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A B S T R A C T   

Orientated ferromagnetic Ni0.89Fe0.11 nanoparticle/polymer nanofibres were made by electrospinning a solution 
containing iron(III) nitrate nonahydrate, nickel(II) acetate tetrahydrate, polyvinylpyrrolidone, and acetic acid in 
methanol and thermally processed in Ar and then 95%Ar:5%H2 up to 620 ◦C. There was a distribution in 
nanofibre widths after electrospinning with wider (average width 440 nm) and some thinner (average width 120 
nm) nanofibres. The nanofibre width distribution decreased after heat treatment and the average nanofibre 
width reduced to 160 nm. A bimodal Ni0.89Fe0.11 nanoparticle size distribution was found where there were large 
surface nanoparticles with a mean diameter of 35 nm and small inner nanoparticles with a 5 nm mean diameter. 
There was a small spin-disordered shell magnetization that was only ~2% of the total 5 K saturation magneti
zation and a characteristic spin-freezing temperature of 21 K. The high field magnetization was large, and it 
reached 41.7 Am2/kg at 5 K.   

1. Introduction 

Magnetic nanofibres have been under increasingly intense investi
gation because of their actual and potential uses in a wide range of fields. 
These include applications in drug delivery [1], cancer detection and 
treatment [2,3], biomedical technologies [4], DNA separation [5], fuel 
cells [6–8], radio frequency (RF) shielding [9,10], non-volatile magnetic 
memory [11,12], microwave absorption [13,14], Li-ion batteries [15, 
16], solid oxide fuel cells [8], gas sensing [17], and magnetic sensors 
[18–20]. Thin nanowires can also potentially be used in domain wall 
magnetic memory [21,22]. Their advantages include large surface areas 
and being able to be produced in very thin sheets for compact devices. 
They can also have a large magnetic shape anisotropy, which is ideal for 
magnetic flux guiding applications that include magnetic sensors [18, 
19], thin RF antennae, and RF shielding [9,10]. The use of magnetic 
nanofibres for these and other similar applications is also advantageous 
because the eddy current losses are significantly reduced when 
compared with the bulk compounds. However, they can still display 
hysteresis losses due to effects that include domain wall motion. 

One potential method to significantly reduce hysteresis losses in 
magnetic nanofibres is to create magnetic nanofibres composed of 
superparamagnetic nanoparticles. Superparamagnetic nanoparticles 

display negligible hysteresis above the blocking temperature, TB, where 
the thermal energy is greater than the magnetocrystalline anisotropy 
energy [23]. Thin layers of Ni1-xFex nanoparticles are known to have 
negligible hysteresis above TB while still maintaining a reasonable 
magnetic susceptibility [24]. Magnetic nanofibres composed of nano
particles would also further reduce eddy current losses due to higher 
resistivities from enhanced carrier scattering and interparticle 
tunneling. There are also other potential applications that include zero 
power magneto-electric magnetic sensors when the polymer is piezo
electric (e.g. PVDF) [25]. Magnetic nanoparticles are known to display 
interesting physics that is different from the bulk. This includes the 
appearance of a gap in the magnon dispersion [26,27], changes in the 
magnetocrystalline anisotropy energy [28–30], enhanced magneto
striction [31] for nanoscale magneto-electric applications [25], and an 
exchange bias from spin-disordered shells that may be suitable for 
magnetic RAM. [20,32,33] They can also have enhanced coercivities 
that is useful for ultrahigh density magnetic storage [34]. 

Electrospinning is a promising method to achieve orientated, 
isotropic, and size variable magnetic nanofibers [35–38]. It has been 
used to make magnetic nanoparticle/polymer nanofibres by electro
spinning a solution containing nanoparticles and a polymer [35] or by 
electrospinning metals containing precursor compounds and a polymer 
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followed by thermal processing [7,16,39] Incorporating magnetic 
nanoparticles in the polymer has been used to make electrospun FePt 
[40], and magnetite nanofibers [41,42]. Thermal processing of precur
sor solutions has been used to make different magnetic nano
particle/polymer nanofibres including NixCo1-x nanoparticles [7,16], 
NiFe2O4 [39,43], and CoFe2O4 [44]. However, there have been no re
ports of bimetallic Ni1-xFex nanoparticle/polymer nanofibres or nano
rods. Ni1-xFex is interesting because bulk Ni1− xFex is used in magnetic 
flux guiding applications [45]. It can have a very low magnetocrystalline 
anisotropy for x~0.26 and hence Ni1-xFex nanoparticles with sizes up to 
~60 nm could potentially have a TB lower than 300 K and magnetic 
susceptibilities > 1000 [46]. 

In this paper, we report the synthesis of orientated ferromagnetic 
Ni0.89Fe0.11/polymer nanofibres made by electrospinning followed by 
heating in an Ar atmosphere and further reduction up to 620 ◦C in a 95% 
Ar:5%H2 atmosphere. This method was chosen over direct Ni1-xFex 
nanoparticle incorporation because of the potential for novel nano
particle size distributions and morphologies. We observed a bimodal 
particle size distribution, where large Ni1-xFex nanoparticles occurred at 
the surface and smaller Ni1-xFex nanoparticles were embedded within 
the polymer. These nanofibers displayed a high saturation magnetiza
tion with a very small spin-disordered shell. 

2. Experimental details 

2.1. Materials 

All chemicals used were of analytical grade. The chemical reagents 
iron(III) nitrate nonahydrate (Fe(NO3)3⋅9H2O, purity > 98%), nickel(II) 
acetate tetrahydrate (Ni(CH3CO2)2⋅4H2O, purity 98%), and fine poly
vinylpyrrolidone (PVP) powder (molecular weight of 1,300,000) were 
from Sigma-Aldrich. Acetic acid (99.7% purity) was from PanReac 
AppliChem. Methanol was obtained from Chem Supply. 

2.2. Method 

The nanofibre synthesis was based on a modified method described 
elsewhere [8,38,47]. A precursor solution was made by first separately 
dissolving 6 mmol of iron nitrate nonahydrate and 9 mmol of nickel 
acetate in 10 mL of methanol. Then 4 mL of the Ni acetate solution was 
transferred into a reaction vessel followed by the addition of 1 mL of 
acetic acid. The acetic acid was added prior to the addition of iron ni
trate in this modified method to prevent the oxidation of Fe3+ in the 
basic solution. 1 mL of the Fe nitrate nonahydrate solution was added to 
the reaction mix to obtain a Ni/Fe stoichiometric ratio of 86:14. 0.25 g 
(2.25 mmol) of PVP was added to the solution while continuously stir
ring for 1 h to get a clear brown solution. Finally, this clear solution was 
loaded into a plastic syringe fitted with a 21-gauge stainless steel needle 
attached to a syringe pump (Harvard Apparatus) in a home-made elec
trospinning system. This whole set up was connected to a high-voltage 
power supply (Gamma High Voltage Research, Ormand Beach, FL). A 
rotating drum was used for the collection of continuously aligned 
nanofibres, and it was connected to the high-voltage power supply’s 
earth electrode. A thin aluminum sheet was wrapped around the 15 cm 
diameter drum to enable collection of the nanofibres. The solution was 
pumped at an infusion rate of 0.4 mL/hr with an applied voltage of 12.5 
kV and the drum was rotated at 60 rpm. The distance from the tip of the 
needle to the rotating drum was 10 cm. The nanofibrous mat was 
collected from the rotating drum after electrospinning and processed in 
a tube furnace. The temperature was ramped to 300 ◦C at a rate of 
5 ◦C/min and held at 300 ◦C in an argon atmosphere for 2 h. This step 
was chosen to ensure removal of the solvent and any residual water from 
hydrated metal salt precursors. The gas was then changed to 95%Ar:5% 
H2 followed by ramping at a rate of 5 ◦C/min to 620 ◦C, holding at 
620 ◦C for 2 h, decreasing the temperature to 300 ◦C at a rate of 
5 ◦C/min, and finally the furnace cooled to room temperature. Higher 

temperatures were not possible due to melting of the aluminum sheet. 
The argon/hydrogen mixture was used to ensure the reduction of Fe and 
Ni and it is commonly used in making metallic nanofibres by electro
spinning [20]. 

2.3. Characterization 

Powder X-ray power diffraction (XRD) was carried out on a Bruker 
D8 diffractometer using Co Kα radiation (λ = 1.7890 Å). Scanning 
electron microscopy (SEM) was performed using a Jeol SEM-6500 to 
study the morphology of the sample. Energy dispersive X-ray spectros
copy (EDXS) was performed on the same instrument to determine the 
elemental composition of the sample. Transmission electron microscopy 
(TEM) and scanning transmission electron microscopy (STEM) mapping 
were carried out on a Jeol TEM-2100. ImageJ analysis of the SEM and 
TEM images was used to determine the average directions and widths of 
the fibers and the nanoparticles size distributions. The a-axis lattice 
parameter was calculated from the d-spacings of the XRD reflections for 
face centered cubic Ni1-xFex given by the Eq. (1), where (h k l) are the 
Miller indices. The TEM electron diffraction patterns were also analysed 
using Eq. (1). 

1
d2 =

(h2 + k2 + l2)

a2 (1) 

Thermal gravimetric analysis (TGA) measurements were performed 
using an SDT-Q600 with platinum pans. The samples were heated in Ar 
with a heating rate of 20 ◦C/min. A small piece of the electrospun 
sample was removed from the aluminum sheet before the TGA mea
surement. Magnetic measurements were performed using a magnetic 
property measurement system (MPMS) from Quantum Design. The sam
ple was sealed in a gelatine capsule and placed inside a straw before 
being loaded into the MPMS for the magnetic measurements. 

3. Results and discussion 

The results from TGA measurements in Ar for pure PVP powder are 
plotted in Fig. 1(a). The initial weight was 22.8 mg. The TGA data shows 
an initial weight loss from ambient temperature to ~140 ◦C due to 
evaporation of adsorbed moisture. This is followed by a nearly constant 
weight to ~350 ◦C and then a slow decrease in weight to ~390 ◦C, after 
which there is a rapid weight loss with a maximum slope at ~440 ◦C. 
The rapid weight loss can be attributed to thermal degradation via py
rolysis of the PVP. The remaining weight percentage is 5.9% at 485 ◦C 
and this decreases slowly and continually to 5.1% at 550 ◦C where the 
residual product was a black carbonaceous film. These results are similar 
to those reported when PVP is heated in nitrogen [48,49]. 

Fig. 1(b) is a plot of the TGA data from measurements on the elec
trospun nanofibrous mat containing the precursor sample in Ar. The 

Fig. 1. TGA of (a) PVP powder and (b) the electrospun sample in Ar with a 
heating rate of 20 ◦C/min. 

T. Nawaz et al.                                                                                                                                                                                                                                  



Materials Today Communications 30 (2022) 103120

3

initial weight was 0.784 mg. Similar to the PVP results, there is an initial 
weight loss from ambient temperature to ~140 ◦C due to methanol and 
water evaporation. However, unlike PVP, there is a gradual weight loss 
to ~230 ◦C followed by a more rapid drop with a maximum slope at 
~285 ◦C. This may be due to partial degradation of the acetate in the 
presence of the oxidizing nitrate. There is a more gradual and continual 
weight loss from ~300 ◦C to ~500 ◦C due to the degradation of PVP that 
is enhanced by the oxidizing nitrate and oxygen products from the 
thermal decomposition of acetate. The remaining weight percentage 
above 500 ◦C is ~10%. There are small weight changes above 500 ◦C 
where the weight percentage is 8.2% at 507 ◦C and reaching 12.2% at 
586 ◦C. The actual weight change is only 0.016 mg and hence it likely to 
be instrument related. The material in the pan after the TGA measure
ment consisted of a small black ball. 

SEM micrographs are shown in Fig. 2 of the nanofibres after elec
trospinning and before thermal processing. It is apparent in Fig. 2(a) that 
there is a general orientation of the nanofibres. There is no evidence for 
branching, connected fibers, or beading, and Fig. 2(b) clearly shows that 
the surfaces are very smooth. The nanofibres are not cylindrical but are 
shaped more like nanoribbons. There is a distribution in the nanofibre 
widths where there are wide and some narrow nanofibres. The distri
bution of the widths for the wider nanofibres is plotted in the inset to 
Fig. 2(a) where the average width is 440 nm. The thinner nanofibres 
have an average width of 120 nm. 

Thermal processing leads to a significant change in the nanofibres 
and the formation of nanoparticles. This is apparent in Fig. 3(a) that 
shows a SEM image after thermal processing where small nanoparticles 
can clearly be seen at the surface of the nanofibres. There was also a 
large reduction in the nanofibre widths as can be seen in the inset to 
Fig. 1(a) where the average nanofibre width was 160 nm. Furthermore, 
the range in nanofibre widths had also reduced where the standard 
deviation was 100 nm before and 40 nm after thermal processing. 
However, the general nanofibre orientation has been retained. The 
average direction of the nanofibres is shown by the arrow in Fig. 3(a). 
Some small broken nanofibres are also evident in the image. The total 
percentage of Fe and Ni within these nanofibres was estimated by EDXS 
from three different areas. The Ni and Fe atomic fractions were 
0.89 ± 0.02 and 0.11 ± 0.02, respectively. These are close to the ex
pected Ni and Fe fractions from the starting material. 

TEM images of a single 200 nm wide nanofibre in Fig. 3(b) and (c) 
provide more detailed information about the nanoparticles. There is a 
bimodal particle size distribution with large nanoparticles on the sur
face. A detailed examination of Fig. 3(c) shows that there are smaller 
nanoparticles that do not protrude through the surface suggesting that 
they are within the nanofibre. The nanoparticle size distributions are 
plotted in the inset to Fig. 3(c) for the small and Fig. 3(d) for the large 
nanoparticles using 3(b) and 3(c) and other TEM images. The average 
size of large nanoparticles was 35 nm, and the smaller nanoparticles had 
an average diameter of 5 nm. 

The electron diffraction image in Fig. 4 shows that the nanoparticles 
that appear after thermal processing are Ni1-xFex. Four diffraction rings 
can clearly be seen, and they can be indexed to face centered cubic Ni1- 

xFex where the Miller indices are (111), (200), (220), and (311) with 
increasing radius from the center spot. The lattice parameter was 
calculated from the d-spacings to be 3.53 ± 0.02 Å, which is in the range 
expected for Ni1-xFex with low x [50,51]. The bimodal nanoparticle size 
distribution is also evident in the electron diffraction image where the 
bright spots are from the larger nanoparticles and the more diffuse spots 
and rings are from the smaller nanoparticles. 

Fig. 5(a) is a TEM image of one of the fibers and the elemental maps 
from STEM mapping are shown in Fig. 5(b) to (f). It is apparent from the 
Ni and Fe STEM maps that the nanoparticles contain Ni and Fe, which is 
consistent with the formation of Ni1-xFex nanoparticles. Fig. 5(d) is a 
carbon STEM map, and it shows that a carbon containing component is 
still present, which has prevented aggregation of the nanoparticles. The 
carbon maps have a reduced density in regions that correspond to the 
dark areas in the TEM image in Fig. 5(a) from the larger nanoparticles 
protruding from the surface. However, this is not the case for smaller 
nanoparticles suggesting that they are within the nanofibre. There is also 
some oxygen and nitrogen that is evident from Fig. 5(e) and 5(f). They 
are likely to be functional groups in the remaining PVP fragments. Some 
oxygen can be seen at the edges of the nanoparticle surfaces that could 
indicate a NiFeyOz shell. 

The XRD data are plotted in Fig. 6. The first two broad reflections are 
from the polymer within the sample and it is similar to the XRD data of 
PVP reported in the literature [52]. The two sharper reflections at higher 
angles can be indexed to the Ni1-xFex face centered cubic crystal struc
ture, that is expected for x < 0.6 [53]. The fitted lattice parameter was 
3.534 ± 0.002 Å. It is the same as that found from the analysis of the 
electron diffraction data within the experimental uncertainty. The 
average particle size estimated from the Scherrer equation and using the 
(111) peak width was 39 nm. This is comparable to that estimated from 
the TEM data for the larger nanoparticles that are expected to dominate 
the XRD peak linewidth. This indicates that the Ni1-xFex nanoparticles 
are not polycrystalline because such nanoparticles would have an 
average particle size from the Scherrer equation that is significantly 
smaller than the TEM average nanoparticle size. 

The formation of Ni1-xFex nanoparticles is likely to be via Ostwald 
ripening [54]. This is a nanoparticle growth process that is driven by a 
reduction in the total surface free energy where nanoparticles larger 
than a critical radius, Rc, grow and those less that Rc dissolve in the 
surrounding matrix [54]. The rate of nanoparticle growth depends on 
the Ni and Fe diffusivities [54]. Thus, the appearance of smaller nano
particles within the nanofibres indicates that the Ni and Fe diffusivities 
in the presence of the remaining PVP fragments are lower than that in 
the surface region. One mechanism by which that can occur is the effect 
of functional groups (e.g. − C––O) from the residual polymeric fragments 
that strongly bind to the Fe3+ and Ni2+ ions. It is also possible that the 

Fig. 2. SEM images of the sample after electrospinning at (a) low resolution and (b) high resolution. The arrow in (a) is a guide to the eye to indicate the general 
nanofibre direction. The inset to (a) is the nanofibre width distribution obtained from (a) and other SEM images. 
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PVP fragments are less dense or shorter near the surface when compared 
with the interior, which could lead to larger near-surface Ni and Fe 
diffusivities. The formation of surface nanoparticles and their aggrega
tion to form large clusters of nanoparticles is unlikely. This is because it 
would lead to polycrystalline nanoparticles with an average particle size 
estimated from the Scherrer equation that is significantly less than the 
average size from TEM, which is not the case. 

The results from magnetic measurements can be seen in Fig. 7. The 
main graph shows the magnetization plotted against the applied mag
netic field at 5 K and 300 K. The magnetization starts to saturate above 
~0.7 T, which is consistent with the ferromagnetic order expected for 
Ni1-xFex where the Curie temperature is far above room temperature. 
The high field magnetization is 41.7 Am2/kg (emu/g) at 5 K. This is less 

than that expected for bulk Ni (~60 Am2/kg) or Ni0.89Fe0.11, where the 
bulk high field magnetization is ~90 Am2/kg [53]. Part of the reason for 
the lower magnetization is due the unknown weight of the polymer 
matrix and hence the high field magnetization from only Ni0.89Fe0.11 is 
expected to be larger than the measured 41.7 Am2/kg. Other reasons 
include effects such as broken bonds, vacancies, surface strain, and 
oxidation of the shell that become more important as the nanoparticle 
size is reduced [55,56]. The measured high field magnetization from 
other Ni1-xFex nanoparticles with x ranging from 0.1 to 0.25 is also lower 
than the bulk values [53,54,57–59]. Ni nanorods made by electro
spinning also have lower saturation magnetizations that are ~42% of 
the bulk values [20,60,61]. 

The upper left inset in Fig. 7 shows the magnetization plotted over a 
smaller magnetic field range. The coercive field is 31 mT at 5 K and 12 
mT at 300 K. The appearance of hysteresis at 300 K indicates that there 
are some nanoparticles that are too big to be superparamagnetic. While 
the ~5 nm nanoparticles are small enough to exhibit super
paramagnetism [24,46,62], the ~35 nm nanoparticles are too large, and 
it is the larger nanoparticles that lead to hysteresis even at 300 K. The 
coercive field at 300 K is higher than that reported in bulk unannealed 
Ni (3 mT) [63] and Ni nanofibres [61]. However, it is similar to that 
reported for Ni1-xFex nanoparticles with x = 0.2 and diameters of 
~15 nm (12 mT) [54,57] and x = 0.25 with diameters of 23 nm (~10 
mT) [58]. It is twice of that reported for 18 nm diameter x = 0.1 
nanoparticles (6 mT) [64]. 

The lower right inset to Fig. 7 shows the magnetization at 6 T, M 
(6 T), plotted against temperature. The saturation magnetization, Ms, in 
bulk Ni1-xFex has a Bloch temperature dependence that can be written as 
Ms(T)=Ms(0)× [1-β × Tn] where Ms(0) is the magnetization at zero 
Kelvin, β is the Bloch constant, T is the temperature, and n = 3/2 [65]. 
The Bloch temperature dependence can be derived assuming a quadratic 
magnon dispersion where β is proportional to D-3/2 and D is the spin 
stiffness that is proportional to the exchange constant [29,66]. 

It is apparent in the lower right inset to Fig. 7 that there is departure 
from the Bloch temperature dependence at low temperatures where Ms 
shows an upturn below ~30 K. A similar departure also occurs in other 

Fig. 3. (a) SEM image after thermal processing. The arrow in (a) is a guide to the eye and indicates the average nanofibre direction. The inset is the nanofibre width 
distribution. (b, c) TEM of a single nanofibre from the thermally processed sample. The inset in (c) is the nanoparticle size distribution for the smaller nanoparticles 
within the selected area. (d) The nanoparticle size distribution for the larger nanoparticles from (b) and other TEM images. 

Fig. 4. Electron diffraction image of a single nanofibre from the thermally 
processed sample. Electron diffraction was done on the sample area shown in 
Fig. 3(b). The dashed half circles are the Miller indices (111), (200), (220), and 
(311) for face centered cubic Ni1-xFex. 
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ferromagnetic nanoparticles [24,67,68] and has been attributed to the 
presence of a spin-disordered shell. The effect of spin-disorder on Ms can 
be modeled by including a phenomenological spin-disorder term [67, 
68] leading to, 

Ms(T) = Ms,c(0) × [1 − β × Tn] + Ms,d(0) × exp⁡(
− T
Tf

) (2)  

where the first term is from the spin-ordered core and described using 
the Bloch function and the second term is from a spin-disordered shell. 

Ms,c(0) is the spin-ordered core saturation magnetization at 0 K, Ms,d(0) 
is the saturation magnetization from the spin-disordered shell at 0 K, 
and Tf is a characteristic spin-freezing temperature. 

It can be seen in the lower right inset to Fig. 7 that Eq. (2) provides a 
good fit to the M(6 T) data with n = 3/2 that is expected for bulk 
ferromagnetic Ni1-xFex. The fitted β is 1.53 × 10-5 K-3/2. It is an order of 
magnitude larger than that found in bulk Ni (7.5 × 10-6 K-3/2) or bulk Fe 
(3 × 10-6 K-3/2) [69–71]. However, β is known to be larger in magnetic 
nanoparticles [18,55,56]. It is in the range reported from studies on 

Fig. 5. (a) TEM image of part of a thermally processed nanofibre and (b to f) STEM maps of different elements from the same area.  

Fig. 6. XRD data after thermal processing. The vertical lines are fits to the 
maximum angles of the (111) and (200) reflections. The intensities are scaled 
using the Ni ICDD reference pattern number 00-004-0850, which is the closest 
reference pattern to Ni0.89Fe0.11. 

Fig. 7. Plot of the magnetization against the magnetic field, B, at 5 K (black 
curve) and 300 K (blue curve) after thermal processing. Upper left inset: a plot 
of magnetization over a smaller magnetic field range. Lower right inset: a plot 
of the magnetization at 6 T against temperature (black curve). Also shown is a 
fit to the data using Eq. (2) (red dashed curve). 

T. Nawaz et al.                                                                                                                                                                                                                                  



Materials Today Communications 30 (2022) 103120

6

other Ni1-xFex nanoparticles. For example, it is 3.1 × 10-5 K-3/2 for 
~2.7 nm Ni0.8Fe0.2 nanoparticles and 3.8 × 10-5 K-3/2 for ~4.6 nm 
Ni0.8Fe0.2 nanoparticles made by dual ion beam implantation [24], and 
it is 1.2 × 10− 5 K-3/2 for 35 nm Ni0.5Fe0.5 nanoparticles [70]. The fitted 
Tf is 21 K and it is in the range of values reported for dual ion implanted 
Ni1-xFex nanoparticles with x ranging from 0.20 to 0.56 where Tf is 
between 17 K and 36 K. Ms,c(6 T,0 K) is 40.92 Am2/kg (emu/g) and it is 
far greater than Ms,d(6 T,0 K) of 0.82 Am2/kg (emu/g), which indicates 
that the spin-disordered shell is very thin. 

4. Conclusion 

In conclusion, orientated nanofibres containing ferromagnetic 
Ni0.89Fe0.11 nanoparticles and residual polymer were synthesized by 
electrospinning a mixture of iron(III) nitrate nonahydrate, nickel(II) 
acetate tetrahydrate, and polyvinylpyrrolidone in a solution containing 
acetic acid and methanol followed by thermal processing. The as-spun 
nanofibres had a distribution in widths where there were wider nano
fibres with an average width of 440 nm and some thinner nanofibres 
with an average width of 120 nm. Thermal processing in argon up to 
300 ◦C and then in 95%Ar:5%H2 up to 620 ◦C led to nanofibres with 
Ni0.89Fe0.11 nanoparticles and residual polymer. This also resulted in a 
reduction in the average nanofibre width to 160 nm as well as a decrease 
in the nanofibre width distribution. The nanoparticles were found to 
have an unusual bimodal particle size distribution with smaller nano
particles (5 nm) in the polymer matrix and larger nanoparticles at the 
surface (35 nm). The formation of larger nanoparticles at the surface 
indicates that the Ni and Fe diffusivities were higher in the nanofibre 
surface region when compared with the nanofibre interior. The lower 
diffusivities inside the nanofibres could be due to the effect of polymeric 
groups (e.g. − C––O) binding strongly to the Fe3+ and Ni2+ ions as well as 
PVP fragments that may be denser or longer within the nanofibres. 
Elemental maps showed that the nanoparticles were Ni1-xFex and there 
was no evidence for separate Fe or Ni nanoparticles. There was oxygen 
surrounding some of the nanoparticles that may be due to a NiFeyOz 
shell. The high field magnetization was large (41.7 Am2/kg at 5 K), but 
less than that reported for bulk Ni0.89Fe0.11 where some of the difference 
is due to the mass of the polymer matrix. The Bloch constant was larger 
than that expected for bulk Ni or Fe but in the range reported for Ni1-xFex 
nanoparticles. There was evidence for a thin spin-disordered shell with a 
characteristic spin freezing temperature of 21 K that could arise from a 
thin oxidized region. 
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