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Porous Ni0.5Zn0.5Fe204 nanospheres: synthesis, characterization, and
application for lithium storage

Abstract

Monodisperse porous Ni0.5Zn0.5Fe204 nanospheres have been successfully synthesized by the
solvothermal method. The diameter of the nanospheres can be tuned by controlling the reactant
concentration. Lower reactant concentration is favoured for the synthesis of mesoporous
Ni0.5Zn0.5Fe204 nanospheres with higher surface area. The electrochemical results show that
mesoporous Ni0.5Zn0.5Fe204 nanospheres exhibit high reversible specific capacity (1110 mAh g-1) for
Li storage and high capacity retention, with 700 mAh g-1 retained up to 50 cycles. The excellent
electrochemical properties could be attributed to the large surface area and mesoporous structure. The
results suggest that Ni0.5Zn0.5Fe204 could be a promising high capacity anode material for lithium ion
batteries.
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ABSTRACT
Monodisperse porous NigsZngsFe,04 nanospheres have been successfully synthesized
by the solvothermal method. The diameter of the nanospheres can be tuned by
controlling the reactant concentration. Lower reactant concentration is favoured for
the synthesis of mesoporous NigsZnosFe,O4 nanospheres with higher surface area.
The electrochemical results show that mesoporous NigsZngsFe,O4 nanospheres
exhibit high reversible specific capacity (1110 mAh g*) for Li storage and high
capacity retention, with 700 mAh g™ retained up to 50 cycles. The excellent
electrochemical properties could be attributed to the large surface area and
mesoporous structure. The results suggest that NigsZnosFe,O4 could be a promising
high capacity anode material for lithium ion batteries.

Keywords: NigsZngsFe,04; nanosphere; porous; anode; Li-ion battery;



1. Introduction

Hollow or porous-structured transition metal oxides are of great interest in many
applications, such as catalysts, batteries, supercapacitors, solar cells, and fuel cells
[1-7], owing to their large specific surface areas. The Li-ion battery is the most
important energy storage device in our daily life for portable devices and potentially
for electric vehicles. As possible substitutes for commercial graphite materials
(theoretical specific capacity of 372 mAh g?), transition metal oxides have attracted
considerable attention from researchers around the world, who are interested in their
potential as high capacity anode materials for lithium ion batteries (LIBs) [8, 9].
Nevertheless, finding electrode materials with high energy density and excellent
cycling stability is still a great challenge for LIBs [10-12].

Compared with the various simple transition metal oxides, such as NiO, ZnO,
Fe 03, Co304, Cr,03, and CuO [7, 13-18], nanostructured spinel ferrites with the
general formula AFe,O,4 (A = Ni, Zn, Co, Cu) [6, 19-21] are of great interest because
of their high initial discharge capacity (over 1000 mAh g™). Ding et al. [22] prepared
ZnFe,Q,4 by the polymer pyrolysis method (PPM), and the ferrite samples prepared
via this method show superior capacities and cycling stabilities, with an initial
specific capacity as high as 1419.6 mAh g* that is maintained at over 800 mAh g™
even after 50 cycles. Zhao et al. [23] have reported that the initial discharge capacity
of nanosized NiFe,O, could reach as high as 1314 mAh g, which is attributed to the
large surface area and short diffusion length of the nanostructure. The discharge

capacity, however, decreased to 790.8 mAh g* after 2 cycles and to 709.0 mAh g*



after 3 cycles at a current density of 0.2 mA cm™. Liu and co-workers [24] reported
that NiFe,0, showed the highest reported initial discharge capacity of 1400 mAh g,
which was due to its nanoscale particle size and better crystallinity, although this
material demonstrated relatively poor capacity retention. Zhao’s group [25] found that
ZnFe,Q, prepared by the hydrothermal method exhibited the initial discharge capacity
of 1287.5 mAh g, although the discharge capacity of these nanoparticles declined to
746 mAh g™ after 2 cycles.

The reaction route, particle size, and morphology of spinel ferrite can play very
important roles in the electrochemical performance of LIBs [26, 27]. It was found that
the capacity retention of metal oxides can be improved by fabricating materials in
hollow or mesoporous nanostructures, which could accommodate volume changes
and shorten the lithium diffusion length [15-20]. Hollow ZnFe,O,4 nanospheres with a
diameter of 1 um were synthesized by Guo et al. [6] via hydrothermal reaction
followed by annealing at 600 °C in air, and the hollow spherical structure significantly
increased the specific capacity and improved capacity retention, although the process
required a high reaction temperature, which resulted in agglomeration of the hollow
spheres. Deng et al. [28] prepared ZnFe,O4 hollow spheres of a suitable size with a
carbon template. Although the resulting composites showed a high specific capacity
of 911 mAh g, the synthetic steps are complicated with templates involved. Very
recently, Wang et al. [29] successfully synthesized the MFe, O, (M=Zn, Co, Ni)

nanorods by a template-engaged reaction. The merits of one-dimensional (1D)



nanostructure and its high reversible capacity make the spine ferrite very prospective

candidates as anodes for LIBs.

Cherian et al. [30] studied the effects of zinc-doped nickel ferrite and the
consequent cation redistribution on the Li-cycling behavior. An enhancement in the
capacity with increasing Zn concentration is observed for x = 0.4 and 0.6. In addition,
in the case of ZnyxNi,Fe,O, ferrite [31], it was found that for x greater than 0.5, Fe**
moments in A and B sites have a collinear arrangement, whereas for x less than 0.5,
Fe** moments in the B sites have a non-collinear arrangement. Therefore, it is
necessary to further study the electrochemical properties of NigsZngsFe,Oq

nanospheres.

To avoid the problems mentioned above and obtain high capacity with good
capacity retention, we synthesized mesoporous NigsZnosFe.04 (NZFO) nanospheres
via the solvothermal method and investigated the effects of the morphology on the
electrochemical performance. To the best of our knowledge, no group has reported the
electrochemical performance of hollow or mesoporous structured NZFO prepared by
a one-step solvothermal method. The as-prepared mesoporous NZFO nanospheres
showed excellent electrochemical performance with high initial discharge capacity

and good capacity retention.

2. Experimental

All reagents were analytical grade and were used without further purification. In
order to synthesize NZFO, stoichiometric amounts of nickel nitrate, zinc nitrate, and
iron nitrate were dissolved in 30 ml ethylene glycol (EG) under magnetic stirring.

After stirring for 60 min, a suitable amount of urea was slowly added to the mixed



nitrate solution. The mixture was stirred for 2 h to obtain a clear solution.
Subsequently, the solution was sealed in a Teflon-lined autoclave (50 ml capacity) and
maintained at 180 °C for 24 h. Then, the mixture was cooled to room temperature
naturally. The resultant products were washed with deionized water and ethanol
several times, and then dried in a vacuum oven at 80 °C overnight. For simplicity, the
NZFO powders obtained under the same reaction conditions of temperature and
reaction time, but with different reactant concentrations, are denoted as NZFO-A,
where A represents the mole number of the as-prepared NZFO powders, respectively.
For example, NZFO-200 indicates that 0.002 mol NZFO powders were prepared
at 180 °C with 24 h reaction time. In order to investigate the influence of the
reactant concentrations on the final products, the molar ratio of Ni(NO3)2*6H,0,
Zn(NO3),#6H,0, Fe(NO3)3¢9H,0, and urea was kept constant (1:1:4:16), and the
volume of EG was fixed at 30 ml.

X-ray diffraction (XRD) patterns of the as-prepared products were collected on a
Philips X’pert PRO X-ray diffractometer with Cu Ko radiation. Field emission
scanning electron microscopy (FESEM, FEI Sirion 200) and transmission electron
microscopy (TEM, JEM-2010) were used to show the surface morphology and
particle size distribution. The surface area of the samples was determined by nitrogen
adsorption (Autosorb-iQ-Cx).

To test the electrochemical performance, as-prepared samples were mixed with
acetylene black (AB) and a binder, sodium carboxymethyl cellulose (CMC, average

Mw: ~250 000, Aldrich), in a weight ratio of 80:10:10 in deionized water. The slurry



was uniformly pasted onto pieces of Cu mesh with an area of 1 cm? Such prepared
electrode sheets were dried at 90 °C in a vacuum oven for 12 h. The electrodes were
not pressed for electrochemical testing. The electrochemical cells (CR 2032 coin-type
cells) contained the composite on Cu mesh as the working electrode, Li foil as the
counter electrode and reference electrode, a porous polypropylene film as separator,
and 1 M LiPFg (battery grade 99.99%, Aldrich) in a 1:2 (v/v) mixture of ethylene
carbonate (EC, anhydrous 99%, Sigma-Aldrich) and diethyl carbonate (DEC,
anhydrous 99 + %, Sigma-Aldrich) as the electrolyte. The cells were assembled in an
Ar-filled glove box. The cells were cycled at a current density of 50 mA g between
0.01 and 3.0 V using a computer-controlled charger system manufactured by Land
Battery Testers. The specific capacity is based on the weight of NZFO. The loading
mass of NZFO is 3-5 mg cm™. Electrochemical impedance spectroscopy (EIS) was
conducted using a Biologic VMP-3 electrochemical workstation.
3. Results and discussion
3.1. Structure and morphology

Figure 1 shows the XRD patterns of the Ni-Zn ferrites prepared using different
reactant concentrations. All reflection peaks match with the standard JCPDS card of
Ni-Zn ferrite (card no. 08-0234), and no other phase is detectable. The lattice constant
(a) values, obtained by Rietveld refinement and listed in Table 1, are larger than that
of Fe;0, (8.36 A) [32]. The Rietveld refined XRD pattern of the typical NZFO-300
sample is shown in the inset of Fig. 1. In Fig. 1, the corresponding diffraction peaks

become narrower and sharper with increasing concentration, indicating better



crystalline and growth in crystallite size. The crystallite size (D) was calculated by the
Williamson-Hall (W-H) plots equation [33]: fcosf@ =¢&(4sin8)+ A/ D, where
is the measured full width at half maximum (FWHM) for XRD corresponding
to different crystal planes, @ is the Bragg angle, ¢ is the strain and D is the
crystallite size. The crystallite size increased from 22 to 35 nm as the reaction
concentration increased.

Figure 2 shows the morphology and corresponding size distribution graphs of all
the NZFO samples. All the particles show a spherical shape with a rather
homogeneous nanosphere size. The size distribution of the nanospheres was estimated
by taking the average of 200 nanospheres and fitting the resultant histogram by a
Gaussian function (solid line), as shown in the insets of Fig. 2. The average
nanosphere sizes are listed in Table 1. The centre of the size distribution curves was
shifted from 145 to 62 nm as the concentration of the reaction solution was increased
from 2 to 4 mM, showing the significant influence of the reactant concentration on the
nanosphere size. This can be explained by the classical theories of crystal
heterogeneous nucleation [34]. In our experiment, the urea can provide centres of
heterogeneous nucleation. Therefore, increasing the concentration will lead to a
decrease in the average particle size. Open pores and some broken spheres can also be
seen in Fig. 2(d), as marked by the arrows, indicating the presence of hollow spheres
in the NZFO-300 sample.

Transmission electron microscopy (TEM) was used to further confirm the structure

of the nanospheres. Fig. 3 shows TEM images of the NZFO-200, NZFO-300 and



NZFO-400 samples. Uniform and monodisperse nanospheres are observed. Fig. 3(a),
(b), and (c) clearly reveal that the spherical shells are packed with numerous NZFO
nanoparticles. In Fig. 3(b), the contrast between the dark edge and the pale center
indicates the hollow interior structure of the NZFO-300 nanospheres. High-resolution
TEM (HRTEM) analysis was employed to determine the crystal facets and orientation.
As shown in Fig. 3(d), (e) and (f), the lattice fringe spacings of d =0.30 nm and d =
0.25 nm agree well with the (220) and (311) lattice planes of the XRD patterns of
cubic NZFO, respectively. The different contrast in Fig. 3(d) and (e) indicates that
NZFO-200 and NZFO-300 may have a porous structure with pore size smaller than 5
nm.

Fig. 4 presents the N, adsorption-desorption isotherms of the samples and the
corresponding Barret-Joyner-Halenda (BJH) pore size distribution curves. The
measured Brunauer-Emmett-Teller (BET) surface area (Sger) for NZFO-200 and
NZFO-300 is about 101.3 and 77.2 m? g, respectively. It can be seen that the Sger
decreases from 101.3 to 77.2 m* g™ as the reaction concentration increases. The
relatively high Sger for NZFO-200 may be due to its narrow particle size distribution,
as shown in Fig. 4(c). The isotherms in Fig. 4(a) and (b) are identified as type 1V,
which is characteristic of mesoporous (2-50 nm) materials [35]. The NZFO-200
sample has sharp peaks at 2 and 31 nm, indicating the presence of mesopores.

The formation of the hollow NZFO nanospheres could be explained by the Ostwald
ripening process [28]. In the sealed solvothermal reaction system, CO, bubbles

resulting from the thermal decomposition of urea can serve as soft templates to induce



the hollow/porous nanostructure. The gas bubbles provide the nucleation centers for
NZFO nanoparticles to aggregate around the gas-liquid interface. As the reaction
proceeds, hollow NZFO nanospheres are formed.

Fig. 5 contains a schematic illustration of the formation mechanism of the
hollow/mesoporous nanospheres. Based on the above analysis, when the reactant
concentration is relatively low, the size of the bubbles generated from the
decomposition of urea is too small to accelerate the Ostwald ripening because the gas
is trapped between the interfaces, resulting in mesoporous spheres. Therefore, the urea
only has a positive effect on the reduction capability of ethylene glycol, but there is
not enough gas for the bubbles to act as soft templates, so that porous-structured
nanospheres are only partially formed. As the reactant concentration increases, more
gas bubbles are produced, thus accelerating the Ostwald ripening process, which
results in the formation of hollow nanospheres. According to the formation of crystals
[36], the rate of the generation or the quantity of the gas bubbles plays an important
role in controlling the particle size. In the same volume of the EG, as urea increases to
a higher amount, the more bubbles are produced, and the quantity of NigsZngsFe;O4
aggregation in each bubble will be reduced, resulting in the decrease of the
nanosphere size.

3.2. Electrochemical characterizations

Figure 6 shows the charge-discharge curves of selected cycles for the first 50

cycles of NZFO-200, NZFO-300, and NZFO-400 electrodes in coin test cells

using lithium as the counter and reference electrode between 0.01 and 3.0 V (vs.



Li*/Li). All the charge-discharge curves in Fig. 6 show similar features to those
of transition metal oxide electrodes reported previously in the literature [15,
23-25]. The first discharge curves all show a plateau at 0.75 V. The initial
discharge specific capacity is in the order of NZFO-200 > NZFO-300 >
NZFO-400.

The theoretical capacity of NZFO from the reduction reactions of Ni (I1), Zn
(11), and Fe (1) to Ni (0), Zn (0), and Fe (0), respectively, is 902 mAh g™,
corresponding to a maximum lithium uptake of 8 Li per NZFO. The equation is
as follows:

2 NipsZnosFe,04 + 16 Li* + 16 € — 4 Fe + Zn + Ni + 16 Li,0 (1)

The initial discharge capacity is always higher than the theoretical capacity,
which is due to the decomposition of electrolyte and the formation of the solid
electrolyte interphase (SEI). The possible reaction between Zn and Li would be
another contribution to the high capacity [37].

Zn+Li"+e < LiZn (2)

The highest surface area sample, NZFO-200, shows the highest initial
discharge capacity of 1480 mAh g™ . The reversible capacity is due to the
reversible reaction of Li,O and the transition metals:

4Fe + Zn + Ni + 8 Li,O «+» 2Fe,03+ZnO+NiO+16Li" +16¢€ 3)

10



The highest reversible capacities were also observed for the NZFO-200 sample,
up to 1100 mAh g™.

The dQ/dV results are also plotted in Fig. 7. In the 1% cycle [Fig. 7(a)], an
additional peak can be found at 0.46 and 0.66 V for the NZFO-200 and
NZFO-300 samples, respectively. This may be due to the further lithiation of
ZnO to give a Li—Zn alloy, as a similar peak between 0.2 and 0.5 V was
observed in the literature [38]. The high intensity of the 0.46 V peak of the
NZFO-200 sample indicates the highly reversible reaction of Zn and lithium,
which can be attributed to the mesoporous structure with small crystallite size
and high surface area. Fig. 7(b) presents the dQ/dV curves of the 50™ cycle.
One pair of redox peaks can be found at 1.0 V and 1.6 V for the NZFO-200 and
NZFO-300 samples. The higher intensity of NZFO-200 indicates higher
capacity. The NZFO-400 sample shows small reversible peaks, indicating the
lowest reversible capacity.

The cycle life is shown in Fig. 8. The capacity retention is in the same order
as the surface area. The best capacity retention that can be obtained here is for
the NZFO-200 sample with 700 mAh g™ up to 50 cycles. Our results show that
the performance of the mesoporous nanosphere electrode (NZFO-200) with
high surface area is better than that of the hollow/porous nanosphere electrode
(NZFO-300) with low surface area in terms of reversible capacity and cycle life.
It is also worth mentioning that there is a large deviation in potential between

the charge and discharge profiles, owing to the large polarization related to ion

11



transfer during the cycling process. This phenomenon is often observed in

many metal oxide anodes due to poor electrical conductivity [15,16,39,40].

The rate performance was also investigated to characterize the stability of the
NZFO-200 and NZFO-400 electrodes, as shown in Fig. 9. The NZFO-200 electrode
shows the highest specific capacity of 508 mAh g™ at a current density of 1 Ag™. The
capacity retention rates at 500 mA g+ and 1 A g™ are 75.5 % and 56.1 % compared to
the 100 mA g™ capacity, respectively. In comparison, the NZFO-400 electrode shows
relatively poor high rate capability, with less than 15% capacity retention at current
density of 1 A g™. The high rate capability can be attributed to the high surface area
and mesoporous structure, which can enhance contact between the electrode and
electrolyte, and shorten the lithium diffusion length.

To investigate the reasons for the enhanced capacity retention in NZFO-200, the
electrodes were washed and dried after cycling, and the changes in morphology were
examined by SEM. SEM images of the surfaces of the electrodes before and after
cycling are shown in Fig. 10. The top SEM images show the electrode surfaces before
cycling, while the bottom ones show the surfaces after 50 cycles. The electrodes
before cycling show a similar smooth surface, while after cycling, the electrode
morphology shows big differences. The surface of the NZFO-200 electrode after
cycling shows a porous morphology, while the NZFO-400 electrode shows
morphology that features big cracks. The growth of the big cracks will produce high
resistance and cause contact between the active materials to be lost, resulting in poor
capacity retention. The difference in the electrode morphology could be related to the
differences in the morphology and surface area of the active materials. Since the
formation of the solid electrolyte interphase (SEI) layer plays a very important role in
the cycling stability of the active materials, the higher surface area and mesoporous

12



structure of NZFO-200 could be of benefit for the formation of more stable SEI
compared with NZFO-400.

Electrochemical impedance spectroscopy (EIS) was used to explain the reasons for
the enhanced rate capability and capacity retention of the NZFO-200 electrode. The
Nyquist plots (Figure 11) show a semicircle in the high to medium frequency range,
which describes the charge-transfer resistance (R;) for both electrodes. The intercept
value is considered to represent the total electrical resistance offered by the electrolyte
(Rs). The inclined line represents the Warburg impedance (Z,) at low frequency,
which indicates the diffusion of Li* in the solid matrix. The impedance plots were
fitted using the equivalent circuit model shown in the inset. The R of the NZFO-200
after 5 cycles (140 Q) and after 50 cycles (254 Q) is much smaller than those of the
NZFO-400 after 5 cycles (188 Q) and after 5 cycles (560 Q), respectively, giving
evidence that the high surface area of the NZFO-200 improved the battery
performance over extended cycling. However, the capacity still gradually decreases
for all samples. Further work can be done to improve the capacity retention via
making carbon composite materials.

4. Conclusions

In summary, monodisperse mesoporous NigsZngsFe;0O4 nanospheres have
been synthesized via a one-step solvothermal method. Nanospheres with
different morphologies, crystallite sizes, and diameters can be tuned by
adjusting the reactant concentration, which has been confirmed by the XRD,

FESEM, and TEM observations. The formation mechanisms of the mesoporous

13



and/or hollow nanospheres have been discussed based on the Ostwald ripening
process. The mesoporous NigsZnosFe,O4 nanospheres with small crystallite
size and high surface area show high reversible specific capacity and better
capacity retention, suggesting that mesoporous NigsZnosFe>O4 nanospheres can

have promising applications in lithium ion batteries.
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Table caption
Table 1 Lattice constant a (A), crystallite size (nm), and nanosphere size (nm) of

the NZFO samples as a function of the reactant concentration.

Lattice constant Crystallite size Nanosphere size
sample
A) (nm) (nm)
NZFO-200 8.3796 22 145
NZFO-300 8.3811 23 125

NZFO-400 8.3865 35 62
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Figure captions

Fig. 1 XRD patterns of NZFO sampleswith different reactant concentrations;
the inset shows the Rietveld refinement results for NZFO-300.

Fig. 2 FESEM images of NZFO ferrite produced with different reactant
concentrations, with the insets showing the corresponding particle size
distribution graphs: (a) NZFO-200, (b) NZFO-300, (c) NZFO-400; and
(d) a high-magnification FESEM image of NZFO-300. The arrows in (d)
indicate broken nanospheres, showing their hollow nature.

Fig. 3 TEM images of NZFO ferrite synthesized with different reactant
concentrations: (a) NZFO-200, (b) NZFO-300, (c) NZFO-400; high
magnification TEM images: (d) NZFO-200, (e) NZFO-300, (f)
NZFO-400.

Fig. 4 Nitrogen adsorption-desorption isotherms of (a) NZFO-200,
(b)NZFO-300; and pore size distributions of (c) NZFO-200, (d)
NZFO-300 (insets: magnified 0-5 nm regions).

Fig. 5 Schematic illustration of the formation mechanism of hollow magnetic

nanospheres.
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Fig. 6 Charge and discharge curves for selected cycles of NZFO-200 (a),
NZFO-300 (b), and NZFO-400 (c) electrodes.
Fig. 7 dQ/dV curves of NZFO-200, NZFO-300, and NZFO-400 electrodes at
the 1% cycle (a) and the 50" cycle (b).
Fig. 8 Cycle life of NZFO-200 (red), NZFO-300 (green), and NZFO-400(blue)
electrodes.
Fig. 9 Rate performance of NZFO-200 and NZFO-400 electrodes at different
current density rates from 100 mA g™ to 1000 mA g* and back to 100
mA g between 0.01 and 3.0 V.
Fig.10 SEM images of the electrode surface of NZFO-200 electrode (a, b) and
NZFO-400 electrode (c, d), before (a, c) and after (b, d) 50 cycles.
Fig. 11 Nyquist plots of NZFO-200 electrode and NZFO-400 electrode, after
cycling over 5 and 50 cycles at a discharge potential of 0.7 V vs. Li/Li" at
25 °C at frequencies from 100 kHz to 20 mHz. The inset is the equivalent

circuit used.
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Figure 1, Zhang et al.
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Figure 2, Zhang et al.
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Figure 3, Zhang et al.

23



Figure 4, Zhang et al.
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Figure 5, Zhang et al.
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Figure 6, Zhang et al.
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Figure 7, Zhang et al.
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Figure 8, Zhang et al.
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Figure 9, Zhang et al.
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Figure 10, Zhang et al.




Figure 11, Zhang et al.
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