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Abstract Electroless Ni–P alloys are produced as coatings

on a broad variety of substrates. They exhibit a corrosion

resistance that is superior to pure nickel but do not form a

NiO oxide film (passive film) as pure nickel does. Despite the

fact that many mechanisms have been proposed to explain

this superior corrosion behaviour, no consensus has yet been

reached. In this work electrochemical and XPS surface

analytical methods have been combined in order to gain a

deeper insight into the mechanisms underlying the corrosion

resistance of electroless deposited Ni–P alloys with phos-

phorus content between 18 and 22 at.%. The anodic

polarization curves in acidic and neutral solutions confirm a

broad current plateau followed by a region with increasing

current density. During potentiostatic polarization in the

plateau region the current decays according to a power law

with exponent ca. -0.5 indicating diffusion-limited disso-

lution of nickel. XPS/XAES measurements performed after

potentiostatic polarization show that phosphorus is present in

three different chemical environments. Based on the Auger

parameter concept and on the chemical state plot, the three

phosphorus states were assigned to phosphorus in the bulk

alloy, phosphates and an intermediate phosphorus com-

pound attributed to elemental phosphorus. Angle-resolved

XPS analysis has shown that the elemental phosphorus is

enriched at the interface between the alloy and the outermost

surface in contact with the corrosive solution. These results

suggest the following conclusions: the high corrosion resis-

tance of electroless deposited Ni–P alloys can be explained

by a strong enrichment of elemental phosphorus at the

interface which limits the dissolution of nickel via a diffusion

mechanism. A complementary explanation––not yet

advanced––for the high corrosion resistance may lie in the

electronic state of nickel in the Ni–P alloys.
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1 Introduction

The increasing attention toward the outstanding properties

of new nano-crystalline materials, has revived interest in

Ni–P alloys as far as research and especially challenging

technological applications are concerned [1, 2]. These

alloys, used in the past chiefly as corrosion protective

coatings, constitute the earliest industrial application of

X-ray amorphous or nano-crystalline metals, dating back to

1946 [3–5]. Today there is a growing interest in the pro-

duction of ternary Ni–P alloys [6, 7] and for co-deposition

with diamond [8] or PTFE particles [9] in order to produce

tailor-made functionalized surfaces.

Ni–P alloys with ca. 20 at.% P (close to the eutectic

composition) exhibit distinctly better corrosion resistance

than does pure Ni, showing a suppression of anodic dis-

solution in the potential range where pure nickel dissolves

actively in acids [10–22]. This holds for melt spun [10–12],

electroless [13–16] or electro-deposited [17–21] Ni–P
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alloys. It is also generally accepted that only X-ray amor-

phous or nano-crystalline alloys—irrespective of mode of

production—exhibit this superior corrosion resistance

[18–20] whereas (re)crystallization neutralizes this effect

[13, 30].

Different models have been proposed for explaining the

high corrosion resistance of Ni–P alloys containing more

than 18% P:

(1) The formation of a protective nickel phosphate film

that acts as diffusion barrier against active dissolution

of the alloy [14].

(2) Adsorption of hypophosphite ions, forming a barrier

layer that prevents the dissolution of nickel atoms at

the alloy surface (called ‘‘chemical passivity’’) [8–11].

(3) The formation of a P-rich film at the alloy/solution

interface as a consequence of rapid and selective

nickel dissolution [12, 20]. The dissolution process is

controlled via diffusion of nickel through this phos-

phorus-rich zone [10, 12, 19, 20] as also reported for

Fe70Cr10P13C7 amorphous alloys [23, 24].

Despite broad agreement on the third point, the exact

nature and chemical environment of phosphorus are still

under debate. Early work on melt-spun amorphous Ni–P

alloys claimed them to be ‘‘enriched in elemental phos-

phorus’’ [10–12] but assigned phosphorus in the bulk alloy

to ‘‘elemental phosphorus’’. This opinion was cited

repeatedly until publication of the results of recent work

[25, 26]. On the other hand, the authors’ work on amor-

phous Fe70Cr10P13C7 alloys has shown that phosphorus

in the bulk of this alloy has a partial negative charge [23,

24] in agreement with the literature data for Ni–P alloys

[27, 28] and on a series of binary nickel-phosphides [29].

Thus phosphorus in the bulk of the Ni–P alloy undergoes

partial covalent bonding with the metal atoms, influencing

both the structural order [29, 30, 31] and the electronic

state of nickel in Ni–P compounds and alloys [29, 32, 33].

Information on the phosphorus species present at the

surface and on the chemical and surface state thus proves

crucial in answering the open question on the high stability

of electroless deposited Ni–P alloys. The combined elec-

trochemical and XPS surface analytical study in this work

is aimed at identifying the mechanism underlying the high

corrosion resistance of electroless deposited Ni–P alloys.

2 Experimental

2.1 Nano-crystalline Ni–P coatings

Ni–P coatings were produced on mild steel substrate in a

commercial autocatalytic nickel hypophosphite bath

(Ronamax SR) by electroless deposition with a thickness of

10, 15 and 20 lm. The pH of the bath was 4.6–5, tem-

perature was 85–90 �C, the plating time was ca. 2 h. Bath

composition and process parameters are reported elsewhere

[34, 35]. The surface morphology of the coatings was

characterized by light microscopy (MeF3A Reichert Jung),

environmental scanning electron microscopy (ESEM, FEI

Quanta 600) and atomic force microscopy (AFM––Digital

Instruments). The coating composition was determined by

ESEM-EDX analysis (Genesis 4000 EDX).

2.2 Electrochemical measurements

All measurements were performed using an EG & G 273

potentiostat–galvanostat controlled by M352 software and

Zahner potentiostat–galvanostat (IM6) controlled by an

AMOS/ANDI acquisition system. A conventional three-

electrode setup was used: The samples (working electrode)

were pressed on the side port O-ring seal (diameter 1 cm)

in a cylindrical plexiglass cell in order to expose a con-

trolled part of the sample surface to the solution [35]. The

counter-electrode was a platinum net separated from the

solution by a porous diaphragm. The reference electrode

was a saturated calomel electrode (SCE, potential

+0.242 V vs. NHE) terminating in a Luggin capillary. All

potentials are referred to the SCE electrode.

Potentiodynamic polarization curves (scan rate 0.2 mV s-1)

were measured in deaerated near-neutral (pH 6–6.5) 0.1 M

NaCl, 0.1 M Na2SO4, 0.1 M Na2SO4 + 0.1 M NaCl and

acidic 0.1 M H2SO4 solutions (volume 0.25 dm3). Speci-

mens were kept at the OCP for 15 min. Potentiostatic

polarization was performed using the same setup at poten-

tials -0.1 V SCE and +0.1 V SCE. More details are given in

[34, 35].

2.3 Sample preparation for XPS analysis

XPS investigations were performed on samples of about

20 9 20 mm as-received (degreased in ethanol), after

mechanical polishing (1200 and 2000-grit paper in water,

followed by 9 lm and 1 lm diamond paste in ethanol) and

after electrochemical tests. Only the results of samples

from potentiostatic polarization are presented in this work.

More XPS surface analytical results are presented in a

companion paper [36].

Immediately after mechanical polishing and polariza-

tion, the samples were transferred to the vacuum chamber

avoiding contact with the laboratory atmosphere for longer

than 3 min.

2.4 XPS analysis and data processing

XPS analyses were performed with an ESCALAB 200

spectrometer (Vacuum Generator Ltd., U.K.). The X-ray
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source was a non-monochromatic Al Ka (1486.6 eV) twin

anode run at 20 mA and 15 kV. This source allows mea-

surement of the PKLL line using the Bremsstrahlung. More

details on spectra acquisition are given in [31].

The instrument was calibrated using the inert-gas-ion-

sputter-cleaned reference materials SCAA90 of Cu, Ag and

Au [37]. Sample etching was performed with an Ar+ ion

gun operated at 3 keV and 0.2 mA sample current for 30 s.

To compensate for sample charging during the analysis all

the binding energies were referred to the carbon 1 s signal

at 285.0 eV.

Detailed spectra were processed using the program

CASAXPS� software (V3.35, CASA Software Ltd, UK).

An iterated Shirley background subtraction was applied

before curve-fitting using a linear-least-squares algorithm.

A more detailed description of the fitting procedure is

provided in [36].

3 Results

3.1 Coating characterization

An optical micrograph of an as-plated sample is given in

Fig. 1a, showing the nodular growth of the coating. The

AFM map shows the matching interfaces (Fig. 1b) and

Fig. 1c shows the frictional image of a 5 9 5 lm area in

the flat region. X-ray diffraction showed a broad peak at

44.8�, indicating that the deposits are X-ray amorphous

[34, 35]. The broad diffraction pattern was interpreted as

the (111) plane of the fcc phase of nickel with crystallite

size 1.2 nm [38]. Chemical composition determined by

EDX showed a phosphorus content of 18.4–19 at.%, close

to the eutectic composition.

3.2 Electrochemical results

The anodic potentiodynamic polarization curves of as-

received and mechanically polished Ni–P samples in near-

neutral (pH 6–6.5) and acidic solutions (pH 1) are shown in

Fig. 2. The reproducibility of replicate experiments in the

same system was within ±15%. Two distinct potential

ranges can be observed: in the first range from the open

circuit potential (OCP) to ca. +0.2 V SCE current density

increases very slightly and a current plateau is observed. In

the second region at potentials E higher than 0.2 V SCE

current density increases rapidly with applied potential.

Samples preserve their shiny appearance up to 0.2 V SCE.

Potentiostatic polarization experiments (Fig. 3) in near

neutral solutions (pH 6–6.5) at two potentials, -0.1 V and

+0.1 V SCE, showed current decays that can be described

by a power law with exponent ca. -0.5, indicating a dif-

fusion-limited process. The current density increases

Fig. 1 Surface of as-plated Ni19P alloy (a) Micrograph obtained by

light microscope, (b) AFM map of matching interfaces (10 9 10 lm),

(c) AFM map of flat region (1 9 1 lm)
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slightly at longer polarization times. This behaviour is

associated with the formation of a kind of localized cor-

rosion attack [34, 35], though the origin of this ‘‘tunnel

structure’’ [14, 17] is not yet clear.

3.3 XPS/XAES surface analysis

In the survey spectra of sputtered clean Ni–P alloy (not

shown) only the signals from photoelectron and X-ray

induced Auger peaks of nickel and phosphorus were found.

On the as-received samples carbon C1s and oxygen O1s

signals were also detected. In the following, the detailed

spectra of phosphorus (P2p and PKLL) and nickel Ni2p of

a Ni–P sample polarized for 1 h in 0.1 M Na2SO4 solution

are shown as example. Results of surface analysis of the

electroless Ni–P alloy are discussed in detail in a com-

panion paper [36].

3.3.1 Phosphorus

The detailed spectra of phosphorus P2p (Fig. 4a) and cor-

responding X-ray induced PKLL Auger peak (Fig. 4b)

show three different peaks. The most intense P2p signal

appears at a binding energy of 129.7 eV and the corre-

sponding PKLL at a kinetic energy of 1858.3 eV. The

modified Auger parameter a0 calculated as BE(2p) +

KE(PKLL) is equal to 1988.1 eV. The phosphorus signal at

the binding energy of 133.6 eV and corresponding PKLL

signal at 1851.0 eV yields an Auger parameter of

1984.6 eV and can be assigned to phosphates. The third

(intermediate) phosphorus signal shows a binding energy

of 132.0 eV (Fig. 4a) and a kinetic energy of 1855.4 eV

(Fig. 4b). The Auger parameter a0 is 1987.3 eV. A correct

assignment of the chemical state requires XPS/XAES

measurements on standards extensively reported in [36]

and the use of the chemical state plot (see Sect. 4).

3.3.2 Nickel

The detailed spectrum of nickel Ni2p3/2 (Fig. 5) is very

similar to the typical Ni2p3/2 plus satellite structure as

known from pure metallic nickel [33]. The binding energy

of the Ni2p3/2 signal is found at 853.0 ± 0.1 eV in good

agreement with the literature [11, 33]. The distance of the

satellite is found here to be 7.2 eV, thus clearly higher than

the 6 eV reported for pure nickel but in keeping with the

concept of the influence of phosphorus content on the

electronic properties of Ni–P alloys [33]. A very small

amount of nickel phosphate (856.4 ± 0.1 eV) is also

found. No signals attributable to nickel oxide were

detected.

4 Discussion

The mechanism underlying the outstanding corrosion resis-

tance of nano-crystalline Ni–P alloys is still an open question

(see Sect. 1). The combination of information from elec-

trochemical results and XPS/XAES surface analytical

studies may contribute to identifying that mechanism.
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Fig. 2 Anodic polarization curves of as-received and mechanically

polished electroless deposited Ni19P alloy in deaerated (N2 bubbling)

near neutral (0.1 M Na2SO4, 0.1 M NaCl, 0.1 M Na2SO4 + 0.1 M

NaCl) and acidic solutions (0.1 M H2SO4). Scan rate 0.2 mV s-1
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4.1 Current arrest

The electrochemical results in near neutral and acidic

solutions (Fig. 2) confirm the presence of the current

plateau or current arrest reported in the literature [10, 12,

19–21]. For the Ni–P alloy studied this occurs in a potential

range -0.2 \ E \ +0.2 V SCE where pure nickel exhibits

active-to-passive transition [19–21]. As is known, this

current plateau and also the current increase at potentials

E [ 0.2 V SCE is practically independent of solution pH

[21] and of chloride concentration [19, 20]. This rules out

the classical passivation mechanism by oxy-hydroxide

formation recognised for pure nickel [39–41] in agreement

with XPS surface analytical results, where no nickel oxide

was detected on samples potentiostatically polarized in the

plateau region (Fig. 5).

4.2 Passivation versus diffusion limitation

Potentiostatic current decay curves of electrodeposited

Ni–P alloys in neutral chloride solution [19] and in sul-

phuric acid [42] exhibit approximately a square root law,

the slope of the log i/log t curves being between -0.52 and

-0.63 [10, 19, 35, 42]. Ni–P alloys in this work show a

similar slope (Fig. 3). The electrochemical results can be

interpreted in terms of diffusion of a faster dissolving

component of the alloy through the developing surface

layer enriched in the less soluble component [11, 12, 19,

20, 35]. Preferential dissolution of Ni from amorphous

Ni–P alloys is well documented and the current decay curves

may describe the dissolution of nickel limited by diffusion

through the P enriched surface layer. However, the chemical

state of this phosphorus species is not yet clear.

4.3 XPS/XAES surface analysis: interpretation based

on chemical state plot

The results of this study (Fig. 4) reveal three phosphorus

peaks associated to three different chemical states. P2p

binding energies and PKLL kinetic energies of the three

phosphorus species have been reported to be independent of

polarization potential [42] and polarization time [35, 36].

The binding energies reported [11, 43] are in good agree-

ment with this work (Table 1). Based on standards of solid

phosphorus compounds reported in the literature [23, 44, 45]
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and analysed in a companion paper [36], the high binding

energy peak at 133.6 ± 0.1 eV can be assigned to phos-

phorus P(V) in phosphates. The most intense peak at

129.7 ± 0.1 eV can be assigned to phosphorus in the bulk

alloy, its binding energy being very close to P in binary

nickel phosphides [29].

As far as the third (intermediate) species is concerned

(binding energy of 132.0 ± 0.1 eV), its chemical state is

still under discussion: This species actually exhibits a

binding energy higher than elemental P (130.4 eV, [23, 43,

45]) but slightly lower than P+1 compounds (NaH2PO2 at

132.3 eV) [23, 43, 45]. Considering that phosphorus in

phosphates (133.6 eV) has a valence state of P(V) [11, 23,

42–45] and based on the assumption that phosphorus in the

bulk of the Ni–P alloy has an oxidation state of zero P0

(called ‘‘neutral’’ [43]) several workers have proposed

assigning the intermediate P species to a P(I) or P(III)

valence state in an unidentified compound located in the

inner part of the passive film of the amorphous alloy

[11, 43] or to hypophosphite [11]. Alternatively, this

phosphorus species has been assigned to elemental phos-

phorus P0 [23, 24].

More precise information on the chemical environment

of an element can be obtained employing the (modified)

Auger parameter a concept calculated as a = BE (2p) +

KE (KLL) [44, 46, 47] and the two dimensional ‘‘chemical

state plot’’ based on the Auger kinetic energy and binding

energy of the photoelectron line [36, 46, 47]. The three

phosphorus species can be found in three distinct regions of

the chemical state plot (Fig. 6): the group in the lower left

of the plot (P2p3/2 133.6 eV, PKLL 1850.9 eV) corre-

sponds to P(V) in phosphates. This group is close to

transition metal phosphates [23, 36, 44, 45]. The points in

the upper right region (P2p3/2 129.7 eV, PKLL 1858.3 eV)

correspond to P in the bulk alloy as reported for binary

nickel phosphides [29], melt spun FeNiPB [44] or

FeCr10P13C7 [23]. The intermediate P (P2p3/2 132.0 eV,

PKLL 1855.3 eV) occupies the region in the chemical state

plot nearest to elemental phosphorus (red or black phos-

phorus) with Auger parameter 1987.3 eV [29, 44]. These

Table 1 Measured binding

energies of phosphorus P2p

compared to reference

compounds

Alloy preparation: rapidly

quenched (RQ),

electrodeposition (ED),

electroless (E)

Binding energy (eV) P-species Alloy Reference

129.2 P (neutral) Ni–P 20 RQ [11, 43]

129.4 P bulk, neg. charged NiP3 cryst. [29]

129.4 P bulk, neg. charged Fe70Cr10P13C7 RQ [23]

129.7 P bulk, neg. charged Ni–P 19 E This work

132.0 P elemental Fe70Cr10P13C7 RQ [23]

132.0 P elemental Ni–P 21 ED [42]

132.2 H2PO2
- Ni–P 20 RQ [11, 43]

132.0 P elemental Ni–P 19 E This work

133.4 P(V) Ni–P 21 ED [42]

133.4 P(V) Fe70Cr10P13C7 RQ [23]

133.4 P(V) Ni3(PO4)2 Standard [11, 43]

133.6 P(V) Ni3(PO4)2 Standard [42]

133.5 P(V) Ni3(PO4)2 Standard [44, 45]

133.6 P(V) Ni–P 19 E This work
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results have consequences on the assignments (Fig. 7): (a)

as shown for binary nickel phosphides [29], phosphorus in

the bulk of the Ni–P alloy is partially negatively charged

and cannot be assigned to phosphorus in the valence state

P0; (b) the chemical state of the intermediate phosphorus

compound (Fig. 4) is assigned to elemental phosphorus P0

(in agreement with results from FeCr10P13C7 amorphous

alloys [23]), an attribution to P+1 (hypophosphite [43]) can

be ruled out. The attribution to elemental P is consistent

with the finding that its binding energy values remain

constant with the applied polarization potential [42].

4.4 Concentration depth profiles—quantitative analysis

Based on the quantitative analysis of the XPS data using

the Tougaard algorithm [48], it was possible to determine

the in-depth concentration profile of nickel and phosphorus

[34, 36]. The theoretical basis and detailed results for this

approach are described in a separate paper [36]. The results

show (Fig. 8) a pronounced enrichment of phosphorus at

the bulk alloy/solution interface, the concentration at the

outermost surface increasing with polarization time

[34, 36] up to 50% phosphorus. The thickness of the

P-enriched layer based on this analysis of XPS data is ca.

1 nm. On top of the alloy a very thin nickel phosphate layer

was detected but no nickel oxide [36].

4.5 Electronic structure of Ni–P alloys

XPS/XAES measurements have provided evidence of the

metallic character of crystalline Ni-phosphides [29]. The

high corrosion resistance of Ni–P alloys might be influ-

enced by the electronic structure of these alloys [32] that in

turn is affected by phosphorus content [33]. As also shown

by the negatively charged (-0.4 eV) phosphorus in the

bulk alloy (see above), nickel and phosphorus undergo

partial covalent bonding between Ni 3d and P 3p bands

[29, 33, 34]. This partial bonding shifts the Ni d band away

from the Fermi level to higher binding energies, reducing

the Ni density of states (DOS) at EF (depletion near the

Fermi level). Compared to pure nickel, this change in the

electronic structure may raise the surface work function,

making charge transfer to adsorbed species more difficult,

thus enhancing the stability of the Ni–P alloy and its cor-

rosion resistance.

5 Conclusions

From this combined electrochemical and XPS/XAES sur-

face analytical study the following conclusions can be

drawn regarding the outstanding corrosion resistance of

electroless deposited Ni–P alloys:

– The outstanding corrosion resistance of electroless

deposited Ni–19P alloys can be explained by the

formation of a phosphorus-enriched layer at the alloy

surface. This layer accounts for the diffusion controlled

dissolution of the alloy.

– XPS/XAES surface analysis data interpreted on the

basis of the Auger parameter concept and the chemical

state plot clearly show that phosphorus in this layer has

a chemical state close to that of elemental phosphorus.

– Phosphorus in the bulk alloy instead is partially

negatively charged and forms chemical bonds with

nickel atoms. These chemical bonds might influence

the electronic structure and enhance Ni–P alloys

resistance to dissolution.

– In agreement with some literature findings no nickel

oxide has been detected on the polarized Ni–P alloy,

thus an ‘‘oxide type’’ passivity like that observed on

pure nickel can be ruled out.
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