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The effect of  the silica layer of  SiC powder on ionic adsorption was studied in a Watts nickel plating 
bath. PZC (point of  zero charge) measurement  suggested that SiC powder has a tendency to release 
H + at pH > PZC (~2.2), and the amount  of Ni 2+ adsorbed on the surface of  the SiC increased 
with increased pH of  the Watts bath. Experimental results showed that SiC powders not  only 
catalyzed the adsorption of  hydrogen atoms but also had a significant effect on hydrogen evolution 
during electrodeposition if the solution pH was less than or equal to 2.0 (~PZC).  Furthermore,  SiC 
powders have a shielding effect which prevents O H -  from being released into the solution under an 
applied potential, which results in more Ni(OH)2 in the deposited layer. SiC powders also promote 
further adsorption of  intermediates of nickel on the electrode surface, as shown by impedance studies. 

1. Introduction 

Composite plating produced by codeposition of 
powders with a metal has been widely applied to the 
aerospace, automotive, manufacturing, chemical pro- 
cessing, and hydraulics industries. A composite 
deposit often has a higher hardness, wear and corro- 
sion resistance. 

According to recent literature [1-3], the deposition 
process commonly involves the following stages: 
Stage 1 involves the ionic adsorption of powders 
which are suspended in an electrolyte. The extent 
and nature of the adsorbed ions determine the size 
and magnitude of the charge carried by the powders. 
Stage 2 involves the transport process of the solution. 
Since the mode and intensity of agitation are the 
determining factors for the powder content in the 
deposit, improved agitation is helpful in obtaining a 
better composite layer. 
Stage 3 involves loose adsorption between powders 
and electrode. Loose adsorption is a reversible electro- 
static contact, which is closely dependent on the charge 
size and charge magnitude of the powder, the specific 
gravity of powder, and the contact time between 
powder and electrode. High electrolyte velocity can 
overcome the attractive force of loose adsorption 
between powder and electrode and can carry the 
adsorbed powders away from electrode surface. 
Stage 4 is a strong adsorption process, which causes 
the powders to be trapped in the metal matrix. There- 
fore, the composite deposit is deeply affected by the 
reduction conditions. 

Some workers have endeavoured to make smooth, 
dense and uniform composite layers by using pro- 
moters [4-8], or by increasing the adsorption 
between powders and electrode [9, 10]. The physical 
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properties of composite layers have also been dis- 
cussed [11, 12]. Currently, the Ni/SiC composite 
deposit has applications including the coating of com- 
bustion engines and casting moulds. Although there is 
much discussion about the effects of agitation, current 
density, and powder content in solution on the 
codeposition of Ni/SiC [13-15], there has not been a 
detailed study of ionic adsorption in a Watts bath 
from the standpoint of PZC [16]. PZC means that 
the suspended solution is kept at a pH, which makes 
the surface charge of SiC powder equal to zero. In 
this work, the effect of pH on the codeposition 
mechanism of Ni/SiC has been studied by changing 
the pH of the Watts baths away from the PZC of 
SiC powder and the behaviour of electrodeposited 
nickel with or without SiC powders has been 
examined. 

2. Experimental details 

c~-SiC powders with specific gravity of 3.2 and over 
99% purity were used in this experiment. The surface 
area was about l l .0mZg -1 and the particle size 
approximately 1.5 ~ 1.6#m. The surface binding 
state of the composite deposit was measured by 
ESCA (Electron Spectroscopy for Chemical Analy- 
sis). The surface charge of the SiC powders in NaC1 
electrolytes was estimated by potentiometric titration 
[17], and the zeta potential was calculated from 
streaming potential data [7]. 

All chemicals used were EP grade. The basic com- 
position of the Watts bath was NiSO4 • 6H20 1.33 M, 
NiClz.6H20 0.19M, H3BO3 0.57M and HzSO 4 was 
used to adjust pH. 

To keep the SiC powders in a homogeneous suspen- 
sion, a magnetic stirrer was used for two days before 
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measurement. The current efficiency of the deposited 
layer was calculated as QNi/Qtot × lO0, where QNi 
is the real charge estimated from the quantity of 
deposited nickel and Qtot is the theoretical charge 
calculated by Faraday's law. 

The amount of H + adsorbed on the SiC surface 
may be evaluated from the pH change. This repre- 
sents the difference between the pH of  the suspended 
solution is obtained after prolonged settlement and 
the pH of the initial solution ~ t h o u t  SiC powder. 
In addition, the quantity of Ni 2+ adsorbed on the 
surface of SiC powder was analysed by ICP-AES 
(inductively coupled plasma-atomic: e~ssion 
spectrometer). 

A Potentiostat (EG & G Parc Model 273) was con- 
nected to the rotating disc electrode (EG & G Parc 
Model 616). The working electrode was. a platinum 
disc 0.5 cm in diameter, which had been predeposited 
with 3 #m nickel. The reference electrode was a Ag/ 
AgC1 electrode (Ingold Company) and the counter 
electrode was a platinum plate of 99.9% purity. The 
potentiostat was connected to a lock-in amplifier 
(EG & G Parc Model 5210) for the a.c. impedance 
study. The frequency range was from 0.001 Hz to 
100 kHz, the amplitude l0 mV, and the applied poten- 
tial was controlled below -750mV to electrodeposit 
nickel. 

Finally, scanning electron microscopy was applied 
to study the powder distribution and content. 

3, Results and discussion 

3.1. SiC surface chemistry 

Figure 1 shows the surface state of SiC powders 
analysed by ESCA. Si, C and large quantities of O 

appear in the spectrum shown in Fig. l(a) and the 
two peaks have a net difference of about 3eV 
(102.9eV and 106.0eV) in the microscan spectrum 
of Si2p shown in Fig. l(b). The two peaks of 
Fig. l(b) represent SiC and SiO [18, 19], respectively, 
and the SiO structure (silica layer) is attributed to the 
fact that the adsorbed oxygen chemically reacts with 
SiC. A high peak of O resulted from both chemical 
and physical adsorption of oxygen at the same time. 
In fact, Rahaman [20] observed that the SiC surface 
had a silica layer of about 3 --~ 5 nm, and Chassaing 
et aL [21] also found that the hydration of the silica 
layer would transfer to 4.5 sites nm -z Si-OH in the 
aqueous solution. These cases obviously match our 
result. 

3.2. Cation adsorption 

Figure 2 shows the surface charge of SiC in the NaC1 
electrolytes at various pH levels. It is found that SiC 
powders have positive surface charge at pH < 2.2 
and negative surface charge at pH > 2.2. pH 2.2 is 
therefore the PZC. In addition, surface charge 
obviously increases as the pH decreases. This is 
owing to the fact that SiC powders have a strong 
tendency to adsorb H + at the lower pH levels. 
Figure 3 shows that the zeta potential is also zero at 
pH around 2.2. This means that the IEP (isotropic 
electrical point) of SiC is at pH 2.2 in this case. Con- 
sequently, because of PZC of SiC at pH around 2.2 is 
similar to the PZC of SiO 2 at pH around 2 [22], a silica 
layer which has been formed on the surface of the SiC 
powder is again confirmed. In addition, since the PZC 
of SiC is the same as the IEP in NaC1 electrolyte, Na + 
and C1- are non-specific adsorbed ions for the SiC 
powders. 

60 

50 

4O 
t - -  

30 
o 

~c  

20 

(a) 0 

10 

0 o 

c 

200 400 

O(A) C(A) 

| i i , , 

600 800 1000 
Binding energy / eV 

16 

1 2  
E 

4 

0 
99 

(b) i Si2p 

i i i i i f i i f 

101 103 105 107 
Binding energy / eV 

109 

Fig. 1. Analysis of SiC powders using ESCA: (a) Survey 
spectrum; (b) spectrum of Si2p (peaks exist at 102.9eV 
and 106.0eV). (MgK~ radiation, 500eV analyser, step 
size 1.0eV). 
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Fig. 2. Surface charge  of  SiC powders  in ( o - - o )  0.01 M and  ( A - -  
zx) 0.05 M NaC1 electrolyte.  

A two-site model was introduced by Levine and 
Smith [23] to describe the behaviour of the 
oxide/solution interface and has been further modified 
by Yates et al, [24]. This model can be used to 
demonstrate the acceptance or release of a proton 
by the silanol group of the silica layer in aqueous 
solution. 

SiOH + H 2 0  , K1,  SiOH + + OH- (1) 

SiOH + H 2 0  , K2 ' S i O -  + H 3 0  + ( 2 )  

so that 

pK] = pH + log ([SiOH~-]/[SiOH]) (3) 

pK2 = pH + log ([SiOH]/[SiO-]) (4) 

where PK1 ,-~-2.77 and pK2~6.87 [25] and 
PZC = (pK] + pK2)/2. 

In fact, SiOH + and SiO- do not exist alone in the 
solution. They generally combine with other counter- 
ions to balance the surface charge of these powders. 

Figure 4 shows that the pH change (final 
pH - initial pH) is negative after 5.88% SiC powder 
has been added to solution when the initial pH is 
greater than 2.0 (~PZC), but it is marginal when the 
initial pH is less than 2.0. The pH change is negative 
due to the fact that the silanol group of SiC powders 
releases H + into solution according to Equation 2, if 
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Fig. 4. p H  change  after  5.88% SiC powders  were added  to the 
so lu t ion  w i t h o u t  ( O - - O )  or  wi th  ( [ ] - - [ 3 )  NiSO4 at  different  
in i t ia l  pHs,  

the initial pH >/ PZC. However, there is not much 
differencebetween the initial and final pH if the initial 
pH < ~ 2.0. This is because the concentration of H + 
is too high to be adsorbed completely by the SiC 
powders. 

The net pH change decreases as the solution con- 
tains NiSO4. One possible reason is that an exchange 
reaction occurs with NiSO4, which can be expressed 
a s ~  

-SiOH + Ni 2+ , SiO-Ni 2+ + H + (5) 

Ni 2+ tends to balance SiO- and decreases the 
dissociation of H +, 

Figure 5 shows that the quantity of Ni 2+ adsorbed 
on the SiC surface increases as initial pH increases. 
The degree of absorption appears to be proportional 
to the amount of SiO- dissociated from the silica 
layer. 

3 .3 .  ESCA analysis 

In order to understand the reaction mechanism during 
nickel electrodeposition, nickel deposits with or 
without SiC powder were analysed by ESCA at the 
applied potential o f -700  mV or -750 mV. 

Figure 6 shows that there are two peaks at 852.8 eV 
and 856.3 eV, respectively, which represent Ni and 

2.00 

1.75 
'm 1.50 

O 

E 1.25 

- o R  
0~ ,-I 

0.75 ._g .o 
z 0.50 

0.25 
f 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 pH 

j 
,Z  

4.5 

2+ Fig. 5. Quant i t i es  o f  N i  adsorbed  on  the SiC powders  surface in a 
so lu t ion  wi th  only  one ten th  of  the concen t ra t ion  of  Wa t t s  bath.  



996 S.H.  YEH A N D  C. C. W A N  

Ni(OH) 2 

I 
1 1 5  

E105 

95 

85 ~ . . . . . . . . .  , 
850 852 854 856 858 860 

Binding energy / eV 

Fig. 6. ESCA analysis of electrodeposited layer produced in the 
Watts bath at pH 4.00 and -700 mV vs Ag/AgC1. (MgK~ radiation, 
500 eV analyser, step size 1.0 eV). 

Ni(OH)2 [26]. The area ratios of the Ni(OH)2 peak to 
the Ni peak are summarized in Table 1. This ratio 
increases if the solution contains SiC powder, and 
decreases when the applied potential decreases. It is 
well-known that both nickel and hydrogen reduction 
occur in the Watts bath. In this case the hydrogen 
evolution happens on the surface of the electrode 
and increases the local pH near the electrode at 
-750 mV or -700 inV. Therefore, if the solution con- 
tains SiC powder during nickel electrodeposition, the 
powders on the electrode will hinder the OH-  group 
generated from the hydrogen evolution from being 
released into the solution. This process also results 
in more Ni(OH)2 in the deposit. In addition, because 
the amount of hydrogen evolution decreases as the 
applied potential decreases, the quantity of Ni(OH)2 
in the deposit also decreases at a lower potential. 

3.4. Impedance study 

Impedance measurements allow the elementary steps 
of an electrochemical reaction to be separated on 
the basis of different relaxation time constants. There- 
fore, the kinetics of nickel electrodeposition were 
studied by the impedance technique. Figure 7(a) 
shows that there exist two semicircles in the Nyquist 
plots. This shows that two consecutive electron 
transfer reactions occur during the reduction. The 
capacitive loop, which exists in the high frequency 

Table 1. Peak ratio of Ni( OH)2/Ni 
Peak area of ESCA spectrum for electrodeposited layer analysed by 
curve fitting of Gauss distribution 

Conditions 

pH SiC Vapp/mV 

Peak ratio of 
Ni(OH)2/Ui 

4.00 without -750 1.9 
4.00 with -750 5.8 
4.00 with -700 4.3 
1.65 without -750 2.6 
1.65 with -750 5.7 

* Vap p represents that applied potential against Ag/AgC1 

range (100 kHz ~ 10 Hz), represents the double layer 
capacitance, and the inductive loop, which appears 
in the lower frequency (< 10 Hz), is produced by the 
adsorbed intermediate [27] on the electrode surface. 

During nickel electrodeposition, the intermediate of 
Ni+ds is involved in the mechanism as described 
[28-30] below: 

2H + + 2e- H2 (6) 

Ni z+ + e- Ni+as (7) 

Ni+as + e- Ni (8) 

Ni 2+ + Nia+ds + 2e- Ni+ds + Ni (9) 

H + + Ni+ds + e- Ni+ds + Had s (10) 

Ni+ds + Had s Ni + Hinclud e (11) 

Ni+ds is more or less solvated and possibly complexed 
as NiOHads, which was proposed as an intermediate in 
pure nickel plating or dissolution processes [31-33]. 
Consequently, the semicircle shown in the lower fre- 
quency range of Fig. 7(a) is regarded as due to 
Ni+ds, an adsorbed intermediate, being produced on 
the electrode. 

Figure 7(b) shows the Nyquist plots of the 
Watts bath with SiC powder at various pH. The main 
difference between Fig. 7(a) and (b) is that the semi- 
circle which appears in either the low or high fre- 
quency range becomes much smaller at pH ~< 2.0 
(~ PZC) when the solution contains SiC powder. It 
seems that the reduction paths of Ni+as change if 
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Fig. 7. Nyquist plots of electrodeposited nickel in the Watts bath at -750 mV vs Ag/AgC1 and various pHs (a) without SiC; (b) with SiC. 
Key: pH (©) 4.00, (On) 3.00, (+)  2.00 and (×) 1.65. 
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Fig. 8. An equivalent circuit describes the schematic of electro- 
chemical reaction of nickel plating. 

the solution contains SiC and the adsorbed H + on 
the SiC surface may also participate in the nickel 
electrodeposition. 

The impedance studies suggest that nickel electro- 
deposition with or without SiC powders is a multistep 
reaction, including a charge transfer reaction which 
produces the adsorbed intermediate and a subse- 
quent consumption reaction with the adsorbed inter- 
mediate. Figure 8 shows the equivalent circuit [27] 
representing the electrochemical behaviour of electro- 
deposited nickel. In this circuit, Rs represents the 
solution resistance, Rct  the charge transfer resis- 
tance, Cdl the double layer capacitance, Cad s the 
pseudocapacitance from the adsorbed intermediates 
a n d  Rad  s desorption resistance. Cads and Rad  s a r e  

often used to account for the surface coverage of the 
adsorbed intermediates and the rate of desorption. 

The simulation results of the circuit for the Watts 
bath with SiC powder at pH 4.00 are shown in 
Fig. 9, giving the following values: R s ~ 14.712, 
Rct  ~ 39.0 [2, Cdl ~ 8.6#Fcm -2, _Rad s ~ 8.4Ft, 
Cads ~ 90270#Fcm -2, "rH (= CdlRct) ~ 0.34ms and 
7- L (= CadsRads ) ,-o 910ms. Because TH << TL, the 
reaction of intermediates is the rate determining step 
during nickel electrodeposition. A series of simu- 
lation results at different pH values may be sum- 
marized as follows. 

Table 2 shows that most of Rct in the solution with 
SiC is higher than that without SiC at pH >~ 3.0. 
From Figs 4 and 5, we learn that SiC powders have 
a tendency to adsorb more Ni 2+ in the form of 
SiO-Ni 2+ at high pH and to adsorb more H + in the 
form of SiOH~-SO]-, or SiOH+C1 - at low pH. There- 
fore, at pH >t 3.0, the adsorbed SiO-Ni 2+ on SiC 
surface is probably reduced to a form of SiONiads, 
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Fig. 9. A comparison of Nyquist plot of the simulation (o) values 
with the measured (o) data of Fig. 7(a) at pH 4.00. 

Nap p/m V pH Rot/~ 

without SiC with SiC 

-750 4.00 39.0 :k 0.6 39.0 ± 0.3 
3.00 35.9 :k 0.4 37.6 + 1.0 
2.50 32.7 :k0.3 30.1 -t-0.3 
2.00 28.5 =k 0.4 23.7 4- 0.2 
1.65 24.6 i 0.3 21.5 ± 0.2 

-700 4.00 84.1 i 0.6 96.0 ::k 0.9 
3.00 74.7 ~ 0.6 80.0 -t- 0,8 
2.50 71.9 ± 0.7 58.0 4- 0.4 
1.65 53.2 =k 0.7 39.8 -4- 0.2 

-650 4.00 231.1 ::k 1.8 230.0 ::k 2.8 
3.00 163.8 4- 1.3 193.3 4- 3.1 

which is understandably more difficult than the direct 
reduction of Ni 2+ to Nia+ds from the solution without 
SiC powder. In addition, the actual active surface 
area of electrode may decrease by the adsorbed SiC 
powder. All these contribute to an increase of Rct 
when the solution has SiC powder at pH >~ 3.0 
during electrodeposition of nickel. Whereas, at 
pH < 3.0, the Rct for system with SiC becomes 
smaller than that without SiC as shown in Table 2. 
This is because the adsorbed H + on the SiC surface 
increases with decreased pH, and the increased H + 
near the electrode reduce the overpotential of reduc- 
tion. The increased amount of adsorbed H + near elec- 
trode can also result in increased hydrogen evolution, 
which repels the contact of powders with the electrode 
and decreases the shielding effect of adsorbed 
powders. Hence Rct decreases with decreased pH at 
pH < 3 in the presence of SiC powder. 

Obviously, SiC powder not only catalyse hydrogen 
evolution but also change the reduction paths during 
nickel electrodeposition. 

The main differences among Fig. 10(a)-(d) are that 
Fig. 10(c) and (d) have a capacitive loop which 
appears in the lowest frequency range for the system 
with SiC at pH ~< 2.0 (~ PZC). The capacitive loop, 
which appears in the lowest frequency, is caused by 
hydrogen discharge, as also discussed by Epelboin et 
al. [29] in NiSO4 or NiC12 electrolytes without SiC 
powder. Therefore, a possible mechanism to explain 
this capacitive loop is 

SiOH~- + + Nlad s 4- e- Ni+ds + SiOH + H a d  s 

(12) 

SiOH + + Had s 4- e- SiOH 4- H 2 (13) 

Uads q- Hads H2 (14) 

Equations 13 and 14 represent H2 evolution by 
electrochemical and chemical desorption in the 
presence of H a d  s. The fact that Haa s appears in the 
lowest frequency range proves that SiC powder is a 
medium for H + transfer as indicated in Equation 12 
and 13 and can enhance hydrogen evolution at a 
lower pH. 
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Fig. 10. Nyquist plots of lower frequency of electrodeposited nickel at -750 mV vs Ag/AgCI: (a) pH 4.00, with SiC; (b) pH 2.00, without SiC; 
(c) pH 2.00, with SiC; (d) pH 1.65, with SiC. 

Table 3 shows that Cads for the system with SiC is 
much larger than that without SiC. Probably, the 
occupied area of Ni+ds increases with the addition of 
SiC powder. The only possible places where the 
increased intermediates exist are on the powder sur- 
face near the electrode. The adsorbed intermediates 
probably exist as SiONiads. These SiONiads and 
Ni~ds on the electrode surface result in a larger C~ds. 
In addition, we find that Cads decreases with 
decreased pH in a solution with or without SiC 
powder as indicated in Table 3. This is owing to the 

Table 3. Pseudocapacitance 

Vapp/mV pH Cads/#F em -2 

without SiC with SiC 

-750 4.00 31870 ± 6300 90270 ± 13130 
3,00 23290 ± 3 8 0 0  128100±20000 
2,50 21800 ± 600 111700 ± 25700 
2.00 19660 ± 3620 103600 ± 4500 
1.65 19860 ± 3870 N* 

-700 4.00 18400 ± 1830 482300 ± 66850 
3 . 0 0  14780±1460 822100 ± 134660 
2.50 11130 ± 1 3 2 0  124000±15400 
1.65 7800 ± 1240 N * 

-650 4.00 17150 ± 2050 77870 ± 11630 
3.00 21580 ± 2370 96780 ± 15600 

* N : D a t a i s  not obtainable ~omanalysis. 

fact that increased H + easily react with Ni+ds, by 
following Equations 10 and 11. 

3.5. Current efficiency and powders content 

Figure 11 shows that current efficiency (CE) in general 
increases as pH increases. However, the CE for 
systems with SiC is lower than that without SiC at 
the same current density. It is again consistent with 
the reasoning that SiC ~owders carry more H + to 

I00 , ,  , , , , , , , ,  , , , , , , , , ~  ,~- , j ~ i ~ , i ~ i i , , i i , ! , i i i i ~ * i i i 

90 

80 

o~ 
~ 70 

/ / 

60 x" ,' 
/ 

/ 

50 " 
/ 

-¢ 
i i i ] I i i i i i i i i I i i ~ I i i ~ i I i i ~ i q i 

4,~n . 0  1 . 5  2 . 0  2 . 5  3 . 0  3 . 5  4 . 0  4 . 5  
pH 

Fig. 11. A comparison of current efficiency of nickel electro- 
deposition between the Watts bath with 2.48% SiC powders and 
that without SiC powders. ( © - - © )  24mAcro 2 without SiC; 
( [ ] - - D )  16mAcro -2 without SiC; (+ +) 24mAcro -2 with 
SiC; ( × - - × )  16mAcm -z with SiC. 
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Fig. 12. SEM pictures of cross section of nickel deposit produced in the Watts bath with 2.48 % SiC powders at current density 16 mA cm -2 
(a) pH 4.00; (b) pH 3.00; (c) pH 2.00; (d) pH 1.65. 

enhance the hydrogen evolution at p H  less than 2.0 
and carry few H + ions at pH 3 ~ 4 which account 
for very little difference of current efficiency between 
solutions with and without SiC powders. These 
results suggest that cation adsorption behaviour is 
controlled by the PZC and affects the nickel electro- 
deposition current efficiency. 

Figure 12 shows that the quantity of  SiC powder in 
the deposit layer decreases as pH decreases. This is 
because hydrogen evolution removes the loosely 
adsorbed SiC powders and decreases the amount  of 
SiC powder codeposited with nickel. Therefore, in 
solutions with too low pH it is difficult to obtain a 
dense composite layer containing sufficient powder. 

4. Conclusions 

From the results of  the impedance study, it was 
found that SiC powder promotes  more area for the 
adsorption of Ni+ds intermediate which is in the 
form of SiONiad s on the SiC surface near the 
electrode, and SiONiads causes an increase in Cads. 
In addition, SiC powders catalyse gads and enhance 
hydrogen evolution at pH ~ 2.0 (~ PZC). There- 
fore, the powder content in the deposited layer and 
the current efficiency both decrease with decreasing 
pH in the Ni/SiC codeposition system. 

Acknowledgement 

The authors thank the Ministry of  Economic Affairs 
of  the Republic of  China for financial support. 

It  has been verified that there exists a silica layer on 
the surface of  SiC powders, and a silanol group dis- 
sociates f rom this layer. It  has also been found that 
the PZC of SiC powders is about  2.2, which is respon- 
sible for the dissociation ratio of  [SiO-]/[SiOH+]. In 
addition, SiC powders release H + into bulk solution 
at solution pH > 2.0 (~  PZC) and adsorb more 
Ni 2+ at high pH than at low pH. 

SiC powder not only increases the concentration of 
reductant near the local contact area but also produce 
a shielding effect on the active surface during electro- 
deposition. SiC powders prevent O H -  f rom releasing 
into bulk solution, which results in more Ni(OH)2 in 
the deposited layer. 
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