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Effect of pH-dependent bath speciation on
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Abstract: pH-dependent multiple equilibria in cobalt sulfate—gluconate baths were calculated using stability constants
adopted from literature. Changes of the bath speciation were then discussed in terms of spectrophotometric experiments
and buffering properties of the solutions (pH 3—10). Cyclic voltammetry indicated changes in electrochemical behavior
of cobalt species caused by different ionic compositions of the electrolytes. Tafel slopes were calculated and discussed
in relation to electroreduction of cobalt species. Chronoamperometric studies showed 3D instantaneous nucleation of
cobalt followed by diffusion-controlled growth, but it was disturbed at higher pH due to the release of cation from
gluconate complexes as a limiting step. Diffusion coefficients of cobalt species were found. Changes in the pH were
also reflected by modifications of morphology (SEM), development of preferred orientation planes (XRD, texture
coefficients) and current efficiency, but not the thickness of the coatings deposited at constant potential of —1.0 V (vs
Ag/AgCl). Anodic stripping analysis showed changes in anodic responses originated from the existence of preferentially

oriented planes in cobalt layers.
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1 Introduction

Electrodeposited cobalt and its alloys are used
widely for various applications ranging from
magnetic components and nanowires [1—3] to wear
resistant or corrosion protective coatings [4] and
composite layers [5,6]. Cobalt coatings characterize
with a variety of properties controlled by selection
of bath components and pH, temperature, current/
potential conditions or external magnetic field
[7—13]. Usually, slightly acidic chloride [4,9,10],
sulfate [11-13] and chloride—sulfate [5,6,14]
solutions are used. Only a small number of studies
focusing on the cobalt electrolytes containing
complexing agents despite that complex salt
solutions are environmentally safe, have improved
buffering properties and produce usually adherent
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bright coatings. The following complexing agents
are the most often used: ammonia [15,16], citrate
[17,18], gluconate [19,20] and glycine [21,22].
Gluconic acid and its sodium salt are non-
corrosive, non-toxic, non-volatile, biodegradable
and renewable compounds [23] which can be used
as additives in electroplating baths. Both show
excellent chelating power to many metal ions and
can form stable complexes not only in alkaline and
concentrated alkaline solutions, but also in acidic
conditions [24]. Gluconate complexing agent can
be successfully used for the electrodeposition of
heavy metals and alloys [24—28]; nevertheless, the
application of this additive in the electroplating of
cobalt [19,20] and cobalt alloys [29—34] is rather
limited. A literature research in the Scopus data
base has shown that there are only two papers
considering strictly the electrodeposition of cobalt
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from gluconate baths. EL REHIM et al [19]
investigated the influence of bath components,
pH, current density and temperature on current
efficiency, throwing power and microhardness of
the coatings. They obtained hard cobalt deposits,
which under the optimum conditions were
composed of compact microcracked fine grains.
The authors also identified instantaneous nucleation
model followed by 3D growth under charge transfer
control. In turn, RUDNIK and DASHBOLD [20]
discussed a role of chloride and sulfate anions
in potentiostatic electrodeposition of cobalt from
slightly acidic gluconate solutions. It was found that
sulfate anions inhibited cathodic process, levelled
the coating surface and improved the buffer
capacity of the protecting against
hydrolysis of cobalt salts at the cathode surface.
Progressive nucleation of cobalt followed by 3D
growth under diffusion control was identified in the
presence of sulfate ions, while this was not strict in
the chloride system.

This state of affairs motivated a further
analysis of the cobalt electrodeposition from
gluconate solutions. The purpose of the present
investigations was to determine the influence
of pH on speciation and buffering properties of
cobalt sulfate—gluconate solutions, kinetics of the
electroreduction process, nucleation, morphological
and structural properties of the metal layers.
This work provides new information on the
cobalt electrodeposition from gluconate complexing
baths.

solutions

2 Experimental

Electrodeposition of cobalt was carried out
from solutions containing 0.05 mol/L. CoSOs,
0.2 mol/L C¢Hi1O7Na and 0.2 mol/L H3;BOs. The
pH of the baths was in a range from 3 to 10
adjusted with H,SOs or NaOH. pH-dependent
speciation of the electrolytes was calculated using
free available Hyss2009 software. UV—Vis spectra
of the solutions were registered (Shimadzu U-2501
PC spectrophotometer) to identify changes in the
bath speciation. Buffer capacities of the electrolytes
were determined by slow addition (Crison titrator)
of 0.1 mol/L HCl or NaOH to a portion of the
electrolyte until pH was decreased or increased by
unit, respectively. The buffer capacities (5) were

calculated according to the following formula
[20,26]:

(1

where An is the amount of NaOH or HCI added to
the solution necessary to change pH from its initial
value by unit (mol); ApH is pH change of the
solution sample; V is the titrant volume, C is the
concentration of titrant (0.1 mol/L), v is the volume
of the solution sample (20 cm?).

Electrochemical measurements were carried
out in a three-electrode cell. Glassy carbon as a
working electrode (0.196 cm?) was used due to its
non-reactivity with the solution’s components and
high hydrogen overpotential. A platinum plate
(2 cm?) as a counter electrode and an Ag/AgCl
electrode as a reference electrode (all potentials
in the further text are referred to this electrode)
were used. Non-agitated solution with a volume
of 20cm® was used in each electrochemical
experiment controlled by potentiostat/galvanostat
(Autolab PGSTAT30). Cyclic voltammograms (CV)
were registered at a potential scan rate of 10 mV/s.
First sweep was always performed from an initial
potential of 0.3V (vs Ag/AgCl) towards more
negative values. Chronoamperometric measurements
were performed for 40 s at a constant potential from
—0.95 to —1.25 V. Anodic stripping analysis (ASA)
with a sweep rate of 10 mV/s was performed
immediately after potentiostatic metal deposition at
fixed potential (40 s) up to 0.5 V without removal
of the working electrode from the solution.
Potentiostatic cobalt deposition at the potential of
—-1.0 V was performed for 30 min in the same
system using polished copper plates (0.8 cm?) as
universal electrolyte-resistant cathode substrates.
All  experiments were performed at room
temperature.

Morphology of the cobalt layers was examined
using scanning electron microscope SEM (Hitachi).
The SEM microphotographs were then subjected
to image analysis using free available software
programs: WxSM4.0beta9.3 for fast Fourier
transform (FFT) and Image J for surface profiles.
Surface oxygen content was determined by X-ray
spectroscopy EDS method (Noran). Crystal
structure of the deposits was analyzed by X-ray
diffractometry (XRD) (Rikagu diffractometer,
Cu K, radiation).



Ewa RUDNIK/Trans. Nonferrous Met. Soc. China 35(2025) 2399-2420 2401

3 Results and discussion

3.1 Speciation of solutions

Speciation of the sulfate—gluconate solutions
was examined by constructing an equilibrium
diagram using formation constants summarized in
Table 1. Simple metal cation as well as hydroxy,
sulfate and gluconate complexes were taken into
account over the pH range from 2 to 11. Cobalt—
borane species were not considered, since no proper
data on the stability constants were reported in
accessible literature.

It was assumed that sodium gluconate
dissociates completely forming gluconate ions
Glu™ (i.e. CéH1107). The latter can combine with
hydrogen ions creating molecules of gluconic acid
HGlu in more acidic conditions. Gluconic acid
is a polyhydroxylated carboxylic acid of a zig-zag
shaped molecule with a labile proton originated
from carboxyl group and potentially labile hydroxyl
(alcoholic) protons that can be displaced during
metal complexation at higher pH. The acid
undergoes acid-catalyzed dehydration to form a
five- or six-membered cyclic esters (lactones),
y-HGlu or 6-HGlu, respectively (Fig. 1(a)). The
formation of the cyclic structures runs with the
reorganization of the acid molecule, and hence it is
a much slower process compared to the dissociation
of the acid [37]. Both lactones reach an equilibrium
very slowly and exist at pH below 4 [36,38], and
therefore they were omitted in the equilibrium
calculations.

The possibility of deprotonation of alcoholic
groups —OH located near the anchor carboxylate

Table 1 Equilibrium constants at 298 K [35—37]

Reaction Equilibrium
constant, pK
Co*+H,0~==CoOH"+H"* -9.687
Co*+2H,0==Co(OH),+2H"* ~18.794
Co*+3H,0==Co(OH);+3H* —31,491
Co*+4H,0==Co(OH); +4H* —46.288
2Co**+H,0==Co,OH*"+H" -10.997
Co?*+S03 ==C0S0, 2.36
Co*+Glu===CoGlu" 2.31
Co*+Glu==CoH_,Glu+H"* -4.96
Co*+Glu==CoH_,Glu+2H" -13.29
Co?*+3Glu==CoH-Glu; +H" -1.27
Co?*+3Glu===CoH ,Gluj +2H" -9.21
2Co**+2Glu==Co,H 3Glu,+3H" -17.89
H*+S0; ==HSO, 1.12
H'+Glu===HGlu 3.35
HGlu===y-HGlu+H,0 —0.68
HGlu==6-HGlu+H,0 -1.15

group — COOH makes the gluconate ion a
powerful chelating agent [21], and thus Glu or
H-,Glu™*D~ ligands are formed depending on the
pH. Structural formulas of the Co(Il)—gluconate
complexes are accidentally discussed in the
literature [37], although their stoichiometric
compositions are known or proposed [37,39,40].
Usually, the structures of complexes represent
deductions made by investigators based primarily
on the studies of their solutions, so they are
not to be regarded as absolutely established [24,37].

(a) HGu OH OH o Glu= OH OH o 7-HGlu #-HGlu HO
)\/\/u\ o __
HOH,C OH HOHC 0
HO HO HO HO
OH
y OH OH O
(b) (,oolu/(')\H/oi/ﬁ\ ColL, Glu/loi/oi)(l)\ CoH_,Glu™
HOH,C HOM,C HOH,C o
HO HO Co- HO o— (,o O
\\:COZ'
Co,H_;Glu;

CH,0H

Fig. 1 Simplified structures of gluconic acid species (a) and cobalt(I)—gluconate complexes (b)
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Figure 1(b) shows exemplary simplified structures
of the cobalt—gluconate species that can exist in the
electrolyte. It should be emphasized that structures
of the chelates can involve water molecules to
maintain octahedral coordination of the Co(II)
cation [37].

Literature data on the cobalt—gluconate
complexes are scarce. ASHTON and PICKERING
[37] reported the presence of an unstable cationic
species of Co(C¢H1107)" (i.e. CoGlu" in this study)
in solutions of pH below 7.5. An anionic species
(not specified), which can subject to rapid auto-
oxidation was postulated above pH 9.5, while in
the intermediate pH range two insoluble cobalt—
gluconate compounds, Co2(OH);Glu'-H,O and
Co3(OH):Gluz-2H,0, were identified. ESCANDAR
et al [39] confirmed the existence of the complex
with 1:1 stoichiometry, but they did not observe
precipitation of insoluble species with increasing
cobalt to ligand concentration ratios. The authors
stated that in such conditions, coordination of the
metal ion by the secondary alcohol (hydroxyl)
groups became important due to displacing of
protons, and therefore soluble anionic complexes
with chelate rings (e.g. CoH-1Glu;, CoH.,Gluj,
Co,H-3Glu,) were recommended. NMR spectra
registered at pH of 10 in an excess of gluconate
acid confirmed that the metal ion is octahedrally
bonded to carboxyl of C! carbon atom and alcoholic
group of C? atom of three ligand molecules. The
authors supposed that —OH group at C* atom can
participate in chelation of the cobalt cation by
hydrogen bonding between this hydroxyl proton
and the oxygen electron lone pairs of either the
carboxylate group or the hydroxyl of C? carbon
atom. Other studies [40] specified the existence
of CoGlu" at pH below 7.3, CoGlu(OH), for pH
above 11.8 and Co,Gluy(OH) in the intermediate
pH range.

For the baths used in this study, main
cobaltous components at acidic conditions (2<pH<
5) are Co?" (as aqua complex), CoSO4 and CoGlu*
(Fig. 2). At higher pH, neutral or various anionic
chelate complexes can exist. They are composed of
Co(II) cation and one or three gluconate species
deficient with hydrogen ions originated from
carboxyl group —COOH (indicated here as Glu")
and hydroxyl groups —OH (indicated here as H-,).
The highest cobalt fractions of the dominant
complexes are 53% CoSO;4 at pH 2.0, 70% CoGlu~

at pH 4.0, 76% CoH-,Glu; at pH 6.7 and 96%
CoH.,Glu; at pH 10.0. Theoretical calculations
predicted also the presence of dimeric form
Co,H 3Glu, with their maximal concentrations of
1x10°mol/L at pH of about 8. Soluble hydroxy-
complexes remained in negligible concentrations,
i.e. below 1077 mol/L, in the entire pH range. Thus,
they are not shown in Fig. 2.
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0.16 \HGlu E
Glu~ =4
. £ 0.001
2 0.12 i,
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S 008}
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CoGlu*
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Fig. 2 pH-dependent speciation of cobalt sulfate—
gluconate baths

The cobalt solutions were further investigated
by UV—Vis spectrophotometry to identify changes
in their speciation (Fig. 3). For comparison, cobalt
sulfate solution free of additives of pH 3 was also
used. The absorption spectrum for pure cobalt
sulfate solution (inset in Fig. 3(a)) corresponds
to d—d transitions in octahedral aqua complex
[Co(H20)]*": *T1o(P)«—*T14(F) associated with the
absorption band at the wavelength of 510 nm
and 2 electron *Ay«Ti4(F) revealed as a broad
absorption peak of low intensity at the wavelength
of about 650 nm [32,37]. The first band showed a
shoulder in a higher energy region at about 470 nm.
It appears from the short wavelengths of the
absorption spectrum in view of the fact that the spin
orbit interaction in the excited state “T;4(P) removes
the degeneracy [41,42].

Addition of sodium gluconate to the cobalt
sulfate solution at the same pH changed slightly the
absorption spectra with a shift of the maximum
wavelength of the first peak by a few nanometers
(Fig. 4). It should be emphasized that in aqueous
solutions, free Co?' ions or those bonded in the
complexes are hydrated by water molecules to
satisfy octahedral geometry (e.g. [CoGlu(H>0);]")
affecting the shape of the absorption spectra [39]. A
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Fig. 4 Influence of pH on absorbance and maximum

wavelength of main absorption band of cobalt solutions

shift in the position of the absorption spectrum in
the visible range indicates that the cobalt ions in the
gluconate solution are in a stronger ligand field
environment [37].

The most evident differences in the absorption
spectra of the gluconate solutions were observed for
four pH ranges: 3—4, 5—6, 7-8 and 9-10. For pH

values from 3 to 6, the main peak at about 525 nm
got higher with simultaneous shifting its maximum
from 514 to 538 nm. Then, the absorption band
became reduced for pH 7 and 8 with sudden
decrease in the maximum wavelength to 527 nm.
This was followed by renewed growth of the
absorption for higher pH values at somewhat
longer light wavelengths of 530—531 nm. The main
maximum was preceded by small shoulder at about
470 nm, which turned into two weak signals at 460
and 490 nm for pH values of 9 and 10. Low wide
absorption band was also observed at 740 nm. Its
maximum increased with pH from 4 to 6, while it
disappeared for the most acidic (pH 3) and more
alkaline solutions (pH 8 or higher). At pH values
of 9 and 10, one new weak shoulder appeared at
about 640 nm. The absorbance registered in the
UV region (below 400 nm) is attributed to other
transitions in the solution background components
such as sulfate ions and sodium hydroxide. The
modifications in the absorption spectra are
correlated with changes in the solution’s color from
pink to violet for pH from 3 to 5, and further from
violet-purple to final wine-red for pH 9-10.

The changes in the solution’s spectra originate
from their ionic speciation. At lower pH values, the
carboxyl groups of gluconic acid may be partially
protonated affecting their ability to form complexes
with cobalt(Il) ions. As pH increases, protonation
decreases, which in turn enhances the ability of
gluconic acid to form more stable complexes with
cobalt(I) ions due to an increase in the number of
possible coordination bonds with the ligand (Fig. 1).
The calculations of ionic equilibria (Fig. 2) clearly
indicate that modification of the solution pH
affects the composition and structure (geometry)
of the Co(II)—gluconate complexes. Such structural
changes determine the ligand field effect: the
energy of the d orbitals in the metal ions and the
electron transitions in the complexes. The energy
absorbed by the electron to d—d transitions
corresponds to the crystal field splitting.
Consequently, the lower the splitting energy
difference (AE), the lower energy light waves (i.e.
higher wavelength, 1) would be absorbed according

to the following relationship [41]:
hc

AE =hy =— 2
) (2)

where /4 is Planck constant, v is the wave frequency,
and ¢ is the speed of light in vacuum. This
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consequently leads to shifting of the wavelength at
which the light absorption is the most pronounced
in the UV—Vis spectra (Fig. 4).

Total light absorption by the gluconate
solutions is dependent on both molar concentration
of the individual species (¢;) and their molar
absorptivity (&;). Therefore, when the Beer—Lambert
law is obeyed at given wavelength (A1) for the
particular component i, the absorption A, of a
mixture of the complexes is given by the following
formula [41]:

A4 = Z(gi,li o)) (3)

where / is a path length.

Equation (3) shows that the development of
the absorption signals cannot be unambiguously
attributed in this study to the particular cobalt
species due to rather complicated speciation
of the solutions and different wavelengths of the
light absorbed by particular molecules or ions.
Nevertheless, it can be accepted that combination of
Co?" and CoSO; gives three characteristic bands at
470, 510 and 650 nm. The presence of CoGlu™ does
not change the shape of the spectrum but shifts the
maximum wavelengths towards higher values. A
much greater influence on the spectrum displays the
pH-dependent change in the composition of the
ligand resulted from the complexation of the cobalt
ions also by deprotonated alcohol groups. This is
indicated by sudden reducing of the maximum
wavelength at pH 7-8 where CoH-Glu;” and
CoH-iGlu show their highest fractions. Moreover,
the absorption band at 740 nm can be attributed to
the presence of both species as it develops in the pH
range of 4—7 where their predicted concentrations
raise in the baths. Finally, all bands including small
shoulders at 490 and 640 nm observed for the most
alkaline solutions can confirm the presence of
anionic complexes of more complicated structures
like CoH-Glu;" and CoH-Glu". Such different
forms are in the equilibrium in the solution (Fig. 2)
and exhibit peculiar absorption peaks. On the other
hand, the complexes can exist also in different
geometric conformations having slightly different
light absorption properties indicated by shoulders at
the absorption peak.

The spectrophotometric studies of the cobalt—
gluconate solutions were reported previously by
ASHTON and PICKERING [37]. They discussed
a growth of the main peak at 520 nm for various

Co(II):gluconate ratios and the peak was ascribed to
the formation of the CoGlu™ species (pure sodium
gluconate solution gave the absorbance signal at
about 420 nm). Addition of sodium hydroxide to the
solutions containing equal amounts of cobalt nitrate
and sodium gluconate caused slight color changes
where spectral transmittance curves indicated the
formation of a second absorption peak at 495 nm
and, in the presence of excess alkali, a decrease in
the intensity of the 520 nm peak. The latter was
illustrated for 510 nm and approximate pH of
7.5—8.8. There was also some general broadening in
the alkaline solutions attributed to autooxidation,
but no specified compounds were shown. The
precipitation of gelous compound Co,(OH).Glu-
xH>O was observed after a few days in the solutions
having pH between 7.5 and 9.5. It is worth to note
that in the current study, all cobalt—gluconate
solutions are stable even after two years after
preparation. ESCANDAR et al [39] confirmed a
shift of the band from 509 to 521 nm with
increasing pH from 2.7 to 8.6. More recently,
WESTON et al [32] showed changes in the
absorption spectra for CoSOs/gluconate ratios of
1:2 and 1:10 at pH 6.0, but they did not discuss
them in details.

3.2 Buffering properties

It is known that solution resistance to pH
changing during electrolysis is an essential factor
for deposition of pure metal. Coevolution of
hydrogen at a cathode surface is often accompanied
by fast alkalization of the electrolyte adjacent to
the electrode (up to 5 units in 30 s) [43] causing
precipitation of hydroxides and basic salts [13],
which are then built up into the growing metal layer
producing porous metallic structure [44]. Hydrogen
atoms formed during electroreduction of protons
can also penetrate the metallic lattice due to their
smallest dimensions among all elements. This
affects the metal structure [45] and gives marked
mechanical effects, such as hydrogen embrittlement
[46]. Both phenomena lead to worsening properties
of the metallic layer, and hence the electrolytes of
high buffer capacities should be used to protect
against the unfavorable effects.

In this study, two bath components were
intentionally added to the cobalt solutions as the
buffering agents, i.e. boric acid and sodium
gluconate. Analysis of the bath speciation (Fig. 2)
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appears that the SO; /HSO, pair and the cobalt
complexes can also participate under the buffering
effect by setting up pH-dependent equilibria.
Figure 5 shows buffer capacities of the solutions
used in this work. They were determined as the
quantity of strong acid HCIl or base NaOH needed
to change the pH of 1 L solution by one pH unit.

90
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40 -
30+
20 F
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0

—=— 0.1 mol/L HCI
—— 0.1 mol/L NaOH

Buffer capacity/mmol

2 3 4 5 6 7 8 9 10 11
pH
Fig. 5 pH-dependent buffer capacities of cobalt sulfate—

gluconate solutions for acid or base addition

It was found that the solutions of acidic pH
showed higher buffer capacities for acid than for
base addition, although they decreased in both
cases with increased bath alkalization. The buffer
capacities improved unexpectedly for pH 8, but it
was followed by further worsening.

For all electrolytes, buffering effect can also
arouse from the presence of weak boric acid. It can
dissociate in aqueous solution in three steps by
detaching successive hydrogen ions [47]. The
distribution of boric species depends on the
dissociation constants, which have relatively low
values. Therefore, boric acid exists in a molecular
form in acid and neutral environments giving
equimolar molecular/ionic ratio at about pH9
(Fig. 6(a)). At the concentrations higher than
0.01 mol/L, H3;BO; acts as a Lewis acid by
accepting hydroxyl ions to form hydroxyborate ions
B(OH), and polyborates [48,49]. Thus in the pH
range from about 7 to 10, triborate species appears
as a third main component in the boric acid
speciation with their highest fractions at pH of 8—10
(Fig. 6(b)). The boric acid speciation shows that
their main buffering activity is in the alkaline media,
and hence this behavior can be responsible for
the increasing buffering properties during NaOH
addition observed in the cobalt—gluconate solutions
of pH 7-10 (Fig. 5).

100
(a)

80

Fraction/%

(b)

Fraction/%

B,O5(OH);"

B,0,(OH); B,O(OH);

2 4 6 8 10 12 14
pH

Fig. 6 Equilibrium distribution of species in 0.2 mol/L
H3;BOs dissociated into borates (a) or polyborates (b)
(Equilibrium constants are taken from Refs. [47,49])

The gluconate and sulfate species can also
neutralize excessive H' and OH  ions by
establishing the following equilibria:

HGluZ=Glu+H"2%Glu+H,0 4)
HSO,4-S07 +H2.S0; +H,0 (5)

The presence of gluconate species is very
favorable in terms of buffering action of the acidic
solutions. At pH about 3.4 there are equimolar
amounts of undissociated and dissociated forms
(Fig. 2), and hence the buffer capacity of this weak
acid reaches its maximum value for pH=pK,=3.35
(Table 1). For pH values higher than pK,, the buffer
capacity of the HGlu—Glu™ system decreases. In
turn, the sulfate pair (Eq. (5)) seems not to play a
principal role in the buffering action, since HSO,
concentrations are low and they rapidly decrease in
a pH range of 2—4 (inset in Fig. 2). Equilibria (4)
and (5) are in a good agreement with the changes
of the buffer capacity of the acidic cobaltous
electrolytes and well explain their higher protective
properties for the acid addition, which originate
mainly from high fraction of the Glu species
(Fig. 2) that can easy recombine with added H" ions.
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In turn, the values of the buffer capacities towards
strong base addition stabilize at low but constant
level at pH of 4—6. This is understandable since
Glu™ and SO; ions have no possibility to combine
with OH". However, the latter can indirectly affect
the equilibria of cobalt complexation via changes in
the Glu™ concentration.

Improved buffering at pH 8 for the acid
addition is definitely related to the equilibria
involving equimolar amounts of anionic cobalt
complexes CoH_,Glu;" and CoH ,Glu;  due to
pH-dependent equilibrium between both species:

CoH-,Glu? ==CoH_,Gluj +H* (6)

For more alkaline conditions, neutralization of
excessive amounts of strong acid is less effective
via transformation of cobaltous complexes, since it
is affected solely by the balance between dominant
CoH_,Glu; and CoH_,Glu™ of low concentration. It
may be also accepted that equilibrium (6) is not
important in the bath protection against pH change
caused by the base addition at pH above 9, since the
concentrations of both complexes are practically
stable (Fig. 2).

1.0
0.8}

|l —pH3
06F  _ DHi

(@) A

0.4}
0.2}
ot
=02}
04t
-0.6

Pd Pc

Current density/(A-dm™)

8 2 G . . . . . . .
-13 -1.1 =09 -0.7 -0.5 =03 -0.1 0.1 0.3
Potential (vs Ag/AgCl)/V

0.6 A
04+ —pH7

0.2} A,
A”‘Al

Current density/(A+dm™)

-0.6 C . . , , . . .
-13 -1.1 =09 -0.7 -0.5 =03 0.1 0. 0.3
Potential (vs Ag/AgCl)/V

Ewa RUDNIK/Trans. Nonferrous Met. Soc. China 35(2025) 2399-2420

The above discussion shows that protection of
the electrolyte against pH change is a consequence
of multiple ionic equilibria occurring in the baths. It
involves not only typical buffering agents but also
formation of the metal complexes. Therefore, it
may be expected that at longer electrolysis time
the speciation of the electrolyte adjacent to the
cathode may fluctuate affecting electroreduction
processes. SANTOS et al [13] showed that the
buffer contribution of this acid was effective in the
cobalt electrodeposition from sulfate bath (pH=5.0)
only at room temperature, while cobalt hydroxide
precipitated simultaneously with cobalt deposition
as the electrolyte was heated. In turn, enhanced
buffering behavior of the gluconate system was
confirmed in other studies indicating much better
properties if combined with sulfate than chloride
ions present in the acidic solution [20,28,50].

3.3 Voltammetric studies

The cyclic voltammetric measurements were
realized on a glassy carbon electrode due to high
hydrogen overpotential (about 0.5 V) on such
substrate [51]. Figure 7 shows that electrodeposition
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of cobalt begins at potentials dependent on the pH.
Cathodic process started below —0.92 V at pH 3,
but then the potential moved a little towards more
negative values up to —1.03 V while pH increased
to 8. In the most alkaline baths, behavior of the
system changed and reduction was observed even at
more positive potential (—0.81 V). Simultaneously,
the shape of the curves was modified. For pH 3 and
4, a clear cathodic peak C; corresponding to the
reduction of cobalt ions was formed at the potential
of about —1.1 V. Its height gradually disappeared
with alkalization resulting finally in a plateau on
cathodic branches for pH 9 and 10. In all cases, the
cathodic branches involve two electroreduction
processes, since cobalt deposition is practically
indistinguishable from hydrogen evolution reaction
as represented by slightly separated signal C, (pH
3—4 and 9—-10) or overlapped currents C (pH 5-8).

During the reverse scan, two characteristic
crossovers between the branches for the negative
and positive sweeps were observed. At more
negative potentials loops typical for the nucleation
and growth of a new phase were found. Nucleation
potentials (¢n) (i.e. crossover potential at the
nucleation loop) associated with electrocatalytic
points [51] were shifted with pH (inset in Fig. 5) in
the range from —0.89 to —1.10 V. These values are
usually affected by the bath composition and for
example, in citrate solution (pH 4.8) nucleation
potential was —0.93 V (vs Ag/AgCl) [17], while for
the ammoniacal system (pH 4.7) it was —1.1 V [52].
Second crossover potentials (¢.) are generally
related to thermodynamic potential of M/M*
electrodes. These appeared at approximately —0.7 V
and were more negative than equilibrium potential
for simple Co/Co*" electrode (—0.54 V vs Ag/AgCl)
due to the presence of cobalt complex species
instead of free cations. The cathodic currents
recorded between the nucleation potential (¢,) and
second crossover potential (p.) were higher during
the reverse sweep than during the forward sweep
for each bath. It is obvious, since energy required
for cobalt overpotential deposition on foreign
substrate is higher than that for the metal deposition
on the native layer formed during the previous
scan [51].

The positive scan revealed anodic peaks A of
the cobalt electrochemical dissolution. The height
of the anodic signals decreased with increased pH
corresponding to gradual inhibition of the preceding

cathodic process. Simultaneously, shape and
amount of the anodic peaks change indicating
additional reactions at the electrode surface like
subsequent formation of gluconate complexes of
CoGlu* or CoH ,Glu; ™. In the most alkaline
solutions the main anodic peak is preceded by a
small bend at about —0.5 V, which can be attributed
to cobalt hydroxide intermediate [13]. It can hinder
the dissolution of the metallic phase and, thus,
further formation of the soluble complexes giving
finally wide anodic peak (Fig. 7(d)). Cobalt oxides
do not appear to be produced during anodic
scanning because their precipitation does not
proceed to any appreciable rate until potentials
of about 0.3—0.4 V are reached in a very alkaline
gluconate bath (0.5 mol/L. NaOH) [53].

Analysis of the cathodic branches of
voltammetric curves shows that deposition of
cobalt is governed by the form of the electroactive
species and release of the cation from individual
complexes can be considered as rate-determining
step, especially in more alkaline conditions where
limiting currents were observed. This may be
confirmed by anodic peaks developed during
reverse scans. They were getting smaller and shifted
towards more negative potentials with increased pH
showing continuing inhibition of the metal electro-
deposition.

Figure 8 shows the voltammetric cathodic
curves plotted in the p—lgJ coordination system. It
was simplified that a potential of the electrode is
proportional to cathodic overpotential, and thus
linear ranges of the curves were described by the
following equation [51]:

2.303RT

p=a+blg J:—F lgJ, - —2'303RT

lgJ 7
acz aczF s )

where Jy is the exchange current density, ac is the
cathodic transfer coefficient, R is the molar gaseous
constant, 7" is the thermodynamic temperature, F
is the Faraday constant, and z is the number of
electrons involved in the activation step in a
multistep cobalt deposition.

Linear parts of the curves correspond to the
current/potential range of charge transfer as a
rate-determining step of cobalt electrodeposition. It
was found that the “Tafel slopes” change within
three pH ranges of 3—4, 5—8 and 910 giving values
of (0.063+0.000) V/dec, (0.075+0.004) V/dec and
(0.123+0.004) V/dec, respectively. The plots shown
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in Fig. 8 can be used directly to measure the
transfer coefficients ac according to Eq. (7), where
—2.303RT/(aczF) corresponds to the slopes.
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Fig. 8 Cathodic polarization curves plotted in ¢—lgJ
coordination system (Inset: consecutive electroreduction
stages for complex metal cation)

It is worth to emphasize that definition of
transfer coefficient applies only to an electrode
reaction that consists of a single elementary step
involving the simultaneous uptake of z electrons
from the electrode in the case of ac [54]. However,
the elementary step of cathodic reaction involving
the simultaneous uptake of more than one electron
is regarded to be highly improbable and the
majority of electrode reactions do not consist
of a single elementary step, but rather, they are
multistep, multi-electron processes. Therefore, the
mechanistic interpretation of an electrode process
becomes quite complicated if the formal potentials
of two consecutive one-electron transfer steps are
very close or the process includes adsorption of
intermediates and combination or dissociation
rate-determining steps. Table 2 summarizes the
results of the calculations based on the values of the
Tafel slopes. Denoting the resulting “cathodic
quantity” by acz, the general values of ac for z=2
and z for assumed ac=0.5 were found. The resulting
z value is then identified with the number of
the electrons involved in a hypothetical rate-
determining step or with that involved in the
overall electrode reaction. Independently on the
interpretation way used, it is clearly visible that in
three ranges of pH various electroactive cobalt
species participate in the rate-determining step
(i.e. charge transfer) of the cathodic reaction.
For pH 3—4, ac is close to theoretical value of 0.5
indicating reduction of Co*" originated from labile

Table 2 Parameters for cobalt deposition upon data
shown in Fig. 8

o T e Sy
pH b/(V-dec™) for =2, ac .
3 0.063 0.47 19
4 0.063 0.47 19
5 0.072 0.41 1.6
6 0.078 0.38 15
7 0.072 0.41 1.6
8 0.080 0.37 15
9 0.119 0.25 1.0
10 0.125 0.24 0.9

CoGlu" complex. Thus, a former step of the release
of metal cation from the complex seems to be very
fast, while cathodic reduction involves two steps
of single electron transfer. In the pH range of
5-8, speciation of the bath gives CoH-Glu; as
dominating form representing chelate complex
composed of three gluconate species, while
electrochemistry of the process complicates and
multistep reduction including a sequence of events
can take place. Each step should have “own” kinetic
parameters, but the experimental curve is similar to
be previously with only higher slope value. It may
be assumed that each step of electron transfer run
in the same potential range, but general oc value
can involve number of electrons transferred in
quasi-equilibrium prior to the rate-determining step
(e.g. non-rate limiting reduction of intermediate
species) and contribution from rate-determining
step, i.e. ac=y+tocriszras [55]. This can give the
fractional value of electrons calculated for total ac
of 0.5. CoHGlu;  is chelate complex, and thus it
cannot be considered as an electroactive species. It
is believed that in the neighborhood of the cathode
gluconate ligands are gradually released from
anionic species giving more simple structure in
intermediate  species undergoing one-electron
reduction at the cathode surface, e.g. CoOH". It is
then followed by reduction of cobalt ion to metallic
form [9]. Finally, in the most alkaline conditions the
Tafel slopes were of 0.12 V/dec, while the reaction
includes one electron in the rate-determining step.
This may suggest that coverage of the cathode by
intermediates increases seriously and potential-
dependent rates can still arise due to an electro-
chemical desorption. It is combined with a release
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of electroactive species from the chelate complex
giving chemical reaction as a rate- determining step
visible in the CV curves as limiting currents for pH
9 and 10.

3.4 Initial stages of electrodeposition

The influence of pH on initial stages of the
cobalt electrodeposition was investigated. Figure 9
shows chronoamperometric curves registered at
constant cathode potentials. Two types of the
transients were observed. For pH 3—7, the curves
show a gradual increase in the cathodic current up
to a maximum for all potentials (at shorter time
for more negative potentials) with their final part
falling to the plateau. The shape of the J— curves is
typical for three-dimensional nucleation and growth
process occurring under the mass transfer control.
In turn, for more alkaline baths (pH 8—10), after
charging the double layer, cathodic currents
decrease immediately to plateau and no nucleation
peaks are developed. This can be related to a release
of the cation from complex structure as a the
slowest step of the electroreduction.

The rise of the current in the J—¢ plots for pH
3—7 corresponds to the increase of the electroactive
area due to the growth of the individual isolated
metal nuclei and/or the increase of the number of
nuclei. At this step transport of the electroactive
species to the growing centers occurs through
hemispherical diffusion zones formed around each
isolated nucleus. Radii of the hemispherical zones
increase with time and the diffusion zones start to
overlap forming finally a planar diffusion layer. The
maximum of the cathodic current at short time is
related to the maximal electroactive area, i.e. the
moment at which hemispherical metal nuclei are on
the point of the collision.

The falling part of the curves are characterized
by the Cottrell equation, since the electrochemical
reduction run under linear diffusion [51]:

1/2
J= _zFD"C (8)

12,172
Tt

where D is the diffusion coefficient of cobalt ions,
C is the concentration of metal ions, and ¢ is the
time.

Figure 10 shows analysis of the falling part
of J—t curves according to Eq. (8) for exemplary
deposition potential of —1.2 V. Linear parts of the
J—t 1 curves were observed for all baths, although

only for pH 3 straight line intersects the origin
of the coordination system. Diffusion coefficients
for cobalt ions were estimated. The values of
1.6x107 ¢cm?/s for pH 3 and 2.6x107® cm?*/s for pH 4
are similar to typical diffusion coefficients reported
for cobalt ions in cobalt sulfate containing aqueous
solutions, i.e. 10107 cm?/s [55,56]. In turn, for
pH 5 and higher the diffusion coefficients were
lower, i.e. (6.2+2.2)x1077cm?/s. This is correlated
with the speciations of the baths (Fig. 2) showing
inhibition of the mass transport due to formation of
cobalt complexes with more advanced structure.
It is worth noting that in complex system all
particles containing metal cation participate in
the mass transport, but only a part of them can be
electroactive species [57]. This may cause the
J—t "2 relationship to deviate from ideal linearity,
especially with regard to the existence of other
steps in electrochemical reactions, such as the
formation of intermediates, surface diffusion of
electroactive species, and the release of metal ion
from chelate complexes.

Potentiostatic current transients for metal
nucleation and theoretical background for different
nucleation modes were discussed by various
authors. The most often, instantaneous and
progressive nucleation of three dimensional hemi-
spherical nuclei is considered according to the
models proposed by SHARIFKER and HILLS [58],
where classification of the nucleation type is based
on a comparison of the experimental results with
theoretical curves. During instantaneous nucleation
all nuclei are generated simultaneously and they
grow further with the same rate. Under such
conditions the following diagnostic equation is
satisfied:

2
T | 182 ol 12564
JmaX t/tmax tmax

During progressive nucleation the nuclei are
formed constantly and they grow to different sizes
and/or at different rates. In this case suitable
expression is

2
2 2
[JJ ] 129 o —2.3367(%] (10)

max t/ tmax max

2

9)

Figure 11 shows exemplary non-dimensional
plots of the nucleation models and the experimental
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Fig. 11 Interpretation of J—¢ transients according to
nucleation models developed by SHARIFKER and
HILLS [59] for deposition potential of —1.1 V and
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chronoamperometric data for pH 3—7, where
characteristic apparent maxima on the J—¢ curves
were developed (for potentials more positive than
—1.1V, the cathodic peaks were less noticeable on
the J—¢ curves, and thus their unambiguous analysis
was not possible). Very good agreement of the
experimental and theoretical predictions for
instantaneous nucleation was observed (also for
other deposition potentials not shown), although
at longer deposition stages deviations from the
predicted curve appeared. The latter was more
emphasized with increased solution pH. This is well
correlated with changes of the bath speciation and
all observations discussed above, since more harder
release of metal cations from complexes hinders
deposition of the metal. It is also noteworthy
that the SHARIFKER and HILLS model is valid

primarily for fast electrochemical processes with
high exchange current densities [58]. Electro-
deposition of cobalt is not one of these cases,
and moreover, it is accompanied by hydrogen
coevolution due to the relatively low hydrogen
overvoltage. However, the ranges of well
overlapping experimental and theoretical curves
indicate that hydrogen coevolution does not
seriously disrupt the first stage of metal formation.
This concurrent process can affect the values of the
measured cathodic currents when larger cobalt
nuclei are formed, since at the very initial period of
the deposition the hydrogen evolution is inhibited
due to the use of glassy carbon as a substrate of
high hydrogen evolution overvoltage [51].

For accepted diffusion-controlled instantaneous
model of the metal electro-crystallization the
following set of equations can be used for
calculating the values of diffusion coefficient, D
and Ny, corresponding to the number of the growth
centers per unit area [58]:

2
D — Jmax tmax > (1 1)
0.1629(zFC)
and
rc Y
N,=0.065k"" (;Z—] (12)

where k=(8nCM/p)'2, p is the cobalt molar density
(151.03 mol/dm?), and M is the relative molar mass
of cobalt (58.93 g/mol).

Diffusion coefficients for the cobalt species
were found from position of maximum of cathodic
current on the chronoamperometric curves. The
obtained results of 1.8x107° cm?s for pH3
and 6.6x10°cm?%s for pH4 were in very good
agreement with the data calculated upon Cottrell
equation, while for other pH the wvalues were
(4.2+1.8)x10 °cm?s. The latter can be explained
again by hindering changes in the mass transport of
the cobalt species resulting in the formation of the
nucleation maxima on the J—¢ curves at longer time
for higher pH.

The number density of the active centers (M)
was calculated from the maximum peak coordinates
on the J—t curves of initial stages of cobalt
deposition. The obtained values of N, decreased
from 3.6x10°cm™ for pH 3 to 2.3x10°cm™ for
pH 7 confirming again inhibiting effect of cobalt
gluconate complexes on the metal deposition. The
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obtained results are quite comparable to those
reported for the cobalt deposition from sulfate
containing electrolytes (10*-107 cm™2) [56,59].

It should be emphasized that there is no
one mechanism of the cobalt nucleation. The 3D
instantaneous [17,56] or progressive [9,20,52]
models were reported for electrolytes of various
composition, at different deposition potentials and
different substrates [59,60] or even investigation
method [16,61]. Interestingly in the previous work
[20] the progressive nucleation with diffusion
limited growth was observed in the gluconate
electrolytes (chloride, sulfate, chloride—sulfate) of
pH 3.5. This different nucleation type evidently
originated from the bath additives like ammonium
salts, while they were absent in the current study.
The current study partially confirmed the nucleation
model in the sulfate—gluconate solution proposed
earlier by EL REHIM et al [19], who identified
instantaneous process under charge transfer control.

3.5 Cobalt electrodeposition

The potentiostatic electrodeposition of cobalt
layers was performed. Figure 12(a) shows changes
in the total and partial electric charge flowed
through the system during electrolysis at constant
time. It was observed that the current generated
is dependent on the conductivity of the solution,
and thus the lowest total charges were registered at
pH (7£1), where movement of the main ionic
charge carriers seemed to be the lowest. This
slightly affected thickness of the metal deposits
(4.6+1.2) um; Fig. 12(a), but influenced cathodic
current efficiency (25%—79%; Fig. 12(b)). Data
shown in Fig. 12 indicate, in general, few ranges
of deposition conditions originated from the bath
specification, which then affect both morphology
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and crystal structure of the layers.

The cobalt deposits were matte gray and
compact with no cracks or microcracks. Although
the cathodic current efficiency was relatively low,
no pitting was observed on the coating surface.
This indicates fairly fast detachment of hydrogen
bubbles from the cathode surface, especially as the
electrolysis time was short enough to prevent
metal build-up around the gas bubbles. Figure 13(a)
shows surface morphologies of the coatings, which
are evidently pH-dependent. Under the most acidic
conditions the deposit shows ridge structure
composed of a mixture of dense network of
thin slabs incorporated into fine polyhedral grains.
Interestingly, such ridge structure is typically
observed for cobalt coatings produced from acidic
chloride-containing electrolytes [5,6,62—64]. The
elongated plate grains gradually disappeared and
became less and less distributed on the coating
surface as pH increased and were not observed for
the highest pH values. Simultaneously, the deposits
were composed of polyhedral fine grains of quite
uniform dimensions. The size of the crystals
increased for the most alkaline conditions and fairly
large pyramidal grains were formed. The changes in
the grain dimensions are reflected by roughness
profiles (Table 3) performed by image analysis of
the gray scale SEM micrograph areas. They give
also estimated number of grains per unit area
showing decreased amount of grains due to their
larger dimensions. In all individual cases, the grains
are packed densely and their sizes seem to be
homogenous, and there is no visible large deviation
in the dimensions. This is in a good agreement with
the instantaneous nucleation of cobalt, where all
nuclei form at the same time and then grow
simultaneously. The pH ranges where the specific

100
) 12
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Oxygen content/wt.%

T —
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Fig. 12 Effect of pH on total and partial electric charges flowed during electrolysis and thickness of cobalt deposits (a)

and cathodic current efficiency and oxygen contamination (b)
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changes in the coatings morphology were observed
are also correlated with the changes in the
nucleation and deposition potentials observed on
CV curves (Fig. 7(d) inset) and the kinetic aspects
of the deposition indicating effect of the course of
the electrochemical reaction steps at the electrode
surface on the development of the metal grains in
the electrolyte containing various metal complexes.
It can be emphasized that “ridge” morphology seen
mainly under acidic conditions correlates with
higher hydrogen evolution allowing cobalt to grow
without any macroscopic blocks by the gas bubbles
sticking on the electrode [8]. However, as pH
increases to 5—8, the grain sizes decrease indicating
inhibiting influence of adsorbed species, probably
CoOH", and especially somewhat higher oxygen
contents on the cobalt surface were detected
(Fig. 12(b)). At the highest pH wvalues, where
the chemical reaction as a rate-determining step
is postulated, the metal grains grow large of
pyramid-like shape.

Figure 13(b) shows FFT patterns corresponding
to the SEM images. The Fourier transform
analyzes regularity of the grain arrangement and
gives helpful information about the periodicity
of a structure. FFT pattern modified as surface
morphology changed with pH. Diffuse disk-shaped
or ring-shaped forms in the FFT images represent
non-ideal structure and suggest the presence of
surface defects, irregularities in the structure and
no directionality. However, in some cases slightly
elongated ellipses can indicate some anisotropy,
e.g. the grains can exhibit preferred orientation.

The modification of the surface morphology
is further reflected by gradual changes of the
cobalt crystal orientation. Figure 14 shows X-ray
diffraction patterns, while Table 4 summarizes peak
relative intensities. The results indicate formation of
cobalt having hexagonal close packed (HCP) crystal
lattice (Fig. 15(a)) with preferred plane orientations
(Fig. 15(b)) dependent on the electrolyte pH
(Table 4). For acidic pH, predominant orientation of
the (0002) plane with the closest packing was
observed, while relative intensities of the peaks for
(1010) and (1120) planes gradually increased as
pH increased up to 5. In turn, only one strong signal
originating from the (0002) plane was observed for
the deposit produced at pH 6. For pH 8 and higher
the preferential orientation changed to the (1120)
plane.
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Fig. 14 X-ray diffraction patterns for cobalt deposits
produced at various electrolyte pH (The assignment of
(hkil) planes to Co, characters can be found in Table 4)

Table 4 Analysis of XRD data and surface energy of
HCP cobalt crystal facets

Relative intensity, (//Imax)/%
pH Coi Co, Cos Co4 Cos
(1010) (0002) (1120) (1122) (2021)

3 s 100 14 - -
4 23 23 23 23 23
5 4 100 38 - -
6 - w0 - - -
7 0 10 19 - -
8 91 73 100 36 36
9 66 59 100 26 26
10 324 100 29 19
Stzﬁji)e r[lgg‘?y/ 226 210 245 258 239

The preferential growth of the (4kil) planes can
be further completed quantitatively by the texture
coefficients, Tc(hkil) [66]:

I(hkil)/1,(hkil)
lz [1(hkil)/1,(hkil)]
n

T (hkil) = (13)

where n is the number of the diffraction peaks
measured; /(hkil) and Iy(hkil) are intensities of the
particular (Akil) reflections of the analyzed sample
and the reference standard used (JCPDS card:
01-089-7094), respectively. If the values of Tc(hkil)
are closed to 1 for all the crystal planes considered,
a randomly oriented crystallite structure similar to
the reference standard is present in the investigated
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sample. The Tc(hkil) values ranging from 0 to 1
indicate the absence of grains oriented in that
direction. On the other hand, the Tc(hkil) values
higher than 1 indicate an abundance of grains
in a specific direction, and the higher the texture
coefficient, more pronounced the preferential
growth of crystallites in the direction perpendicular
to the considered (4kil) plane. Table 5 gives the
texture coefficients for the cobalt electrodeposits
obtained in this study (possible maximal Tc(hkil)
value is 5.0, since five diffraction peaks were
considered). The analysis of the data confirms
pH-dependent preferential development of the
(0002) and (1120) planes, with the latter being
particularly noticeable for the most alkaline
solutions, as indicated by the Tc(Akil) values higher
than 2.

Development of various preferential planes in
the crystal lattice affects the growth of the metal

Table 5 Texture coefficients calculated upon XRD data
(Table 4) and JCPDS standard (01-089-7094)

Tc(hkil)
PH  Co, Co Cos Coq Cos
(1010)  (0002) (1120)  (1122)  (2021)
3 0.2 5.0 1.8 0.0 0.0
4 0.6 2.6 1.7 0.0 0.0
5 0.8 22 2.0 0.0 0.0
6 0.0 5.0 0.0 0.0 0.0
7 0.5 2.9 1.6 0.0 0.0
8 0.7 0.5 2.1 0.8 0.8
9 0.6 0.5 2.5 0.7 0.7
10 04 0.2 29 0.9 0.6

crystals of various shapes (Fig. 15(c)) observed
during formation of the cobalt deposits [16,62,63].
This is usually attributed to the adsorption of
different species (e.g. Haas, COOH"ag5, Co(OH)2ads),
which selectively induce slower growth of some
planes and thus promote the formation of others
[8,12,63]. It is known that the preferred
crystallographic orientation follows tendency of
minimization of surface energy during the electro-
deposition process and the surface free energy
mainly governs the crystal shape near equilibrium
conditions. Mass transport and/or surface properties
play a dominant role in forming the shape of
deposited crystals when the process is realized at
higher overpotential [67]. Table 4 shows values of
surface energy for HCP cobalt crystal facets [65].
The development the crystal facets, originated from
the existence of preferred (0002) plane orientation,
have the lowest surface energy (2.10 J/m?) and is
predominate under the acidic conditions, where the
electroreduction of Co*" from relatively labile
complexes is not seriously affected by the stage of
the cation release from the complex. Gradual
change in the bath pH influences the bath speciation
(Figs. 2 and 6) and the path of the nucleation and
growth (Fig.9) resulting in the modification of
preferred orientation into the (1120) plane. The
corresponding crystal facet showing higher surface
energy (2.45J/m?) may exhibit greater activity in
adsorption processes, which affect their ability to
accept ions from the solution, and especially the
chemical reaction (reaction overpotential) as a rate-
determining step was established. This is consistent
with the discussion of the Tafel slopes presented
above. However, it must be stated that surface free
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energies are not same in vacuum and electrolytes,
since adsorption of ions in electrolytes reduces the
surface free energy. It is commonly explained that
surface energy increases for orientations with more
open planes (least dense planes) [68]. The results
obtained in this study can be compared with the
data reported by NAKANO et al [64]. They found
that the crystal orientation of HCP cobalt deposits
produced from sulfate bath was overpotential-
dependent and the (0002) plane was preferentially
oriented in the low overpotential range, while the
preferred orientation of the (1120) plane became
noticeable with increased overpotential. Analysis of
the data suggests that observed transition from one
to another favored growth and thus changes in the
deposit morphology can originate from adsorption
of different species, possibly CoOH" intermediate.

It can be noted that although stable form of
cobalt is the HCP phase [2,20,21,64], a mixture of
HCP and FCC (face centered cubic) or even
pure FCC structure can be found in the cobalt
deposits [19,62,63]. Interestingly, EL REHIM et
al [19] identified a mixture of phases in the compact
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microcracked and fine grained cobalt produced
from acidic sulfate—gluconate baths at constant
currents. This differs from the current data, but is
understandable, since structural and morphological
differences between galvanostatic and potentiostatic
depositions are observed [61].

3.6 Anodic stripping analysis

Figure 16 shows results of the anodic stripping
for thin cobalt layers. They represent single peak at
the potential of about —0.1 V corresponding to the
dissolution of cobalt if produced at pH 3—7. The
course of anodic curves changed for higher pH,
where lower and wider peak develops with a
maximum at the potential of —0.3 V. It is followed
by secondary peaks at more positive potential
values, but their height decreases with the
electrolyte alkalization. The obtained results are
correlated with the structures of the deposits
dependent on the bath speciation. It seems that high
anodic peaks develop due to dissolution of cobalt of
preferential crystal orientations followed by more
or less easy formation of the soluble intermediates.
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4 Conclusions

(1) The complexation of cobalt(Il) ions by
gluconate ions is dependent on the electrolyte pH
giving a variety of species with different structures
and various contents in the solution.

(2) Buffering properties of the electrolyte
towards acid and base addition are affected by the
pH due to multiple ionic equilibria involving
cobaltous, gluconate and boric acid species.

(3) Cobalt—gluconate complexes affect rate-
determining step of the electroreduction in various
ways: the cathodic process run under activation
control followed by diffusion control in acidic
range, while it changes into reaction control at
higher pH.

(4) Potentiostatic formation of the cobalt
deposits run via 3D instantaneous nucleation
followed by diffusion controlled growth, but it is
disturbed at higher pH due to a release of the metal
cation from gluconate complexes as a limiting step.

(5) pH-dependent morphology and crystal
planes of preferred orientation of HCP cobalt
deposits were correlated with the bath speciation
and kinetic aspects of the cathodic reaction.
However, at this moment it is not definitely clear
what type of adsorbate species (CoOH" is believed
at pH 5—8) governs the structural changes.
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