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The kinetics of  N i - P  autocatalytic deposition in ammoniacal  solutions was investigated by means of  
cyclic voltammetry and electrochemical impedance spectroscopy. The effect of  the solution constituents 
(hypophosphite, nickel salt and pH) was examined. Strong interactions between the cathodic and anodic 
processes occur. The metal discharge is enhanced by the oxidation of  hypophosphite,  which is the pre- 
dominant  reaction in this process. The nickel deposition also affects the anodic process. With increas- 
ing pH the nickel discharge is progressively inhibited due to the change in the nature of  the Ni(II) 
complexes. In contrast, in the presence of  Ni(II) species, due to the opposite effect of  the two partial 
processes, the plating rate increases for pH values up to 9 and then decreases for higher p H  values. 

1. Introduction 

In previous work we have developed conditions for 
the preparation of N i -Cu-P  layers by autocatalytic 
deposition [1]. The deposits are compact and corro- 
sion resistant. Their hardness can be increased up to 
1000 Vickers by subsequent heat treatment. The struc- 
ture, crystalline or amorphous, depends on the plating 
conditions, especially on the phosphorus content. 
Electrochemical investigation has identified the exist- 
ence of strong interactions between the cathodic alloy 
discharge and the anodic oxidation of hypophosphite 
[2]. In addition, it has been shown that the reduction 
of cupric ions is partly controlled by diffusion and 
that an opposed variation exists between copper and 
phosphorus contents [2]. Aiming at a closer knowledge 
of the kinetics of the autocatalytic process, an investi- 
gation of the binary Ni-P  system is first carried out. 

Although Ni-P  electroless deposition is a widely 
used commercial process, the deposition mechanism 
is still a matter of discussion. It is well known that 
the global process results from the anodic oxidation 
of the reducing agent and cathodic reactions, including 
metallic discharge, hydrogen evolution and phos- 
phorus incorporation [3 15]. Complicated interactions 
between these reactions are known to occur [7, 8, 12]. 

2. Experimental procedure 

The electrolyte composition was derived from the 
ternary alloy bath previously developed [1, 2]. It 
contained 0.5 M sodium hypophosphite, 0.05 M nickel 
sulfate, 0.2M sodium citrate and 0.1 M ammonium 
acetate, the pH was adjusted to 9 by addition of 
ammonia. The temperature was held at 78 + 2 ~ C. 

The solution was deaerated by nitrogen bubbling. 
The reference electrode was a saturated sulfate elec- 
trode (SSE). The counter electrode was a platinum 
sheet. Glassy carbon, nickel or mild steel discs were 
used as working electrodes. Prior to each experiment 
the electrodes were polished, degreased and etched 
in dilute sulfuric acid. 

The effect of hypophosphite concentration (from 
0.01 to 0.5 M) and nickel sulfate concentration (from 
0.05 to 0.16M) was investigated. The pH was varied 
between 8 and 10.5 by addition of ammonia. 

A Solartron 1186 electrochemical interface coupled 
to a Macintosh IIc microcomputer with home-made 
software, was used for cyclic voltammetry. The scan 
rate was varied from 5 to 200mVs -1. Two kinds of 
perturbations were applied: (i) the scan was started 
from the open-circuit potential E0, the potential was 
decreased to the cathodic limit Ek, then increased to 
the anodic limit E1 and back to E0; (ii) the scan was 
started from the anodic limit, El, down to the catho- 
dic one, Ek, and back to the anodic potential El. Elec- 
trochemical impedance spectroscopy was carried out 
using a Solartron 1250 frequency response analyser 
at the deposition potential to estimate the plating rate. 

The Ni-P layers deposited on steel were examined 
by scanning electron microscopy and their composition 
determined by energy dispersive X-ray spectroscopy. 

3. Results 

3.1. Voltammetric investigation 

A voltammetric investigation was carried out, on 
stationary electrodes, to characterize the effect of the 
electrolyte constituents and their interactions. 

0021-891X �9 1996 Chapman & Hall 487 



488 M. EBN TOUHAMI ET AL. 

Table 1, Influence o f  sodium hypophosphite concentration on the voltammetric characteristics (scan rate 20 m V s -1) 

H2PO2 Deposition Peak A Peak B Peak C 
/M 

Ek Ik E~ Io E~ Ib E~ [~ 
VvsSSE /mAcm -2 /VvsSSE /mAcm -2 /VvsSSE /mAcm -2 /VvsSSE /mAcro -2 

0.00 - 1 . 6 0  -55  -0.83 4.0 0.0 
0.01 ,1 .60  -51 -0 .76 4.4 -0.115 4.8 
0.i0 - 1.60 - 7 6  - 1.20 3.1 -0.77 4.9 0.025 10.6 
0,25 -1.60 - 8 0  -1.19 6.6 -0.79 4.1 -0.013 9,8 
0.35 -1 .60 - 9 4  -1 .20 6.6 -0.77 4.4 0.017 12.6 
0.50 -1.60 - 100 -1.16 14;0 -0.79 5.3 -0.020 15.0 

3.1.1. Effect of hypophosphite and nickel sulfate 
concentrations. Figure 1 shows the voltammogram s 
recorded at 20mVs -1 for various hypoph0sphite 
concentrations on a vitreous carbon electrode. On 
the forward scan, from -1.3 to -1.6 V, the cathodic 
deposition of Ni-P  alloy is observed. The deposition 
is depolarised when the hypophosphite concen- 
tration is increased (Fig. !) and the current, Ik, at 
the upper cathodic limit, E k = - I . 6 0 V v s S S E  , 
increases linearly with hypophosphite concentration 
(Fig. 2, Table 1). This indicates that hypophosphite 
has a marked effect on the cathodic process: it 
enhances the nickel discharge and eventually 
hydrogen evolution as already observed for 
N i - C u - P  deposition [2]. On the reverse scan three 
oxidation peaks are usually observed, denoted A, B 
and C (Fig. 1, curve 3). In the absence of 
hypophosphite, only peak B occurs (Fig. 1, curve 1). 
This can then be related to the oxidation of 
crystalline nickel, in agreement with other 
observations [14, 16]. Peak A is observed for 
hypophosphite concentrations larger than 0.1 M. The 
peak intensity, Ia, increases with hypophosphite 
concentration (Fig. 2). It is associated with the 
oxidation of hypophosphite, as already reported 
[8]. Peak C occurs only when the electrolyte 
contains both hypophosphite and nickel salts. Its 
intensity increases linearly with hypophosphite 
concentration. This peak is attributed to the 
oxidation of a P-rich Ni-P phase [12-15, 16]. 

The effect of nickel sulfate concentration is not very 
pronounced (Table 2). The potential, Ea, of peak A is 

-1500 -1000 -500 0 500 

E / mV vs SSE 

Fig. 1. Cyclic voltammogram recorded on glassy carbon electrode 
for various hypophosphite concentrations. Scan rate: 20mV s - l ,  
(a) No hypophosphite, (b) 0.01 M hypophosphite, and (c) 0.35M 
hypophosphite. 

slightly shifted towards less negative potential and I a 
is slightly enhanced. The increase in nickel sulfate 
concentration does not change the deposition current 
markedly, Ik, at the upper cathodic limit 
(E~ = -1.56VvsSSE). The intensity of peak B and 
peak C increase slightly. 

The effect of these two constituents demonstrates 
the existence of strong interactions between the 
cathodic and the anodic processes. The reduction of 
nickel sulfate increases the hypophosphite oxidation 
and the presence of hypophosphite enhances the 
nickel discharge. 

3.1.2. Effect of electrolyte pH. The pH was increased 
from 8 to 10.5 by addition of ammonia. The depo- 
sition current Ik at the cathodic limit Ek = 
-1.56VvsSSE, is markedly decreased from 
75mAcm -2 to 10mAcm -2, indicating that the 
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Fig. 2. Deposition current, Ik, at upper cathodic limit 
(Ez = - 1 . 6 V v s  SSE) and anodic peak current, Ia, as a function of  
hypophosphite concentration. 
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Fig. 3. pH dependence of deposition current, Ik, at upper cathodic 
limit (E k = - 1.56 V vs SSE), and anodic peak current, Ia- 



A U T O C A T A L Y T I C  D E P O S I T I O N  O F  N i - P  4 8 9  

Table 2. Influence o f  nickel sulfate concentration on the voltammetric characteristics (scan rate 20 m V  s -1) 

NiSO 4 Deposition Peak A Peak B Peak C 

m 
Ek Ik E, Z, Eb Ib Ec I~ 
/V vs SSE / m A c m  -2 /V vs SSE /mA cm -2 /V vs SSE /mA c m - ;  /V vs SSE /m A crn -2 

0.05 - 1.56 - 6 0  - 1.22 7.3 -0 .790 2.4 -0 .056 2.5 
0.10 - 1.56 -61  - 1.20 7.6 -0 .785 3.2 -0 .063 5.2 
0.16 - 1.56 - 6 2  - 1.18 8.6 -0 .775 3.4 -0 .068 5.4 
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Fig. 4. Potential sweep function for peak A (Ia/v 1/2) as a function of 
scan rate, v. 

nickel discharge process becomes increasingly 
inhibited (Fig. 3). This feature may be related to the 
change of nickel complexes, since the citrate-amino- 
nickel complexes are more difficult to reduce than 
citrate-nickel species [15]. On the reverse scan the 
intensity of peak A, I a, increases when the pH is 
increased from 8 to 9 and then decreases (Fig. 3). 
This results from the competition of two opposite 
reactions. The peak potential E a shows a linear pH 
dependence with a slope equal to 52mV per pH unit. 

3.1.3. Effect of  scan rate ( 5 - 2 0 0 m V s - 1 ) .  The 
potential of peak A does not change markedly with 
scan rate, v. Ia increases with increasing rate up to 
100 mV s -1 and then decreases slightly. By plotting 
Ia/v 1/2 as a function of v a continuous decrease is 
observed (Fig. 4). This is a diagnostic criterion for a 
kinetic scheme where chemical reaction precedes 
charge transfer [17, 18]. 

Peak B is observed only for rates larger than 
10mV s -1. Its intensity increases with scan rate but 
its potential remains nearly constant. Intensities of 
peak C and peak A vary in an opposite way. 

3.1.4. Effect o f  the substrate nature. The voltam- 
mograms recorded on mild steel or nickel are similar 
to those obtained with glassy carbon. However, the 

Table 3. Influence o f  the electrode nature on the voltammetric charac- 
teristics (v = lOmVs  -1) 

Mild steel Nickel Glassy carbon 

I S m A  em -2 4.5 3.4 9.5 
Ik/mA cm -2 45 60 100 
Eo/mV vs SSE 245 170 65 
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Fig. 5. Electrochemical impedance plot recorded at the deposition 
potential Ed = --1.34 V vs SSE, mild steel disc electrode rotating at 
500 rpm, in s tandard electrolyte. 

deposition current, Ik, and the hypophosphite 
oxidation current, In, are larger on glassy carbon than 
on the metallic electrodes (Table 3). The potential of 
peak C, E c, corresponding to the dissolution of a P 
rich Ni-P phase is more positive. This shift may be 
related to the lower hydrogen content of the alloys 
deposited on nickel and especially on mild steel, in 
which occluded hydrogen may penetrate. 

3.2, Electrochemical impedance at the deposition 
potential 

Figure 5 shows an example o f  an impedance diagram 
recorded at the deposition potential, Ed. The high 
frequency loop is related to the relaxation of the 
double layer capacitance (in the range 50-100 #F cm -2) 
in parallel with the charge transfer resistance, Rt, which 
is inversely proportional to the plating rate [3]. An 
additional low-frequency capacitive feature is also 
observed related to adsorption processes or t o n  
multistep reaction. 
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Fig. 6. pH dependence of  charge transfer resistance, Rt, and 
phosphorus  content in the deposit, Tp. 
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Table 4. Influence of  the electrode rotation speed on the deposition 
potential E d, the phosphorus content Tp and the charge transfer resis- 
tance R t 

~/rpm 0 500 1000 
~p/wt% 13 12.5 13 
Ed/mVvs SSE -1365 -1340 -1340 
Rt/~cm 2 12 7 7 

The working electrode was a mild steel disc rotating 
at up to 1000 rpm. The charge transfer resistance, Rt, 
decreases as the rotation speed increases from 0 to 
500 rpm. No further variation is observed for larger 
speeds (Table 4). In the following the impedance dia- 
grams are recorded at 500 rpm. 

The charge transfer resistance, Rt, is markedly 
decreased, when the hypophosphite concentration is 
increased from 0.1 to 0.5 M (Table 5) or when the nickel 
sulfate concentration is increased from 0.05 to 1.6M 
(Table 6). When the pH is raised from 8 to 10.5 the 
charge transfer resistance exhibits a minimum (Fig. 6). 

3.3. Influence of the plating condition on the deposit 
composition 

At the deposition potential, Ea, and for a pH value of 
9, the phosphorus content in the deposit ~-p is equal to 
12.5 +0 .5wt% (Table 4), whatever the electrode 
rotation speed. The incorporation reaction is not a 
diffusion controlled process. It increases only slightly 
from 11 to 13 wt %, when the hypophosphite concen- 
tration is increased from 0.1 to 0.5 M (Table 5) and it 
decreases with increasing nickel sulfate concentration 
from 0.05 to 0.16M (Table 6) or when the pH is 
increased from 8 to 10.5 (Fig. 5). 

4. Discussion 

The electroless process results from the anodic oxi- 
dation of the reductant (here hypophosphite) and 
the cathodic reduction. The anodic oxidation of hypo- 
phosphite is the dominant factor in electroless deposi- 
tion [7, 8]. Indeed, the plating rate 1/R t and Ia the 
anodic peak current are proportional (Fig. 7). The 
scan rate variation of the potential sweep function, 
Ia/v 1/2 (Fig. 4) indicates that a chemical reaction pre- 
ceeds charge transfer [17, 18]. This is probably a 
deprotonation reaction, which can be written as 

H2PO2 > HPO~ + Had s (1) 

This reaction occurs only on a catalytic surface [5, 7], 
here the Ni-P growing layer. A rearrangement of 
hypophosphite anion would occur on the surface [5]: 
Two different interactions with the catalytic surface 

( H ,  /O ~ 1 ( U  , O H / - 1  

p f ~ /  ,=~ P / - - ~  \ "- 

" -4 ,0,/ 

Table 5. Influence of  hypophosphite concentration on the deposition 
potential E d, the phosphorus content "r e and the charge transfer 
resistance R t 

NaH2PO2/M 0.1 0,2 0.35 0,5 
Ed/mVvs SSE -1318 -1290 -1330 -1340 
Rt/f~ cm 2 23.5 10 8.6 7 
~-p/wt % 11.75 11 12.5 12.5 

Table 6, Influence o f  nickel sulfate concentration on the deposition 
potential Ea, the phosphorus content "rp and the charge transfer resis- 
tance JR t 

NiSO4/M 0.05 0,1 0.16 
Ed/mV vs SSE -1340 -1235 -1230 
R t/f~ cm 2 7 5.4 2.5 
"rp/wt % 12.5 7.9 7.5 
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Fig. 7. Inverse of the charge transfer resistance, 1/Rt, as a function 
of anodic peak current, Ia, for different conditions: (0) pH 
variation from 8 to 10.5; (0) variation of hypophosphite con- 
centration (0-0.5 M); (&) variation of nickel sulfate concentration 
(0.5-0.16 M). 

have been considered: the hypophosphite binds to 
the surface through the P atom [9, 12] or through 
hydrogen bonds [7, 10] and then deprotonates. How- 
ever, it has been shown that no simple correlation 
exists between the order of the catalytic activity of 
the metals for the hydrogen electrode reaction and 
that for the anodic oxidation of the reducing agent [8]. 

The voltammograms have, in the anodic range of 
peak A (Fig. 1) a 'volcano type' shape [7, 8]. The 
polarization curve is similar to those obtained for 
the passivation of metals or alloys. However, the 
depression of current occurs at potentials more nega- 
tive than that for the formation of metal oxides. This 
is probably connected with the adsorption of a block- 
ing species, which may be a hydroxide compound as 
suggested by Ohno [8]. A reaction path derived from 
those developed for passivation reactions can be 
considered to be 

(HPO2)~urf + O H -  ~ (HPO2OH)~olution + e -  

(2) 

(NaHPO2)surf + nOH e* [NaHPO2(OH)n]ads + ne- 

(3) 
where [NaHPO2(OH)n]aas adsorbs and blocks the 
electrode area. 

This scheme accounts for the increase in the peak 
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current,/a, with hypophosphite concentration (Table 
1). In the absence of metallic species Ia increases 
continuously with pH [7]. The decrease observed at 
pH values larger than 9 (Fig. 2) is then attributed to 
interactions with the cathodic nickel discharge which 
is inhibited by pH increase. Such a reaction scheme 
in which Reaction 2 has an activation coefficient 
with potential smaller than that of Reaction 3 gener- 
ates the 'volcano type' shape of the curve. It is not 
necessary to involve several blocking adsorbates as 
proposed by Ohno [8]. 

The cathodic processes include nickel discharge, 
phosphorus incorporation, and hydrogen evolution 
and its eventual incorporation into the deposit. 
Phosphorus incorporation results from a reduction 
of hypophosphite ions, according to 

H2PO2 + e- ~ P + 2OH (4) 

This is not a major reaction since the P content in 
the deposit is about 21 at %. The predominant reac- 
tion is the nickel discharge from complexed citrate- 
ammonia nickel species, written as Ni(II) to simplify. 
The global reaction may be written as 

Ni(II) + 2e- > Ni (5) 

The reduction of the nickel species is inhibited by a pH 
increase probably because of the formation of amino 
complexes which are more stable than the citrate 
complex [15]. These reactions account for a decrease 
of P content with increasing nickel sulfate concen- 
tration or pH, an increase of P content with hypo- 
phosphite content. 

In addition hydrogen is evolved and may be incor- 
porated into the deposit, according to: 

2H + + 2e- > H 2 (6) 

H + + e- > Hincluded (7) 

The interactions between anodic and cathodic 
processes are probably generated through Reaction 
1 corresponding to the deprotonation reaction of the 
hypophosphite anion. This reaction is driven to the 
right both by the anodic and the cathodic processes. 
This is evident for the oxidation of hypophosphite. 
For the cathodic process it is likely that there exists 
a coupling between Ni(II) discharge and hydrogen. 
The electrocrystallization of nickel has been mainly 
investigated in acid solutions [19, 20]. In sulfate elec- 
trolyte it has been shown that interactions between 
nickel and hydrogen discharge occur [20]. The process 
is probably somewhat different in alkaline solutions. 
However, the voltammograms recorded on various 

substrates point out the role of hydrogen in the plating 
process (Table 3). Both the oxidation and the dis- 
charge currents are larger on glassy carbon electrodes, 
where Haa s produced by Reaction 1, cannot penetrate 
into the substrate, than on nickel or mild steel. 

5. Conclusion 

Voltammetric and electrochemical impedance 
measurements confirm that strong interactions occur 
between the anodic and the cathodic processes, 
probably through deprotonation of the hypopho- 
sphite anion which occurs on the catalytic surface of 
the growing layer. The impedance results confirm 
that the anodic process controls the plating rate. 
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