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To better unders tand the electrochemistry of  nickel electrowinning from nickel chloride solutions at 
the ca thode-e lec t ro lyte  interface, the cathode surface p H  was measured using a f la t -bot tom combina-  
tion glass p H  electrode and a 500 mesh nickel-plated gold gauze as cathode. The cell was a modifica- 
tion of  that  designed by Romank iw  and coworkers.  The p H  electrode was posit ioned at the back of, 
and in direct contact  with, the gauze cathode. As expected, the cathode surface p H  was always higher 
than the p H  in the bulk electrolyte, and if the current density was sufficiently large, it could cause the 
precipitation of  insoluble Ni(OH)2(5 ) on the cathode surface. Lower  bulk pH,  higher nickel concentra- 
tion, higher temperature,  and the additions of  H 3 BO 3 and NH4C1 effectively suppressed the rise of  the 
cathode surface pH.  The results provide further evidence of  the buffering action of  H3BO 3 and NH4C1 
and of  the enhancement  of  nickel deposit ion by H3BO3 . At  current densities less than 240 A m -2 addi- 
tions of  NaC1 and Na2SO4 suppressed the rise of  the cathode surface p H  but  to a much smaller degree. 

1. Introduction 

The electrodeposition of nickel often does not proceed 
at 100% current efficiency. The balance of the current 
is consumed normally in hydrogen evolution. Because 
of this hydrogen evolution, the hydrogen ion is 
depleted in the electrolyte near the cathode surface. 
Therefore, the pH of the electrolyte near the cathode 
surface is always higher than that in the bulk 
electrolyte. 

There are three basic factors that can suppress the 
increase of the cathode surface pH. The first factor 
is the mass transfer rate of hydrogen ions towards 
the cathode surface. In this regard, the reduced thick- 
ness of the diffusion layer brought about by vigorous 
agitation will prevent to a large extent the cathode sur- 
face pH from rising. The second factor is the proton 
donating pH buffers, such as boric acid, or the bisul- 
fate ion. The third factor is the hydroxyl-consuming 
pH buffers, such as NiOH +, Nig(OH) 4+. As the cath- 
ode surface pH increases, the following equilibria will 
shift to the right to generate more protons: 

HSOg > SO ] .  + H  + (1) 

Ni 2+ + H20 > NiOH + + H + (2) 

4Ni 2+ + 4H20 , Ni4(OH) 4+ + 4H + (3) 

Ni 2+ + 2H3BO3 , Ni(H2BO3)2 + 2H + (4) 

Ni 2+ + NH + , Ni(NH3) 2+ + H + (5) 

When the supply of hydrogen ions is unable to meet 
the depletion rate, the cathode surface pH will rise 
and eventually lead to the formation of insoluble 
nickel hydroxide on the cathode surface, a condition 
which must be avoided during nickel electrowinning. 
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Ovari and Rotinyan [1] measured the cathode sur- 
face pH using a microglass pH electrode during 
nickel electrodeposition under the conditions of 
0.25-2 M NiC12, 55 °C and pH 0.75-2.5. They found 
that the surface pH was always higher than the bulk 
pH if the bulk pH was above 1.5. They claimed that 
the surface pH increased initially with increasing cur- 
rent density; however, it did not increase further when 
the current density reached a certain level. 

Kuhn and Chan [2] reviewed the reliability of 
surface pH measurements during nickel electro- 
deposition using different techniques. Each tech- 
nique, as they pointed out, had certain drawbacks 
associated with the effect of gas bubbles and the cur- 
rent flow. The most convenient technique was to use 
a pH-sensing electrode, such as black Pt/H2, Pt- 
quinhydrone, SbzO3/Sb and glass pH electrodes, 
among which the glass pH electrode was the most 
widely used. The use of the glass pH electrode with 
a flat bottom was not mentioned. They proposed 
new techniques which are not easily feasible, such as 
using an optically-transparent electrode together 
with a u.v.-visible indicator. 

A useful technique for measuring the surface pH, 
which has been employed with modifications in the 
present study, is to use a fiat-bottom glass pH 
electrode juxtaposed with a fine gold gauze cathode 
[3-6]. In a study carried out in an unstirred dilute 
nickel chloride (< 0.2 M NiCI2) electrolyte, Deligianni 
and Romankiw [4] used as the cathode a 2000 mesh 
gold gauze, having an aperture diameter of 7#m 
and a thickness of 5/~m. They found that a higher 
nickel concentration and the presence of boric acid 
resulted in a lower surface pH. Using a rotating pH 
electrode, they observed that the surface pH 
decreased continuously with increasing rotation 
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Fig. 1. Schematic drawing of the apparatus for the surface pH mea- 
surement and associated equipment. 

speed [3]. Their tests were based on a potentiostatic 
step or linear potential sweep. 

The purpose of the present investigation was to 
extend earlier work on the determination of the pH 
of the electrolyte near the cathode surface during 
metal deposition. The research has focused on nickel 
electrodeposition in the expectation that the results 
would lead to a better understanding of nickel electro- 
winning from chloride solutions. 

2. Experimental apparatus and conditions 

The measurement of the cathode surface pH was 
carried out using an apparatus constructed in-house. 
The idea for such an apparatus originated from the 
work of Romankiw et al. [3-6]. However, a number 
of modifications were made to their apparatus and 
experimental procedures. A schematic drawing of 
the experimental arrangement is shown in Fig. 1. 
The system consisted of a galvanostat (Solartron 
1286 electrochemical interface), pH meter (Radio- 
meter PHM82 standard pH meter), a pH stat 
(Radiometer ETS822 titration system), a general 
combination glass pH electrode (Baxter/Canlab) to 
control the pH of the bulk electrolyte, a special com- 
bination glass fiat-bottom pH electrode (Orion) to 
measure the surface pH, a micrometer to adjust the 
position of the flat-bottom pH electrode, a nickel 
anode, a gold gauze cathode, and a computer to con- 
trol the instruments and to take measurements. The 
whole measuring assembly was placed in the cell at 
an angle of approximately 45 °. The gold gauze, serv- 
ing as the cathode, had an exposed diameter of 

15mm. During the experiments the nickel was 
deposited on the front side of the gold gauze which 
had been preplated with a layer of nickel. The flat- 
bottom pH electrode was placed next to the back 
side of the nickel-plated gold gauze. The distance 
between the gold gauze cathode and the sensor of 
the flat-bottom pH electrode could be adjusted using 
a micrometer. During the measurement, they actually 
contacted each other. The nickel anode with a dia- 
meter N 15 mm was placed directly below the gold 

Table 1. Dimensions of 500 mesh gold gauze* 

Estimated from SEM photos From manufacturer t 

Wires Space Effective Wire Space Effective 
diameter between area ~ diameter between area 
/#m wires /% /#m wires /% 

/~m /~m 

17.0 33.0 89 11.4 39.4 63 

* 1 mesh = 1 line per 2.54cm. 
t The gold gauzes were purchased from Buckbee-Mears Co., 254 E- 
6th St., 6th floor, St. Paul, MN 55101, USA 

$ Effective area = Real area x 100. 
Nominal area 

gauze with a space of ~ 20 mm. The cell contained 
250 ml of electrolyte. 

The solution was stirred gently with a magnetic stir- 
rer during pH measurement for the sake of uniform 
bulk pH. The rotational speed of the stirrer was 
kept at 160rpm for all of the measurements. The 
bulk pH was controlled to be constant. Before the 
experiments, the solution was deaerated with nitro- 
gen for about 20rain to remove dissolved oxygen. 
Unless otherwise stated, the bare gold gauze was 
always preplated with a ~ 0.5 #m thick nickel film 
(by deposition at 50Am -2 for 300s) before any 
tests. After each test, the gold gauze was cleaned via 
anodic dissolution of the previously deposited nickel 
layer. It has been calculated that gold was a very inert 
cathode substrate even in nickel chloride solutions [7]. 

The dimensions of the 500 mesh gold gauze used in 
this work are listed in Table 1, both according to the 
manufacturer's specifications and those estimated 
from our SEM photomicrographs. The calculation 
of the effective area is shown. In terms of the effective 
area, the 500 mesh gauze was the most suitable among 
the four gold gauzes which were evaluated. The dia- 
meter of the pH sensor of the fiat-bottom pH elec- 
trode is around 8 mm. For 500 mesh gold gauze, as 
an example, this pH electrode reflects an average pH 
value covering twenty thousand [1/4 x 7r x 80002/ 
(17.0 + 33.0) 2 ~ 20 000] holes on the gauze surface. 

The surface pH was measured as a function of time 
at a given current density. The deposition time was 
typically 150 s, and the surface pH values presented 
were the readings at the end of the experiment or aver- 
aged in the stable region. The curves of pH against 
time were rezorded for each run. The surface pH's 
measured with 500 mesh gold gauze are believed to 
be a fair representation of the true surface pH. If the 
flat-bottom pH electrode is brought into direct con- 
tact with the gold gauze, the distance between the 
glass membrane sensor of the pH electrode and the 
electrochemical reaction sites varies because of the 
'mushroom' shape of the wires of the gold gauze. 
For the 500 mesh gold gauze, the maximum distance 
from the "mushroom" top of the wires to the mem- 
brane sensor is around 36% of the wire diameter 
(i.e., around 6 #m). This distance is well below the 
normal diffusion layer thickness which is on the order 
of 80-300 #m. 
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Fig. 2. SEM photomicrograph of 500 mesh gold gauze coated with 
1 #m (nominal) thick nickel film (20kV, 2000x) (cross section). 

Practically, we need to know the surface pH values 
measured on the nickel substrate such as would be 
encountered in industrial nickel electrodeposition. 
One way to overcome this problem would be to use 
a nickel gauze instead of a gold gauze. However, the 
nickel gauze would be electrochemically active in 
acidic media and could not be used repeatedly. 

For a ~ 1 #m thick coating (Fig. 2), SEM photo- 
micrographs of the cross-section of the wires demon- 
strate that the substrate surface has been covered 
completely with the nickel film. The nickel film was 
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Fig. 3. EDX diagrams of 500 mesh gold gauze coated with nickel 
layer 1/~m in thickness (a) and after anodic dissolution (b) (20 kV, 
7000x). 
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Fig. 4. pH titration curves for different NiC1 a concentrations at 
25 °C (150ml sample and 0.5 mlmin -I speed). Key: (a) 3 M NiC12; 
(b) 2M NiC12; (c) 0"937M NiCI> 

deposited uniformly along the contours of the gold 
substrate surface. If the thickness were decreased by 
50%, that is, to 0.5 #m, the surface would still be cov- 
ered completely with the nickel film. The nickel- 
coated gold gauze, after nickel was dissolved anodi- 
cally, was examined by energy dispersive X-ray spec- 
trometry (EDX), Fig. 3(b). This surface exhibited no 
nickel peaks. Hence one can be sure that using the 
anodic dissolution method, the deposited nickel film 
can be completely dissolved anodically by controlling 
the final potential up to 0.05V vs SCE. 

3. Results and discussion 

3.1. Effect of nickel concentration on the surface pH at 
25 °C 

The neutralization curves for different electrolytes 
obtained by titration with standard NaOH solution 
serve to indicate the marked difference in the amount 
of free acid present in solutions having the same initial 
pH. The titration curves (Fig. 4) show clearly that the 
amount of sodium hydroxide required to neutralize 
the free acid at pH 1 decreases dramatically with 
increasing NiC12 concentration. The pH at which 
insoluble nickel hydroxide starts to form also 
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Fig. 5. Surface pH as a function of current density for different 
NiC12 concentrations at 25 °C (500 mesh gold gauze and bulk pH 
2.5). Key: (a) 3M NiC12; (b) 2M NiC12; (c) 0.937M NICI> 
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Table 2. The amount of acid released when pH changes from 2.5 to 5.5 

Electrolytes A[/4 +] r (tool) 

0.937M NiC12 (10 .2.5 - 10 -s'5) x 0.250/2.29 = 3.45 x 10 .4 
0.937M NiC12 + 0.365M Na2SO 4 (10 .2.5 - 10 -5'5) x 0.250/1.23 = 6.42 x 10 .4 
0572M NiC12 + 0.365M NiSO4 (10 -z5 - 10 -5'5) x 0.250/0.990 = 7.98 x 10 -4 

0.572M NiC12 + 0.365M NiSO4+ 0.365M Na2SO 4 (10 -2.5 - 10 -55) x 0.250/0.578 = 13.7 x 10 .4 

decreases with increasing NiC12 concentration. The 
surface pH ' s  measured in the pure nickel chloride 
solutions are represented in Fig. 5. As can be seen 
f rom Fig. 5, lower surface pH ' s  are observed in the 
more concentrated nickel chloride solutions. I t  
should be noted that  the amount  of  hydrogen gas 
formed is directly proport ional  to the decrease in the 
amount  of  hydrogen ions in the solutions. Accord- 
ing to the formal definition, p H  = - - l o g a H +  = 
- 1og('yH+ [H+]) and - In all+ = (E -- E °' - E j ) F / R T ,  

where E is the e.m.f, of  the cell, E ° '  is the standard 
po ten t i a l ,  E j  is the liquid junction potential [8]. There- 
fore, when the surface p H  is related to the hydrogen 
evolution, the effect of  the activity coefficient of  the 
hydrogen ions must  be taken into account. The 
activity coefficients of  the hydrogen ions in 3 M 
NiC12 and 2 M NiC12 at 25 °C were found to be 11.8 
and 2.8 times as large as that  in 0.937 M NiC12 solu- 
tion (27.1, 6.51 and 2.29, respectively) [7].* Thus at 
a given pH,  the concentration of  hydrogen ions is con- 
siderably smaller in more concentrated nickel chloride 
solutions. In terms of  nickel electrodeposition, this 
means that a lower bulk p H  in the highly concen- 
trated nickel chloride solutions will still result in a 
high current efficiency such as can be reached only 
at a higher pH level in less concentrated solutions. 

3.2. Effect o f  sulfate on the surface p H  at 25 °C 

Three sulfate-containing nickel chloride electrolytes 
were tested, that  is, 0.572 M NiC12 + 0.365 M NiSO4, 
0.937M NiC12 + 0.365M Na2SO4 and 0.572M NiC12 
+ 0 .365g NiSO 4 + 0.365M Na2SO 4. As shown in 
Fig. 6, the presence of  the sulfate ion suppresses the 
rise of  the surface pH.  However, the differences in 
the surface pH ' s  at different sulfate concentrations 
are quite marginal  at bulk p H  2.5. The activity coef- 
ficients of  the hydrogen ions measured previously [7] 
in these solutions can be used to estimate the change 
in the amount  of  total acid t available for 250 ml of  
the solution as the p H  goes f rom 2.5 to 5.5 (Table 2). 

The value 2.29 is the activity coefficient of  hydrogen 
ions in 0.937 M NiC12, and the values 1.23, 0.990 and 
0.578 are the activity coefficients of  hydrogen ions in 
the sulfate-containing nickel chloride solutions 

* The activity coefficients of hydrogen ions in the solutions of 3 M 
NiC12, 2M NiC12 and 0.937M NiC12 were determined experimen- 
tally using a combination glass pH electrode by measuring the pH 
responses to a series of additions of hydrochloric acid solution [7]. 
The values so obtained were corrected for the liquid junction 
~otentials. 

Here total acid means the concentration of free hydrogen ion plus 
bisulfate ion. 

0.937M NiC12 q- 0.365M Na2SO4,  0.572M NiC12 + 
0.365M N i S O  4 and 0.572M NiC12 + 0.365M NiSO 4 
+ 0.365 M NaSO4, respectively [7]. The above activity 
coefficients obtained initially as shown in Fig. 7 were 
corrected for liquid junction potentials. I f  the current 
efficiency of nickel and the thickness of  the diffusion 
layer are assumed to be of  the same order of  magni- 
tude in these four solutions, the ratio of  current den- 
sities to reach a surface of  pH 5.5 should be around 
1:1 .9:2 .5:4 .2 .  Obviously, the curves in Fig. 6 do 
not match this ratio. The reason for this, as was 
found in electrodeposition tests [7], is that the current 
efficiency of  nickel decreases continuously with the 
increase of  sulfate concentration and the decrease of  
chloride concentration. That  is to say, at a given p H  
and total nickel concentration, the current efficiencies 

have the order of  CENic12 > CENic12 + Na2SO4 > 

C E N i c 1 2  - -  • i S O  4 > CENa2 + y~so4 + N a 2 S O 4 -  For  instance, 
at p H  1.5, 60°C and 2 0 0 A m  -~, nickel current effi- 
ciencies are 97.0%, 95.4%, 93.6% and 91.3%, respect- 
ively, for the electrolytes of  0.937 M NiC12, 0.937 M 
NiC12 + 0.365M Na2SO4, 0.572M NiC12 + 0.365M 
NiSO4, and 0.572M NiC12 + 0.365M NiSO4 + 
0.365 M Na2SO4. 

Accordingly, f rom the measurements of  surface p H  
and current efficiency, it can be concluded that the 
addition of  sulfate to nickel chloride solutions has 
the effect of  shifting the marked increase in surface 
p H  to a higher current density and reducing the cur- 
rent efficiency of  nickel electrodeposition. At  p H  2.5, 
the above calculations (see Table 2) indicate that the 
total acidity of  the solution increases with increasing 
sulfate concentration. As the p H  titration curves in 
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Fig. 6. Surface pH as a function of current density for different sul- 
fate concentrations at 25 °C (500 mesh gold gauze and bulk pH 2.5). 
Key. (E) 0.572M NiC12 + 0.365M NiSO4; (e) 0.937M NiC12 + 
0.365M Na2SO4; (A) 0.572M NiC12 + 0.365M NiSO4 + 0.365M 
Na2SO4; (O) 0.937M NiCI> 
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Fig. 8 show, the amount of total acid at pH 1 for these 
electrolytes differs markedly. 

3.3. Effect of sodium chloride on the surface p H  at 
25 °C 

Chloride ions promote the deposition of nickel, con- 
ventionally believed to be due to a catalysis of the elec- 
tron transfer via a so-called 'chloride ion bridge' 
between Ni 2+ ions and the cathode surface [9]. Piatti 
et al. [10] gave another account. They assumed that 
the nickel surface is not completely free of oxygen- 
containing species, and believed that it is likely that 
chloride ion interaction takes place through this 
kind of layer. We believe that it likely occurs by the 
overlapping of the chloride ion orbitals, which are dis- 
torted by the high local electric field in the electrical 
double layer, with part of the orbitals of nickel. How- 
ever, according to one theory, chloride ions enter the 
hydration sphere of the nickel ions and replace one of 
the associated water molecules so that the nickel ions 
are able to move closer to the cathode surface and 
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Fig. 8. pH titration for different sulfate concentrations at 25 °C. 
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engage in electron transfer [11]. In electrodeposition 
studies Ji [7] found that the addition of 2 M NaC1 
increased the current efficiency of nickel deposition. 

The pH titration curve in Fig. 9 shows that the free 
acid concentration of 0.937 M NiC12 and 2 M NaC1 at 
p i l l  is almost one-half that in 0.937 M NiC12 solution 
(see Fig. 4). As sodium chloride is a fairly weak c0m- 
plexing agent for nickel and is not a buffering agent at 
all, the decrease in free acid concentration at pH 1 can 
be ascribed to the increase in the activity coefficient of 
the hydrogen ions. The addition of sodium chloride 
would also increase the activity coefficient of nickel 
ions but to a lesser extent [7]. The results of surface 
pH measured for 0.937 M NiC12-2 M NaC1 electrolyte 
are shown in Fig.  10. The data confirm that the 
addition of sodium chloride suppresses the rise of 
the surface pH at current densities less than 
240 A m -2. 

3.4. Effect of boric acid on the surface p H  at 25 °C 

The function of boric acid in nickel electrodeposition 
is a controversial subject. The conventional view is 
that boric acid serves as a pH buffer. However, it 
has been claimed that boric acid serves as a homo- 
geneous catalyst and lowers the overpotential of 
nickel deposition [9, 12-14]. It has been reported 
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Fig. 10. Surface pH as a function of current density in 0.937 M NiCI 2 
+ 2M NaC1 at 25 °C (500 mesh gold gauze and bulk pH 2.5). 
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that there is a complex between nickel and 
borate ions, Ni 2+ + 2H3BO 3 = Ni(H2BOs) 2 + 2H +, 
in mixed chloride-sulfate solutions [15]. Another 
interesting point concerning the buffering capacity 
of boric acid is the effect of an electric field. It was 
found that the equilibrium dissociation constant of 
boric acid near the cathode surface is substantially lar- 
ger than the corresponding value in the bulk electro- 
lyte [16]. 

To clarify the function of boric acid in nickel- 
containing solutions, starting from the simplest case, 
a series of pH titrations was conducted titrating free 
boric acid (5 ~ 40gdm -3) solution in the presence 
and absence of 2 M NaC1 at 25 °C against NaOH solu- 
tion [7]. There are altogether four species which may 
exist and their equilibrium reactions are as follows 
[17]: 

H3BO3 -F H~O ~ B(OH)~- + H + (6) 

2H3BO3 Q21 B 2 0 ( O H ) 5  .)_ n + (7) 

3HsBO3 'Q31 BsOs(OI-I )4?-F H ÷ -i- 2 H 2 0  " i 8 )  ' 

4 H s B O 3  Q42 B a O s ( O H ) 2 -  + 2H + + 3 H 2 0  

(9) 

The calculations using the equilibrium constants from 
the literature [17] indicated that multistep dissociation 
of boric acid would happen as the pH went up to 13. 
However, interestingly, only the first-step dissociation 
was evident at pH up to 13 from the pH titration 
results [7]. 

The pH titration curve of 0.937 M NiCI 2 + 0.485 M 
H3BO3 is shown:in Fig. 11. Comparing the titration 
curves of 0.937 M NiC12 in Fig. 4, the buffering capa- 
city of the NiC12 + H3BO3 solution increases dramati- 
cally and the buffering range of boric acid is extended 
to the acidic region. This observation is consistent 
with the formation of a weak complex between nickel 
and borate ions, which has been reported [15]. By the 
formation of the nickel-borate complex, Ni2++ 
2HsBO3 = Ni(H2BOs)2 + 2H +, more hydrogen ions 
are available in the solution. However, the free acid 
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Fig. 12. Surface pH as a function of current density in 0.937 M NiC12 
÷ 0.485 M HsBO 3 at 25 °C (500 mesh gold gauze and bulk pH 2.5). 

concentration at pH 1 in 0.937 M NiCI2 + 0"485 M 
HsBO3 is very close to that of 0.937 M NiC12, indicating 
that H3BO3 does not change the activity coefficient of 
the hydrogen ions. However, the pH at the peak of the 
change in pH with NaOH volume (dpH/dV) is 
shifted from ~ 4.4 to ~ 2.9 as a result of the addition 
of HsBOs. This also indicates that boric acid starts to 
form a complex with the nickel ion and thus to pro- 
duce hydrogen ions when the pH is above ~ 2.9. 

The measured surface pH's as a function of current 
density are given in Fig. 12. The surface pH's are 
lower than in the case of the NiC12 + NH4C1 electro- 
lyte (Fig. 14) at higher current densities, and increase 
almost linearly with current density. As can be seen 
from the pH titration curve, this behaviour at lower 
surface pH is not just the result of the buffering 
action of boric acid. It seems that boric acid also 
enhances the deposition of nickel, which observation 
appears to be in agreement with the so-called cataly- 
tic effect of boric acid. Indeed, higher current efficien- 
cies of nickel were observed in the electrodeposition 
tests at' bulk pH' 1.1' arid '60 °C [7]i Besides this Cata: 
lytic effect, to account for the lower surface pH behav- 
iour, it may also be speculated that due to the very 
sharp pH gradient immediately away from the sur- 
face of the gold gauze, as reported by Romankiw [6], 
the surface pH's measured with the 500 mesh gold 
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Fig. 13. pH titration for 0.937M NiC12 + 1.31M NH4C1 at 25°C 
(150 ml sample; 0.5 ml min -1 speed). 
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Fig. 14. Surface pH as a function of current density in 0.937 M NiC12 
÷ 1.31 M NHaC1 at 25 °C (500 mesh gold gauze and bulk pH 2.5). 

gauze are still different to a certain degree from the 
real surface pH's. Therefore, boric acid may indeed 
play a significant buffering role there even though it 
is not apparent from the titration curve. 

3.5. Effect of ammonium chloride on the surface p H  at 
25 °C 

The addition of ammonium sulfate or chloride is 
indispensable to nickel powder production via electro- 
lysis at extremely high current densities [18-22]. 
Ammonium chloride is both a strong complexing 
agent and a pH buffer. As with boric acid, the buffer 
point of free ammonium chloride is in the basic 
region around pH 9.3. However, the formation of 
strong nickel-ammonia complexes, Ni2++xNH + -+ 
Ni(NH3)Zx + + xH +, shifts this buffering range to a 
relatively acidic region. 

Bjerrum [23] studied the nickel ammine complexes 
in 2 M NH4NO3 and 1 M NH4C1 at 30 °C. He found 
that the number of NH3 molecules bound to the 
Ni 2+ ion increased with increasing NH 3 concentra- 
tion, starting from Ni(NH3) 2+ up to Ni(NH3) 2+. It 
has been calculated [7] that nickel monoammine com- 
plex Ni(NH3) 2+ should begin to form at pH above 3.2 
in the electrolyte 0.937M NiC12 + 1.31 M NH4C1. 

By comparing the titration curves of NiC12 +NH4C1 
(Fig. 13) and NiC12+H3BO 3 (Fig.ll), the pH at peak 
dpH/dV is similarly close to ~ 2.9, but NH4C1 has a 
much stronger buffering action. Compared with that 
of pure NiC12 solution, the free acid concentration 
at pH 1 decreased as a result of the addition of 
NH4C1. As with the addition of boric acid, when 
NHeC1 is added, the surface pH is also low (~ 2.8 at 
100 A m -2) and increases almost linearly with current 
density (Fig. 14). This means that NH4C1 is also quite 
effective in moderating the surface pH at a low level in 
nickel electrodeposition. 

3.6. Effect of temperature on the surface p H  

As a starting point, three pH titrations were carried 
out on 0.937 M NiC12 solution at 25, 40 and 60 °C in 
order to reveal the change of the electrolyte pH with 
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Fig. 15. pH titration for 0.937M NiC12 at different temperatures 
(150ml sample; 0.5mlmin -1 speed). Key: (a) 25°C; (b) 40°C and 
(c) 60 °C. 

temperature. The curves shown in Fig. 15 reveal two 
things. First, the free acid at a given pH increases 
with temperature. Second, the pH at which the insolu- 
ble nickel hydroxide starts to form decreases with 
increasing temperature. In other words, the activity 
coefficient of the hydrogen ions decreases with tem- 
perature, and a high temperature favours the precipi- 
tation of nickel hydroxide. 

The surface pH measurements at 40 and 60 °C were 
conducted using exactly the same apparatus and 
almost the same procedures as those employed at 
25 °C. One exception was for tests at 60 °C, where 
the solutions were not deaerated before measure- 
ments and not agitated during measurements in order 
to simulate the practical situation. Measurements at 
40 °C without agitation were also performed for the 
sake of comparison. Certain difficulties were encoun- 
tered at higher current densities as the gold gauze 
easily cracked when a thick layer of nickel was depo- 
sited on it. This phenomenon generally happened 
when the current density exceeded 1000Am -2 and 
the electrodeposition ran for more than 100s. The 
charge passed during this period would produce a 
nickel deposit of a nominal thickness of 3.6#m. 
Because of this problem, measurements were 
restricted to current densities up to 1000Am -2 for 
100 s of electrodeposition for each run. 

The measured surface pH's in 0.937 M NiC12 at a 
bulk pH of 2.5 and temperatures of 25, 40 and 60 °C 
are presented in Fig. 16. Several observations are to 
be noted from this graph. First, high temperature 
does enhance significantly the rate of nickel reduction 
so that there is a lower surface pH. Second, agitation 
lowers effectively the surface pH by increasing the 
mass transfer rate of hydrogen ions towards the cath- 
ode surface. Third, the final surface pH's are con- 
sistent with the pH titrations, indicating that the 
formation of insoluble nickel hydroxide on the cath- 
ode surface should be expected at these high pH 
levels. It should be mentioned that there is a nickel 
concentration polarization during nickel electro- 
deposition, so that the pH at which the insoluble 
nickel hydroxide starts to precipitate should be 



SURFACE pH MEASUREMENTS DURING NICKEL ELECTRODEPOSITION 649 

5 
- r  

e~ 

u~ 3 

/ 

, i , I , c ~ ,  I ' 5  , I ' 7  800 900 1 10 100 200 300 400 0 600 0 000 

Current density / A m -2 

Fig. 16. Surface pH as a function of current density in 0.937 M NiCI 2 
at different temperatures (500 mesh gold gauze and bulk pH 2.5). 
Key: (e) 25 °C, stirring; (n) 40 °C, no stirring; (11) 40 °C, stirring; 
(A) 60 °C, no stirring. 

somewhat higher than that estimated f rom the titra- 
tion curves or f rom the solubility product  based on 
the bulk nickel concentration. ~ 

Another  interesting point shown in Fig. 16 is that at 
60 °C without agitation the surface p H  is about  0.34 
unit higher than the bulk p H  even at a current density 
as low as 1 0 0 A m  -2. Agitation was indeed found to 
affect the surface p H  even under no current passage 
when a layer of  nickel was present on the surface of 
the gold gauze. This higher surface p H  at low current 
densities under no agitation is believed due to the 
chemical attack by hydrogen ions and the effect of  
dissolved oxygen. 

3.7. Nickel  speciation in chloride solutions 

Since the nature of  the nickel species in chloride solu- 
tions as a function of  p H  is of  importance in under- 
standing nickel electrodeposition f rom such 
solutions, the principal results of  Ji 's studies on this 
subject are summarized here [7]. 

In the acidic region, Ji found that the predominant  
nickel species are Ni z+, and NiC1 + in pure NiC12 solu- 
tions and Ni 2+, NiC1 + and NiSO4 in the mixed sulfate- 
NiC12 solutions. The concentration o f N i O H  + is negligi- 
ble. All the other species such as Ni(OH)2(aq), Ni(OH)3, 
Ni(OH) 2-, Ni2OH 3+ and Ni4(OH) 4+ are negligible 
over the pH range 0 to 14. 

Conclusions 

The following are the principal conclusions f rom the 
results of  the present investigation: 

(i) Using a modified cell with a 500 mesh nickel- 

The pH of incipient precipitation for a 0.937u NiClz solution 
works out to be 

/% = [Ni2+][OH-] 2 = 5.47 × 10 -16 (25 °C) 

1 Ksp I 5.47 x 10 -16 
pH = ~ x log KZw[Nia+ ] = ~ x log (10_14)2 × 0.937 = 6.38 

This pH would be reached on the cathode surface for the electro- 
deposition of nickel from this solution at 250Am -2 and 25 °C 
(Fig. 6). 

plated gold gauze cathode the authors have extended 
the earlier research of  Deligianni and Romankiw on 
surface p H  measurements to nickel electrodeposition 
from the following electrolytes: 

0.937 M, 2 M and 3 M NiCI2 
0.572 ~ NiC12 + 0.365 M NiSO 4 
0.937 M NiC12 + 0.365 M Na2SO 4 
0.572 M NiC12 + 0.365 M NISO4-0.365 M NazSO 4 
0.937 M NiC12 + 2 M NaC1 
0.937 M NiC12 + 0.485 M HsBO3 
0.937 M NiCI2 + 1.31 M NH4C1 

Experiments were conducted principally at 25 °C 
and at a bulk p H  of  2.5 with the current density rang- 
ing between 60 and 760 A m -2. 

(ii) Adding to the limited results of  previous studies, 
it was found that lower bulk pH,  higher nickel concen- 
tration, higher temperature (up to 60 °C) and the addi- 
tions of  HsBO3 and NH4C1 suppressed the rise of  the 
cathode surface pH. 

(iii) Evidence of  the buffering action of  HsBO 3 and 
its enhancement of  nickel deposition corroborated the 
results o f  other investigators. A buffering effect was 
also demonstrated by NH4C1. 

(iv) At current densities less than 2 4 0 A m  -2 the 
addition of  NazSO 4 and NaC1 also suppressed the 
rise of  the cathode pH but to a lesser extent than in 
the case of  HsBO 3 and NH4C1. 

(v) The addition of  sulfate to NiC12 solutions had 
the effect of  shifting the marked increase in the sur- 
face p H  to a higher current density and reducing the 
current efficiency of nickel electrodeposition. 

(vi) As expected the cathode surface p H  was always 
higher than the bulk pH and at higher current den- 
sities the pH could increase to the point of  Ni(OH)a 
precipitation. 
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