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Abstract 

A series of amorphous mixed-metal hydroxides nanospheres with a homogeneous 

distribution of metals in compositions including binary Fe-Co, Fe-Ni and Co-Ni 

hydroxides and ternary Ni-Co-Fe hydroxides have been, for the first time, prepared 

via a simple, facile and green electrochemical technique. The morphology, structure 

and element distribution of the as-prepared amorphous nanophases were characterized 

in detail. The magnetic measurements showed that all the as-prepared amorphous 

nanophases exhibit similar magnetic behaviors for their clear magnetic hysteresis 

loops and well saturated magnetization, and the amorphous Fe-Co hydroxide 

nanospheres have the highest saturation magnetization (160.7 emu g
-1

) at room 

temperature among four amorphous nanophases. These findings pave a way to 

applications of amorphous metal hydroxides nanomaterials as magnetic materials. 

 

*Corresponding authors: stsygw@mail.sysu.edu.cn, 
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1. Introduction 

Transitional metal oxides and hydroxides nanomaterials have attracted 

considerable attention due to their wide applications in many fields [1-4]. The 

chemical and physical properties of nanomaterials not only depend on their size, 

morphology and phase structure but also are influenced by their composition. The 

single-component metal oxides and hydroxides with various nanostructures have been 

widely studied due to their excellent magnetic, electric, electrochemical and optical 

properties [5-7]. Recent efforts have been focus on the development of transitional 

oxides and hydroxides nanomaterials with more complex metal compositions for their 

novel properties beyond each individual component [8-12]. Among the numerous 

transition metals, cobalt- and nickel- based hydroxides with more complex metal 

compositions have been extensively studied for their large scale applications as 

supercapacitor electrodes [13-16], water oxidation catalysts [17] and so on. However, 

much few attentions have been focus on investigation of the amorphous transitional 

mixed-metal hydroxides nanomaterials and their magnetic properties. In fact, the 

amorphous metal hydroxide nanomaterials are usually great potential as magnetic 

materials due to the unique magnetic behaviors [18].  

For this issue, herein, we report that a series of amorphous binary mixed-metal 

(Ni-Co, Ni-Fe and Fe-Co) hydroxides and ternary mixed-metal (Ni-Co-Fe) 

hydroxides nanospheres with a homogeneous distribution of metals are prepared by a 

simple, facile, environmentally friendly and low-cost electrochemical method in an 

ambient environment. The magnetic performance of the as-prepared amorphous phase 
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products with multiple-components are fully characterized. Interestingly, our 

measurements show that the amorphous Fe-Co hydroxide nanospheres exhibit the 

highest saturation magnetization among these four amorphous phases. Note that, the 

values of saturation and residual magnetization increase with the Fe content 

increasing, while the value of coercivity is negatively correlated with Fe content. 

 

2. Experimental 

The amorphous transitional mixed-metal hydroxides are prepared by an 

idiographic electrochemical method and the setup is shown in Fig. 1. The detailed 

description of this technique has been reported in our previous works [18-19]. In this 

case of amorphous mixed-metal hydroxides, the samples are cathodically deposited 

onto a graphite substrate with a size of 2.0 × 1.0 cm
2
 under a constant potential mode. 

The deposition bath contains two parallel graphite sheets as work electrodes, the 

high-purity de-ionized water (18.2 MΩ cm) as electrolyte, and an alloy target as metal 

resource at the center of the bath floor. The experiments are conducted at room 

temperature. In detail, the Fe-Co-Ni hydroxides can be prepared by this method with 

the ternary Fe-Co-Ni alloy target (molar ratio of Fe/Co/Ni is 1:1:1) at the center of the 

bath floor under a constant potential of 90 V. The binary Fe-Co, Fe-Ni and Co-Ni 

hydroxides can be prepared with the binary alloy target, Fe-Co alloy (molar ratio 

Fe/Co is 1:1), Fe-Ni alloy (molar ratio Fe/Ni is 1:1) and Co-Ni alloy (molar ratio 

Co/Ni is 1:1), respectively. The experiments are carried out under a constant potential 

mode with a constant potential voltage of 90 V. 
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Scanning electron microscopy (SEM, JSM-7600F), transmission electron 

microscopy (TEM, FEI Tecnsi G2 F30) and X-ray diffraction (XRD) pattern are 

employed to identify the structure, morphology and microstructure of the as-prepared 

samples. The chemical composition and distribution of the products are collected by 

the energy-filter TEM mapping. X-ray photoelectron spectroscopy (XPS, ESCA 

Lab250) is employed to probe the surface chemical binding energies of the 

as-prepared samples. Raman spectra are collected on an argon-ion laser micro-Raman 

spectrometer (Renishaw inVia) with an incident wavelength of 785 nm. The mass of 

the as-prepared samples are evaluated by a XP2U Ultra-microbalance (d = 0.1 µg). 

The gravimetric nickel, cobalt and iron are measured by using the inductively coupled 

plasma (ICP, iCAP 6500). 

Magnetization measurements are carried out on a Magnetic Property 

Measurement System (MPMS XL-7) from Quantum Design. The hysteresis loops are 

measured at low temperature (2 and 20 K) and room temperature (300 K) in an 

external magnetic fields ranging from -15 to 15 KOe. Zero-field-cooled (ZFC) and 

field-cooled (FC) magnetization curves (M(T) from 2 to 300 K) of amorphous 

mixed-metal hydroxides under an external magnetic field of 100 Oe are obtained. 

 

3. Results and Discussion 

The size and morphology of the products are analyzed by SEM (Fig. 2) and TEM 

(Fig. 3-4). Typical SEM images of the as-prepared Fe-Co-Ni (Fig. 2a-b), Fe-Co (Fig. 

2c-d), Co-Ni (Fig. 2e-f) and Fe-Ni hydroxides (Fig. 2g-h) show that the as-prepared 
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samples are composed of many well-defined nanospheres with roughness surfaces. 

The average diameter of these nanospheres is about 200 nm. Typical TEM images, 

the corresponding selected-area electron-diffraction (SAED) pattern and the 

corresponding element mapping images of the Co-Ni samples are shown in Fig. 3a1-a5. 

Clearly, a broad and diffused halo ring is observed in the SAED pattern (Fig. 3a2), 

which indicating a amorphous phase. The element mapping images (Fig. 3a3-a5) 

suggest that the distribution of elements O, Co and Ni is homogeneous, which 

indicating a homogeneous distribution of metals in the amorphous. The same analysis 

is taken for the Fe-Co (Fig. 3b1-b5), Fe-Ni (Fig. 3c1-c5) and Fe-Co-Ni samples (Fig. 4). 

Therefore, these results show that the as-prepared products are the amorphous phase 

and have a homogeneous structure. From the ICP analysis, it is found that the molar 

ratio of Co/Ni, Co/Fe, Ni/Fe and Ni/Co/Fe atoms in the as-prepared samples can be 

estimated to be 1:1, 3:2, 7:3 and 4:4:3, respectively. 

XPS is a reliable method to study the chemical states of bonded elements on the 

material surface by measuring the binding energy. XPS spectra of the amorphous 

products are shown in Fig. 5-6. In detail, the O 1s spectra of all the products as shown 

in Fig. 5 (a3, b3, c3) and Fig. 6d present a main peak centered at a binding energy of 

531.1-531.4 eV, which indicates that the oxygen is in the form of bound hydroxide 

groups (OH
-
) suggesting the formation of M-OH (M = Co, Ni, Fe) [20-22]. For all the 

O 1s spectra, a second higher binding energy peak at 532.5-532.9 eV appears, which 

can be assigned to contributions of adsorbed water [20]. Fig. 5 (a1, b1) and Fig. 6b 

show the Co 2p3/2 spectra of different samples with a main binding energy peak 
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centered at 781.5, 780.9 and 780.8 eV, respectively. These peaks can be attributed to 

Co
2+

 in mixed-metal hydroxides [16, 20, 24]. Furthermore, the broad peak in Fig. 5b1 

is fitted by containing a weak peak at 777.6 eV resulting from cobalt element. The 

main peaks centered at 856.0, 855.8 and 855.7 eV with a shakeup satellite peak at 

861.9 eV in the Ni 2p3/2 spectra as shown in Fig. 5(a2, c1) and Fig. 6a are related to 

Ni
2+

 formation in mixed-metal hydroxides [22-24]. A major binding energy peak at 

712.2 eV (Fig. 5c2 and Fig. 6c) and 711.3 eV (Fig. 5b2) in the Fe 2p3/2 spectra 

indicates that iron is in the form of Fe
3+

 in the samples [20, 24]. Thus, XPS studies 

confirm the formation of mixed-metal hydroxides including binary mixtures Fe-Co, 

Fe-Ni and Co-Ni and ternary mixture Ni-Co-Fe hydroxides. 

The formation of mixed-metal hydroxides is further confirmed by the Raman 

spectroscopy as shown in Fig. 7. In detail, the spectrum of the Co-Ni hydroxide (Fig. 

7a) shows the bands at 189, 253, 304, 470, 533 and 660 cm
-1

. The bands at 304, 470 

and 533 cm
-1

 are indicative of Ni(OH)2 phase [25] and the bands at 189, 253, 470, 533 

and 660 cm
-1

 are indicative of Co(OH)2 phase [26]. The band at 533 cm
-1

, broadened 

and strongest, can be assigned to vibrations of the Ni−O/Co−O symmetric stretching 

(Ag) mode [25-28]. The peak located at 470 cm
-1

 corresponds to an Ni−OH/Co−OH 

symmetric (A1g(T) ) mode. The peak at 304 cm
-1

 can be due to Eg(T) mode for Ni(OH)2. 

The band at 189 and 253 are indicative Eg symmetry and 660 cm
-1

 is A1g symmetry 

for a cobalt hydroxide phase. Fig. 7b presents the bands at 191, 478, 518, 612 and 680 

cm
-1

, which represent of a Fe-Co hydroxide. Three peaks of 191, 478 and 680 cm
-1

, 

which dominate the spectrum, reflect Eg symmetry, Fe−OH/Co−OH symmetric 
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(A1g(T) ) mode and Fe-O/Co−O symmetric stretching (Ag) mode, respectively [25-28]. 

The Raman bands located at 244, 533 and 648 cm
-1

 (Fig. 7c) can correspond to a 

Fe-Ni hydroxide phase. Ten peaks at 166, 202, 254, 308, 376,431,550, 631, 700 and 

785 cm
-1

 shown in Fig. 7d are assigned to a Fe-Co-Ni hydroxide phase. Figure 7e 

shows the XRD patterns of all the amorphous products with no peaks being present 

apart from the graphite substrate’s peaks.  

Based on these results above, we can conclude that the amorphous mixed-metal 

hydroxides are prepared in our studies. The unique technique has the following 

advantages. Firstly, this method is simply and easily to operated since amorphous 

phases can be prepared only in one step. Secondly, this technique is green and no 

pollution to the environment. The highly pure de-ionized water as the electrolyte 

provides a chemically clean reaction environment without any chemical additives, 

which not only ensures clean surface of productions, but also ensure no chemical 

pollution to the environment. Thirdly, the composition of amorphous phases is 

controllable for the composition of mixed-metal hydroxides by controlling the alloy 

target component. Finally, the amorphous products can be deposited on different 

substrates directly which make the products have a sufficient contact with the 

substrate. 

Temperature dependent magnetization M(T) curves at an applied magnetic field 

(H) of 100 Oe are measured for all amorphous as-prepared samples under ZFC and 

FC conditions (from 2 to 300 K) and the field dependent magnetization M(H) curves 

are measured at three different temperatures 2, 20 and 300 K. ZFC and FC curves of 
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the amorphous Co-Ni hydroxides are shown in Fig. 8a. Clearly, we can see that, 

below 300 K, the MZFC value is always smaller than the MFC value and no bifurcation 

point appears between the ZFC and FC curves, which indicating the blocking 

temperature is above the 300 K. The FC magnetization of the sample continuously 

decreases with the temperature increasing, which can be assigned to the weak 

interaction or non-interaction between nanospheres [29]. 

Fig. 8b shows the field-dependent curves of the amorphous Co-Ni hydroxides 

measured at 2, 20 and 300 K. The field-dependent magnetization curves show a 

nonlinear evolution of the fraction with a saturation value (MS) of 16.6 (300 K), 22.7 

(20 K) and 27.2 emu g
-1

 (2 K) at 15 kOe. Clearly, all the curves perform small 

hysteresis loop with narrow square shape indicating ferromagnetic behavior below 

300 K. Moreover, the hysteresis loop is presented with a coercive field around 83.9, 

149.9 and 191.8 Oe at 300, 20 and 2 K, respectively. The residual magnetization (Mr) 

at 2, 20 and 20 K is about 8.5, 6.1 and 3.8 emu g
-1

, respectively. Thus, these values 

are much lower than that of Co-Ni alloy [30]. The higher value of magnetization and 

hysteresis loop area at lower temperature evidently suggest that, at lower temperature, 

ferromagnetic ordering is much prominent than that of at room temperature. 

Fig. 8c-d present the M(T) and M(H) curves of the amorphous Fe-Co hydroxides. 

Clearly, the ZFC magnetization of the sample continuously increases with the 

temperature increasing. We can see that there also no bifurcation point appears 

between the ZFC and FC curves below 300 K, which indicating the blocking 

temperature of the amorphous Fe-Co hydroxides is above the 300 K as well as Co-Ni 
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hydroxides. The value of saturation magnetization at different temperature is 160.7 

(300K), 169.4 (20 K) and 171 emu g
-1

 (2 K), respectively. The value of coercivity (Hc) 

is 42.3 Oe at 300 K, 51.6 Oe at 20 K and 56.3 Oe at 2 K, respectively. The hysteresis 

loop at different temperatures has little change, and these hysteresis loops at 2 and 20 

K overlap especially. The saturation magnetization of our products obtained has much 

higher values than that of those of Co–Fe layered double hydroxide obtained [31]. 

Fig. 8e-f show the M(T) and M(H) curves of the amorphous Fe-Ni hydroxides 

samples. The ZFC curve presents one narrow peak at 11.9 K, which is usually 

corresponded to the mean blocking temperature (TB). It can be seen that amorphous 

Fe-Ni hydroxides exhibit clear magnetic hysteresis loops, and the values of 

magnetization at different temperatures are well saturated. The values of Hc and Mr 

are given in Fig. 8f. These Ms and Mr values are lower than that of the Fe-Ni alloy in 

previous report [32]. 

Temperature-dependent curves (from 2-300 K) and field-dependent curves (at 2, 

20 and 300K) of the amorphous Fe-Co-Ni hydroxides are show in Fig. 8g-h, 

respectively. There no bifurcation point appearance between the ZFC and FC curves. 

The blocking temperature can reach to 55 K. Note that, below 300 K, a series of 

narrow square shape hysteresis loops are presented in Fig. 8h. The values of Hc and 

Mr are shown in Fig. 8h. All above results suggest that the amorphous Fe-Co-Ni 

hydroxides possess ferromagnetic behaviors below room temperature. In addition, 

since the magnetic hysteresis loops of ferrimagnets have the similar shape with that of 

ferromagnets, the prepared products in our case are also likely to ferrimagnetic. 
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Furthermore, the high temperature dependent magnetization M(T) curve at an 

applied magnetic field (H) of 1000 Oe is measured for the amorphous Co-Ni 

hydroxides as shown in Figure 9. The magnetization of the sample decreases slowly 

with the temperature increasing, and no Curie point emerges. 

It can be concluded from above the analysis that all the samples exhibit similar 

magnetic behaviors for their clear magnetic hysteresis loops and well saturated 

magnetization. The values of MS and Mr increase with the Fe content increasing, but 

the value of Hc negatively correlated with Fe content. The high magnetizations (MS 

and Mr ) can be attributed to the uncompensated surface spins are frozen in the 

direction of the magnetic field at low temperatures (below TB) [33]. 

The values of Hc obtained by our products are small indicating a low magnetic 

loss. Magnetic thin films have been widely used in many high frequency devices, 

such as micro-inductors, magnetic sensors and so on [34, 35]. Furthermore, magnetic 

nanoparticles can be used to enhance the sensitivity and the stability of biosensors and 

sensors for the detection of some analyses in environmental and food applications 

[36]. In addition, the hydroxides can be used as precursors to ferrite spinels, most 

widely used magnetic materials [31]. Additionally, recent research has demonstrated 

that mixed-metal hydroxide compounds such as Co-Ni hydroxides, have advantages 

over single composition ones as the positive electrode materials of supercapacitors 

due to mixed-metal compounds greatly promoting the integrated electrochemical 

performance [37, 38]. 

Now we turn to the position to discuss the formation of amorphous phases upon 

Page 10 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

our electrochemistry. We take the amorphous Co-Ni hydroxide formation as an 

example to address the basic physics and chemistry involved in the preparations of the 

amorphous mixed metal hydroxides. A relevant mechanism is as shown in Fig. 1. 

Simply, two processes can be divided as follows. (i) When the Co-Ni alloy target is 

immersed in pure de-ionized water (18.2 MΩ cm), it can be polarized and releases a 

small quantity of metal ion (Ni
2+

 and Co
2+

) and e
-
, adhered on the surface of alloy 

target. (ii) Under the influence of an extra electric field, Ni
2+

 and Co
2+

 move toward to 

the cathode. Due to nickel more active than hydrogen, H
+
 gets e

-
 more easily than 

Ni
2+

 / Co
2+

. Meanwhile, bubbles are observed on the surface of cathode conformed 

above conjecture. Finally, Ni
2+

 and Co
2+

 react with OH
-
 then form into Co-Ni 

hydroxide deposited on the cathode surface. The electrochemical reactions take place 

on the cathode as follows 

Ni
2+

+ Co
2+

+4OH
-
 → Ni-Co(OH)4                 (1) 

2H
+
 + 2e

-
 → H2                         (2) 

At the same time, H
+
 moves toward to the surface of the Co-Ni alloy target

 
and OH

-
 

moves toward to the anode under the influence of an extra electric field. In the same 

way, bubbles are also observed on the surface of anode. The electrochemical reactions 

take place on the anode as follows 

4OH
-
 - 4e

-
 → O2 + 2H2O                     (3) 

In addition, other transition metal hydroxides or oxides can be fabricated by this 

method. For example, manganese hydroxide or oxide can be prepared by change the 

target to manganese target [39, 40].  
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4. Conclusion 

In summary, the amorphous transitional mixed-metal hydroxides nanospheres 

with a homogeneous distribution of metals have been prepared via a simple, green and 

low-cost electrochemical route. The as-prepared amorphous phases exhibited similar 

magnetic behaviors for their clear magnetic hysteresis loops and well saturated 

magnetization. The amorphous Fe-Co hydroxide nanospheres have the highest 

saturation magnetization (160.7 emu g
-1

 at room temperature) among these 

amorphous phases. The values of MS and Mr increase with the Fe content increasing, 

but the value of Hc negatively correlated with Fe content in our case. These 

investigations pave a way to applications of amorphous mixed-metal hydroxide 

nanomaterials as magnetic materials. 
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Figure Captions 

 

Figure 1. A schematic illustration of the electrochemistry setup. 

 

Figure 2.  SEM images of the amorphous mixed-metal hydroxides deposited on a 

graphite sheet. (a-b) Fe-Co-Ni hydroxide, (c-d) Co-Ni hydroxide, (e-f) Fe-Co 

hydroxide and (g- h) Fe-Ni hydroxide. 

 

Figure 3. TEM images of the amorphous mixed-metal hydroxides, the corresponding 

SAED pattern and the corresponding element mappings. (a1-a5) Co-Ni hydroxide, 

(b1-b5) Fe-Co hydroxide and (c1-c5) Fe-Ni hydroxide. 

 

Figure 4. (a) TEM image of the amorphous Ni-Co-Fe hydroxides with the inset of the 

corresponding SAED pattern. (b, c, d and e) element mappings of O, Co, Ni and Fe, 

respectively. 

 

Figure 5. XPS spectra of (a1-a3) Co-Ni hydroxide, (b1-b3) Fe-Co hydroxide and (c1-c3) 

Fe-Ni hydroxide. 

 

Figure 6. XPS spectra of Fe-Co-Ni hydroxide: (a) Ni 2p, (b) Co 2p, (c) Fe 2p and (d) 

O 1s. 
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Figure 7. Raman patterns of (a) Co-Ni hydroxide, (b) Fe-Co hydroxide, (c) Fe-Ni 

hydroxide and (d) Fe-Co-Ni hydroxide. (e) XRD patterns of the amorphous products 

deposited on the graphite. 

 

Figure 8. Magnetization measurement, temperature dependent magnetization M(T) 

curves and the corresponding hysteresis loops at different temperatures. (a- b) Co-Ni 

hydroxide, (c- d) Fe-Co hydroxide, (e-f) Fe-Ni hydroxide and (g-h) Fe-Co-Ni 

hydroxide. 

 

Figure 9. High temperature dependent magnetization M(T) curve of the amorphous 

Co-Ni hydroxide. 
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Figure 1 
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Figure 2 
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Figure 3  
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Figure 4 
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Figure 5 
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Figure 6 

 

 

 

 

706 708 710 712 714 716 718 720

Fe-Co- Ni Hydroxide Fe2p

 

 

In
te
n
s
it
y
 (
a
.u
.)

Binding Energy (eV)

712.2 eV

850 855 860 865

855.7 eV
857.2 eV

Fe-Co- Ni Hydroxide Ni2p

 

 

In
te
n
s
it
y
 (
a
.u
.)

Binding Energy (eV)

861.9 eV

528 530 532 534

Fe-Co- Ni Hydroxide O1s

 

 

In
te
n
s
it
y
 (
a
.u
.)

Binding Energy (eV)

531.1 eV

532.4 eV

776 780 784 788 792

786.5 eV782.8 eV

Fe-Co- Ni Hydroxide Co2p

 

 

In
te
n
s
it
y
 (
a
.u
.)

Binding Energy (eV)

780.9 eV

a b 

c d 

Page 26 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



27 

 

Figure 7 
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Figure 8 
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Figure 9 
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