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Abstract: Stable nanoparticles of Ni79Fe15Mo6 (at.%) were produced by co-precipitation by NaBH4 in the presence of sucrose, 

ascorbic acid, and oleic acid. Nanoparticles are initially 3-10 nm in size and encapsulated by organic molecules. These particles 
clump together producing stable, spherical nanoparticles with an average diameter of 36 nm. Thermal analysis shows that from 

600 °C no other mass loss process takes place. Preliminary magnetic measurements at room temperature show a typical behavior of a 
soft magnetic material, with a Mr of 1.41 emu/g (22% of Ms) and a Hc of 77 Oe. These results indicate that these nanoparticles 

produced by a simple, cheap, and ecologically friendly route, have a potential for diverse applications, but particularly for 
applications in the area of human and animal health. 
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1. Introduction 

Since the appearance of the alloy, Ni79F16eMo5 is 

also called Supermalloy by Boothby and Bozorth [1] 

in the form of massive materials. Over the past 20 

years, several researchers have reported different ways 

to produce this Permalloy class magnetic alloy. Cowburn 

et al. [2] report the production of 2D supermalloy 

nanostructures through thin films produced by 

electron beam evaporation. Muñoz et al. [3] and Zhou 

et al. [4] report their success in producing thin films of 

supermalloy alloy by electrodeposition. The first 

works to synthesize micrometric particles of the 

Supermalloy alloy were reported by Chicinas et al. [5] 

and by Shen et al. [6], both using high-energy ball 

milling. With this same technique, several works were 

found [7-9]. The production of Supermalloy 

nanoparticles was reported by Musaev et al. [10] using 

laser ablation in water. It was also reported that 
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Supermalloy alloy nanoparticles were produced by 

evaporation using the modified arc discharge method 

[11]. Only one work of the synthesis of NiFeMo 

nanoparticles was found, but outside the stoichiometry 

of the Supermalloy alloy, using a chemical route. 

Wang et al. [12] report success in synthesizing 

nanoparticles Ni30Fe20Mo50 (at.%) by chemical 

co-precipitation using sodium borohydride (NaBH4) 

as a reducing agent.  

In the literature, it has been found the use of 

additives improves the characteristics of chemically 

synthesized nanoparticles, controlling morphological 

aspects such as size and shape, as well as stabilization 

and oxidation-reduction, in the case of transition metal 

particles [13]. For the development of this work, it 

was decided to use sucrose, ascorbic acid, and oleic 

acid as additives. The addition of sucrose in metal 

nanoparticle synthesis has been shown to be useful in 

controlling the mean size of Au nanoparticles [14] and 

as a protective layer against acid attacks on Ni 

nanoparticles [15]. The use of ascorbic acid in the 
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green synthesis of metallic nanoparticles has been used 

as an encapsulation agent and consequent stabilization 

[13]. Alruqi et al. [16] reported the use of ascorbic 

acid as a reducing agent in Ag-Ni nanoparticles and as 

an inhibitor of the formation of Ni oxides and 

hydroxides during synthesis. Oleic acid has been 

reported in the literature as a stabilizing agent due to 

its affinity and due to the termination of the carboxylic 

acid which forms bonds with Fe atoms [17]. 

In this work, we are reporting our results in the 

synthesis of Supermalloy alloy nanoparticles by 

co-precipitation with the use of organic additives that 

make this synthesis route eco-friendly. 

2. Experimental 

NiFeMo nanoparticles were produced with reagent 

grade salts in 50 mL aqueous solution with 64 mmol 

of nickel chloride hexahydrate (NiCl2ꞏ6H2O), 12.9 

mmol of tetrahydrate iron chloride (FeCl2ꞏ4H2O), and 

1.63 mmol of sodium molybdate dihydrate 

(Na2MoO4ꞏ2H2O). A second 20 mL aqueous solution 

containing 2 mmol of sucrose (C12H22O11), 1 mmol of 

ascorbic acid (C6H8O6), and 2.535 mmol of oleic acid 

(C18H34O2) was added as reagent grade organic 

additives. These solutions were mixed and a third   

10 mL solution with sodium borohydride (NaBH4) 

was dripped into the mixture under intense magnetic 

stirring at room temperature for 15 min. Then, the 

cleaning process was carried out by employing 

centrifugation. First, three wash cycles with double 

distilled water at 1,000 rpm were performed to 

separate most of the body from the bottom and excess 

oleic acid. Then, 10 cycles with isopropyl alcohol at 

5,000 rpm were performed to remove any residue 

from the organic additives in the solution. At the end 

of the washing process, the supernatant nanoparticles 

were separated from the lower body and stored in 

isopropyl alcohol, as shown in Fig. 1.  

For ex-situ characterizations, the following techniques 

were used. The TGA (thermogravimetric) and DTGA 

(differential thermogravimetric) analyses were 

performed on a Simultaneous Thermal Analyzer, model 

Netzsch STA 449 F3 Jupiter. Thermal measurements 

were performed with a heating ramp of 10 °C/min. in 

synthetic air (80% N2, 20% O2). The nanoparticles 

were placed in alumina crucibles for thermal analysis. 

Elementary chemical analysis by EDS (Energy 

Dispersive Spectroscopy) was performed with an 80 mm² 

SDD detector from Oxford coupled to SEM (Scanning 

Electron Microscopy) TESCAN, model VEGA3 LMU, 
 

 
Fig. 1  Schematic representation of the synthesis and washing processes of NiFeMo nanoparticles. 
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operatingat 15 kV. The preparation of the sample for 

analysis in SEM/EDS consisted of drying in an oven 

at 60 °C and conditioning in the stub with 

double-sided carbon tape. The morphological analyses 

were performed in a TEM (Transmission Electron 

Microscopy) JEOL JEM 1200-EXII at 120 kV, as well 

as the microstructural analyses performed by SAED 

(Selected Area Electron Diffraction). The preparation 

of the sample was carried out by dripping 2 to 4 drops 

of the suspension of the nanoparticles in isopropyl 

alcohol in 200 mesh grids coated with a 

formvar/carbon film. For SAED analysis, an Au 

sample was used as a standard to calibrate the TEM 

camera constant. Structural analyses were carried out 

by XRD (X-Ray Diffraction) in a Bruker 

diffractometer model D8 Advanced using Cu kα 

radiation (λ = 0.15418 nm). The magnetic 

characterization was performed on a VSM (Vibrating 

Sample Magnetometer) from EG&G Princeton 

Applied Research model 4500 with a maximum 

magnetic field of 1.3 T. Measurements were 

performed at a temperature of 298 K. Before 

performing the measurements, the VSM was 

calibrated using a sample palladium standard provided 

by Quantum Design. 

3. Results and Discussions 

3.1 Morphological Analysis 

The synthesized samples were analyzed by TEM, 

both the supernatant nanoparticles and the nanoparticles 

agglomerated in the lower part of the body. Fig. 2A 

shows that the supernatant nanoparticles are stabilized. 

The fit of a Gaussian curve to the size distribution 

histogram indicates average size of 36 nm with a 

width at half height of 30 nm FWHM (Full Width at 

Half Maximum), as shown in Fig. 2B. Fig. 2C shows 

the morphology of the nanoparticles in the form of 

aggregates. The magnification of this image is 10 

times greater than that performed in Fig. 2A. With this 

level of detail, it is possible to observe small clusters. 

 
Fig. 2 TEM results for the nanoparticles as synthesized. (A) 
Image of the supernatant nanoparticles; (B) Size distribution 
from an image with magnification 2.5 times smaller than in 
the image in (A). The analysis was performed with 1,834 
particles by the software Image J version 1.52; (C) Image of 
the precipitates extracted from the bottom body; (D) SAED 
of the particles of the image in (C); (E) Diffractogram of the 
nanoparticles presented in (C). 
 

approximately spherical with about 40 nm, which in 

turn forms large clusters with no specific shape of the 

micron order. However, it is possible to observe that 

these small spherical clusters are formed by deformed 
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particles of variable size from 3 to 10 nm connected 

by a thin layer of 2 nm, which presents low contrast in 

the image. Fig. 2D shows the SAED results for the 

particles in Fig. 2C. The analysis of the SAED results 

indicates an amorphous structure without long-range 

crystalline ordering. The diffractogram shown in 

Fig.2E is in accordance with the qualitative analysis 

suggested by the SAED measure. The coherence 

length estimated by the well-known Scherer equation 

indicates a value of 0.55 nm, confirming the absence 

of long-range order. 

These results suggest that very small particles from 

3 to 10 nm are formed by the co-precipitation process, 

very similar to the results found by Wang et al. [12]. 

Subsequently form small spherical clusters 

approximately 40 nm on average and these also 

agglomerate producing micrometric particles without 

a specific shape. The analysis of the 2C image shows 

that the initial particles (3-10 nm) are connected by a 

layer of low electronic density, with a thickness of 3 nm 

on average, possibly a layer of the organic additives 

used in the synthesis. 

3.2 Thermal Analysis 

Due to the versatility of applications of NiFeMo 

nanoparticles, it would be interesting to investigate 

their thermal properties and determine the processes for 

releasing organic substances as a function of temperature. 

In this sense, TGA and DTGA measurements were 

performed. Fig. 3 shows the two curves. In the range 

of 22 to 150 °C, the DTGA curve shows a peak loss of 

mass at 91 °C. This peak in the DTGA curve is related 

to the loss of hydration water molecules (10% of the 

lost mass). The second temperature range of 150 to 

360 °C with a peak of 306 °C is related to the 

combustion of organic additives with the release of 

CO2 and H2O, implying 6% of the lost mass. From 

360 to 432 °C, a gain of 1% in mass is observed with 

the maximum gain indicated by the third peak in the 

DTGA curve at 397 °C. This mass gain can be 

attributed to an oxidation process of metallic 

nanoparticles. With the combustion of organic additives, 

sucrose and ascorbic acid produce ions (OH)-. 

Associated with this supply of hydroxyl radicals in 

combination with the O2 present in the atmosphere of 

the analysis, metal oxide-hydroxides (MeOOH) can be 

produced (considering Me = Ni, Fe), this being the 

cause of the mass gain. The enthalpy of formation of 

Ni(OH)2 (ΔH = -538 kJ/mol) is more energetically 

favorable than NiOOH (ΔH = -394 kJ/mol). However, it 

must be considered that the supply of reagents may 

alter the products. In this case, the supply of OH- radicals 
 

  
Fig. 3  Thermal analysis measurements. In blue, the mass variation curve, and in red, the mass loss derivative curve. The 
mass used in the analysis was 2.285 mg. The temperatures of the maximum mass variation rate (loss or gain) are shown in the 
figure. 
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Fig. 4  Line profiles of 150 equal points above 50 µm. The points are separated by approximately 0.33 µm and the point size 
used was 17 nm with a voltage of 15 kV. This configuration of SEM and line profiles in the EDS control software guarantees 
measurement independence. In (A) composition profile of the synthesized nanoparticles the insertion is the normalized 
profiles for Ni, Fe, and Mo; (B) SEM image of the nanoparticles analyzed in (A); (C) EDS spectrum showing the elements 
detected at each point of the line profiles shown in (A). 
 

is limited by the small molar fraction of ascorbic acid 

and sucrose present in the nanoparticles, while the 

supply of O2 is widely offered in the test atmosphere 

by synthetic air. In the range of 432 to 600 °C, it is 

possible to observe a peak at 492 °C corresponding to 

7% of loss of mass. This loss of mass is attributed to a 

process of decomposition of nanoparticles of the type 

(MeOOH) into (MeO) with the corresponding loss of 

H2O produced in the process of decomposition of the 

oxides-hydroxides as well as the release of residues of 

CO and CO2. Similar processes were observed in the 

production of NiO nanoparticles [18] and FeO [19]. 

3.3 Chemical Analysis 

X-Ray Photon EDS (Energy Dispersion 

Spectroscopy) performed the elementary chemical 

analysis. The EDS results in Fig. 4A show that the 

synthesized nanoparticles have a high content of 

oxygen (40 ± 2) at.% and carbon (30 ± 2) at.%. These 

large percentages of O and C were already expected 

by the presence of organic additives in the synthesis of 

nanoparticles. Fig. 4B shows that the morphology of 

the samples prepared for the SEM/EDS analysis is 

very irregular, causing large fluctuations in the 



Synthesis and Characterization of Ni79Fe15Mo6 Nanoparticles Produced by Co-precipitation in the 
Presence of Organic Additives 

 

94

quantitative analysis. Fig. 4C shows the EDS 

spectrum of one of the analyzed points, showing that 

only C and O are the non-constituent elements of the 

NiFeMo alloy. Renormalizing the data for only the 

elements Ni, Fe, and Mo, it is possible to determine 

the relative proportion of the alloy. The result of this 

analysis points to the following stoichiometry (79 ± 2) 

Ni at.%, (15 ± 2) Fe at.%, and (6 ± 1) Mo at.%. These 

results indicate that the stoichiometry of the alloy is 

very close to the desired Ni79Fe16Mo5 (at.%). 

3.4 Magnetic Analysis 

The hysteresis curve of the nanoparticles is shown 

in Fig. 5. Note a typical curve of a soft ferromagnetic 

material, characterized by a low magnetization of the 

remnant (Mr) and with a small coercive field (Hc). 

However, the saturation magnetization value (Ms) is 

much lower than expected, which makes the relative 

contribution of Mr greater than desired. According to 

the work by Banerjee et al. [20] the expected value for 

the composition of the nanoparticles in this work 

should be 0.7 µB, however, the measured value indicates 

a lower order of magnitude. A possible explanation 

for this lies in the morphology and microstructure of 

the nanoparticles. The values presented by Banerjee et 

al. [20] are for massive crystalline samples produced 

by arc fusion from high purity powders. These 

samples are very crystalline and with large crystals. In 

the case of NiFeMo nanoparticles, they were 

synthesized by co-precipitation in the presence of 

organic additives. The microstructure presents a great 

structural disorder that, for SAED and XRD, the 

nanoparticles can be considered amorphous. Its 

morphology presents nanospheres with an average of 

40 nm in diameter. TEM images revealed that these 

nanospheres have an internal morphology with even 

smaller particles with an average diameter of 5 nm 

spaced with thin layers of 2-3 nm of low contrast in 

the images. The compositional measures suggest that 

organic additives such as sucrose and ascorbic acid 

involve the smallest particles and act as binders for the 

formation of the 40 nm nanospheres. This morphology 

suggests that in addition to the structural disorder, 

which can reduce the value of Ms, a thin layer on the 

surface of the nanoparticles can react with the Fe 

atoms, having Fe3+ ions. Although the layer can be 

thin and superficial, the size of the 5 nm nanoparticles 

potentiates this surface effect in comparison with the 

volume effects. For this reason, these nanoparticles 

have a low Ms value. 
 

 
Fig. 5  Measurements of magnetization as a function of the magnetic field applied to the Ni79Fe15Mo6 nanoparticles in the 
bottom body.  
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Table 1  Magnetic properties extracted from the hysteresis curve of the Ni79Fe15Mo6 sample. 

Ms (emu/g) Mr (emu/g) Hc (Oe) Sample type Ref. 

6.28 
1.41  
22% Ms 

77 NP (40 nm) This work 

- 45% Ms 0.03 Sintered micrometric powder [21] 

- 12% Ms 2.57 Sintered micrometric powder [22] 

- Close to 0 out-of-plane Close to 0 out-of-plane Film of Nanospheres (140 nm) [4] 

- 96% Msin-plane 88 in-plane Film of Nanospheres (140 nm) [4] 

- - 20 
Micrometric powder 
produced by ball milling (GS = 40 nm) 

[6] 

62.62 
0.30  
(0.5% Ms) 

2.26 
Micrometric powder 
produced by ball milling (GS = 40 nm) 

[23]  

 

In Table 1, we have some data on saturation 

magnetization, the remnant and coercive field 

magnetization for NiFeMo alloys with stoichiometries 

close to the nanoparticles studied in this work and 

with different production methods and, consequently, 

presenting different microstructures and morphologies. 

The value of Hc depends directly on the average value 

of the effective anisotropy constant and inversely with 

the value of Ms [24]. As previously discussed, the 

value of Ms for nanoparticles must be reduced, in a 

first approximation, by an order of magnitude. For this 

reason alone, a proportional increase of an order of 

magnitude in the value of Hc would be expected. 

Since the microstructure of the nanoparticles is 

amorphous and the nanoparticles are not linked as in 

the case of bulk samples or thin films, the effects 

caused by easy or hard magnetization axes would not 

be observed, as in the case of electrodeposited 

nanospheres film [4], which presents different values 

of Hc according to the direction of the applied 

magnetic field. Another aspect to be observed is that 

the effective anisotropy constant grows with d6, where 

d is the particle size, for the situation where each 

particle is a single domain. When the microstructure is 

large enough to house multiple domains, the effective 

anisotropy constant decreases with d-1 [6]. This has 

been observed by Shen et al. [6] with increasing grain 

size and by Zhou et al. [4] with the increase in the 

thickness of the films. In the case of nanoparticles 

produced in this work, both the value of Ms and the 

value of the effective anisotropy constant, due to the 

particle size, contribute to the increase in Hc. 

4. Conclusion 

In summary, the results of the synthesis of stable 

nanoparticles of the magnetic alloy Ni79Fe15Mo6 (at.%) 

produced by co-precipitation in the presence of 

organic additives were presented. The nanoparticles 

are formed into small amorphous nanoparticles with 

sizes from 3 to 10 nm coated with an encapsulation 

formed by the organic additives forming larger 

particles with an average size of 36 nm. Preliminary 

magnetic measurements relative to room temperature 

reveal the paramagnetic behavior of these 

nanoparticles with a remanence magnetization of 22% 

of the saturation magnetization as well as a low 

coercive field 77 Oe. These results are promising for 

possible technological applications both in the area of 

sensors and other electronic devices, but particularly 

in the area of human and animal health for the use of 

means for the development of diagnosis and therapy 

of numerous diseases that require less invasive 

treatment. 
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