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Abstract

Nickel nanoparticies (NNPs) were synthesized by reduction of nickel (II) using

poiy(vinyl alcohol) (PVA) as a capping agent. The NNPs were characterized by

transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy

dispersive X-ray (EDX) spectroscopy and X-ray diffraction (XRD) techniques. The

addition of PVA has been found to profoundly influence the size, agglomeration and

distribution of NNPs. The average diameters of NNPs are in the range of 3-7 nm in

presence of PVA. XRD data indicate that NNPs are crystalline with face centered cubic

structures. SEM images show the existence of secondary structures such as clusters and

loops resulted from interactions between particles. The sizes of the NNPs were by and

large uniform due to the use of PVA as the capping agent. FT-IR and thermogravimetric

analyses confirm the interaction of PVA w ith NNPs to offer improved thermal stability.

Key words: Nanoparticies,Capping agent, PVA, Synthesis and morphology

Introduction

Ferro-magnetic elements like, nickel (Ni), iron (Fe) and cobalt (Co) have extensive

applications in catalysis, solar energy absorption, permanent magnets, magnetic fluids

and magnetic recording devices (Wang et al. 2002, Sun et al. 2001 and Pignard et al.

2000). Ni nano-structures are specifically important because of their potential

applications in magnetic sensors and memory devices. Quite reasonably, last decade

experienced extensive studies on synthesis and characterization of metal nanoparticies

using a wide variety of methods which include: reverse micelle technique (Pileni 2003)

and microemulsions (Hossain et al. 2012), chemical reduction of metal salts (Wang et al.

2000), electrochemical method (Yin et al. 2003 and Quayum et al. 2013), controlled

decomposition of metastable organometallic compounds (Guan et al. 2002) and

irradiation method (Esumi et al. 2003). ZnO (Ahmed et al. 2013, Sultana et al., 2008)

and ZnO@Ag core@shell NPs (Satter et al. 2014) have also been successfully prepared

by using reverse micellar systems and water-in-oil microemulsions, respectively.

However, extraction of NPs in solid phase from micellar core is difficult due to the

possibility of agglomeration or aggregation. The use of a suitable capping agent therefore
appears to be promising to prevent aggregation and conglomeration to tailor the sizes of
NNPs. PVA, a water-soluble synthetic polymer with excellent film forming, emulsifying
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and adhesive properties, has recently been used as a capping agent (Patil et al. 2012,
Khanna et al. 2005) for the preparation of silver (Ag) NPs.

In this study, we aimed at synthesizing NNPs through reduction of Ni(II) using PVA as a

capping agent to tailor the size of NNPs within a narrow range. Primary objective was to

develop a suitable method to synthesize nanosized nickel clusters in PVA matrix which is

likely to serve as a stabilizer of nickel particles.

Materials and Methods

Chemicals'. All the chemicals, nickel chloride hexahydrate (NiCl2.6H20) (E. Merck,

Germany), sodium borohydride (NaBH4) (BDH Chemicals Ltd., England,) sodium

hydroxide (NaOH) (E. Merck, Germany) and poly(vinyl alcohol) (PVA) (BDH

Chemicals Ltd., England), were of analytical grades and used as received. Puric-S grade

deionized water (Resistivity, R =2 ftM/cm; Organo Co., Japan) prepared from distilled

water was used to prepare solutions.

Preparation of Nickel Nanoparticles: A simple method of reduction in a confined matrix

of PVA was used to synthesize NNPs. Colloidal Ni(OH)2 was first prepared rapidly with

stoichiometric addition of NaOH solution into an aqueous nickel chloride hexahydrate

(NiCl2.6H20) solution taken in a 100 mL glass beaker. Solution of PVA was mixed to the

original solution separately. Stoichiometric excess of 0.5M NaBH4 was added to the

solution at 75°C to reduce Ni(OH)2 into metallic nickel.

The mixture was kept under constant stirring for 2h at 75°C and turned dark black

indicating the formation of nickel colloids. The mixture was then quickly transferred to

an ice bath to quickly lower the temperature. The reduction reaction followed can be

expressed as-

4Ni2+(aq) + BH4'(aq)+ 80H‘(aq)-> 4Ni (s)+ B(OH)4'(aq)+ 4H20(1)

A portion of Ni/PVA solution was evaporated in a rotary evaporator. The highly dense

Ni/PVA was completely dried by keeping the solution for 5 days at room temperature.

The experiments were carried out with different concentrations of PVA in order to

monitor the effect of concentration on the size and crystal structures of NNPs (Table 1).
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Table 1. Preparation of nanocrystalline nickel in different molar ratios of nickel and
PVA.

[PVA] [NT] [NaOH] [NaBH4] Ni/PVA
(mmol) (mmol) (mmol) (mmol) (molar ratio)

Sample Volume of
water (mL)no.

1:501 50 5.0 0.1 0.25 0.5
1:402 50 4.0 0.1 0.25 0.5

0.1 0.25 0.5 1:803 50 8.0

Characterization of NNPs: NNPs were characterized by TEM, SEM, EDX, FT-IR, TGA

and XRD techniques. An FT-IR spectrometer (Shimadzu FT-IR IR-Prestige-21) was used
for characterization of the NNPs and PVA to investigate the interaction between Ni and

PVA. Calcium fluoride (CaF2) crystal as windows was used for liquid samples to carry

out FT-IR measurements for liquid samples. Thermogravimetric analysis (TGA-50,

Shimadzu, Japan) of PVA and Ni/PVA samples were performed to check the thermal

stability of PVA and Ni/PVA samples. Thermal stabilities were investigated at a heating

rate of 10°C min'1 from ambient temperature to 580°C in an aluminum pan under

nitrogen atmosphere. The XRD characterization of NNPs were carried out using a
diffractometer (PAN analytical X’ Pert PRO XRD PW 3040). The diffractometer used

CuKa radiation to analyze the phase composition with a wide range of Bragg angles, 20

ranging from 0° to 90°. The SEM images of prepared NNPs were taken using S-3400N

(Hitachi, Japan) for morphological analysis. EDX spectra were also recorded using S-
3400N (Hitachi, Japan) to confirm the presence of elemental nickel. Particle size and

morphology were further analysed by TEM (JEOL JEM-2011) equipped with a charge-

couple device (CCD) camera (Gatan Inc.).

Results and Discussion

Interaction of PVA with nickel nanoparticles'. Representative FT-IR spectra of the pure
PVA and the NNPs with PVA are shown in Fig. 1.
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Fig. I. FT-IR spectra of pure PVA and Ni/PVA solution.
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The spectra show a strong and broad absorption at 3443 cm"1 for pure PVA and 3354 cm"1
for Ni-doped PVA. This band is assigned to O-H stretching vibration of hydroxyl group
of PVA. The band corresponding to C-H asymmetric stretching vibration occurs at 2911
cm'1 and 2948 cm'1 for the PVA. The shifting and compression of this band is assigned to

the interaction of the hydroxyl group with the positively charged surface of the NNPs
(Duff et al. 1995). We suggest that stabilization of the NNPs may result mainly from the
adsorption of the PVA chains on the particle surface, which are supposed to preferentially
adsorb chloride ions at their outer surface (Duff et al. 1995) and also from the steric
effect of the PVA polymer chain.

In addition, two new bands appeared in the range of 3250-3150 cm"1 Ni/PVA sample

might be due to the interaction between Ni and PVA. This indicates that in spite of drying
the sample may contain trace amount of water. The band at 1712 cm"1 corresponds to

C=C stretching vibration and remains the same for Ni/PVA. Absorption at 1661 cm'1
corresponds to an acetyl C=0 group, which may be explained on the basis of intra/inter
molecular hydrogen bonding with the adjacent OH group. The sharp band at 1094 cm'1
corresponds to C-0 stretching of acetyl groups present on the PVA backbone that shows
a broad peak for Ni/PVA samples. An interaction between PVA and nickel is apparent.

Thermal stability of PVA in nickel nanoparticles: The thermal stability of PVA is likely
to increase for Ni/PVA systems compared to pure PVA systems due to the interaction
between Ni and PVA. To clarify thermal stability of pure PVA and Ni/PVA systems were
analyzed by TGA (Fig. 2).
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Fig. 2. TG curves of pure PVA and Ni/PVA systems obtained under nitrogen atmosphere
at a heating rate of 10 °C min-1.
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The thermogram of pure PVA indicates three major stages of weight loss. In the first
step, TG curves showed gradual weight loss (4%) due to the removal of free water up to
around 110°C. In the second step, the PVA showed a steady weight loss (6%) between
110 and 280°C, which can be attributed to the elimination of low-molecular weight
oligomers. Finally, in the third step, a sharp and gradual weight loss profile was observed
starting at 290°C which represents the degradation of the skeletal chain structure of PVA.
Above 480°C, the results obtained are associated with the residues only. There is also a
significant hump observed at 444°C due to formation of an anhydride structure resulting

from the decomposition of PVA at higher temperatures (Li el al. 2006 and El-Arnaouty
and Eid 2010). The thermogram of Ni/PVA nanoparticles show four major events of
weight loss. The first event occurring up to 130°C temperature is accompanied by a 10%
weight loss and is related to the removal of the physically adsorbed water. In the second
step 10% weight loss occurs from 130-260°C which might be due to the decomposition of
inorganic substance present in PVA matrix. A gradual weight loss (6%) occurs in the

temperature range 260-330°C, which corresponds to the elimination of oligomers. Finally
the sharp decomposition of PVA occurs after degradation temperature at 334°C. The final
step occurring in the 334-445°C temperature range with 24% weight loss indicates that
total PVA is removed from the clusters and only nickel particles prevailed at higher
temperatures. Careful analyses of TG thermograms indicate remarkable increase of
degradation temperature of PVA from 290°C to 334°C with 6% weight loss. The thermal

stability of PVA has thus been enhanced by NNPs.

Morphology and particle size distribution analyses by SEM and TEM: To analyze the
morphology and structure of nickel nanoclusters in PVA matrix, SEM micrographs were
taken in dispersed phase as shown in Fig. 3.
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Fig. 3. SEM images of the nickel in PVA solution at dispersed phase obtained by the reduction of
colloidal nickel hydroxide by sodium borohydride in aqueous medium [a = Sample-1 and
b = sample-2],
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SEM observation revealed the presence of crystalline particles in cluster form (Fig. 3.).
The average cluster sizes were found to be 100 nm for Sample-1, where as it was around
200 nm for Sample 2 (Table 1). The NNPs prepared was nearly spherical in shape. The

particles were agglomerated to form large clusters. This aggregation might have been
resulted from magnetic interaction between the particles and polymer adherence (Duff et

al. 1995).

Morphology of the obtained NNPs, were also characterized by TEM. Fig. 4 (a) shows a
typical TEM image of Sample-1. The sizes of nickel clusters were averages from at least
400 particles. The average cluster size of Sample-1 was 2.7±0.6 nm with uniform size
distribution. To the best of our knowledge, the obtained NNPs are one of the smallest
Ni/PVA systems reported so far (Wang et al. 2005 and Guan et al. 2002). Figs. 4 (b) and

(c) of Samples 2 and 3 respectively further revealed that the synthesized nickel particles
were very small and uniform in size.
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Fig. 4. TEM image of nickel prepared by reduction of nickel ions in PVA matrix and

corresponding histograms (inset) of particle diameter [a = Sample-1, b = Sample-
2, c = Sample-3].
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Close analogy of TEM images indicated that most of the NNPs were quasi-spherical and
their diameter was about 4.6±0.6 nm and 5.6±0.6 nm for Sample-2 and 3, respectively. It

may, thus, be concluded that sizes and homogeneity of Ni NPs strongly depend on the

concentration of PVA.

Elemental analysis of prepared nickel nanoclusters: For elemental analysis of the

Ni/PVA nanoclusters an EDX spectrum of the dispersed phase was recorded (Fig. 5). The

EDX spectrum reveals that the product contains nickel, carbon, oxygen, and sodium.

Thus, it can be inferred that the NNPs co-exist with PVAs and salts of Na in solution (Eid

et al. 2012).
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Fig. 5. EDX spectrum of the nickel in PVA solution (accelerating voltage: 20.0 keV).

Crystal structure of nickel nanoparticles: To study the influence of PVA on the size of

nickel nanocrystals X-ray diffraction measurements were carried out for Sample-1 as a
representative case. It can be illustrated from the X-ray data (Fig. 6) that the nickel

nanoparticles are highly crystalline. The average crystallite sizes of these particles were
calculated as 3.46 nm by using Scherrer formula.

It is well-known that crystallite size is different from particle size and a particle may be

made up of several different crystallites. Particle sizes obtained by XRD analysis are
comparable to the particle size estimated from TEM analysis. The XRD pattern also
shows the feature of face centered cubic (fee) nickel particles. The characteristic (100)

plane of fee nickel was observed at 41°. However, the characteristic peaks at (200) and
(220) planes were absent in the diffractogram. This may be due to the interaction between
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nickel and oxygen of PVA which may change the crystallographic orientations at these

planes.
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Fig. 6. X-ray diffraction pattern of nickel in PVA matrix (sample-1).

Finally we have successfully synthesized NNPs in PVA matrix by chemical reduction of
a metal salt. Polymer-capped NNPs with uniform sizes could be prepared by a mild
reduction in the presence of PVA and NaOH at high temperatures. PVA could be
considered an excellent capping agent and function as an empty cage for NNPs. PVA

binds too tightly to the particle surfaces that aggregation of the particles is impeded. It is

expected that many other metal NPs such as Fe, Co, Au and Pt may be synthesized using
PVA as the capping agent.
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