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Abstract
Electrodeposition of nickel from slightly acidic gluconate solutions containing chloride or/and sulfate ions was investigated.
Electrochemical measurements correlated with bath speciations showed nickel chloride complex and nickel sulfate complexes as
crucial species affecting cathodic reactions in a potential range up to −1.3V. At more negative potentials, nickel deposition was
governed by a release of nickel cation from nickel-gluconate complex. This was further evidenced by differences in nucleation
modes, morphology, and structure of the deposits. Wettability of as-plated and chemically modified nickel layers were deter-
mined and correlated with their morphology and corrosion resistance.
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Introduction

Nickel electroplating technologies have been developed ex-
tensively for last 50 years leading currently among electrode-
posited metals with upwards of 150,000 tones being deposited
worldwide every year [1]. According to Future Market
Insights, this segment is expected to hold a little below 31%
of the market, in terms of product type, by the end of 2031 [2].
Nickel remains the sought-after metal in the electroplating
area as it provides an excellent combination of corrosion and
wear resistance, enhanced hardness, superior strength, and
ductility as well as bright, luster, or satin finishes [3]. The
electrodeposition process offers also superb adhesion proper-
ties for subsequent coating layers, usually for chromium.
These widespread properties reflect commercial importance
of traditional nickel coatings and their versatility in technical
and decorative applications. Nickel is used often as a matrix
for electrochemical synthesis of composite coatings [4–6].
They can contain a variety of hard or soft nano- or microsized
particles improving physio-chemical properties of the metallic
layers. For the last few years, a new type of nickel deposits has
been also developed [7]. They are superhydrophobic coatings

characterized by water contact angle above 150o and poten-
tially improved corrosion resistance originated from reduced
contact area between the metal and water droplets [8–10].

Detailed review [11, 12] of the subject matter showed no
data related to the wettability of traditional as-plated nickel.
Some accidental results were reported during comparative
studies on a fabrication of superhydrophobic coatings post-
treated chemically with compounds of low surface energy
[7–10]. This inspired the authors to carry out an investigation
on an importance of primary components of the electrolytic
bath (i.e., chloride and sulfate anions) and deposition potential
in a creation of a special surface morphology of the nickel
coatings and, further, their wettability and corrosion resis-
tance. However, this research work involves principally elec-
trochemical studies on the reduction of nickel ions and metal
nucleation in a presence of different anions as both phenom-
ena affect further morphology of the electrodeposits and thus
their surface properties. Although a role of chloride and sulfate
ions in acidic simple salts solutions has been already investi-
gated [13, 14], their effect in more alkaline complex baths is
still essentially obscured. The electroreduction of nickel ions
from gluconate baths has been not investigated in details yet;
therefore, sodium gluconate as environmentally friendly addi-
tive was used in this study to complex nickel ions and improve
buffer capacity of the electrolytes [15, 16]. These comparative
studies can contribute deeper insight into the surface phenom-
ena taking place at a cathode when the electrolyte contains a
mixture of anions. The obtained results can give also an
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answer if there would be a possibility to fabricate hydrophobic
nickel layers of improved corrosion resistance with no addi-
tion of special crystal modifiers to the bath nor application of
uncommon electrolysis modes, or chemical post-treatment of
the coatings is necessary to achieve low wettability of the
nickel coatings.

Materials and methods

Electrodeposition of nickel was carried out from gluconate
solutions due to improved buffer properties, metal
complexing ability, non-toxicity of sodium gluconate, and,
thus, well applicability of the latter in the nickel plating. The
solutions contained 0.25M Ni2+, 0.25M boric acid H3BO3 as
buffering component, and 0.25M sodium gluconate
C6H11O7Na as buffering-complexing agent. Three baths were
used, i.e., chloride (0.5M Cl- as NiCl2), sulfate (0.25M SO4

2-

as NiSO4), and chloride-sulfate (0.25MCl- and 0.125M SO4
2-

as NiCl2 and NiSO4 in the 1:1 molar ratio). For comparative
purposes, blank solutions with potassium salts of the same
molar concentrations instead of nickel salts were used. The
pH of all baths was 6.0. Ionic speciations of the particular
baths were calculated using free available HySS software.

Electrochemical measurements were carried out in a three-
electrode cell using a glassy carbon GC working electrode
(0.2 cm2), a platinum plate (2 cm2) as a counter electrode
and an Ag/AgCl electrode as a reference electrode (all poten-
tials in the further text are referred to this electrode). Cyclic
voltammetry CV with a sweep rate of 10 mV/s was initiated
from a potential of 0 V vs. Ag/AgCl and continued towards
more negative values (i.e., −1.2 V or −1.4 V) during the first
scan. The forward scan was finished at the same potential as
initial (0 V). Chronoamperometric measurements were per-
formed for 40 s at various potentials. Anodic stripping volt-
ammetry was further performed at the scan rate of 10 mV/s
with no removal of the sample from the bath. Nickel layers
were deposited at constant potentials for 60 min in the same
system, but copper plates (0.44 cm2) as cathode substrates
were used. Before each experiment, the glassy carbon elec-
trode with a mirror finish was chemically cleaned, while the
copper sheets were chemically polished in a mixture of con-
centrated acids (HNO3:H3PO4:CH3COOH with a volume ra-
tio of 1:3:1).

Morphology of the nickel coatings was examined using
scanning electron microscope (Hitachi). Structure of the de-
posits was analyzed by X-ray diffractometry (Rikagu diffrac-
tometer, CuKα radiation).

Cathodic current efficiency of nickel potentiostatic deposi-
tion η was calculated according to the mass of deposit m
determined gravimetrically and total electrical charge flowed
through circuit during electrolysis Q:

η ¼ m

kNi∙Q
100% ð1Þ

where kNi is the electrochemical equivalent of nickel.
Selected nickel samples were chemically post-treated with

0.2-M ethanol solutions (anhydrous) of three saturated organic
acids: lauric C12H24O2, palmitic C16H32O2, and stearic
C18H36O2. The coatings were immersed in the solutions for
10 min at 60 oC and then remained to dry at ambient
temperature.

Water contact angles WCA of stationary water droplets
were measured with a goniometer (Krűss DSA25). A scaler
installed at a deionized water container injector was used to
control the volume of the water droplet. The water contact
angle tester contained a needle that could hold very small
droplet (2 μl), which could drop on the sample under gravity.
It was followed by taking a series of snapshots accompanied
by automatic measurements ofWCAs until stable values were
obtained.

Corrosion resistance of the coatings in 0.5MNaCl and 1M
H2SO4 aqueous solutions was determined from potentiody-
namic electrochemical experiments. Linear voltammetry with
a sweep rate of 10 mV/s was realized always towards positive
potentials in a potential range from −1.4V to −0.1V in H2SO4

and from −1.6V to −0.1V in NaCl.
All electrochemical experiments were performed at ambi-

ent temperature (22 ± 1 oC) using Autolab potentiostat/
galvanostat (PGSTAT30) and non-agitated solutions with a
volume of 20 cm3. Individual measurements reported in this
paper were repeated three times and average values are
shown.

Results

Bath speciation

Nickel cations in aqueous electrolytes can exist as various
species due to their tendency to combine with water molecules
or chloride, sulfate, and gluconate anions. As result, cationic,

Table 1 Equilibrium constants at 298 K [17, 18]

Reaction Constant

Ni2+ + H2O ↔ NiOH+ + H+

Ni2+ + Cl- ↔ NiCl+

Ni2+ + SO4
2- ↔ NiSO4

Ni2+ + 2SO4
2-↔ Ni(SO4)2

2-

Ni2+ + Glu- ↔ NiGlu+

Ni2+ + 2H3BO3 ↔ NiB2O3(OH)2 + 2H+ + H2O
H+ + SO4

2-↔ HSO4
-

H+ + Glu- ↔ HGlu
H+ + Cl- ↔ HCl

log K1 = -9.76
log K2 = -0.17
log K3 = 0.57
log β4 = 1.42
log K5 = 1.82
log K6 = -11.5
log Ka1 = 1.987
log Ka2 = 3.56 (293 K)
log Ka3 = -7.0
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neutral, or anionic complexes of different stability are formed
(Table 1). Figure 1 shows the equilibrium distribution of the
nickel species in the electrolytes. It was found that simple
metal cation represents 13–19% (40 ± 6 mM) of total nickel
in the solutions, while remaining portions exist as different
complexes. The latter is mainly gluconate complex showing
68–75% (180 ± 10 mM) of all nickel forms. In turn, chloride
(max 15mM) or sulfate (max 40mM) nickel complexes show
lesser fractions. Hydroxide or borate complexes can be omit-
ted in the considerations due to their negligible percentages
(i.e., 10-3 mM).

The existence of particular nickel species in the solutions
determines the mechanism of the metal electrodeposition [8].
However, it must be emphasized that free anions like chloride,
sulfate, and gluconate or boric acid also play important roles,
since they affect a buffer capacity of the baths [15, 19, 20] and
morphology of the deposits [15]. It should be also noted that
during electrolysis a composition of the electrolyte adjacent to
the cathode can change due to depletion of metal ions or
hydrogen coevolution. In the latter case, the equilibrium spe-
ciation for higher pH may be recommended for taking
account.

Voltammetric studies

Figure 2 shows the CV curves registered for two switching
potentials. Generally, one cathodic branch C and single anodic
peak A were observed. However, the anodic response was
absent in the sulfate bath if the switch potential was negative
not enough. This indicates an inhibiting effect of sulfate an-
ions on the nickel electrodeposition. Such hindering was not
evidenced in the chloride-sulfate solution, where the
inhibiting action of SO4

2- was depressed by activation effect
of chloride species. The analysis of the cathodic branches
indicates that nickel starts to deposit at the potentials of
−1.04V, −1.07V, and −1.20V in the chloride, chloride-sulfate,
and sulfate bath, respectively. In all cases, the cathodic
branches involve two electroreduction processes, since nickel

deposition is indistinguishable from hydrogen evolution
reaction.

During the reverse scans, two cross points between the
negative and positive sweeps were observed. First cross-
point corresponding to nucleation potential En was at the loop
typical for a nucleation and growth of a new phase. Such
crossover, associated with electrocatalytic points, was about
−1.2V and −1.3V for both chloride-containing baths and sul-
fate bath, respectively. The En values were practically inde-
pendent on the switch potential in both chloride-containing
solutions, while En stabilized at −1.2V in the sulfate bath
when the reverse potential was −1.6V (not shown). Second
crossover potential Ec appeared at more positive values, i.e.,
about −0.9V in the chloride-containing baths and −0.4V in the
sulfate bath (Fig. 2b, inset). Such point is often related to an
equilibrium potential of aM/Mz+ electrode. However, this was
not the case, since all recorded values were different from a
formal potential of the nickel electrode calculated according to
the Nernst equation for the concentration of simple nickel
cations, i.e., −0.52V vs. Ag/AgCl for 40±6 mM Ni2+. This
could be attributed to complex occurrences at the cathode
during potentiodynamic measurement.

The cathodic currents recorded between En and Ec were
always higher during the reverse than during the forwardFig. 1 Distribution of nickel species in gluconate baths at pH = 6.0

Fig. 2 Cyclic voltammetric curves registered in various baths for two
switching potentials: a) -1.2 V, b) -1.4 V
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sweep. It is obvious, since energy required for the nickel
overpotential deposition on the foreign substrate (glassy car-
bon) is higher than that for the metal deposition on the native
layer (nickel) produced during the previous scan [21].
However, the backward CV part was dependent on the bath
indicating differences in a behavior of the nickel species at the
electrode surface.

Details of the negative and positive scans registered on the
GC electrode in the absence and the presence of nickel ions
are shown in Figure 3. The forward scans demonstrated en-
hanced initiation of the cathodic processes in both chloride-
containing nickel baths (Figs. 3a, c) associated with easier
formation of nickel nuclei and easier hydrogen coevolution
on the metal than on glassy carbon [22]. A comparison of
the curves showed their overlapping from the potential of
about −0.9 V indicating similar electrochemical behavior
when chloride ions were present. The cathodic reactions were

much more inhibited in the nickel sulfate solution, where the
currents started to rise at more negative potential of −1.1V
(Fig. 3b). Interestingly, in both sulfate-containing nickel solu-
tions, flat regions iL,F on the curves were found. The length of
plateau was proportional to the sulfate concentration. These
limiting currents iL,F could be attributed to mass transfer lim-
itation during two-step hydrogen evolution [23] or a reduction
of dissolved oxygen. However, the limiting currents (~ 5 mA/
dm2) cannot be ascribed solely to these processes since similar
plateau should be found in all electrolytes having the same pH
and the same air saturation (the electrolytes were not deaerated
before experiments). This suggests that the limiting current
iL,F is caused by at least two main processes like a formation
of first nickel nuclei and concurrent hydrogen evolution tak-
ing place on a new metallic phase. These reactions can be
hindered by adsorption of sulfate species and/or slowed re-
lease of nickel ions from nickel sulfate complexes. In turn, a

Fig. 3 Forward (a-c) and backward (a’-c’) parts of CV curves registered in blank and nickel gluconate solutions: a-a’) chloride, b-b’) sulfate, c-c’)
chloride-sulfate
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lack of the plateau in the chloride bath shows a kind of surface
activation by chloride species.

Dissimilarities were also during the reverse scan (Fig. 3 a’-
c’). The behavior of both chloride-based systems was quite
similar, but a limiting cathodic current iL,B (50 mA/dm2) ap-
peared in the sulfate solution. The limiting current was ob-
served solely if nickel film was previously produced on the
cathode surface.

Such differences in the positive scans were further found
during anodic sweep voltammetry (Fig.4 a’-c’). Analogous
limiting cathodic currents iL,B’were found only in the sulfate
solution and solely if metal was deposited in enough amount
during the accumulation stage. For the deposition potentials
of -1.1V and -1.15V, a gradual decrease of the cathodic cur-
rents with no clear plateau and no anodic peak of the metal
dissolution were observed. It is evident that these limiting
currents are definitely caused by a process favored by the
metal formerly deposited on the electrode during the accu-
mulation step (Fig. 4 b, b’). Moreover, this process cannot be
hydrogen coevolution. All observations show that the sur-
face phenomenon is unquestionably correlated with the pres-
ence of nickel sulfate complexes in the solution and this
cathodic process is enhanced by the nickel surface, but not
by the glassy carbon.

The anodic stripping voltammetry indicated also some dif-
ferences in location of the anodic peak maximum. The maxi-
ma were shifted somewhat towards more negative direction in
the sulfate bath in comparison to the chloride bath. In turn, the
peak maxima were in the intermediate positions in the
chloride-sulfate solution.

The heights of the anodic peaks were also dependent on
the deposition potential of the accumulation stage. In the
sulfate solution, the deposition potentials up to −1.3V result-
ed in more enhanced nickel deposition and thus continuous
development of the anodic response during dissolution. In
turn, the anodic peak started to lessen its height for the de-
position potential of −1.3V in the chloride-sulfate bath, while
in the chloride bath, this effect was observed already at
−1.25V. Such effects indicate existence of the parallel reduc-
tion of hydrogen ions responsible for the falling of the ca-
thodic efficiency of metal deposition at more negative poten-
tials. The existence of single anodic peaks in all electrolytes
indicates a lack of secondary/intermediate products like
Ni(OH)2 incorporated into the metal [24] or nickel passiv-
ation effects. This shows that the presence of gluconate hav-
ing good buffering properties [15] prevents precipitation of
hydroxide at the cathode surface even if hydrogen coevolu-
tion occurs simultaneously. However, it must be mentioned
that conditions at the cathode surface can be changed during
prolonged electrolysis times.

To get better insight into the cathodic processes, the parts
of the cathodic and anodic branches were plotted in a Tafel
coordination system (Fig.5). During cathodic scan, three

ranges were observed: I, up to −1.15V was influenced by
the anions; II, in a rather narrow potential range near −1.2V
was linear and independent on the bath; and III, at the poten-
tials more negative where a concentration polarization appears
in all electrolytes. In turn, the rising parts of the anodic peak
(Fig.5, inset) were similar in both chloride containing solu-
tions, while in the sulfate bath horizontal part was detected.
The linear regions were observed in the narrow potential
ranges with average slopes of about −0.11V/dec and 0.12V/
dec for cathodic and anodic reaction, respectively. The slopes
were in a good agreement with literature data determined at
similar solution pH [25]. It shows that nickel can be deposited
and dissolved under activation control as one-electron transfer
rate-determining step but only at restricted potential ranges (in
fact the linear Tafel region on E–log i dependences should be
more prolonged for deeper discussion of the mechanism of the
electrochemical reaction). However, this was not fully true for
the anodic nickel dissolution in the sulfate bath, since the flat
part of the curve indicates additional surface phenomena
disturbing formation of the metal ions.

The comparison of all voltammetric data clearly evidences
different surface phenomena taking place on the glassy carbon
and fresh nickel surfaces depending on the presence of chlo-
ride or sulfate ions as well as the cathode potential. These
anions can form nickel complexes of relatively low stability,
which is crucial for the mechanism of nickel electroreduction
[11]. It seems that the presence of NiGlu+ of the highest sta-
bility affects the metal electroreduction at more negative po-
tentials, i.e., in the III range, while for more positive poten-
tials, the metal deposition was governed by the chloride and
sulfate forms.

Electrodeposition and characterization of deposits

Nickel was deposited at constant potentials selected according
to the potentiodynamic results. Figure 6 shows the influence
of the deposition potential on the amount of deposited metal
and current efficiency. Comparable amounts of nickel were
produced independently on the type of anion, but the key
parameter revealed the deposition potential. The courses of
the curves in Fig. 6a reflect the conclusions drawn from the
Tafel plots and clear ranges of the cathodic process can be
distinguished showing different rate-determining steps. The
most favorable conditions for the plating were in a narrow
range of the potentials, i.e., between −1.1V and −1.2V, where
deposition run under activation control. This was followed by
a decrease in the nickel deposition caused by mass transfer
limitation and plateau of the limiting currents below −1.4V.
The latter appeared in the same potential range signifying
similar rate-determining step in all baths. Finally, in both
sulfate-containing solutions, the amounts of the metal in-
creased a little from the potential −1.8V, despite that the
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cathodic current efficiency remained practically unchanged
(Fig. 6b).

Such ranges can be then correlated with the surface mor-
phology of the nickel layers (Fig. 7). High similarity of the
nickel surfaces produced in the chloride-containing baths is
evident, while other morphology was observed in the sulfate
electrolyte.

Three types of the deposits depending on the deposition
potential were found in particular baths. In each case two-
level roughness of the surface was visible at low and high
magnifications. In the chloride bath, compact layers with

cauliflower-like surface were produced at the potentials from
−1.0 to −1.2V. Such specific morphology consisted of clearly
visible grains changing from nodular (−1.0V) to star-like or
needle-like/platelets (−1.1V and −1.2V) in shape. For more
negative potentials, thin smooth deposits were obtained.
These reproduced roughness of the copper substrate in a cen-
ter of the sample. At the most negative potentials, porous
deposits with inorganic precipitates at the edges of the sample
were formed. Similar morphologies were observed in the
chloride-sulfate solution, except the most negative potentials.
In the latter cases, thicker, cracked, and rough nickel layers

Fig. 4 Chronoamperometry (a-c) and anodic stripping voltammetry for nickel deposited at various potentials from gluconate solutions: a-a’) chloride, b-
b’) sulfate, c-c’) chloride-sulfate
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were formed. Such effects were more prevented in the sulfate
bath. At the less-negative potentials gradual change from nod-
ular (−1.0V) to polyhedral big grains at (−1.3V) were ob-
served. At −1.4V and −1.5V thin layers of similar morphology
like in other baths were produced. The surface began to
change with more negative potentials. The smooth layer
started to crack (−1.6V) and ripple (−1.7V) with an initiation
of columnar growth at the edges of the cracks (−1.8V and
below). A development of the columnar structures was more
favored at the edges of the sample, but no inorganic precipi-
tates were observed.

SEM observations evidenced precipitation of secondary
nickel oxide/hydroxide products on the surface of the sam-
ples produced mainly in the chloride-containing baths, at the
most positive and negative potentials. At the more positive
potentials (−1V), reduction of hydrogen ions proceed
electroreduction of nickel ions due to thermodynamic rea-
sons, but at the more negative potentials hydrogen evolution
is favored due to mass transfer limitation of nickel species.
This resulted in the alkalization of the electrolyte at the cath-
ode surface and enhanced hydrolysis of the nickel salts. Such
effects were prevented in the sulfate bath confirming former
hypothesis on the inhibiting effects of the sulfate species.

X-ray diffraction patterns indicated a face centered cubic
structure of the polycrystalline deposits (Fig. 8). Nickel
diffractograms could not be obtained for all thin layers due
to refining nickel crystallite sizes and thus strong signals of
the copper substrate. Therefore, some general deductions

could be drawn for only few samples. Three peaks located
at 44.6o, 52.1o, and 76.5o were indexed to nickel (111),
(200), and (220) planes, respectively. Relative intensity of
the peaks seemed to be dependent on the anion type in the
electrolyte (Table 2), despite that the preferential orientation
of the close-packed plane (111) is dominant in all cases.
However, it is clearly seen that intensity of the (111) reflex-
ion is dependent on the bath (thickness of the deposits is
comparable, Fig.6a). It was found that chloride ions impede
formation of the (111) and (200) planes, enhancing develop-
ment of the (220) plane. In turn, sulfate ions stabilize devel-
opment of the (111) and (200) planes. The influence of par-
ticular anions is reflected in the crystalographic structure of
the nickel deposits produced from the mixed-anion bath.
Preferential growth modes of the nickel deposits is correlated
with the grain shapes shown above since the final form of the
crystals obviously depends on the relative development of
the planes. However, if the metal crystals are produced under
different conditions, they can exhibit the same crystallo-
graphic structure but different external shapes and facets
[26].

The average nickel crystallite sizes Dc were estimated from
XRD patterns for the (111) reflection using the classical
Scherrer’s formula:

Dc ¼ K∙λ
β∙cosθ

ð2Þ

Fig. 5 Tafel plots of cathodic and
anodic (inset) CV branches
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where λ is the wavelength of X-rays (0.154 nm), β is a full
width at the half-maximum intensity (rad), θ is the Bragg
diffraction angle (rad), and K is a dimensionless shape factor
assumed to be 0.9.

It was found that the nickel crystalline domains were
nanometric in size having about 14, 24, and 21 nm for the
chloride, sulfate, and chloride-sulfate bath, respectively.

A possibility of the creation of different surface morphol-
ogies can affect surface properties of the coatings like wetta-
bility and then corrosion resistance. Wettability is seriously
dependent on the roughness due to possibility to maintain
water droplets on tops of “hills” if regularly distributed on
the surface [7]. Obviously, the best situation to obtain
superhydrophobicity is hierarchical morphology in a micro-
and nanoscale helping to trap a large amount of the air that
reduces attractive interactions between the solid surface and
the liquid. Second option is an application of chemical com-
pounds of low surface energy if no specific two-tier surface
can be obtain. The microscopic observations of the nickel
surfaces produced in this research showed that hierarchical
surface roughness was not succeeded. Therefore, a few

selected samples were chemically treated with three saturated
organic acids: lauric C12H24O2, palmitic C16H32O2 and stearic
C18H36O2. The wettability of as-plated and modified nickel
layers was determined. The results are presented in Figure 9.
Water contact angles WCA changed from weakly hydrophilic
to weakly hydrophobic (but not superhydrophobic), as seems,
dependently on the deposit thickness and, hence, the surface
roughness. This effect was mostly evidenced for less negative
deposition potentials where gradual changes in the nickel mor-
phology were identified. At more negative potentials, surface
composition and morphology changed due to precipitation of
inorganic hydrolysis products combined with a serious in-
crease in the surface roughness. Modification of the nickel
coatings with organic acid decreased wettability of the sur-
faces. Such effect is related to the adsorption of the molecules
with polar group –COOH at the metal surface and non-polar
hydrocarbon chain directed outside. In general, lauric acid
with the shortest chains appeared to be the most effective,
probably due to denser arrangement of the molecules attached
to the metal substrate. However, no superhydrophobic prop-
erties were obtained. This shows that surface modification

Fig. 6 Influence of deposition
potential and bath composition
on: a) amount of deposited nickel,
b) cathodic current efficiency
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with the compounds of simple structure is not sufficient to
obtain high WCA if no special metal surface morphology
exists.

Corrosion properties of the coatings were investigated in
neutral and acid environments. However, no correlations
among corrosion currents, corrosion potentials, and wettabil-
ity of nickel were found. In general, the corrosion currents and
corrosion potentials were (2.6 ± 0.5)∙10-2 mA/cm2 and −0.70
± 0.05V in NaCl solution, whereas 0.9 ± 0.2 mA/cm2 and
−0.30 ± 0.05V in H2SO4 solution. These values indicate that
conventional nickel coatings with no specific surface architec-
ture are not able to achieve special properties.

Nickel nucleation

Early stages of the metal formation affect often morphology of
the coatings. It is traditionally agreed that metal electrodepo-
sition on a foreign substrate includes the reduction of metal
ions to adatoms, whose aggregation can successively generate
nuclei at active sites randomly distributed over the substrate
These particles can further grow by diffusion ofmetal ions and
charge transfer reaction at nuclei surface. The competition
between nucleation of the metal and its growth determines
the granularity and morphology of the deposit.

The nucleation stage is investigated usually by analysis of
the chronoamperometric curves registered at constant poten-
tials. The i-t transients shown in Figure 4a-c exhibit the depo-
sition behavior with the characteristic peak corresponding to
the nuclei overlapping followed by a tendency of the curves to
merge into a common curve for longer times typically for a
diffusion controlled growth of the nuclei. It is seen that the
initial decay in the current density caused by double-layer
charging does not occur completely. This may be caused by
concurrent hydrogen evolution or rapid replacement of con-
sumed ions. The i-t curves demonstrate also induction periods
tind which were the longest in the sulfate bath. This delayed
nucleation was less emphasized in the chloride-containing so-
lutions. Such induction period is considered as the time

needed to reach a steady-state distribution of subcritical clus-
ters associated with adsorption-desorption of electroactive
ions or the time needed for the appearance of an active site
on the electrode surface [26]. In this stage no significant nu-
cleation can occur; the small clusters may also dissolve into
the solution. Prolongation of this stage indicates some hin-
drance of the active sites creation by adsorbed non-
electroactive species or hydrogen.

Initiation of the metal layer deposition is associated with a
formation of 2D or 3D nuclei. Deposition is continued
through layer-by-layer of adatoms on the depositing plane in
the case of 2D growth, whereas random incorporation of iso-
lated supercritical nuclei on the substrate occurs in the case of
3D growth. The nucleation stage and subsequent growth can
take place by two different mechanisms called instantaneous
and progressive. Instantaneous nucleation IN occurs when the
rate of nucleation is faster than subsequent growth rate of
nuclei. In this case, all nuclei are created within very short
time at early stage of electrodeposition. In progressive nucle-
ation PN, the rates of the nucleation and the successive growth
are comparable, while the nucleation process is continued si-
multaneously with growing nuclei formerly created. Kinetics
of the early stages of the electrochemical deposition is inves-
tigated by analyzing the current-time transients (Fig.4a-c) in
terms of dimensionless dependences characteristic for partic-
ular nucleation modes. These are plotted as i/imax or (i/imax)

2

against t/tmax, where imax is potentiostatic current maximum
and tmax is the corresponding time in the chronoamerometric
curve. The equations for the individual nucleation models
were proposed by Bewick et al. [27] and Scharifker and
Hills [28] for the analysis of 2D and 3D nucleation, respec-
tively. The 2D nucleation model undertakes the incorporation
of atoms or molecules at the expanding periphery of the cen-
ters as the rate-determining step in the electrocrystallization,
while the growth of 3D nuclei is assumed as diffusion-limited.
The following relationships were given for the nucleation with
nuclei overlap [26–29]:

i

imax
¼ t

tmax
exp

1

2
1−

t2

t2max

� �� �
for 2D instantaneous nucleation

ð3Þ
i

imax
¼ t2

t2max

exp
2

3
1−

t3

t3max

� �� �
for 2D progressive nucleation ð4Þ

i2

i2max

¼ 1:9542
t

tmax

1−exp −1:2564
t

tmax

� �� �2
for 3D instantaneous nucleation

ð5Þ
i2

i2max

¼ 1:2254
t

tmax

1−exp −2:3367
t2

t2max

� �� �2
for 3D progressive nucleation

ð6Þ

Table 2 Relative intensity (in %) of the peaks on diffractograms for
nickel produced in different conditions

Plane Deposition potential -1.2V

chloride bath sulfate bath chloride-sulfate bath

(111) 100 100 100

(200) 9 18 12

(220) 35 14 57

Deposition potential -1.3V

(111) - 100 100

(200) - 16 12

(220) - 10 30
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These expressions describe both the rising and falling por-
tions of the transients.

To identify the mode of the nickel nucleation a comparison
of the theoretical curves with the experimental data was

performed. Figure 10a shows the results plotted in the t/tmax-(i/i-

max)
2 coordination system (Eq. (3)-(4) were recalculated) for the

deposition potentials at which the formation of metal should be
least disturbed by concurrent processes. It was observed that

Fig. 8 XRD of nickel deposits
produced at -1.2V
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Fig. 9 Influence of deposition
potential on wettability of as-
plated (a-c) and modified (a’-b’)
nickel deposits produced from the
baths: a-a’) chloride, b-b’) sulfate,
c-c’) chloride-sulfate
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experimental points for both chloride-containing baths are
closely following two theoretical curves (2D IN and 3D PN)
up to the maximum current peak, but then partially cover the
diagnostic curve of 3D instantaneous nucleation. The latter
model seems to be characteristic for early stages of the nickel
deposition from the sulfate bath. A transition between modes
observed for tmax < t (i.e., when nuclei overlap with each other)
suggests that the nucleation type can change if new nickel nu-
clei are formed on previously created thin metal layer. This
could be confirmed by second weak maximum marked on the
transient at shorter times for the chloride containing baths if
deposition potential was more negative.

To distinguish nucleation behavior at very early times (on
glassy carbon), the rising parts of the chronoamperometric
curves were plotted in a logarithmic coordination system
(Fig.10b). Linear dependence with a general formula:

log i ¼ constþ n log t ð7Þ

describes generally i-tn functions developed for different
kinds of nucleation and growth stages at early stages of the
electrocrystallization [26, 29]. Therefore, the values n can
serve as the diagnostic criterion for the type of the process.
The rising parts of the transients for the identified nucleation
modes are described by the following equations:

i ¼ 2πzFMNohk
2

ρ
t for 2D instantaneous nucleation ð8Þ

i ¼ πzF 2Dcð Þ3=2NM1=2

ρ1=2
t1=2 for 3D progressive nucleation

ð9Þ

where z is the number of electrons, F the Faraday constant,
h the height of the deposited layer, k the rate of incorporation,
No and N the number densities of isolated nuclei, M the molar
mass of the metal, ρ the metal density, D the diffusion coeffi-
cient of the electroactive species, and c the concentration of
metal ions.

For both chloride containing solutions, the slopes of the
linear parts of the rising portions of the transients for −1.2V
were 0.9 indicating 2D instantaneous nucleation (n = 1).
However, at more negative potential (-1.25V) the slope was
more reduced if sulfate ions were present. In the sulfate bath,
the slope confirms 3D instantaneous nucleation with diffusion
limited growth (n = 0.5), but the change in the potential again
affects the results. All of it confirms that nickel nucleation is
affected by the presence of sulfate species.

Comparison of the identified nucleation models with SEM
micrographs (Fig. 11) shows that along the time, instability in
the nickel growth takes place and a transition from one to
other growth mode takes place. This is indicated not only by
the analysis of the transients but also evolution of the surface
morphology with the deposition potential. Samples produced

at the potential of -1V seem to consist of grains of narrow size
distribution. It may confirm 2D or 3D instantaneous nucle-
ation. The morphologies changed when thickness of the de-
posits increased. In both chloride-containing baths, thin
platelet-type star-like grains of quite uniform size were ob-
served. This appeared to support transition from 2D to 3D
instantaneous nucleation on the tops of the 2D nuclei. In turn,
polyhedral grains with broad grain size distribution were
formed in the sulfate bath indicating 3D progressive nucle-
ation type. Therefore, the transition from 3D instantaneous
to 3D progressive nucleation can appear in this case.
Obviously, it should be in mind that the nucleation mode
can be affected by the substrate type (glassy carbon or nickel),
while the further growth of the metal crystals can be modified
by adsorbed species [26].

Discussion

The electrochemical measurements and morphological inves-
tigations clearly show significant role of anions in the nickel
electrodeposition from the gluconate baths. This is addition-
ally complicated by the deposition potential used, which de-
termine the rate-controlling step of the electroreduction.

It is generally accepted that nickel electrodeposition from
slightly acid baths involves two consecutive one-electron
charge transfers with adsorption of intermediary nickel cation-
ic complex [12, 24, 26, 30]:

Ni2þ þ X−↔NiXþ ð10Þ
NiXþ þ e↔NiXads ð11Þ
NiXads þ e↔Niþ X− ð12Þ

The anionX- can be Cl- in chloride or chloride-sulfate baths
or OH- in sulfate electrolytes. The rate-determining step is first
electron transfer, i.e., reaction (11). This corresponds to the
Tafel slope of -0.12V/dec.

A significance of hydrogen in the nickel electrodeposition
cannot be omitted; hence a sequence of reaction can also occur
[31]:

Ni2þ þ e↔Niþads ð13Þ
Niþads þ Hþ þ e↔Niþads þ H*

ads ð14Þ
Niþads þ H*

ads þ e↔Niþ Hincl ð15Þ
2H*

ads→H2 ð16Þ

leading to the hydrogen incorporation into the nickel layer
[32].

Taking above and the experimental results of the current
study into account, it is seen that the differences in the
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Fig. 10 Diagnostic plots
calculated according to the results
presented in Fig.6: a) normalized
i–t curves for instantaneous and
progressive nucleation and
growth according to the eq. (3)-
(6), b) logarithmic plot of rising
parts of the i–t curves

a) b) c)

5 μm 5 μm 5 μm

Fig. 11 Surface morphology of
nickel deposited at -1.2 V from
gluconate solutions: a) chloride,
b) sulfate, c) chloride-sulfate
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electrochemical behavior of the electrolytes is evidently cor-
related with the bath speciations.

In the chloride solution and in the deposition ranges I and
II, the course of the cathodic reactions involves concurrent
adsorption and reduction of H+ and NiCl+. The NiCl+ com-
plex as the positively charged species can be easily attracted to
the cathode initiating the nickel deposition at lower
overpotentials, i.e. at more positive potentials than observed
in the sulfate electrolyte. Moreover, the adsorbed NiCl+ can
disturb reduction of hydrogen ions resulting in shorter induc-
tion times during nucleation [33] and higher current efficien-
cies during prolonged electrolysis. It is not also excluded that
this inhibited reduction of hydrogen ions results in lesser in-
corporation of Hinc into the metal and formation of α-Ni (a
solid solution of H in Ni; a H/Ni atomic ratio approx. 0.03)
[32]. This supposition can be reflected by shifting the anodic
peaks to more positive values.

The role of free chloride ions in the electrolyte (0.48M)
cannot be omitted in the metal phase formation, since they
show specific adsorption forming often chemical bonds with
the metal surface [34]. These adsorbed anions by blocking
reaction sites can inhibit 3D nuclei formation on the glassy
carbon leading to instantaneous creation of 2D metal nuclei
at early stages of electrodeposition. However, when first
metal layers are formed this specific adsorption occurs on
some preferential planes enabling growth of 3D nuclei
[26]. Such performance is further reflected by the fine-
grained crystal structure of the deposit indicating preferred
adsorption of the species on the (200) plane and also weaker
on the (111) plane. Such modification of the nickel crystal-
lographic structure cannot be attributed solely to the adsorp-
tion of H+

ads, H2 or even NiOH+
ads [14] if generated at

prolonged time (here: 1mM NiOH+ at pH of 8), since the
relative ratio of the diffraction reflections is characteristic
for the chloride bath. Moreover, the specific nickel morphol-
ogy (star-like grains) was obtained solely in the chloride-
containing baths. Thus, the special behavior of Cl-ads species
is evident as arising from their inhibition of certain three-
dimensional growth facets as the faces with the largest ad-
sorption have the slowest growth rate [35]. It seems also that
even easier precipitation of secondary products in both
chloride-containing baths during prolonged electrolysis was
observed they do not appear to interfere with the metal
deposition.

A behavior of the sulfate system in the I and II ranges was
much more complicated and more influenced by the substrate
surface (glassy carbon, nickel). It is known that free SO4

2-

anions can adsorb on the cathode surface and desorb as the
cathode potential becomes more negative. The desorption of
sulfate anions from nickel surface was observed in sodium
sulfate solution at −0.85V vs. Ag/AgCl at pH 3, but such
desorption peak was difficult to distinguish at pH 6 due to
convolution with the background current [36]. This sulfate

adsorption can disturb the nickel deposition leading to higher
cathode polarization due to competitive occupation of adsorp-
tion sites on the electrode surface, but hydrogen coevolution
seems not disturbed as previously. Therefore, it is assumed
that large sulfate anions are rather steric hindrances than being
bound by chemical bonds. This is evidenced by longer induc-
tion times, formation of 3D nuclei, lower current efficiencies,
and the anodic peaks shifted towardsmore negative potentials.
The latter can be correlated with the anodic dissolution of β-
Ni (an interstitial hydrogen alloy of nickel, a H/Ni atomic ratio
above 0.6) [32]. However, these possibilities do not explain
the cathodic limiting currents observed if nickel film existed
on the electrode surface. Hence, it is accepted that nickel sur-
face can catalyze reduction of Ni(SO4)2

2- to NiSO4
-. The latter

can then adsorb on the metal surface and can be reduced to the
metallic form:

NiSO4
− ↔NiSO4

−
ads ð17Þ

NiSO4
−
ads þ e↔Niþ SO4

2− ð18Þ

This NiSO4
-
ads adsorbate is weakly bonded to the metallic

nickel resulting in insignificant disturbance of the nickel crys-
tals formation, but the reaction (18) can be responsible for
longer induction times.

The concurrent action of chloride and sulfate species is
evidenced in the mixed-anion system. Strong bonding of the
chloride species to the metal surface is weakened by steric
obstacle of the sulfate species and reverse. This is revealed
by short plateau of limiting current on CV curves followed by
their overlapping below −0.9V. This complex electrochemical
behaviour is reflected by the morphology and structure of the
deposits.

The nickel electrodeposition in the III range is practically
the same in all baths. This implies that release of nickel ions
from the same complex NiGlu+ is the rate-determining step. It
led to formation of very fine-grained deposits of the same
morphology.

Interesting effect was observed in both sulfate-containing
baths at the most negative potentials. Increased mass of the
deposit was correlated with the growth of columnar structures
at the edges of cracks in the metal layer. These cracks are
places of preferential growth due to locally increased current
density (micro-edge effect). This was not observed in the chlo-
ride bath, where secondary precipitation of hydrolysis product
was more favored due to less buffering properties of the bath.

Conclusions

Electrodeposition of nickel from slightly acidic gluconate so-
lutions containing sulfate and/or chloride ions was investigat-
ed and the following conclusions have been drawn:

4406 Ionics (2021) 27:4393–4408



& Electrochemical measurements correlated with bath spe-
ciations showed chloride and sulfate complexes of nickel
or as crucial species affecting the cathodic reactions in a
potential range up to −1.3V. At more negative potentials
the nickel deposition was governed by a release of nickel
cation from nickel-gluconate complex as a rate-
determining stage.

& The actions of particular species were supported by differ-
ences in the nucleation mode, morphology and structure
of the deposits. Strong bonding of chloride species result-
ed in the formation of fine-grained deposits and inhibited
growth of (200) and (111) crystal planes caused by Cl-.
Fast reduction of NiCl+ favored 2D-3D instantaneous nu-
cleation. In turn, large sulfate species revealed as stearic
hindrances weakly adsorbed on the cathode surface,
resulting in 3D instantaneous nucleation stage followed
by transition to 3D progressive nucleation on the first
nickel layers. It resulted in a formation of larger polyhe-
dral nickel crystals. The role of NiGlu+ was clarified be-
low −1.4V, where thin and very fine-grained deposits
were produced

& The wettability of as-plated and chemically modified with
higher organic acids nickel layers was determined and
correlated with the morphology and corrosion resistance
of the deposits
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