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Abstract Sulfur-bearing nickel was prepared by a direct
electrodeposition in an ammoniacal Ni(II) electrolyte contain-
ing thiourea. This sulfur-bearing nickel showed an excellent
dissolving activity when used as anodic materials in the tra-
ditional Watt bath. The influence of thiourea on the surface
microstructure, crystallization texture, and electrocrystalliza-
tion process of sulfur-bearing nickel were investigated by
scanning electron microscopy, X-ray diffraction, and electro-
chemical techniques. The results show that the S element is
uniformly distributed in the electrodeposited nickel. The pre-
pared nickel samples present a blade shape microstructure,
and the blade size decreases by the addition of thiourea.
Sulfur-bearing nickel exhibits face-centered cubic structure
and (111) preferred orientation, and the orientation distribu-
tion is strengthened with increased thiourea concentration.
The nucleation parameters, such as Ny, A, and Jj, are obtained
from the initial parts of the transients making use of Sharifker—
Mostany theoretical model. Both the nucleation rate and the
vertical growth rate are increased by the addition of thiourea,
leading to finer grains and better dissolving activity.

Keywords Thiourea - Sulfur-bearing nickel - Crystal
structure - Electrocrystallization
Introduction

Dissolving performance of an anodic material is one of the
most important factors which influence the quality of coating.
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The active nickel containing sulfur has received extensive
attention in nickel electroplating industry due to the low
dissolution potential and no passivation on the surface. For
the fabrication of sulfur-bearing nickel, a liquid phase sinter-
ing process has been developed 20 years ago, using high
purity nickel powder as material [1]. These anodes led to good
electroplate and very little residue. Electrodeposition, as a
simple method, was also introduced in the preparation of
sulfur-bearing nickel [2-5]. In this method, additives such as
thiourea and saccharin are commonly added to the nickel
electrolytes, which are easy to be incorporated in nickel
deposits owing to its strong adsorbability and its consequent
influence on the interfacial characteristics.

Up to now, in the studies on the electrodeposition of
sulfur-bearing Ni concentrated on acidic medium [6, 7], no
corresponding research in ammoniacal medium has been
reported. As well-known, ammoniacal leaching solution
has been widely used in hydrometallurgical processes due
to its inherent advantages [8§—10]. For example, the compo-
nents like iron, calcium, aluminum, silicon, etc. can be
removed during the leaching step as insoluble oxy/hydroxyl
compounds. This allows selective extraction of the valuable
metals as soluble ammonia complexes, so the product has a
high purity. In this work, we combined thiourea with am-
moniacal Ni(Il) electrolyte to prepare the sulfur-bearing
nickel with high activity by direct electrodeposition.

Electrodeposition process is normally associated with
nucleation and crystal growth. The higher the nucleation
rate, the finer the crystal grains grow. The mechanism of
nucleation and growth determines the surface morphology
and microstructure of the deposits as well as its properties.
Chronoamperometric transient is a powerful electrochemical
method to study the heterogeneous nucleation [11-15], in
which the driving force for nucleation can be varied simply
by turning the applied potential. A number of theoretical
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Fig. 1 Surface morphology of nickel samples electrodeposited from
the solutions containing 1 mol L ' NiCl,, 4 mol L™ NH4CI, 4 mol L ™!
NH; (aq), and a 0 g L' thiourea, b 0.02 g L™' thiourea, and ¢
0.04 g L™ thiourea. Electrodeposition time 2 h, temperature 60 °C,
current density 40 mA cm >

studies on nucleation kinetics were conducted based on this
method [16—-19]. In this paper, the fundamental of how thio-
urea influences the metallic electrocrystallization was dis-
cussed by chronoamperometry method. The information
regarding the effect of thiourea on the properties and structure

Table 1 Contents of S in nickel deposits

Thiourea concentration
in electrolyte (g L™")

Sulfur content in nickel deposits (%)

0 0
0.02 0.14
0.04 0.20
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Fig. 2 Anodic polarization curves of nickel samples electrodeposited
from the solutions containing 1 mol L NiCl,, 4 mol Lt NH,CI,
4 mol L' NH; (aq), and a 0 g L™! thiourea, b 0.02 g L ™! thiourea, and
¢ 0.04 g L™ thiourea

of as-deposited sulfur-bearing Ni was also achieved by the
characterization based on X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM) measurement.

Experimental
Samples, preparation, and characterization

Sulfur-bearing nickel samples were prepared by direct elec-
trodeposition on stainless steel substrate in the galvanostatic
regime. The electrolytes were prepared by adding thiourea
to a solution with 1 mol L™ NiCl,, 4 mol L' NH,C, and
4 mol L™" NHj; (aq), in which the dominant nickel specie is
Ni(NH;)4*" according to the thermodynamic analysis [20].
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Fig. 3 XRD patterns of nickel samples electrodeposited from the
solutions containing 1 mol L ! NiCl,, 4 mol L' NH,CI, 4 mol L'
NH; (aq), and @ 0 g L' thiourea, b 0.02 g L' thiourea, and ¢
0.04 g L' thiourea
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All solutions were freshly prepared just before the beginning

of each series of experiments. Electrodeposition was per-
2

formed at 60 °C for 2 h with a current density of 40 mA cm ~.

XRD patterns were recorded by an X/Pert PRO X-ray
diffractometer using Cu-Ko radiation. The surface morphol-
ogy of nickel sample was observed by Hitachi S-4700 field
emission scanning electron microscopy at accelerating volt-
age of 200 kV. Sulfur distribution in nickel sample was
investigated by Noran energy dispersive X-ray spectroscopy
(EDS). The content of sulfur in nickel sample was measured
with an X-ray fluorescence spectrometry.

Electrochemical measurements

A three-electrode glass cell, consisting of a working elec-
trode, a reference electrode (saturated calomel electrode),
and a counter electrode (platinum wire), was used for elec-
trochemical measurements. Anodic polarization curves for
nickel samples in the traditional Watt bath were recorded to
determine the anodic dissolving performance. The potential
was shifted from open potential to 600 mV (vs SCE) with a
scan rate of I mV s .

Cyclic voltammetric and chronoamperometric measure-
ments were performed in the ammoniacal Ni(Il) electrolyte
with different contents of thiourea, in order to study the
electrocrystallization process. A glassy carbon electrode
(exposure area 0.1256 cm?) was used as working electrode
in this measurement. All electrochemical tests were carried
out on an EG&G 273 Potentiostat/Galvanostat.

Results and discussion
Surface morphology and composition of nickel samples
Figure 1 shows the surface morphology of nickel samples

obtained by electrodeposition in the ammoniacal Ni(II)
electrolyte with different content of thiourea. It is observed
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Fig. 4 Effect of thiourea concentration on the lattice parameter of
electrodeposited nickel

that all samples exhibit a blade shape microstructure. The
blade size of nickel sample obtained in the absence of
thiourea is around 5 pwm in length, while it dramatically
decreased to less than 3.5 um when 0.02 g L' thiourea
was added. Also with the increase of thiourea concentration,
the blade size tends to further reduce. It is clear that the
addition of thiourea affects the electrodeposition of nickel,
leading to the finer grain. EDS analysis proves that the
sulfur distribution is uniform. The contents of sulfur in
different samples are listed in Table 1. With the increased
thiourea concentration, the content of sulfur in nickel depos-
its increases, and the mass ratio of sulfur reach 0.2 % when
the concentration of thiourea in electrolyte is 0.04 g L™".

Anodic behavior of as-prepared sulfur-bearing nickel
in Watt bath

In order to determine the anodic dissolving performance of
as-prepared sulfur-bearing nickel in Watt bath, anodic polari-
zation curves were measured and shown in Fig. 2. For the

Table 2 XRD results of nickel
samples prepared at various
thiourea concentrations

Thiourea concentration (g L")

Face of crystal index

(111) (200) (220) 311) (222)
0 20 (deg) 44476 51.804 76.376 92.913 98.453
I, 100 11.9 27.4 10 33
TC (%) 65.5 7.80 18.0 6.55 2.16
0.02 20 (deg) 44483 51.867 76.463 93.043 98.359
I, 100 19.2 9.3 8.5 49
TC (%) 70.5 13.5 6.55 5.99 3.45
0.04 20 (deg) 44.483 51.822 76.431 93.017 98.312
I, 100 19.4 7.4 7.9 5.0
TC (%) 71.6 13.9 5.30 5.65 3.60
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nickel prepared in solution without thiourea, the onset
potential for dissolution is about 0.25 V, while it shifts
to a more negative value (—0.25 V) when the sample is
prepared from the electrolyte containing 0.02 g L'
thiourea which can offer around 0.14 % sulfur to the
sample. Anodic polarization behavior indicates that the
sulfur-bearing nickel has high anodic dissolving activity
in Watt bath and the activity increases with the increas-
ing of sulfur content. The high anodic dissolving activ-
ity might be explained by the effects of heterogeneous
impurity. Usually, the dissolution of a metal begins at
the place where atom is irregularly arranged and then
propagates along lattice boundary. The existence of het-
erogeneous impurity in nickel interferes with the arrangement
of nickel atoms, which increases anodic dissolution. The more
the amount of heterogeneous impurity sulfur, the faster the
nickel is inclined to dissolve. In addition, as evidenced
by Fig. 1, the nickel crystal grain decreases with the
addition of thiourea, leading to more borderline, which
might be another reason for the high anodic dissolving
activity.

Crystal structure

The influence of thiourea on the crystal structure of electro-
deposited nickel was investigated by XRD patterns, and
results are presented in Fig. 3. All the XRD patterns show
typical peaks corresponding to (111), (200), (220), (311),
and (222) crystallographic planes of nickel, indicating that
all samples have a face-centered cubic structure. For all the
nickel samples, the intensity of (111) peaks is the highest,
indicating the preferred orientation of (111) plane parallel to
the deposits surface. Figure 4 shows the relationship between
the lattice parameters of these nickel samples and thiourea
concentration. With the increase of thiourea concentration,
lattice parameter of electrodeposited nickel decreases. The
nickel deposit includes complete lattice area and all kinds of
defects. The existence of impurity, such S, leads to forming
more lattice defects. The number of these defects increases
with the increased thiourea concentration. So the proportion of
distortion lattice near the defects area increases and the lattice
parameter decreases accordingly.

Detailed analysis of XRD patterns is necessary to
understand the effect of thiourea on the microstructure
of electrodeposited nickels. To quantify the relative
crystallographic textures associated with nickel samples

Table 3 Effect of thiourea concentration on the grain size of electro-
deposited Ni

Thiourea concentration (g L") 0 0.02 0.04
Gain size (nm) 43.0 13.7 11.3

@ Springer

0.008 T T T T

-0.75 -080 -0.85

E/V vs SCE
-0.012 L L L L
0.0 0.2 0.4 0.6 0.8 -1.0
E/V vs SCE

Fig. 5 Cyclic voltammetry curves obtained in the aqueous solutions
containing 1 mol L ! NiCl,, 4 mol L' NH,CI, 4 mol L™} NH; (aq),
and a 0 g L' thiourea, » 0.02 g L ™" thiourea, and ¢ 0.04 g L™ thiourea
at scan rate of 130 mV s~
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Fig. 6 a Linear sweep voltammetry curves obtained in the solution
containing 1 mol L ! NiCl,, 4 mol L' NH,4CI, 4 mol L ™! NH,4 (aq),
and 0.02 g L™ thiourea at scan rate of 80-130 mV s '. b Dependence
of peak current density on v’
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Fig. 7 Experimental current transients for nickel electrocrystallization
on vitreous carbon at different applied potentials from the aqueous
solutions containing 1 mol L ! NiCly, 4 mol L' NH,CL, 4 mol L™
NH; (aq), and a 0 g L' thiourea, b 0.02 g L' thiourea, and ¢
0.04 g L' thiourea
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Fig. 8 Experimental (dot) and calculated (dash curve) non-
dimensional plots of I2/I% ~ t/ty, together with the corresponding
plots for instantaneous nucleation (upper continuous curve) and pro-
gressive nucleation (lower continuous curve). a 0 g L' thiourea, b
0.02 g L' thiourea, and ¢ 0.04 g L' thiourea
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and orientation of the atomic arrangement, texture coefficients
(TC) for predominant (hkl) peaks in XRD patterns were
calculated. The texture coefficient for each (/k/) reflection is

. -1
X {Z 110 (&]Z]))} , Where I(hkl) is

i=1
measured intensities of (hkl) reflection, Iy(hkl) is powder
diffraction intensities of nickel, and » is the number of reflec-
tions used in the calculations. In this case, (111), (200), (220),
(311), and (222) reflections were considered for texture coef-
ficient calculation (n=5). Table 2 summarizes the results of
texture coefficient calculations for the five reflections of nick-
el samples prepared at various thiourea concentrations. For the
nickel sample containing sulfur, the (111), (200), (222) texture
coefficients, especially (111) texture coefficient, are increased.
While the (220), (311) texture coefficients are decreased,
indicating strong (111) crystallographic texture and inhibitory
action in (220).

The crystal size of the nickel sample was calculated by

KA 180 . . .
Foosls 7 where d is the crystallite size

in nanometers, 6, the diffraction angle, B the full width half
maxima in 26, degrees, x the camera constant evaluated as
0.94, and 1 the wavelength of the radiation used. The calculated
results are presented in Table 3. For the sample obtained in
electrolyte without thiourea, the crystallite size is about
43 nm, while it is dramatically reduced when thiourea is
added. It is also observed that the crystallite size is slightly
decreased with the increasing of thiourea concentration.

given by TC(hkl) = 110({}’1];1]))

Scherer equation, d =

Electrochemical studies

Cyclic voltammograms (CV) for nickel electrodeposition on
a vitreous carbon electrode at different thiourea concentra-
tions are presented in Fig. 5. It can be found that the metallic
nickel starts to deposit at a potential lower than —700 mV. In
each case, the CV exhibits a nucleation loop in which more
cathode current flows after the scan is reversed, very typical
for nucleation and growth processes [21]. It is noted that in
the electrolyte containing 0.02 g L™' thiourea, a cathodic
peak corresponding to the reduction of nickel appears at

about —800 mV, which is not found in the electrolyte without
thiourea. The cathodic peak becomes stronger when thiourea
concentration is increased to 0.04 g L™', indicating an accel-
eration effect by thiourea in the reduction process. Some
literature has reported [22] that reactive intermediate can be
formed from thiourea during the deposition, which facilitates
the transfer of electrons to the nickel ions and enables accel-
eration of the deposition at low concentration of thiourea.

Figure 6 shows a set of voltammograms obtained at different
scan rates. Linear relationship is observed between peak current
density and square root of scan rate with a correlation coeffi-
cient of 0.9858 in the range from 80 to 130 mV s ', which
indicates that the reduction process is controlled by diffusion
[23]. A family of potentiostatic current transients recorded
during nickel electrodeposition from electrolytes with various
thiourea concentrations are shown in Fig. 7. The shape of these
transients shows a typical response of nucleation and growth
process occurring under the mass transport control [24, 25].
The cathode current density abruptly increases after double
layer charging at very short time. Once the current maximum
was reached, a decay of the current was obtained, which
approaches asymptotically the Cottrell equation.

Multiple nucleation and diffusion-controlled growth
model proposed by Scharifker and Hills [24] allows classi-
fying the nucleation and growth mechanism as instanta-
neous nucleation (Eq. (1)) or progressive nucleation (Eq.
(2)). In the first case, the nucleation rate is very high, and in
the latter case, the nucleation rate has a low value.

zFD'2C
ZFD'/2C
= i [1 — exp(—4nk'D*/2)] (2)

where zF is the molar charge transferred during electrodepo-
sition, D the diffusion coefficient, C the bulk concentration,
N, the number of active sites on the substrate, 4 the nucleation
rate constant, and s, k' the constant decided by experiment.
From the time-dependent current density expressions, one can

Table 4 Calculated values for

D, Ny, 4, and J, at various Thiourea EN) tn(s) In(Aecm?) D(em’s") A No(em™2)  Jo(em?2s™h
potentials and various thiourea concentration
concentrations (gL™
0 -0.95 2.03  0.0657643 1.0x10°¢ 0.6019 1.94x10° 1.17x10°
-1.00 134  0.1268312 33x10°%  13.35247  0.25x10° 3.34x10°
0.02 -095 195  0.0714172 1.1x10°¢ 0.93141  1.28x10° 1.19x10°
-1.00  1.12 0.1295382 29%10°° 15.97528  0.35x10° 5.59x10°
0.04 -0.95 1.82  0.0792994 1.3x107° 0.99794  1.19x10° 1.19x10°
-1.00  1.01 0.1398089 3.1x10°%  27.08976  0.34x10° 9.21x10°
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get the [, at t=t,, and then the dimensionless equations for
two different growth mechanisms are derived:

For instantaneous nucleation growth

1.9542
t/tm

P/ = {1 — exp[—1.2564(t/1n)]}* (3)

For progressive nucleation growth

1.2254
t/tm

2
PR = {1 —exp [—2.3367@/%)2} } (4)
Figure 8 shows the experimental plots of /2/I2 versus /ty,
with those obtained from the theoretical expression Egs. (3) and
(4). It is observed that the dimensionless curves obtained from
experimental data exist between the two theoretical curves.
Qualitative description of the experimental data was conducted

in terms of Sharifker—Mostany theoretical model [25]

ln(l —Imr}n/2/a) Fx— a(l - e*x/“) ~0 (5)
1n{1 +2x(1 - e*x/“)] —x+a(1 —e*x/“) ~0 (6)

where a=zFD"*C/x"?, x=NonkDt,,, and a=NywkD/A.
Based on the agreement between the initial parts of exper-
imental curves and those predicted theoretically using the
two equations, the value for dimensionless parameter o was
determined, and then the numerical values of constants D,
No, 4, and Jy=AN, were obtained. The related results are
shown in Table 4 and Fig. 9. As is seen, the thiourea affects
the nucleation rate constant, 4, though blocks some of the
active sites for nucleation. As a whole, the addition of
thiourea leads to an increase in the stationary nucleation
rate J, especially at lower potential.
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Fig. 9 Plots of log J,, versus thiourea concentration at different applied
potentials

Table 5 Vertical growth rate constants at various potentials and vari-
ous thiourea concentrations, estimated at the steady-state current parts
of current transients

Thiourea concentration E (V) Is(Acm ?) K (molcm s

L™

0 -0.95 0.043232 2.24x1077
-1.00 0.090207 4.67x1077

0.02 -0.95 0.047357 2.45%x1077
-1.00 0.093949 4.87x1077

0.04 -0.95 0.053025 2.74x1077
-1.00 0.095541 4.95%x1077

The contribution to nucleus growth in the direction perpen-
dicular to the substrate was also defined in a quantitative way.
The transient current /g at steady-state conditions was used to
evaluated the vertical growth rate constant K’ ([;=zFK"), and
the corresponding results are presented in Table 5 and Fig. 10.
It is noted that the vertical growth rate of nucleus is also
increased by the addition of thiourea.

Conclusion

Sulfur-bearing nickel was prepared by direct electrodeposi-
tion in an ammoniacal Ni(II) electrolyte containing thiourea.
Static polarization behavior of the as-prepared sulfur-
bearing nickels shows a high anodic dissolving activity in
Watt bath. The surface microstructure of sulfur-bearing
nickel strongly depends on the concentration of thiourea in
electrolyte, and the increased thiourea concentration leads to
finer grains. The as-prepared sulfur-bearing nickel has a
face-centered cubic structure and (111) preferred orientation.
The orientation distribution is strengthened, and more random
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Fig. 10 Plots of K’ versus thiourea concentration at different applied
potentials
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crystallographic texture is formed by the thiourea, which is
beneficial to the anodic dissolution. Analysis of the initial
parts of the transients allows the obtaining of the values of
nucleation parameters, such as the nucleation rate constant,
the number of active nucleation sites, and the stationary nu-
cleation rate. Both the nucleation rate and the vertical growth
rate are increased by the addition of thiourea.
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