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Abstract
A facile, low-cost, and green route for synthesis of high-induction Fe–Co coatings was developed. Within this approach, 
three natural reducing agents have been used for deposition of the metal coatings by electroless plating on dielectric and 
metallic substrates: arabinogalactan, starch, and sucrose. The Fe–Co alloy coatings with Co content from 0 to 94 at.% are 
nanocrystalline bcc solid solution with carbon additive no more than 2 at%, and pure Co coatings are of hcp structure. The 
magnetic properties of bcc-based iron–cobalt alloys have been investigated as a function of the atomic composition. A high-
saturation magnetization of about 240 emu/g was obtained for  Fe70Co30 alloy films deposited onto copper substrate. The 
local magnetic anisotropy of FeCo alloys increases with a decrease in iron content for all reducing agents. High magnetiza-
tion close to those in the bulk Fe–Co alloys implies the prospective applications of synthesized Fe–Co coatings as magnetic 
shield and magnetic sensors.
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1 Introduction

Iron–cobalt (Fe–Co) bimetallic alloys attract much inter-
est due to their potential applications as material bases of 
magnetic sensors and data storage devices [1–4]. The CoFe 
alloy films exhibit superior magnetic properties such as high 
Curie temperature and high saturation magnetization MS (up 
to 245 emu/g) [5, 6]. There are many ways for the FeCo soft 
magnetic alloy fabrication such as electroplating, sputter-
ing, electroless plating, mechanical alloying, and molecular 
beam epitaxy [7–13]. Vacuum processes have a low produc-
tivity effect, so these ways are hard to be applied in industry. 
Electroless plating shows low cost and no size or shape limit 
for the preparation of nanoscale films. On the one hand, 
electroless deposition represents a simple, cost-effective way 
of fabricating FeCo coatings. However, the use of conven-
tional reducing agents (sodium hypophosphite or borohy-
dride, hydrazine) leads to significant contaminations with 

phosphorus and boron in deposited coatings damaging the 
magnetic performance (for example, a saturation magnetiza-
tion value is decreased [14, 15]). Also, traditional reducing 
agents are often toxic.

There is a growing need to prepare environmentally friendly 
magnetic materials that do not produce toxic wastes in their 
process synthesis protocol. Green reducing agents, on the other 
hand, are generally derived from renewable resources and bio-
degrade to innocuous, often a naturally occurring product. So, 
researchers found that polysaccharides (e.g., chitosan, cellulose, 
arabinogalactan) could be an efficient, low-cost, and environ-
mental alternative to conventional reducing agents [16–18]. 
However, it is not easy to control the growth and morphol-
ogy of FeCo thick films. The morphology and microstructure, 
which affect the magnetic properties of FeCo films, are often 
determined by the deposition conditions such as the pH value, 
temperature, and addition agents [19]. Due to increasing stor-
age capacities, there is a need to improve the properties of the 
magnetic layers, and grain size reduction seems to be a promis-
ing way to tailor the properties of the deposits [20]. We have 
previously demonstrated the possibility of obtaining thin Fe–Co 
films by green chemistry technique [21]. These results are, how-
ever, still insufficient for producing FeCo coatings with predict-
able magnetic properties because of the lack of a systematic 
investigation of the effect of the electroless plating conditions 
on deposit structure, morphology, and magnetic properties.
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In this work, we have developed a facile, environmentally 
friendly, and highly efficient method for fabricating nano-
structured FeCo thick films. The FeCo coatings produced 
by electroless deposition with carbohydrates have a better 
morphology and higher Ms than those for films prepared 
with conventional reducing agents [21]. We have used car-
bohydrates as reducing agents for the synthesis of FeCo 
films. Also, we have used nontoxic reactants and solvents. 
The aim of this work is to investigate the effect of the depo-
sition conditions on the chemical composition, structure, 
and magnetic properties of FeCo coating. In addition, we 
demonstrated a strong influence of the coating composi-
tion on its magnetic anisotropy. Magnetic studies of these 
films which exhibit high saturation magnetization are also 
reported in this work.

2  Experimental Procedure

2.1  Electroless Deposition of FeCo Alloy

The FeCo–C coatings were deposited on glass or Cu sub-
strate by electroless reduction of metals from aqueous solu-
tions of the corresponding salts. We used the method of con-
tact plating for enhancing the electroless deposition. Copper 
plates contacted with the Al plate were used as a substrate. 
As a pretreatment before electroless plating on the glass 
substrate without Al contact, the substrate was treated with 
an  SnCl2 solution and subsequently with a  PdCl2 solution 
used as a nucleating agent. Each plating bath comprised of 
source metal ion  (CoSO4·7H2O and Fe(NH4)2(SO4)2·6H2O 
ammonium iron(II) sulfate, or Mohr’s salt), complexing 
agent (sodium citrate  Na3C6H5O7), chelating agent (ede-
tate disodium  C10H14N2Na2O8), and reducing agent. We 
used several types of carbohydrates as reducing agents: 
arabinogalactan–natural polysaccharide (series A), corn 
starch–(C6H10O5)n (series B), and sucrose–C12H22O11 
(series C). The pH value was adjusted by adding  NH4OH 
solution. The cobalt sulfate concentration was adjusted to 
produce FeCo deposits with various cobalt contents. The 
bath temperature was kept at 80 °C, and no stirring action 
was taken during the plating. The thickness of deposited 
coatings was in the range of 0.6–3 μm. For comparison, 
the FeCo coatings were produced by electroless deposition 
with a sodium hypophosphite as a reducing agent. Atten-
tion should be paid to one important feature inherent in the 
method of chemical deposition (electroless plating) of metal 
films: reduction of hypophosphite to elemental phosphorus 
or carbohydrates to elemental carbon always occurs simul-
taneously with metal reduction. Thus, definite phosphorus 
or carbon admixture is always present in the resulting metal 
deposits.

2.2  Characterization

The magnetic and structural properties of the composite 
materials are characterized by electron microscopy, X-ray 
diffraction, and vibrating sample magnetometry. The mor-
phological characteristics and the elemental composition 
of the investigated materials were analyzed using scanning 
electron microscopes (S5500 and TM4000 Hitachi equipped 
with an energy-dispersive X-ray microanalyzer (EDX)). A 
structural analysis of the studied systems was carried out 
using X-ray diffraction (Cu-Kα, λ = 0.154056 nm). TEM 
(Hitachi HT7700) observations were performed on the cross 
sections of deposits. The average grain size of crystallites 
was calculated using the Scherrer formula according to the 
XRD peak broadening. The grain size of the CoFe depos-
its was also determined using electron microscopy. X-ray 
photoelectron spectra (XPS) were acquired using a SPECS 
(Germany) spectrometer equipped with a PHOIBOS 150 
MCD-9 analyzer. Microwave absorption spectra were meas-
ured at 9.4 GHz. X-band FMR spectra were recorded using 
a Bruker spectrometer. Information on local anisotropy field 
Ha is obtained from the investigation of approach magnetiza-
tion to saturation law.

3  Results and Discussion

To obtain preliminary information about the deposition pro-
cesses, we evaluated the dependence of the Fe content in the 
as-plated films on the amount of the Fe(NH4)2(SO4)2·6H2O 
in the bath. Figure 1 shows the Fe content of the electroless 
plated Fe–Co films produced with a different type of reduc-
ing agents as a function of the amount of Mohr’s salt in 
the bath. As expected, iron content in the film is increased 
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Fig. 1  Dependence of FeCo film composition on the bath composi-
tion for different reducing agents
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when the metallic ratio Fe(NH4)2(SO4)2·6H2O/(CoSO4·7H2
O + Fe(NH4)2(SO4)2·6H2O) increases. A linear relationship 
of Fe (Fe/(Fe + Co)) in films and bath solution was obtained 
only for series C samples (Fig. 1). When sucrose is used as 
a reducing agent, the composition of the deposits closely 
reflects the solution composition; while we use arabinoga-
lactan or starch as a reducing agent, the deposited films 
become Co-rich. Iron has a lower reduction potential than 
cobalt. Therefore, the results for sucrose indicate a slightly 
anomalous depositing behavior. Such behavior is well estab-
lished in studies of electrodeposited processes [22]. The 
behavior is as normally expected for A and B sample series 
since the more noble metal (Co) is deposited preferentially; 
as a result, deposited films contain more Co than the bath 
composition.

Therefore, the composition of the Fe–Co films is adjust-
able by the change in the amount of Mohr’s salt. The gly-
cosidic bonds forming the carbohydrate molecules are 
stable at a low temperature. However, the synthesis of 
FeCo films was carried out at bath temperature 80 °C in 
an alkaline medium. The carbohydrate degradation occurs 
at the ends of the molecules under such conditions [23]. 
Aldehyde groups at the ends of molecules have reduction 
properties. Thus, the monosaccharide unit is separated and 
then oxidized to a carboxylic acid. Therefore, it can be 
assumed that the formation of a metal film is due to the 
decomposition of the carbohydrates. This assumption is 
confirmed by the presence of carboxyl group lines in the 

X-ray photoelectron spectra. According to the results of 
X-ray photoelectron spectroscopy studies, carbon concen-
tration in FeCo(C) alloy does not exceed ~ 2 at% for all 
film series.

Representative XRD spectra of the samples fabricated 
by electroless plating are shown in Fig. 2. CoFe alloys can 
exist in three distinct phases, namely, the ɛ(hcp), ɣ(fcc), 
and α(bcc) phases at room temperature [24]. The XRD 
patterns of FeCo coatings for all carbohydrates revealed 
peaks that perfectly matched with those of the bcc phase of 
CoFe (JCPDS 49–1567) or fcc-Cu substrate. All deposits 
were seen to have similar crystallographic structures at the 
same peak positions. Figure 2b shows the XRD patterns 
for FeCo coatings (series A) with different iron contents. 
The diffraction patterns of pure Co and pure Fe are also 
shown. In these patterns, the presence of two distinct sys-
tems of diffracted spots can be seen corresponding to bcc 
Fe–Co alloy and fcc-Cu substrate and no oxides phases 
were observed within the detection limits of the X-ray dif-
fractometer. Peak located at 27.5° can be assigned to inclu-
sions of the graphite phase. The bcc structure is found to 
be stable even for coatings with a very high concentration 
of Co (~0.94) beyond the thermodynamically stable bcc 
regime for bulk  Fe1-xCox alloys (0 < x < 0.25 [25]). The 
XRD pattern for the pure Co deposit exhibited the hcp 
crystal structure. It can be observed that the diffraction 
patterns change in peak locations with the addition of Fe 
in the films. The dependences of the lattice parameter 

Fig. 2  a XRD patterns of the 
 Fe82Co18 films produced with 
different reducing agents: 
sucrose (1), starch (2), and 
arabinogalactan (3); b XRD 
patterns of the CoFe films with 
different iron contents (series 
A); c lattice parameter of the 
FeCo films as a function of 
the Co content; d the average 
crystallite size calculated using 
the Scherrer formula vs cobalt 
content
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for FeCo films (series A) on cobalt content are shown in 
Fig. 2c.

The lattice constant decreases with Co content from 2.862 
(x = 0) to about 2.827 Å (x = 90). The decrease in lattice 
constant a with x is not linear. The values of the lattice con-
stant for the FeCo films are found to be very close to those 
reported for the bulk specimens [26]. The average crystallite 
size calculated using the Scherrer formula for all types of 
reducing agents was in the range of 10–27 nm. The grain 
size of the CoFe alloy deposits was observed to decrease 
with an increase in the iron content of the deposit as shown 
in Fig. 2d.

Figure 3 presents the TEM micrographs of the cross sec-
tions of the FeCo layer deposited with arabinogalactan as 
a reduced agent on Cu substrate and the EDS maps. The 
element mapping analysis of Fe, Co, and Cu also measured 
by the EDS technique reveals that Fe and Co are evenly dis-
tributed throughout the film. The diffraction pattern (Fig. 3d) 
confirms the formation of the bcc FeCo solid solution in the 
electroless deposited films.

In Fig. 4, the SEM micrographs of the cross sections 
of the layer deposited with arabinogalactan as reduced 
agent (a), starch (b), and sucrose (c) are shown. It could 
be observed that in all cases the grain growth is columnar, 
and the grains tend to arrange in columns perpendicular 
to the substrate surface. A similar grain structure was also 
observed during the investigations of CoFe electrodeposi-
tion with magnetic field [27]. The surface morphologies of 
the obtained samples are shown in Fig. 4d–i. It is appar-
ent that the type of reducing agent influences the morphol-
ogy. As shown in the SEM images, the surface of the FeCo 

film series A is much smoother than those for the FeCo 
film series B and C. Using arabinogalactan as a reducing 
agent, the surfaces of the electroless deposited films are 
generally smooth and uniform. But voids, pores, and cracks 
are occasionally observed for films deposited with sucrose. 
The deposition rate becomes larger when using sucrose as 
a reducing agent. The higher deposition rate causes a situa-
tion that there is not enough time for internal stress release 
and cracking of the coatings may occur. The morphology 
of the samples can be varied by changing the Fe/Co molar 
ratio (Fig. 4d–i). With an increase of Fe content in the film 
for all types of reducing agents, the surface morphology of 
the samples changed greatly. The metalized surfaces consist 
of agglomerates of spheroid particles for FeCo films with 
Fe content more than 60 at%. The grain sizes were in the 
range of 20–50 nm. As it is seen from Fig. 4e, h, as a result 
of decreasing Fe content up to 45%, a different morphol-
ogy of grains is formed. In this case, we observe a 5-time 
increase in the grain size. Replacing carbohydrates with a 
conventional reducing agent (sodium hypophosphite) leads 
to the formation of surfaces consisting of larger, more fac-
eted metal grains [28].

The magnetic properties of the deposited films were 
determined using VSM. In Fig. 5, the normalized magnetic 
hysteresis loops for FeCo films deposited with different 
reducing agents are shown. Hysteresis loops of FeCo films 
are isotropic in the film plane.

It is found that films of series A are characterized by the 
smallest value of the local anisotropy field. The shape of the 
hysteresis loops leads to useful information on the factors 
determining the magnetic properties of samples. A homo-
geneous magnetic film with a field applied along with the 
plane displays a rectangular hysteresis loop, characterized by 
both large squareness (MR/MS ~ 0.95) and remanent magneti-
zation. The investigated samples display a hysteresis loop 
shape atypical for films, characterized by lower squareness 
and remanence MR. Such behavior is probably due to the 
columnar microstructure of FeCo films. From the compari-
son of the hysteresis loops shown in Fig. 5 and cross-section 
images shown in Fig. 3, the following observation can be 
made. We can see that the more pronounced is the column 
of microstructure, the less rectangular is the loop. Columnar 
growth is more pronounced in sucrose and starch (Fig. 3b, 
c); accordingly, the MR/MS ratio for arabinogalactan (0.85) 
is higher than for starch (0.6) and sucrose (0.5).

Magnetic parameters such as saturation magnetization 
and the coercivity of the FeCo coatings were studied as a 
function of Co content. The saturation magnetization val-
ues for FeCo films produced with different reduced agents 
are summarized in Table 1. The data show a strong depend-
ence of the magnetic parameters on the cobalt content. The 
non-monotonic behavior of the saturation magnetization 
Ms dependencies on Co content is observed for all FeCo 

Fig. 3  TEM cross-sectional image for the FeCo film series A (a); dif-
fraction pattern for the corresponding sample (b); EDX element map-
ping images of Co (c), Fe (d), and Cu substrate (e)
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film series. The maximum of saturation magnetization 
magnitudes is reached for the FeCo film with 30% cobalt. 
This result was consistent with the Slater–Pauling curve 
and is in reasonable agreement with a previous study for 
bulk and film FeCo samples [8, 26, 28–30]. The produced 
FeCo films demonstrated significantly better saturation 
magnetization values and less contamination, compared to 
those for the sample prepared with a conventional reduc-
ing agent (sodium hypophosphite). The Ms value for film 
reducing with hypophosphite does not exceed 190 emu/g 
due to phosphorus contaminations. In cases of FeCo film 
reduced with carbohydrates, the Ms values are 205, 235, 
and 240 emu/g for arabinogalactan, starch, and sucrose, 
respectively. The magnetization values of the samples are 
relatively higher than those of the usual FeCo-C alloy [31]. 

It is mainly due to carbon which is not included in the FeCo 
lattice during the deposition process.

The magnetic anisotropy field Ha and Ms of the film are 
the significant parameters for the high-frequency applica-
tions. The values of Ha and Ms are usually estimated from 
the hysteresis loops measured along with the easy axis and 
hard axis directions. When the hysteresis loop is not well 
defined with a larger squareness ratio, it is inaccurate to 
estimate Ha and Ms of film using this approach [32]. To 
obtain the Ms and Ha values of these films more accurately, 
experimental investigations of the ferromagnetic resonance 
spectra and approach magnetization to saturation law are 
performed. For the FMR techniques, according to Kittel’s 
equation [33], the dependence of resonance response from 
the applied magnetic field can be expressed as follows:

Fig. 4  SEM images of the 
film cross section (a series A; 
b series B; c series C); SEM 
images of the surface morphol-
ogy and histogram grains of 
the FeCo films prepared with 
different reducing agents and Fe 
contents: arabinogalactan d 44% 
Fe and g 82% Fe; starch e 14% 
Fe and h 82% Fe; sucrose f 14% 
Fe and i 94% Fe
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where γ = gμB/h is the gyromagnetic ratio, g = 2. It was 
found that the Ms values estimated from the FMR data 
are ~6% higher than that of the Ms values for FeCo films 
determined by VSM. The differences in the Ms values 
may be due to the fact that the weight of carbon present 
in the film in the form of carboxyl groups is not taken into 
account.

Information on local magnetic anisotropy field Ha was 
obtained from investigation of approach magnetization 
to saturation law [34]. Figure 6 shows the typical experi-
mental magnetization curves for FeCo films with differ-
ent Co content. For all film series, the high-field part of 
magnetization curves (for H from 6 to 14 kOe) satisfies 
the dependence

(1)
�

�
= H

r
− 4�M,

where Ha = 2 K/Ms is the magnetic anisotropy field, and 
a is a coefficient equal to (1/15)0.5 for uniaxial anisotropy 
and (2/105)0.5 for cubic anisotropy. The latter enables us to 
determine the local anisotropy field Ha, which contains con-
tributions of magnetocrystalline anisotropy and anisotropy 
of internal stresses. As it is seen from Fig. 7, the positive 
linear correlation of Co content in Fe–Co alloy and the local 
magnetic anisotropy field is observed. The Ha value for FeCo 
alloys with bcc structure increases with an increase in Co 
content and was in the range 1.3–6 kOe. The Co coating 
with the hcp structure was characterized by Ha ~ 7.5, 5.4, and 
5.3 kOe for series B, A, and C, respectively.

(2)M = M
s

(

1 −

(

a ⋅ H
a

H

)2
)

,

Fig. 5  Typical M–H loops for  Fe77Co23 films produced with different 
reducing agents: arabinogalactan (1), starch (2), sucrose (3)

Table 1  The saturation 
magnetization of FeCo films 
produced with different 
reducing agents

Reducing agent Arabinogalactan Sucrose Starch Hypophosphite Bulk FeCo alloy [26]

Co content, at% Ms, emu/g Ms, emu/g Ms, emu/g Ms, emu/g Ms, emu/g
0 181 203 186 170 224
5 185 213 190 229
15 200 224 193 180 237
30 205 240 235 190 243
40 203 237 230 182 240
50 200 230 226 235
60 192 200 209 181 225
70 192 215 176 212
80 180 198 160 160 194
90 150 170 155 177
100 140 150 155 125 160
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Fig. 6  The magnetization curves for FeCo film series A with different 
Co contents. The insert shows approach magnetization to saturation 
curve for FeCo films. Thin lines represent Eq. (2) with a = (1/15)0.5
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The coercivity values range from 12 up to 25 Oe for coat-
ings produced with carbohydrates. The best soft magnetic 
properties corresponded to the deposits with bcc structure 
and grain sizes less than 20 nm. When we use hypophosphite 
as a reducing agent, the lowest value of the coercive force 
for FeCo film is 35 Oe. In general, soft magnetic proper-
ties of films with a smooth surface are better than those for 
films with a rough surface, since a smooth surface does not 
prevent domain wall movement during magnetization. As 
shown in the SEM images (Fig. 4), the surface of the FeCo 
film A, B, and C series is much smoother than that for the 
FeCo film produced with hypophosphite. Zhang and Ivey 
[35] and Yanai et al. [6] have plated F–Co thick films by 
electroplating and reported the  Fe66Co34 thick film with a 
coercivity of 16 Oe and 25 Oe for the  Fe76Co24 film. The 
improvement in the soft magnetic properties is one of our 
future works.

4  Conclusion

The different atomic ratios of FeCo alloys were prepared 
with eco-friendly reducing agents arabinogalactan, starch, 
and sucrose. The thick films prepared with this simple and 
efficient method have a high magnetization close to the val-
ues in bulk Fe–Co alloys. The Fe–Co coatings are nanocrys-
talline bcc solid solution with carbon additive no more than 
2 at% in alloys with Co content from 0 to 90 at%. It has been 
shown that the type of polysaccharide determines the deposi-
tion rate and grain size in the films. The smallest grain size 
(~ 12 nm) is observed for films produced with arabinoga-
lactan. The highest deposition rate of the FeCo film was 
fixed for series C (50 nm/s). For  Fe70Co30 films reduced with 
carbohydrates, the Ms values are 205, 235, and 240 emu/g 

for arabinogalactan, starch, and sucrose, respectively. Sur-
face relief, columnar microstructure, and hysteresis loops are 
controlled by varying reducing agents and Co contents. The 
positive linear correlation of the Co content in Fe–Co alloy 
and the local magnetic anisotropy field is observed.
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