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ABSTRACT

The kinetics of independent and joined deposition of Ni and Co in citrate electrolyte in the presence of three types

of additives: saccharine (SCH), urotropine (URT) and gelatine (GLT), is examined. Comparison is made between the

chemical composition, the current cathodic efficiency (CCE) and the morphology of Ni-Co alloys depending on the type
of the additive, both in constant potential mode (CPM) and in pulse potental mode (PPM). The study specifies the effect of

GLT and SCH for formation of smooth, shiny, nanostructured Ni-Co coatings with average crystallite size less than 100
nm with a high CCE (about 80 % for SCH, and over 90 % for GLT), in both potential modes. The presence of SCH in the
electrolyte with simultaneous application of PPM increases the content of Ni in the alloy to 25-30 mass % Ni. The optimum

additive of SCH containing 0.5 - 1.0 g dm? is specified, wherein the electrolyte remains stable during continuous operation.

Keywords: nanostructured Ni-Co alloys, organic additives, citrate electrolyte, pulse potential mode, morphology,

chemical composition.

INTRODUCTION

There is an increasing interest recently in obtaining
nanostructured Ni-Co alloys mainly because of their
application in microsystems, e.g. magnetic sensors,
microrelays, and inductors [1 - 3, 6]. Due to their high
hardness, wear resistance and anti-corrosion protection,
Ni-Co alloys are also widely used in medicine, nuclear
power systems, chemical and oil industry [4, 5]. During
the deposition of very thin films via electrolysis, an in-
crease of the internal tensions of the coatings is observed
in most cases [7]. In order to decrease them, as well as
to improve the other properties of the coatings, some
organic additives are often applied to the electrolyte [8
- 18]. In [10] the data from EDS analysis are summa-
rized, according to which, in presence of saccharine the
contents of C and S in the Ni-Co coatings increases and

the coatings are homogeneous not only along the outer
surface, but throughout the entire cross section. There is
evidence that the addition of 1 g dm™saccharine in the
electrolyte results in decrease of the internal tension and
tensile strength of Ni and Ni-Mn coatings [8] and has a
positive impact on the structure and the hardness of Ni-
Co alloy coatings [9, 11]. The additions of gelatine, as
well as of glycerol, have a similar effect on the structure
of Zn-Ni alloy [12]. It is also found that in presence
of gelatine the rate of deposition of Ni and the cathode
current usability increases in case of deposition of Zn-
Ni alloy [13]. Although urothropine is often used as a
corrosion inhibitor, there is an evidence in the reference
sources that urothropine, as well as monoetanolamine,
leads to formation of shiny Cr and Cr-Co alloy coatings
in sulphate electrolyte [14, 15]. Additions of cysteine
and sodium gluconate significantly influence the phase
content and the properties of Ni-Co alloys [16] and the
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brighteners, as serine and vanillin, increase the corrosion
resistance of Zn-Ni alloys [17]. During the examination
of electrodeposition of Cu-Co multilayers in presence
of two different organic additives, sodium dodecylsul-
phate (SDS) and saccharine, it is found that saccharine
strongly inhibits the discharge of cobalt ions, and SDS
has depolarizing effect [18]. Obviously the choice of
the tested additives is very important since the effect
of the organic additives is strongly dependent on their
chemical nature and structure. Thus the shine additives,
as thiocarbamide and Triton X100, have disastrous effect
on the structural properties and the magnetic resistance
of Cu-Co multilayers [19].

The application of pulse mode simultaneously with
introduction of organic additives in the solution may
significantly enhance the effect of additives [8, 14].
Additionally, there is data evidencing that the pulse
deposition has several advantages over the conventional
deposition of Ni-Co alloy coating [20 - 22]. The pos-
sibility to apply very high values of the current or the
polarization during the delay in application of pulse
mode significantly influences the nuclei formation, and
thus improves the physical and mechanical properties of
the coatings [21]. The presence of pauses between the
pulses, on the other hand, allows additional adsorption of
organic molecules or the products of a chemical reaction
that may change the conditions of alloy formation and/
or inhibit the crystal growth process [22].

The system Ni-Co belongs to the so-called “anoma-
lous” type of deposition [23, 24]. There is an evidence
that the anomalous type of deposition is observed after
either introduction of organic additives in the electrolyte
[8], or an application of pulsed current mode [22].

This article aims to clarify the influence of three
types of additives, saccharine (SCH), urotropine (URT)
and gelatine (GLT), on the kinetics of both independent
and joined deposition of Ni and Co in citrate electrolyte
and to compare the chemical content, the cathode current
usability and the morphology of Ni-Co alloys in both
constant and pulse potential mode for each additive.

EXPERIMENTAL

Composition of the electrolyte

The composition of the low acidic citrate electrolyte,
which is the object of the examnations is as follows: 0.2
M Ni as NiSO,.2H,0; 0.2 M Co as CoSO,.7H,0; 0.485
M H,BO, and 0.4 M Na_citrat. The pH of the solution

300

was adjusted to 5.5 using citric acid or sodium hydrox-
ide. Herein we examine the influence of three types of
organic additives: saccharine (SCH); urothropine (URT),
and gelatine (GLT) in the range of concentrations from 0
to 1.5 g dm>. Among the three additives, only GLT has
low solubility parameters and needs preliminary soak-
ing in water to swell for a few minutes and subsequent
dissolving with gentle warming (40 - 50°C) and stirring.
All solutions are freshly prepared with analytically pure
chemical agents and double-distilled water.

Methodology of the examination

All experiments were performed in a thermostated
three electrode cell at normal conditions (20°C). The
cell with a total volumel50 dm?® includes a cathode
made of electrolytic copper (Merck, 99.97 mass %
Cu), a platinum anode arranged concentrically around
the working electrode, and saturated reference calomel
electrode arranged in a special pan with Lugin’s capillary
(ESCE = 0.241+0.003 V). For the purpose of kinetic
examinations the electrodes are shaped as 1 cm? discs
and cast in epoxy resin. The kinetics of deposition
is examined through the method of potentiodynamic
polarization dependencies using potentioscan type
Wenking (Germany). The applied rate of potential scan-
ning of 10 mV s is so selected that it was possible to
measure the effects of adsorption of the additives tested
on the electrodeposition of metals. For the purpose of
electrodeposition of Ni-Co alloys coatings, copper cath-
ode plates with dimensions 1.5 - 4 cm, are prepared. Prior
to each experiment the surfaces of the copper cathodes
are fully cleaned from oxides by etching in the especially
prepared solution for copper; then the cathodes are
rinsed several times with distilled water and then dried.
The anodes are cleaned in hot I N HNO,, rinsed with
distilled water and dried.

The Ni-Co alloys are deposited for 4 min, consider-
ing the mass of the coating (Am,) by mass measurements
of the cathode before and after theelectrolysis, as well
as the amount of the current flown by Q=I,t[C]. The
data from atomic absorption spectrometry (AAS) is
used to determine the chemical composition of the
coatings, which are the basis for calculating the cur-
rent cathodic efficiency (CCE) upon Faraday’s law of

m
=—100,%, where qy;c, [geq C']

Anico

electrolysis: CCE=
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is the electrochemical equivalent of the alloy and is also

determined by using the data for chemical content of the
alloy, and qy;c, Q =m, is the theoretically determined
mass of Ni-Co alloy.

The pulse deposition of coatings is carried out
through potentiostatic pulses with rectangular shape of
the potential. The applied pulse frequency is 500 Hz at
filling the pulses 6 =0,5

(0=—-"
T,+7,

, where T is pulse time, and 7, is pause time).

For the purpose a pulse generator is used connected to
the input of the purpose-built potentiostat from which
the signal is fed directly to the three electrode cell. The
values of deposition potentials of Ni-Co alloys in pulse
mode are selected similarly as for constant potential
mode - from kinetic data and they are corresponding to
the same cathodic current densities, determined from po-
larization dependencies for actual deposition of metals.

The data for the morphology of Ni-Co alloys were
also obtained by the SEM images taken with JSM-
6390-Jeol, Oxford Instruments. This instrument enables
the obtaining of EDS spectra for each sample, allowing
to evaluate the chemical composition of the alloy (in
mass %). The data for the chemical composition are also
obtained through atomic absorption spectrometry (AAS).

RESULTS AND DISCUSSION

Effect of organic additives on the kinetics of self-
deposition of Ni and Co

Figs. 1-3 show the effect of the content of additive
imported on the kinetics of self-deposition of Co (Fig.
1-3, a) and Ni (Fig. 1-3, b) from the working citrate
electrolyte. As it is seen from the curves, each of the
organic additives influences in a specific way the kinet-
ics of self-deposition of metals.

In previous research we have examined the kinet-
ics of self- and joined deposition of Co and Ni in low
acidic citrate electrolyte in absence of additives [25]. It
was found that in both cases a long initial polarization is
observed, more typical for Ni deposition. The deposition
of Co occurs through combined control with predomi-
nantly diffusion polarization, and the deposition of Ni
occurs mostly through activation control.

The influence of the content of SCH on the kinetics
of self-deposition of metals is shown in Fig. 1 (a, b).
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54
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-E_V/ (SCE)
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354 . -
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Fig. 1. Effect of the concentration of saccharin (SCH) on the
cathodic polarization dependencies of deposition of Co (a)
and Ni (b) in 0.2 M Co (0,2 M Ni, respectively); 0.485 M
H,BO, and 0.4 M Nacitrat, pH 5,5.

As can be seen, SCH strongly displaces the polariza-
tion of deposition of Co (Fig. 1a) and Ni (Fig. 1b) in
negative direction, exactly in the area of potentials and
currents, which has been found to deposit dense coat-
ings of metals.

At the same time, the curves recorded in presence
of SCH in the area of potentials from -1.0 to -1,15 V,
outline the further retention of current, i.e. a plateau,
most probably with adsorption nature. The introduction
of SCH with concentration more than 1.0 g dm-3has no
significant effect on the polarization dependencies since
the state of surface saturation is reached.

The influence of URT addition is shown in Fig. 2
a,b. As can be seen from the self-deposition curves of Co
(Fig. 2a) and Ni (Fig. 2b), the curves have also plateaus
of current, right after the initial polarization, associated
with the adsorption of additive. The curves evidence that
the presence of URT additive causes a slight displace-
ment of the polarization deposition of Co in negative
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Fig. 2. Effect of the concentration of urothropine (URT) on the cathodic polarization dependencies of deposition of Co (a)
and Ni (b) in 0.2 M Co (0,2 M Ni, respectively); 0.485 M H,BO, and 0.4 M Na3citrat, pH 5,5.
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Fig. 3. Effect of the concentration of gelatine (GLT) on the cathodic polarization dependencies of deposition of Co (a) and
Ni (b) in 0.2 M Co (0,2 M Ni, respectively); 0.485 M H,BO, and 0.4 M Na_citrat, pH 5,5.

direction compared to the one without additive in the
area of metal electrodeposition (Fig. 2a, curves 2 - 4).The
presence of URT in the electrolyte for self-deposition
of Ni has depolarizing effect within the entire potential
area at all concentrations of the additive (Fig. 2 b, curves
2 and 3). It might be said that the presence of URT in
the solution facilitates the deposition of Ni and the
accompanying process of hydrogen evolution since it
decreases the polarization as a whole.

The addition of SCH and URT influences the initial
stages of the electrodeposition of Co and Ni, but in the
area of actual deposition of metals for both additives the
rate of deposition of Ni remains lower than that of cobalt
at a particular potential. This should be considered in the
preparation of cobalt-enriched alloys, regardless of the
commensurate concentrations of the two metals in the
solution, both in presence and in absence of additives,
defined as depostion of ,,anomalous” type.
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Fig. 3a,b shows the effect of GLT on the kinetics of
self-deposition of Ni and Co. The sequential increase
of the gelatine content results in a gradual displacement
of the deposition polarization of Co and Ni in negative
direction, as in the case of Co the plateau of boundary
diffusion current disappears, but a more clearly outlined
plateau is formed at lower potentials as a result of the
adsorption of GLT molecules. Both self-depositions
of Co and Ni would be strongly impeded in presence
of GLT. In this case, the kinetic data also indicate an
»anomalous® deposition with regard to the comparison
of the rates of actual deposition of metals.

Effect of organic additives upon the kinetics of
joined deposition of Ni and Co

Fig. 4 shows a comparison between the curves of joined
deposition of Ni and Co in absence (Fig. 4, curve 1) and in
presence of 0.5 g dm? of the additives. This concentra-
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tion is optimal for all three additives, since in this case
the electrolyte remains stable, and the effect on the
cathode polarization is maximal. In the case of GLT
compared to the other additives, the increase of con-
centration above 0.5 g dm? significantly decreases the
stability of the solution.

The comparison between the curves of joined deposi-
tion of metals (Fig. 4) in presence of additives shows an
increased polarization within the entire operative poten-
tials window. The strongest increase of cathode polariza-
tion in the area of deposition of dense coating of Ni-Co
was observed in presence of SCH (Fig. 4, curve 2). The
URT additive (Fig. 4, curve 3) has depolarizing effect on
the joined deposition of Ni and Co. Since polarization
is the measure for the difficulties in electrochemistry, it
is expected that SCH and GLT additives have stronger
impact on the morphology and structure of Ni-Co coat-
ings compared to URT.

Chemical composition and cathode current ef-
ficiency of Ni-Co coatings in constant (CPM) and
pulse potential mode(PPM)

The kinetic studies carried out proved that the
comparison of the chemical content and the cathode ef-
ficiency of current in both potential modes, as well as the
structure of the Ni-Co coatings obtained in presence of
various additives in the solution can be done at potentials
values, which corresponding to the same cathodic cur-
rent density i=7,5mA cm? (E=-1.180V +-1.290V for
different conditions). The data are shown in Fig. 5a for
the chemical content (% mass Co) and in Fig. 5b for the
current cathodic efficiency (CCE, %) depending on the

304
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N (3) NiCo+URT
£ 27 |(4)NCo+GLT
E 15
> 10- 4
54

%6 08 10 12 14 16 18 20
-E(SCE),V

Fig. 4. Effect of presence of additives (C = 1,0 g dm) on

the co-deposition of Ni and Co in electrolyte with com-

position: 0.2 M Ni; 0.2 M Co; 0.485 M H,BO, and 0.4 M

Na,citrat; pH 5,5.

concentration of additives and the used potential mode.
The analysis of the data obtained proves that both
in constant (Fig. 5, curves 1 - 3) and in pulse mode (Fig.
5, curves 1* - 3%) the content of Co (mass %) increases
with the increase of the content of organic additives, and
achieves maximum at 0.5 - 1.0 g dm? in presence of GLT
and URT but decreases with the increase of SCH content
(Fig. 5a). Accordingly, the content of Co in Ni-Co coat-
ings is higher in pulse mode (Fig. 5, curves 1* - 3%).
The discussed kinetic results show that in presence
of URT a certain effect of “depolarization” occurs for
self-deposition of Ni. The data presented in Fig. 5 dem-
onstrate that the addition of URT to the solution does not
lead to increase in Ni content in the coatings, compared
to the other two additives. Most probably the URT addi-
tive facilitates the hydrogen release simultaneously with
Ni, and this result is proved by the data for CCE, shown
in Fig. 5b. It also proves that the CCE decreases with
the increase of the content of organic additive; it reaches
the lowest value (about 60 %) in presence of URT, and
the highest value in presence of GLT (about 95 %).

cpm: 1 (SCH); 2 (URT); 3 (GLT)

ppm: 15(SCH); 2*(URT); 3*(GLT) (a)
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2 704 '\ LPPm- 1(SCH); 2(URT); (GLT)
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2 “~e
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C

add’ g dm-3

Fig. 5. Effect of the additives (C = 1,0 g dm?) on the
chemical composition, mass %Co (a) and on the CCE, %
(b) of Ni-Co alloy in constant potential mode (CPM) and in
pulse potential mode (PPM) in 0.2 M Ni; 0.2 M Co; 0.485
M H,BO, and 0.4 M Na,citrat; pH 5,5.

Curves 1-3 for CPM; Curves 1*-3* - for PPM.
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Moreover Fig. 5b evidences that the application of pulse
mode under comparable conditions leads to lower CCE
for additions of SCH and GLT. One possible explanation
of'this result is the presence of pauses between pulses in
pulse potential mode, in which additional adsorption of
the additives possibly occurs. This may lead to a lower
total cathode active surface and therefore to a decrease
in CCE. It is possible that the pauses relieve the reaction
of removal of the hydrogen-gas released simultaneously
with metals, which could also reduce the CCE for depo-
sition of Ni-Co alloy.

Joined influence of organic additives and ap-
plication of pulse mode on the morphology of Ni-Co
coatings

The data for the morphology (Figs. 6 and 7) and the
composition of coatings (Fig. 8) are obtained through
SEM images and EDS analysis.

Fig. 6a,b shows SEM images of Ni-Co coatings
deposited without additive in CPM, Fig. 6a and in PPM,
Fig. 6b. This comparison indicates that the application of
PPM results in formation of more fine crystalline Ni-Co
alloys. While in stationary mode (CPM) the deposited
coatings present clearly shaped needle-like crystallites
with an average size of about 300 nm, in pulse mode
(PPM) a more fine crystalline structure is observed as
well as the tendency to rounded crystallites with size
of about 100 - 150 nm and a general smoothing out of
the relief. This is evidenced by the more obscure SEM-
image at a comparable magnification.

Fig. 7a-c compares SEM-pictures of Ni-Co coatings
prepared in citrate electrolyte in presence of additives in

A0KV--X10,000 _ 1pm “#' 0830 SEJ-"

(a) CPM(86 % Co -14 % Ni)

pulse mode only, at two magnifications. Our observa-
tions and the data obtained show that in the presence of
SCH (Fig. 7a,a*) and GLT (Fig. 7c,c*) combined with
application of pulse mode, lead to formation of very
smooth, shiny Ni-Co coatings, as the amount of the crys-
tallites observed is very close to and below 80 nm size.

In presence of URT (Fig. 7b,b*) the Ni-Co coat-
ings have very clearly shaped crystalline structure with
lenticular shape of crystals. It is evident that the addi-
tion of URT has no positive effect on the morphology
of the deposited Ni-Co coatings compared to the other
two additives - the size of the crystals formed remains
less than 250 nm.

The established strong effect of SCH on the mor-
phology of coatings and the fact that the addition of
GLT leads to weaker effect on the increase of nickel
content and the cathode current usability, and makes
the electrolyte very unstable in the same time, allows
indicating SCH with content about 0.5 - 1.0 g dm™ as
the optimal additive.

The EDS spectra obtained (Fig. 8a-d) provide a
statistically averaged image of the ratio between the
two metals in the alloy. The comparison between the
spectra of Ni-Co alloys deposited during electrolysis
for 2 min (Fig. 8c) and 4 min (Fig. 8d) indicates that
in the beginning of deposition in presence of URT the
average Ni content in the coatings is high, and over time
it rapidly decreases compared to that of Co. No such
effect is found for the other two additives. It is possible
that during the initial stages of the electrodeposition the
depolarizing influence of URT upon the deposition of
Ni results in its prevalence in the alloy. However, the

x,

10 42 SEI 4
(b) (89 % Co — 11 % Ni)

20kV  X10,000

Fig. 6. SEM-images of Ni-Co alloys electrodeposited in CPM (a) and in PPM (b) in 0.2 M Ni; 0.2 M Co; 0.485 M H,BO,

and 0.4 M Na,citrat; without additives, pH 5,5.
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20KV X40,000 0.5pm 10 42 SEI

(a*) SCH

20KV X20,000  1pm 10 42 SEI

; ..:|-‘,. e
LXoe0 _fim |

(b*) URT

20kV  X40,000 0.5pm

(c) GLT ” (c*) GLT

Fig. 7. SEM -images of Ni-Co alloys, electrodeposited in PPM in 0.2 M Ni; 0.2 M Co; 0.485 M H,BO, and 0.4 M Na_citrat;
pH 5,5, with 1,0 g dm?SCH (a, a*); 1,0 g dm>URT (b, b*); 1,0 g dm>GLT (c, c*) at two magnifications: x20000 (a - c)
and x40000 (a* - c*).

emission of hydrogen begins with the time, which is CONCLUSIONS

known to occur with a lower overvoltage over Ni than Based on the examinations with the addition of
over Co - the CCE decreases and the content of Ni in three organic additives (saccharine (SCH), urotropine
the alloy is also reduced compared to Co. (URT), and gelatine (GLT)), the conclusion for the ef-
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Fig. 8. EDSA-spectra of Ni-Co alloys, electrodeposited in 0.2 M Ni; 0.2 M Co; 0.485 M H,BO, and 0.4 M Na_citrat; pH
5,5: (a) with 1,0 g dm> SCH and t = 4 min; (b) with 1,0 g dm™ GLT and t =4 min; (¢) with 1,0 g dm> URT and t = 2 min;

(d) with 1,0 g dm™ URT and t = 4 min.

fect of GLT and SCH for formation of smooth, shiny
nanostructured Ni-Co coatings with average crystallite
size less than 100 nm, high cathode current efficiency
(80 - 90 %) and higher content of Ni (20 - 30 mass %
Ni) was demonstrated. It can be appointed as optimal
additive SCH with content of 0.5 - 1.0 g dm, wherein
the electrolyte remains stable during continuous opera-
tion, unlike the case with addition of GLT.
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