
A

p
i
o
o
e
©

K

1

e
[
g
n
o
s
a
(
o
t
t
P
w

s
p
a

0
d

Journal of Alloys and Compounds 425 (2006) 64–68

The effect of the hypophosphite ion oxidation on the
Ni surface electrode—an XPS study

M. Cristina Oliveira a,∗, A.M. Botelho do Rego b

a Departamento de Quı́mica, Universidade de Trás-os-Montes e Alto Douro, 5001-911 Vila Real, Portugal
b Centro de Quı́mica-Fı́sica Molecular, Complexo Interdisciplinar, IST, UTL, 1049-001 Lisboa, Portugal

Received 13 September 2005; received in revised form 17 November 2005; accepted 17 November 2005
Available online 27 March 2006

bstract

The effect of the hypophosphite electrooxidation on the Ni surface state was analysed by XPS on electrodes previously submitted to constant-
otential polarization in an alkaline solution containing the hypophosphite ion. It was found that Ni surface exhibits the same electronic states than
n a hypophosphite-free solution. The XPS spectra of P 2p and P 2s revealed the formation of alloyed phosphorus on the Ni surface. Its dependence

n the electrode potential allows concluding that hypophosphite ion participates in competitive surface reactions in the same potential range. The
verall results are discussed in the light of the mechanisms proposed in the literature for the phosphorus incorporation process during Ni–P alloy
lectrodeposition.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The hypophosphite ion is a well-known reducing agent for
lectroless deposition process [1] and electrodeposition of alloys
2] and it is also a promising hydrogen donor in catalytic hydro-
enation of organic molecules [3]. The electrooxidation mecha-
ism of the hypophosphite ion on nickel has been the subject
f several studies in last 10 years [4–8]. The use of in situ
pectroelectrochemical techniques has allowed to characterize
dsorbed and solution species involved in this electrode process:
a) hypophosphite ions are adsorbed via its two hydrogen atoms
n the nickel surface electrode, from open-circuit potential until
he onset of the oxidation potential; (b) at rather negative poten-
ials the adsorption of hypophosphite leads to the cleavage of the
–H bond with the formation of a phosphorus-centred radical,
hich is subsequently oxidized to the final product, phosphite.
According to the literature, no studies have been undertaken
o far with the purpose of evaluating the effect of the hypophos-
hite oxidation on the nickel surface electrode. The detection
nd identification of surface species would be important not
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electron spectroscopies

nly to provide more information about hypophosphite oxida-
ion mechanism, but also to better understand the mechanism
f phosphorus incorporation during electroless deposition and
lectrodeposition of Ni–P alloys [9] and to evaluate whether
urface species could be responsible for unusual selective
rganic reactions on Ni in hypophosphite containing solutions
10].

The main purpose of this study is to characterize, by X-ray
hotoelectron spectroscopy (XPS) technique, Ni surface elec-
rodes previously submitted to constant potential electrolysis
n alkaline solutions containing hypophosphite ion. A compar-
tive study was also performed on electrodes prepared in a
ypophosphite-free solution.

. Experimental

.1. Sample preparation

In the preparation of Ni electrodes for the XPS analysis a 1.5 cm × 1.5 cm Ni
oil substrate (99.9%) previously polished with 0.3 �m alumina and electropol-

shed in 57% H2SO4 was used. After the electrode surface was rinsed several
imes with distilled deionised water it was submitted to a constant electrode
otential, for 3600 s, in a 0.375 M H2PO2

− + 0.10 M NaOH solution. After-
ards it was rinsed again with distilled deionised water and dried on a N2 flow.
etails of the cell set up and polishing procedure were described elsewere [10].

mailto:mcris@utad.pt
dx.doi.org/10.1016/j.jallcom.2005.11.092
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Fig. 2. XPS Ni 2p for nickel electrodes submitted to constant potential polar-
ization in NaOH (bottom line) and H2PO2

− + NaOH (top line) solutions by
constant potential electrolysis at −1.1 V. Curve fitting with three peaks for the
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he electrode potential was controlled by an Autolab potentiostat model 100
nd is referred to a saturated calomel electrode (SCE).

.2. XPS analysis

The spectrometer used was a XSAM800 (KRATOS) operated in the fixed
nalyser transmission (FAT) mode, with a pass energy of 10 eV, a power of
30 W (10 mA and 13 kV) and the non-monochromatised MgK* X-radiation
h* = 1253.6 eV). Samples were analysed in a UHV chamber (∼10−7 Pa) at
oom temperature, using 0◦ and 60◦ analysis angles relative to the normal to
he surface. Samples were transferred to the fast introduction chamber under
mbient atmosphere. Spectra were recorded by a Sun SPARC Station 4 with
ision software (Kratos) using a step of 0.1 eV. A Shirley background was sub-

racted and curve fitting for component peaks was carried out with a non-linear
east-squares algorithm using pseudo-Voigt profiles. No charge compensation
flood-gun) was used. Binding energies were corrected by using contamination
arbon (binding energy = 285 eV) as a reference. X-ray source satellites were
lso subtracted. For quantification purposes, sensitivity factors were 0.66 for O
s, 0.25 for C 1s, 4.55 for Ni 2p and 0.26 for P 2s. These factors are included in
he Vision software and were checked using several calibrating salts as NiBr2,
or instance.

. Results and discussion

On the preparation of the sample electrodes, the negative
otential that was applied (−1.1 V) was selected on account of
revious work [3,4,11]. It is known that at this potential the elec-
rode exhibits the highest activity to oxidize the hypophosphite
on. Despite the rather long electrode polarization time, 3600 s,
he current evolution recorded during the electrode polariza-
ion, Fig. 1, reveals that the oxidation of hypophosphite persists
ll along. In the present experimental conditions no gas evo-
ution was detected, contrasting to what was observed in other
xperimental conditions [1,5]. Surface characterization of the
i electrodes prepared at −1.1 V for 3600 s was performed by
PS by analysing the electronic states of nickel and phosphorus.
or comparison, the spectrum obtained in the Ni 2p region for

he Ni electrode prepared in a hypopohosphite-free solution was

lso examined.

In Fig. 2, the XPS Ni 2p region is shown for electrodes sub-
itted to polarization in 0.375 M H2PO2

− + 0.10 M NaOH and
.10 M NaOH solutions. For both samples, the Ni 2p exhibits its

ig. 1. Current–time profile for the Ni electrode at −1.1 V in 0.375 M

2PO2
− + 0.10 M NaOH solution (solid line) and in 0.10 M NaOH solution

dashed line).
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i 2p3/2 regions is shown in the lower spectrum. For the sake of clarity, just the
urve fitting for the NaOH treated electrode is shown.

oublet—Ni 2p1/2 and Ni 2p3/2 with a distance around 17.6 eV.
nalysis of the Ni 2p3/2 region in both electrodes show three
ain components centred at 852.2 ± 0.1 eV, 855.7 ± 0.1 eV and

61.5 ± 0.1 eV. The first one is assignable to metallic nickel and
as a full width at medium height (fwmh) of 1.37 eV. Its relative
mportance is larger in the electrode submitted to potentiostatic
olarization in the hypophosphite solution showing that it is the
ess oxidized sample. In the literature (see Table 1) a large disper-
ion of values for Ni 2p3/2 biding energy (BE) is found ranging
rom 852.6 to 858.3 eV. The source of the lowest value dates from
983 [13] whereas the source of the highest one dates from 1972
14a] when XPS spectrometers were far from reliable. Recent
ata from a French group gives a value of 852.6 eV [14b]. Con-
erning the second component, the assignment is much more
ifficult: this value may be assigned to NiO, Ni2O3 or Ni(OH)2
see Table 1). Given its width (fwmh ∼3 eV) it may be a mix-
ure of them. Since its position and shape are the same for both

lectrodes and taking into account the fact that the modified
lectrodes were prepared at rather negative potentials and in a
olution containing a reducing agent (hypophosphite), Ni2O3 is

able 1
inding energies of P2p, P2s and Ni2p3/2 core-level lines of standard substances

tandard
ompounds

BE (eV) Ref.

P 2p P 2s Ni 2p3/2

i 852.6–853.8 [12–14]
iO 853.6–857.2 [12,15,16]
i2O3 855.8–856.0 [12]
i(OH)2 855.1 [12]
iOOH 856.1–861.7 [12,14]
aH2PO2 132.5 190.1 [17,19]
a3PO3 134.1 [18]
a2HPO3 132.9 [12]
a2HPO4 133.0 190.8 [17–19]

130.0 187.7–188.05 [19,20]
H3 129.8 [20,21]
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ot expectable. The distance between peaks is less sensitive to
pectrometer energy calibration and, in reference 13 differences
round 3.5 eV between metallic and Ni2+ can be found confirm-
ng that the oxidation state must be the 2+. For very well defined
iO (1 0 0) surfaces, cleaved under vacuum, two components

re detected at 854.1 and 855.6 eV [15,16], which is not the case
f our sample, pointing to an amorphous oxide or a mixture of
xides and/or hydroxides. The third component, centred around
61.7 ± 0.1 eV and approximately 6 eV wide, is assigned to the
omplex multiplet structure existing in nickel [15]. In fact, both
i and Ni2+ have unpaired electrons in 3d orbitals which may

ouple differently with the unpaired electron left in the 2p orbital
fter the photoelectron ejection giving rise to a complex series
f multiplet peaks spreading over 10 eV [15].

The comparative analysis of these spectra lead us to con-
lude that despite the extent of Ni oxidation is higher in the
ypophosphite-free solution, the nickel exhibits the same oxi-
ation states in an solution containing the hypophosphite ion.

Although some authors endorse the formation of nickel
ydride upon the hypophosphite oxidation [22], evidence for
ts formation was not given yet. Hydrogen-metal bonds can be
ndirectly detected by XPS, via a chemical shift in the photoelec-
ron energies of the metal atom and via line shape changes, but
t requires very clean sample surfaces and a rather high amount
f hydrogen on the surface. Surface contamination by elements
ike oxygen, carbon or chloride would have to be avoided, which
as not feasible in the present experimental conditions.
Concerning phosphorus, two XPS regions were studied: P 2p

nd P 2s. The most commonly studied region is the P 2p one and
xtensive data are found in the literature [17,20,23]. However,
n this system, P 2p is not an adequate region to properly study
he amount and the nature of phosphorus at the surface because
he P 2p overlaps with a very broad shake-up (most probably,
plasmon) of the Ni 3s peak. Although it was also found that

he P 2s peak overlaps with Cl 2p satellites (centred around
90 eV), it was possible to subtract the satellites and to obtain
he neat P 2s peak from it. Quantification was thus performed
ith the P 2s region and the binding energies were evaluated

ither from P 2s or the P 2p region. No attempt was made to
liminate contaminating chloride ions from the surface because
e wanted to maintain the same experimental methodology that
as previously used [10].
It was found that the P 2s region could be fitted with two com-

onents: one centred at 190.3 eV and another one (absent in the
1.10 V treated electrode) centred at 188.4 eV, Fig. 3. The first

omponent is assigned to hypophosphite (Table 1). Albeit the
ame binding energy is also characteristic of phosphate, previ-
us studies have revealed that only phosphite is formed upon the
xidation of hypophosphite and that it does not remain adsorbed
n the electrode surface. The detection of hypophosphite on
he surface is consistent with data obtained by SNIFTIRS that
evealed that hypophosphite adsorbs on the nickel surface, even
t open circuit potential [3,4].
On account of Table 1 data, the second component could be
ssigned to elemental phosphorus; however this species is not
xpected to be detected because it is very unstable in aqueous
olutions. Two other hypotheses are proposed for its assignment:

c
i
a
−

ig. 3. XPS P 2s region for the Ni electrode after electropolishing (bottom line)
nd potentiostatic polarization at −1.2 V in 0.375 M H2PO2

− + 0.10 M NaOH
olution (top dashed line). P 2s was fitted with two peaks (top continuous line).

lloyed phosphorus (normally represented as Ni–P, indepen-
ently of its stoichiometry) and phosphine. The formation of
hosphorus bound to nickel is the most plausible hypothesis to
e considered. Literature data on the characterization of Ni–P
lloys by XPS reveal the formation of a reduced form of phos-
horus which is bound to nickel [17,20,24–27], however such
nalysis concerns exclusively the P 2p region. According to liter-
ture data, the binding energy of alloyed phosphorus lies within
29.0–129.7 eV in the P 2p region, depending on the phosphorus
ontent and sample preparation method. The qualitative analysis
f the present electrodes in the P 2p region also reveals a peak
n that energy range, which is indicative of alloyed phosphorus
ormation. In order to confirm this assignment the P 2s and 2p
egions of a Ni–P sample prepared by electroless deposition on
Ni foil were also analysed. The obtained values, 190.4 and

87.0 eV for the P 2s region, 132.7 and 129.2 eV for the P 2p
egion, are consistent with the binding energies reported on the
ample electrodes, which supports our hypothesis that alloyed
hosphorus is formed upon polarization of the Ni electrode in a
olution containing hypophosphite. Data obtained on the analy-
is of the P 2s region in a Fe40Ni40P14B8 glass sample, further
orroborates the assignment of 187.95 eV peak to phosphorus
ound to nickel [24]. Phosphine presents a binding energy at
29.9 eV (there are no published results on the P 2s region)
20] but its detection by an ex situ technique (XPS) is unlikely
ecause phosphine, like phosphorus, is very unstable in aqueous
olution.

The amount of each phosphorus component on the surface
measured as P/Ni atomic ratio) as a function of the applied
otential is shown in Fig. 4. The fact that the atomic ratio P/Ni
ncreases for an analysis angle of 60◦ is a clear evidence that
hosphorus, in both forms, is on the top layers of the surface
lectrode, as expected. From the figure it is also evident that
he dependence of each phosphorus component on the applied
otential follows opposite routes. The amount of hypophos-
hite on the surface electrode, highly dependent on the electrode
otential, reaches its maximum value at −1.10 V. This result is

onsistent with the potential dependence of the electrode activ-
ty to oxidize the hypophosphite ion [3,6,11]. In contrast, the
mount of alloyed phosphorus is approximately constant in the
1.00 to −1.30 V potential range, except at −1.10 V where it
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Fig. 4. Diamonds correspond to the lower binding energy P 2s component
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188.4 eV) and triangles to the higher binding energy P 2s component (190.3 eV).
esults for 0◦ (relative to the normal to the surface) are represented by empty

ymbols and for 60◦ by full symbols.

s not formed. These observations suggest that hypophosphite
on participates in two competitive surface reactions in the same
otential range: its reduction to alloyed P and its oxidation to
hosphite. The latter is known to occur through an intermediate,
PO2

− [7,11]:

2PO2(ads)
− → H(ads) + HPO2(ads)

−

2O + HPO2(ads)
− → HPO3

2− + e + 2H+

(ads) → H+ + e.

At this stage it seems pertinent to analyse these results in
he light of the mechanisms that are proposed in the literature
or the incorporation of phosphorus during the Ni–P electrode-
osition. According to the literature, two different mechanisms
re proposed: the direct and the indirect mechanism. The for-
er supports that phosphorous acid, or phosphite (depending

n the pH), is electrochemically reduced to elemental phospho-
us, which would react with Ni giving rise to Ni–P alloy [25]:

3PO3 + 3H+ + 3e → P + 3H2O

Ni + P → NinP.

The latter is based on the assumption that phosphine (PH3),
tself formed by hypophosphite or phosphite ion reduction (or
heir respective acids), reacts with Ni2+ ions present in the solu-
ion to produce the Ni–P alloy [7,9,26–28]:

3PO3 + 6H+ + 6e → PH3 + 3H2O

PH3 + yNi2+ → NiyPw + zH+.

This mechanism has been more widely accepted than the
irect mechanism.
Based on the above results it can be concluded that, indepen-
ently of the type of mechanism (direct or indirect), phosphite
on does not seem to be the species that is reduced to alloyed
, otherwise, it would have been expected that alloyed P was
loys and Compounds 425 (2006) 64–68 67

ormed at the potential corresponding to the highest electrode
ctivity to oxidize hypophosphite to phosphite (−1.1 V). This
onclusion is in agreement with the Zeller and Landau [27] and
arris and Dang [9] results in Ni–P electrodeposition experi-
ents: the phosphorus content of the alloy is null or very low
hen H3PO3 is used instead of H3PO2.
It is also important to note that the detection of alloyed phos-

horus, on sample electrodes that were prepared in the absence
f Ni2+, reveals that the presence of this metallic cation is not
constraint for the incorporation of phosphorus (in very small

mounts) on nickel. This result is indicative that probably dif-
erent reaction pathways (supported by both direct and indirect
echanisms) will be responsible for the Ni–P alloy formation.
o our knowledge this is the first time that alloyed phosphorus

s detected on a nickel electrode in a Ni2+-free solution in an
lkaline medium. Although Kurowski et al. have reported its
etection by XPS in an acidic solution [28], in such medium the
issolution of the Ni may occur, contributing to the presence of
he Ni2+ ions in the solution. Zeng and Zhou have shown by in
itu surface enhanced Ramam spectroscopy, that a Ni–phosphine
ompound is formed in a solution without Ni2+ in a neutral
edium [8], but no evidence for the formation of alloyed P was

iven.
Although it is not the aim of this work to study the phosphorus

ncorporation mechanism during Ni–P electrodeposition, these
eculiar results reveal that this matter should be subjected to
urther investigation in the future.

. Conclusions

In this work it was concluded that the Ni surface electrode is
odified upon polarization in a hypophosphite containing solu-

ion. It was revealed by XPS that alloyed phosphorus is the
esponsible species for the surface electrode modification. Its
ependence on the electrode potential reveals that hypophos-
hite ion participates in two surface competitive reactions in the
ame potential range: its oxidation to phosphite and its reduction
o alloyed phosphorus.

The analysis of these results suggest that the mechanism for
he incorporation of phosphorus in the Ni–P electrodeposition
rocess involves the hypophosphite ion, and not phosphite, and
hat alloyed P can be formed even in the absence of Ni2+ ions.
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