
Chinese Chemical Letters 35 (2024) 109449

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Controlled synthesis and excellent magnetism of ferrimagnetic

NiFe2Se4 nanostructures

Juanjuan Wanga,b,c, Fang Wanga,c,∗, Bin Qina,c, Yue Wua,c, Huan Yanga,c, Xiaolong Lia,c,
Lanfang Wanga,c, Xiufang Qina,c, Xiaohong Xua,c,∗

a Key Laboratory of Magnetic Molecules and Magnetic Information Materials of Ministry of Education & School of Chemistry and Materials Science of

Shanxi Normal University, Taiyuan 030032, China
bDepartment of Chemistry & Chemical Engineering, Lyuliang University, Lishi 033001, China
c Collaborative Innovation Center for Advanced Permanent Magnetic Materials and Technology of Ministry of Education & Research Institute of Materials

Science of Shanxi Normal University, Taiyuan 030032, China

a r t i c l e i n f o

Article history:

Received 25 October 2023

Revised 23 November 2023

Accepted 20 December 2023

Available online 23 December 2023

Keywords:

Transition metal selenides

Hard magnetic materials

NiFe2Se4
Ferrimagnetic

Solution-process

a b s t r a c t

3d transition metal chalcogenides have attracted much attention due to their unique magnetic properties.

Although various Cr, V, and Fe-based chalcogenides have been fabricated recently, the limited Curie tem-

perature (TC) still hinders their practical application. Based on the structural and magnetic advantages of

MFe2O4 and Fe3Se4, we developed a one-pot solution synthesis method for the fabrication of NiFe2Se4
nanostructures with structural continuity, to facilitate the investigation of their magnetic properties. No-

tably, the morphology of NiFe2Se4 can be controlled from nano-rods to nano-platelets by controlling the

growth direction. The coercivity (HC) of NiFe2Se4 with nano-cactus structure exhibits a maximum of 12.77

kOe at 5K. The coercivity of ferrimagnetic NiFe2Se4 nano-platelets can be further adjusted to 1.52 kOe

at room temperature. These results show that the magnetic properties of NiFe2Se4 can be significantly

modified by controlling their morphologies. We also extend the method to the synthesis of CoFe2Se4
nano-cactus with an ultrahigh coercivity of 17.85 kOe at 5K. Obviously, the synthesis strategy and their

excellent magnetic properties of MFe2Se4 have sparked interest in ternary transition metal selenides as

potential hard magnetic materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition metal oxides/chalcogenides are regarded as one of

the most promising candidates for next-generation magnetic nano-

materials because of the strong spin-orbit coupling [1–3]. These

novel materials open the door to exploring new applications such

as magnetic sensing and information storage [4–6]. For the de-

velopment of practical applications, the Curie temperature (TC) of

nano-magnets must be above room temperature. Fe-based mag-

netic nanomaterials inspired significant research attention because

of their higher TC than room temperature [7–9], such as Fe-based

oxides and selenides [10–12]. Two well-known magnetic com-

pounds Fe3O4 and Fe3Se4 have monoclinic phases with an approx-

imate composition. Both of them are ferrimagnetic, and their hys-

teresis curve indicates that the magnetic properties of Fe3Se4 (co-

ercivity reaching 40 kOe at 10K and 4 kOe at room temperature)

are significantly better than that of Fe3O4 (coercivity is 274Oe at

10K, and negligible at room temperature) [13,14]. Another impor-

∗ Corresponding authors.

E-mail addresses: wangfanghc@sxnu.edu.cn (F. Wang), xuxh@sxnu.edu.cn (X.

Xu).

tant class of complex oxides MFe2O4 (M: transition metal) with the

cubic spinel structure, where some Fe atoms in Fe3O4 are substi-

tuted by the transition metal atoms, exhibit a decrease in struc-

tural symmetry due to the introduction of dissimilar metal atoms.

As a result, they typically demonstrate high magnetic ordered tem-

perature and large net magnetization [15,16]. Due to the versa-

tility of M (M= Fe, Mn, Co, Ni), MFe2O4 has been chosen as the

most frequent nanomagnetic system and has shown great potential

applications, such as information storage, electronic devices, and

medical diagnostics [17–20]. Similarly, when the heavier Se atom

replaces the O atom, another interesting spinel compound MFe2Se4
is given [21,22]. In theory, the stoichiometric MFe2Se4 are ferri-

magnetic and associated with the low symmetry NiAs-type crys-

tal lattice. In the unit cell of MFe2Se4, the metal atoms occupy

the octahedral holes within a hexagonally close-packed Se lat-

tice, and there are alternating stacks of metal-deficient and metal-

full layers along the c-direction [23]. The metal vacancy exhibits

weak internal bonding in the {101} plane system, which plays a

vital role in determining the structure and magnetic properties.

While the practical applications in catalysis, ceramics, and energy
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storage have been extensively reported [24–26], specific discus-

sions on the magnetic properties are notably absent. Therefore, the

densely packed solid state form of nanostructures MFe2Se4 ma-

terials, which exhibit strong spin-orbit interaction, hold promise

as potential candidates for high-performance electromagnetic and

spintronic devices in the future.

Driven by the unique structural properties of MFe2Se4 and their

promising applications in magnetic devices, it is very necessary to

explore their new physical properties. However, the ternary tran-

sition metal chalcogenides (TMCs) suffer from poor synthesizing,

and it is always accompanied by the existence of some binary im-

purities, which limits their further exploration. In order to explore

the various ternary transition metal chalcogenides, it is highly de-

sirable to find a simple and general synthesis method. The liq-

uid phase synthesis method has been widely used to obtain TMCs

with tunable morphologies and properties [27–33]. Therefore, we

put forward a high-temperature organic-solution phase method for

preparing MFe2Se4 nanostructures.

Here, we synthesized ternary NiFe2Se4 and CoFe2Se4 using

a simple one-pot solution-phase method. High-quality NiFe2Se4
nanostructures with tunable morphologies and magnetic proper-

ties were obtained by heating a precursor mixture in a coordi-

nating organic solvent. The shapes of NiFe2Se4 nanostructures can

be regulated from nano-rods, nano-cactus to nano-platelets. The

growth direction has shifted from longitudinal growth along the

〈010〉 direction, with nano-rods averaging 110nm in length, to the

formation of nano-platelets with a uniform size of 40nm. These

nanostructures exhibit hard magnetic properties, and the magnetic

properties of NiFe2Se4 can be further tuned to room temperature

for the nano-platelets with an average size of 40nm. CoFe2Se4
nano-cactus with ultrahigh coercivity (HC) of 17.85 kOe at 5K was

also synthesized by this method. Our approach offers a novel sys-

tem for exploring the hard magnetic properties of more binary-

transition metals chalcogenides.

All chemicals and solvents were of analytical grade purity and

were used for synthesis without any further purification. Iron(III)

2,4-pentanedionate [Fe(acac)3, 97%] and selenium powder [Se, 200

mesh, 99.5%] were purchased from Alfa Aesar. Nickel acetylaceto-

nate [Ni(acac)2, 96%] and cobalt(II) acetylacetonate [Co(acac)2, 98%]

were supplied by J&K Scientific. Oleylamine (OLA, 80%–90%) and

Oleic acid (OA, >85%) were obtained from Aladdin and TCI, respec-

tively. The Hexane (98%) and ethanol (99.7%) were purchased from

Tianjin Fengchuan Chemical Reagent Co., Ltd., and Tianjin Beichen

District Fangzheng Reagent Factory, respectively.

A series of MFe2Se4 (M: Ni, Co) nanostructures were synthe-

sized by a simple one-pot high-temperature organic-solution phase

method. During this typical synthesis, first, stoichiometric metal

source and Se were mixed in solvent OLA and ligand OA in the

100mL round-bottomed four-necked flask equipped with a ther-

mometer. Then, the unit was heated to 120 °C slowly and kept for

30min to remove dissolved oxygen and low boiling solvent under

the inert gas flow. Finally, at a ramping rate of 2 °C/min, the solu-

Table 1

Detailed reaction conditions for different samples.

Condition Sample A Sample B Sample C CoFe2Se4

Solvent (OLA, mL) 16 15 15 15

Ligand (OA, mL) 0 1 1 1

Reaction temperature (°C) 320 320 360 320

Reaction source Fe(acac)3
Ni(acac)2
Se

Fe(acac)3
Ni(acac)2
Se

Fe(acac)3
Ni(acac)2
Se

Fe(acac)3
Co(acac)2
Se

tion temperature was raised to a specific temperature, and the re-

action mixture was maintained for 60min at this temperature for

the reaction. After that, the solution was naturally cooled to room

temperature by removing the heating source. The NiFe2Se4 and

CoFe2Se4 nanostructures were repeatedly precipitated and washed

by adding 20mL of hexane and 10mL of ethanol alternately and re-

centrifuging at 8000 rpm for 6min. The samples of NiFe2Se4 with

different reaction conditions were labeled as Sample A, Sample B,

and Sample C, respectively. The specific synthesis morphology and

corresponding reaction conditions are shown in Table 1.

The phase structures were identified using powder X-ray

diffraction (XRD), and the measurements were performed on

a Bruker D8 Advance diffractometer with a Cu Kα radiation

source (λ=0.154nm). The morphologies and high-resolution TEM

(HRTEM) images were analyzed using a transmission electron mi-

croscope (TEM). Comprehensive morphologies and elemental map-

ping of the samples were achieved through SEM, equipped with

an energy-dispersive X-ray spectroscope (EDS). The magnetic mea-

surements, including the magnetic hysteresis loops (M-H) and

temperature-dependent magnetization curves (M-T), were mea-

sured using a physical property measurement system (PPMS, QD

Dyna Cool) with a field of up to 50 kOe. The elemental composi-

tions and chemical valence states were characterized by an X-ray

photoelectron spectrometer (XPS, Thermo ESCALAB 250XI).

XRD analysis was carried out to characterize the crystal struc-

ture of ternary NiFe2Se4 nanomaterials. As shown in Fig. 1a, the

diffraction peaks of the NiFe2Se4 nanostructures are in agreement

with the standard NiFe2Se4 phase (JCPDS card No. 01–089–1968),

which has a monoclinic structure with a space group of I2/m(12)

and lattice parameters of a=6.15 Å, b=3.54 Å, and c=10.92 Å.

These main peaks located at 33.24°, 33.62°, 44.01°, 44.47°, and

51.49° can accurately correspond to (1̄12), (202), (1̄14), (105), and

(310), respectively. Moreover, no impurity peaks were observed in

the figure. This indicates that the NiFe2Se4 prepared by this simple

one-step method proposed is a pure phase and highly crystalline.

The enlarged XRD pattern of the NiFe2Se4 structure shows a slight

shift for the peaks of (1̄12) and (202) planes (Fig. 1b), which

is attributed to the variations in lattice constants resulting from

different reaction conditions during sample production. These

variations are related to the relative positions of different metals

and metal vacancies within the MFe2Se4 lattice, which can be in-

Fig. 1. (a) XRD patterns of samples with different synthesis conditions. (b) The magnified NiFe2Se4 nanostructures (1̄12) and (202) peak.
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Fig. 2. Typical TEM and HRTEM images of NiFe2Se4 nanostructures, the inset is the corresponding SEM and FFT result. (a, b) nano-rods, (c, d) nano-cactus with rod-like

features growing on the surface, (e, f) nano-platelets. (g-k) The SEM elemental mapping and EDS of Fe, Ni, and Se for nano-platelets.

fluenced by the actual synthesis process. The displacement of the

(202) plane is particularly noticeable, which can be attributed to

the weak binding of the {101} plane family. Moreover, the lattice

distortion cannot induce phase transition. Therefore, it seems that

within our experimental conditions, the lattice structure cannot

be significantly altered. Sample C obtained by the reaction at

360 °C has a relatively lower diffraction angle θ , while Sample

A has a relatively higher diffraction angle θ . According to the

Bragg formula, indicating that Sample C has the largest interplanar

spacing d, corresponding Sample A has the smallest d value. The

high quality NiFe2Se4 pure phase can be obtained by a one-pot

organic high-temperature liquid-phase method. The difference in

these structures is related to the reaction conditions involved in

the nucleation and growth processes during the synthesis.

To further analyze the microstructure and morphologies

of samples synthesized under different conditions, TEM, SEM,

HRTEM, and fast Fourier transforms (FFT) analysis were per-

formed. The TEM and SEM study of the NiFe2Se4 nanostructures

under different conditions shows the variety of microstructure for

all the samples (Fig. 2). Using Fe(acac)3 as the Fe source, Ni(acac)2
as the Ni source, OLA as the solvent, and the mixture reacts at

320 °C, we can obtain nano-rods (Sample A) structures with an

average length of about 110nm (Fig. 2a). The HRTEM image of

the nano-rods show that the lattice fringes with d-spacing of

0.263nm correspond to the (202) plane of NiFe2Se4 (Fig. 2b). This

result indicates that the facet of {101} is the exposed face of the

nano-rods, and the nano-rods tend to grow along the 〈010〉 axis,

which is consistent with the structural characteristics of NiFe2Se4.

The inset FFT pattern of the single-crystalline nano-rods further

demonstrates the great crystallinity along the long b-axis.

While maintaining the remaining conditions, by adding a strong

coordination surfactant OA, an interesting nano-cactus (Sample B)

morphology can be obtained. The nano-cactus structure exhibits

a large number of spikes growing on the upper surface, facing

completely outwards, similar to cacti (Fig. 2c). The HRTEM anal-

ysis revealed lattice fringes with a d-spacing of 0.263nm for the

(202) plane, indicating the formation of smaller nano-rod struc-

tures due to the favorable growth along the b-axis (Fig. 2d). Dur-

ing the reaction process, OA promotes the growth of nanostruc-

tures, but the limited diffusion speed of Fe atoms results in in-

complete coordination in the {010} plane. As a result, these nano-

rods tend to aggregate into a three-dimensional nano-cactus struc-

ture to reduce their surface energy. The FFT of the inner inset in

Fig. 2d further confirms the pure phase of the NiFe2Se4 nanos-

tructures monoclinic system. Furthermore, as the reaction tem-

perature increased to 360 °C during the process, the indepen-

dent nano-platelets (Sample C) with sizes of approximately 40nm

were formed (Fig. 2e). The HRTEM image (Fig. 2f) shows the d-

spacing of 0.270nm and 0.548nm, corresponding to the (1̄12) and

(002) planes of NiFe2Se4, respectively. This is because OA promoted

growth along the lateral direction. Simultaneously, the adsorption

of OA suppresses the growth of nanostructures along the b-axis.

As the temperature increases, Fe fully diffuses and the Fe atoms

on the {101} planes become fully coordinated, resulting in a de-

crease in the surface energy of the nanostructure. This decrease

in surface energy prevents the aggregation of the nanostructures

into 3D structures and is beneficial to the formation of indepen-

dent 2D nano-platelets. As a result, the final morphology of the

nanostructures is determined by precise control of the initial nu-

cleation stage, as well as by surfactants, reaction time, and temper-

ature during later growth stages. The composition analysis reveals

a uniform distribution of Fe, Ni, and Se elements within a single

hexagonal nanosheet (Figs. 2g–j). To confirm the compositions of

the sample nano-platelets, we used EDS spectra to determine the

average compositions of Fe, Ni, and Se, which were found to be

28.69 at%, 14.46 at%, and 56.86 at%, respectively (Fig. 2k). This sug-

gests an elemental composition ratio of Ni:Fe:Se close to 1:2:4. The

synthesis process has a unique feature in that different coordinat-

ing ligands, such as OA, can be used to control growth rates in the

lateral or vertical direction, and different reaction precursors can

be used to control nucleation rates, resulting in a variety of mor-

phologies.
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Fig. 3. The magnetic properties of samples. (a) The M-H curve under the 5K. (b) The corresponding HC and MS values of the various samples at 5K. (c) The M-T curve and

(d) the M-H curve of nano-platelets, under the 300K.

The magnetic properties of NiFe2Se4 nanostructures were in-

vestigated by PPMS, and the M-H curves are displayed in Fig. 3a.

All of the NiFe2Se4 nanostructures exhibit hard magnetic proper-

ties at the low temperature of 5K. For nano-rods, the M-H shows

hard magnetic behavior with an HC of 11.29 kOe, and an MS of 4.09

emu/g at an external field of 50 kOe. According to KU ≈ HC·MS (KU

is the magnetocrystalline anisotropy constant), the KU of nano-rods

is estimated to be 4.6×105 erg/cm3. The large magnetocrystalline

anisotropy originates from the monoclinic structure of NiFe2Se4
with lower lattice symmetry. In contrast, nano-cactus and nano-

platelets show higher HC values of 12.77 kOe, and 11.33 kOe, cor-

responding to MS of 3.53 emu/g and 5.17 emu/g at 5K, respectively

(Figs. 3a and b). The magnetic differences in samples are a result

of variations in d-spacing and cell volume. The d-spacing increases

for different samples, leading to a significant decrease in inter-

planar antiferromagnetic interactions and magnetic enhancement

[7].

To further study the magnetic properties of different samples at

different temperatures, an M-T curve was carried out. Fig. 3c shows

that the TC values of NiFe2Se4 nanostructures vary among different

samples. The TC of these samples exhibits a significant enhance-

ment. In particular, the hard magnetic properties of nano-platelets

with larger d-spacing can be extended to room temperature

300K. We identify the underlying mechanism of ferrimagnetism

in our systems, namely the dominant in-plane ferromagnetic

exchange interactions against the inter-plane antiferromagnetic

exchange interactions. With increasing d-spacing from nano-rods

to nano-platelets, the interplanar antiferromagnetic exchange (the

interaction between antiferromagnetic spins on adjacent planes)

decreases significantly (approximately proportional to 1/d5), while

the in-plane ferromagnetic exchange interaction remains relatively

constant [34]. This difference in exchange interactions enhances

the energy difference between antiferromagnetic and ferromag-

netic states (AFM-FM). According to the Heisenberg model, the

exchange interaction parameter leads to a ferromagnetic enhance-

ment, resulting in an increasing in TC [35]. Fig. 3d illustrates the

magnetic properties of nano-platelets at 300K, the M-H exhibits

hard magnetic behavior with an HC of 1.52 kOe. This example

demonstrates that the magnetic properties of NiFe2Se4 can be

significantly modified by controlling the structures of the material,

which is closely related to the interaction between magnetic ions

of the corresponding nanostructures.

Fig. 4. (a) XPS survey spectra of NiFe2Se4 sample (nano-platelets). High-resolution

spectra of (b) Fe 2p, (c) Ni 2p, (d) Se 3d.

XPS was utilized to analyze the elemental composition and

chemical states of the NiFe2Se4 nano-platelets. The low-resolution

XPS survey confirms the presence of Fe, Ni, Se, O, and C sig-

nals in the NiFe2Se4 (Fig. 4a). The O peaks observed can be at-

tributed to the adsorption of air on the sample surfaces. The high-

resolution Fe 2p spectra of the NiFe2Se4 nanostructure show the

presence of spin-orbit doublet characteristics (Fig. 4b). The char-

acteristic peaks with binding energies at 707.02 eV (2p3/2) and

719.82 eV (2p1/2) can be attributed to Fe2+, whereas the peaks at

711.03 eV (2p3/2) and 724.28 eV (2p1/2) correspond to the higher

oxidation state, Fe3+. The Ni 2p fine spectrum displays the peaks

corresponding to the 2p3/2 and 2p1/2 orbitals (Fig. 4c), which can

be best fitted the two spin-orbit doublets of Ni2+ (2p3/2 ≈853.08

and 2p1/2 ≈870.23 eV), Ni3+ (2p3/2 ≈854.85 and 2p1/2 ≈872.69 eV)

as well as two shake-up satellites. Interestingly, the Se 3d high-

resolution spectra shown in Fig. 4d are best fitted with two promi-

nent peaks of Se 3d5/2 and Se 3d3/2 located around 53.28 and

54.18 eV, respectively. Additionally, a peak of Se-O is observed at

4
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Fig. 5. (a) XRD patterns, (b) M-H curve under the 5K, (c) M-T curve, (d-f) TEM and HRTEM of CoFe2Se4.

57.62 eV. This result satisfies the valence balance of NiFe2Se4 sys-

tem and is consistent with previous studies [36,25].

Building upon the previously discussed synthetic concepts, we

further synthesized the CoFe2Se4 ternary nanostructure. Fig. 5a il-

lustrates the crystal structure of the sample, with all peaks align-

ing well with the CoFe2Se4 phase (JCPDS No. 89–1967). TEM anal-

ysis reveals that CoFe2Se4 exhibits a nano-cacti structure with

uniform dispersion and an average size of approximately 100nm

(Fig. 5d). The HRTEM images (Figs. 5e and f) display d-spacing val-

ues of 0.270nm and 0.265nm, which correspond to the (1̄12) and

(202) planes of CoFe2Se4, respectively. These results confirm that

CoFe2Se4 pure-phase nanostructures have been successfully syn-

thesized. Magnetic analysis reveals that CoFe2Se4 exhibits a high

coercivity (HC) of 17.85 kOe at 5K, a value comparable to that of

CoFe2O4 nanoparticles (20 kOe at 10K) [19]. Notably, its coercivity

significantly surpasses that of the recently popular material Cr2Te3,

which only reaches a maximum Hc of 9.6 kOe at the same low

temperature of 5K [37]. Therefore, CoFe2Se4 is a promising can-

didate for a hard magnetic material at low temperature (Fig. 5b).

Fig. 5c reveals a significant difference in TC at 150K compared to

NiFe2Se4 with the same morphology, which can be attributed to

the distinct local magnetic moments of Ni and Co.

In summary, NiFe2Se4 nanostructures exhibiting abundant

morphology were synthesized through a facile one-pot high-

temperature organic-solution-phase method. The magnetic prop-

erties of NiFe2Se4 nanostructures can be easily tuned by alter-

ing their morphologies due to their difference in d-spacing. The

synthesized NiFe2Se4 nano-platelets demonstrate an impressive HC

value, reaching up to 11.33 kOe at 5K and 1.52 kOe at room tem-

perature. Another significant compound CoFe2Se4 nanostructures

with ultrahigh coercivity (HC =17.85 kOe at 5K) have also been

synthesized by a similar method. Our research could potentially

advance the study of ternary transition metal selenides hard mag-

netic materials.
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