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Abstract: In response to the limitations of conventional chemical synthesis methods for the structural modulation of
nanomaterials, an innovative high magnetic field-assisted wet chemical synthesis method was proposed to prepare
NiFe,04/Fe;03 heterostructures. It is found that the high-energy physical field could induce a more homogeneous
morphology of NiFe;04/Fe;03, accompanied by phase transformation from Fe;Oj3 to NiFe,O4. As a result, the optimized
structure obtained under the magnetic field endows NiFe,O4/Fe;O; with enhanced performance for the lithium-ion
battery anode, as evidenced by an increase of 16% (1200 mA-h/g) in discharge capacity and 24% in ultra-stable cycling
performance (capacity retention of 97.1%). These results highlight the feasibility of high magnetic fields in modulating
material structure and enhancing lithium storage performance.
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Nevertheless, it is also restricted by large volume

1 Introduction

Lithium-ion batteries (LIBs) have developed
into a key foundation for the new energy industry
and an essential technology for achieving the goal
of “carbon peaking and carbon neutrality” [1-3].
To satisfy the demand for the next-generation high-
specific-capacity LIBs in electric vehicles and
acrospace, Fe,Os is considered an ideal anode
candidate material due to its high theoretical
capacity (1007 mA-h/g), low cost, substantial
abundance, and rich redox chemistry [4].

expansion and low electronic conductivity [5]. One
of the effective approaches to improve electronic
conductivity is constructing heterogeneous structures
by utilizing metal oxides with different energy
bands [6—8].

Metal-organic frameworks (MOFs), which are
characterized by large specific surface area,
adjustable composition, high porosity, and easy
functional modification, have become hot precursors
for constructing porous and heterogeneous
structures in recent years [9,10]. The morphology
and the structure of MOFs can greatly affect their
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electrochemical performance as LIB anodes [11].
Conventional chemical synthesis methods are
uncontrollable as they largely depend on
environmental factors, such as temperature,
humidity, and pH [12,13]. Therefore, it is
challenging to adopt an effective way to regulate
the synthesis process of MOFs.

High magnetic field (HMF), as an emerging
technology, can transfer high-intensity energy
contactless to atomic or molecular scales [14,15].
Great efforts have shown that HMF can influence
the growth process of materials by magnetizing
forces (Lorentz force), magnetization energy
(Seeman energy), and magnetic dipole interactions
[16—18]. For example, WANG et al [16] modulated
the loading of Pt in the Ni,P/NF catalyst through
the magnetohydrodynamic (MHD) effect caused by
magnetizing forces. DING et al [17] regulated the
crystal phase of MoS; and obtained pure-phase
1T-MoS; under the influence of magnetic free
energy. Thus, it is feasible to modulate the
morphology and structure of materials by magnetic
fields.

Herein, we developed an advanced magnetic
field-assisted wet chemical synthesis strategy to
prepare FeNi-based MOF (FeNi-MIL) and then
obtained NiFe,O4/Fe,0s heterostructures (NFO/FO)
via pyrolysis. In this study, the role and action
mechanism of HMF in the nucleation and growth
process of materials were explored, taking the
microscopic morphology and physical phase
structure as the main entry points. Furthermore, the
influence of this magnetic field on the LIB anode
performance was also investigated. This work is of
guiding significance in external field modulation on
the structure and lithium storage properties of

nanomaterials.
(a) : _ (b)
Resistive i Autoclave
heater e Super-
<~ conducting
magnet
Thermocouple
Transmission~----~-f-»ﬂ-~ :”’| |

Cooling water

2 Experimental

2.1 Preparation of materials

FeNi-MIL was synthesized by an adapted
solvothermal method as previously reported [19].
Typically, 27 mg FeCls;-6H,0, 42 mg Ni(NO3), 6H>0,
and 16.6 mg 1,4-dicarboxybenzene (1,4-BDC) were
dissolved in 12 mL N,N-dimethylformamide (DMF),
and magnetically stirred for 1h at room
temperature until they were well mixed. Then, the
mixed solution was transferred to a sealed Teflon-
lined autoclave and held at 150 °C for 3h in a
thermostat oven. The products obtained in the
conventional environment and at a HMF of 6 T
were named FeNi-MIL-0 and FeNi-MIL-6,
respectively. The HMF-assisted wet chemical
synthesis device used therein was developed
independently by the Key Laboratory of Electro-
magnetic Processing of Materials (Ministry of
Education), Northestern University, China, and the
schematic diagram is demonstrated in Fig. 1. The
device was composed of a superconducting magnet,
a heating system, and a wet chemical reaction
system. The magnetic field distribution in the
autoclave when magnetic field strength reached 6 T
is shown in Fig. 1(c). The maximum difference in
the magnetic field strength was about 0.05 T, less
than 1% of magnetic field strength. Therefore, it
can be assumed that the whole chemical synthesis
system was formulated in a uniform magnetic field.
In addition, Fe-MIL-6 was prepared by the same
method without Ni(NOs3),-6H,O at a magnetic field
strength of 6 T as the control group. Eventually,
NFO/FO-0, NFO/FO-6, and FO-6 were obtained by
the pyrolysis of FeNi-MIL-0, FeNi-MIL-6, and
Fe-MIL-6 in air at 600 °C for 4 h with a heating
rate of 3 °C/min, respectively.
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Fig. 1 Schematic diagram (a) and actual photo (b) of electrochemical reaction equipment with HMF, and magnetic field

distribution in autoclave (c) (B is magnetic field strength)
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2.2 Characterization

The microstructures were characterized by
scanning electron microscopy (SEM, SU8010) at
5kV. X-ray diffraction (XRD) patterns were
acquired with a Rigaku Ultima IV diffractometer to
reveal the phase structure. The Fourier transform-
infrared (FT-IR) spectra were collected from the
FTIR—8400s spectrometer. The specific surface area
and pore distribution were calculated using the
Brunauer—Emmett—Teller (BET) method on the
Tristar 3000. X-ray photoelectron spectroscopy
(XPS) measurement was conducted using a Thermo
Scientific K-Alpha instrument with Al K, radiation
to analyze the chemical composition.

2.3 Electrochemical measurement

The electrochemical
performed on the Land battery measurement system
and electrochemical workstation (VSP, Bio-Logic).
The working electrode was prepared by means of
conventional methods, in which the ink containing
an active material, acetylene black and poly-
vinylidene fluoride (mass ratio of 8:1:1) was
uniformly mixed through N-methyl-2-pyrrolidone
and coated on copper foil as the anode of LIBs. The
coin cell (CR2025) was assembled in high-purity
Ar gas without water and oxygen. The cyclic
voltammogram (CV) curves were acquired through
an electrochemical workstation in a scan range of
0.01-3 mV/s. The charge—discharge curves, cycle
stability, and rate performance were evaluated by
galvanostatic charge—discharge tests on the Land

measurement  was

measurement system.

3 Results and discussion

3.1 Effect of HMF

FeNi-MIL was synthesized using a simple
solvothermal method with or without applying a
HMF. As shown in Figs. 2(ai, a2), FeNi-MIL-0
without applying HMF exhibits a large number of
irregular particles as well as a few rod-like
structures. In contrast, FeNi-MIL-6 and Fe-MIL-6
obtained in the presence of HMF exhibit a regular
spindle structure, with the former being more
uniform in shape and size (Figs. 2(bi, by, c1, ¢2)).

The morphological transformation of FeNi-
MIL was elucidated by the effect of magnetic field
on the solute distribution in solution as well as the
nucleation and growth rate of the crystals. FeNi-
MIL primary crystals formed without HMF fall into
the bottom layer with gravity in the reaction process,
with the wupper solute gradually consumed.
Subsequently, the ongoing nucleation and growth
result in the continuous growth of underlying
crystals into rod-like structures, while the crystals
formed in the later stages exhibit irregular
nanoparticles. Under the action of HMF, the MHD
effect produces a continuous perturbation to the
solution because the charged particles are subjected
to the Lorentz force. Consequently, the gravitational
effect is attenuated, and FeNi-MIL primary crystals
are dispersed in the solution, thus facilitating their
uniform growth. Furthermore, the Seeman energy
caused by the HMF increases the nucleation rate
while reducing the growth rate, which is also an

Fig. 2 SEM images of FeNi-MIL-0 (ay, a), FeNi-MIL-6 (bi, b,), and Fe-MIL-6 (ci, ¢»)
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important factor for the uniform growth of
FeNi-MIL-6 [20].

FT-IR spectrum measurement was performed
to reveal the functional groups and chemical bonds
of the synthesized material. As shown in Fig. 3, the
broad peak at 3000—3500 cm™! corresponds to the
O—H stretching vibration of water molecules
adsorbed from air [21]. The peaks at 1662, 1598,
and 1383 cm™! are ascribed to the stretching
vibration of O—C=0 as well as asymmetric and
symmetric vibrations of the dicarboxylate linker [22].
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FeNi-MIL-0 oo Co
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Fig.3 FT-IR spectra of Fe-MIL-6, FeNi-MIL-0, and
FeNi-MIL-6

Besides, the peak of C—H bending vibration
appears at 752 cm!, belonging to the aromatic ring
in the terephthalic acid linker [23]. There is a
visible peak of the Fe—O stretching vibration at
548 cm™!, indicating the coupling between iron
ions and the carboxylic group of terephthalate
linkers [24]. All the above results indicate
the successful synthesis of FeNi-MIL. More
importantly, all the absorption peaks of FeNi-MIL-6
and FeNi-MIL-0 can be well matched, indicating
that the HMF only acts on the morphology of
FeNi-MIL, rather than on its crystal structure.

3.2 Structural characteristics

The NFO/FO-0, NFO/FO-6, and FO-6 were
prepared by the pyrolysis of FeNi-MIL-0,
FeNi-MIL-6, and Fe-MIL-6 in air, respectively. In
terms of NFO/FO-0, small irregular particles
migrate and reunify into large agglomerates in the
pyrolysis process (Fig. 4(a)), which buries internal
active sites and harms the insertion and detachment
of lithium ions. However, for NFO/FO-6 and FO-6,
the spindles obtained in the presence of HMF
evolve into a homogeneous and regular porous
“shuttle” structure in the pyrolysis process, as
shown in Figs. 4(b) and (c). The abundant pores are

Fig. 4 SEM images of NFO/FO-0 (a), NFO/FO-6 (b) and FO-6 (c), TEM images (d, ¢), HRTEM image (f), and

corresponding EDX mappings (g) of NFO/FO-6
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potentially attributed to CO; produced by carbon
species in the organic framework reacting with O,
in air at high temperatures. TEM images verify the
formation of porous structures in the NFO/FO-6
(Figs. 4(d) and (e)). Besides, lattice stripes with
different spacings are observed in the high-
resolution TEM image (Fig. 4(f)). Among them,
lattice stripes with a spacing of 0.251 nm are
attributed to the (311) crystal plane of NiFe,O4. In
comparison, the lattice stripes with spacings of
0.270 and 0.368 nm are assigned to the (104) and
(012) crystal planes of Fe,Os, respectively. The
difference in the energy band structure of NiFe;O4
and Fe;O; leads to the formation of the built-in
electric field at the heterogeneous interface, which
reduces the impedance and promotes -electron
transfer, thus enhancing the performance of
LIBs [25,26]. In addition, energy dispersive X-ray
spectroscopy (EDX) mapping images demonstrate
the homogeneous distribution of Fe, Ni, O, and C
elements throughout the NFO/FO-6 material,
implying the generation of Ni and Fe-based oxides,
while residual C element is caused by the
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incomplete pyrolysis of the organic framework in
air (Fig. 4(g)).

The physical phase structures were revealed by
XRD. As shown in Fig. 5(a), all materials show
similar characteristic peaks and can be well-
matched to the previously reported MIL-53 [21],
further demonstrating the structural stability of the
MIL crystal in the magnetic field. However, there
are significant differences in the phase structures
after pyrolysis (Fig. 5(b)). The Fe,Os phase
dominates in NFO/FO-0, and weak diffraction
peaks of NiFe,O4 indicate its extremely small
amount, while NiFe;Os and Fe;O; coexist in
NFO/FO-6 with NiFe;O4 playing a dominant role.
The above results illustrate that HMF increases Ni
content in FeNi-MIL precursors, which may be
ascribed to the homogeneous distribution of solutes
caused by the MHD effect. Undoubtedly, only
the Fe,O; phase is detected in FO-6. The specific
surface area and porosity, as important parameters
affecting Li" storage and migration rate, were
evaluated through the BET measure. Figure 5(c)
displays a type I'V isotherm with a distinct hysteresis
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Fig. 5 XRD patterns of different precursors before (a) and after (b) pyrolysis, nitrogen adsorption and desorption

isotherms (c), and pore size distribution (d) of NFO/FO-6
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loop, typical of mesoporous materials, and the BET
surface area is 63.26 m*/g. Meanwhile, the pore
distribution curve shows that pore diameter is in the
range of 2—20 nm, which also suggests the presence
of abundant mesopores in NFO/FO-6 (Fig. 5(d)).
The considerable specific surface area and
extensive pores not only provide released space for
volume expansion but also promote the diffusion
and transport of Li* ions.

The elemental valence and chemical
composition of NFO/FO-0 and NFO/FO-6 were
characterized and analyzed by XPS measurement.
As seen from the XPS survey spectrum (Fig. 6(a)),
Fe, Ni, O, and C elements are detected in NFO/FO-0
and NFO/FO-6, and the elemental contents are
demonstrated in Fig. 6(b) and Table 1. It is obvious
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Fig. 6 XPS survey spectra (a) and element contents (b) of
NFO/FO-0 and NFO/FO-6

Table 1 Element contents of NFO/FO-6 and NFO/FO-0
obtained from XPS (at.%)

Sample Fe Ni o C
NFO/FO-6 16.13 8.67 4893  26.27
NFO/FO-0 1869 1.78 5670  24.83

that HMF significantly increases Ni content in
NFO/FO, suggesting an increase of the NiFe,O4
spinel phase, which is consistent with the XRD
results.

The high-resolution spectrum of Fe2p
shows that the two peaks at 710.6 and 725.5 eV
correspond to the Fe 2p3» and Fe 2pi, respectively,
and those at 718.6 and 733.1 eV to the corresponding
satellite peaks (Fig. 7(a)). Interestingly, Fe**
(712.2 eV) and Fe** (710.3 €V) coexist in NFO/FO,
with Fe’" predominating. A small amount of
Fe** may be attributed to the interaction of Ni
element [27]. Besides, the two prominent peaks at
855.6 and 873.1 eV in the XPS spectrum of Ni 2p
(Fig. 7(b)) can be attributed to the binding energy of
Ni 2p3;2 and Ni 2pi» with two satellite peaks around
862.3 and 879.7 eV, respectively [28]. It is worth
mentioning that the appearance of partially trivalent
Ni in NFO/FO-6 implies the indubitable electron
transfer between Fe and Ni ions in the spinel
NiFe;O4. Then, the high-resolution spectrum of
O 1s (Fig. 7(c)) can be resolved into two peaks,
respectively corresponding to metal—oxygen bond
(M—O0, 530.1 eV) and adsorbed oxygen species on
the surface (531.6 eV) [29]. Noteworthy, compared
with NFO/FO-0, there is a positive shift of
approximately 0.3 eV toward high binding energy
after imposing HMF, indicating lower electron
densities of O species resulting from the electron-
absorbing effect of Fe and Ni. Besides, as shown
in Fig. 7(d), there are three peaks respectively
belonging to C—C/C=C, C—0, and C=0 at
284.8, 285.4, and 288.7 €V, attributed to the residual
of carbon species in the pyrolysis process of FeNi-
MIL, which enhance the electrical conductivity of
NFO/FO [30].

3.3 Electrochemical performance

Given the transformation in morphology and
phase structure, electrochemical properties were
investigated to reveal the indirect effects of HMF
on LIBs. Initially, the CV curve of NFO/FO-6
shows a slight broad reduction peak at 1.71 V in the
first cathodic sweep (Fig. 8(a)), which is attributed
to the insertion of Li" ions into Fe,Os and results in
the formation of Li,Fe;Os [31]. Then, a distinct
cathodic peak at 0.49 V implies the formation of
solid electrolyte interfacial (SEI) film due to the
interaction of Li* ions with organic electrolytes. The
SEI film has excellent characteristics of electronic
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Fig. 7 High-resolution XPS spectra of NFO/FO-0 and NFO/FO-6: (a) Fe 2p; (b) Ni 2p; (c) O 1s; (d) C 1s

insulation and Li* ion conductivity, effectively
preventing the electrolyte from damaging the
electrode and improving cycle stability [32].
Notably, the irreversible peak disappears, implying
that the irreversible reaction only occurs in the first
cathodic sweep (Reaction (1)). Instead, a reversible
cathodic peak appears at 0.78 V in the subsequent
cycle, attributed to the reduction of Ni**/Ni*" and
Fe¥'/Fe*" to their metallic states (Ni’ and Fe?).
Relatively, the peak at 1.78 V can be ascribed to the
reversible oxidation of metallic Fe® and Ni° to Fe**
and Ni?" (Reactions (2) and (3), respectively) in the
anodic scanning process. The CV curves completely
overlap in the second to the sixth cycles, revealing
excellent electrochemical reversibility, which is
fundamental for long-term cycling stability.

NiFe;O4+8Li"+8e=Ni+2Fe+4Li,0 D
2Fe+3Li,0=Fe,05+6Li*+6e )
Ni+Li;O==NiO+2Li"+2e 3)

In addition, the galvanostatic charge—discharge
curves of NFO/FO-6 at 0.05 A/g show that the
initial discharge and charge capacities are 1200
and 1027 mA-h/g, respectively, with a coulombic
efficiency of 85.6% (Fig. 8(b)). The large
irreversible capacity loss suggests the formation of
SEI membranes, accompanied by irreversible
reactions, which corresponds to the first CV cycle.
Moreover, the discharge plateau at ~1 V and the
charging plateau at ~1.8 V are attributed to the
reduction and reoxidation of Fe** and Ni*',
respectively. The coulomic efficiency is nearly 100%
in subsequent charging—discharging, indicating
good reaction reversibility. Furthermore, the first
charge—discharge curves show an increase of 16%
in charge—discharge capacity under the effect of
HMF (Fig. 8(c)), suggesting that homogeneous
morphology and phase transformation contribute to
enhanced lithium storage performance. Meanwhile,
1.53-times capacity enhancement relative to FO-6
indicates that the built-in electric field between the
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NFO/FO-0 and FO-6

heterogeneous interfaces of NiFe,Os and Fe;Os is
more conducive to accelerating the charge transfer
kinetics of Li" and facilitating the transport of
electrons and ions.

Cycling stability was investigated as an
important parameter for assessing the working life
of LIBs. As shown in Fig. 8(d), the reversible
capacities of NFO/FO-6, NFO/FO-0, and FO-6
respectively maintain at 876, 587, and 275 mA-h/g
after 600 cycles at a current density of 0.1 A/g, with
a capacity retention rate of 97.1%, 78.6%, and
44.2%, respectively. The high capacity retention
can be credited to favorable Li" intercalation and
electrolyte diffusion in active phases of the spinel
NiFe;O4. Interestingly, the capacity decreases
significantly in the first 20 cycles and gradually
rebounds in the subsequent cycling process. This
phenomenon is commonly found in metal oxide
anodes, which is widely recognized as the
generation of polymeric gel-like film caused by
electrolyte degradation and the excess capacities
supplied by pseudo-capacity after long-time
cycles [33,34]. Furthermore, the structural stability
of NFO/FO-6 after cycling was also clarified by

SEM images. As shown in Fig. 9, NFO/FO-6 does
not undergo any significant rupture or smashing,
whose  “shuttle” structure basically remains
unchanged after 20 cycles at a current density of
0.5 A/g. The solid and stable structure ensures the
high capacity retention of NFO/FO-6 during the
long cycle process.

The rate properties of various materials are
shown in Fig. 10(a), which are used to evaluate
the performance of LIBs in different application
scenarios. NFO/FO-6 exhibits the reversible
capacity of 795, 670, 603, 537, and 461 mA-h/g at
the current density of 0.05, 0.2, 0.5, 1, and 2 A/g,
respectively. The capacity of NFO/FO-6 is
consistently higher than that of NFO/FO-0 and
FO-6 at the corresponding current densities.
Importantly, the capacity can be recovered to
753 mA-h/g when the current density decreases to
0.05 A/g, demonstrating the recoverability of the
battery capacity after high power consumption.
Subsequently, the reaction kinetics of different
materials was investigated by electrochemical
impedance spectroscopy (EIS, Fig. 10(b)). Among
them, interfacial charge transfer resistance (R) is
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considered an important parameter for assessing the
electrochemical reaction rate, which is related to the
semicircle of the high-frequency region. Obviously,
the R« of NFO/FO-6 (54 Q) is lower than that of
NFO/FO-0 (69 Q) and FO-6 (110 Q), suggesting
that the built-in electric field between NiFe;O4 and
Fe;O3 heterogeneous interfaces can effectively
facilitate the electron transport. Furthermore, the
straight line in the low-frequency region is related
to the diffusion of Li" ions, and the diffusion
coefficient (D) can be calculated by Egs. (4) and (5).
The D values of NFO/FO-6, NFO/FO-0, and FO-6
can be identified as 1.2x107'4, 2.3x107", and
1.0x107" cm?s, respectively. The high Li* ion
diffusion speed endows NFO/FO-6 with excellent
charge and discharge performance at high current
density.
R’T?

P 24°n*F*C?0? @
(%)

where R is the molar gas constant (8.314 J/(mol-K)),

1 -1/2
Z'=R R +ow

T is the thermodynamic temperature (K), 4 is the
effective area of electrode (cm?), n is the number
of electrons transferred, F is the Faraday constant
(96485 C/mol), C is the Li" ion concentration
(mol/cm?), ¢ is the Warburg factor (Q-cm*/mol), Z’
is the resistance (Q), R. is the solution resistance
(Q), and w is the angular frequency (rad/s).

To gain insight into the kinetic behavior of Li*
ions, CV curves were investigated at different scan
rates. The slight shift of anodic and cathodic peaks
with the scan accelerating is caused by the
resistance and polarization at high scan rates
(Fig. 11(a)). Then, the & (b is the slope of the linear
curve in Fig.11(b)) value is usually used to reveal
the charge storage mechanism, which can be
derived by fitting Eq.(6). b=1 indicates the
surface-controlled pseudo-capacitive process, while
b=0.5 indicates the diffusion-controlled faradaic
behavior [35]. As shown in Fig. 11(b), the b values
of cathodic and anodic peaks are 0.67 and 0.56,
respectively, suggesting that diffusion combined
with capacitive behaviors dedicates the charge
storage of NFO/FO-6. The contribution proportion
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Fig. 11 (a) CV curves at different scan rates; (b) Relationship between peak current and scan rate; (¢) CV curve and
capacitance contribution at 1 mV/s; (d) Contribution rates of capacitance and diffusion at different scan rates

of specific capacitance can be calculated from
Eq. (7). Figure 11(c) shows the CV curve at a scan
rate of 1 mV/s and the corresponding capacitance
contribution (shaded area). The capacitance
contribution is 64.7%, signifying the dominance of
capacitance in the charge storage process at 1 mV/s.
The capacitance contribution decreases to 58.8%,
53.6%, 49.2%, and 44.7% as scan rate is reduced to
0.8, 0.6, 0.4, and 0.2 mV/s, respectively (Fig. 11(d)).
This result demonstrates the conversion of charge
storage mechanism from diffusion-dominated to
capacitance-dominated, which can be attributed to
the restricted Faraday behavior at large scan rates. It
should be noted that the electrochemical reaction
kinetics controlled by diffusive and capacitive
behavior also serves as the reason for high capacity
and excellent rate capability of NFO/FO-6.
Specifically, the diffusion-dominated Faraday
process enhances the utilization of NFO/FO-6,
while the capacitance-dominated electrochemical
reaction accelerates charge transfer Kkinetics,
resulting in a high rate performance [36].

lg I=blg vtlg a (6)
=kivtioy'? (7

where /[ is the current (mA), v is the scan rate
(mV/s), a is the intercept of the linear curve in
Fig. 11(b), ki is the pseudo-capacitance contribution
factor, and % is the diffusion control factor.

4 Conclusions

(1) An advanced magnetic field-assisted
synthesis strategy is proposed to regulate NiFe,O4/
Fe,O3; (NFO/FO) heterogeneous structures.

(2) The MHD effect and the Seeman energy
induce NFO/FO with a more homogeneous
morphology and dominant phase transition from
Fe,05 to NiFe;Os.

(3) The increased spinel NiFe,Os phase and
built-in electric field at heterogeneous interfaces
endow NFO/FO with richer active sites, faster
electron transfer and higher diffusion rate of Li"
ions.
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(4) NFO/FO obtained under HMF exhibits
enhanced lithium storage performance.
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