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Electrodeposition and structure of Co coatings (CoCu, NiCo and CoNiCu) in
potentiostatic and pulse potential modes
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The kinetics of the individual deposition of Cu, Co and Ni as well as the alloy deposition of CoCu, NiCo and
NiCoCu in the slightly acidic citrate electrolyte (pH= 5,5) was investigated. Data about the alloy deposition in pulse
potentiostatic mode at different pulse frequencies was received also. The morphology and the elemental composition of
the coatings (using SEM and EDSA analysis) at stationary and pulse mode were compared. At potentiostatic conditions
the produced coatings have average grain size of 250 to 500 nm and Co content up to 85 wt.%. Using the pulse mode of
deposition decreases the grain size and the Co content was up to 76 wt.% for the three alloys. Applying the pulse
frequencies up to 500 Hz for CoCu alloy lowers the grain size under 100nm (60-70 wt.% Co). At the same conditions
the coatings of CoNi and CoNiCu have rounded grains with average grain size about 200-300 nm. The X-ray analysis
show that the binary alloys CoCu and NiCo are two-phased, composed from Co, Cu (in CoCu) and Ni and Co (in NiCo)
with face centred cubic lattice (f.c.c.). Only in the ternary alloy coating of Co-Ni-Cu, a presence of cobalt-containing

phase with hexagonal crystal lattice (h.p.c.) was ascertained also together with the cubic phases.

Key words: constant and pulse potential modes, nano-structured alloys, morphology, phase composition.

INTRODUCTION

Due to their high hardness, wear resistance,
endurance and corrosion resistance, the cobalt
alloys are widely used in medicine, in nuclear-
power systems, chemical- and oil industry etc. The
particular interest towards nano-sized Co alloys is
due to their increasing application in
magnetosensor technologies and
magnetoelectronics where miniaturization of items
is the underlying purpose [1-6].

Presence of Cu in Co crystallities makes the
spectra of electrical resistance of the deposits wider
and as result widening of their magnetic properties
[4]. Recently, electrodeposits of Co and CoCu
alloys have attracted intensive interest because of
their wide use as magnetic materials in electronic
devices for data saving, as electrical resistance
devices and in semiconductor technologies but the
electrocrystallization of CoCu alloy has been
considered little so far [11]. Low amounts of Ni in
CoCu alloy system can improve the properties of
the thin films and can favour the segregations of
small ferromagnetic particles and increase the
magnetoresistance of the ternary CoNiCu coatings;
decreases the stress in the copper/ ferromagnetic
interface and can improve the corrosion resistance
of the deposits [6]. The possibility for deposition of
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CoNiCu alloy coatings is proposed as alternative to
Cu-Co -Ni/Cu multilayer preparation [12].

Recently, pulse electrodeposition has received
considerable  attention  for  synthesis  of
nanocrystalline and amorphous alloy coatings [7].
The advantage of the pulse over stationary
electrodeposition is that the properties of the
deposit could be improved by control of pulse
parameters, which gives a possibility for producing
of  nanostructured coatings [8]. Pulse
electrodeposition can be used as a means for
producing  the  coatings  with  properties
unachievable by stationary deposition. Plating at
extremely high amplitude polarization gives
conditions for non-equilibrium growth of the
coating, which may results in changes of the alloy
phase composition and formation of unusual
(anomal) metastable structures [8-10].

The electrodeposition of Co and Co-Cu coatings
was studied using sulphate [8, 11, 12], citrate [13-
15] and sulfamate [16] baths. Several authors
studied the pulse plating of CoCu alloys [10]. The
CoNi coatings were deposited mainly from sulphate
[17] and citrate [6, 18, 19] electrolytes.

The growing interest in using citrate electrolyte
in recent years was determined because of its
ability to serve as buffer, to form complexes, and to
add coating lustre, thus avoiding the need of
introduction of special organic additives in the
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electrolyte [18]. The difficulties in using citrate
electrolytes come from its stability, which depend
strongly on pH.

The magnetic properties of electrodeposited Co
films can be correlated with their structure and
plating conditions [7]. The electroplating
parameters effect on the structure and growth
modes of Co, CoCu [12] and CoNi [2, 4, 5] that is
why a great interest exists to investigate the relation
between the plate parameters, coatings structure
and coating properties [11, 14, 21-24]. Anomalous
galvanostatic deposition in gluconate bath of CoNi
[20] and potentiostatic deposition of CoNi and
CoNiCu [14] in citrate bath were performed. It was
established formation of CoNi solid solution with
hexagonal close packed lattice (hcp) [5] and solid
solution of NiCoCu with face centred cubic lattice
(fcc) [14].

In our previous study [25] some preliminary
results concerning the possibility for codeposition
of CoNi and CoNiCu alloy coatings in slightly acid
citrate electrolyte were presented.

The present paper resumes the conditions of
electrodeposition of the CoCu, CoNi and CoNiCu
coatings and the effect of the mode of deposition
(potentiostatic and pulse potentiostatic modes) on
the structure (morphology, elemental and phase
composition) of the alloy coatings.

EXPERIMENTAL

The experimental setup consisted of a three-
electrode cell (total volume 150 dmd) with disk-
shaped cathode (surface area 1cm?) from pure
electrolytic copper and Pt plate anode. The surface
area ratio anode: cathode was 30:1. The reference
electrode was saturated calomel electrode (SCE).
The experiments were conducted at room
temperature (20°C £1). Before the experiment the
cathode surface was etched in acid etching solution
and washed with distilled water. The anode was
cleaned in hot 1n HNOs and washed with distilled
water.

The experiments were conducted in slightly acid
citrate baths with composition as follows: 0.025M
Cu (as CuS0O4 5H,0); 0.32M Co (as CoSO, 7H,0);
0,38M Ni (as NiSOs H:0); 0.2M Nas citrate
(NasCsHs0O7); pH = 5,3-5,5. The pH was adjusted
using NaOH and H>SO4 and measured using pH-
meter.

The kinetics of deposition was studied using a
method of potentiodynamic polarization curves
(potential sweep rate 30 mVs?1) using a
potentioscan Wenking. The pulse electrodeposition
of the coatings was carried out using pulse potential
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with rectangular shape, generated by pulse
generator, connected to the input of a specially
designed potentiostat, connected to the three-
electrode cell. The average values of the
polarization, AE, (calculated as a difference
between the potential at the current and the
equilibrium potential) and the average current, l.y,
were measured using digital voltmeter with high
input resistance and miliammeter. The amplitude
values of the polarization, AE,, were controlled
using an oscilloscope.

The relation between the average (AE) and
amplitude  (AE,)  polarization  values  at
potentiostatic rectangular pulse conditions is:
AE=0.AE, , where g v

, Ty - pulse time,
T, +7T,

and 7,— time between the pulses. At each pulse

frequency ( f :%,Hz,T =7,+7,),and #=05 the

relations  AE — l,, and

calculated. Data about the average polarization

(AE) and the amplitude values of the polarization
(AE,) as a function of applied pulse frequencies

for the same value of the average current density
were compared.

The morphology and the elemental composition
(in wt %) of the coatings were determined using
scanning electron microscope (SEM) with Energy
Dispersive Spectral Analysis (EDSA) - equipment
of Oxford Instruments JSM-6390 — Jeol.

The phase and crystal structure of the coatings
were investigated using automatic Philips PW 1050
X-Ray diffractometer, equipped with secondary
graphite monochromator for Cu Ko radiation, and
scintillation counter. The diffractograms were
recorded in 20 range from 10° to 100° with a step
length 0.04° and a counting time of 1s per step.

RESULTTS AND DISCUSSION

Individual deposition of Cu, Ni and Co at
potentiostatic mode.

AE, —1,, were

The dependences of the individual deposition of
Cu (curve 2), Ni (curve 3) and Co (curve 4) onto
Cu surface (S= 1cm?), compared to the polarization
dependence in background electrolyte (0,2m
Nascitrat, curve 1), are presented in Fig.1.

The polarization curve, received in the
background electrolyte shows wide polarization up
to potential -1,4V; the following current growing is
due to the hydrogen evolution on the electrode.
When 0,025m Cu was introduced in the electrolyte
the increasing of the current begins at potential -
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0,96V and the polarization curve has two steps. The
processes in the bath for Cu deposition include two
stages of electrons transfer, the second one is the
real copper deposition (at -1,35 V). Between the
two, a chemical stage exists, related to the reaction
of disproportion of the copper. This mechanism
was proved in Cu deposition from ammonium-
nitrate electrolyte [26], as well as in other Cu
electrolytes [27].

The polarization curves for individual
electrodeposition of Ni and of Co have only one
plateau of the limiting current, related to the
reduction of the metallic ions. The
voltammerograms at different potential sweep rate
[25] have shown that in both cases a part of the
polarization has a diffusion reason, but in the Ni
electrolyte the activation part is prevailed.

The electrodeposition of Ni begins at potential -
1,1V and of Co at -1,2V (Fig.1).

In the studied electrolyte the continuity of the
electrodeposition of the metals under applying of
sufficiently high cathodic potential is Ni — Co — Cu
(Fig.1).
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Fig.1 Polarization curves in background electrolyte
(0,2m Nascitrat, pH=5,5) — (1); of individual deposition
of Cu (2), Ni (3) and Co (4) in electrolytes with content:
0,025M Cu(1); 0,38M Ni(2) and 0,32M Co(3) all with
0,2M Nagcitrat; v = 30 mV.s™.

i, mAcm?

Electrodeposition of CuCo, NiCo CoNiCu alloys at
potentiostatic mode

Fig.2 represents voltammograms (potential
sweep rate 30 mVs?) of deposition of Co-Cu (2),
Co-Ni (3) and Co-Ni-Cu (4) alloys. With the aim of
comparison, the dependence in the background
electrolyte is shown as a curve 1.

The lowest values of the limiting current were
established for the electrolyte, containing
simultaneously Co and Cu (2). In all studied
electrolytes for alloy deposition, the range of
potentials was overlapped with this one for the pure

metal deposition. The alloy coatings of Co-Cu, Co-
Ni and Co-Ni-Cu with high quality in the studied
electrolyte can be deposited in the range of
potentials respectively -1,13V =+ -1,3V (SCE);-1,2V
+-1,4V (SCE) and -1,25V +-1,35V (SCE).
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Fig. 2. Polarization curves in background electrolyte
(0,2M Nagscitrat, pH=5,5) — (1) and in electrolytes for
deposition of CoCu (2); NiCo (3) and NiCoCu (4).
Content of electrolytes: 0,025M Cu(2,4); 0,38M Ni(3)
and 0,32M Co(2-4) all with 0,2M NasCitrat; v = 30
mV.st,

Pulse deposition

In the values of the average and amplitude
polarization the ohmic drop in the solution
(between Lugin capillary and working electrode),
as well as polarization, used for Double Electrode
Layer (DEL) charging are included. While the first
goes to negligible values as the polarization
increase, the second one is significant and is about
1/3 of the total polarization, especially at
frequencies over 1 000 Hz. At these frequencies the
pulse time is of the same order as the time for DEL
charging (7, << 0,5ms), that is why an assumption

exists that at frequencies over 1 000Hz the plating
is no effective. Nevertheless, frequencies of 5
000Hz and even 10 000Hz were applied with the
aim the change in the structure of the Co alloys at
these unusual conditions to be established.

Data about the average polarization (E) and
the amplitude values of the polarization (AE ) as a

function of applied pulse frequencies (from 100 Hz
to 2500 Hz at® =0,5), are shown in fig. 3. Data
was read in the three electrolytes for deposition of
CoNiCu (curves 1,1*), CoNi (curves 2,2*), CoCu
(curves 3,3*) for the same value of the average
current density (30 mAcm-2). The same
dependence was established at each value of the
cathodic current density, higher than the showed.
On the same figure the value of the polarization at
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the same current density in the stationary conditions
is given.
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Fig. 3. Current densities reached at different vertex
potentials on Pt cathode in electrolytes, containing: 1)
Cu?* -1 g/L and Zn?* - 50 g/L, 2) Cu®* - 1 g/L, Zn?* - 50
g/L and Ferasine 1 mL/L, 3) Cu®* - 1 g/L, Zn®* - 50 g/L
and H,SO; — 130 g/L, 4) Cu®* - 1 g/L, Zn** - 50 g/L,
H2SO4 — 130 g¢/L and Ferasine - 1 mL/L.

With the raise of pulse frequency from 100Hz to
2500 Hz the measured average polarization in the
three electrolytes (Fig.3, curves 1-3) is lower than
this one in stationary condition, which may be
explain with a possible decreasing of the diffusion
limitations as a result of diffusion gradient relax
during the time of pauses — effect, more important
at low frequencies. At the same time, with the rise
of the pulse frequency in the studied range, the
amplitude values of the polarization increase almost
twice (Fig.3, curves 1* -3*). As the polarization
may be used as a measure for oversaturation, it is
awaited to reach more fine-structured coatings
when apply higher frequencies especially in the
range 100Hz to 1 000Hz.

At the frequencies over 2 500Hz the tendency
towards lower average polarization than this one in
stationary condition was kept, but the “useful” part
of the measured total polarization (used for the
alloy deposition) decrease and the part for DEL
charging increase.

Morphology and elemental composition of CoCu,
NiCo and CoNiCu coatings.

Fig.4-6 show the SEM images of the CoCu
(Fig.4), CoNi (Fig.5) and CoNiCu (Fig.6) coatings.
The applied potentials, respectively polarizations,
correspond to the same value of current density,
which however is different for each type of coating
(28 mA.cm for CoCu, 35 mA.cm for NiCo and
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Fig.4. SEM images of CoCu coatings, deposited at
potentiostatic mode (a) and at pulse frequencies: 500 Hz
(b); 1000 Hz (c); 10000 Hz (d) in bath: 0,32M Co,
0,0,25M Cu and 0,2M Nagscitrat. The applied deposition
polarization corresponds to the same average current
1v=28 mA (S=1 cm?) in the polarization curve. Coating
composition (in wt.%): (a) 73%Co-27%Cu; (b) 35%Co-
75%Cu; (c) 38%C0-55%Cu (7%0); (d) 64%Co-32%Cu
(4%0)




K. N. Ignatova, Y. S. Marcheva: Electrodeposition and structure of Co coatings (CoCu, NiCo and CoNiCu) in potentiostatic ...

45 mA.cm? for CoNiCu). Current density chosen
corresponds to the same point of each polarization
curve, close to and before the plateau, thus ensuring
realization of identical kinetic conditions for the
deposition of each alloy. EDSA results for
elemental composition (wt. %) of the coatings are
given in the text captions.

Co-Cu (Fig.4): The deposited at stationary
conditions CoCu coatings are with numerous
needle-shaped crystals (Fig.4a) and bigger spherical
crystals. Small negative shift of the applied
potential makes the coating more fine-crystal with
average grain size of about 250-500 nm. The
coating composition is ranging within wide limits -
from 2% Co to about 82%Co.

Using the pulse mode changes significantly the
coating structure (Fig.4,b-d). The structure becomes
more homogeneous, with more levelled surface
compared to this one in stationary condition. At
pulse conditions the structure is levelled and with
round to spherical shaped crystals. Applying
frequencies up to 500 Hz (Fig.4,b), the coatings are
fine-crystal, with nano — measurements (grain size
less than 100 nm), with low Co content (35% Co).
With the increase of pulse frequency the content of
Co in coatings grow up (up to 64%) and the
average grain size increases up to 300 nm, in the
same time the coatings become smoother
(Fig.4,c,d). This result is in good correlation with
the pulse mode results which showed, that at
frequencies over 1000 Hz the average polarization
and the part of amplitude polarization, responsible
for the Faraday reaction, are close to these in
potentiostatic condition.

Ni-Co (Fig.5): Compared to the coatings
obtained in stationary mode (Fig.5,a), the ones
obtained in pulse mode (Fig.5, b-d) have low Ni
content (up to 12%). Judging on the weight % of
oxygen, the presence of oxides was found in the
coating at high frequencies. The application of
pulse mode in general and the higher frequencies of
pulses result in increased share of the more oval
crystals compared to the needle-shaped ones, their
size decreases reaching 200-400 nm and the surface
smoothes as a whole. The increase of frequency of
pulses above 1 000 Hz results in obtaining alloys
enriched in cobalt (about 90% Co). The blurred
SEM images at increased frequencies are explained
with obtaining of nano-size structure and
smoothing the surface.
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Fig.5 SEM images and EDSA data of NiCo coatings
deposited at stationary mode (a) and at pulse
frequencies: (b) 500 Hz; (c) 1000 Hz; (d) 10000 Hz in
electrolyte with composition: 0,32M Co, 0,38M Ni and
0,2M Nagcitrat. The applied deposition polarizations
correspond to the average current I,y =45 mA (S=1 cm?)
in the polarization curves. Coating composition (in
wt.%): (a) 76%Co0-21%Ni (3%0); (b) 88%Co -12% Ni
(c) 96%Co- 4%Ni, (d) 90%Co-5%Ni (5%0)
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CuNiCo (Fig.6): It was found that in the case of
deposition of the triple alloy CuNiCo, the coatings
obtained at frequency 500 Hz have larger crystals
and are more inhomogeneous compared to CoNi
coatings (Fig. 5,c and Fig.6,a). The increase of the
pulse frequency up to 1000 Hz results in obtaining
of rounded, more uniform, and finer crystals of
average diameter 400-500 nm (Fig.6, b). Moreover,
the percentage of nickel in the alloys increases (up
to 27% Ni). The percentage of cobalt, however,
does not change significantly and remains about 71-
76 %, and the content of copper decreases from 8%
to less than 5% at the applied potentials.
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Fig. 6 SEM images and EDSA data of CoNiCu coatings
deposited in electrolyte: 0,32M Co, 0,38M Ni, 0,025M
Cu and 0,2M Nagcitrat in pulse mode with pulse
frequencies: (@) 500 Hz; (b) 1000 Hz. The applied
deposition polarizations correspond to the average
current l,y =35 mA (S=1cm?). Coating composition (in
wt.%):  (a)76%C0-9%Ni-8%Cu-(7%0);  (b)71%Co-
21%Ni-(5%Cu)-3%0

Phase composition of CoCu, NiCo u CoNiCu
coatings

B
4,08 20 SEI

The results from the X-Ray analysis show
(Fig.7), that in the studied alloy coatings Cu, Co
and Ni crystallize in cubic lattice (f.c.c.). Only in
the ternary CoNiCu coating deposited at pulse
frequency 1000 Hz (Fig.7, 4), a presence of Co
both with face-centred cubic crystal lattice (f.c.c.)
and with hexagonal crystal lattice (h.p.c.) was
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found. All diffraction images are characterized with
relatively wide peaks due to their fine structure
reaching nano-sizes. The clear Cu spectrum is due
mainly to the fact, that the coatings have small
thickness (about 3um) and are deposited on copper.
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Fig.7 X-Ray diffractograms of the CoCu coatings(1-3),
deposited at pulse condition at frequencies: 500 Hz (1);
5000 Hz (2); 10000 Hz (3); of the CoNiCu coatings at
pulse frequencies 1000 Hz (4) and of the CoNi coatings
(5-10) deposited in stationary (5) and pulse mode at
pulse frequencies: 500 Hz (6); 1 000 Hz (7); 5 000 Hz
(8); 10 000 Hz (9,10) in bath with the same composition
and at the same polarizations as these in Fig.4-6.

CONCLUSION

The conditions for the electrodeposition of
CuCo, CoNi and CoNiCu in potentiostatic and
pulse potentiostatic modes in citrate solutions were
determined. It was found that the applying of pulse
potentiostatic mode and higher frequency of pulses
significantly smoothes the surface and resulted in
finer crystals with rounded shape and average size
under 100 nm for CoCu coatings; up to 200-300 nm
for CoNi and up to 500 nm for CoNiCu (wt.% Co
up to 80%).
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EJIEKTPOOTJIATAHE U CTPYKTYPA HA Co ITOKPUTUS (CoCu, NiCo AND CoNiCu) B
[TOTEHLHMOCTATUYEH U UMITYJICEH PEXXUM

K. H. Urnarosal, 1. C. Mapqua2

! Xumuxomexnonozuuen u memanypeuuen ynusepcumem, Cogpus 1000, Bvrzapus

2 Texnuuecku ynusepcumem, Cogpus 1000, Bvneapus
TTocrbrnuna Ha 18 ampw, 2013 r.; Kopurupana na 24 maii, 2013 .

(Pesrome)

W3cnenBana e KMHETHKATa Ha camocTosTesiHo omiarade Ha Cu, Co n Ni kakTo U Ha oTinaraneTo Ha ciiasute CoCu,
NiCo u NiCoCu B cnabokucen nutpateH enektponut (pH= 5,5). IloxydeHu ca U JaHHW 3a OTJIAaraHeTo Ha CIUIABUTE B
HMIIYJICEH TOTEHIMOCTAaTHYEH PEeXUM TPH Pa3IYHA YECTOTH Ha umiysicure. ChIIOCTaBeHH ca MOpP(OJIOTHATa U
enleMeHTHUS cbCeTaB (upe3 SEM u EDSA aHanu3u ChOTBETHO) Ha MOJIyYEHHUTE B CTAI[MOHAPEH U B MMITYJICEH PEKUM
CIUTaBHU MOKPHUTHUS OT BCEKH BUJL.

Y CTaHOBEHO €, 4e I0KaTO OTJIaraHUTe MOKPUTHUS B CTAI[MOHAPEH MOTEHIIMOCTATHYEH PEXKUM Ca ChC CPEJICH pa3Mep
Ha KpUCTanuTUTE OT okojio 250 mo cpenno 500 nm, a crabpkanneto Ha Co e Hax 85 wt.%, TO B UMITYJICEH PEKUM ce
HaOJI0/1aBa HAMAJICHWE Ha CPeJHMs pa3Mep Ha KPUCTAIUTUTE, a CchabpkaHueTo Ha Co e mox 76 wt.% 3a BCHUKH
criasu. [lpunaranero Ha yectotu Ha umnysicure 10 500 Hz npu ortnarane Ha CoCu cnaBu, BOAU 10 MOHMKEHUE Ha
pa3mepa Ha kpuctaiurure o 100 nm (mpu 60-70 wt.% Co). B cpmmre yenosust mokpurusita ot CoNi and CoNiCu ce
XapaKTepU3upaT C OKPBIVIEHA CTPYKTypa Ha KPUCTATUTHTE, ChC cpeaeH pazmep okoio 200-300 nm. Janaute ot X-Ray
aHaiM3a nokassar, ye nBoiHuTe crtaBu CoCu u NiCo ca aBydas3Hu u ce cheTosT OT (a3 Ha MeJ, KoOanT W HHUKEN ¢
KyOn4yHa cTeHHoueHTpupaHa pemeTka (f.c.c.). ExuacTBeHO B TpoitHOTO mokputne Cu-Co-Ni ocBeH KyOnuHu (a3 Ha
TPUTE METaNa € YCTaHOBEHO M Hajnnune Ha Co-chabpxaina ¢as3a B XxekcaroHainHa cuaronus (h.p.c.).
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