleus

maximum, results
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Fig.2 Current —time curves obtained in
n~Al203/Ni composite brush plating solution
(Number in plots is step potential)
growth and overlap' " .

The current-time response in Fig. 2 shows the
effect of nano-alumina on the nickel electrodepost
tion. Under the same experiment conditions, the
current peaks in Fig. 2 are higher than those in
Fig. 1, while the peak time in Fig. 2 is shorter.
These facts show that nano-particles are favorable
for nickel nucleation and crystal growth, nano-alu-
mina takes part in nickel electrocrystallization.

3.2 Effect of nanoparticles on mechanism of nickel
nucleation

According to the transient experimental re-
sults, some of electrocrystallization models were
tried to verify the experimental data. It was found
that these data were consistent with Scharifker
hemisphere-multinucleus model better' ™. On
the basis of hemisphere model taking into account
the overlap of threedimensional multinucleus
growth centers under the condition of diffusion
control, Scharifker and his coworker derived the
potentiostatic current —time equation'” . The rela-
tion betw een dimensionless parameters (1/1.)> and
t/tm for progressive nucleation and instantaneous
nucleation was different at the initial stages of elec
trodeposition, which provided a theoretical criteri-
on for distinguishing between two nucleation kinet-
ics! ™!,

Figs. 3 and 4 show the relation between (1/
I.,)? and t/tn, derived from Figs. 1 and 2, respec
tively.

It can be seen from Figs. 3 and 4 that, these
experimental data are consistent with the theoreti
cal curves in potential ranges of — 0.98 - 1.10V
and - 0.98 7= 1.07 V, respectively, which shows
that the nickel electrocrystallization follows the
mechanism of three-dimensional progressive nucle-
ation. The experimental data are deflected from

Fig. 3 Curves of (1/1.)” vs t/tw obtained in
quickly nickel brush plating solution for
instantaneous nucleation( a) and

progressive nucleation(b)
(Solid lines are theoretical curves,
number in plots is step potential)

progressive nucleation theoretical curves and shifts
to instantaneous nucleation theoretical ones with
potentials in the range of — 1.157- 1.25V and
- 1.107- 1.20 V. When potentials are more neg-
ative than — 1. 30 V and - 1. 25V, respectively,
the experimental data are consistent with instanta-
neous nucleation theoretical curves, which shows
that the nickel electrocrystallization is conformed
to the mechanism of three dimensional instantane-
ous nucleation.

The above results show that the dimensionless
parameters (I/I.)> rises with the increasing of
step potentials and they are independent of
nm-alumina, the electrocrystallization mechanism is
changed from progressive nucleation to instantane-
ous nucleation gradually. Those results indicate
that the enhanced cathode polarization can supply
more growth centers, raises the nucleation rate and
changes the electrocrystallization mechanism.
Nanoparticles would accelerate the transformation

of the progressive nucleation mechanism to instan-



- 892 - Trans. Nonferrous Met. Soc. China Aug. 2005

Fig. 4 Curves of (1/1.)” vs t/tw obtained in
n~Al203/Ni composite brush plating solution
for instantaneous nucleation(a) and

progressive nucleation(b)
(Solid lines are theoretical curves,
numbers in plots is step potential)

taneous nucleation one and promote the conversion
of the active sites into growth centers on electrode
surface. Nano-alumina takes part in electrode reac
tion but does not change the electrocrystallization
mechanism of nickel.

3.3 Effect of nano particles on electrocrystalliza-
tion parameters of nickel
On the basis of nucleation theory, the electro-
crystallization parameters of nickel can be calculat-
ed for progressive and instantaneous nucleation
mechanism. Relative equations are as follows' " :
Progressive nucleation mechanism,

q 613 3 1/2
tm = A ].[k/D ( 1)
[n= 0.46150FD¥*C(KA)"* (2)
It = 0.2598(nFC)*D (3)
1 172
Nsat = 2k/DI (4)
, /2

Instantaneous nucleation mechanism,

12564
bm = NoTkD {9
In= 0.6382nFD(kNo)"? (7)
Iitw = 0.1629(nFc)*D (8)
172
e (9)
where [w and tw are the maximum current and the

corresponding time in the transient curves. nF(C/
mol) is the molecular charge. D (cm’/s) and ¢
(mol/ L) are diffusion coefficient and concentration
of nickel ion in solution respectively, A (nuclei *
em > ¢ s ') is the nucleation rate constant, No
(nuclei/ em”) is nuclei density for instantaneous
nucleation and N w ( nuclei/ cm®) is saturated nuclei
density for progressive nucleation, M ( g/ mol) and
A g/cm’) are relative molar mass and density of
nickel deposit, respectively.

The growth rate constant in the direction per-

pendicular to the substrate K (mol*em™ 25 ") is
given by''"
In= nFK’' (10)

T he nuclei density and the nucleation rate con-
stant can be calculated by Eqns. (1) 7(5) and (6)~
(10), respectively. Nucleation parameters of nick-
el electrocrystallization are listed in Table 1.

These data show that the nucleation parame
ters of nickel electrocrystallization dependes on po-
tential and nano-alumina. When nano-alumina are
employed, all parameters are higher in composite
solution than those in the quick nickel solution un-
der the same experimental condition, which indi-
cates further that nano-alumina takes part in elec
trocrystallization of nickel, promoting the nuclea-
tion and accelerating the growth of crystal.

According to the electrochemical nucleation
theory, the rate at which adatoms are converted in-
to nuclei is proportional to the probability that the
adatoms exceed a certain energy level. The relation
between the nucleation rate constant(A) and the

critical nucleation growth activation energy is given
by[ 17]

_ LG iy
A = kexp RT‘ = kexp - (11)
where k and ki are constant, AG is the critical

nucleation growth activation energy and Il is the
overpotential of electrode reaction.

The nucleation rate constant (A) rises with
the increasing value of Tl or decreasing with AG,
and so are Vo and N w, which leads to the decrea-
sing of the size of crystal. These results are found
to be consistent with experimental facts'® ', Un-
der the same experimental condition, A is higher
for the composite system than that for quick nickel
system while AG is lower. Obviously, nano
particles would lower the activation energy of elec

trocrystallization, which proves that nano-particles
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takes part in the electrode reaction, not in the
physical way but in the chemical one.

The process of nickel electrodeposition is al-
ways accompanied by hydrogen evolution reaction
(HER). The relation between current and poten-
tial is not linear in HER and the effect of HER on
nickel electrodeposition is difficult to eliminate. So
the kinetic data of nickel electrodeposition can not
be analyzed quantitatively. But it is significant to
compare and analyze parameters of electrocrystalli-
zation in the composite system and quick nickel one
under the same experimental condition.

3.4 Combination state between nano-alumina and
matrix nickel

In order to understand whether nano-alumina
and matrix nickel are combined in the composite
coating chemically or mechanically, X-ray photo-
electron spectrometry is used for analyzing the en-
ergy state of elements in coating[g].

The spectrograms of nickel element are depic
ted in Fig. 5 and the relative parameters are shown
in Table 2.

From Figs. 5(a) and 5(b), it can be seen that
peaks of nickel appear at the same binding energy
but the proportion of areas for Ni’ 2py> peak and
Ni20s3 2ps2 one for the pure nickel coating and
composite one is different. According to the exper-

imental results in Fig. 5 and data in Table 2, it can
be concluded that the two kinds of coating are com-
posed of the same components with different rela-
tive contents''™ ",

If there were no chemical bond between matrix
nickel and oxygen on nanoparticles, the proportion
of nickel oxide to Ni’ in composite coating would
be close to that in quick nickel coating. In fact,
relative content of nickel oxide in the composite
coating is much higher than that in quick nickel
coating. The reason is that the unsaturated chemi-
cal bond of oxygen from nanoparticles surface can
combine with nickel atom from matrix metal and
form Ni—O chemical bond. The nickel oxides in
the composite coating consisted of surface oxide
and interior oxide, later mainly derives from Ni—
O chemical bond betw een matrix nickel and nanop-
articles.

In the interior of coating, there was little
nickel oxide derived from oxidized growth surface
of matrix metal during plating process. Because
the experimental conditions were the same for the
preparing process of pure nickel and composite
coating, the relative content of oxide should be
close to each other in two kinds of coating. So the
oxide from the preparing process is not the key fac
tor for bringing about the different proportion of
peak area betw een nickel oxide and Ni” in Fig. 5.

Table 1 Nucleation parameters of nickel electrocrystallization

No or N/ (nuclei* em™?)

K//(mol cem Zes )

Al(em™ % =57 ")

Potential
IV Ni AL O3/ Ni Ni mALOs/ Ni Ni mALOs/ Ni
- 0.98  304108.3 318 449.3 4.31x10°° 4.75%x10°° 19 361 22892
- 1.00  404405.4 481 715.5 5.61x10°° 6.48x 107 ® 38 676 58119
- 1.02  574747.4 678 625 8.66x 10 ° 9.67x10°° 101 184 144 904
-1.05 678198.1 1 280 012 1.24x 1077 1.39x 1077 186 023 541272
-1.07 1137933 1 406 436 1.70x 107’ 1.90x 107’ 553032 848 430
- 1.10 1325 052 2.23%x 1077 910 796
— 1,25 1946 244 6.86% 1077
-1.30 1747 073 2982229 8.02x 1077 8.75x 107
- 1.35 2820465 3532432 9.36x 107’ 1.04 x10°°
Table 2 Electron binding energy from Figs. 5(a) and 5(b)
Nickel Ry, , 1 €V Rid2p,,,/ €V By 052,/ €V Bopsa- 29,21 €V
Standard" " 852. 30 869. 70 855.60 17.40
Nickel coating 851. 83 869. 14 855.58 17.30
AL O3/ Ni coating 851. 89 868. 80 855. 80 17.60
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g z.s‘ Z of the electron cloud density outside of oxygen at-
< om nucleus, and part of the electron cloud can be
transferred to outside of aluminium atom nucleus
near this oxygen atom. So the electron cloud densi-
ty outside of aluminium atom nucleus increases
while binding energy decreases.

The information gotten by XPS reveals the
chemical state of the interface betw een matrix met-
al and nanoparticles in composite coating. The

. . ; B above facts demonstrates that there is chemical
885 875 865 855 845 835 bond between nano-alumina and matrix nickel.
Binding energy/eV

Fig. 5 XPS spectra of nickel

(a) —Ni coating; (b) —AL O3/ Ni composite coating

Fig. 6 shows the XPS spectrograms of alumin-
ium from the nano-alumina powder and alumina in
the composite coating.

The binding energy of Al2p in composite
coating is 0. 7 eV lower than that in the powder.
This is a piece of very important evidence about the
chemical combination between nanoparticle and
matrix metal. The result proves that there is
chemical bond between nano-alumina and nickel
and aluminium atoms are inclined to acquire elec
tron.

In composite coating, the main component
contain nickel, oxygen and aluminium, the electro-
negativity of oxygen and nickel are higher than that
of aluminium, it is impossible that aluminium dr
rectly captures electron from oxygen or nickel, the
binding energy of Al2p does not seem to be de
creased. The experimental result can be explained
reasonably as follows: the unsaturated chemical
bond of oxygen on nano-alumina surface can com-
bine with nickel adatom and leads to the increasing

3.5 Co deposition mechanism of nano-alumina

The main processes of metal electrodeposition
include reactant transfer in liquid, interface reac
tion and electrocrystallization on electrode surface.
nAl:03 has no electrochemical activity itself and
no electron exchange will happen between nano-
particle and electrode. Therefore nanoparticles has
no effect on the electron exchange reaction and its
effect will be at the subsequent crystallization
process.

T he nanoparticles have enormous surface, the
crystal field and binding energy of atoms on surface
are different from those of interior atoms. There
are many crystal defects and unsaturated chemical
bonds on the nanoparticles surface'” *"', the un-
saturated oxygen atom can combine with nickel
adatom strongly. During the electrodeposition
process, nano-alumina and Ni** are firstly carried
to the neighbourhood of the electrode by brush
plating pen, then they arrive at the electrode sur-
face through fluid boundary layer. Ni’* is reduced
and becomes abatom on electrode surface, simulta-
neously some of nano-alumina are captured by elec
trode surface. Some of the captured nanoparticles
combining weakly with electrode are carried away

from the electrode surface by friction of brush pen
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and convection of solution, while the nanoparticles
combining strongly with electrode surface are held
on the growing surface of metal. During the elec
trocrystallization, the absorbed nickel atoms would
diffuse on the electrode surface. Some of diffusing
adatoms can arrive at the interface between cap-
tured nanoparticles and growing metal surface and
combine with unsaturated chemical bond of oxygen
atom on the surface of nano-alumina. As a result,
Ni—0O chemical bond forms and these nickel atoms
become the new nucleation and growing sites.
Nanoparticles are embedded gradually in the newly
deposited nickel atoms, which leads to the forma-
tion of the composite coating.

On the surface of nanoparticles, the probable
combining position for Ni atoms should be the de-
fect location, where the imsaturated chemical bond
gathers and is easy to combine with other atoms
because of its high reaction activity. Little active
energy is needed for nucleation and growing.
Therefore, the adatoms are easily inserted into
crystal lattices and the electrodeposition rate of
nickel rises. The increasing of nucleation and
growth centers leads to the increasing of the num-
ber of crystal grains. The distribution coefficient
of charge on each crystal grain became small, so
the size of crystal decreased'® '*'.

In general, the crystal lattice defect and dislo-
cation on the growth metal surface is considered to
be reaction activation sites, which are the probable
combining sites for nanoparticles. In the brush
plating process, the imperfect location on metal
growing surface formed continuously, which de
cides the distribution of nanoparticles in composite
coating. The growth, formation and performance
of composite coating are closely relative to the lat-
ter.

Nanoparticles combine with matrix nickel by
means of chemical bond. So the structure of com-
posite coating is continuous. This is structure
foundation on which composite coating has excel
lent performance.

According to experimental results, the co-
deposition mechanism of nano-alumina could be
summarized as follows. 1) Ni** and n~AL O3 in so-
lution are carried to fluid boundary layer near elec
trode surface by hydromechanical effect from con-
vection of solution. 2) Ni** and n~Al,Os arrive at
electrode surface by electric field and hydro-
mechanical effect. 3) Ni**

growth metal surface, acquires electrons and be-

is absorbed on the

comes adatom. 4) The adatom diffuses on the
growth metal surface, moves to the crystal growth
site and enters the metal crystal lattice. In the
meantime, the adatom gathers and forms nucleus.
5) Some of the nanoparticles arriving at electrode
surface are captured effectively by electrode. 6)

Some of absorbed nickel atoms diffusing on metal
growing surface arrive at the interface between
nanoparticles and electrode surface, react with un-
saturated chemical bond of oxygen atoms on nano-
particles surface and forms Ni—O chemical bond.
Some of interfaces between electrode and nanopar
ticles surface become new growth and nucleation
centers. 7) Nanoparticles are embedded gradually
in newly deposited nickel atoms. When the embed-
ding process proceeds to some degree, nanoparti-
cles would be inlayed in the growing metal layer
forever and so the composite coating forms.

4 CONCLUSIONS

1) Nuclei density, nucleation rate constant
and crystal growth rate rise with the increasing of
step potentials. Nano-alumina consolidates the
effect.

2) Nanoparticles are favorable for producing
more growing and nucleation centers and promote
the nickel electrocrystallization.

3) The unsaturated bond of oxygen on nanop-
article surface can combine with the absorbed nick-
el atoms by way of chemical bond. Some of inter
faces between nanoparticles and metal growing sur-
face become the new nucleation and growth sites of
nickel atom.
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