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Abstract: Magnetic nanoparticles (MNPs) have attracted 
extensive interest in recent years because of their unique 
magnetic, electronic, catalytical, optical, and chemical 
properties. Lately, research on bimetallic MNPs based on 
nickel and copper (NiCu MNPs) gained momentum owing to 
their desired properties for use in biomedicine, such as their 
chemical stability, biocompatibility, and highly tunable 
magnetic properties by means of synthesis parameter tun-
ing. The general interest of using NiCu MNPs in biomedical 
applications is still low, although it is steadily increasing as 
can be deduced from the number of related publications in 
the last years. When exposed to an alternating magnetic field 
(AMF), superparamagnetic particles (such as NiCu MNPs) 
generate heat by relaxation losses. Consequently, magnetic 
hyperthermia in cancer treatment seems to be their most 
promising application in medicine, although others are 
emerging as well, such as their use to guide potent drugs to 
the targeted site or to prolong their localization at a desired 
site in the body. This review is the first, to the best of our 
knowledge, that covers the available knowledge related to 
the preparation of NiCu MNPs using different methods, their 
resulting properties, and the already developed functionali-
zation methods and that discusses everything mentioned in 
relation to their possible applicability in biomedicine.

Keywords: biomedical applications; magnetic hyperther-
mia; magnetic nanoparticles; NiCu; synthesis.

Abbreviations: AAO, anodic aluminum oxide; AFM, atomic 
force microscopy; Al(acac)3, aluminum acetylacetonate; 
AMF, alternating magnetic field; BET, Brunauer-Emmett-
Teller; BPR, ball-to-powder mass ratio; CVD, chemical 
vapor deposition; DMF, dimethylformamide; DSC, dif-
ferential scanning calorimetry; EG, ethylene glycol; Fcc, 
face-centered cubic; FTIR, Fourier transform infrared 
spectroscopy; GLYMO, 3-(glycidoxypropyl)trimethox-
ysilane; HCW, hot compressed water; hMSCs, human 
bone marrow stem cells; MNPs, magnetic nanoparticles; 
NiCu, nickel and copper; NPs, nanoparticles; PEG, poly-
ethylene glycol; PSE, pulsed-spray evaporation; PVA, 
poly(vinyl alcohol); PVP, polyvinylpyrrolidone; PVPh, 
poly(4-vinylphenol); SAR, specific absorption rate; SEM, 
scanning electron microscopy; Tc, Curie temperature; 
TEM, transmission electron microscopy; TEOS, tetraethyl 
orthosilicate; TGA/SDTA, Thermogravimetric analysis/
simultaneous differential thermal analysis; VSM, vibrat-
ing-sample magnetometer; XPS, X-ray photoelectron 
spectroscopy; XRD, X-ray powder diffraction

1  �Introduction
Magnetic nanoparticles (MNPs) have attracted extensive 
interest in recent years because of their unique magnetic, 
electronic, catalytical, optical, and chemical properties. 
In addition, their extremely small size and large surface 
area distinguish them from bulk materials [1, 2]. For this 
reason, they can be part of a wide range of applications 
related to catalysis, magnetic seals in motors, electronic 
and mechanical devices, and biomedical applications [3–
5]. The last field has seen a significant increase in interest 
in the last years, especially in magnetic resonance (as con-
trast agents), in drug delivery (to ensure guidance, track-
ing, or controlled release), for cell separation (through 
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specific surface functionalization), and in magnetic hyper-
thermia [1, 2, 6–10], which is also the focus of this review.

It has been known for a long time that a variety of dif-
ferent diseases can be successfully cured by applying heat. 
Particularly, the healing power of heat was recognized as 
a promising method in cancer treatment aside from other 
well-known established methods of surgery, chemother-
apy, and irradiation [11, 12]. This is associated with the find-
ings that cancer growth can be stopped at temperatures 
higher than approximately 42°C. In order to apply such 
an approach, we have to overcome two problems; i.e. the 
temperature increase must be strictly limited only within 
the target (cancerous) region, leaving all other surround-
ing healthy tissues unaffected, and the temperature within 
and outside the target region must be controlled [13].

Magnetic hyperthermia (MH) is one among many 
techniques used in oncology that is based on heating 
tissues for therapeutic purposes. MH is usually used as an 
additive therapy with standard treatments (radiotherapy, 
for example), and some preliminary studies have shown 
that the combination of radiation and hyperthermia leads 
to better results regarding tumor regression [14, 15]. MH 
can increase the temperature of the tissue because of the 
use of an alternating magnetic field (AMF) that induces 
various magnetic loss mechanisms depending on the 
material properties and the AC magnetic field used [16, 
17]. For MH, specific inorganic materials are injected into 
the body, which is exposed to an AMF. During MH, the 

energy is absorbed from an AMF and transformed into 
heat [17] (Figure 1).

The great majority of materials that can be used for 
MH exhibit a relatively high Curie temperature (Tc) and 
might overheat the body tissue around the targeted loca-
tion [18]. Besides, some of these are not suitable materials 
from the physical point of view, are not biocompatible on 
their own, and/or have to be covered with a biocompat-
ible coating, as for instance silica or noble metals [18]. 
In order to eliminate the most disturbing properties of 
MNPs suitable for hyperthermia, that is, high Curie point 
and tissue overheating, materials with Curie points in the 
range of 41–45°C, which cannot cause the overheating of 
the tissue, are sought for [18].

Among the materials applicable for MH, the iron 
oxides are the most attractive ones. This is related to their 
high magnetization, biocompatibility, relatively simple 
synthesis, and fairly high dissipation [19]. Nevertheless, 
they also have disadvantages, such as their relatively high 
Tc [20]. Thus, by application of magnetic iron oxides for 
MH, not only the target tissue gets efficiently damaged 
but also the surrounding healthy tissue gets overheated 
rapidly and damaged if not for an outer temperature 
control to switch off the magnetic field [21].

Considering the potential drawbacks of other mate-
rials, our group focused on bimetallic nickel and copper 
(NiCu) MNPs, which are particularly attractive and 
possess all abovementioned positive properties with 
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Figure 1: Various applications of MNPs for drug delivery as contrast agent and for magnetic hyperthermia. Left: Incorporation of drugs 
into coatings on MNPs enables tumor targeting using the magnetic field. Upper right: MNPs can be injected into the tumor, followed by 
application of an AMF, which results in magnetic hyperthermia. Bottom right: MNPs can be also used as potent and relatively cheap contrast 
agents.
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almost no disadvantages. NiCu MNPs were used before in 
several application fields, such as in multilayered coat-
ings, contact solar cells, tissue engineering, and biomedi-
cal applications [22–25]. NiCu MNPs are chemically stable 
and biocompatible and exhibit desired magnetic proper-
ties, making them interesting for use in biomedicine. They 
can be synthesized through many different methods, e.g. 
mechanical milling, hydrothermal-reduction synthesis, 
microemulsion technique, sol–gel method, polyol reduc-
tion process, hydrogen reduction, electrochemical deposi-
tion, and plasma evaporation [22, 26–28].

The use of NiCu MNPs in biomedical applications 
is still a rather new field, but it is attracting an increas-
ing interest as can be deduced from the rising number of 
related publications published annually in the last decade 
(Figure 2).

The most promising biomedical application of MNPs 
seems to be MH in cancer treatment, which is induced by 
using biocompatible MNPs in the tumor tissue and heating 
them in an AMF [7, 24, 29–31]. The generated heat depends 
on the MNPs’ chemical composition, resulting in the so-
called Tc in the desired range [25]. The desired Tc, leading to 
selective death of cancer cells upon exposure, lies between 
42°C and 46°C [25]. Despite the fact that iron oxides (Fe3O4, 
γ-Fe2O3), Fe-doped Au nanoparticles (NPs), and NiFe2O4 
were shown to be very promising for biomedical applica-
tions [25], their use in more demanding applications, where 
the Tc plays an essential role, is inappropriate. Namely, their 
relatively high Tc leads to overheating and might damage 
the surrounding healthy tissue as well [32]. Recent findings 
suggest that NiCu MNPs are also very promising for multi-
modal cancer therapies, i.e. through combination of MH, 
and as part of drug delivery systems [33–35].

This review intends to describe different available 
methods for preparation of NiCu MNPs, their resulting 
properties, and their optional functionalization and to 

discuss all mentioned in relation to their applicability in 
biomedicine.

2  �Synthesis of magnetic NiCu MNPs
Magnetic NiCu NPs can be prepared by several physical 
and chemical methods (Figure 3). Not all methods allow 
the control of particle size and composition. Considering 
the increasing importance of environmental sustainabil-
ity of chemical processes, most of the available prepara-
tion methods have limitations also in this regard. Among 
the most pronounced issues are high operation tem-
peratures, use of harmful organic solvents, use of high-
concentration reducing agents, and multistep procedures 
with (sometimes) low yields [36].

An overview of the available preparation approaches, 
including the typical characteristics of the formed NiCu 
structures, is summarized in Table 1.

2.1  �Mechanical milling as the method 
for synthesis

Durivault et al. [37] studied NiCu materials with different 
compositions synthesized by high-energy ball milling. For 
the first time, they tested materials for the electrochemi
cal reduction of NO3− in alkaline medium. They prepared a 
series of Ni100−xCux materials (0 ≤ x ≤ 100) from elemental Ni 
and Cu powders using a Spex 8000 laboratory mill (SPEX 
SamplePrep LLC, USA), wherein the powder mixtures were 
put into a hardened steel vial with three hardened steel 
balls. They prepared the powder and steel vial in a glove 
box under an argon atmosphere. They studied the influ-
ences of the milling duration and the ball-to-powder mass 
ratios (BPR) on the final product characteristics. Using 

Figure 2: (A) Number of scientific publications contributing to the subject “MNPs AND biomedical applications” and (B) “NiCu NPs AND 
biomedical applications” by publication year. Search done through ScienceDirect on 19 July 2017.
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X-ray powder diffraction (XRD) (Bruker D8 diffractom-
eter, USA) and scanning electron microscopy (SEM) (JEOL 
JSM6300F, Japan) analysis, they determined the optimal 
milling conditions for the composition Ni80Cu20. They 
obtained nanocrystalline Ni80Cu20 alloys with crystallite 
size <50 nm, with a good milling yield of >95% and with a 
very low Fe contamination of <1 atm%. Only the materials 
with low Fe content could be used for the electrochemical 
studies. They characterized the prepared NiCu alloy under 
optimized milling conditions. They clearly proved the cat-
alytic activity of the prepared NPs for nitrate reduction in 
an alkaline medium [37].

Ban et al. [22] prepared NiCu alloy NPs in the nanome-
ter range by mechanical milling. They ball milled elemen-
tal metal powders of Cu and Ni using steel vials in a SPEX 
8000M and 8000D mill (SPEX SamplePrep, USA). They 
loaded and sealed the mixture of powders and vials in a 
glove box under a nitrogen atmosphere. Optimized milling 
conditions led to a nanocrystalline Ni72.5Cu27.5 alloy with a 
crystallite size of around 10 nm and a Tc of 45°C. To miti-
gate the agglomeration of MNPs, they added NaCl during 
ball milling (NaCl/Ni72.5Cu27.5 powder weight ratio was 5:1). 
They prepared a series of binary powder blends of NixCu1−x 
(x = 60, 70, 72.5, 73, 75, 80) samples after 20  h of ball 
milling. The size of the particles dx and the dhkl values were 
determined by XRD measurements (Bruker AXS, D-5005, 
USA). After 6 h of ball milling, the preliminary XRD experi-
ments still revealed face-centered cubic (fcc) Cu and fcc Ni 
phases. Nevertheless, after longer periods (10 and 20 h), 
they indexed a single fcc phase, which confirmed the for-
mation of a NiCu solid solution of bimetallic NPs. Figure 

4 shows the XRD patterns of the binary powder blends 
of the NixCu1−x (A: x = 60, B: x = 70, C: x = 72.5, D: x = 73, E: 
x = 75, F: x = 80) samples obtained after 20 h of ball milling 
under N2 atmosphere in hardened steel vials [22].

They found that with the increasing content of Cu, the 
value of d111 spacing also increased. The average size of the 
ball-milled samples was 11 nm (see Table 2).

The plot of magnetization versus the magnetic field of 
the NixCu1−x alloy particles using a vibrating-sample mag-
netometer (VSM) (LakeShore 7404VSM, USA) is shown 
in Figure 5. The hysteresis loops were measured at room 
temperature under an applied magnetic field of 10 kOe 
[22]. With increasing content of Ni, the magnetization of 
the samples increased (the saturation magnetization was 
between 2 and 50 emu/g). The hysteresis loops of the ball-
milled alloy powders showed no remanent magnetization, 
which indicated the superparamagnetic behavior of the 
NixCu1−x NPs.

With transmission electron microscopy (TEM) (JEOL 
2010F, Japan), they indicated that the NP size distribu-
tion was broad with an average particles size of 10  nm 
(Figure  6). At some location, the particles were partially 
agglomerated, and they also observed larger grains in the 
shape of platelets (200 nm long and 5 nm thick) [22].

Ban et al. [22] measured Tc using the modified appara-
tus thermogravimetric analysis/simultaneous differential 
thermal analysis (TGA/SDTA) (851e, Mettler Toledo, USA). 
The Tc varied with the Ni content; the Ni72.5Cu27.5 showed a 
Tc of around 45°C. Moreover, the abovementioned sample 
with composition Ni72.5Cu27.5 showed a significant heating 
effect.

Sol–gel process [22, 25, 40]

Mechanical milling [21, 24, 36]

Microemulsion technique [27, 37–39]

Hydrothermal-reduction method [26, 44]

Polyol reduction [32, 41, 42]

Electrochemical deposition [43]

Synthesis of
NiCu NPs

Other methods [23, 33, 35, 45–47]

A: - spherical shape and narrow NP size distribution

D: - silica matrix influences magnetic behaviour

A: -narrow NP size distribution

A: -highly porous material

A: -superparamagnetic behaviour
    -irregular shapes of NPs

A: -simple procedure
    -small particles (< 30 nm)
    -Tc in therapeutic range for MH
D: -contamination
    -broad NP size distribution
    -agglomeration

A: -fast synthesis procedure
    -monodisperse, spherical, uniform particles
D: -core-shell structure
     -additional step (reduction)

A: -excellent dispersability
D: -core/shell structure

D: -polydisperse particles
    -oxidized surface in air

D: -two peaks in the polarization curve

D: -the reduction from carbonates remains difficult

- no agglomeration

Figure 3: Comparison of the different NiCu MNPs preparation procedures. A→advantages, D→disadvantages, and MH means magnetic 
hyperthermia.



I. Ban et al.: NiCu magnetic nanoparticles for biomedical applications      191

Ta
bl

e 
1:

 O
ve

rv
ie

w
 o

f t
he

 a
va

ila
bl

e 
pr

ep
ar

at
io

n 
m

et
ho

ds
 fo

r t
he

 s
yn

th
es

is
 o

f d
iff

er
en

t N
iC

u 
fo

rm
ul

at
io

ns
.

M
et

ho
d

Ty
pe

s 
of

 m
at

er
ia

ls
M

NP
 s

iz
e

Fe
at

ur
e/

co
m

m
en

ts
Us

ab
ili

ty
Re

fe
re

nc
es

M
ec

ha
ni

ca
l 

m
ill

in
g

Na
no

cr
ys

ta
lli

ne
 N

i 80
Cu

20
 a

llo
ys

<5
0

A 
go

od
 m

ill
in

g 
yi

el
d 

(>
95

%
), 

a 
ve

ry
 lo

w
 Fe

 
co

nt
am

in
at

io
n 

(<
1 

at
m

%
)

As
 e

le
ct

ro
de

 m
at

er
ia

ls
 fo

r t
he

 
el

ec
tro

ch
em

ic
al

 re
du

ct
io

n 
of

 n
itr

at
e 

an
d 

ni
tri

te
 in

 a
lk

al
in

e 
m

ed
iu

m

Du
riv

au
lt 

et
 a

l. 
[3

7]

Na
no

cr
ys

ta
lli

ne
 N

i 72
.5

Cu
27

.5
 a

llo
y

Ar
ou

nd
 1

0 
nm

T c o
f 4

5°
C

Co
nt

ro
lle

d 
m

ag
ne

tic
 h

yp
er

th
er

m
ia

 
ap

pl
ic

at
io

ns
Ba

n 
et

 a
l. 

[2
2]

Ni
0.

5Cu
0.

5 N
Ps

20
 n

m
T c o

f 4
4°

C,
 b

io
co

m
pa

tib
ili

ty
Hy

pe
rt

he
rm

ia
Am

ro
lla

hi
 e

t a
l. 

[2
5]

Ni
Cu

 N
Ps

43
6 

nm
T c =

 4
6–

47
°C

M
ag

ne
tic

 h
yp

er
th

er
m

ia
Be

ttg
e 

et
 a

l. 
[3

4]
M

ic
ro

em
ul

si
on

 
te

ch
ni

qu
e

Ni
Cu

 a
llo

y 
NP

s
4.

49
–1

2 
nm

Th
e 

co
m

po
si

tio
n 

an
d 

si
ze

 o
f a

llo
y 

NP
s 

de
pe

nd
 o

n 
th

e 
m

ol
e 

ra
tio

 o
f H

2O 
to

 s
od

iu
m

 d
od

ec
yl

 s
ul

fa
te

 (S
DS

)
/

Fe
ng

 a
nd

 Z
ha

ng
 [2

8]

Ni
Cu

 b
im

et
al

lic
 N

Ps
7–

30
 n

m
Va

ry
in

g 
co

m
po

si
tio

n 
(N

i 3Cu
, N

iC
u,

 N
iC

u 3)
/

Ah
m

ed
 e

t a
l. 

[3
8]

Ni
49

Cu
51

 a
llo

y 
NP

s
4–

7 
nm

Us
in

g 
ol

ei
c a

ci
d 

as
 s

ta
bi

liz
er

/
W

en
 e

t a
l. 

[3
9]

M
ag

ne
tic

 N
i xCu

1−
x N

Ps
Ar

ou
nd

 3
0 

nm
Th

e 
si

lic
a 

en
ve

lo
pe

/
St

er
ga

r e
t a

l. 
[4

0]
So

l–
ge

l m
et

ho
d

M
ag

ne
tic

 N
Ps

1–
20

0 
nm

Th
e 

hi
gh

 d
is

pe
rs

io
n

/
Le

on
ty

ev
 [4

1]
Ni

Cu
 a

llo
y 

NP
s

Ar
ou

nd
 1

6 
nm

A 
na

rro
w

 p
ar

tic
le

 s
iz

e 
di

st
rib

ut
io

n
M

ag
ne

tic
 h

yp
er

th
er

m
ia

Fe
rk

 e
t a

l. 
[2

6]
Po

ly
ol

 m
et

ho
d

Ni
Cu

 p
ar

tic
le

s
14

0 
nm

A 
Cu

 co
re

 a
nd

 a
 N

i s
he

ll
/

Bo
ne

t e
t a

l. 
[4

2]
Ni

Cu
 m

ag
ne

tic
 N

Ps
50

–8
0 

nm
En

ca
ps

ul
at

io
n 

of
 N

iC
u 

NP
s 

by
 p

ol
ym

er
 p

ol
ye

th
yl

en
e 

gl
yc

ol
 (P

EG
)

Hy
pe

rt
he

rm
ia

 a
pp

lic
at

io
ns

Ch
at

te
rje

e 
et

 a
l. 

[3
3]

Ni
Cu

 co
re

/s
he

ll 
NP

s
Tw

o-
st

ep
 p

ro
ce

du
re

/
Ca

rro
ll 

et
 a

l. 
[4

3]
El

ec
tro

ch
em

ic
al

 
de

po
si

tio
n

M
ag

ne
tic

 a
llo

y 
na

no
fil

m
s

/
Su

rfa
ct

an
ts

 [c
et

yl
tri

m
et

hy
la

m
m

on
iu

m
 b

ro
m

id
e 

(C
TA

B)
, p

ol
yo

xy
et

hy
le

ne
(2

0)
st

ea
ry

l-e
th

er
 (B

rij
 7

8)
]

w
er

e 
us

ed
 to

 co
nt

ro
l t

he
 d

ep
os

iti
on

 o
f n

an
om

at
er

ia
l

/
Fo

ye
t e

t a
l. 

[4
4]

Hy
dr

ot
he

rm
al

 
re

du
ct

io
n

Ul
tra

-fi
ne

 N
iC

u 
bi

m
et

al
lic

 
po

w
de

rs
0.

5–
2 

μm
Di

sp
er

si
on

 a
ge

nt
s 

(P
EG

, g
el

at
in

) c
on

tro
lle

d 
ef

fe
ct

iv
el

y 
pa

rt
ic

le
s 

si
ze

 a
nd

 d
is

pe
rs

ib
ili

ty
 

M
ic

ro
el

ec
tro

ni
cs

So
ng

pi
ng

 e
t a

l. 
[4

5]

Ul
tra

-fi
ne

 N
iC

u 
bi

m
et

al
lic

 
po

w
de

rs
 w

ith
 co

re
-s

he
ll 

st
ru

ct
ur

e
0.

5 
± 

0.
2 

μm
Fo

rm
ic

 a
ci

d 
an

d 
gl

ut
in

 w
er

e 
us

ed
 a

s 
hy

dr
ot

he
rm

al
-

re
du

ct
io

n 
an

d 
di

sp
er

si
ng

 a
ge

nt
M

ic
ro

el
ec

tro
ni

cs
So

ng
pi

ng
 e

t a
l. 

[2
7]

Hy
dr

og
en

 
re

du
ct

io
n

Ni
Cu

 p
ar

tic
le

s
0.

2–
1 

μm
Th

e 
co

m
po

si
tio

n 
of

 th
e 

al
lo

y 
co

ul
d 

be
 co

nt
ro

lle
d 

by
 

ch
an

gi
ng

 N
i/

Cu
 m

ol
ar

 ra
tio

 in
 s

ta
rt

in
g 

so
lu

tio
n

/
La

ur
en

t e
t a

l. 
[2

0]

Ni
Cu

 a
llo

y 
NP

s
5–

10
00

 n
m

Ap
pl

yi
ng

 a
 m

ag
ne

tic
 fi

el
d 

us
in

g 
a 

fre
qu

en
cy

 o
f  

44
0 

kH
z o

n 
th

e 
liv

er
 re

su
lte

d 
in

 te
m

pe
ra

tu
re

 
st

ab
ili

za
tio

n 
at

 4
2°

C

M
ag

ne
tic

 h
yp

er
th

er
m

ia
Ku

zn
et

so
v e

t a
l. 

[2
4]

Ot
he

r m
et

ho
ds

Ni
Cu

 a
llo

y 
th

in
 fi

lm
s

/
Th

ey
 h

av
e 

sh
ow

n 
th

at
 h

ig
h 

qu
al

ity
 th

in
 m

et
al

lic
 fi

lm
s 

ca
n 

be
 g

ro
w

n 
at

 te
m

pe
ra

tu
re

s 
th

at
 a

re
 s

ig
ni

fic
an

tly
 

lo
w

er
 th

an
 th

os
e 

ne
ed

ed
 fo

r t
he

 h
yd

ro
ge

n 
re

du
ct

io
n 

ro
ut

e

/
Ba

hl
aw

an
e 

et
 a

l. 
[4

7]

Ni
Cu

 a
llo

y 
NP

s
30

–8
0 

nm
In

cr
ea

si
ng

 th
e 

Ni
 co

nt
en

t l
ed

 to
 p

ar
tic

le
 s

ha
pe

 
ch

an
ge

s 
fro

m
 e

lli
ps

oi
d 

to
 ir

re
gu

la
r, 

a 
si

gn
ifi

ca
nt

 
in

cr
ea

se
 in

 p
ar

tic
le

 s
iz

e,
 a

nd
 p

ol
yd

is
pe

rs
ity

In
 th

e 
fie

ld
 o

f m
as

k-
le

ss
 p

rin
tin

g
Pá

l e
t a

l. 
[4

8]



192      I. Ban et al.: NiCu magnetic nanoparticles for biomedical applications

Amrollahi et  al. [25] studied the cytotoxicity and 
magnetic characteristics of mechanothermally synthe-
sized NiCu NPs. They milled the mixture of Cu2O, NiO, 
and graphite powders in a high-energy planetary ball 
mill under an argon atmosphere for 30  h; the 10% of 
graphite acted as a diluent to provide maximum contact 
area between the reacting particles. They used a vial 
and balls made of hardened chromium steel. The next 
step was the heat treatment in a vacuum tube furnace 
for 1 h at 500°C. After ball milling (30 h) and heat treat-
ment (1  h, 500°C), they obtained single-phase Ni0.5Cu0.5 
NPs with a narrow size distribution of about 15 nm. Their 
NPs were highly agglomerated in majority, resulting 
from experiencing elevated temperatures through heat 
treatment. They investigated the magnetic properties 
using a VSM (Meghnatis Daghigh Kavir Co., Iran) based 
on the results of the hysteresis loop of the milled and 
heat-treated samples measured as follows: saturation 
magnetization of 18 emu/g, coercivity of 25 Oe, and mag-
netic remanence of 2 emu/g. The Tc of the single-phase 
Ni0.5Cu0.5 was 44°C. By analyzing the effect of Ni0.5Cu0.5 
NPs on proliferation of human bone marrow stem cells 
(hMSCs), biocompatibility was proven [25].

2.2  �Synthesis using the microemulsion 
technique

Feng and Zhang [28] prepared NiCu NPs using simulta-
neous reduction of CuSO4 and NiCl2 with hydrazine in a 
microemulsion of SDS/n-butanol/n-heptane/water at 
70°C. In the microemulsion mixture, they used SDS as 
the surfactant, n-butanol as the cosurfactant, n-heptane 
as the continuous oil phase, and Cu2+ and Ni2+ precursor 
solution or hydrazine solution as the dispersed aqueous 
phase. They established a series of partial phase diagrams 
at room temperature by locating the demarcation between 
the microemulsion and non-microemulsion regions of 
the mentioned systems with different w (w = [water]/
[surfactant]). Furthermore, they mixed two stable micro-
emulsions at 70°C. After formation of the NiCu MNPs 
at 70°C, they separated NPs from microemulsion and 
analyzed them. TEM analysis (JEOL 2000FXII, Japan) 
showed typical Ni-Cu NPs with an average diameter of 
12  nm, whereas electron diffraction pattern indicated 
an fcc lattice structure. Also, the XRD analysis (Rigaku  
D/MAX-2200 X-ray diffractometer, Japan) confirmed an fcc 
structure of Ni-Cu alloys, which were not completely crys-
talline. They also found that the particle composition and 
size control depended on many parameters: the w value, 
the method of addition, and the mole ratio of Cu2+ and Ni2+ 
in the precursor solution. The change of w was in relation 
with the water droplet size. They found that the difference 
in the reduction potential was a crucial factor to deter-
mine the structure of the particles. A large difference in 
the reduction potential led to a core-shell structure and a 
small difference in the alloy composition. With TGA, they 
indicated that their Ni-Cu nanocomposites or NPs oxi-
dized easily even at room temperature and that the oxida-
tion was completed before reaching 200°C [28].

Ahmed et  al. [38] synthesized bimetallic NiCu NPs 
(1:3, 1:1, and 3:1) using the microemulsion route with 
CTAB (Spectrochem, 99%, IN, USA) as the surfactant, 
1-butanol (Qualigens, 99.5%, USA) as the cosurfactant, 
and isooctane (Spectrochem, 99%, IN, USA) as the oil 

Figure 4: XRD patterns of Cu1−xNix samples with various composi-
tions (A: x = 60, B: x = 70, C: x = 72.5, D: x = 73, E: x = 75, and F: x = 80) 
and the optimum milling time of 20 h. The patterns are compared 
with the pattern of physical mixture. Reproduced with permission 
from Elsevier: Journal of Magnetism and Magnetic Materials [22].

Table 2: Composition, Curie temperature Tc, magnetization M, average particle size from X-ray diffraction dx, average particle size from 
magnetization measurements dM, standard deviation σ, and d111 spacing of Cu-Ni materials [22].

Sample w (atm%) Tc (°C) M (emu/g) dx (nm) dM (nm) σ (A/m) d111 (Å)

A Cu40Ni60 – 4.4 10 – – 2.0595
B Cu30Ni70 24 17.5 11 10 0.42 2.0544
C Cu27.5Cu72.5 45 20.7 12 11 0.37 2.0516
D Cu27Ni73 53 13.2 11 10 0.45 2.0520
E Cu25Ni75 137 48.5 11 7 0.23 2.0503
F Cu20Ni80 174 32.9 10 9 0.30 2.0398
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phase. They prepared four different microemulsions with 
different aqueous phases. Microemulsion I contained 
Cu(NO3)2 × 3H2O (0.1 m, CDH, 98%, IND), microemulsion 
II contained Ni(NO3)2 × 6H2O (0.1 m, Qualigens, 99%, IN, 
USA), microemulsion III contained N2H4 × H2O (20 m, Qua-
ligens, 99%, IN, USA), and microemulsion IV contained 
NaOH (0.1 m, Qualigens, 97%, IN, USA). They mixed all 
microemulsions from I to IV and annealed the formed 
green precipitate in hydrogen atmosphere at 500°C for 
5  h, which led to the formation of a monophasic bime-
tallic NiCu, Ni3Cu, and NiCu3 alloy black powder. With 
XRD analysis (Bruker D8 Advance diffractometer, USA), 
they proved the products based on the fcc cell and that 
the lattice parameter increased with the increase in Cu 
content. TEM studies (Technai G2 20, FEI, USA) showed 
nearly monodispersed, spherical, and uniform NiCu 
particles with an average size of around 7  nm, whereas 
particles of Ni3Cu and NiCu3 agglomerated and were also 
larger (20–30 nm). Ahmed et al. [38] confirmed that when 

the concentration of Cu in the nanocrystalline alloys 
increased, the magnetization decreased. The results 
obtained with the Brunauer-Emmett-Teller (BET) method 
showed a decrease in the surface area with the increasing 
concentration of Cu [38].

Wen et al. [39] synthesized NiCu NPs with the micro-
emulsion method using oleic acid as the surfactant. 
They prepared a mixture of NaOH (Sinopharm Chemical 
Reagent Co. Ltd., China), deionized water, and ethanol, 
later adding oleic acid (Sinopharm Chemical Reagent Co. 
Ltd., China) and hexane to the mixture. The aqueous solu-
tions of CuSO4 × 5H2O and NiCl2 × 6H2O (both purchased 
from Sinopharm Chemical Reagent Co. Ltd., China) were 
added to this, which formed a stable and transparent 
microemulsion under vigorous stirring. After adding KBH4 
(Sinopharm Chemical Reagent Co. Ltd., China), which was 
dissolved in deionized water, the solution changed imme-
diately from transparent cyan to black. After the reaction, 
they disrupted the micelle solution by adding hexane, and 
NiCu NPs coated with oleic acid were extracted into the 
oil phase. They annealed the product at 923 K for 0.5 h in 
an argon atmosphere and compared the resulting mate-
rial before and after annealing. The hysteresis loops were 
measured at room temperature using VSM (Lake Shore 
model 7307, USA) under an AMF; in both cases (as-synthe-
sized and annealed sample), a hysteresis was observed. 
The saturation magnetization and coercivity increased 
after annealing. The XRD analysis (Rigaku Corporation  
D/max 2550 X-ray diffractometer, Japan) indicated that the 
as-synthesized NPs were amorphous, whereas the crystal-
linity increased after annealing. With the TEM analysis 
(JEOL JEM-1200EX, Japan), they observed a uniform parti-
cle distribution for the as-synthesized NPs with an average 
size of 4–7 nm without any aggregation. TGA/differential 
scanning calorimetry (DSC) (NETZSCH (STA409PC), NL, 
USA) analysis confirmed the thermal stability and the 
crystallization behavior. The weight loss for NiCu NPs 
coated with oleic acid occurred from 572.2 to 651.9 K, which 

Figure 5: Magnetization versus magnetic field of Cu1−xNix alloy parti-
cles, samples (A–F) ball-milled for 20 h. Reproduced with permission 
from Elsevier: Journal of Magnetism and Magnetic Materials [22].

Figure 6: TEM micrograph of mechanically alloyed Cu27.5Ni72.5 particles (sample C). Reproduced with permission from Elsevier: Journal of 
Magnetism and Magnetic Materials [22].
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corresponds to the evaporation and decomposition of the 
oleic acid and the other organic reagents [39].

Stergar et al. [40] synthesized magnetic NixCu1−x NPs 
with a water-in-oil (w/o) microemulsion using water/CTAB 
and n-butanol/isooctane (all Sigma-Aldrich, Germany), in 
which the reduction of NiCl2 and CuCl2 (both from Sigma-
Aldrich, Germany) was induced through hydrazine and 
NaOH (Sigma-Aldrich, Germany). Two microemulsions 
were used: microemulsion A contained different concen-
trations of metal ions (Cu2+ and Ni2+), while microemulsion 
B contained hydrazine and sodium hydroxide. Figure 7 
shows the phase diagram of water/CTAB and n-butanol/

isooctane system, which was used as a starting point for 
the preparation of the microemulsions. They used the 
titration method to select a proper compositional range 
that would form a microemulsion in the water/CTAB and 
n-butanol/isooctane system (composition used to synthe-
size the particles is marked) [40].

Microemulsions A and B were mixed for 20  min at 
60°C in an air atmosphere. Then, the MNPs were collected, 
washed, and subjected for further characterization. The 
next step was homogenization in a tube furnace, and NPs 
were coated with silica to prevent agglomeration during 
heat treatment. TEM analysis (JEOL 2010F, Japan) of as-
prepared MNPs showed partially agglomerated MNPs with 
an average size of around 30 nm (Figure 8); the XRD pat-
terns (measured using Bruker D5005 diffractometer, USA) 
confirmed the fcc solid-solution phase of NixCu1−x [40].

The measured Tc of the as-prepared samples were 
close to that of pure Ni, which indicated a core-shell 
structure, where the Ni shell determined the final Tc. Ni 
and Cu have different reduction potentials, so first, the 
Cu was nucleated and then also Ni, which was deposited 
on Cu. Therefore, MNPs were homogenized in a reducing 
atmosphere in tube furnace at 500°C in order to reach a 
homogenous distribution of both constitutive elements, 
forming the solid solution with a Tc according to the 
nominal composition. Tc was measured with a modified 
TGA/SDTA method (Mettler Toledo 851e, USA). In order to 
prevent agglomeration during heat treatment, NPs were 

Figure 7: Region of microemulsion stability is indicated as a function of the concentrations of reagents in the solution. Composition of the 
reverse micelles used to synthesize the particles is marked with ▴. Reproduced with permission from IEEE: Transactions on Magnetism [40].

Figure 8: TEM image of a typical Cu1−xNix alloy particles obtained in 
a microemulsion. Reproduced with permission from IEEE: Transac-
tions on Magnetism [40].
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coated with silica in an ultrasonic bath for 24 h at 60°C. 
Spherical particles coated with silica were then homog-
enized in a tube furnace at 900°C. No agglomeration was 
observed during this step. The Tc for both the uncoated 
and coated homogenized NPs were the same. The sample 
with composition Ni72.5Cu27.5 reached Tc of 65°C. In Figure 9 
we can see the magnetization of the uncoated and coated 
samples, which were 22 and 7 emu/g, respectively [40].

The silica coating influenced the magnetization but 
could be thinned and/or removed with NaOH. It has been 
established that the silica coating prevented agglomeration 
of the alloy NPs during thermal treatment and that the MNPs 
were therefore isolated with a biocompatible layer [40].

2.3  �Synthesis using the sol–gel process

Leontyev [41] synthesized NPs from pure Ni and NiCu 
solid solutions with the sol–gel method. First, the author 
prepared an ultradispersed powder mixture of Cu and 
Ni hydroxides with a molar ratio of Ni/Cu = 87.5/12.5. The 
author separated the formed precipitate from the solu-
tion by filtration and dried the precipitate at 80°C. Then 
he loaded the precipitate hydroxide into a quartz cruci-
ble and heated it to 400–600°C in a tube furnace under 
nitrogen for 30 min. Metal powders were prepared using 
hydrogen reduction at different temperatures. The NPs in 
the powders were polydispersed (1–200  nm) and almost 
spherical. The temperature range of the magnetization 

increased with decreasing NP size with a diameter below 
100 nm, which was explained through the powder poly-
dispersity. The smallest particles provided high magneti-
zation at room temperature and a high value of Tc and vice 
versa for larger particles [41].

Ferk et  al. [26] synthesized NiCu MNPs with a 
narrow size distribution by reducing a Ni and Cu oxide 
mixture in a silica matrix, using the sol–gel method. 
For this purpose, they dissolved Ni(NO3)2 × 6H2O (Merck, 
Germany), Cu(NO3)2 × 3H2O (Prolabo, France), and citric 
acid (Sigma-Aldrich, Germany) in deionized water, and 
after vigorous stirring, they added absolute ethanol and 
tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, Germany) 
to the solution. They stirred vigorously until a two-phase 
system was converted into a single homogenous phase 
solution. They dried the sol for 3 days at room tempera-
ture. Afterward, they calcinated the gel in air at 500°C 
for 24 h. They prepared the Ni and Cu oxides in the SiO2 
matrix, which were reduced in H2/ Ar atmosphere for 24 h 
at 850°C. The final product was Ni1−xCux NPs in the silica 
(SiO2) matrix [26]. They removed the silica matrix with an 
etching solution (NaOH/3 wt.% hydrazine hydrate) under 
stirring for several hours in an argon atmosphere. They 
finally dispersed the produced NiCu MNPs in absolute 
ethanol. They found that the addition of hydrazine hydrate 
to the NaOH solution was a key factor to remove the silica 
matrix. With XRD (Bruker D5005 diffractometer, USA) and 
Fourier transform infrared spectroscopy (FTIR) (Shimadzu 
IRAfinnity-1, Japan) analyses, they confirmed the presence 
of NiCu NPs without the silica matrix and without oxides 
as the final product. They conducted the final examina-
tion by using TEM analysis (JEOL 2010F, Japan). They 
compared the TEM images of the Ni67.5Cu32.5 NPs before and 
after etching for 24 h, and the images showed that the SiO2 
matrix was washed away. Moreover, only spherical NPs of 
Ni67.5Cu32.5 with a narrow size distribution remained. They 
measured Tc with a modified TGA (Mettler Toledo 851e, 
USA): for the Ni67.5Cu32.5, they determined Tc of 65°C. They 
also performed calorimetric measurements in an AMF 
with a field strength of 4.2 kA/m and using four different 
frequencies [26]. They established that the self-heating 
temperature curves converged to the limiting temperature 
and that the difference between steady-state temperatures 
decreased, although the frequency of the field increased. 
This was the first reported method that promised the syn-
thesis of superparamagnetic NiCu particles with a narrow 
size distribution, allowing control of Tc [26].

Ferk et  al. [23] synthesized NiCu alloy MNPs with a 
range of Tc from 51°C to 63°C by the reduction of intimately 
mixed Ni and Cu oxides in a silica matrix using the sol–gel 
method with some minor changes. The procedure of the 

Figure 9: Coating of particles affects their magnetic properties. 
Magnetization measurement is therefore a good way to determine 
the influence of the prepared coating. (A) Magnetization versus 
magnetic field for the silica-coated particles and (B) “as prepared” 
particles. Reproduced with permission from IEEE: Transactions on 
Magnetism [40].
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synthesis was the same as the previous one, up to the 
point when the green solid gel product was formed [26]. 
Then they calcinated the formed gel in air at 800°C for 
6 h. They got a solid solution of Cu2O-NiO in a SiO2 matrix 
and reduced this product in a H2/Ar atmosphere for 6 h at 
850°C. They removed the silica matrix as reported previ-
ously [26]. They found that the heat treatment in air at a 
higher temperature of 800°C brought about the formation 
of the solid solution Cu2O-NiO, and the fcc structure of the 
Cu oxide Cu2O prevailed, which is compatible with the NiO 
structure. The XRD (Bruker D5005 diffractometer, USA) 
results indicated the formation of an oxide solution with 
an average crystallite size of 5 nm. The next step was the 
homogenization and growth of NiCu alloy MNPs in silica 
matrix, which inhibited agglomeration and coarsening. 

With the diffraction analysis, they proved the single-phase 
composition of the target alloy compounds and that there 
were no secondary phases. The MNPs in silica matrix were 
well crystallized with an average size between 17 and 
19 nm. TEM analysis (JEOL 2010F, Japan) showed spherical 
grains/NPs, which were not agglomerated. The measured 
Tc increased with increasing Ni content in the samples and 
were in the range from 51°C to 63°C. The magnetizations of 
the bare Ni67.5Cu32.5 (A), Ni62.5Cu37.5 (B), and Ni60Cu40 (C) NPs 
were measured (Lake Shore 7307 vibrating-sample mag-
netometer, USA) with respect to the magnetic field at 293 K 
(Figure 10). The measured NPs had a similar size, so that 
the size effect on the magnetization can be neglected and 
the saturation magnetization difference between the par-
ticles of various compositions must depend on the frac-
tion of Ni atoms in the Ni1−xCux alloy [23].

The specific absorption rate (SAR) of the sample in 
an AMF was measured calorimetrically in an AC magnetic 
field at a frequency of 100 kHz and a magnetic field of 
29.4 kA/m. The initial heating rates for the sample were 
obtained from the heating curves shown in Figure 11 and 
used to determine the SAR [23]. The SAR values increased 
with increasing Ni content in the samples.

These results indicated that the synthesis of NiCu 
alloy MNPs with various Tc using a reduction of intimately 
mixed Ni-Cu oxides in a silica matrix at 850°C attained by 
a sol–gel method is a convenient method for synthesizing 
magnetic particles with a controlled Tc [23].

2.4  �Synthesis through polyol reduction 
method

Bonet et  al. [42] synthesized bimetallic NiCu particles 
from either suspensions of NiCO3 (Outokumpu, FIN) and 

Figure 10: Magnetization properties are often related also to the grain size of respective particles. (A) Magnetization of synthesized NPs at 
293 K (A: Ni67.5Cu32.5, B: Ni62.5Cu37.5, and C: Ni60Cu40) versus the magnetic field and (B) corresponding grain size distribution obtained from the 
magnetic measurement. Reproduced with permission from Elsevier: Journal of Alloys and Compounds [23].

Figure 11: The calorimetric measurements of samples A, B, and 
C at a magnetic field of 29.4 kA/m and a frequency of 100 kHz. 
Reproduced with permission from Elsevier: Journal of Alloys and 
Compounds [23].
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CuCO3 (Prolabo, France) or solutions of Ni(NO3)2 (Merck, 
Germany) and Cu(NO3)2 (Prolabo, France) in ethylene 
glycol (EG) (Prolabo, France), which acted both as solvent 
and reducing agent. They mixed Ni and Cu compounds to 
produce bimetallic Ni80Cu20 particles with EG at room tem-
perature under magnetic agitation. Then they heated the 
system because carbonate compounds are not insoluble 
in EG at room temperature. At the end of reaction time, 
they separated the solids from the liquid by centrifuga-
tion, washed with acetone, and dried the product in air. 
They found that the reduction from the carbonates was 
rather difficult and that the increase in time did not com-
pensate for the temperature effect. After 39 h of the reac-
tion at 140°C, a Cu-rich NiCu solid solution and a Ni-rich 
NiCu solution were obtained. They confirmed these results 
using XRD analysis (Philips PW 1710 diffractometer, 
Belgium). The final product (black powder) also contained 
a green solid and was shown to include undissolved reac-
tants even after 39  h. They tried also with higher tem-
perature, 190°C, but the XRD patterns also showed three 
double peaks. An increase in temperature aided dissolu-
tion of the reactants but did not contribute to the forma-
tion of a single solid solution. The SEM analysis (Philips XL 
FEG30 apparatus, Belgium) showed small quasi-spherical 
particles and big particles with clear evidence of sinter-
ing. They also tried to prevent sintering with a protecting 
agent, polyvinylpyrrolidone (PVP) (Prolabo, France), but 
they got also two distinct phases. Then they studied the 
reaction with the nitrate salts whose solubility is higher in 
glycols. The reaction extended at 196°C for 4 h. TEM analy-
sis (JEOL 2010, Japan) showed bimetallic polyhedral NiCu 
particles with an average size of 140 nm, a narrow distri-
bution, and almost no sintering. XRD confirmed a Cu core 
and a Ni shell of the NPs. They explained the mechanism of 
formation of bimetallic Ni-Cu particles with a Cu core and 
a Ni shell. Cu(II) species reduced to Cu(0) at a temperature 
lower than that required to reduce Ni(II) to Ni(0) [42].

Chatterjee et al. [33] also synthesized NiCu NPs by a 
polyol reduction method. They mixed metallic precursors 
in EG with NaOH (both Sigma-Aldrich, USA) and heated 
the mixture to 195°C. The reaction extended under the 
reflux. After a few hours, they precipitated the metal 
alloy particles from the solution, centrifuged, washed 
with ethanol, and dried the product in air at 50°C. They 
prepared three different compositions, Ni30Cu70, Ni70Cu30, 
and Ni40Cu60. The resulting particles had a uniform shape 
and an average size of 50–80 nm (measured by TEM, JEOL 
2010, Japan). The Ni70Cu30 NPs exhibited a Tc of ~77°C, a 
saturation magnetization of ~45 emu/g (measured by 
Quantum Design MPMS 5 SQUID, USA), and a superpara-
magnetic behavior [33].

Carroll et  al. [43] prepared NPs with different Ni/
Cu (or Cu/Ni) core/shell compositions using the polyol 
method. A series of experiments, in which hydrated Cu 
chloride, hydrated Ni chloride, and sodium hydroxide (all 
Fished, USA) were dissolved in EG (Acros Organics, USA) 
and rapidly heated to the boiling point (~165°C), was per-
formed. They ascertained that the prepared solution boiled 
at the mentioned temperature, and after the removal of the 
water with hydration from the solution, the boiling point 
increased to 175°C. This 10°C difference was sufficient to 
separate the formation of elemental Cu under reflux con-
ditions from the formation of elemental Ni under distil-
lation conditions. They concluded that the temperature, 
as well as the absence of water, played an important role 
in the actual reaction mechanism to prepare Ni shell/Cu 
core NPs. They prepared the Ni core/Cu shell NPs in a two-
step process. In the first step, they distilled a Ni chloride 
solution until Ni NPs formed. After completion of the reac-
tion, they added a Cu chloride solution and then heated at 
reflux conditions leading to the formation of Cu shells on 
the Ni NPs. TEM analysis (JEOL JEM-3010, Japan) showed 
the formation of the Cu/Ni and Ni/Cu core-shell NPs. With 
XRD analysis (Panalytical X’Pert Pro powder diffractom-
eter, UK), they confirmed the formation of Cu/Ni and Ni/
Cu core-shell NPs, and they compared the results with 
elemental Ni and Cu. The magnetization measurements 
(Lakeshore model 7300 vibrating sample magnetometer, 
USA) showed hysteresis loops. The saturation magnetiza-
tion of the Cu/Ni NPs (Ni36Cu64) was 18.15 emu/g and for 
Ni/Cu NPs (Ni38Cu62) was 19.65 emu/g. With these results, 
they identified a new and simple procedure for separat-
ing the formation of elemental Cu and Ni in a polyol-type 
procedure [43].

2.5  �Synthesis using electrochemical 
deposition

Foyet et al. [44] developed a double template electrochemi-
cal method to prepare NiCo and NiCu magnetic nanofilms. 
They prepared anodic aluminum oxide (AAO) by a modified 
two-step anodization. The first plating mixture consisted 
of 60 wt.% Brij78 and 40 wt.% of aqueous solution con-
taining CuSO4, NiSO4, and H3BO3 (all Acros Organics, USA). 
The second liquid crystal template consisted of 50 wt.% of 
CTAB and 50 wt.% of aqueous solution containing CuSO4, 
NiSO4, and H3BO3 (all Acros Organics, USA). They used a 
273A potentiostat/galvanostat model (Princeton Applied 
Research, USA) with two electrodes consisting of Al2O3/
Al and a platinum foil for all electrochemical depositions. 
The average height of the samples was 300 nm in the case 
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of the NiCu film, while the surface-to-volume ratio was 
very high in the prepared NPs. Inclusion of a surfactant 
during synthesis significantly increased the porosity of 
the NiCu magnetic nanofilms. Atomic force microscopy 
(AFM) (TopoMetrx TMX 2010 Discoverer) results showed 
that the thickness of the porous alumina template was 
less than 60 nm. The topography appeared as if the pores 
of the membrane were filled in a homogenous manner by 
metal particles. The average height of the samples was 
300  nm for NiCu film, and the surface-to-volume ratio 
was very high in NPs. To reduce the size of particles and 
increase the specific area of the film, they combined the 
hexagonal phase of the liquid crystals (Brij78 and CTAB) 
with the AAO as template for deposition. When they pre-
pared this material in the presence of Brij78 liquid crystal 
mixture, the samples had double substructures. One was 
due to the pore of the aluminum oxide membrane, and 
the second subdivision was caused by the columns of the 
liquid crystal that divided the nanorods into many small 
particles. In the case of the CTAB liquid crystal structure, 
the material was highly porous, and many small particles 
could be observed in each pore of the AAO. They found that 
the porosity of NiCu magnetic nanofilms increased signifi-
cantly when these materials were prepared in the pres-
ence of the surfactant. Both surfactants (Brij78 and CTAB) 
gave nanostructured films with two repeat distances. The 
double template process showed the increase of specific 
surface area of the film and also the improvement of the 
physical and chemical properties of these nanomateri-
als. The polarization behavior of NiCu NPs exhibited two 
anodic peaks that can be attributed to the successive oxi-
dation of Ni and Cu. The corrosion potential of the alloys 
seemed to depend on the size of NPs; films deposited in 
the presence of CTAB and AAO show a smaller particle size 
and a more negative corrosion potential compared with the 
ones deposited directly from solution into AAO [44].

2.6  �Synthesis by the hydrothermal reduction 
method

Songping et  al. [45] synthesized ultrafine Ni-rich NiCu 
bimetallic powders using polyethylene glycol (PEG) and 
gelatin as protective agents. They mixed NiSO4 × 6H2O 
and CuSO4 × 5H2O with Na2CO3 to obtain solution 1, and 
they mixed HCOOH and NaOH to obtain solution 2. They 
mixed the two solutions and heated it in a titanium mate-
rial autoclave at the temperature of 230°C for 18  h to 
reduce the Ni-Cu ion to metallic powders. They washed 
the product with hydrochloric acid and with distilled 
water and dried it at 60°C in a vacuum drier. They used 

as-prepared Ni-rich bimetallic powders as the functional 
material for thick film pastes. The XRD pattern of the NiCu 
bimetallic powders indicated characteristic peaks for Cu 
and Ni. They found that in order to prepare fine powders 
with the chemical reduction method, it was crucial to 
choose an appropriate dispersion agent. When PEG was 
employed as a protective agent, flake bimetallic powder 
particles exhibited an excellent dispersibility, a uniform 
size (1.8–2.0 μm), and a thickness of 100 nm. Using gelatin 
resulted in the formation of monodispersed non-agglom-
erated NiCu polyhedral powder particles with a smooth 
surface and a diameter of 0.5–0.8 μm. Conductive thick 
films prepared using the NiCu NPs had a low resistivity 
and high adhesion strength [45].

Songping et al. [27] synthesized NiCu powders using 
the hydrothermal reduction method by using formic acid 
and glutin as the hydrothermal reduction and dispersion 
agents, respectively. They mixed two solutions in auto-
clave, the first containing NiSO4 × 6H2O, CuSO4 × 5H2O, and 
Na2CO3 and the second containing HCOOH and NaOH. 
They heated the autoclave at 230°C for 20 h to reduce NiCu 
ions in the solution to a metallic powder. Temperature 
and reaction time were important factors for synthesizing 
a NiCu powder. The dispersibility of powders increased 
by increasing the reaction time. They studied the influ-
ence of glutin on the shape and size of the formed NiCu 
particles. When they used wglutin/wmetal = 20%, the size 
of the quasi-spherical particle was 1.5 ± 0.2 μm, and the 
agglomeration was terrible. When they used the ratio of 
wglutin/wmetal = 80%, the size of polyhedral particles was 
350 ± 50 nm, and their dispersibility was excellent. When 
they increased the ratio up to 240%, different shapes of 
particles occurred in the range of 0.1–1.2 μm. They also 
studied the influence of formic acid on the formed NiCu 
particles. The size of quasi-spherical particles was in the 
range of 0.2–1.8 μm, and the agglomeration was highly 
present when they used a weight ratio of formic acid 
around 120%. When they used a higher ratio of 200%, 
the size of particle was 0.5 ± 0.2 μm, and dispersibility 
was excellent. When they used ratios up to 350%, they 
got lots of small particles with a diameter of 50 nm. The 
size of powders decreased with an increasing amount of 
glutin or formic acid. SEM analysis (Philips XL30deltaDX-
4i, Belgium) indicated that the NPs contained a predomi-
nantly Cu(core)/Ni(shell) structure [27].

2.7  �Use of other methods for synthesis

Bettge et al. [34] synthesized NiCu NPs through the com-
bination of two methods, namely, the melting of a NiCu 
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mixture and ball milling of the resulting bulk alloy. The 
mixture had a composition of Ni71Cu29. First, they ball 
milled the mixture for 2 h to obtain a highly homogenous 
composition over the resulting bulk alloy. Then they 
heated this mixture up to 1465°C for 3  h under nitrogen 
to prevent oxidation. After melting, they used a continu-
ous grinding and additional grinding up in a ceramic ball 
mill for at least 3–7 days to break down the bulk chunk to 
the desired particle size. They used a wet, acetone-based 
environment in order to prevent oxidation. The magnetic 
measurements of the as-produced bulk alloy in a mag-
netic field of 100 Oe indicated a complete phase transi-
tion from ferromagnetic to paramagnetic behavior at 
97°C. The coarse sand-grinded powder (particle diameter 
of <150 μm) showed a Tc of ~72°C, while the fine ball-
milled powder (436 nm) showed a Tc ~46–47°C. No rema-
nent magnetic moment at room temperature indicated 
the superparamagnetic behavior of the Ni-Cu ball milled 
powder. TEM analysis (JEOL 2010, Japan) confirmed the 
effectiveness of combined methods to produce alloy parti-
cles in large quantities. Nevertheless, monodispersity and 
distribution uniformity could not be ensured [34].

Sue et al. [36] synthesized Cu and NiCu particles from 
Cu and Ni formates in hot compressed water (HCW). They 
prepared Ni(COOH)2 × 2H2O and Cu(COOH)2 × 4H2O (both 
from Wako Pure Chemicals, Japan) solutions in distilled 
water by dissolving, with a variable Ni/Cu molar ratio. 
The reaction was performed in a titan alloy batch reactor 
in nitrogen atmosphere. They quenched the reactor in a 
water bath, formic acid decomposed into hydrogen and 
carbon dioxide, and yields of H2 and CO2 increased to 90% 
at 673 K within 2 s. NiCu NPs formed from their formates 
owing to hydrogen reduction in HCW. SEM analysis (JEOL 
JSM-5400LVS, Japan) showed the particles with diameters 
ranging from 0.2 to 1.0 μm. The XRD patterns (measured 
by Rigaku RAD-B system with monochrometer, Japan) 
indicated production of both Ni-rich and Cu-rich crystals. 
When they raised the Cu concentration in the starting 
solution, the Cu share of the Ni-rich alloy firstly increased, 
but a further increase in the molar ratio resulted in a 
decreased Cu share. Hence, the alloy composition could 
be controlled by changing the Ni/Cu molar ratio in the 
starting solution [36].

Kuznetsov et al. [24] prepared NiCu alloy particles by 
coprecipitation of salts from solution followed by reduc-
tion in hydrogen. They coprecipitated solutions with 
chosen ratios of Cu and Ni by Na2CO3 at room temperature 
under sonification and drying at 80–90°C. They insulated 
NiCu oxide particles in a NaCl matrix in order to avoid par-
ticle agglomeration during thermal processing. The next 
step was reduction in hydrogen at 300–1000°C. They used 

an additional thermal treatment in argon, whereas tem-
peratures were varied from 600 to 1000°C to determine 
the best conditions for the particle synthesis. Polydis-
persed particles of variable chemical and phase compo-
sitions were prepared. They used magnetic separation to 
improve uniformity of Tc and demagnetization rate. They 
sonificated the suspension of the particles for 30  min, 
and they then used the magnetic separation at different 
temperatures to obtain fractions of the particles with a 
more uniform Tc. Heating of a 10 mg/ml suspension of the 
particles with AMF resulted in heating to 43°C, at which 
the heating stopped, while the initial mixture of the parti-
cles continued heating well above this temperature. With 
this, they demonstrated the potential of magnetic separa-
tion for obtaining particles with more uniform thermal 
demagnetization characteristics. They measured the SAR 
of the water suspensions of NiCu NPs by heating 1 ml of 
10 mg/ ml suspension in a thermally isolated cell in AMF 
of 440 kHz. A rat-liver cancer model with a working blood-
stream was used to test the preparations’ effectiveness. 
Most of the particles accumulated in the capillaries of the 
rat liver (including the cancer). Applying a magnetic field 
using a frequency of 440 kHz on the liver resulted in tem-
perature stabilization at 42°C. The particles’ acute toxicity 
was reasonably low [24].

Kwon et  al. [46] studied the formation of dis-
persed powder compositions in order to determine 
phase formation and redistribution of Cu and Ni atoms 
between the surface and bulk of the particles during 
dispersion and cooling of electrical explosion products. 
They used NiCu alloy wires (6, 12, 23, and 45  wt.% Ni) 
with a diameter of 0.3  mm, while the explosions were 
carried out in argon at a pressure of 1.5 × 105 Pa. They 
vacuumed the experimental setup up to 100–200 Pa, 
before  they  filled it. The specific energy input into the 
wire W(the energy input into the wire)/Ws(sublimation energy of the wire) was one 
of the main parameters that influenced the properties 
of the produced nanopowder. They prepared powder 
samples at the same charge voltage with varied content 
of Ni-Cu alloy components. They settled the powder in 
a special collector and passivated it in an oxygen-con-
trolled argon atmosphere. SEM analysis (JEOL JSM-840, 
Japan) confirmed the powder’s polydispersity and a 
spherical particle shape. The consequence of condensa-
tion of the gaseous phase on the surface of the liquid 
droplets and by condensation on nuclei in the gaseous 
phase was particles of 0.3–1.0 μm in diameter, while the 
finest formed particles were of 0.1–0.15 μm in diameter. 
They related the formation of large spherical particles of 
1–10 μm in diameter to a so-called end-effect: destruc-
tion of the conductor ends at lower current density. They 
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established that the increase of the specific energy W/Ws 
input into conductors was accompanied by increase of 
the powder dispersity and also by increase of the spe-
cific surface area [46].

Bahlawane et  al. [47] investigated a novel method 
to produce Ni-based alloys. They used the pulsed-spray 
evaporation (PSE) chemical vapor deposition (CVD) 
process in a hydrogen-free atmosphere. Their cold-wall 
CVD reactor used nitrogen as the carrier gas and ethanol 
as the reducing agent. Precursors were admitted as a 
single liquid feedstock in a pulsed way. The frequency 
in the CVD reactor of 1 Hz and an opening time of 25 ms 
resulted in a feeding rate of 2.3  ml/min. They dissolved 
the metal acetylacetonates (Cu(aca)2, Ni(aca)2) with the 
desired ratios in ethanol to obtain a total metal concen-
tration of 5 × 10−3 mol/l. The reaction temperature of the 
fcc crystal structure growth in this study was 350°C. 
The XRD peaks showed a steady shift to low diffraction 
angles, indicating the insertion of Cu into the lattice of Ni. 
The analysis of the formed film composition showed that 
the fraction of Cu in the deposited film increased linearly 
with its fraction in the liquid feedstock, which enabled 
the formation of NiCu thin film alloys with a very variable 
composition. With SEM analysis, they analyzed the mor-
phology of Ni-Cu alloy compositions. They found that the 
Ni-rich films formed from the less densely packed crystals, 
which corroborated with the significantly broadened XRD 
diffraction peaks. A coarser morphology and a heteroge-
neously distributed particle size of Cu-rich compositions 
were found. Interestingly, near a Ni/Cu ratio of 1, the films 
exhibited a structure with the highest apparent density. 
They prepared and investigated also Ni-Co and Ni-Ag 
alloys [47].

Pál et al. [48] synthesized Cu, Ni, and NiCu NPs using 
the solution-combustion method, followed by reduc-
tion in hydrogen atmosphere. They dissolved the Ni/Cu 
nitrate salts (both from Fluka, Germany) (different molar 
ratios) and citric acid (Fluka, Germany) in distilled water 
and heated the mixture for 2 h at 60°C in a water bath. 
They subsequently added EG (Fluka, Germany) to the 
solution, and then they evaporated the medium at 90°C. 
After the evaporation process, when gel products were 
formed, they heated the product in an oven at 150°C for 
1 h, which resulted in the formation of voluminous “as-
prepared” oxides. They reduced the formed oxides under 
hydrogen atmosphere at 500°C for 5 h. NiCu alloy char-
acteristic peaks with an fcc crystal structure confirmed 
the successful preparation (confirmed using a Siemens 
D500 XRD, Germany). Increasing the Ni content led to 
particle shape changes (from ellipsoid to irregular) and 
to a significant increase in particle size with a broad size 

distribution. They investigated also their applications 
in aerosol printing for preparation of conductive micro-
structures [48].

3  �Surface modification of magnetic 
NiCu MNPs

MNPs are often functionalized to improve their potential 
for biomedical applications [49, 50]. Among the most used 
materials for coating MNPs, polymer coatings of natural 
(e.g. dextran and chitosan) and synthetic (e.g. PVP, PEG, 
and poly(vinyl alcohol)) origin are quite popular [49]. To 
enhance their water solubility, also other organic mole-
cules (e.g. oleic acid and oleylamine) can be used [51]. 
But the most common coatings on MNPs are still based on 
either gold or silica [51]. All abovementioned coating types 
were already studied in relation to NiCu MNPs.

3.1  �PEG surface functionalization

Chatterjee et  al. [33] synthesized NiCu alloys through 
a combined method of polyol reduction and physical 
melting. The resulting particles were coated with a biode-
gradable PEG coating using two different methods. In the 
first, the NiCu particles were suspended in a PEG solution 
(Sigma-Aldrich, USA), whereas ultrasonification was used 
to prepare a homogenous dispersion. In the second, an 
oil (mixture of n-hexane, mineral oil, and sodium sesqui-
oleate, all from Sigma-Aldrich, USA) in water (suspension 
of NiCu particles in a PEG solution) microemulsion was 
prepared by ultrasonification, followed by cross-linking. 
After 1 min of ultrasonification, glutaraldehyde was added 
to the emulsion and stirred for 2  h. TEM analysis (JEOL 
2010, Japan) showed a larger tendency toward composite 
materials for the first method, whereas the second method 
mostly resulted in encapsulated spherical NiCu particles. 
The sizes of the encapsulated particles were in the range 
of 200–500 nm (depending on the pure NiCu particle size). 
The saturation magnetization (Quantum Design MPMS 5 
SQUID magnetometer, USA) for the composition Ni70Cu30 
was ~6–8 emu/g [33].

Biswas et al. [52] produced a magnetic NiCu nanoalloy 
exhibiting chain-like structures in the presence of two dif-
ferent polymers. The alloy nanostructures were prepared 
by reduction of Ni and Cu acetate by hydrazine hydrate in 
ethanol in the presence of the two polymers [e.g. PEG and 
poly(4-vinylphenol) (PVPh) (both obtained from Aldrich, 
USA)] as stabilizing and structure-directing agents, 
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respectively. The final products were NiCu-PEG and NiCu-
PVPh alloy nanostructures. A pure NiCu alloy sample 
was used for control experiments. The obtained NiCu-
PEG alloy sample was easily dispersible in both water 
and some organic solvents (dioxan, xylene, acetonitrile, 
and ethanol, all from Merck, India), while the NiCu-PVPh 
sample was well dispersed in water and in dimethylforma-
mide (DMF) (Merck, India). They explained that the disper-
sity of these alloy samples in different solvents indicated 
the presence of respective polymers on the surface of the 
formed alloy nanostructures. With FTIR analysis (Perkin
Elmer Spectrum 400 spectrometer, USA), they showed 
bands corresponding to PEG and PVPh polymers. Based 
on the FTIR data, they claimed that NiCu nanochains were 
capped with either PVPh or PEG polymer. With magnetic 
measurements (Quantum Design, MPMS XL, USA), they 
indicated that these alloy samples were soft ferromag-
netics in nature. The saturated magnetization of coated 
NPs was higher than the value of bare NiCu, which they 
ascribed to the presence of an oxide layer deposited on 

the alloy NPs’ surface. TEM analysis (JEOL 2010E, Japan) 
of the NiCu-PEG sample showed the formation of chain-
like assembled nanostructures composed of small-sized 
magnetic alloy nanospheres with an average diameter of 
8 ± 1.1 nm. In the case of the NiCu-PVPh sample, the nano-
chain consisted of spherical alloy particles with a size of 
7.5 ± 1.8 nm [52].

3.2  �Silica surface functionalization

Pramanik et al. [53] synthesized NiCu fcc NPs with tunable 
atomic ratios in SiO2 films. First, they prepared undoped 
inorganic-organic hybrid sols using TEOS, 3-(glycidoxy-
propyl)trimethoxysilane (GLYMO), n-butanol, water, 
methanol, HNO3 (all obtained from S.D. Fine Chem 
Limited, India), and aluminum acetylacetonate (Al(acac)3, 
obtained from Lancaster, UK) [53]. They prepared five dif-
ferent sols for metal ion doping with varying compositions 
of Ni1−xCux (x = 0, 0.333, 0.5, 0.666, 1). The molar ratio of 
Ni1−xCux:SiO2 = 20:80  was constant in all the cases. They 
prepared also the undoped sol with similar equivalent of 
SiO2. In the next step, they used silica glass substrates for 
coating. They dried five different thin-film samples from 
the Ni1−xCux at 60°C for 1 h and at 90°C for another 1 h, then 
subjected them to heat treatment in two consecutive steps 
(at 450°C in air for 1 h to remove the organics followed by 
heating in a 10 wt.% H2/90 wt.% Ar atmosphere at 750°C 
for 1  h to complete the alloy formation). The same prep-
aration method was used for undoped films on polished 
silicon wafer. Thickness of the films after the final heat 
treatment was 310 ± 10 nm, while the adherence and abra-
sion-resistant properties were excellent [53]. XRD (Rigaku 
SmartLab, Japan) confirmed the presence of an fcc NiCu 
alloy with a crystallite size of 6 nm. TEM (Tecnai G2 30ST, 
FEI, USA) image showed an average particle size of 6.35 nm 
and confirmed the embedded NPs in the silica matrix [53].

Figure 12: TEM image of magnetic particles with the Cu27.5Ni72.5 com-
position coated with silica. Reproduced with permission from IEEE: 
Transactions on Magnetism [40].

A B

Figure 13: TEM micrographs serve as a good base for size evaluation of prepared particles. (A) Typical TEM images of magnetic particles of 
sample Ni67.5Cu32.5 embedded in a silica matrix and (B) bare alloy particles and the corresponding histogram. Reproduced with permission 
from Elsevier: Journal of Alloys and Compounds [23].
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Stergar et al. [40] and Ferk et al. prepared NiCu MNPs 
using two different synthesis methods, namely, the micro-
emulsion method and the sol–gel method [23, 26]. To 
prevent agglomeration, they protected MNPs with silica. 
In the case of the microemulsion method, they synthe-
sized MNPs in a cationic water-in-oil microemulsion based 
on metal chlorides, hydrazine hydrate, and NaOH [40]. A 
10-nm-thick silica layer (measured by TEM, JEOL 2010F, 
Japan) on the as-prepared NiCu particles was prepared 
using an alcohol solution of TEOS, PVP as a surfactant, 
and ultrasonification for 24 h at 60°C. An example is the 
sample with the composition Cu27.5Ni72.5 and a Tc of 65°C on 
Figure 12 [40].

No significant differences in Tc values were found, and 
the magnetization of uncoated (as-prepared) and coated 
MNPs was found. The silica coating prevented agglomera-
tion during thermal treatment and improved the particle 
biocompatibility [40]. In the other method, Ferk et al. pre-
pared NiCu alloy MNPs in a silica matrix using the sol–gel 
method [23, 26]. In the first step, they prepared solutions 
of Ni and Cu salts, citric acid, deionized water, ethanol, 
and TEOS. They dried the prepared sol for 3 days at room 
temperature, followed by calcination of the formed gel in 
air at 500°C for 24  h [26] and at 800°C for 6  h [23]. The 
result was a powder consisting of Ni and Cu oxides in a 
SiO2 matrix. Homogenization was performed in a H2/Ar 
atmosphere to obtain the final product of NiCu MNPs in 
a SiO2 matrix. NiCu MNPs were extracted from the SiO2 
matrix using an etching solution (mixture of NaOH/hydra-
zine hydrate) under stirring for 24 h in an Ar atmosphere 
[23, 26].

When we compare the results of TEM analysis (JEOL 
2010F, Japan) of NPs produced by the sol–gel method 
shown in Figure 13 with the particles produced with other 
two methods – mechanical milling and microemulsion 
technique – we can conclude that this method is conveni-
ent because it produces particles with a narrow particle 
size distribution and enables a better control of the Tc. 
Silica prevented agglomeration of MNPs during thermal 
treatment, although their magnetic and calorimetric prop-
erties were negatively affected. Figure 13 shows typical 
TEM images (measured by JEOL 2010F, Japan) of MNPs 
embedded in silica matrix.

3.3  �Fatty acids as surface functionalization

Wen et al. [39] synthesized NiCu MNPs and coated them 
with oleic acid during a microemulsion synthesis. TEM 
analysis (JEO JEM-1200EX, Japan) showed uniform non-
agglomerated particles with an average size of 4–7  nm. 

The presence of oleic acid (Sinopharm Chemical Reagent 
Co. Ltd., China) on MNP surface was confirmed using 
TGA (NETZSCH STA409PC, USA), where a weight loss 
from 572.2 to 651.9 K corresponded to the evaporation and 
decomposition of oleic acid. The magnetic properties indi-
cated that the as-prepared amorphous alloy MNPs had 
unique soft magnetic properties [39].

4  �Biomedical applications 
of magnetic NiCu MNPs

4.1  �Development of a ferromagnetic material 
with adaptable Curie temperature

Among all materials applicable for magnetic hyper-
thermia in cancer treatment, iron oxides are the most 
attractive materials because of their high magnetization, 
biocompatibility, simple synthesis, and relatively high 
dissipation but with the disadvantage that they possess 
a relative high Curie point and might overheat the body 
tissue around the targeted location. The generated heat 
can be controlled using ferromagnetic NPs with adaptable 
Tc that can be set to the therapeutic range (42–46°C), as 
for instance in La-manganates La1−xSrxMnO3, Gd-doped 
iron oxides [54, 55], and Ni1−xCux [22, 23, 26]. In the latter 
case, the Tc of the final product can be simply controlled 
through variation of the chemical composition of such 
materials. This strategy regarding the overheating of the 
surrounding tissue is very effective since the NPs are auto-
regulating; i.e. when the Tc is achieved, there will be no 
heat generated. On the other hand, these NPs must be pro-
tected with a biocompatible coating on the bases of silica 
or noble metals.

Figure 14: Possible biomedical applications of NiCu MNPs as part 
of dental materials. Upper right: MNPs can be used as part of pros-
thetic dental materials, where they can enable advanced mechanical 
functions or also serve for therapeutic means (targeted delivery). 
Bottom right: Many different MNP (Ni, Cu, Ag, etc.) based materials 
have also antimicrobial properties.



I. Ban et al.: NiCu magnetic nanoparticles for biomedical applications      203

The NiCu MNPs are relatively new sustainable nano-
materials appropriate for biomedical applications. As 
already mentioned above, the interest in their use for 
biomedical applications is steadily increasing (Figure 2). 
As the NiCu MNPs can be used for a wide range of bio-
medical applications, recent findings suggest that these 
are among the most promising materials especially 
for multimodal cancer therapies (e.g. combination of 
MH and controlled drug delivery) [6, 56], as interstitial 
implants [35, 36], and as part of dental materials [10, 57] 
(Figure 14).

4.2  �State of the art in the field of research to 
NiCu MNPs

Because of the growing interest in NiCu-based materials 
for biomedical applications, the following paragraphs 
summarize their applicability in biomedicine focusing 
specifically on their properties that render them suitable 
for such use.

MH is a type of cancer treatment that uses biocom-
patible MNPs with a controlled Tc (42–46°C) in order to 
destroy cancerous cells with minimal damage to healthy 
surrounding tissues and cells [6]. Researchers found that 
the NiCu MNPs exhibit a tunable Tc in the desired tem-
perature range (equal to the mentioned therapeutic tem-
perature between 42°C and 46°C) and are therefore ideal 
candidates for use in magnetic hyperthermia [22, 24, 25, 
33, 34].

Bettge et al. [34] used a simple process that combined 
melting and ball milling of bulk materials to prepare NiCu 
alloy particles in the submicron range for possible self-
controlled magnetic hyperthermia treatment. The fine ball 
milled powder had an effective particle diameter of 436 nm 
with a half-width distribution of 218 nm and showed the 
desired range of Tc (46–47°C) for self-regulating magnetic 
hyperthermia. TEM analysis (JEOL 2010, Japan) showed 
that some particles were spherical and some exhibited a 
flake-like geometry [34].

Chatterjee et  al. [33] synthesized PEG-coated NiCu 
NPs using the polyol reduction method. The uncoated NPs 
exhibited a Tc of ~77°C, while the PEG-coated NPs showed 
a Tc of ~46°C that is within the desired range. The satura-
tion magnetization of NPs was 6–8 emu/g for the encapsu-
lated NPs. Both mentioned results confirmed the potential 
of these NPs for use in MH treatment of cancer [33].

Kuznetsov et al. [24] synthesized NiCu alloy MNPs by 
using several techniques. The best results were obtained 
by using coprecipitation of Cu and Ni salts by Na2CO3 at 
room temperature, followed by reduction in hydrogen 
at 300–1000°C. Different grinding and separation tech-
niques were used to obtain more uniform particles in size 
and composition, hence exhibiting a more controllable Tc 
for use in local magnetic hyperthermia. The resulting NPs 
were tested on an animal tumor model (rat liver), in which 
the possible application of NiCu alloy MNPs as mediators 
for magnetic fluid hyperthermia was demonstrated [24].

Ban et  al. [22] prepared NiCu alloy particles in the 
nanometer range by mechanical milling intended for use 
in magnetic hyperthermia. They optimized milling con-
ditions, and the result was a nanocrystalline Ni72.5Cu27.5 
alloy with a crystallite size of around 10 nm and a suit-
able Tc (45°C) for magnetic hyperthermia. The hysteresis 
loops of the ball-milled alloy powders showed no rema-
nent magnetization, which is characteristic for super-
paramagnetic NPs.

Moreover, the Ni72.5Cu27.5 sample showed a significant 
heating effect, indicating that these NiCu alloys might 
be interesting candidate materials for self-regulating 
magnetic hyperthermia applications [22]. The magnetic 
heating effects of the solid powdered samples of Cu27.5Ni72.5 
with a Tc of 45°C, which is in a medically appropriate range, 
were measured. The measurements were conducted in a 
conventionally built system that generates an AMF with 
a nominal field strength of 2 kA/m and a maximum fre-
quency of 104 kHz. The temperature rise of the calorim-
eter field with the powdered sample for different magnetic 
fields is shown in Figure 15 [22].

Stergar et al. [40] synthesized magnetic NixCu1−x NPs 
using water-in-oil (w/o) microemulsions. TEM analysis 

Figure 15: Time dependence of the self-heating temperature on the 
magnetic field at 104 kHz and the different intensity of the magnetic 
field for Cu27.5Ni72.5. 1-H = 3830 A/m, 2-H = 3130 A/m, and 3-H = 2408 
A/m, respectively. Reproduced with permission from Elsevier: 
Journal of Magnetism and Magnetic Materials [22].
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(JEOL 2010F, Japan) showed partially agglomerated NPs 
with an average size of ~30 nm. The Tc of the as-prepared 
samples was close to that of pure Ni, indicating a core-
shell structure. An additional homogenization step was 
performed (in a reducing atmosphere in tube furnace 
at 900°C) to reach a homogenous distribution of Ni and 
Cu, forming a solid solution with a Tc in accordance with 
the nominal composition. A silica coating was prepared 
to avoid NP agglomeration, which did not affect the Tc 
(~65°C) [40]. Further optimizations had to be required to 
shift the Tc to the desired therapeutic range.

Ferk et  al. [26] synthesized NiCu alloy MNPs with a 
narrow size distribution by reducing a Ni and Cu-oxide 
mixture in a silica matrix, obtained with the sol–gel 
method. The final product was Ni1−xCux MNPs in a SiO2 
matrix. The matrix was removed using etching with 
NaOH/hydrazine hydrate. Only spherical NPs of Ni67.5Cu32.5 
with a narrow size distribution remained. The result-
ing NPs Tc (65°C) was determined using a modified TGA/ 
SDTA method. Ferk et al. [26] were the first who reported 
the synthesis of superparamagnetic NiCu alloy particles 
with a narrow particle size distribution and a controlled  
Tc for use in MH [26].

Amrollahi et  al. [25] evaluated the cytotoxicity and 
magnetic characteristics of Ni0.5Cu0.5 NPs synthesized by 
mechanical milling. With XRD analysis (Philips PW-1730 

diffractometer, Belgium), they proved that single-phase 
Ni0.5Cu0.5 NPs have been synthesized after ball milling 
(30  h) and heat treatment (1  h, 500°C). TEM analysis 
(Philips CM 300, Belgium) showed a narrow particle size 
distribution with an average size ~20  nm, although the 
particles were predominantly agglomerated. The Tc of 
the single-phase Ni0.5Cu0.5 was 44°C. Biocompatibility was 
proven through proliferation testing using hMSCs. Their 
research and results showed that single-phase Ni0.5Cu0.5 
could be a possible candidate for magnetic hyperthermia 
[25].

Paulus et al. [35] investigated ferromagnetic materials 
with a low Tc for use as interstitial implants for fraction-
ated hyperthermia treatment of prostatic disease. For this 
purpose, they used NiCu (Ni/28 wt.% Cu) and palladium-
cobalt (Pd/6.15 wt.% Co) alloy samples. They melted both 
alloys in a carbon arc furnace, and in the next step, they 
used a recrystallization heat treatment at 1000°C. They 
spot-welded annealed NiCu and PdCo samples to Cu wire 
connections and sealed the junction with a water-resist-
ant epoxy adhesive. The remaining surface of the thermal 
seeds was polished with 1-μm diamond paste to minimize 
surface contamination. They found that the rates of corro-
sion estimated by the long-term immersion tests of both 
alloys were considerably lower than the initial corrosion 
rates. This difference was explained through formation of 
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Figure 16: Potential use of NiCu MNPs as an efficient material for a bimodal cancer therapy (simultaneously enabling magnetic hyperther-
mia and providing the possibility to target and position them as the desired target site). Reproduced with permission from Springer: Journal 
of Sol-Gel Science and Technology [58].
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passivation layers. They established that the PdCo alloy 
exhibited better resistance to corrosion than NiCu, as 
implied by the lower corrosion potential and faster time 
to stabilize in solution. Paulus et al. [35] determined that 
the PdCo alloy exhibited excellent corrosion resistance 
in vitro, an improvement over the previously studied NiCu 
alloy. The investigated alloys had potential as a long-term 
implant material for interstitial hyperthermia treatment.

Argueta-Figueroa et al. [57] investigated the antibacte-
rial activity of Cu, Ni, and bimetallic NiCu MNPs for poten-
tial use in dentistry. They prepared bimetallic NiCu MNPs 
by chemical reduction with NaBH4. The antibacterial 
activity was evaluated on the standard human pathogenic 
Staphylococcus aureus (gram-negative) and Escherichia 
coli (gram-positive), as well as using the dental pathogen 
Streptococcus mutans. In the case of bimetallic NiCu NPs, 
the XRD analysis (Bruker D8 Advance, Germany) showed 
three different crystal structures: NiCu, Ni oxide, and Cu 
(I) oxide. They found that the experimental parameters 
played an important role in the MNP synthesis. The pH 
was very important to obtain stoichiometric nanoalloy 
MNPs, determined by the redox potential of each metal. 
The obtained MNPs were smaller than 25  nm with a 
low polydispersity. Cu NPs showed a bactericidal effect 
against S. aureus, E. coli, and S. mutans, while Ni NPs and 
bimetallic NiCu NPs exhibited only a bacteriostatic effect 
on the same microorganisms. Argueta-Figueroa et al. [57] 
concluded that the evaluated MNPs have promising prop-
erties for applications in dentistry.

Recently, Stergar et al. [58] demonstrated a concept to 
design a novel innovative drug delivery system based on 
Ni67.5Cu32.5 in a silica matrix that can deliver a model fluo-
rescent drug (RHO6G, Sigma-Aldrich, Germany) to various 
human cells (human fibroblast cell line, HeLa, Caco-2, 
all obtained from ATCC, UK). Considering the already 
proven suitable magnetization of such a composition, the 
authors rightly claim that such a material can provide a 
dual therapy of cancer. Namely, the prepared materials 
can induce MH and at the same time act as an efficient 
delivery system for drugs to the cell interior [58]. Figure 16 
shows a schematic depiction of their achievement.

5  �Conclusions
In this review, we described different available methods 
for the preparation of NiCu NPs, their resulting properties, 
and the already developed methods for their functionali-
zation. The use of magnetic NiCu NPs in biomedical appli-
cations is of high interest by different research groups, 

whereas ours is at the forefront of this research. Expan-
sion of the available subdisciplines of research is inevi-
table. For example, we are already studying the possible 
incorporation of NiCu MNPs into wound dressings or 
similar materials to be used either as topical or transder-
mal formulation in skin cancer treatment. Magnetic NiCu 
NPs also possess a high potential to be used as part of 
multimodal cancer therapies, if they are functionalized 
and used as magnetically guided carriers for effective 
antitumor drugs. Such combined treatments have a great 
future in modern cancer therapies.�
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