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Abstract Amorphous Pd40Ni40P20 alloy has potential appli-
cations in electronics and catalytic industry. In this paper,
amorphous Pd40Ni40P20 films were prepared by electrode-
position. Samples were characterized by scanning electron
microscopy, energy dispersive X-ray spectroscopy, transmis-
sion electron microscopy, X-ray diffraction, and profilom-
etry. Voltammetric curves and potential–time transient
indicate the leading role of Pd in the initial growth stage.
Based on compositional, morphological, and electrochemical
analyses, Pd40Ni40P20 electrodeposition is regarded as Pd-
induced PdNiP co-deposition accompanying with hydrogen
evolution reactions.
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Introduction

Pd40Ni40P20 is one of the earliest metallic glasses [1, 2],
which has been intensively studied due to its compositional
simplicity and large glass-forming ability [3, 4]. Most studies

of Pd40Ni40P20 focus on ribbon and ingot samples. Amor-
phous thin films, usually having unique surface and confine-
ment effects [5], should be of theoretical and experimental
interest to study the thermodynamic and structural differ-
ences between Pd40Ni40P20 film and the bulk counterpart.
Furthermore, due to high wear and corrosion resistances,
PdNi, NiP, and PdP alloys have various applications. For
example, PdNi could be used as contact layer to replace Au
in electronics [6] and electrode for hydrogen evolution reac-
tion (HER) and oxidation [7–9] and anode in methanol oxi-
dative fuel cells [10]. NiP is widely used as catalytic material
[11], and PdP is also used as cathodes for oxygen reduction
[12]. Corrosion resistance of electrodeposited metal–metal
binary alloys can be enhanced by alloying with P [13–15], and
the catalytic performance of PdP and NiP alloys can be
improved by incorporating Ni [16] and Pd [17], respectively.
Pd40Ni40P20, the alloy with strong glass-forming ability in
PdNiP system, could have many potential applications in
electronic [18], energy [19], and catalytic [17] industries.

Electrochemical deposition (electrodeposition) is a simple
and effective way to synthesize metallic films. Many metal-
phosphorus plating systems have been developed after the
discovery of amorphous NiP [20]. Masaki et al. [18] reported
the PdNiP electrodeposition patent in 1992. Their films are
crystalline, and P is not more than 10 at.%. In the present
work, amorphous Pd40Ni40P20 films are electrodeposited
from an additive-free electrolyte with complexing agent. The
electrolyte is derived from NiP [11], PdP [12, 21, 22], and
PdNi [9, 10, 23] systems. Effects of various plating con-
ditions on structure and morphology of Pd40Ni40P20 films are
investigated. The growth behavior during Pd40Ni40P20 elec-
trodeposition is discussed.

Experimental

PdNiP films were deposited from conventional three-electrode
glass cell. Galvanostatic electrodeposition was controlled by
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CHI 1140 electrochemical analyzer (CH Instruments). All
chemicals in this work were of reagent grade. Plating
electrolyte and operating conditions are listed in Table 1. Bath
temperature was controlled by either thermostat or ice water
bath. The pH value of electrolyte was adjusted by adding
dilute NaOH and HCl. Working electrode was mechanically
polished Cu plate (99.5%) with root-mean-square roughness
of 5 nm, which was measured by atomic force microscopy
(Seiko Instruments, SPI 3800N). Counter and reference
electrode were platinum plate and saturated calomel elec-
trode, respectively.

Film morphology and composition were characterized by
field emission scanning electron microscopy (SEM, SIRION-
100, FEI) with energy dispersive X-ray spectroscopy (EDX,
Genenis 4000X). Melt-spun Pd40Ni40P20 ribbons were used
to calibrate the EDX measurement. For transmission electron
microscopy (TEM; Hitachi H-9000NAR) observation, stand-
ing-free PdNiP films were prepared by substrate stripping in
chromic acid solutions. X-ray diffraction (XRD) measure-
ments were performed on a Thermo ARL X’Tra diffractom-
eter with Cu Kα radiation. Film thickness was measured by
profilometer (Sloan Dektak III).

Cyclic voltammetric (CV) curves were acquired from CHI
604B electrochemical work station (CH Instruments). Poten-
tial range was from −0.10 to −1.60 V, and the scan rate was
5 mV/s. Potentiostatic electrodeposition is performed at CHI
1140 using amperometric I–time curve mode.

Results and discussion

Quantitative compositions of PdNiP films were measured.
Figure 1 shows EDX spectra of standard Pd40Ni40P20 ribbon
and film with nominal composition Pd41.1Ni38.8P20.1. Com-
positions of both samples were calculated from Ni K, Pd L,

Table 1 Plating conditions for PdNiP electrodeposition

Plating conditions Values

Electrolyte
PdCl2 0.01~0.02 (0.01)a mol/l
NiSO4·6H2O 9~13 (10)a g/l
H2NCH2CH2NH2 0.09~0.12 (0.096)a mol/l
H3PO3 15~30 (20)a g/l
H3BO3 20 g/l
Operating conditions
Bath temperature 5°C
pH 1.3~2.00 (1.70)a

Current density 8~18 (12.5)a mA/cm2

Growth time 10~300 (300)a s
Substrate Copper

a Parameters in the parentheses are for Pd40Ni40P20 deposition

Fig. 1 EDX spectra of a electrodeposited Pd41.1Ni38.8P20.1 film on Cu
substrate; b standard melt-spun Pd40Ni40P20 ribbon
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Fig. 2 X-ray photoelectron spectra of Pd40Ni40P20 films. a As-deposited
and b after 3 min Ar sputtering
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and P K lines. The two spectra are almost identical, except Cu
lines (from sample holder) superimpose on the Pd41.1Ni38.8P20.1
spectrum. Cu backgrounds are inevitable, as the films are
much thinner than the electron impact zone during EDX
measurement. Trace of C and O peaks near 0.3 and 0.5 keV
were detected at both spectra [24], which can be attributed to

surface contamination. Actually, X-ray photoelectron spec-
troscopy analysis confirmed the metallic nature of the film
after Ar sputtering for 3 min in Fig. 2. The binding energies of
Pd 3d5/2, Ni 2p3/2, and P 2p3/2 are the same between as-
deposited film and ribbon Pd40Ni40P20 alloys [25].

Film structures are characterized by XRD and TEM. Al-
though peaks from Cu substrate exist in the XRD patterns due
to thin film effect, a broad diffraction peak is observed below
the substrate (111) peak, especially after 100 s deposition
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Fig. 3 XRD patterns of electrodeposits prepared from Pd40Ni40P20
electrolyte on Cu substrate. The inset shows SAED patterns of a
certain PdNiP film
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Fig. 4 Effect of pH value on film composition. Plating conditions are
according to Pd40Ni40P20 electrolyte except PdCl2 concentration: a PdCl2
0.0175 mol/l; b PdCl2 0.015 mol/l; c PdCl2 0.01 mol/l. Pd (square); Ni
(circle); P (triangle)
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Fig. 5 Effect of PdCl2 concentration on film composition. Plating con-
ditions are according to Pd40Ni40P20 electrolyte except pH value: a pH=
2.00; b pH=1.50. Pd (square); Ni (circle); P (triangle)

9 10 11 12 13

20

30

40

50

NiSO4

20

30

40

50

C
o

n
te

n
t 

(a
t.

%
)

20

30

40

50

c

b

a

Fig. 6 Effect of NiSO4·6H2O concentration on film composition.
Plating conditions are according to Pd40Ni40P20 electrolyte except pH
value: a pH=1.70; b pH=1.60; c pH=1.50. Pd (square); Ni (circle);
P (triangle)
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(Fig. 3). The films are absent with distinct contrasts in TEM
images (not shown here), and their electron diffraction pat-
terns exhibit diffusive halos (inset of Fig. 3). These results
confirm the amorphous nature of the deposited Pd40Ni40P20
films.

The pH value and concentrations of PdCl2 and NiSO4·6H2O
were three key factors on compositions of the deposited films,
as shown in Figs. 4, 5, and 6. Film contents are sensitive to
pH value below 1.5 (Fig. 4). As the dissociation constant of

ethylenediamine (en) is closely related to pH [26, 27] and pH
value affects the extent of metal hydrolysis [28], reduction
rates of different metal complexes are influenced by pH value.
Thus, it is reasonable that the Pd/Ni atomic ratio in deposited
films is not the same when we prepared them in electrolytes
of different pH values. In our case, Pd(en)2

2+ seems easier to
be reduced than Ni(en)x

2+ [i.e., Ni(en)2+, Ni(en)2
2+, Ni(en)3

2+,
etc.] [29] in the low pH range (below 1.5). In the middle pH
range between 1.5 and 1.7, the reduction of Pd(en)2

2+ and
Ni(en)x

2+ is comparable, thus resulting in a relative stable
concentration of both Ni and Pd in films (Fig. 4c). In the
high pH range (above 1.8), Ni(en)x

2+ reduction is activated
and Pd(en)2

2+ reduction is inhibited relatively. P content of
the films decreases with increasing pH value (Fig. 4), which
coincides with NiP electrodepositions [30, 31]. To reach P
content of about 20 at.% in the deposited films, it is found
that a “pH window” of 1.5~1.7 should be used (Figs. 4, 5,
and 6). The effect of electrolyte concentration on composi-
tion of films is negligible from Figs. 5 and 6. When PdCl2
increases from 0.01 to 0.025 mol/l and NiSO4·6H2O in-
creases from 9 to 13 g/l, film composition varies slightly.
Table 1 summarizes the plating conditions for PdNiP electro-
deposition. The reproducibility of Pd40Ni40P20 film synthesis
is estimated to be about 80% with a tolerance of 3 at.%
concentration fluctuation (Fig. 7). The thickness of the films
is about 200 nm, which was tested by Sloan Dektak III
profilometer.
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Fig. 7 Reproducibility of Pd40Ni40P20 electrodeposition. Pd (square);
Ni (circle); P (triangle)

Fig. 8 a Potential–time tran-
sient for Pd40Ni40P20 electro-
lyte. The inset shows curve in a
time range of 0–25 s. b Com-
positions of PdNiP deposits with
different growth times. Plating
conditions are according to
Pd40Ni40P20 electrolyte
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Potential–time transient in Fig. 8a delineates the whole
depositing process of Pd40Ni40P20 films, and the composition
evolution of the film during the electrodepositing process
(within 10~300 s) is shown in Fig. 8b. It is worth noting that
the grow rate is different between initial and saturated growth
stages. In the initial growth period, Pd content is dominant in
the deposited films. Nanopores were detected on film surface,
as marked by arrows in Fig. 9a. Nanopores are located along
scratches on Cu substrate, where small hydrogen bubbles
coalesce into large bubbles when they can not escape from the
scratches simultaneously. Based on naked-eye observation,
hydrogen bubbles escape more easily on PdNiP surface than
on Cu substrate. Therefore, nanopores in Fig. 9a are the
remnant of large hydrogen bubbles on the scratches. Larger
nanopores with a size of 48±11 nm are detected around the
film surface with growth time of 30 s (Fig. 9b). More studies
are still required to understand the nature of deposition in the
initial period. While the deposition time increases, the sys-
tem reaches stable growth stages: concaves (former nanopore
sites) fade away, and the surface is composed of distinct no-
dules with diameter of 90±24 nm (Fig. 9c). Film composition

saturates for deposition times longer than 60 s. For films with
growth time up to 300 s, smooth and diffusive nodules finally
cover the whole surface (Fig. 9d). Morphology evolution
during Pd40Ni40P20 deposition is illustrated in Fig. 9e.

Cyclic voltammetry analysis was performed for further
description of the initial growth stage. Figure 10 shows the
CV curves of H2SO4, H3PO3 + H3BO3, NiP, PdP, and PdNiP
electrolytes. In different potential ranges, shoulders are
observed for H3PO3+H3BO3, NiP, PdP, and PdNiP curves.
To investigate reaction processes at different potentials, po-
tentiostatic depositions were performed on NiP, PdP, and
PdNiP electrolytes (Table 2). Almost the same composition
of deposited films were detected for NiP films depositing at
−0.9, −1.1, and −1.4 V and PdP films depositing at −0.58,
−0.7, and −0.92 V. These results indicate that deposition
behaviors above and below shoulders in Fig. 10 for NiP and
PdP CV curves are similar. For PdNiP film, it is found that at
−0.58 V, the film contains only Pd and P while no Ni ele-
ment was detected in the film. At −0.72 V, about 1.8 at.% Ni
was detected in the film, while the film prepared at −0.92 V
contains about 23.7 at.% Ni. Thus, Ni reduction competes
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against Pd reduction after −0.72 V. The initial reduction
behavior of PdNiP electrolyte is almost identical to PdP
electrolyte in Fig. 10, though its peak slightly shifts to
−0.64 V [−0.61 V for PdP electrolyte, which is close to the
standard reduction potential of Pd(en)Cl2] [32]. This peak
shift results from the beginning of Ni reduction. In the curves
ranging from −0.45 V to −0.64 V (−0.61 V) for PdNiP (PdP),
Pd nucleates and grows rapidly [33], which induces P co-
depositing and HER. HER is predominant during this stage,
resulting in local depletion of Pd and proton. In contrast,
buffering effects of H3PO3 and H3BO3 and stirring effect of
hydrogen bubble can alleviate the local depletion. Thus,
these balanced effects contribute to diffusion-limited reaction
process, resulting in a limited current density of about
18 mA/cm2 for PdNiP electrolyte.

In the beginning of the galvanostatic electrodeposition in
Pd40Ni40P20 electrolyte, it was detected that the potential
increases rapidly within 1 s (inset of Fig. 8a), which corre-
sponds to the peak (−0.64 V) of PdNiP curve in Fig. 10.
Together with the results of CV analysis, this phenomenon
can be attributed to the overpotential reduction of HER, as
the overpotential of HER on Pd surface is much lower than
that on Cu or Ni surface [34]. As discussed before, Pd
content is dominant in PdNiP films at the initial deposition
stage (Fig. 8b). With such initial Pd layers, the potential
shifts positively to maintain the fixed current density if we
note that current efficiency is only 15% in the PdNiP system.
As growth time increases, the potential shifts rapidly to
negative direction because of double-layer charging effect
[35]. Potential–time transient are consistent with CV curves.
For potential–time transient of Pd40Ni40P20 electrolyte, the
electrolysis potential saturates at −0.94 V, while for CV
curve, it corresponds to −0.97 V (Fig. 10). No abrupt po-
tential drop is observed in the time ranging from 20–300 s

Table 2 Film composition of potentiostatic NiP, PdP and PdNiP
electrodepositions

Electrolyte Potential
(V)

Depositing time
(s)

Film
Compositions

NiP 0.9 2,100 Ni65.5P34.5
1.1 1,600 Ni68.6P31.4
1.4 500 Ni67.4P32.6

PdP 0.58 2,000 Pd78.1P21.9
0.7 600 Pd77.6P22.4
0.92 600 Pd77.1P22.9

PdNiP 0.58 1,200 Pd76.5P23.5
0.72 1,200 Pd75.2Ni1.8P23.0
0.92 800 Pd54.6Ni23.7P21.7 Fig. 11 Schematics of surface evolution during Pd40Ni40P20 electro-

deposition
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[36]. This is quite different with conventional low concen-
tration [33] or simple metal [37] electrodeposition, which
exhibit potential fluctuation with increasing times. It indi-
cates that the Pd40Ni40P20 galvanostatic electrodeposition
process is most likely reaction-rate controlled because the
current density 12.5 mA/cm2 is used, which is less than the
limited current density 18 mA/cm2 in Fig. 10. Note that we
could not completely rule out the possibility for a partial
mass-transfer-controlled process in the present deposition
because for multi-component system, the mechanism can be
tricky and some steps can be mass-transport controlled even
for low current compared to the limited diffusion current.
More investigations, e.g., impedance spectroscopy experi-
ments, are required to clarify this issue.

In general, a schematic illustration of surface evolution
during Pd40Ni40P20 electrodeposition is given in Fig. 11.
When the electrochemical reactions take place, Pd is reduced
from the electrolyte instantaneously (Figs. 8b and 11a).
Initial Pd layer leads to P co-deposition and HER, noting that
P can be incorporated only by induced deposition. The hydro-
gen bubbles, outcome of HER, remain longer on Cu substrate
than on PdNiP electrodeposits. This fact suggests that the
formation of nanopores on film surface (Figs. 9a and 11b)
could be caused by a large number of small hydrogen bubbles
on Cu substrate at the initial stage. These bubbles grow even
bigger, until the surface tension and the stress between bub-
bles and electrodeposits are too large to keep them (Figs. 9b
and 11c). Surface was gradually covered by such inhomoge-
neous structures as deposition continues. Ultimately, the
deposition system saturates and exhibits a diffusive nodular
morphology (Figs. 9d and 11d). We further discuss the
composition fluctuation during electrodeposition. Once
deposition takes place, the films are Pd-dominant and HER
occurs simultaneously. As electrochemical reaction contin-
ues, the pH value near cathode rises because of the proton
depletion. Due to high pH value in local, Pd reduction is
accompanied by Ni reduction. The system saturates when
HER and metal deposition process reach equilibrium state. In
Pd40Ni40P20 electrolyte, this behavior leads to designed
contents of Pd, Ni, and P.

Conclusions

This paper proposed a Pd40Ni40P20 electrodeposition tech-
nique with reproducibility of 80%. Current efficiency of this
technique is about 15%. Film composition is insensitive to
bath composition, but it is sensitive to pH value. At the
initial stage, Pd is reduced preferentially, leading to HER and
P co-deposition. HER tends to occur at the scratches of Cu
substrate, resulting in nanopores on film surface. Film com-
position saturates after about 60 s, and the growing surface is
characterized by diffusive nodular structure. Reduction

behavior of Pd40Ni40P20 electrolyte is similar to PdP elect-
rolyte and differs from NiP electrolyte. It initiates at −0.45 V,
followed by a reduction peak near −0.64 V, and reaches
diffusion-limited current region after −1.10 V. Pd40Ni40P20
galvanostatic electrodeposition at the current density of
12.5 mA/cm2 is steady-state reaction-rate controlled and could
be regarded as Pd-induced PdNiP co-deposition accompa-
nying with HER.
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