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Abstract: In order to eliminate the pitting and improve the surface morphology of cathode nickel, the influence of additives of boric 
acid and dodecyl sodium sulfate (SDS) on the process of nickel electrowinning from sulfate system was studied by cathode 
polarization tests and nickel electrodeposition experiments. The experimental results show that the addition of boric acid can increase 
the cathode polarization while SDS can decrease the cathode polarization. Both boric acid and SDS are useful to eliminate the pitting 
on nickel deposits and improve the morphology of surface. Good deposit morphology with rare pitting and high current efficiency is 
favored by adding 10 g/L boric acid and 40 mg/L SDS in the electrolyte under the condition of nickel ion concentration of 80 g/L, 
sodium ion concentration of 10 g/L, pH of 3, current density of 220 A/m2 and temperature of 70 ℃. 
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1 Introduction 
 

Metal nickel can be produced from a variety of 
electrolytes, including chloride, sulfate systems or a 
mixed electrolyte of chloride and sulfate. The latter is 
often used for electrorefining matte from traditional 
matte-smelting operations, while the former two are acid 
systems used in hydrometallurgical processing and 
electrowinning[1]. Many researches have been done on 
nickel electrodeposition from chloride and 
chloride/sulfate systems[2−4]. Even though the existence 
of Cl− in chloride and chloride/sulfate systems can 
improve the activity of nickel matte electrode, increase 
the current efficiency and strengthen the process of 
nickel electrodeposition, Cl2 gas produced from the 
anode contaminates the environment and degrades the 
quality of the nickel deposit with high internal stress[5]. 
By comparison, nickel electrowinning from sulfate 
system has a friendly environment and the quality of 
nickel deposit can be improved with a lower internal 
stress. Because of these reasons, nickel electrowinning 
from sulfate system has a good development in recent 
years[6]. 

Usually, the deposition of nickel from sulfate 
electrolyte depends on pH more seriously than that from 
chloride system. The reduction of hydrogen ion not only 
decreases the cathode current efficiency, but also 
degrades the morphology of nickel surface with pitting 

generated from evolution and staying of hydrogen gas. 
There are two reasons. On one hand, hydrogen has a 
lower overpotential on nickel so that hydrogen ions tend 
to form hydrogen gas easily in nickel electrodeposition 
[7]. On the other hand, the sulfate electrolyte has a bad 
wetting property on cathode; and hydrogen gas can stay 
on the surface of cathode and is hard to depart from the 
surface of cathode[8]. In order to prevent pitting from 
forming on nickel deposit, the overpotential of hydrogen 
on nickel should be enhanced to reduce the generation of 
hydrogen gas and the wetting property of the electrolyte 
on nickel cathode should also be improved to allow little 
hydrogen gas to stay on the nickel surface. This can be 
resolved by adding some additives in the process of 
nickel electrodeposition to reduce the pitting on the 
surface of the nickel deposit. In recent years, additives 
have been studied more in zinc and copper 
electrowinning[9−10], while many researches about 
nickel electrowinning in sulfate system are mainly 
limited to technical studies, and the use of additives in 
sulfate system has been barely concerned[11−12]. The 
surface morphology of cathode nickel is an important 
standard measure of the nickel product[6]. In this work, 
the influence of additives boric acid and dodecyl sodium 
sulfate (SDS) on the process of nickel electrowinning 
from sulfate system was studied by cathode polarization 
tests and nickel electrodeposition experiments. Also, the 
mechanism of additives on improving the surface 
morphology was discussed. 
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2 Experimental 
 
2.1 Solution preparation 

All solutions were prepared by dissolving in 
distilled water with analytically pure regents except that 
the nickel hexahydrate (NiSO4·6H2O) was at the first 
industrial grade (HG/T2824—1997). The basic compositions 
of the electrolyte were NiSO4 and Na2SO4. 
 
2.2 Cathode polarization test 

The experiments were conducted in a glass cell with 
a three-electrode system, a Ni working electrode sheet  
(1 cm×1 cm), a Pt counter electrode (1.8 cm×1.8 cm) 
of 99.99% purity and a saturated calomel reference 
electrode (SCE). The surface of the working electrode 
was polished before each experiment with 400 and then 
1200 grade silicon carbide paper to a mirror finish and 
then was rinsed with alcohol followed by pure water. The 
polarization curves were tested with a CHI602C model 
for scanning the potential at a rate of 1 mV/s and were 
recorded by a computer. All potential values in this work 
were vs SCE. The liquid junction potential and ohmic 
drop were compensated by salt bridge connecting the 
reference electrode and the working electrode. During 
the tests, the electrolytes were stirred at 20 r/min. 
 
2.3 Electrodeposition experiment 

The nickel deposit was prepared by 
electrodeposition experiment. It was conducted in a 
rectangular vessel of 8 cm× 8 cm× 20 cm. The 
electrolyte of 3 L was continuously circulated in a closed 
flow circuit through the vessel with a flow rate of 80 
mL/min. The acidity of the electrolyte was regulated 
with NaOH and H2SO4 solution, and the pH was 
measured by the pH detector. Cathode blank was made 
of a pure titanium sheet of 8 cm long, 2.5 cm wide and  
1 mm thick. The Pb/Ag alloy was used as anode with the 
dimensions of 10 cm long, 5 cm wide and 4 mm thick. 
The deposits were examined visually after 
electrodeposition for 7.5 h. The current efficiency was 
calculated by comparing the actual mass of the deposit to 
the theoretical mass discharged assuming that the nickel 
metal was the only cathode product. 
 
3 Results and discussion 
 
3.1 Effect of boric acid 

Fig.1 shows the polarization curves with different 
boric acid concentrations under the condition of 
ρ(Ni2+)=120 g/L, ρ(Na+)=15 g/L, θ=65 ℃ , pH=3, 
Fig.1(b) is the partial enlargement of Fig.1(a). 

As seen in Fig.1(a), the polarization curves shifted 
right with the increase of boric acid concentration in the 

 

 
Fig.1 Effect of concentration of boric acid on polarization 
curves of nickel reduction under conditions of ρ(Ni2+)=120 g/L, 
ρ(Na+)=15 g/L, θ=65 ℃ and pH=3: (a) Polarization curves; (b) 
Partial enlargement of polarization curves 
 
electrolyte. Therefore, the addition of boric acid in the 
electrolyte can increase the cathode polarization. Fig.1(b) 
shows the change of current density when the potential 
changed from −0.55 V to −0.85 V. In the absence of 
boric acid (Curve 1), Ni2+ began to deposit at around 
−0.665 V obviously. The nickel deposition potentials 
shifted negatively to −0.702 V (Curve 2 and 3) with 
boric acid of 6 g/L and 10 g/L in the electrolyte, 
respectively. The results indicate that the higher the boric 
acid concentration in electrolyte is, the more negative the 
nickel deposition potential is. The reason is that the boric 
acid can inhibit the deposition of Ni2+ obviously. In the 
absence of boric acid, when the potential shifted 
negatively to about −0.72 V, the increased slope of 
polarizations was caused by the discharge of H+. On 
Curve 1, a “sag” was formed because the current density 
slightly declined and then upturned significantly when 
the potential ranged from −0.719 V to −0.720 V. Curve 2 
had the same change when the potential was around 
−0.746 V but this “sag” was smoother than that of Curve 
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1. With increasing the boric acid concentration up to 10 
g/L, the “sag” almost disappeared. The cause might be 
that in the absence of boric acid in the electrolyte, the 
discharge of H+ near the cathode resulted in less H+ near 
the cathode. The pH value increased so as to form 
Ni(OH)2[13] that was absorbed on the surface of cathode, 
inhibiting Ni2+ discharging and Ni crystal growing in its 
formal way. However, in the presence of boric acid, boric 
acid and Ni(OH)2 could form the negatively-charged 
2H3BO3·Ni(OH)2 colloid ion that was difficult to be 
absorbed by the cathode. So, the cathode polarization 
curves became smoother as boric acid concentration 
increased in the electrolyte. 

After the potential of −0.726 V on Curve 1 and 
−0.759 V on Curve 2, Ni2+ began to deposit normally 
without the formation of Ni(OH)2. The evolution 
potential of H+ on Curve 3 was obviously lower than that 
on Curve 1 or 2 even though its specific figure was hard 
to confirm. This indicates that the existence of boric acid 
in the electrolyte inhibited the discharge of H+. Boric 
acid could increase the overpotential of hydrogen so that 
the evolution of H2 was inhibited. The role of boric acid 
in the electrolyte acted primarily as a buffer that 
maintained pH of the double layer changing in a small 
range[14−15]. But, it is known that boric acid cannot 
buffer the solution by a simple proton dissociation 
mechanism because pKa=9.2 for boric acid while pH of 
the electrolyte was about 3. Therefore, the nickel borate 
might be formed to promote boric acid to release H+. In a 
word, the function of boric acid was that it was absorbed 
on the surface of cathode in the form of nickel borate as 
well as a pH buffer in the electrolyte[16]. That was why 
the addition of boric acid in the electrolyte makes the 
deposition potentials of both Ni2+ and H+ more negative.  

Fig.2 shows the cathode polarization curves of 
different boric acid concentrations in the electrolyte 
when Ni2+ concentration was 80 g/L and other conditions 
 

 
Fig.2 Effect of H3BO3 concentration on polarization curves of 
nickel reduction under conditions of ρ(Ni2+)=80 g/L, ρ(Na+)= 
15 g/L, θ=65 ℃ and pH=3 

were the same as those shown in Fig.1. The “sag” in 
Fig.2 was less evident than that in Fig.1, indicating the 
influence of boric acid was related to the concentration 
of Ni2+. The higher the Ni2+ concentration, the larger the 
influence of boric acid on H+ discharge. Therefore, a 
proper boric acid concentration should be considered in 
the nickel practical electrowinning. 

The nickel electrodeposition experiments were done 
for 7.5 h, without boric acid and with boric acid of 6 g/L, 
respectively, under the conditions of θ=65−70 ℃ , 
ρ(Na+)=10 g/L, ρ(Ni2+)=80 g/L and J=220 A/m2. The pH 
value of the circulated electrolytes was detected every 
half an hour during the process of the experiments. Fig.3 
shows the changes of pH value in the process. 
 

 
Fig.3 pH of electrolyte during process of nickel 
electrodeposition 
 

As shown in Fig.3, the pH of electrolyte without 
boric acid changed from 5.1 to 1.1 after electrodepositing 
for 7.5 h, While the pH of electrolyte with boric acid 
changed from 5.2 to 2.0. The latter has a smaller 
changing range. This suggests the addition of boric acid 
indeed buffered the pH of the electrolyte solution. The 
surface of Sample 1 was visually dark and not flat at all 
with some pitting. Compared with Sample 1, Sample 2 
was smoother and brighter, but the amount of the pitting 
on the surface did not obviously decrease. Therefore, 
boric acid had some good effects on improving the 
surface morphology of nickel deposit. 

Furthermore, the pH of electrolyte in the 
electrodeposition process was controlled in the range of 
3−4 when boric acid concentration was 6, 10 and 14 g/L, 
respectively. The results show that with the increase of 
boric acid concentration in the electrolyte, the surface of 
nickel became smoother and flatter, and the brightness of 
surface was improved a lot. When boric acid was added, 
the current efficiency also increased to about 97% higher 
than the current efficiency of 90% under the condition 
without boric acid in the electrolyte. The existence of 
boric acid inhibited the formation of H2 so that the 
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current efficiency increased. When the boric acid 
concentration was 10 g/L and pH was about 3, a deposit 
with good quality and a relative high current efficiency 
was obtained. 
 
3.2 Effect of SDS 

Fig.4 shows the polarization curves with different 
SDS concentrations under the condition of ρ(Ni2+)=120 
g/L, ρ(Na+)=15 g/L, θ=65 ℃ and ρ(H3BO3)=10 g/L. 
Fig.4(b) shows the partial enlargement of Fig.4(a). 
 

 
Fig.4 Effect of SDS concentration on polarization curves of 
nickel reduction under conditions of ρ(Ni2+)=120 g/L, 
ρ(H3BO3)=10 g/L, ρ(Na+)=15 g/L and θ=65 ℃ : (a) 
Polarization curves; (b) Partial enlargement of polarization 
curves 
 

SDS, an anionic surfactant, can reduce the surface 
tension of solution, so that the hydrogen gas generating 
from cathode was easy to leave from the surface of 
cathode. Small amount of SDS in the electrolyte can 
decrease the surface tension and improve the wetting 
ability of the electrolyte obviously, which favors the 
elimination of pitting. According to Ref.[8], when the 
concentration of SDS reached to mg/L in the electrolyte, 
the surface tension of the electrolyte tends to be the 
minimum. 

As seen in Fig.4(a), when the potential was more 
negative than −0.9 V, the polarization curves shifted left 
with the increase of SDS concentration in the electrolyte. 
Therefore, the addition of SDS in the electrolyte could 
decrease the cathode polarization in this stage. The 
potential range between −0.6 V and −0.8 V in Fig.4(a) 
was enlarged as shown in Fig.4(b). In the absence of 
SDS in the electrolyte (Curve 1), Ni2+ began to discharge 
around −0.7 V and the cathode current density increased 
with the rise of potential gradually. In the presence of 
SDS of 40 mg/L and 60 mg/L, nickel deposition 
potentials changed to −0.725 V and −0.750 V, 
respectively(Curve 2 and 3), then the cathode current 
densities increased with larger slopes than those in 
absence of SDS and soon exceeded the cathode current 
density without SDS. This shows that the addition of 
SDS in electrolyte obviously inhibited the deposition of 
Ni2+ in the initial stage of electrodeposition. The reason 
is that SDS could be absorbed on the surface of cathode, 
so that Ni2+ had to overcome the energy barrier to go 
through the space cavities of adsorption layer in order to 
deposit on the surface of cathode. So, the process of Ni2+ 
passing through the absorption layer became the 
controlling step of electrodeposition, and the SDS 
exhibited a strong inhibitory effect[7]. The cathode 
current density started to increase sharply when the 
overpotential increased to the desorption potential of 
SDS. In a word, the existence of SDS in the electrolyte 
could reduce the cathode potential and promote the 
reduction of Ni2+; and the cell voltage could also 
declined in the practical electrodeposition. 

The nickel electrodeposition experiments were 
conducted for 7.5 h under the conditions of θ=65−70 ℃, 
ρ(Na+)=10 g/L, ρ(Ni2+)= 80 g/L, ρ(H3BO3)=10 g/L, 
pH=3 and J=220 A/m2. The results show that after 
adding 20 mg/L SDS in the electrolyte, the amount of 
pitting on the surface of nickel deposit was less than that 
without SDS added. When SDS reached 40 mg/L, the 
pitting barely existed on the surface, but further addition 
of SDS did not have obvious effect on the surface of 
nickel deposit. Moreover, it is noticed that the addition of 
SDS did not degrade the current efficiency of 
electrodeposition. 
 
4 Conclusions 
 

1) Boric acid can increase cathode polarization. In 
the process of electrodeposition, boric acid absorbed on 
the surface of cathode results in enhancing the deposition 
potential of Ni2+. Boric acid and Ni2+ can form nickel 
borate that can increase the overpotential of hydrogen 
and decrease the evolution of H2. Nickel deposit with flat 
and smooth surface and relatively high current efficiency 
can be achieved when boric acid is used. 
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2) In the initial stage of polarization, the Ni 
deposition is inhibited by SDS absorbed on the cathode; 
after desorption, SDS in the electrolyte promotes the 
reduction of Ni2+ and reduces the cathode polarization 
because of the possible improvement of electrolyte 
wetting ability. In addition, SDS can also eliminate the 
pitting on the surface and improve the morphology of 
nickel deposit. 

3) The electrodeposition experiments show that 
good deposit morphology with rare pitting and high 
current efficiency is favored by adding 10 g/L boric acid 
and 40 mg/L SDS in electrolyte under the conditions of 
nickel ion concentration of 80 g/L, sodium ion 
concentration of 10 g/L, pH of 3, current density of 220 
A/m2 and temperature of 70 ℃. 
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