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Abstract

Electroless NiP films, with 12 to 16 wt % P, were deposited from a moderately acid solution. Thermogravimetric
analysis indicates the presence of occluded hydrogen in the layers, which desorbs upon heating. The amount of
incorporated hydrogen decreases when the pH of the solution or the nickel sulfate concentration is increased; by
contrast it increases with hypophosphite concentration. Cyclic voltammetry, using an electrochemical quartz crystal
microbalance, confirms the existence of parasitic reactions, namely the reduction of protons of the solvent during
the cathodic process and oxidation of hydrogen during the dissolution of the layers. This behaviour is in qualitative

agreement with the proposed reaction scheme.

1. Introduction

Electroless nickel is largely employed due to the specific
properties of the layers, that is, amorphous structure
with high thermal stability, wear resistance, corrosion
protection, and non-magnetic properties [1-4]. These
coatings are used in the automobile and food industries
[5]. More recently they have been used in the electronic
microcircuits and packaging [6].

In previous work we have developed an ammoniacal
solution. High quality Ni-P and Ni—-Cu-P films have
been prepared showing good corrosion properties [7, 8].
The kinetics of the deposition process were analysed [9].
These alkaline electrolytes are useful for deposition on
non-conducting materials, such as glass or plastic
substrates [3]. In the present work we investigate
moderately acid solutions, which are commonly used
in most industrial processes. To gain information on the
properties and the deposition kinetics of the NiP films,
two kinds of experiments were carried out. (i) The
amount of incorporated hydrogen was measured using
thermodesorption on NiP electrolessly deposited films.
Indeed it is known that the parasitic hydrogen evolu-
tion and trapping of hydrogen may induce corrosion
fatigue of the substrate [10] and brittleness of the Ni—P
layers [11]. (ii)) Cyclic voltammetry using an electro-
chemical quartz crystal microbalance allows investiga-
tion of the electrochemical reactions involved in the
electroless process. We focus on the deposition and
dissolution efficiencies and relate these characteristics

to the presence of occluded hydrogen, which is code-
posited. A reaction scheme is discussed in the light of the
results.

2. Experimental procedure

The composition of the basic solution, denoted electro-
lyte 1b (Tablel), was derived from a previous investiga-
tion [8]. It contained nickel sulfate (0.1 M dm™ NiSOy,
6H,0), sodium hypophosphite (0.28 M dm™ NaH,PO,,
H,0) and sodium citrate (0.2 M dm™ Na3C¢HsO-,
2 H>0). The temperature was held at 87 + 2 °C. The
solution was deaerated by nitrogen bubbling. The pH
was varied between 4 and 6 by addition of acetic acid,
which acts as a buffering agent in this pH range (pK, 4.8).
The influence of hypophosphite and nickel sulfate con-
centrations was also investigated (Table 1).

The reference electrode was a saturated calomel
electrode (SCE), against which all potentials were
measured. The counter electrode was a platinum wire.
The substrate was a copper plate (2 cm?), which was
degreased and etched in dilute sulfuric acid prior to the
experiment. Since copper does not catalyse the electro-
less process, a nickel strike was deposited from a Watts
solution at —1600 mV, before the immersion in the
electroless bath.

The phosphorus content of the alloys was determined
by ICP analysis after dissolution of the layers or by EDX
in the scanning electron microscope. X-ray diffraction



1332

Table 1. Composition of the electrolytes (M dm™>)

Electrolyte NaH,PO,, NiSO4, 6H,O Na3;C¢Hs0,, pH
H,O 2H,0
la 0.28 0.10 0.2 4
1b (basic)  0.28 0.10 0.2 5
Ic 0.28 0.10 0.2 6
2a 0.10 0.10 0.2 5
2¢ 0.40 0.10 0.2 5
3a 0.28 0.05 0.2 5
3c 0.28 0.15 0.2 5

was performed using a Philips diffractometer with a
cobalt anticathode (g, = 0.178 89 nm).

To characterize the thermal stability of the Ni—P
alloys, differential scanning microcalorimetry was car-
ried out, using a Perkin—Elmer calorimeter and a scan
rate of 20 °C min™', up to 500 °C. The heat flow was
calibrated using zinc fusion. Thermogravimetry was
performed, under an argon flow, up to 400 °C, with a
scan rate of 10 °C min~'. The mass loss was calibrated
using baryum chloride (BaCl,, 2 H,O). For these
experiments the layers were deposited on thin copper
foils, peeled off and weighed just before the thermo-
gravimetric analysis.

Cyclic voltammetry was carried out using an electro-
chemical quartz crystal microbalance (EQCM) coated
with a gold film, and a scan rate of 10 mV s™'. The
experiments were monitored by means of a microcom-
puter and homemade softwares [8]. For these experi-
ments, the bath temperature was held at 40 °C. The
microbalance was calibrated using a solution contain-
ing 0.5M CUSO4, 0.5M H2$O4 and 1.1 M CszoH,
for which the faradaic efficiency is close to unity [12].
The Sauerbrey coefficient was calculated equal to 56.7 +

0.3 Hz pg™' ecm?.

3. Results
3.1. General considerations

The plating rate, obtained with the basic solution
(electrolyte 1b) at pH 5 and 87 °C, is 4.5 yum h™' [13].
The rate increases with the pH of the solution, from
1 um h™" at pH 4 to 6 um h™" at pH 6. As expected, the
plating rate also increases with both hypophosphite and
nickel sulfate concentration (Table 2).

The phosphorus content decreases slightly from 14.7
wt % to 12.5 wt %, when the pH is increased from 4 to
6; from 15.5% to 10.0% when the nickel sulfate
concentration is increased from 0.050 M to 0.15 M;
and from 14.5% to 13.5% when the hypophosphite
concentration is diminished from 0.4 M to 0.1 M.

As expected for Ni—P alloys with phosphorus content
greater than 12 at % [14], these alloys are amorphous:
the X-ray diffraction patterns show only a broad halo at
20 around 50° with a half-height width of 10°.

Table 2. Plating rate (v) measured at the deposition potential
(um h™"), phosphorus content 1p (wt %) and hydrogen uptake in the
films Amyinc.)/Amgim (g g™

Electrolyte v Tp Ay ine )/ AMgim
la 1.0 14.7 18.5%x 1073
1b (basic) 4.6 14.3 10.0 x 1073
lc 6.0 12.5 48 x 1073
2a 0.5 13.5 0.5 % 1073
2¢c 6.5 14.5 6.2 x 1073
3a 1.5 15.5 16.0 x 1073
3¢ 5.0 10.0 8.4 x 1073

3.2. Thermal stability

In agreement with other investigations [14, 15], the DSC
curves obtained for nickel alloys with P contents greater
than 20 at %, exhibit two well-defined exothermic
features (Figure 1). This indicates a two-step crystalli-
zation at temperatures of 317 = 1 °C and 394 £+ 1 °C,
respectively. The exact nature of the phases formed is
still a matter of discussion [14—16]. The first peak is
likely to the crystallization into the metastable phase
NisP, (supersaturated with nickel). The second is
attributable to recrystallization of this metastable phase
into NizP and Ni precipitation, and possibly to grain
growth [14, 15]. The heats evolved during these pro-
cesses are respectively 67 J g7' and 22 J g”!, which
compare well with the values cited for electrodeposited
Ni—P alloys by Bakonyi et al. [14]. In addition to these
well-defined peaks, a broad shoulder, corresponding to
an exothermic process, is observed at lower tempera-
tures. This is often observed for amorphous materials,
and is related to the structural relaxation of the sample.

The XRD investigation confirms the amorphous
structure of the as-deposited films. The half-height width
decreases only slightly on annealing at 200 °C. After
annealing at 380°, the alloys show the pattern of NisP».
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Fig. 1. DSC curve of a Ni-P films (13 wt % P) deposited from the

basic solution at pH 5 and 87 °C. Scan rate 20 °C min™".
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Fig. 2. Influence of the pH value of the plating solution on the
thermodesorption behaviour of Ni-P films separated from the sub-
strate. Scan rate 10 °C min~'. Curves: (1) pH 4 (solid line), (2) pH 5
(dashed line) and (3) pH 6 (dotted line).

After heat treatment at 600°, the alloys exhibit the
patterns of NisP, and NisP, in agreement with [14, 15].

3.3. Thermogravimetric investigation

It is known that electroless process is accompanied by
hydrogen evolution which may be incorporated into the
deposit [3]. To characterize the amount of occluded gas,
a thermogravimetric investigation was undertaken. The
electroless NiP films were heated to 400 °C under an
argon flow and the mass changes were recorded.
Figure 2 shows the response of NiP films deposited at
different pH. After a small increase at 30-40 °C,
probably due to slight oxidation of the films, the mass
decreases in two steps: the first step for a temperature
around 85 °C and the second step around 125 °C. Both
mass changes are of the same order. The mass decrease
is larger, the lower the pH. Figures 3 and 4 show the
response for films deposited from the other solutions.
The weight loss decreases as the nickel concentration in
the bath increases (Figure 3). It does not change
markedly when the hypophosphite concentration is
increased from 0.1 to 0.28 M, but it increases strongly
when the concentration is further increased to 0.4 M
(Figure 4). The results are summarized in Table 2.
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Fig. 4. Influence of the hypophosphite concentration of the plating
solution on the thermodesorption behaviour of Ni-P films separated
from the substrate. Scan rate 10 °C min~'. Curves (1) 0.10 M
NaH,PO, (solid line), (2) 0.28 M NaH,PO, (dashed line) and (3)
0.40 M NaH,PO, (dotted line).

3.4. Cyclic voltammetric investigation

A voltammetric investigation was carried out using an
electrochemical quartz crystal microbalance (EQCM),
to identify the different reduction and oxidation steps.
Indeed, although the net current at the deposition
potential is equal to zero, the electroless process is
essentially an electrochemical process. This results from
anodic and cathodic reactions which, however, are not
independent [3]. As for corrosion processes, to gain
information on the kinetics it is necessary to investigate
both anodic and cathodic reactions.

The EQCM allows calculation of the deposited or
dissolved mass from frequency changes using Sauerbrey’s
equation. By comparing these mass changes with those
calculated from Faraday’s law, the efficiencies of the
deposition or dissolution processes can be determined.

Figure 5 shows a voltammogram recorded in the basic
solution at pH 5. During the direct scan, the current
density response (curve 1, dotted line) exhibits a
nucleation loop. The cathodic reaction begins at
—750 mV. A shoulder is observed at potential smaller
than —1200 mV corresponding to a diffusion controlled
nickel deposition (limiting current density of 5.1 mA
cm ™). On the reverse scan, three peaks are observed as
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Fig. 3. Influence of the nickel sulphate concentration of the plating
solution on the thermodesorption behaviour of Ni-P films separated
from the substrate. Scan rate 10 °C min~'. Curves: (1) 0.05 M NiSOy
(solid line), (2) 0.10 M NiSOy4 (dashed line) and (3) 0.15 M NiSOy4
(dotted line).
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Fig. 5. Voltammogram recorded with the EQCM, basic solution pH 5,
temperature 40 °C. Scan rate 10 mV s~'. Curves: (1) current density
response (dotted line) and (2) mass changes (solid line).
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already observed in ammoniacal solutions [8]. As pre-
viously shown [17], peak A is poorly visible at this low
temperature (40 °C); it may be related to the oxidation
of hypophosphite [8, 9]. Other researchers have attri-
buted this peak to the oxidation of adsorbed hydrogen
[17, 18]. Peaks B and C are related to the two-step
dissolution of the Ni—P alloy. Some authors attributed
peak B to the dissolution of a crystalline phase and peak
C to that of a P-rich Ni alloy phase [1, 19, 20]. However,
such behaviour is often observed in the dissolution of
pure nickel electrodeposits [21].

The charge used for the cathodic process, Q., was
measured through integration of the current for the
direct scan from —500 mV and reverse up to —500 mV,
that is, just before the dissolution starts. It is equal to
1.4 C cm™, which, according to Faraday’s law, would
correspond to a deposited mass of 431 ug cm™2, whereas
the experimental one is only 61.5 ug cm™2. This corre-
sponds to a faradaic efficiency of 14%. The charge used
for the dissolution process from —500 to +600 mV, Qy;s,
is 0.27 C cm™2. This anodic charge would correspond to
a dissolved mass of 82.5 uygcm ™. The dissolution
efficiency, Amgnm/Am(Qyq;s.), 1s then smaller than unity,
close to 75%. This behaviour indicates that, during the
anodic process, parasitic electrochemical reactions, as-
sociated with a negligible mass loss, occur in parallel
with the dissolution of the film. This might correspond
to the oxidation of the hypophosphite species adsorbed
on the electrode and/or of the occluded hydrogen.

The effect of the hypophosphite and nickel sulfate
concentrations and of the pH has been investigated.
Figure 6 shows the result for a nickel sulfate concen-
tration of 0.15 M (electrolyte 3c). The deposition starts
at a lower polarization than in the basic solution. The
cathodic wave shows a shoulder, which indicates that
nickel deposition exhibits a diffusion control behaviour.
The limiting current density is about 7.7 mA cm ™2,
which is about 1.5 times greater than in the basic
solution (Figure 5), in agreement with the nickel sulfate
relative concentrations. In the potential range between
—800 and —1150 mV (first cathodic wave), the cathodic
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Fig. 6. Voltammogram recorded with the EQCM, solution with
0.15 M dm™ NiSO,4, pH 5, temperature 40 °C. Scan rate 10 mV s™'.
Curves: (1) current density response (dotted line) and (2) mass changes
(solid line).
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Fig. 7. Voltammogram recorded with the ECQM, basic solution pH 4,
temperature 40 °C. Scan rate 10 mV s™'. Curves: (1) current density
response (dotted line) and (2) mass changes (solid line).

current efficiency is close to 85%, that is, much higher
than for the basic solution. At potentials more negative,
the efficiency decreases due to the proton reduction,
which becomes predominant.

The intensity of peak B is markedly reduced and that
of peak C is increased. The dissolution efficiency is 72%.

Figure 7 shows the voltammetric curve recorded in a
solution of pH 4. The cathodic reaction is markedly
depolarized, but mainly corresponds to the reduction of
protons. The cathodic efficiency is drastically decreased
to 1%. The dissolution efficiency is also decreased to
60%. A similar behaviour is observed for electrolytes
with low hypophosphite (electrolyte 2a) or low nickel
sulfate (electrolyte 3a) concentrations.

Table 3 summarizes the results of the voltammetric
investigation with the EQCM. Not only the cathodic
efficiency but also the dissolution efficiency are smaller
than 1. In both cases, parasitic electrochemical reactions
occur in parallel with the deposition or the dissolution
processes corresponding to a negligible mass change.
For the cathodic process, it is well known that reduction
of the protons of the solvent occurs leading to hydrogen
evolution and possibly its incorporation in the deposit.

Table 3. Cyclic voltammetric results

Electrolyte Q. Qais’ Quis/Oc Ampi/  Amgi/
/C cm™2 /C cm™2 AmQC§ Am(Qdis)§

la 2.40 0.053 0.02 0.01 0.6 = 0.05

1b (basic) 1.40 0.27 0.19 0.14 0.7 £ 0.05

Ic 0.68 0.151 0.22 0.15 0.6 = 0.05

2a 0.94 0.201 0.21 0.23

2c 1.19 0.231 0.19 0.15 0.7 £ 0.05

3a 2.30 0.006 0.003 0.01

3c 1.40 0.736 0.53 0.41 0.7 + 0.05

* Q., charge used during the cathodic reduction (from -500 to
—500 mV).

T Quis anodic charge used for the dissolution of the layers (from —500
to 1000 mV).

¥ Quis/ Q. ratio.

S Amigim/Am(Q.) and Amgm/Am(Qgis), ratio of the mass of the deposit
by the mass calculated from Faraday’s law, respectively, for the
reduction and the dissolution processes.



During the anodic process it is more likely that at least
part of the incorporated hydrogen might desorb and
undergo an oxidation reaction [10, 11]; oxidation of the
hypophosphite species may also account for a dissolu-
tion efficiency smaller than unity.

4. Discussion

Bonino et al. showed, through thermodesorption anal-
ysis, that hydrogen desorption evolution occcured dur-
ing heating of electrodeposited amorphous Ni-P alloys
[16]. At temperatures below 300 °C, hydrogen would be
desorbed from the Ni—P solid solution. It is likely that,
in our experiments, the mass decrease is related to the
hydrogen desorption. The two-step decrease may be
related to the desorption of hydrogen from the crystal-
line and the amorphous phases.

Comparison between the results of the thermodesorp-
tion and the voltammetry clearly shows that incorpo-
rated hydrogen has two origins: the cathodic and the
anodic reactions. The amount of incorporated hydrogen
decreases when the pH or when the nickel sulfate
concentration increases. In both cases, the plating rate,
as well as the current efficiency, increase. These features
suggest that the incorporation of hydrogen is directly
related to the reduction of protons from the solvent.
More surprisingly, the incorporated hydrogen increases
when the hypophosphite concentration is increased,
though the plating rate is increased. This suggests that
part of the incorporated hydrogen stems from the
anodic processes. These observations can be explained
by considering the following reaction path.

The electroless process results from anodic processes
(Reactions 1 and 2) and reduction processes (Reactions
3 to 5) [22].

H,PO, — HPO; + H,4s — Hinc — 1/2H;(evolved)

(1)
HPO; + H,O — H,PO; +¢~ + HT (2)
Ni(11) + 2e” — Ni (3)
H,PO; +2H" +e” — P42 H,0 (4)
H" + e — Hags — Hine — 1/2H;(evolved) (5)

Abrantes and coworkers showed that the oxidation
was initiated by the adsorption of hyphophosphite on
the catalytic surface, followed by the homolysis of its
hydrogen bond [23-25]. This results in the formation
of atomic and ionic radicals, as already shown [26]
(Reaction 1). These radicals then promote nickel and
hypophosphorus acid reduction to originate the NiP
deposit. Reaction 1 produces adsorbed hydrogen, which
can either evolve or incorporate into the deposit.

The cathodic Reaction 3 corresponds to the reduction
of the nickel sulfate (written here, for simplicity, as a
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single step though it is often considered as a two-step
process [27]). Reaction 4 expresses the incorporation of
phosphorus. It can also be written as

Ni(i1) + H,PO; +2H' + ¢~ — Ni—P +2H,0 (4)

Indeed, it is known that the reduction of hypophos-
phite does not occur separately but only in the presence
of an inducing species such as nickel ions [28]. The
reduction of these specie occur simultaneously with the
reduction of protons (Reaction 5) which also leads to
adsorbed hydrogen which can either incorporate into
the growing deposit or evolve.

Both anodic and cathodic processes can lead to
hydrogen evolution and/or incorporation. The low
cathodic current efficiency is due to the importance of
Reaction 5. The efficiency increases with increase in the
nickel sulfate concentration (increase in Reaction 3) or
the pH (decrease in Reaction 5). The phosphorus
content in the films is about 14.5 wt % (i.e., 24 at %),
which means that the rate of Reaction 4 is approxi-
mately four times smaller than that of Reaction 3. The
plating rate depends on both anodic and cathodic
processes. It increases when the concentration of hypo-
phosphite increases, when the concentration of protons
decreases or the concentration of nickel sulfate increas-
es. The amount of incorporated hydrogen in the layers is
the sum of the amount of hydrogen incorporated from
the anodic reactions, AmH,, and from the cathodic
reactions, AmH,, divided by the mass of the deposited
film, Amg,,. AmH, is proportional to the concentration
of hypophosphite through Reaction 1. AmH, is propor-
tional to the concentration of protons through Reaction
5. The deposited mass, Amg,, depends on Reactions 3
and 4. The amount of incorporated hydrogen will
decrease when the pH or the nickel sulfate concentration
increase. It will also increase when the concentration of
hypophosphite increases. This reaction path allows good
qualitative description of most of the experimental
features.
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