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Abstract Sub micrometer hollow metallic spheres of

Ni–P alloy were produced in aqueous solutions at 80 �C by

chemical reduction over vesicle templates formed by self-

assembling of sodium dodecyl sulfate (SDS) amphiphilic

molecules. By varying the pH and SDS concentration

(maintaining carefully fixed all other parameters) we obtain

different sizes and size distributions, in a monomodal or

sometimes bimodal regime. The higher the bath pH the

lower the sphere sizes. The sphere shells are nanostructured

and the higher the phosphorus content the lower the crys-

tallite sizes. Mass density was of only 3.8 g/cm3 as a

consequence of the hollow morphology and nanostructure.

These sphere shells are promising candidates for hyd-

rodesulphurization catalyst due to their high specific area

and chemical resistance to sulfur. Characterization was

made by XRD, SEM, EDX and thermal analysis.

Introduction

Sub micrometer and nanometer spheres especially those

with hollow architecture can exhibit novel properties sub-

stantially different from their solid counterparts in the

fields of chemistry, physics, biotechnology and materials

science, making them attractive for scientific and techno-

logical applications. The fabrication of hollow spheres with

controlled morphology is especially interesting for appli-

cations in catalysts, adsorbents, controlled delivery agents,

low density materials and optical, electronic and magnetic

devices [1].

The electroless technique is an autocatalytic chemical

reduction hydrothermal method for metal deposition

without the application of an electrical potential [2].

Recently we used the electroless method to fabricate

spherical nanometric particles of Fe–Ni alloys in a large

range of stoichiometry [3]. Deng et al. [4] have used this

autocatalytic approach for the synthesis of nickel spheres

using colloids of Ni(OH)2 as the catalytic sites obtaining

spheres with a morphology that can vary from hollow to

core-shell to solid.

In this study we are interested in producing hollow

metallic Ni–P sub micrometer spheres with the narrowest

possible diameter distribution and controlled wall thick-

ness. For this, we used controlled hydrothermal baths where

a nickel ion source is initially transformed into a very fine

nickel hydroxide gel that adsorbs onto the external surface

of a vesicle and is then submitted to an autocatalytic

reduction to metallic nickel by the addition of the chemical

reducing agent sodium hypophosphite. The vesicle is

formed by the self-assembling of the amphiphilic sodium

dodecyl sulfate molecules and acts as a template for the

nickel deposition. After deposition the vesicle template is

removed by vacuum calcination resulting in a hollow

sphere of almost pure Ni–P alloy. Because of the rapid

kinetics of the deposition and the incorporation of around

20 at.% phosphorus (coming from the hypophosphite

decomposition) the formed alloys are nanostructured which

differs from the results in Refs. [5, 6]. We also present

some results of a crystallization process.
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Experimental

The reagents nickel sulfate NiSO4�6H2O (Merck), sodium

hypophosphite NaH2PO2 (Merck), sodium hydroxide

NaOH (Riedel) and the anionic amphiphilic sodium

dodecyl sulfate (SDS) (Fluka) was used as purchased

without further purification.

We prepared two batches of samples both with 0.380 M

concentration of the nickel source NiSO4�6H2O and

0.686 M of sodium hypophosphite. In the first batch the

NaOH concentration was fixed at 0.192 M, for three

SDS concentrations (0.035, 0.173 and 0.578 · 10–3 M),

obtaining the samples named A1, A2 and A3, respectively.

In the second batch we used a double NaOH concentration

(0.384 M) for the same sequence of SDS concentrations for

which the samples are named A4, A5 and A6 as summa-

rized in Table 1.

The methodology for a typical sample preparation, e.g.,

sample A5, was as follows: 3.000 g of NiSO4�6H2O and

3 mg of SDS were dissolved in two different beakers each

with 15 ml of distilled water. The solution was kept at

80 �C for 5 min under agitation and sonicated for more

than 10 min in order to improve the thermal homogeniza-

tion of the formed vesicles; then an 80 �C solution of

0.920 g of NaOH in 20 ml of distilled water was added

drop wise under stirring. The color changes from bright

green to milky green due to the formation of a Ni(OH)2 fine

gel. Finally, an 80 �C solution of 3.620 g of NaH2PO2 in

10 ml distilled water was added under vigorous agitation.

After an incubation time (that can vary from 1 min for

lower pH to 4 min for the higher pH values) a very rapid

expansion (by a factor of ten in volume) with an extremely

high hydrogen gas evolution accompanied by the precipi-

tation of fine black particles occurred. At the same time,

the color of the solution change from milky green to black.

After some seconds, the gas evolution dropped and two

minutes later the reaction appeared to have been com-

pleted. The final pH of the bath was 4.5 and the precipitate

was separated by centrifugation (3000 rpm for 10 min) and

then washed sequentially with distilled water, ethanol and

acetone. The vesicles templates were then removed by

thermal calcination at 100 �C under vacuum for 2 h.

For the sample batch A1, A2 and A3 where the NaOH

concentration was 0.192 M the final pH of the baths was

3.0; for batch A4, A5 and A6 with 0.384 M NaOH the final

pH was between 4.5 and 5.0. The initial pH of the baths

cannot be measured due to the immediate formation of the

insoluble Ni(OH)2 by addition of NaOH.

Morphological analysis was conducted using a scanning

electron microscope, Philips model XL 30, with an EDX

facility, model new XL 30, for the chemical analysis. X-ray

diffraction (XRD) was carried out on a Philips model

X’Pert diffractometer (CuKa radiation k = 0.154178 nm,

graphite monochomator). Infrared (IR) absorption spec-

troscopy was performed with a Perkin Elmer model

Lambda II spectrometer and the thermal analysis (DSC)

with a Shimadzu model DSC–60 differential scanning

calorimeter using a heating rate of 10 �C/min in a pure

nitrogen atmosphere.

Results and discussion

Figure 1 presents the IR spectra of sample A5 before

(Fig. 1a) and after (Fig. 1b) vacuum calcinations. We can

observe in Fig. 1a various peaks referring to water and

SDS [7] that are absent after calcination, demonstrating the

effectiveness of our procedure. TGA analysis (spectra not

shown) revealed that the process is accompanied by weight

loss that we infer to be due to water and SDS evolution.

Similar results were observed for all other samples.

The density of the calcinated spheres measured by

gravimetric method was 3.80 g/cm3 (compare with the

8.90 g/cm3 for fcc nickel); this low value is a consequence

of the structure and hollow morphology of the spheres.

Figure 2 shows the SEM micrographs of the first batch

represented by samples A1, A2 and A3. We can observe a

well-defined spherical morphology with a smooth surface

and low degree of agglomeration for all the samples. The

histogram obtained for sample A1 shows a monomodal

regime that after being fitted with a normal curve furnished

an average diameter of 1.28 ± 0.25 lm; by the EDX

chemical analysis the stoichiometry obtained for sample

A1 was Ni0.82P0.18 (see Table 2). By increasing the SDS

amphiphilic concentration by a factor of five, with all other

parameters fixed, we obtained sample A2 with a perfect

spherical shape, mean diameter of 1.40 lm and a narrow

size distribution, characterized by a standard deviation of

only 0.14 lm (Table 2). By increasing the SDS concen-

tration further we obtain sample A3 with a bimodal

spherical distribution regime reflecting a more complex

organization of the surfactant-vesicles formed in our

chemical baths.

Table 1 Sample identification

Sample name NaOH

concentration

(M)

SDS

concentration

(mM)

A1 0.192 0.035

A2 0.192 0.173

A3 0.192 0.578

A4 0.384 0.035

A5 0.384 0.173

A6 0.384 0.578
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In the second batch we doubled the NaOH concentration

obtaining the samples named A4, A5 and A6 whose SEM

images are shown in Fig. 3. For these cases we also

observed a well-defined spherical morphology with a low

degree of agglomeration. The regime of diameter distri-

bution appears to be bimodal for A4 (Fig. 3a), monomodal

for A5 (Fig. 3b) and bimodal for A6 (Fig. 3c). Average

diameters and their standard deviations are given in

Table 2. The apparent bimodal regime for sample A4 with

the lower SDS concentration is an unexpected result. The

average diameter of 0.28 lm obtained for sample A5

(prepared with the higher NaOH and intermediate SDS

concentrations) was the shortest obtained for all the six

samples. For the intermediate SDS concentration we

obtained a monomodal diameter distribution for both pH

values with a standard deviation of only 10% in the case of

sample A2 (that can be considered as bordering on

monodispersive) and of 18% for sample A5. We note a

tendency to form smaller vesicles (and consequently

Fig. 1 Infra-red spectra of

sample A5 before (a) and after

(b) vacuum calcination

Fig. 2 SEM images of the first

batch samples A1, A2 and A3

with NaOH concentration fixed

at 0.192 M

Table 2 Morphology and chemical composition

Average diameter

(lm)

Stoichiometry

by EDX

Crystallite size

by Scherer (nm)

A1 1.28 ± 0.25 Ni0.82P0.18 7.6

A2 1.40 ± 0.14 Ni0.81P0.19 5.4

A3 1.00 ± 0.27 and 1.96 ± 0.32 Ni0.82P0.18 7.1

A4 0.98 ± 0.38 and 2.50 ± 0.41 Ni0.81P0.19 4.8

A5 0.28 ± 0.05 Ni0.77P0.23 2.3

A6 0.58 ± 0.16 and 1.91 ± 0.51 Ni0.79P0.21 4.4
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smaller Ni–P spheres) with increasing pH of the baths.

Table 2 presents the stoichiometry for all the samples.

According to reference [8] the phosphorus content in

electroless Ni–P deposits is pH controlled (when the other

parameters remain fixed). This was observed for the first

sample batch A1, A2, A3 were the% atomic phosphorus

range from 18 to 19, which is within our EDX experimental

error. However, for the second batch (with 0.384 M NaOH)

the at.% P showed a broader range of 19–23 (which we

believed to be outside our experimental error) indicating

that in this case there is a more complex mechanism of

deposition.

The hollow nature of the spheres was evidenced by two

methods: by grinding samples in an agate mortar we broke

a sphere whose SEM image is in Fig. 4a; and by partial

digestion in a 30% HNO3 solution that corrodes the walls

of some spheres as can be seen in the micrograph of

Fig. 4b.

The XRD diffraction profiles of the calcinated samples

are presented in Fig. 5. In the most of them we can observe

evidence for the (111), (200), (220) and (311) reflections of

the fcc nickel JCPDS 03-1051 card. The (111) reflection

showed a wide angular range of approximately 35�–60�
(2H) and this is the only reflection present in the sample

A5 profile of Fig. 5e. We observed that with increasing

phosphorus content the (111) reflection from nickel

becomes more broadened, which is an indication of

increasing lattice disorder with increasing phosphorus

content. The Scherrer formula [9] was used in order to

tentatively estimate the crystallite sizes of the samples

Fig. 3 SEM images of the

second batch samples A4, A5

and A6 with the NaOH

concentration fixed at 0.384 M

Fig. 4 SEM micrographs

showing the hollow nature of

the spheres evidenced after

grinding (a) or a partial

digestion in 30% HNO3 (b)
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(values in Table 2). The higher the phosphorus content the

lower the crystallite size. In fact, the (111) reflection can be

decomposed into two peaks (analysis not shown); one at

2H = 44.6� due to microcrystalline nickel and a second

and broader peak as a shoulder at approximately

2H = 47.5�. The presence of this second reflection has

been interpreted as being due to the coexistence of an

amorphous phase with a microcrystalline nickel phase [10].

We conclude we have formed nanostructured Ni–P alloys.

The annealing for 3 h at 350 �C in a vacuum gave the

typical XRD profile shown in Fig. 6. The amorphous pro-

file disappeared indicating a complete crystallization. We

then detected sharp peaks at (2H) 44.7�, 51.9�, 76.3�, and

92.8� due to the corresponding (111), (200), (220) and

(311) reflections of fcc nickel respectively, plus sharp

peaks at (2H) 36.3�, 42.7�, 50.6�, 52.7� and 63.4� identified

as those belonging to the JCPDS 34-0501 body centered

tetragonal Ni3P precipitate.

The crystallization of the Ni–P hollow spheres was

followed by DSC spectra obtained in a flowing nitrogen

atmosphere at 10 �C/min (typical curve in Fig. 7). The

initial portion of the curve (up to about 300 �C) shows a

weak exothermal flux that can be attributed to a relaxation

of the amorphous region occurring with minor atomic

rearrangements. The sharp and irreversible peak at

350.8 �C is attributed to a crystallization process that

according to the XRD results formed a precipitate of two

major crystalline phases: fcc nickel and tetragonal Ni3P.

Fig. 5 XRD spectra for the

samples A1 (a), A2 (b), A3 (c),

A4 (d), A5 (e) and A6 (f); the

reflections for planes (111),

(200), (220) and (311) of fcc Ni

according to the JCPDS 03-

1051 card are indicated

Fig. 6 XRD spectrum for sample A5 after 350 �C/3 h heat treatment

Fig. 7 DSC spectrum for the A5 sample; the exothermal peaks are no

longer observed in a second successive run
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The second exothermal peak, also an irreversible peak, at

415.9 �C has been attributed in the literature [11] as being

due to the formation of the meta stable phases Ni12P5 and

Ni5P2. Our data are in agreement with this interpretation

because the peaks at (2H) 37.9� and 47.6� in Fig. 6 can be

attributed to these phases. Thus, the thermal behavior is in

agreement with the XRD results in the sense that the

formed alloys are nanostructured.

Conclusions

Hollow nanostructured sub micrometer nickel-phosphorus

spheres were successfully fabricated by autocatalytic

reduction over a removable surfactant-vesicle in aqueous

solutions at 80 �C. By fixing the concentration of the nickel

ion source and that of the chemical reducer we obtain

different sizes and regimes of size distribution depending

on the NaOH and surfactant concentration. The higher the

pH the smaller the spheres. As the concentration of SDS

increases we expected an increase in the volume of the

vesicles (according to reference [12]) and consequently in

the sizes of the nickel spheres with an widening of their

size distribution. Ours results do not show exactly this

behavior although we controlled carefully all the synthesis

parameters. The subject needs further study, in particular to

investigate the possibility for two deposition mechanisms;

one over the template surfaces and the other by reducing

loose Ni(OH)2 agglomerates, particularly in cases where

we have a bimodal size distribution. In fact, the complex

kinetics of the process can also be inferred from the distinct

stoichiometries observed for alloys obtained even at

fixed pH.
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