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Abstract

The reaction mechanism describing the formation and surface decomposition of Ni3P has been investigated. Ni3P was synthesized as a
thick film on a Ni foil by a simple solid-state reaction. X-ray diffraction confirms that the layer produced, on the surface of the Ni foil, is
pure Ni3P. The solid-state reaction did not occur at 400◦C or lower temperatures. At 600◦C or higher temperatures the solid-state reaction
occurred by a nucleation mechanism of synthesis and later sintering of NiP particles at the surface of the Ni foil. The surface of the NiP–Ni
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oil showed to be stable in air up to 300◦C. At higher temperatures, Ni3P decomposed trough a complex mechanism, including the lo
hosphorus, the formation of the phases Ni12P5 and Ni2P, and finally, oxidation of the nickel phosphides. Samples heated at 800◦C for 4 h
roduced a NiO layer on the surface of the Ni3P–Ni foil.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nickel phosphides are of research interest because of their
echnological applications. For example, these materials are
ell known as corrosion-resistant, wear-resistant and water-
roof materials[1–3]. Furthermore, in recent years, there has
een research on their application as composite layer mate-
ials as magnetic wear-resistant coatings on hard-disk sub-
trates and for catalytic purposes as well[4–7].

Although there are several nickel phosphides reported in
he literature, the stoichiometry of many of these compounds
s uncertain. In most cases, the accuracy with which their
omposition is defined, improves as the phosphorus content
ecreases[8,9]. Ni3P, which is the nickel phosphide with

he smallest content of phosphorus, has a tetragonal crystal
tructure witha= 8.954Å andc= 4.386Å [10]. Ni3P is usu-
lly synthesized successfully by electrochemical deposition

∗ Corresponding author. Tel.: +52 55 5622 4641; fax: +52 55 5616 1371.
E-mail address:pfeiffer@zinalco.iimatercu.unam.mx (H. Pfeiffer).

[11,12]. Nevertheless, this material has been also prod
by complex chemical reactions[5,13].

Electroless nickel plating has been proposed as a
coating for industrial applications[11]. Using this technique
the coating obtained is a mixture of Ni and Ni3P, where th
maximum content of Ni3P depends on the pH value of t
electroless solution. However, the relatively poor therma
bility of Ni–P deposits is a critical issue. The formation of
and Ni3P crystals may cause the degradation of mecha
properties in the coating. Actually, there is relatively li
work reported on the mechanism of synthesis and the
stability of this compound.

Recently, different metal phosphides have been sy
sized by a new and very simple process, involving a s
state reaction[14]. Then, the aim of this study was to analy
in detail the synthesis of Ni3P by this new method and therm
stability of Ni3P as well. To achieve this, X-ray diffractio
and scanning electron microscopy have been used to m
the reaction progress as a function of heat treatment tem
ature.
254-0584/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2005.01.055
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2. Experimental details

For the synthesis of Ni3P, red phosphorous (Aldrich) was
suspended in ethanol. Then, the phosphorus suspension was
sprayed on a Ni foil previously heated at 70◦C. Once the
ethanol was evaporated, a red-black film was produced on
the Ni foil. This procedure was already used to produce dif-
ferent metallic phosphides[14]. A set of these “Ni–P” foils
was heat-treated at 400◦C for 8 h, under flowing Ar:H2 (95:5
ratio). Another set of samples was sealed in silica tubes un-
der vacuum. The sealed tubes were heat-treated in an electri-
cal furnace. After heat treatment, the samples were removed
from the furnace and air-quenched. On the other hand, for the
thermal stability analysis, the Ni3P–Ni foils were heat-treated
between 300 and 800◦C in air. In this case, after the thermal
treatment, the samples were removed from the furnace and
air-cooled down.

The samples were characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The XRD
patterns were recorded with a Siemens D5000 diffractometer,
using a Cu K�1 anode. The percentages of the various com-
pounds present in the foils were estimated from the total area
under the most intense diffraction peak for each phase iden-
tified, with the assumption these values were proportional
to the volume fraction of each compound. In this way, the
amounts of the crystalline compounds present in the sam-
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Fig. 1. XRD pattern of a sample heat-treated for 8 h at 800◦C. Asterisk (*)
indicates that the peak corresponds to the Ni foil.

the Ni foil substrate, on which Ni3P is supported. Hence, the
phosphorus, in gas form, reacts with the Ni foil according
to reaction(1). In this case, as nickel is in excess, the nickel
phosphide expected is that with the highest Ni/P ratio

3Ni + P(g) → Ni3P (1)

A SEM image of the Ni3P produced at 800◦C is shown in
Fig. 2. Close examination shows that the film was produced
from a crystal growth of the Ni3P particles and its consequent
sintering. The degree of sintering seems to be very high due
to the high contact area between the particles. Furthermore, it
is obvious that all the pores were produced by the conjugation
of several necks formed during the sintering process.

In order to better understand the synthesis and sinter-
ing mechanisms of Ni3P, other samples were heat-treated at
600◦C for 0.5, 2 and 6 h. Only Ni3P and Ni were detected by
XRD analysis, even after 30 min of thermal treatment. How-
ever, SEM analysis showed inhomogeneities and impurities
in the film, when it was heat-treated for short times.Fig. 3
shows SEM images of Ni3P films heat-treated for different
times at 600◦C. After 30 min of heat-treatment (Fig. 3a),
the surface of the Ni foil presented areas of different com-
positions. While some nucleation centres of Ni3P could be
detected, there were areas where just the Ni foil was found.
Furthermore, phosphorus seemed not to be anymore homo-
g n be
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c tering
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les were obtained within an estimated experimental err
3%. SEM (Leo, Stereoscan 440) was used to charac

he particle size and morphology of the materials. The
roscope was coupled with an energy-dispersive X-ray
yzer (Link Isis, Oxford Instrument). Finally, a thermogra

etric analysis (TGA) was performed with a heating
f 5 K min−1 (TG 209 Thermische Analyse, Netzsch). T
nalysis was performed in order to investigate the the
tability of Ni3P in air.

. Results and discussion

.1. Synthesis and characterization of Ni3P

In order to determine the process of Ni3P synthesis, sam
les were heat-treated for 8 h between 400 and 800◦C. First,
“Ni–P” foil was heat-treated at 400◦C for 8 h, in flowing
r:H2. The XRD pattern, from the surface of this sample,
ot show the formation of Ni3P. This sample only showe
etallic Ni (JCPDS file No. 87-0712)[15].
Indeed, the red phosphorus sublimates at 416◦C [16], so

hat heat treatments at higher temperatures had to be
ormed in sealed tubes to avoid the loss of phosphorus.
les were heat-treated at 600 and 800◦C for 8 h. Both sample
roduced a grey-metallic film on the surface of the Ni f
hese grey-metallic films were stable in air. A typical X
attern from the “Ni–P” foil heat-treated at 800◦C for 8 h is
hown inFig. 1. Ni3P was the main phase and only meta
i was detected as secondary phase. It must correspo
eneously deposited on the surface of the Ni foil. It ca

ig. 2. SEM image of Ni3P produced at 800◦C. The arrow indicates th
ontact area between two different particles produced during the sin
rocess.
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Fig. 3. SEM images of samples heat-treated at 600◦C for 30 min (a), 2 h (b)
and 6 h (c). EDS analysis of zone 1 showed a high content of P (50 at.%). The
analysis of zone 2 is in an excellent agreement with the Ni3P composition
(27 at.% P and 73 at.% Ni). On the other hand, zone 3 is mainly Ni.

due to the phosphorus sublimation and later deposition dur-
ing the quench process of the sealed tube. EDS analysis of
the different zones of this sample gave the following results
(zones are labelled inFig. 3a). Zone 1 gave high values of
phosphorus, around 50 at.% (brighter particles). On the other
hand, zone 2 gave on average the following result; 27 at.% P
and 73 at.% Ni. These values are in a good agreement with
the Ni3P composition. Finally, zone 3 gave very poor values
of phosphorus, in some cases, it could not be detected. Al-
though EDS results have to be analyzed carefully, apparently
after 30 min, some Ni3P particles were already produced, but
the reaction between nickel and phosphorus had not been
completed.

SEM images of samples heat-treated for 2 and 6 h are
shown inFig. 3b and c, respectively. Phosphorus was not de-
tected in high concentrations in the sample heat-treated for

Fig. 4. BSEI image of the cross-section of a Ni3P–Ni foil heat-treated at
800◦C for 8 h. EDS analysis: Surface phase 78 at.% Ni and 22 at.% P; bulk
phase 96 at.% Ni and 3 at.% P.

2 h, in comparison with those samples heat-treated for just
30 min. Furthermore, EDS analysis only showed two differ-
ent compositions: pure Ni (from the Ni foil) and Ni3P. Ap-
parently, the reaction between nickel and phosphorus was
already finished after this time. The only difference between
the samples heat-treated for 2 and 6 h was in the morphology
of the films. The surface of the sample heat-treated for 2 h
presented an inhomogeneous morphology. Ni3P was not ho-
mogeneously and totally distributed, there were some areas
where the Ni foil was not covered by Ni3P (Fig. 3b). On the
other hand, the sample heat-treated for 6 h presented a ho-
mogeneous morphology and the Ni foil was totally covered
(Fig. 3c). This result is close to the morphology observed in
the films heat-treated at 800◦C.

Fig. 4 shows the backscattered electron image (BSEI) of
the cross-section of a Ni3P–Ni foil. This figure confirms the
presence of two different phases in the surface region. The
difference in contrast seen in this image arises from the dif-
ferences in mean atomic number,Z̄, of Ni (Z̄ = 28) and Ni3P
(Z = 24.75), giving rise to a difference in the backscattered
electron coefficient,η, of the two phases through the equation
[17]:

η = −0.0254+ 0.016Z̄ − 1.86× 10−4Z̄2

+ 8.3 × 10−7Z̄3 (2)

η
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decreases from 0.294 for Ni, the brighter phase inFig. 4,
o 0.269 for Ni3P, the darker phase. Furthermore, EDS a
ses were in excellent agreement with the BSEI images
i/P ratio was 3 for the darkest phase. This composition

esponds to the Ni3P stoichiometry. On the other hand,
righter phase almost did not contain any phosphorus (3
eaning that this phase is just metallic Ni.
The thickness of the Ni3P external layer was arou

0± 5�m, and the film contained pores with different siz
hese pores must be produced during the sintering pro
s already described above. Furthermore, the presenc

racture along the Ni3P/Ni interface is evident. This fractu
ust be produced by a mechanical stress at the interfa

he Ni3P–Ni foil. Furthermore, the thermal expansion coe
ients of metals are usually larger than those of ceramics[16].
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Fig. 5. Thermogravimetric analysis of Ni3P powder mechanically scratched
from the Ni3P–Ni foil.

In this case, the thermal expansion coefficient of Ni3P, a ce-
ramic, has not been reported. However, it can be assumed that
its thermal expansion coefficient is much smaller than that for
Ni (13× 10−6 K−1). Then, the difference in expansion when
the samples were cooled down could produce high stresses
at the interface, causing a fracture in this part of the mate-
rial. Creating this kind of fracture is analogous to the creation
of a gap during high-temperature oxidation of a metal[18].
Furthermore, this phenomenon has already been seen dur-
ing the synthesis of other metallic phosphides. Nowacki[19]
reported a similar result during the synthesis of iron phos-
phides.

3.2. Thermal stability of the Ni3P–Ni foil

A thermogravimetric analysis (TGA) of Ni3P was per-
formed, in order to know the thermal stability of the material
in air. A TGA curve from room temperature to 900◦C, for
the Ni3P mechanically scratched from the surface of the Ni
foil, is shown inFig. 5. The weight of the sample began to
change beyond 300◦C, and the overall increase of weight was
13% of the initial weight. Apparently, an oxidation process
begins at 300◦C. In order to do a better analysis of the ther-
mal stability of Ni3P, in an oxidative environment, a set of
Ni3P–Ni samples were heat treated between 300 and 800◦C
a s of
t n in
F

F us
t

Fig. 7. Mol fractions of Ni3P, Ni12P5 Ni2P and NiO as a function of tem-
perature.

The sample heat-treated at 300◦C only showed the pres-
ence of Ni3P (JCPDS file No. 74-1384)[10]. It is in good
agreement with the TGA showing that the Ni3P–Ni foil is
stable up to 300◦C. By contrast, small amounts of NiO
(15 mol%) and Ni12P5 (3 mol%) (JCPDS file Nos. 78-0643
and 74-1381, respectively)[10,20]could be detected on the
surface of the sample heat-treated for 4 h at 400◦C (Fig. 7).
The remainder of the foil surface was Ni3P, 82 mol%. The
formation of the metastable phase Ni12P5 is consistent with
a partial oxidation of the Ni3P according the following reac-
tion:

5Ni3P+ 3
2O2 → 3NiO + Ni12P5 (3)

Increasing the heat treatment temperature to 500◦C
caused an important change in the composition of the mate-
rial, which changed to 11 mol% Ni12P5, 37 mol% Ni3P and
52 mol% NiO. Conversely, Ni2P appeared in the sample heat-
treated at 600◦C, 23 mol% at this temperature. The rest of
the composition was 23 mol% of Ni3P, 3 mol% of Ni12P5
and 51 mol% of NiO. Ni2P could be produced from a partial
oxidation of Ni3P and/or Ni12P5 (reactions(4) and(5))

Ni3P+ 1
2O2 → Ni2P+ NiO (4)

Ni12P5 + O2 → 5Ni2P + 2NiO (5)

Something interesting in this case is that the formation of
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t 100 K intervals for 4 h. XRD results from the surface
he Ni3P–Ni foils after various heat treatments are show
ig. 6.

ig. 6. XRD patterns of the Ni3P–Ni foils heat-treated for 4 h at vario
emperatures.
i2P is associated with the decrease of Ni12P5 and a partia
tabilization of Ni3P (Fig. 7). It strongly suggests that Ni2P

s produced by the partial oxidation of both phosphides N3P
nd Ni12P5.

Samples heat-treated at 700 and 800◦C changed the rela
ive proportions of the phases, Ni3P, Ni12P5 Ni2P and NiO
ound on the surface of the samples, as shown inFig. 7. At
00◦C, the proportion of Ni3P declined to zero and the N

ncreases up to 72 mol%. In this case, the quantities of2P
24 mol%) and Ni12P5 (4 mol%) were similar to those valu
ound at 600◦C. Finally, NiO was the main product found
00◦C, 97 mol%, and only 3 mol% of Ni12P5 was detected

According to reaction(3), the quantities of NiO should b
hree times higher than those of Ni12P5. However, at 400 an
00◦C, the NiO quantities are five times the Ni12P5 quanti-

ies. This difference can be explained by a partial oxidatio
i12P5 (reactions(6) and(7)), which obviously increases t
iO amounts. According to reaction(6), some phosphoru

s produced during the Ni12P5 oxidation. On the other han
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Fig. 8. SEM images of the Ni3P–Ni foils heat-treated for 4 h at various temperatures: (a) 500◦C, (b) 600◦C, (c) 700◦C and (d) 800◦C.

reaction(7) shows an oxidation of nickel and phosphorus
to produce NiO and phosphorus oxide (P2O5). P2O5 subli-
mates at 360◦C. Then, phosphorus may sublimate directly
or through a reaction with oxygen

Ni12P5 + 6O2 → 12NiO + 5P (6)

2Ni12P5 + 49
2 O2 → 24NiO+ 5P2O5 (7)

At 700◦C, while Ni3P totally disappeared, NiO increased
its molar fraction up to 72 mol%. As for the previous tem-
peratures, NiO is produced by the oxidation of the three dif-
ferent nickel phosphides, Ni3P, Ni12P5 and/or Ni2P. In these
cases, the oxidation could be produced by any of the differ-
ent reactions mentioned above or by the following reactions
((8)–(11)):

Ni3P+ 3
2O2 → 3NiO + P (8)

Ni2P + O2 → 2NiO + P (9)

2Ni3P+ 11
2 O2 → 6NiO + P2O5 (10)

2Ni2P+ 9
2O2 → 4NiO + P2O5 (11)

Finally, at 800◦C, nickel phosphides were almost not de-
tected. Hence, a complete oxidation is reached at this tem-
perature.

SEM images of the NiP–Ni foils heat-treated between
5 e
h -
c (see
F nge,
t the

surface. XRD analysis of this sample showed the presence
of NiO and Ni12P5. Then, these “spots” may be the nucle-
ation centres of NiO and/or Ni12P5. When the samples were
heated up to 600◦C (Fig. 8b), the morphology of the sur-
face presented a significant change. In this case, it was pos-
sible to see the formation of agglomerates all over the sur-
face. The size of these agglomerates ranged between 5 and
50�m. Furthermore, the EDS analysis of these agglomerates
suggests that they are mainly NiO (Ni = 48 at.%, O = 49 at.%
and P = 3 at.%). At 700◦C, the agglomerates disappeared and
the whole surface became noticeably rougher in appearance
(Fig. 8c). This rough surface is NiO, according the EDS anal-
ysis that gave very similar results to those showed for the
agglomerates. Finally, the surface of the sample heat-treated
at 800◦C (Fig. 8d) looks like an extreme case of the pre-
vious sample (Fig. 8c). The surface was totally covered by
NiO, with the formation of many spherical NiO particles of
2−5�m in size. These particles seem to be the product of a
continuous growth of NiO on the surface. Furthermore, the
surface did not show the pores that were present before.

On the other hand,Fig. 9 shows the cross-section of
the sample heat-treated at 800◦C for 4 h. The XRD results
showed NiO as the main phase (97%). However, this figure
shows that not all the nickel phosphide phase was converted
to NiO. A NiO film, 2–3�m thick, can be seen on the top of
Ni P–Ni phase, and the rest of the film must be a mixture of
n yses.
F pre-
s Then,
m wing
t

3
00 and 800◦C for 4 h are shown inFig. 8. The sampl
eat-treated at 500◦C (Fig. 8a) did not show any signifi
ant changes in comparison with the pristine material
ig. 2). Although the shape of the surface did not cha

here was the formation of tiny concave “spots” all over
3
ickel phosphides and NiO, according to the EDS anal
urthermore, the pores in the nickel phosphide phase
ented the same oxidation as on the external surface.
ost of the pores must be connected to the surface, allo

heir oxidation.
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Fig. 9. SEM image of the cross-section of a Ni3P–Ni foil heat-treated at
800◦C for 4 h in air. EDS results were as follows: (A) 50 at.% Ni, 47 at.%
O and 3 at.% P; (B) 60 at.% Ni, 22 at.% O and 18 at.% P; (C) 47 at.% Ni,
48 at.% O and 5 at.% P.

X-ray diffraction from scratched and pulverised powder
taken from the Ni3P–Ni foil heat-treated at 800◦C showed
the following composition: 35 mol% Ni12P5, 31 mol% NiO,
18 mol% Ni2P and 15 mol% Ni3P. This result is in excellent
agreement with the analyses done by EDS. Thus, the dif-
ference between the X-ray analysis from the layer and the
powder, of the same sample, can be attributed to the NiO sur-
face layer produced during the thermal treatment. As the last
sample is composed of a thick surface layer (2–3�m), un-
derneath which there is a bulk material (nickel phosphides),
the relative intensities of X-ray from the bulk material must
be reduced and the intensities of the X-ray from the surface
is enhanced because of the NiO absorption[21]. This can
explain why the X-ray analysis of the surface of the foil heat
treated at 800◦C for 4 h almost only showed NiO.

According to these results, Ni3P decomposes at high tem-
peratures in air, through a complex mechanism. First, there
is a partial oxidation related with the formation of different
nickel phosphides (Ni12P5 and Ni2P). After that, an oxide
film of NiO is produced all over the surface of the samples.
Then, these results may help to establish the limit thermal
conditions in which Ni3P may be used and the possible con-
sequences (the oxidation degree), if the material is used at
higher temperatures.
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later on sintering and homogenisation of Ni3P occur at the
surface of the Ni foil.

The Ni3P–Ni foil decomposed when it was heat-treated
at 400◦C or higher temperatures in air. Ni3P decomposes
trough a complex mechanism, including the loss of phos-
phorus. Phosphorus must sublimate as element or as P2O5.
Furthermore, during the thermal treatment there was the for-
mation of different phosphides like the metastable Ni12P5
and Ni2P phases. Finally, the oxidation of the different nickel
phosphides takes place. Ni3P–Ni foils heat-treated for 4 h at
800◦C produced a thick shell of NiO on their surfaces.

This work helps to better understand the mechanism of
the Ni3P synthesis and its thermal decomposition in air. Fur-
thermore, this kind of studies may allow optimising and de-
veloping new industrial applications for Ni3P.

Acknowledgement

H. Pfeiffer thanks to the Ŕegion des Pays de la Loire
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