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The effects of sodium lignosulfonate (SLS) on bismuth electrochemical deposition on copper surfaces
from HCI-NaClI-BiCls solution were investigated. Cyclic voltammetry studies indicated that the Bi**
ions could be reduced electrolytically to bismuth on the surface of copper in the presence of different
concentrations of SLS and that 0.3 g/L of SLS was beneficial for the electroreduction of Bi**. The
cathodic polarization study indicated that SLS had a noticeable effect on the Tafel slope and exchange
current density but no significant effect on the transfer coefficients. SEM images revealed that the
deposit grain size decrease remarkably when sodium lignosulfonate was added to the electrolytic bath
and that the main textures of the deposits changed from a blocky structure to a lamellar structure when
the sodium lignosulfonate concentration increased from 0.1 to 0.4 g/L. XRD analysis indicated that the
addition of sodium lignosulfonate could slightly suppress the (110) orientation and enhance the other
crystallographic orientations significantly and that the most significantly enhanced crystallographic
orientation was the (104) plane.
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1. INTRODUCTION

In recent years, bismuth has received considerable attention due to its wide application in
various areas based on its outstanding physicochemical and electrical properties. Bismuth is an
important semimetal that has unusual electrical, physical and chemical properties, such as a low carrier
concentration, highly anisotropic Fermi surface, and long carrier mean free path [1]. Many bismuth
materials, such as Bi single crystals [2], thin films [3,4], and nanowires [5,6] have demonstrated high
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magnetoresistance effects; therefore, bismuth can be considered a promising candidate material for
magnetic sensors. Additionally, bismuth film electrodes (BFEs) have been adopted to detect metallic
ions and organic compounds [2, 7]. Because of its other outstanding characteristics, bismuth has also
been used as a corrosion-protective interlayer in battery electrodes [8] and decorative coatings.
Bismuth is utilized as a decorative coating mainly because this kind of coating provides excellent
inhibition of hydrogen embitterment. On the other hand, bismuth has been demonstrated to be a low-
toxicity and environmentally friendly metal, and naturally, bismuth can be extensively used as a
pharmaceutical material [1].

Based on the advantages of the wide applications of bismuth, pure metallic bismuth as a basic
material plays a fundamental role in the various applications of this element. Hence, it is of great
significance to investigate the preparation process of pure bismuth. It is known that most of the
important nonferrous metals, such as zinc, copper and nickel, are commercially produced using
aqueous electrochemical deposition processes [10]. Similarly, the electrochemical deposition process
provides a simple route to prepare pure bismuth due to its remarkable advantages, such as a high
deposition rate, use in mass production, and successful industrial applications.

Although the properties of the metal layer, including the electrolyte concentration,
complexants, pH, and temperature, as well as the current density and potential, are highly influenced
by the electrodeposition bath [11,13], generally, electrolytic operations are sensitive to the addition of
both inorganic and organic impurities[14]. The metal deposit quality, energy consumption, crystal size,
and morphology can be drastically affected when inorganic or organic impurities are present in
appreciable concentrations in the electrolyte. In investigating the effect mechanism of organic
impurities, the influence of organic additives on the deposition of metals from electrodeposition baths
has become an interesting subject. Many organic impurities, such as gelatin, polyethylene glycol
(PEG), citric acid (CA) and ethylenediaminetetraacetic acid (EDTA), have been employed to
systematically study their effects on the electrodeposition of bismuth. It has been reported that after
adsorbing PEG onto Bi deposits, the adhesion of deposits was improved, while the formation of
dendrites in the deposit was inhibited [7].

Lignosulfonates are widely used organic additives [15] that can be obtained as polyelectrolytes
when wood or other plant raw materials are used for manufacturing cellulose by the sulfite method
[16]. Due to the presence of sulfonic groups in their structure, lignosulfonates show ion-exchange and
surface-active properties and have been applied in various industrial processes [17]; these compounds
have been used as dispersing agents and set-retarding agents in the concrete admixture industry [18],
adhesives [19], etc.

Sodium lignosulfonate (SLS) is a kind of water-soluble lignin sulfo-derivative that contains
hydrophobic groups (carbon chains) and many hydrophilic radicals, such as phenylic hydroxyl,
sulfonic, and alcoholic hydroxyl groups [17]. SLS can be used as a kind of anionic surfactant; it can
promote surface adsorption, further particle dispersion, and form thin films on metal surfaces due to its
surface activity. Owing to its cost-effectiveness, eco-friendliness and ease of application [20], sodium
lignosulfonate (SLS) is a widely used additive in different industrial processes. It can be used as a
brightener agent during the electrodeposition of nickel [21] and lead [22]. Additionally, it can be
applied as a kind of anticoagulant during the selenium electrochemical deposition process [23]. It has
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recently been reported that SLS was used as an additive for the fabrication of BigsSb; sTes films [24]
and Bi,Tes films [25] and for the electrodeposition of CdSe nanofilms on FTO/glass [26].

In the present work, SLS was employed as an organic additive during the electrodeposition of
bismuth on copper surfaces in HCI-NaCI-BiCl; solution. The influence of SLS on bismuth
electrodeposition was studied through cyclic voltammetry (CV) and cathodic polarization. Based on
the cathodic polarization curves, many kinetic parameters (i.e., exchange current density, Tafel slope,
and transfer coefficient) were obtained to better understand the electrode reactions during the
electrodeposition of bismuth from HCI-NaClI-BiCl; solution. The surface microtopography and
crystallographic orientation of the deposits were characterized by scanning electron microscopy (SEM)
and X-ray diffraction (XRD), respectively.

2. EXPERIMENTAL

Cyclic voltammetry and cathodic polarization were carried out in a three-electrode system
using an electrochemical working station (PARSTAT2273). Pure copper (the content of copper
exceeded 99.99%) sheets were employed as working electrodes. The pure copper was cut into 10 mm
(length)x10 mm (width)x2 mm (thickness) sheets, and then the copper sheets were sequentially
polished by using 600- to 2000-grit SiC paper. Every polished copper sheet was rinsed with anhydrous
ethanol (AR) and then washed by double-distilled water. The effective contact area of the copper
sheets was controlled at 100 mm?. The unused surfaces of the copper sheets were well sealed by using
an insulating paste layer. An inert graphite electrode and saturated calomel electrode (SCE) were
adopted as the counter electrode and reference electrode, respectively. The distance between the
reference electrode and working electrode was approximately equal to four times the Luggin capillary
diameter. The Luggin capillary was filled with agar and potassium chloride and used to link the
reference electrode and working electrode. Potentials in this paper are referenced to the SCE. To
confirm experimental reproducibility, every electrochemical experiment for the same condition was
carried out at least three times.

Analytical-grade BiCl; and NaCl and double-distilled water were used to prepare all the
solutions used in the experiments. The solutions used for every experiment were freshly prepared. The
concentrations of BiCl; and NaCl were controlled at 120 g/L and 80 g/L, respectively, and the
concentration of added HCI was 0.78 M. Pure nitrogen gas was purged into the solutions for 15 min
before each experiment. All the electrodeposition experiments were performed for 50 min at a fixed
current density of 150 A m™. After electrodeposition, the working electrode was removed and washed
thoroughly by distilled water and then dried in a vacuum drying oven. During all experiments, the
temperature was controlled at ambient temperature (~25°C); SLS concentrations varied from 0.0 to 0.4
g/L. The crystallographic orientation and microstructure of bismuth deposits were investigated by
XRD and SEM.
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3. RESULTS AND DISCUSSION

3.1. Cyclic voltammograms

The cyclic voltammetric curves measured in HCI-NaCl-BiCl; solution with SLS concentrations
varying from 0 to 0.4 g/L are shown in Figure 1. The curves started at a potential of 0.1 V, reversed at
-0.6 V and terminated at 0.1 V with a scan rate of 50 mV/s. Each cathodic branch of the cyclic
voltammetric curve was characterized by a well-defined peak marked C;. Peak C; can be assigned to
the deposition reaction of free Bi** [27], implying that Bi*" ions can be reduced electrolytically to
metallic bismuth on the surface of copper with the addition of different concentrations of SLS in the
electrodeposition bath.

It can be seen from Fig. 1 that a single current peak was found in the cathodic branch of cyclic
voltammetric curves and no visible current peak was found in the anodic branch. This phenomenon is
ascribed to the voltage range chosen for the current test. The curves started at a potential of 0.1 V and
scanned in the negative direction, which can avoid the dissolution of copper in the electrodeposition
bath [28]. As previously mentioned, the single cathodic peak was marked as C; and assigned to the
reduction of Bi** ions. The overall reaction can be simplified as follows [29]:

Bi**+3e=Bi’ (1)

As shown in Fig. 1, the cyclic voltammetric curves exhibited a similar shape whether SLS was
present or absent in the electrodeposition bath. The obvious difference among the cyclic voltammetric
curves was the cathodic peak current density.
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Figure 1. Cyclic voltammograms of copper electrodes in HCI-NaCl-BiCl; solutions with different

sodium lignosulfonate (SLS) concentrations. The SLS concentration varied from 0.0 to 0.4 g/L
(scan rate, 50 mV/s).
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This phenomenon indicates that the concentration of SLS had an obvious effect on bismuth
electrodeposition. It can be seen that the current density of peak C, reached the maximum value when
the concentration of SLS was controlled at 0.3 g/L, which indicates that the simultaneous addition of
SLS is beneficial to the reduction of trivalent bismuth ions. On the other hand, the increase in the
cathodic peak current density indicates that the electrochemical reaction can be improved. As
previously mentioned, the main reaction that occurred on the surface was the reduction of Bi®* ions; as
shown in Equation (1), when the added concentration of SLS was fixed at 0.3 g/L, the reduction
reaction could be enhanced.

However, when the added concentration of SLS was controlled at other levels, the cathodic
peak current density decreased substantially, implying that when SLS was added at other
concentrations, the electroreduction of Bi** ions could be suppressed. This tendency can be generally
attributed to the adsorption of SLS on the surface of the copper: the adsorption layer can decrease mass
transfer and cause a blocking effect on the surface of copper during the process of bismuth
electrodeposition [30,31].

3.2. Cathodic potentiodynamic polarization study

Potentiodynamic polarization is a very useful technique; based on this technique, Kinetic
parameters can be investigated, and the electrochemical behavior of the electrode can be studied in the
process of electrodeposition. Cathodic polarization curves were obtained by polarization of the
electrode from -0.06 to -0.16 V. The scanning rate was fixed at 5 mV/s. The results are shown in Fig.
2. Usually, the current density of bismuth is controlled at 100~150 A/m? in industrial applications [32],
but in the present work, a wider current density range of 100~200 A/m? was chosen to determine the
Kinetic parameters, including the transfer coefficient, Tafel slope, and exchange current density. Plots
of the overpotential vs. the logarithm of current density are exhibited in Fig. 3. The overpotential of the

bismuth was calculated from the following equation [33, 10]:

n:gmeasured + 0245V - gequilibrium (2)

£ =g’ +§—l-:r Ina_.. =0.3087V 3)

equilibrium

where 0.245 V is the SCE potential vs. the standard hydrogen electrode (SHE) [34]; ¢’ is the standard
electrode potential of Bi/Bi**, which is equal to 0.317 V [35]; ¢ and ¢ 4 are the equilibrium

equilibrium measure

and measured potentials of the electrode, respectively; R stands for the molar gas constant (equal to
8.314 J mol™ K™); F stands for the Faraday constant (equal to 96500 C mol *); T is the thermodynamic
temperature (K); and a_.. is the activity of Bi** ions.

According to the cathodic potentiodynamic polarization curves shown in Fig. 2, the
electrochemical kinetic parameters can be analyzed and calculated according to Tafel’s equation as

follows:
n=a+blogi 4
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Figure 2. Effects of SLS concentration on cathodic polarization for bismuth electrodeposition from
HCI-NaCl-BiCl; solution.
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Figure 3. Plots of overpotential vs. the logarithm of current density for bismuth electrodeposition from
HCI-NaCl-BiCl; solution

where 7 is the overpotential, a is the intercept and b is the Tafel slope. Based on the Butler-

Volmer function, the function of the cathodic overpotential and current density of bismuth deposition

on the copper surface can be written as follows[36]:
2.303RT . 2.303RT )
=- i,+——1logi  (5)

=—— |
g ankF 0 ankF
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where 7 is the overpotential, iy is the exchange current density and o is the charge-transfer
coefficient of bismuth deposition. Compared with Equation (4) and Equation (5), the two following

equations can be obtained:
A= 2.303RT

logi, (6)
anF

b= 2.303RT )
anF

Table 1. Effects of SLS concentration on the cathodic kinetic parameters during bismuth
electrodeposition from HCI-NaCl-BiCl; solution.

Concentration of :-I?Ji;fel E)é(é?]iintg/ei cunr]rz\nt Transfer
SLS g/L mV/dec cm‘g coefficient a
Blank 88 0.43 0.22
0.1 89 0.31 0.22
0.2 100 0.21 0.20
0.3 71 0.56 0.28
0.4 96 0.40 0.21

The cathodic kinetic parameters, such as the Tafel slope, b (mV decade™), transfer coefficient,
a, and cathodic exchange current density, io (MA cm?), for bismuth electrodeposition on copper
electrodes are listed as a function of SLS concentration in Table 1. It was found that the Tafel slope
was significantly influenced by the addition of SLS. It can be seen from Table 1 that the Tafel slope
increased obviously when the SLS concentration increased from 0 to 0.1 g/L. With further addition of
SLS, the Tafel slope increased substantially and reached the maximum value of 100 mV/decade when
the SLS concentration was increased to 0.2 g/L. However, the Tafel slope decreased dramatically to
the minimum value of 71 mV/decade when the SLS concentration was increased to 0.3 g/L. The
decreased Tafel slopes observed on the copper electrode surface confirmed a depolarization effect [37]
when the SLS concentration was 0.3 g/L. The main electrochemical reaction on the copper electrode
surface was the electroreduction of Bi** (generation of metallic bismuth). Therefore, this depolarizing
effect might be ascribed to the increased reduction rate of free trivalent bismuth ions. An appropriate
concentration of SLS can improve the conditions for the electrodeposition of bismuth on the surface of
copper, and hence, the electroreduction of Bi** can be accelerated.

This tendency was also confirmed by the variation in current density of peak C, in the cyclic
voltammogram exhibited in Fig. 1. It can be seen from Fig. 1 that the current density of peak C,
reached the maximum value when the SLS concentration was 0.3 g/L, implying that the SLS
concentration of 0.3 g/L was beneficial to the electroreduction of Bi** in HCI-NaCl-BiCls solution.

The effect of SLS concentration on the kinetic parameters for the electrodeposition of bismuth
was also reflected in the exchange current density. A significant decrease in exchange current density
was observed when the SLS concentration increased from 0 to 0.2 g/L. The decrease in ip was probably
due to the decrease in active sites on the cathode surface [38], which indicates that the electron transfer
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rate of Bi** ions for electroreduction can be reduced. Usually, a decrease in active sites on the cathode
surface is caused by the adsorption of the additive on the cathodic surface[39]. In the current study,
when SLS was added in the range of 0~0.2 g/L, SLS could be adsorbed on the surface, leading to the
blocking of active nucleation sites on the surface of the copper[31].

However, when the SLS concentration increased to 0.3 g/L, the exchange current density
increased to the maximum value of 0.56 mA/cm?®. Generally, an increase in exchange current density
implies that electrochemical reactions are accelerated [40]. Therefore, a high exchange current density
usually indicates an increasing reaction rate [33]. Accordingly, the reaction rate of Bi®'
electrodeposition can be promoted on the surface of the copper; this speculation is in agreement with
the results of the cyclic voltammetry curves (Fig. 1). On the other hand, the exchange current density
increased substantially when the concentration of SLS was controlled at 0.3 g/L, which indicates that
an appropriate concentration of SLS can improve the charge transfer and mass transfer reactions. It has
been reported that, generally, charge transfer reactions determine the formation of the metallic film
deposited at the interface between the cathode and the electrodeposition bath [41]. Therefore, the
appropriate addition of SLS in the electrodeposition bath can significantly optimize the interface
conditions. Better interface conditions between the cathode and the bath are beneficial to the
electroreduction of Bi** ions.

It can be seen from Table 1 that the transfer coefficients changed only slightly with the addition
of SLS during electrodeposition. This tendency indicates that the addition of SLS to HCI-NaClI-BiCl;
solution did not significantly affect the transfer coefficients. The values of transfer coefficient o were
essentially unaffected by the addition of SLS at almost all concentrations, indicating that the symmetry
of the electron transfer reaction cannot be influenced during the electrodeposition of bismuth in HCI-
NaCl-BiCl; solution [42-44].

3.2. Characterization of Deposits

To study the effect of SLS on the surface microtopography and crystallographic orientation of
the electrodeposited bismuth, scanning electron microscopy (SEM) and X-ray diffraction (XRD) were
employed. The surface morphology and crystallographic orientation were characterized by SEM and
XRD, respectively. The surface microtopography and the XRD patterns of the bismuth deposits are
given in Fig. 4 and Fig. 5, respectively.

It can be seen from Fig. 4b-e that SLS obviously influenced the morphology of the bismuth
deposits compared with the morphology of the bismuth deposits obtained from electrodeposition
without added SLS (Fig. 4a). The crystallite particle size decreased substantially when SLS addition
increased from 0.0 to 0.1 g/L, and some tiny crystallites with varying sizes could be observed on the
surfaces of the larger crystals. With the further addition of SLS up to 0.2 g/L, the morphology of the
bismuth deposit changed to a lamellar structure consisting of random tiny crystallites. Increasing the
SLS concentration from 0.3 g/L to 0.4 g/L resulted in a similar lamellar surface on the bismuth deposit.
Moreover, the addition of SLS significantly increased the amount of tiny crystallites covering the
lamellar surface. The addition of SLS led to more uniform and compact deposits with a further
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decrease in the size of the crystallites. Many randomly dispersed tiny crystallites appeared on the
surface of the bismuth deposit, and the main textures of the deposits were changed from a blocky
structure to a lamellar structure when SLS was used in the bath. The electrodeposits appear sufficiently
well distributed and continuous.

Figure 4. Scanning electron microscopy photomicrographs (x40000) of bismuth deposits obtained
from different bath solutions with different added concentrations of SLS: (a) blank, (b) 0.1 g/L,
() 0.2 g/L, (d) 0.3 g/L, and (e) 0.4 g/L.

This variation in morphology indicates that the surface of the bismuth deposits is strongly
affected by the addition of SLS and that the microtopography of the bismuth deposit is very sensitive
to the concentration of SLS used. When SLS is added to the electrodeposition bath, the organic
additive can be absorbed on the surface of the copper sheet, which can change the surface properties.
The addition of different concentrations of SLS will change the surface conditions and effectively
change the crystal growth process of metallic bismuth. With increasing SLS concentration, the size of
the crystallites was clearly decreased; this phenomenon was probably caused by specific adsorption
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and the mobility of SLS in the bath [45-46]. More absorbed SLS can provide more nucleation sites,
and more different nucleation sites on the surface will cause the growth of deposits in many different
places on the copper sheet and decrease the size of the crystallites.

The effect of SLS on the crystallographic orientation of electrodeposited bismuth was
examined using X-ray diffraction. Figure 5a—e show the XRD patterns of bismuth films deposited from
different baths with different added concentrations of SLS. The inherent crystal structure of bismuth is
rhombohedral; this is slightly distorted from a cubic structure [47].

As seen from Fig. 5(a), the crystallographic orientation of bismuth deposited on the surface of
copper can be noticeably influenced by the addition of SLS. The XRD patterns of bismuth deposits
exhibited strong (012) and (110) peaks, while some other small peaks were also observed in the
patterns, implying that the dominant crystal face was formed by crystallites in the (012) and (110)
planes when SLS was absent from the plating bath. However, when SLS was added to the
electrodeposition bath, the intensity of the (012) peak was noticeably enhanced, while the intensity of
the (110) peak was suppressed markedly with the addition of SLS to the electrolyte solution. This
tendency indicates that the addition of SLS is beneficial for obtaining good crystals in the (012)
crystallographic orientation.

Moreover, an appreciable variation in crystallographic orientations can be observed from Fig.
5(b)-(c). It can be seen that the intensity of various peaks in different crystallographic orientations was
significantly enhanced when SLS was used in the electrolysis system. It is interesting to note that with
increased SLS, the intensity of the (104) orientation increased substantially compared with the
intensity obtained for the sample without SLS, implying that the bismuth crystallites grew preferably
in the direction of the (104) plane with the addition of SLS to the electrodeposition system. The
intensity of various peaks in different crystal orientations was clearly pronounced with the addition of
SLS. One possible explanation might be that the organic additive can be adsorbed on active sites,
which is beneficial to the growth of the bismuth crystal in different crystallographic orientations [48].
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Figure 5. XRD patterns of bismuth deposits obtained from HCI-NaCl-BiCl; solution with different
added concentrations of SLS: (a) blank, (b) 0.1 g/L, (c) 0.2 g/L, (d) 0.3 g/L, (¢) 0.4 g/L.

In addition, the peak intensities of other various crystallographic orientations, such as (202),
(015), (122), and (214), were obviously enhanced when the SLS concentration increased from 0.1 to
0.4 g/L in the electrolysis system. This variation indicates that the addition of SLS is beneficial to the
growth of crystallite in various crystallographic orientations.

It should be mentioned here that although SLS is a widely used organic additive, the literature
on bismuth electrodeposition with SLS as an additive has been very scarce until now. Therefore, it is
worthwhile to present a simple comparison between the effects of other organic additives and SLS on
bismuth electrodeposition.

Yi-Da Tsai et al.[7] have systematically investigated the effects of citric acid (CA),
ethylenediaminetetraacetic acid (EDTA), polyethylene glycol (PEG), and gelatin on the deposition
behavior of Bi. According to their research, PEG and gelatin could be adsorbed on the surface of Bi
deposits, and SEM images indicated that PEG could improve the adhesion of the deposits and produce
a smoother film. They also found that gelatin could form a compact shielding layer, which resulted in
hydrogen evolution on the bismuth deposits. The evolution of hydrogen cracked the deposits and
caused poor adhesion. The simultaneous use of PEG and gelatin could avoid the above defects and
favor the formation of sphere-like Bi nanocrystals. The microstructure shape and crystal size could be
controlled by varying the combination of CA, EDTA, PEG, and gelatin.

In the current investigation, the effects of SLS on the electrodeposition of bismuth on a surface
copper electrode were studied. It can be concluded that the influence of SLS on the deposition of
bismuth is quite different from the effects of CA, EDTA, PEG and gelatin on the electrodeposition of
bismuth reported by the previous authors. Based on SEM analysis, the deposit grain size decreased
remarkably when SLS was added to the electrolytic bath, and the main textures of the deposits were
changed from a blocky structure to a lamellar structure with an increasing concentration of SLS. XRD
analysis indicated that the (110) orientation could be slightly suppressed, while other crystallographic
orientations could be enhanced significantly, and that the most significantly enhanced crystallographic
orientation was the (104) plane.
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4. CONCLUSION

(1)  The cyclic voltammetry study indicated that the Bi** ions in HCI-NaCI-BiCl; solution
could be reduced electrolytically to bismuth on the surface of copper in the presence of sodium
lignosulfonate. A concentration of sodium lignosulfonate of 0.3 g/L was beneficial for the
electroreduction of Bi**.

(2 The Tafel slope and exchange current density were significantly influenced by the
addition of sodium lignosulfonate, while the addition of sodium lignosulfonate did not significantly
affect the transfer coefficients, indicating that the symmetry of the electron transfer reaction cannot be
influenced by the addition of SLS.

(3) According to surface morphology analysis, the crystallite particle size decreased
substantially when sodium lignosulfonate was added to the electrolytic system. Random tiny
crystallites appeared on the surface of the bismuth deposit, and the main textures of the deposits were
changed from a blocky structure to a lamellar structure when the sodium lignosulfonate was increased
from 0.1t0 0.4 g/L.

4) XRD analysis indicated that the addition of sodium lignosulfonate could slightly
suppress the (110) orientation and enhance the other crystallographic orientations significantly and that
the most significantly enhanced crystallographic orientation was the (104) plane.
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