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ABSTRACT
In the search for effective high-tech materials for energy conversion and storage 
devices, spinel-structured nickel ferrite  (NiFe2O4) has been identified as a prom-
ising anode material for lithium-ion batteries (LIBs). However, the influence of 
different morphologies and surface properties of  NiFe2O4 nanoparticles on bat-
tery performance is hardly addressed. To understand the effect of different mor-
phologies and surface properties on the lithium-ion storage performance,  NiFe2O4 
nanoparticles were synthesized through four different synthesis conditions: NFO-
S, NFO-U, NFO-G, and NFO-C. The formation of polycrystalline inverse spi-
nel  NiFe2O4 was confirmed through XRD, FTIR, and Raman spectroscopy. The 
morphologies of the obtained samples were studied using FESEM, and it was 
found that the four different synthesis conditions employed here enabled us to 
obtain  NiFe2O4 with four different morphologies. The surface chemistry, surface 
area and porosity of the  NiFe2O4 samples were respectively characterized using 
XPS and BET. The electrochemical performance of the four  NiFe2O4 samples as 
anode material was studied by fabricating lithium-ion half-cells.  NiFe2O4 sample 
obtained from surfactant-free synthesis condition (NFO-S) displayed a high initial 
discharge and charge capacity of 2258 mAh/g and 1815 mAh/g, respectively at the 
current density of 100 mA/g. Even after 100 cycles, NFO-S showed a better dis-
charge capacity of 116 mAh/g at the current density of 100 mA/g, compared to the 
other samples studied here. The observed higher capacity of the NFO-S sample is 
attributed to the higher surface area (40.8  m2/g) and pore volume (0.190  cm3/g). 
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The  NiFe2O4 sample prepared with cationic CTAB surfactant (NFO-C) showed 
better cyclic stability with a stable coulombic efficiency of 98.5% at the 100th cycle, 
mainly attributed to its nanocube morphology with lower surface area (16.1  m2/g) 
and pore volume (0.087  cm3/g).

1 Introduction

Environmental issues related to excessive usage of 
non-renewable energy resources have led to ever-
increasing intensive research of alternatives, in par-
ticular during the last decades. Persistently, there is 
a high demand for fast rechargeable and weightless 
batteries with long cyclic life and high energy den-
sity [1, 2]. Currently, high energy density storage 
devices with long cyclic life are required for vari-
ous applications: storage of renewable energy, elec-
tric vehicles, and fast-developing portable electronic 
devices like digital cameras, mobile phones, laptops, 
etc. Lithium-ion batteries (LIBs) are found to be the 
most suitable choice due to their long cyclic life, good 
energy density, wide operating temperature range, 
and low memory effect [3–6].

Graphite is widely used as the anode material in 
commercial LIBs, since it is economical and has a good 
cyclic life. However, the low specific capacity of graph-
ite (372 mAh/g) is a significant limitation [3, 7]. As an 
alternative material for the anode in LIBs, transition 
metal oxides (TMOs) were introduced [7, 8]. Mainly 
three types of lithium-ion storage mechanisms occur 
in the anode of LIBs: intercalation, alloying, and con-
version reaction. TMOs undergo a conversion reaction 
with lithium and this effectively utilizes all possible 
oxidation states of TMOs [8–13]. During discharg-
ing, the transition metal oxide anode gets reduced 
to the transition metal, and during charging, metals 
get re-oxidized to metal oxide, which helps achieve a 
longer cyclic life. Therefore, most of the TMOs have a 
better theoretical capacity than graphite. TMOs have 
crystal structures such as spinel, perovskite, rutile, 
etc., which enhance lithium storage capacity [14, 15]. 
Despite the advantages, TMOs exhibit low electrical 
conductivity and significant volume variation during 
the charge–discharge cycles [16–18].

Among spinel oxides with the formula  AB2O4, ferri-
tes stand out with their lithium cyclability, theoretical 

capacity, non-toxicity, and abundance. Its spinel 
structure can accommodate eight lithium ions [12, 
19, 20]. Spinel oxides, such as  LiMn2O4 are also used 
as cathode materials in LIBs due to their enhanced 
energy densities [21]. The mixed metal oxides can 
have a normal spinel, inverse spinel or mixed spinel 
structure depending on the metal ion radius and its 
oxidation state [17, 22, 23]. Also, the synergistic effect 
from two metals in binary transition metal oxide 
shows enhanced performance.  NiFe2O4 (NFO) has a 
high theoretical capacity of 915 mAh/g and an inverse 
spinel structure, as shown in Fig. 1, where octahedral 
sites are filled with  Ni2+ ions and half of  Fe3+ ions 
and tetrahedral sites with another half of  Fe3+ ions 
[24–27]. Hence, one mole of  NiFe2O4 reacts with 8 
mol of lithium providing a high theoretical capacity 
[4, 28, 29].  NiFe2O4 is a non-toxic compound, while 
nickel and iron are abundant on the earth [30]. How-
ever,  NiFe2O4 has some demerits such as low electrical 
conductivity, large volume expansion and hysteresis 
in voltage during charge–discharge, which should 
be taken into account. Mesoporous nanostructured 
 NiFe2O4 can improve the electrochemical performance 
by providing more active sites for the reaction and 
can also accommodate the volume changes during 
continuous cycling [4, 31, 32]. The conductivity and 
the electrochemical performance can be increased by 
adding carbonaceous materials like carbon nanotubes, 
nanosphere, quantum dots or graphene oxides. The 
conductive carbon materials with high surface area 
and porosity increase the cyclic life, by mitigating the 
volume expansion during cycling [33–47].

The present study stands out from the previous 
studies, majorly focusing on the effect of different 
morphology, surface properties, porosity and sur-
face chemistry on the lithium storage performance of 
 NiFe2O4 nanoparticle samples prepared under four 
different synthesis conditions. This will provide funda-
mental knowledge towards optimizing  NiFe2O4-based 
composite morphologies, solving their intrinsic 
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conductivity issues and achieving efficient LIBs with 
 NiFe2O4 as an anode material for the future. To attain 
a better understanding of how  NiFe2O4 morphologi-
cal changes affect the lithium storage performance, 
and to extract the best out of them, hydrothermally 
synthesized  NiFe2O4 nanomaterials were studied as 
an anode in LIBs. In this work, we developed differ-
ent morphologies of  NiFe2O4 nanoparticles through 
the four different synthesis conditions, as shown in 
Figs. 2 and S1 from Supporting Information. By vary-
ing the additives, reaction temperature, and reaction 
time, different morphologies of  NiFe2O4 nanoparticles 
were developed. Thus, the obtained  NiFe2O4 materials 
exhibited different morphology, surface area, poros-
ity, and surface chemistry, which displayed a signifi-
cant influence on the performance of LIBs. Therefore, 
this study aims to investigate how different particle 
size, morphology, surface area, porosity, and sur-
face chemistry of  NiFe2O4 nanoparticles developed 
through different conditions of hydrothermal syn-
thesis influence their electrochemical properties. The 

synthesis conditions employed here are optimized to 
find the best-performing  NiFe2O4 as anode in LIBs. 
As the four different synthesis conditions are newly 
designed in this work, it produced nickel ferrite nano-
particles with different morphologies which were not 
reported before with similar precursors, precipitants 
and/or surfactants in the domain of hydrothermal syn-
thesis. The newly reported batch-reactor parameters 
of this study can be implemented in the future using 
continuous supercritical synthesis techniques, where 
such advanced protocols pave the way for large-scale 
production of nanomaterials for energy storage appli-
cations [48, 49].

The phase purity and crystalline structure of the 
four as-synthesized  NiFe2O4 nanoparticle samples 
were studied by XRD. Lattice structure and metal ion 
distribution within the inverse spinel cubic sublattice 
were studied using ATR-FTIR and Raman spectros-
copy. The effect of (co)-precipitants and surfactants 
on the particle size and morphology of  NiFe2O4 nan-
oparticle samples was studied by FESEM, and the 

Fig. 1  Inverse spinel 
structure of Nickel ferrite 
 (NiFe2O4) unit cell with 32 
 O2− ions, 8  Ni2+ ions, and 16 
 Fe3+ ions
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corresponding elemental mapping was achieved by 
EDX analysis. The surface chemistry with the distri-
bution of metal ions and their corresponding valance 
states were studied using XPS. The surface properties 
and porosity were studied by the  N2 adsorption–des-
orption technique.

The lithium storage performance of the samples 
was studied by fabricating a half-cell consisting of 
 NiFe2O4 as the working electrode and lithium as the 
counter electrode. Cyclic voltammetry (CV), galvano-
static charge–discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) techniques were used to 
study the electrochemical performance of the samples. 
CV was performed to understand the redox reactions 
occurring during the charge–discharge cycles of the 
lithium-ion cells. CV demonstrated the capacity fading 
and cyclic stability of NFOs. GCD was employed to 
assess the electrochemical performance of the devel-
oped nickel ferrite nanoparticles over continuous 
charge–discharge cycles, whereas EIS was performed 
to understand the resistive and capacitive response 
offered by the components of the electrochemical 
system.

2 �Materials�and�methods

2.1 �Synthesis�of�nanoparticles

Nickel ferrite  (NiFe2O4) nanoparticles were synthe-
sized by a hydrothermal route using different co-pre-
cipitants and/or surfactants, under different tempera-
tures and reaction times. Nickel chloride hexahydrate 
 (NiCl2·6H2O, 98%, Sigma-Aldrich) and anhydrous 
ferric chloride  (FeCl3, 98%, Sigma-Aldrich) were used 
in 1:2 molar ratio, to prepare the precursor solution. 
This solution was brought to pH 10, by dropwise addi-
tion of 1 M sodium hydroxide (NaOH, 97%, SRL) solu-
tion. The resultant 100 mL solution was poured into a 
200 mL Teflon-lined autoclave and kept for hydrother-
mal reaction. The obtained product was centrifuged 
and washed several times with deionized water. The 
washed residue was dried at 80 °C in a hot-air oven 
overnight.

• The  NiFe2O4 nanoparticle sample synthesized at 
180 °C for 12 h was named as NFO-S.

• The  NiFe2O4 nanoparticles synthesized in the pres-
ence of urea (99%, SRL) and polyethylene glycol 
400 (PEG400, Sigma-Aldrich) at 200 °C for 12 h was 
named as NFO-U.

Fig. 2  Schematic representation of four different synthesis conditions for producing  NiFe2O4 nanoparticle samples (NFO-S, NFO-U, 
NFO-G, NFO-C)
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• The  NiFe2O4 nanoparticles synthesized in the pres-
ence of D-glucose (SRL) at 130 °C for 24 h and cal-
cinated at 700 °C for 4 h was named as NFO-G.

• The  NiFe2O4 nanoparticles synthesized in the pres-
ence of cetyltrimethylammonium bromide (CTAB, 
99%, SRL) at 150 °C for 12 h and calcinated at 500 
°C for 4 h was named as NFO-C.

All  NiFe2O4 samples prepared under four different 
synthesis conditions were ground using a mortar and 
a pestle for further studies. Figures 2 and S1 in Sup-
porting Information respectively show the schematic 
diagram and flowchart of the complete synthesis pro-
cess of  NiFe2O4 nanoparticles produced by the four 
different synthesis conditions.

2.2 �Characterization

For all the prepared  NiFe2O4 samples, X-ray Diffrac-
tion (XRD) patterns were recorded using the Bruker D8 
Advance diffractometer (Cu  Kα radiation, λ = 1.54 Å), 
in the range of 10°–80° with a step size of 0.02° 2ϴ. The 
powder samples were deposited on a Si510 zero-back-
ground wafer during measurements, and their cor-
responding XRD data were evaluated using Bruker-
AXS software DiffracSuite.EVA 7.2 and Panalytical 
Highscore. Fourier transform infrared (FTIR) spectra 
were obtained using a Thermo Nicolet iS50-FTIR in 
Attenuated Total Reflectance (ATR) mode with 4  cm−1 
resolution. Raman spectra have been obtained using 
a WiTeC Alpha300R Raman imaging microscope, 
using a 532 nm laser with 0.5 mW laser power to 
avoid damaging the samples with an integration time 
of 8 s and 10 accumulations. The samples for Raman 
measurements were prepared by dissolving sample 
powder in isopropyl alcohol (IPA) and drop cast on 
quartz slides. The morphologies of the as-synthesized 
 NiFe2O4 nanoparticles were characterized using field 
emission scanning electron microscopy (FESEM, JEOL, 
JSM-6500F) at an accelerating voltage of 20 kV and 
a working distance of 10 mm. The FESEM images 
during Energy-Dispersive X-ray spectroscopy (EDX) 
were captured at a 25 mm working distance and 20 kV 
accelerating voltage. The surface chemistry of  NiFe2O4 
nanoparticles was studied using a PHI 5400 XPS 
(X-ray Photoelectron Spectroscopy) (Physical Elec-
tronic Inc.), possessed with an Aluminum (Al)-non-
monochromatic  Kα X-ray radiation (hν = 1486.7 eV). 
This X-ray was provided with a 200 W power set-
ting at 13.5 kV accelerating electron voltage. XPS 

measurements were carried out at  10–9 mbar vacuum, 
the pass energy during the full survey measurement 
was 89.45 eV, and the pass energy at high-resolution 
measurements was 71.55 eV. All the XPS spectra were 
processed using MultiPak v.8.0, provided by Physi-
cal Electronics Inc., enabling us with facile and pre-
cise curve fitting. The Brunauer–Emmett–Teller (BET) 
surface area and Barrett–Joyner–Halenda (BJH) pore 
volume were calculated by the  N2 adsorption method 
using the Micromeritics BET analyzer. The samples 
were degassed at 120 °C overnight and were analyzed 
under the  N2 adsorption–desorption technique.

2.3 �Electrochemical�measurements

For the electrode preparation, the  NiFe2O4 as an 
active material, polyvinylidene fluoride (PVDF) as 
binder, and conductive carbon are taken in an 8:1:1 
ratio and mixed with N-methyl pyrrolidone (NMP). 
The well-mixed slurry is coated on the copper foil 
using a doctor blade and dried at 120 °C overnight. 
The dried electrode was cut in 8 mm diameter size 
using an electrode disk cutter. CR2032 coin cell-type 
lithium-ion batteries were fabricated using the NFO-S/ 
NFO-U/NFO-G/ NFO-C nanoparticles as the working 
electrode, lithium metal as the counter electrode, 1 M 
 LiPF6 in EC: EMC (1:1) as the electrolyte, and What-
man glass fiber filter as the separator. All the cells were 
assembled in the argon filled glove box. The cells were 
characterized by measuring cyclic voltammetry (CV), 
charge–discharge measurements, and electrochemical 
impedance spectroscopy (EIS) using the electrochemi-
cal workstation of Biologic BCS-810. CV has been 
performed by varying the voltage range 0.01–3 V at 
a scan rate of 0.1 mV/s and measuring the respective 
current for five cycles. At 100 mA/g current density, 
the charge–discharge studies are performed between 
0.01 and 3 V for 100 cycles. EIS measurements were 
done in the 10 kHz–1 Hz frequency range.

3 �Results�and�discussion

Figure 3a shows the XRD patterns of  NiFe2O4 sam-
ples prepared under four different synthesis condi-
tions of NFO-S, NFO-U, NFO-G, and NFO-C. For all 
the four samples, the observed diffraction peaks are 
at 2ϴ angles of 18.4°, 30.3°, 35.6°, 37.3°, 43.3°, 53.8°, 
57.3°, 62.9°, and 74.5°, which were compared with the 
standard pattern of  NiFe2O4 (ICDD data: 98-011-6755) 
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Fig. 3  a XRD pattern, b FTIR spectra, c Raman spectra, d–g FESEM images and h–k particle size distribution histograms of NFO-S, NFO-U, 
NFO-G and NFO-C
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and were respectively assigned to (111), (220), (311), 
(222), (400), (422), (511), (440), and (533) planes [50]. 
Hence, the formation of the pure crystalline phase of 
the face-centered cubic (FCC) inverse spinel structure 
of  NiFe2O4 with space group Fd 3m is confirmed [10, 
27, 51, 52]. From Fig. 3a, all four XRD patterns showed 
an additional broader peak between 12° and 24° with 
varied intensities, which may be due to the amorphous 
phase of a minor quantity of impurity. Hence, for all 
samples including the NFO-C, the XRD peak at 18.4° is 
overlapped over the additional broader peak between 
12° and 24°. This intensity of the broader peak is 
higher for NFO-C and smaller for NFO-G.

The X-ray diffraction peak broadening is due to the 
following reasons: (1) Instrumental broadening, (2) 
Increase in crystallite size, and (3) Lattice strain due 
to distortion [53]. Thus, the observed total diffraction 
peak broadening ( β

T
) can be mathematically related 

using Eq. (1).

Here 
(

�
D

)

 corresponds to the instrumental corrected 
peak broadening induced due to the crystallite size 
of  NiFe2O4 nanoparticles only, see Eq. (2) [54]. �

S
 rep-

resents diffraction peak broadening due to the lattice 
strain and its relation with micro-strain (ε) due to crys-
tal distortion and imperfection is provided by Eq. (3).

where k is the shape factor, λ is the wavelength of the 
X-ray, D is the crystallite size (nm), and θ is the Bragg 
diffraction angle corresponding to the diffraction peak 
[4, 17, 54].

Thus, Eq. (1) can be further simplified, resulting in 
Eqs. (4) and (5).

Thus, through a Williamson–Hall (W–H) analysis 
plot, using Eq. (5), the crystallite sizes of the  NiFe2O4 
particles prepared under four different synthesis con-
ditions were estimated and their crystallite sizes are 
given in Table 1.

(1)�
T
= �

D
+ �

S
.

(2)�
D
=

k�

Dcos�
,

(3)�
S
= 4�tan�.

(4)�
T
=

k�

DCos�
+ 4�tan�,

(5)
�
T
cos�

k�
=

1

D

+
4�sin�

k�
.

From Table 1, it is observed that  NiFe2O4 prepared 
under the NFO-U condition exhibits the smallest crys-
tallite size, whereas the NFO-G sample exhibits the 
highest crystallite size. The reason for NFO-G and 
NFO-C samples showing good crystallinity is due 
to the high-temperature calcination at 500 °C and 
700 °C, respectively, whereas the smaller crystallite 
size of the NFO-U sample may be due to its synthe-
sis involving urea and PEG400 and the absence of the 
post-calcination step. Further, the XRD results of the 
directly obtained NFO-G and NFO-C samples, prior 
to the calcination step, showed impurity phases; hence 
the NFO-G and NFO-C samples were calcinated to 
remove the impurity phases, whereas the NFO-S and 
NFO-U samples obtained directly showed a pure crys-
talline phase and hence, these samples were not sub-
jected to a post-calcination process.

The inverse spinel structure of  NiFe2O4 allots the 
distribution of metal ions (especially  Fe3+) in the octa-
hedral and tetrahedral sites, localizes the  Ni2+ ions 
only in the octahedral site of the sublattice. The two 
protuberant absorption bands in Fig. 3b of the ATR-
FTIR spectra confirm the presence of iron  (Fe3+) cations 
at the different sites of the single-phase crystal struc-
ture. The intense band (ν1) observed in the region of 
500–700  cm−1 in all the  NiFe2O4 samples in this work, 
corresponds to the stretching vibrations of the iron-
oxygen  (Fe3+–O2−) bonding in the tetrahedral site, 
whereas the second apparent band in the region of 
400–430  cm−1 corresponds to the metal–oxygen bonds’ 
stretching vibration in the octahedral site [55]. Impor-
tantly, ν2 was centered at 404, 404, 417, and 411  cm−1 
for NFO-S, NFO-U, NFO-G, and NFO-C, respectively. 
Such a prominent shift in the absorption position of the 
FTIR spectrum is due to the difference in the distance 
between the  (Fe3+–O2−) bonds in the octahedral site. 
Thus, with the introduction and increment of calcina-
tion temperature (500–700 °C) in our synthesis proto-
col, there is a significant enhancement of intensity and 
shift of the absorption mode to a higher wavenumber, 

Table 1  Crystallite sizes calculated for four  NiFe2O4 samples 
studied in this work

NiFe2O4 samples Crystallite size (D)

NFO-S 37 ± 3 nm
NFO-U 19 ± 2 nm
NFO-G 51 ± 3 nm
NFO-C 34 ± 3 nm
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especially for ν2 band. This is specifically due to the 
increase of force constants of the metal–oxygen bonds. 
However, no such significant order was observed for 
the broad ν1 band (500–700  cm−1) for all four  NiFe2O4 
samples [56–58].

The observation of active five Raman bands: 
 A1g +  Eg +  3T2g in Fig. 3c again substantiates the for-
mation of inverse spinel structure with Fd3m space 
group in all the four  NiFe2O4 nanoparticles. Here,  A1g 
(630–750  cm−1) mode corresponds to the symmetric 
stretching of the oxygen atoms in the metal–oxygen 
bonds of the tetrahedral site. The remaining three  T2g 
(150–230, 420–510 and 520–600  cm−1) bands and  Eg 
(280–350  cm−1) correspond to the symmetric bending 
and asymmetric bending of the metal–oxygen bonds 
present in the octahedral site, respectively. In the case 
of NFO-G and NFO-C, due to high-temperature cal-
cination (≥ 500 °C), the Raman bands are narrower 
and subsequently shift to high frequency due to the 
redistribution of cations. However, the broadening 
of Raman bands along with peaks shift to lower fre-
quency, in case of NFO-S and NFO-U, is due to the 
phonon confinement effect, arising from its smaller 
nanoparticle size [55, 56, 59, 60].

The morphology of our  NiFe2O4 samples synthe-
sized under four different conditions were determined 
using the FESEM. Figure 3d–g shows the FESEM 
images of  NiFe2O4 nanoparticles, and Fig. 3h–k repre-
sents the particle size distribution histograms derived 
from the FESEM of the respective samples. All the 
FESEM images showed particles smaller than 100 nm 
with different morphology for the samples attained 
from four different conditions.  NiFe2O4 sample pre-
pared under NFO-S conditions, where the sodium 
hydroxide (NaOH) is the primary precipitant (Fig. 3d), 
had an average size of 47 nm with mixed rhombohe-
dron morphology.  NiFe2O4 sample prepared under 
NFO-U conditions, where along with NaOH, urea 
was used as a co-precipitant and Polyethylene gly-
col (PEG400) (non-ionic) surfactant was employed 
(Fig. 3e) showed the smallest average nanoparticle size 
of 22 nm with a nanosphere-like morphology. From 
Fig. 3f, the  NiFe2O4 sample prepared under NFO-G 
conditions showed polyhedron-shaped nanoparticles 
with an average particle size of 60 nm.  NiFe2O4 sample 
prepared under NFO-C conditions displayed a mor-
phology of nanocubes with 82 nm average particle size 
as shown in Fig. 3g.

Varying the additives in the precursor solution 
might affect both the direction and rate of crystal 

growth, resulting in different morphologies. NaOH, 
the common precipitant in all four synthesis condi-
tions, readily provides  OH− ions, which allows metal 
ions to react easily and initiate nucleation before the 
hydrothermal reaction. By controlling the pH and 
molar ratio, we were able to facilitate the anisotropic 
growth of crystals, leading to the formation of faceted 
particles of NFO-S, NFO-G, and NFO-C.

In the study of Gao et al., the usage of urea as the 
only precipitant resulted in nanosheet morphology 
due to a slow nucleation rate, accredited to the slow 
release of hydroxyl ions  (OH−) ions upon the pyrolysis 
of urea [61]. Compared to NFO-S synthesis conditions, 
in NFO-U, there is abundant flooding of  OH− ions 
from both NaOH and urea molecules, resulting in 
rapid nucleation-point due to “multipoint-flowering” 
conditions in the reactive medium. This ultimately 
results in the achievement of smaller sized (22 nm) 
nanoparticles upon nucleation. Subsequently, dur-
ing the growth phase, the PEG400 gets adsorbed on 
the surface of the multiple nuclei and influences the 
growth, resulting in the attainment of nanosphere 
morphology.

For the NFO-S and NFO-U samples obtained 
directly from the hydrothermal process, the XRD 
results confirmed the formation of phase pure inverse 
spinel structure of  NiFe2O4, and hence, these were not 
subjected to further calcination. However, for NFO-G 
and NFO-C, samples obtained directly from the hydro-
thermal process showed the impurity phases. So, these 
samples were calcinated at higher temperatures to 
remove the impurity phases. Hence,  NiFe2O4 samples 
prepared under glucose (NFO-G) and CTAB (NFO-C) 
conditions exhibited larger particle sizes, which is due 
to the calcination effect at a high temperature. Further, 
it is stated that glucose and CTAB are used to obtain 
varied morphology of  NiFe2O4 samples.

In NFO-G, the real motivation for the employ-
ment of glucose (which was neither a surfactant nor 
a co-precipitant) molecule along with NaOH was to 
achieve hollow nanosphere morphology, as seen in 
the work of Maria-Magdalena Titirici et al., for binary 
metal oxides [62]. Surprisingly, in our nickel ferrite 
system, the usage of glucose during the hydrothermal 
process coupled with the calcination step, effectuated 
a non-uniform polyhedral morphology with sharp 
edges and an average size of 60 nm (Fig. 3f).

The successful attainment of different morpholo-
gies in nickel ferrite nanoparticles through differ-
ent synthesis routes is due to two crucial factors: (1) 
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Influence of alkalinity by the precipitants present in 
the reaction medium and (2) Guidance of preferential 
growth of crystalline planes by the surfactants [61, 
63]. Thus, to achieve cubical plate-like morphology, 
cetyltrimethylammonium bromide (CTAB), a cationic 
surfactant, was employed with NaOH precipitant in 
NFO-C conditions, as reported by Chengsi Pan et al., 
in their hydrothermal process for attaining binary 
cerium oxide nanoplates [63]. Interestingly, we did 
not observe the phase pure inverse spinel structure 
of  NiFe2O4 upon the implementation of CTAB in our 
hydrothermal process, prior to calcination. How-
ever, it resulted in nanocube morphology following 
the calcination step after the hydrothermal reaction. 
NFO-S, NFO-C, and NFO-G samples have nanopoly-
hedral structures with flat faces and straight edges, 
whereas NFO-U sample has spherical nanoparticles 
with curved surfaces. The elemental distribution in 
NFO-C is studied using EDX, and the EDX mapping 
of the NFO-C is given in Figure S2 in Supporting Infor-
mation. It confirmed the presence and uniform distri-
bution of Ni, Fe, and O elements in NFO-C.

The XRD study confirmed the cubic inverse spinel 
structure for the different morphologies accomplished 
for nickel ferrite nanoparticles. The Raman spectros-
copy studies reconfirmed the crystal structure but 
indicated the redistribution of cations in the fcc lat-
tice. At the same time, in the case of pristine NFO-S 
and NFO-U nanoparticles, there might be a presence 
of surfactants or pyrolyzed products of surfactants on 
the surface of nanoparticles, as there was no calcina-
tion step involved in their synthesis route. In the case 
of NFO-G and NFO-C, there might be oxidized prod-
ucts of surfactants on their nanoparticles, as they were 
subjected to high-temperature treatment in an ambient 
air-filled muffle furnace setup.

Thus, to understand the surface chemistry of the 
nanoparticles, valence state, and distribution of cati-
ons, the XPS study was carried out in this work. Fig-
ure 4 shows C 1s, O 1s, Ni 2p, Fe 2p high-resolution 
spectra, the XPS survey scan of the four  NiFe2O4 sam-
ples, and the corresponding surface cation distribu-
tion in these nanoparticles. The surface chemistry of 
 NiFe2O4 samples helps to evaluate the effect of dif-
ferent morphological influences on the battery perfor-
mance of nano-NiFe2O4 as an anode material.

The high-resolution O 1s, Ni 2p, and Fe 2p XPS 
spectra shown in Fig. 4a–p of the four  NiFe2O4 nano-
particle samples were peak shifted to neutralize the 
charging effect with respect to 284.8 eV peak of C–C 

bonding in C 1s spectrum [64]. As the pristine NFO-S 
nickel ferrite was synthesized without any organic 
surfactants, the source for C 1s spectrum was carbon 
contamination during XPS measurements. The decon-
volution of this C 1s spectrum in Fig. 4a is necessary 
to differentiate the carbon contribution coming from 
the surfactants and from the XPS equipment. Decon-
volution of C 1s spectrum in Fig. 4a discloses distinc-
tive  sp3 and  sp2 hybridized carbon peaks: 284.8 eV, 
286.4 eV, and 288 eV corresponding to C–C, C–O–C 
and O–C=O bonds, respectively, arising from adventi-
tious carbon during XPS measurements [65].

The deconvoluted O 1s spectrum of NFO-S con-
sists of three peaks at 529.7 eV, 531.9 eV, and 534 eV 
ascribed to lattice oxygen  O2− bonded to metal ions 
 (Ni2+ and  Fe3+), hydroxyl group  OH−, and absorbed 
water molecule on the surface, respectively (Fig. 4b) 
[66]. Figure 4c shows the high-resolution XPS spec-
trum of Ni 2p, which involves major peaks at 855 eV 
and 872.5 eV (Ni  2p3/2 and Ni  2p1/2) due to spin–orbit 
coupling followed by their shake-up satellite peaks at 
861.5 eV and 880 eV. Ni  2p3/2 and Ni  2p1/2 core lev-
els can be further deconvoluted into  Ni2+ and  Ni3+. In 
Fig. 4c, the fitted peaks within the Ni 2p spectrum, 
at the binding energy of 854.9 eV and 872.2 eV, cor-
respond to  Ni2+, whereas 857.11 eV and 874.13 eV cor-
respond to  Ni3+ [66]. Concurrently, the Ni 2p spec-
trum (Fig. 4c) exhibits an asymmetric shape for NFO-S 
nickel ferrite nanoparticles, indicating the presence of 
two non-equivalent bonds of Ni ions, present both 
in the tetrahedral and octahedral lattice sites of the 
spinel structure [55]. This confirms the redistribution 
of cations within the spinel structure, as observed in 
the Raman spectroscopy measurement in Fig. 3c. This 
asymmetric shape is evident in the Ni 2p spectra of all 
four  NiFe2O4 nanoparticle samples analyzed in Fig. 4.

In the case of pristine NFO-S nanoparticles, unlike 
the idealistic bulk  NiFe2O4 material, the surface of 
 NiFe2O4 contains  Ni3+ in addition to  Ni2+ and their 
corresponding  (Ni3+/Ni2+) ratio is 0.36. Similarly, the 
Fe 2p high-resolution spectrum of NFO-S (Fig. 4d) 
has Fe  2p3/2 and Fe  2p1/2 peaks at 710.5 and 723.9 eV 
followed by satellite peaks, and the deconvolution of 
these peaks gives the  Fe2+ and  Fe3+ peaks. Specifically, 
the fitted peaks of the Fe 2p spectrum in Fig. 4d, at 
710.28 eV and 723.8 eV correspond to  Fe2+ and peaks 
at 712.9 eV and 726.29 correspond to  Fe3+[66, 67]. The 
 (Fe3+/Fe2+) ratio in NFO-S nanoparticles is 0.544. The 
additional  Ni3+,  Fe2+, and  OH− peaks are indicative of 
the presence of possible supplementary compositions 
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on the surface of  NiFe2O4 nanoparticles. During the 
synthesis of NFO-S samples, the sole basic precipitant 
(NaOH) provides excess  OH− ions, and NiO(OH) and 
Fe(OH)2 might have formed at the surface. Along with 
 NiFe2O4, there might be FeO, which gives rise to the 
 Fe2+ oxidation state; however,  Ni2O3 might not be pre-
sent because of its unstable nature [68, 69].

Unlike NFO-S, other samples have co-precipitants 
and/or surfactants in their synthesis procedure, which 
is also reflected in their XPS spectra. In Fig. 4e, the 
deconvoluted C 1s spectrum of NFO-U contains more 
proportions of C–O–C and O–C=O bonds in addition 
to the carbon contaminations from XPS. In NFO-U 
synthesis, the decomposition of urea during hydro-
thermal reaction at 200 °C, along with the presence of 
 OH−, could have resulted in the formation of –COOH 
carboxyl groups that have potentially coated on the 
surface of the NFO-U nanoparticles. Formation of the 
carboxyl group has resulted in the decrement of metal-
hydroxide formation, which explains the reason for 
the lower intensity deconvoluted  OH− peak in the O1s 
spectrum of NFO-U (Fig. 4f), compared to NFO-S. The 
Ni 2p and Fe 2p spectra of NFO-U (Figs. 4g and h) are 
almost similar to that of NFO-S (Figs. 4c and d). On 
the surface of NFO-U, the ratio of  Ni3+/Ni2+ and  Fe3+/
Fe2+ obtained from the corresponding peaks are 0.44 
and 0.58, respectively. In NFO-G, the deconvoluted C 
1s spectrum (Fig. 4i) contains a larger C–O–C peak in 
addition to carbon contamination peaks. This could 
have been attributed to the trace amount of contami-
nation products from the pyrolysis of glucose pre-
sent along with precursors of NFO-G nanoparticles. 
A prominent  OH− peak larger than the lattice oxygen 
peak is visible in the O 1s spectrum of NFO-G (Fig. 4j). 
Upon the completion of the hydrothermal process 
in NFO-G synthesis, the surface of  NiFe2O4 may be 
coated with products from decomposition of glucose 
and calcination of such complex at higher tempera-
tures in the ambient environment may result in the 
formation of metal-hydroxide bonds on the surface 
of NFO-G nanoparticles. This explains the reason 
for the higher intensity  OH− compared to the lattice 
metal–oxygen peak. Even though, in the Ni 2p and 

Fe 2p spectra of NFO-G (Figs. 4k and l), deconvolu-
tion peaks are similar to NFO-S and NFO-U without 
any additional components,  Ni3+ and  Fe3+ peaks are 
considerably higher compared to other samples. Sub-
sequently, the ratio of surface cation distribution is 
3.72 and 4.26 for  Ni3+/Ni2+ and  Fe3+/Fe2+. As both the 
precipitant NaOH and glucose provide excess amount 
of  OH− ions upon decomposition, it eventually trig-
gers the formation of higher proportion of NiO(OH) 
and FeOOH, explaining the rationale for the increased 
ratios of  Ni3+/Ni2+ and  Fe3+/Fe2+.

The C 1s spectrum of NFO-C (Fig. 4m) shows peaks 
from the carbon contamination molecules from XPS 
equipment and C–O group. Decomposition of CTAB 
surfactant during calcination step at 500 °C in ambient 
atmosphere is potential reason for the occurrence of 
C–O bonding on the surface of NFO-C nanoparticles. 
The O 1s spectrum of NFO-C (Fig. 4n) is similar to 
that of the NFO-S, containing lattice oxygen, hydroxyl 
group, and absorbed water molecule peaks. Ni 2p and 
Fe 2p spectra of NFO-C (Figs. 4o and p) are similar to 
NFO-S (Figs. 4c and d) showing that the similar addi-
tional chemical compositions (NiO(OH) and Fe(OH)2) 
present on the surface of NFO-C. The  Ni3+/Ni2+ and 
 Fe3+/Fe2+ ratios at surface of NFO-C are 0.49 and 0.72, 
respectively.

Figure 5a shows the nitrogen adsorption–desorp-
tion isotherms of  NiFe2O4 samples prepared under 
four different conditions. The surface areas of each 
sample were calculated from BET analysis, and it was 
found to be 65.7  m2/g, 40.8  m2/g, 18.7  m2/g, and 16.13 
 m2/g for  NiFe2O4 samples prepared under NFO-U, 
NFO-S, NFO-G, and NFO-C conditions, respectively. 
Figure 5a inset shows the pore size distribution of 
 NiFe2O4 samples prepared under four different con-
ditions. The surface area and the cumulative pore 
volumes calculated from  N2 adsorption–desorption 
curves are presented in Table 2.

From Fig. 5a, the  N2 adsorption and desorption 
spectra, the NFO-S, NFO-G, and NFO-C show type-
IV, H3-hysteresis loops, and NFO-U shows a type-IV, 
H2(b)-hysteresis loop. The type-IV hysteresis loop 
indicates that the pores present are of mesoporous 
nature. At lower pressure, the adsorption logarith-
mically increases and leads to a linear increase in the 
mid-section, which corresponds to the monolayer fill-
ing and starting of multilayer adsorption. The hyster-
esis nature of the graph is associated with the capillary 
condensation in mesopores [70–73]. NFO-U’s H2-type 
hysteresis loop is attributed to the ink-bottle-shaped 

Fig. 4  XPS high-resolution spectra of C 1s, O 1s, Ni 2p and Fe 
2p of a–d NFO-S, e–h NFO-U, i–l NFO-G and m–p NFO-C, q 
Survey spectra of the four nickel ferrite nanoparticle samples and 
r Percentage of different valence states of Ni and Fe ions present 
on the four  NiFe2O4 samples estimated through XPS

◂
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pore structure with a narrow neck region and wide 
body region possessing a volume in the range of 
0.142–0.145  cm3/g, as illustrated in Fig. 5b. H3-hystere-
sis loops of the remaining three nickel ferrite nanopar-
ticles depict that they are mesoporous in nature with 
the slit-shaped pore structure, as shown in Fig. 5c.

From the inset of Fig. 5a presenting the pore size 
distribution, the mesoporous nature of  NiFe2O4 
samples is reconfirmed as the effective pore width 
is within the range of 2 to 50 nm. The NFO-U sam-
ple has a sharp peak in the pore distribution curve 
at 7.5 nm and has the smallest effective pore width. 
NFO-S, NFO-G, and NFO-C samples have broadened 
pore distribution graphs. NFO-S and NFO-C have the 
highest and comparable effective pore width. How-
ever, NFO-S has the highest pore volume, and NFO-C 
has the lowest.

The BET hysteresis curve and FESEM data can be 
compared to analyze the pore morphology of the four 

 NiFe2O4 nanoparticle samples. NFO-U nanoparticles 
exhibit roughly a nanosphere morphology with highly 
curved surfaces (Fig. 3e), and they aggregate to form 
the ink-bottle-shaped pore structure (Fig. 5b). From 
the FESEM data, NFO-S, NFO-G, and NFO-C have 
flat surfaces with sharp edges (Figs. 3d, f, and g), and 
their agglomeration results in slit-like pores, which 
are confirmed by the H3-type hysteresis graph. This 
is pictorially represented in Fig. 5c. Also, the particle 
size of  NiFe2O4 nanoparticles from FESEM images 
can be compared with the surface area found in BET. 
The NFO-U  NiFe2O4 sample, with the smallest aver-
age particle size (22 nm), has the largest surface area, 
and NFO-S with an average particle size of 47 nm, 
exhibits the 2nd largest surface area. NFO-G (60 nm) 
and NFO-C (82 nm), with larger particle sizes, have a 
lower surface area than NFO-U and NFO-S, due to the 
calcination step involved in their synthesis condition. 
NFO-C, with the larger particle size, shows a smaller 
surface area than the NFO-G sample.

Figure 6a–d shows the cyclic voltammetry (CV) 
results of  NiFe2O4 nanoparticles synthesized under 
four different conditions for 5 cycles. The first dis-
charge curve corresponds to the reduction of  NiFe2O4 
to nickel (Ni) and iron (Fe). Equation 6 represents the 
first lithiation step, where lithium (Li) gets oxidized 
by supplying electrons to  NiFe2O4, and lithium oxide 
 (Li2O) is formed during this reaction.

(6)NiFe
2
O

4
+ 8Li

+ + 8e
−
→ 4Li

2
O +Ni + 2Fe.

Fig. 5  a  N2 adsorption and desorption isotherms and (inset) pore size distribution of  NiFe2O4 samples. Schematic representation of b 
ink-bottle type pore and c slit-shaped pore

Table 2  Surface area and Pore volume of NFO-S, NFO-U, NFO-
G, and NFO-C

Surface area
(m2/g)

Cumulative pore volume 
 (cm3/g)

Adsorption Desorption

NFO-S 40.8 0.189 0.190
NFO-U 65.7 0.142 0.145
NFO-G 18.7 0.106 0.107
NFO-C 16.1 0.087 0.087
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During charging, the peak in the anodic scan cor-
responds to the oxidation of metal ions, as given in 
Eq. 7, and  Li2O gets reduced by accepting the electron. 
Fe ions get converted to  Fe2O3 completely, whereas 
only a fraction of Ni metal gets oxidized to NiO [74]. 
This can be clearly observed from the depletion of the 
reduction peak from the first cycle to the second cycle.

Equation (6) is irreversible, whereas Eq. (7) is 
reversible. The shift of the reduction peaks after the 
first cycle shows the irreversibility and the low-capac-
ity retention of the anode materials [2, 31, 74].

Comparing the four CV graphs, NFO-C shows the 
best retention where reduction (except 1st cycle) and 
oxidation peaks are at around the same voltage 0.86 V 
and 1.62 V, respectively, with lesser change in the peak 
height, whereas NFO-G and NFO-U show the poorest 
retention and the peaks disappear by the 5th cycle. 
NFO-S shows moderate capacity retention with the 
fluctuating reduction peak voltage.

Figure 6e–h shows the charge–discharge pro-
files of  NiFe2O4 nanoparticles synthesized under 
conditions of NFO-S, NFO-U, NFO-G, and NFO-C, 

(7)4Li
2
O +Ni + 2Fe ↔ (1 − x)NiO + xNi + Fe

2
O

3
+ xLi

2
O + (8 − 2x)

(

Li
+ + e

−
)

(0 < x < 1).

respectively, between voltage range of 0.01–3 V (vs 
Li/Li+) at a constant current density of 100 mA/g. In 
the initial discharge curve, all samples show a pla-
teau region near 0.8 V, different from other consecu-
tive cycles. This plateau region resembles the sharp 
peak in the first cathodic sweep of CV, indicating the 
irreversible reduction of  NiFe2O4 to Ni and Fe and 

the formation of  Li2O [74].
NFO-S delivers an initial discharge capacity of 

2258 mAh/g, and NFO-U gives the next highest dis-
charge capacity of 2136 mAh/g. NFO-C and NFO-G 
have initial discharge capacities of 1523 and 934 
mAh/g, respectively. First charge capacity also fol-
lows the same trend in the order of NFO-S, NFO-U, 
NFO-C, and NFO-G with capacities of 1815, 1446, 
1156, and 643 mAh/g, respectively. After 100 cycles, 
NFO-S gives the highest discharge capacity of 116 
mAh/g, whereas the discharge capacity of NFO-C 
and NFO-G comes near to the capacity displayed 
by NFO-S after 100 cycles, which are 112 and 106 
mAh/g, respectively. However, the sample NFO-U 
with the second highest initial capacity drops to 
the lowest discharge capacity, 56 mAh/g, after 100 
cycles. Table 3 tabulates the first discharge and 

Fig. 6  a–d Cyclic voltammetry and e–h galvanostatic charge–discharge of NFO-S, NFO-U, NFO-G and NFO-C, respectively
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charge capacities and the 100th discharge capacities 
of NFO-S, NFO-U, NFO-G, and NFO-C.

Figure 7a–c shows the plots of charge capacity, 
discharge capacity, and coulombic efficiency vs cycle 
number of  NiFe2O4 nanoparticles synthesized under 
four different synthesis conditions. The discharge 
and charge capacities of nickel ferrites follow a simi-
lar trend throughout the cycles. NFO-S dominates in 
specific capacities over most of the cycles except from 
the 6th to 17th cycle. NFO-U, with the second highest 
initial capacity, falls to the lowest capacity range by 
the 15th cycle. A poor capacity retention is observed 
for all the  NiFe2O4 sample in Fig. 7a and b, and the key 
reasons are their poor conductivity and volume expan-
sion during cycling. The surface area and particle size 
of anode materials directly influence the performance 
of LIBs [7, 75, 76].  NiFe2O4 nanoparticles (both NFO-S 
and NFO-U) with the lowest particle size and large 
surface area have high initial discharge and charge 
capacities. The larger surface area provides more sites 
for lithiation; hence, the capacity increases [51].

From Fig. 7c, the NFO-G and NFO-C samples, hav-
ing larger particle sizes and lower surface area showed 
a higher coulombic efficiency compared to the NFO-S 
and NFO-U samples, having small particle sizes and 
higher surface area. In NFO-S and NFO-U samples, 
the observed higher surface area may increase the 

electrode–electrolyte interface, which in turn increases 
the electrolyte decomposition on the electrode sur-
face and leads to the formation of the solid electrolyte 
interphase (SEI) layer [77]. However, the formation 
of an excess SEI layer may offer higher resistance to 
the Li-ion diffusion, which in turn reduces the revers-
ibility of lithium ions and results in lower coulombic 
efficiency [78, 79]. In NFO-G and NFO-C samples, 
the observed lower surface area may decrease the 
electrode–electrolyte interface, which in turn results 
in less or optimum decomposition of electrolyte and 
may form a more stable and uniform SEI layer. This 
may reduce the lithium loss and enhance the charge 
transfer, increasing the cyclic stability and leading to 
a higher coulombic efficiency.

Even though the NFO-U sample has a smaller parti-
cle size and higher surface area compared to NFO-S, it 
exhibits lower discharge capacity and reduced capac-
ity retention. The key reason for the exhibiting lower 
discharge capacity of NFO-U may be due to the forma-
tion of the ink-bottle-shaped pore structure, which is 
confirmed by the BET results (Fig. 5). The ink-bottle-
shaped pores of NFO-U with a narrow entrance and 
wider interior may restrict the diffusion of Li ions by 
limiting access to inner pore surfaces, reducing the 
utilization of active sites inside the pores, resulting in 
low specific capacity (Fig. 5b). The slit-shaped pores of 

Table 3  First discharge 
and charge capacity and 
100th discharge capacity of 
 NiFe2O4 samples

Samples NFO-S NFO-U NFO-G NFO-C

1st discharge capacity (mAh/g) 2258.88 2136.21 934.44 1523.25
1st charge capacity (mAh/g) 1815.42 1446.84 643.11 1156.32
100th discharge capacity (mAh/g) 116.33 56.50 106.52 112.68

Fig. 7  Plots of a charge capacity, b discharge capacity and c coulombic efficiency vs. cycle number during charge–discharge at a current 
density of 100 mA/g for 100 cycles
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NFO-S may provide more accessible pathways for Li-
ion transport, maximizing the utilization of the active 
sites resulting in high specific capacity (Fig. 5c). Hence, 
the NFO-U exhibited lower discharge capacity even 
though it has a higher surface area, compared to NFO-
S. The highly defective performance of NFO-G could 
be attributed to the presence of supplementary com-
positions (contaminations) from their synthesis route 
potentially due to the decomposition of glucose mol-
ecules, as observed from NFOG’s XPS spectra (Figs. 4i, 
j, k, and l).

Comparing all four  NiFe2O4 samples prepared 
under four different conditions, NFO-S shows the 
best lithium storage capacity, and NFO-C shows the 
best coulombic efficiency over 100 cycles. The higher 
charge and discharge capacities of NFO-S compared 
to all other samples can be attributed to its large sur-
face area, pore volume, and slit-shaped pores, as it 
provides more active sites for lithiation regardless of 
its low coulombic efficiency [80]. So, the optimization 
of the surface area of  NiFe2O4 nanoparticles can offer 
good capacity with cyclic stability. Concurrently, the 
morphology, surface chemistry of nanoparticles, inter-
particle voids, and the porous nature of the  NiFe2O4 
samples have a great influence on lithium diffusion 
and electrochemical performance. We have also sys-
tematically compared the electrochemical performance 
of the best  NiFe2O4 anode (NFO-S) studied in this work 
with the  NiFe2O4 anode materials reported so far in the 
literature, in Table S2 of the Supporting Information.

Figures 8a, b, c, and d presents the Nyquist plots 
(Re(Z) vs -Im(Z)) from electrochemical impedance 
spectroscopy (EIS) of Li-ion half-cells, fabricated 
using the  NiFe2O4 nanoparticles synthesized under 
four different conditions as anode materials, before 
cycling and after 100 cycles. EIS helps us to under-
stand the complex electrochemical reactions inside 
the cell, including lithium-ion migration through the 
liquid electrolyte, charge transfer inside the active 
materials, and conduction through the SEI layer. 
Due to the distinct relaxation times of these differ-
ent processes, the cell responds uniquely to each of 
the activities when the frequency is varied. Unlike 
the ideal situation, the spectrum does not provide 
separate features for each electrochemical activity, 
and the Nyquist graph analysis using an equivalent 
electrical circuit simplifies the study. The Randles 
circuit is the highly preferred and uncomplicated 
equivalent circuit to study the EIS data of lithium-
ion half-cells fabricated with metal oxide as electrode 

material [81]. The fitting of the Randles circuit for our 
EIS data gave a very low χ2 value (in the range of 
 10–3); see Table S1 from the Supporting information.

Figure 8e and f shows the equivalent circuit model 
for the Li-ion half-cell with nickel ferrite as the work-
ing electrode before cycling and after 100 cycles, 
respectively. The Nyquist plot in Figs. 8a, b, c and 
d comes with a semicircle followed by an inclined 
line, which can be divided into high, mid, and low-
frequency ranges.  Rel is the resistance of electrolyte 
towards the ions, and it is found from the x-intercept 
of the Nyquist plot at high-frequency range. The mid-
frequency range consists of a charge transfer mecha-
nism (electrons and ions), double-layer charging at the 
anode and reactions at the SEI layer.  Rct is the charge 
transfer resistance of redox reactions and  Qdl is the 
constant phase element (CPE) for double-layer capaci-
tance at the active material.  RSEI and  QSEI represent 
the ohmic resistance of  Li+ ion at the SEI layer and 
SEI layer capacitance, respectively. At lower frequen-
cies, diffusion of  Li+ ions occurs and is indicated by the 
Warburg impedance (W) of the electrode. The constant 
phase element, which is in series with Warburg imped-
ance,  Qint represents the low-frequency bulk capaci-
tance. The diameter of the depressed semicircle is the 
sum of charge transfer resistance  (Rct) and SEI layer 
resistance  (RSEI), and the inclined straight line relates 
to Warburg impedance [82–85].

The calculated values for  Rel,  Rct, and  RSEI obtained 
from the equivalent circuit are given in Table 4. The 
 Rel values of  NiFe2O4 samples do not show much 
difference before and after cycling except for NFO-C. 
Compared to the  Rct values prior to the first cycle, it 
has been substantially increased for all the  NiFe2O4 
samples after 100 cycles of charge–discharge. The 
significant increase in resistive elements validates 
the capacity decline for our samples over 100 cycles.

The  Li+ ion diffusion coefficient is calculated 
using the following Eq. (8) where R is the Ideal gas 
constant, T is temperature, A is the area of the elec-
trode, n is the number of electrons transferred, F is 
the Faraday Constant, C is the concentration of active 
species, and σ is Warburg coefficient calculated from 
EIS data and tabulated in Table 5.

The lithium diffusion coefficients of NFO samples 
decrease after 100 cycles, indicating an increase in 

(8)D
Li

+ =
R
2
T
2
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2
n
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Fig. 8  Nyquist plots of a NFO-S, b NFO-U, c NFO-G, d NFO-C before cycling and after 100 cycles and equivalent circuit model for 
the half-cell fabricated with  NiFe2O4 anode e before cycling and f after 100 cycles
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internal resistance reflected in capacity loss. Before 
cycling, NFO-S exhibited the highest lithium diffu-
sion coefficient, leading to an excellent first discharge 
capacity.

The sample NFO-S with the highest pore volume 
(0.190  cm3/g) shows the lowest charge transfer resist-
ance (23.51 Ω) and also exhibits the highest specific 
capacity (2258.88 mAh/g). As the BJH cumulative pore 
volume and BET surface area increase (Table 2), the 
charge transfer resistance decreases, except for NFO-
U. The distinctive behavior of NFO-U can be explained 
by its ink-bottle-shaped pore structure. The bottleneck 
pore entrance decreases the  Li+ ion diffusion. Hence, 
the charge transfer resistance increases in the case of 
NFO-U.

The specific capacity of  NiFe2O4 nanoparticles is not 
solely dependent on charge transfer resistance, which 
in turn is influenced by the surface area and morphol-
ogy of the nanoparticle pore structure, as seen in the 
case of NFO-S and NFO-U. However, it is also influ-
enced by the surface chemistry and cation distribu-
tion within the spinel structure of crystalline  NiFe2O4 
nanoparticles. This is evident in the case of NFO-G 
and NFO-C materials. Here, even though NFO-C has 
the lowest pore volume (0.087  cm3/g) and surface area 

(16.13  m2/g) with the highest charge transfer resist-
ance (200 Ω), it still exhibits higher specific capacity 
(1523.25 mAh/g) than NFO-G nanoparticle (934.44 
mAh/g), with higher surface area (18.7  m2/g), high 
pore volume (0.107  cm3/g), and low charge transfer 
resistance (67.61 Ω).

Figure S3 in Supporting Information shows the rate 
performance of NFO-S, NFO-G, and NFO-C cycled for 
10 cycles at each current densities: 50 mA/g, 100 mA/g, 
500 mA/g, 1 A/g, 2 A/g, 5 A/g, 10 A/g, and 20 A/g. The 
 NiFe2O4 prepared under NFO-S condition showed a 
superior rate performance over other samples. NFO-S 
exhibited a good rate performance with an average 
discharge capacity of 106 mAh/g at 1 A/g current den-
sity, and it retained an average discharge capacity of 
515 mAh/g at a current density of 50 mA/g after the 
cycling at a higher current density of 20 A/g. NFO-U 
was not able to be studied for the rate performance 
due to its poor cyclic retention and very low capacity 
at higher current densities.

All in all, this study clearly points out that an opti-
mum balance between the surface area, morphology, 
porosity, surface chemistry, and cationic distribution 
within the spinel structure is required for achieving 
higher electrochemical performance for LIBs using 
 NiFe2O4 as an anode material. The  NiFe2O4 sample 
prepared under NFO-S condition exhibited higher 
specific capacity compared to the other three sam-
ples. The higher capacity of the NFO-S sample can be 
attributed to its high surface area with slit-like pore 
structure, which resulted from the agglomeration of 
rhombohedral-shaped nanoparticles, whereas the 
 NiFe2O4 sample prepared under the NFO-C condi-
tion showed good cyclic stability over others, which is 
attributed to the stable SEI layer formation as a result 
of its lower surface area. These samples with supe-
rior performance over others will be taken for further 
studies including compositing with conductive carbon 
materials like CNT, graphene, and its derivatives with 
porous structure and high surface area to improve the 
conductivity and cyclic performance by reducing the 
volume expansion [46, 47].

4 �Conclusions

NiFe2O4 nanoparticles were synthesized through the 
hydrothermal route under four different conditions. 
The phase purity, morphology, particle size, and sur-
face chemistry of the  NiFe2O4 samples synthesized 

Table 4  Electrolyte resistance, Charge transfer resistance, and 
SEI layer resistance values calculated from EIS of NFO-S, NFO-
U, NFO-G, and NFO-C

Material Rel (Ω) Rct (Ω) RSEI (Ω)

NFO-S Before 1st Cycle 5.622 23.51 –
After 100 cycles 4.385 208.4 14.53

NFO-U Before 1st Cycle 7.902 117.2 –
After 100 cycles 9.007 190.9 1.416

NFO-G Before 1st Cycle 4.076 67.61 –
After 100 cycles 4.941 197.5 0.298

NFO-C Before 1st Cycle 12.16 200 –
After 100 cycles 341.9 253.9 0.455

Table 5  Li+ ion diffusion coefficient values obtained from EIS 
of NFO-S, NFO-U, NFO-G and NFO-C

Material Li+ ion diffusion coefficient  (cm2/s)

Before 1st cycle After 100 cycles

NFO-S 1.303 ×  10–10 9.020 ×  10–14

NFO-U 1.098 ×  10–13 2.119 ×  10–14

NFO-G 3.217 ×  10–13 5.252 ×  10–15

NFO-C 2.012 ×  10–13 6.066 ×  10–15
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under different conditions were studied using XRD, 
FTIR, Raman spectroscopy, FESEM, XPS, and BET. The 
 NiFe2O4 nanoparticle sample prepared with NaOH 
precipitant without any surfactants (NFO-S) exhib-
ited a higher initial discharge capacity of 2258 mAh/g 
and a higher initial charge capacity of 1815 mAh/g at 
a current density of 100 mA/g, compared to the other 
three samples. The  NiFe2O4 sample prepared with 
CTAB (NFO-C) showed better cyclic stability with 
good coulombic efficiency over 100 cycles. CV results 
of the NFO-S and NFO-C samples showed more sta-
ble and reversible conversion reactions compared to 
other samples, which is attributed to their morphol-
ogy, surface area, porosity, and surface chemistry. In 
conclusion, the  NiFe2O4 samples synthesized under 
NFO-S and NFO-C conditions exhibited better lithium 
storage performance, showing high specific capacity 
and cyclic stability, respectively, due to their individ-
ual morphology and surface properties. This work 
provides guidance on the effect of hydrothermal syn-
thesis conditions on the electrochemical performance 
of  NiFe2O4 nanoparticles, focusing on their morphol-
ogy and surface properties. This work also paves the 
way for future research to develop high-performing 
 NiFe2O4 composite anode materials incorporating 
advanced conductive materials with large surface 
areas such as carbon nanotubes (CNT), graphene, 
MXenes, transition metal dichalcogenides (TMDs), etc.
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