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The ability to create a synergistic effect of nanostructure engineering
and its hybridization with conductive carbonaceous material is highly desirable for
attaining high-performance lithium ion batteries (LIBs). Herein, we judiciously
crafted ZnFe,0,/carbon nanocomposites composed of ZnFe,0, nanoparticles with an
average size of 16 + 5 nm encapsulated within the continuous carbon network as
anode materials for LIBs. Such intriguing nanocomposites were yielded in situ via the
pyrolysis-induced carbonization of polystyrene@poly(acrylic acid) (PS@PAA) core@
shell nanospheres in conjunction with the formation of ZnFe,O, nanoparticles
through the thermal decomposition of ZnFe,0, precursors incorporated within the
PS@PAA nanospheres. By systematically varying the ZnFe,O, content in the
ZnFe,0,/carbon nanocomposites, the nanocomposite containing 79.3 wt %

ZnFe,0, was found to exhibit an excellent rate performance with high capacities of

1238, 1198, 1136, 1052, 926, and 521 mAh g_1 at specific currents of 100, 200, 500,
1000, 2000, and 5000 mA g ', respectively. Moreover, cycling performance of the
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ZnFe,0,/carbon nanocomposite with 79.3 wt % ZnFe,0, at specific currents of 200 mA g~ delivered an outstanding

prolonged cycling stability for several hundred cycles.

ZnFe,0, nanoparticles, continuous carbon network, advanced anode, lithium-ion batteries

An enormous spectrum of applications of lithium-ion batteries
(LIBs), particularly in electric vehicles (EVs), hybrid EVs, and
electric grids, invokes essential requirements on their energy
storage capabilities. In this context, considerable efforts have
been devoted to the development of advanced electrodes with
high energy density and power density as well as long cycle life
at low cost.' However, the most common commercial graphite
anode material still exhibits a relatively low theoretical specific
capacity of 372 mAh g~!, which cannot meet the demand of the
high-energy applications noted above.” To date, a wide variety
of anode materials with much higher capacities have been
extensively investigated. In this regard, transition metal oxides
(M,0O,, where M is Fe, Co, Ni, Cu, Sn, Mn, etc.) clearly stand
out as the promising alternatives to graphite owing to their
attractive higher theoretical capacities (>600 mAh g™'), low
cost, environmental friendliness, and wide availability contain-
ing earth-abundant elements.”™* Lithium storage within
transition metal oxides is mainly achieved through the
reversible conversion reaction between lithium ions and metal
oxides, which form metal nanocrystals dispersed in the Li,O
matrix, that is, MO, + 2yLi & xM + yLiZO.*}”5 For example,
Fe;O, as a green and naturally abundant material reacts with
eight lithium ions completely per formula unit, offering a
theoretical capacity of 926 mAh g~'. Moreover, the
conductivity of Fe;O, is as high as 10> S cm™, much larger
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than other metal oxide active materials such as TiO, (107'° S
em ™) and SnO, (107> S cm™"),*” making it an attractive anode
material for achieving high energy density and power density.
By replacing one iron atom with zinc, the resulting ternary
oxide (ie., ZnFe,O,) contributes an extra lithium uptake by
forming LiZn alloy, leading to an enhanced theoretical capacity
of 1000.5 mAh g~

Despite the intriguing features described above, these high-
capacity transition metal oxide anode materials have not yet
been implemented for practical applications. This is due to their
capacity decay over cycling which originates primarily from the
electrode pulverization and the subsequent loss of electrical
contacts between the active materials and the current collectors
caused by the volume change-induced stress during the
repeated insertion and extraction of lithium ions.*” Another
challenging issue concerns the poor electrical conductivity of
transition metal oxides, which limits the attainable high capacity
at high a charge/discharge rate.’

Two main strategies have been widely recognized as effective
methods in alleviating these issues. The first strategy is to utilize
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nanostructured active materials which are advantageous because
of (i) a better accommodation of mechanical stress,'”"" (ii) the
shortened transport length for electrons and lithium ions and
thus rendering fast discharging/ charglng,12 '* and (iii) a higher
electrode/electrolyte contact area favorable for improving the
lithium reaction rate."”"> Nanosized transition metal oxides 1n
various morphologles such as nanopartlcles,?’ 1917 nanotubes,'®
nanorods/nanowires,” ! nanospmdles, nanosheets, > efc.
have been demonstrated to offer opportunities in achieving
superior electrochemical performance. However, some prob-
lems may arise as a result of the high surface-to-volume ratio
and the large surface energy of nanostructured active materials.
These problems include undesirable electrode/electrolyte
reactions, * repeated decomposition/formation of solid electro-
lyte interphase (SEI) films due to the cyclic exposure of active
material surface to electrolyte via the generated transition metal
nanocrystals, resulting in thick SEI films and a large irreversible
capacity (ie., low columbic efficiency).’

The second strategy for improving the electrochemical
performance involves the construction of hybrid nanomaterials
with more conductive carbonaceous materials (e.g, porous
carbon, carbon nanotubes, nanofibers, graphene/graphite, efc.).
Carbonaceous materials possess good electronic conductivity
and high rate capability.””** Moreover, they have the capability
of preserving the structural integrity of active materials, thereby
entailing enhanced cyclablhty and rate capacity in the resulting
hybrid composites.”® A diversity of modifications with carbona-
ceous materials have been exploited, such as surface carbon
coating,”>*”~* graphene as substrate with active nanomaterials
decorating, growing or anchoring on the surface,*°7%?
graphene/carbon encapsulated active materlals,”%4 mechan-
ically mixing graphene with active materlals, graphene
nanosheets wrapped active material partlcles, sandwich-like
graphene/active material /graphene structures,”” layered struc-
tures with active materials alternating with graphene sheets,*®
etc. Clearly, the synergy of the two strategies noted above, that
is, nanostructure engineering and its hybridization with
conductive carbonaceous material, would impart a better
electrochemical performance. However, it remains challenging
to achieve this synergy.

Herein, we report a robust in situ crafting of ZnFe,0,/carbon
nanocomposites electrode composed of ZnFe,0, nanoparticles
with an average diameter of 16 &+ 5 nm impregnated within the
continuous carbon network via the pyrolysis of ZnFe,O,
precursors-containing polystyrene@poly(acrylic acid) (PS@
PAA) core@shell nanospheres. The PS@PAA nanospheres
were synthesized in one-step by emulsion polymerization,
followed by thermal annealing of ZnFe,O, precursor-
containing PS@PAA nanospheres, leading to the formation of
ZnFe,0, nanoparticles embedded in the continuous carbon
network due to the carbonization of PS@PAA nanospheres.
Intriguingly, the PS@PAA nanospheres not only functioned as
templates by incorporating ZnFe,O, precursors (ie, Zn-
(NO;),:6H,0 and Fe(NO;);-9H,0) in the region occupied
by the PAA shell owing to a strong coordination bonding
between the carboxyl groups of PAA and the metal moieties of
precursors,””** but also acted as the polymeric source for the
creation of carbon network. By carefully performing thermal
annealing under argon atmosphere, the precursor-containing
PS@PAA nanospheres decomposed slowly, accompanied by
the collapse, shrinkage, and carbonization of polymers with the
formation of ZnFe,O, nanoparticles. The mass content of
ZnFe,0, nanoparticles in ZnFe,0,/C nanocomposites was
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systematically varied. The optimal content of 79.3 wt %
ZnFe,0, was found to yield the best rate capability for LIBs. It
is noteworthy that the carbon network provides a continuous
and conductive pathway for electron transport, resulting in
excellent rate capability when ZnFe,O,/carbon nanocompo-
sites containing 79.3 wt % ZnFe,0, were evaluated as potential
anode materials with high capacities of 1238, 1198, 1136, 1052,
926, and 521 mAh g~' at specific currents of 100, 200, 500,
1000, 2000, and 5000 mA g_l, respectively. In addition, the
carbon network renders the mechanical flexibility of active
materials, as well as retains the structural integrity of ZnFe,O,/
carbon nanocomposites during repeated lithiation/delithiation,
thereby leading to a prolonged cyclic life of the ZnFe,O,/
carbon electrode (>98% capacity retention after cycling at 200
mA g~ for over 400 cycles).

RESULTS AND DISCUSSION

Emulsion polymerization is a very inexpensive and environ-
mental friendly chemical process. A typical emulsion polymer-
ization comprises a hydrophobic monomer, water, an oil-in-
water surfactant, and a water-soluble initiator. At the beginning
of emulsion polymerization, the monomer droplets having large
oil—water interfacial area are emulsified through physically
absorbing or chemically incorporating the surfactant. The
surfactant serves primarily for controlling the latex particle size
and stabilizing the particles at high concentration. With the
addition of initiators, the polymerization proceeds.”' In the
present study of forming PS@PAA core@shell nanospheres,
hydrophobic monomers of styrene and hydrophilic monomers
of acrylic acid were first dispersed in water, forming uniform
oil-in-water droplets. The polymerization of oil-in-water
droplets of styrene and the creation of free radical of acrylic
acid were initiated by the initiator K,S,0q. The resulting PS
formed the core of the core@shell nanospheres (upper left
panel in Figure 1). Interestingly, on the other hand, a small
portion of hydrophilic acrylic acid monomers and their
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Figure 1. Schematic illustration of the formation of PS@PAA
nanospheres and the resulting ZnFe,0,/carbon nanocomposites
comprising ZnFe,0, nanoparticles impregnated within the carbon
network.
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resulting oligomers acted as surfactant to stabilize the oil-in-
water droplets noted above (upper left panel in Figure 1).** In
the meantime, a great portion of hydrophilic acrylic acid
monomers was dissolved in water and further polymerized to
yield oligomers. As the polymerization continues, the molecular
weight of the formed acrylic acid oligomers increased, leading
to the decrease in hydrophilicity of acrylic acid oligomers and
the formation of PAA. The coagulation of PAA on the PS core
produced the PAA shell, and thus PS@PAA core@shell
nanospheres (upper right panel in Figure 1).*

The transmission electron microscopy (TEM) image for the
PS@PAA nanospheres clearly showed their core@shell
structure with an average diameter of approximately 260 nm
(Figure 2a). After the polymerization was complete by reacting
at 80 °C for 24 h, the precursors solution (i.e., Zn(NO;),-6H,O
and Fe(NO,);9H,0 dissolved in water) with controlled
amount and pH value was added dropwise to the PS@PAA
nanospheres solution at 80 °C under vigorous stirring. As the
carboxyl group of PAA has a strong coordination interaction
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Figure 2. Sample characterizations. TEM images of (a) PS@PAA
core@shell nanospheres, (b) ZnFe,0, precursors-loaded PS@PAA
nanospheres, and (c) the ZnFe,0,(79.3 wt %)/carbon nano-
composites formed after calcination in argon at 600 °C with
ZnFe,0, nanoparticles embedded within the continuous carbon
network (the average diameter of ZnFe,0, nanoparticles is 16 + 5
nm). The corresponding HRTEM image of panel c is shown in
panel d, where the ZnFe,0O, nanoparticles are marked in red circles.
The inset in panel d is the SAED pattern of ZnFe,0,/carbon
nanocomposites. (¢) XRD pattern of ZnFe,0,(79.3 wt %)/carbon
nanocomposites. (f) Raman spectra of ZnFe,0,(79.3 wt %)/carbon
nanocomposites. The excitation wavelength is 785 nm.
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with Fe** and Zn** ions,”*** the PS@PAA nanospheres
functioned as templates by incorporating ZnFe,O, precursors,
yielding the ZnFe, O, precursors-loaded PS@PAA nanospheres
(Figure 2b). In comparison with pure PS@PAA nanospheres,
the edges of the PAA shell was blurred by the precursors,
suggesting the success in loading ZnFe,O, precursors.

Fourier transform infrared spectroscopy (FTIR) spectra of
PS@PAA nanospheres before and after the introduction of
ZnFe,0, precursors were also measured to further confirm the
loading of precursors. As shown in Figure S1, the characteristic
absorption at 3023, 2921, 1600, 1493, 1452, 1025, 757, and 697
cm ™! corresponding to benzene rings** in the PS core and the
characteristic peak at 1709 cm™' attributed to the carboxylic
acid group of PAA® are clearly evident in as-prepared PS@
PAA nanospheres. After the loading of ZnFe,O, precursors, a
strong peak at 1385 cm™ corresponding to the NO,™ ions*
emerged, signifying that the precursors (ie., Zn(NO;),-6H,0
and Fe(NO,);9H,0) were successfully incorporated within
the space occupied by the PAA shell of PS@PAA core/shell
nanospheres. Notably, the peaks corresponding to PS core and
PAA shell became weaker after the loading of precursors.

The ZnFe,0, precursors-containing PS@PAA nanospheres
provided a good source for the formation of ZnFe,O,
nanoparticles (from precursors) and the creation of a carbon
network (from PS@PAA nanospheres). The thermogravimetric
analysis (TGA) of the ZnFe,O, precursors-loaded PS@PAA
nanospheres in nitrogen atmosphere showed a significant
weight loss at around 400 °C due to the degradation of PS and
PAA; the weight loss was then slowed over a temperature range
of 400—600 °C (Figure S2). After 600 °C, the weight remained
nearly constant, implying that the thermal decomposition
process was complete. Thus, 600 °C was chosen as the
temperature for the calcination treatment as higher temperature
may result in the reduction of ZnFe,0, by the formed carbon."”

The calcination of the precursors-loaded PS@PAA nano-
spheres under argon atmosphere at a ramping rate of 1 °C/min
for 2 h led to the thermal decomposition of both the PS@PAA
nanospheres and the loaded precursors, converting the
precursors into ZnFe,O, nanoparticles in conjunction with
the collapse and shrinkage of PS@PAA nanospheres and their
final transformation into carbon. It is noteworthy that the
loading of precursors within the PAA core of PS@PAA
nanospheres restricted the aggregation and coarsening of
ZnFe,0, nanoparticles during the high-temperature treatment,
thereby rendering the formation of ZnFe,O, nanoparticles with
an average diameter of 16 + S nm dispersed in the continuous
carbon network (i.e, ZnFe,0,/carbon nanocomposites; Figure
2¢,d). Figure 2d clearly shows the presence of continuous
carbon network encapsulating ZnFe,O, nanoparticles. The
selected area electron diffraction (SAED) pattern (inset in
Figure 2d) exhibited a series of concentric rings, signifying the
polycrystalline characteristics of the resulting ZnFe,O, nano-
particles.

The chemical composition of ZnFe,0,/carbon nanocompo-
sites was analyzed by energy-dispersive X-ray spectroscopy
(EDX). As shown in Figure S3, the elements of both Zn and Fe
were observed, indicating the existence of ZnFe,O,. The
formation of the ZnFe,O, phase was further corroborated by
the X-ray diffraction (XRD) measurement (Figure 2e). The
XRD peaks at 30°, 35.5% 38.0%, 43.5°, $3.2°, 56.7°, and 62.3°
can be assigned to the [220], [311], [222], [400], [422], [S11]
and [440] planes of ZnFe,0, in cubic spinel structure with Fd-
3m space group (JCPDS Card No. 022-1012), which matched
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very well with the previously reported results.”** The absence

of peaks assignable to the crystalline phase of carbon suggested
the carbon network was likely in an amorphous state.

Raman spectroscopy measurement on ZnFe,O,/carbon
nanocomposites was performed with an excitation wavelength
of 785 nm. The peaks at around 1340 and 1590 cm™
correspond to D band (disordered graphitic structure) and G
band (graphitic structure) of carbon, respectively (Figure 2f).
The large intensity ratio of Ip/I; for the ZnFe,O,/carbon
nanocomposites verified the amorphous nature of carbon,"
correlating well with the XRD result.

It is well-known that the amount of carbon is a crucial
parameter in determining the electrochemical performance of
the nanocomposites electrode.”””' To optimize the electro-
chemical performance, we scrutinized ZnFe,O,/carbon nano-
composites at different ZnFe,O, to carbon ratios by varying the
molar ratio of ZnFe,O, precursors to PS@PAA nanospheres.
On the basis of the TGA results shown in Figure S4, the
ZnFe,0, contents in these ZnFe,O,/carbon nanocomposites
were determined to be 61.4, 67.4, 74.5, 79.3, and 83.5 wt %,
respectively. We note that the TEM, XRD, and Raman results
described above are all from the ZnFe,O,/carbon nano-
composites containing 79.3 wt % ZnFe,0, (hereafter referred
to as ZnFe,0,(79.3 wt %)/carbon); and the other four
nanocomposites samples showed similar results from these
characterizations. It is notable that the precursors-loaded PS@
PAA nanospheres were also calcinated in air, and the pure
ZnFe,0, nanoparticles without the carbon network encapsu-
lation was obtained and used as control.

To scrutinize the lithiation and delithiation behavior of
ZnFe,0,/carbon nanocomposites electrode, the cyclic voltam-
metry (CV) measurement on the ZnFe,0,(79.3 wt %)/carbon
electrode was performed at a scan rate of 0.1 mV s™" over a
potential range from 0.005 to 3 V. Figure 3a shows the CVs for
the first seven cycles. In the first cathodic scan, a broad peak at
around 0.8 V was observed, which can be attributed to the
reduction of Fe** and Zn®>* to their metallic states, the
formation of Li—Zn alloys, and an irreversible reaction related
to the decomposition of electrolyte.*” The cathodic peak shifts
to around 0.95 V in the subsequent scans, differentiating the
later reduction mechanism from the one in the first scan. For
the anodic scans, a broad peak centered at around 1.75 V was
seen due to the oxidation of metallic Fe and Zn to Fe** and
Zn®*, respectively.”> Moreover, the cathodic and anodic peaks
did not shift in the subsequent cycles, confirming a highly
reversible reaction with lithium once the initial structural
changes were completed.

Figure 3b presents the galvanostatic discharge/charge profiles
of ZnFe,0,(79.3 wt %)/carbon nanocomposites electrode over
a voltage range from 0.005 to 3 V at specific current of 100 mA
g~! for the first 10 cycles. The initial discharge profile showed a
voltage plateau at around 0.8 V. It was then shifted to
approximately 0.95 V for the subsequent cycles, consistent with
the CV results discussed above. The charge profiles displayed a
voltage plateau at about 1.75 V for the first 10 cycles, indicating
high reversibility. The initial discharge and charge capacities for
ZnFe,0,(79.3 wt %)/carbon nanocomposites anode are 1626
mAh ¢! and 1206 mAh g, respectively, with the initial
Coulombic efficiency of 74.2% (all specific capacities are
calculated based on the net weight of ZnFe,0O, nanoparticles).
The initial irreversible capacity loss was probably due to the
initial lithiation of ZnFe,O, which irreversibly consumed extra
lithium and the formation of solid electrolyte interface (SEI)
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Figure 3. (a) Cyclic voltammetry profiles of ZnFe,0,/carbon
nanocomposites for the first seven cycles between 0.005 and 3 V at
a scan rate of 0.1 mV s™'; (b) charge/discharge profiles of the
ZnFe,0,/C nanocomposites electrode for the first 10 cycles
between 0.005 and 3 V at specific current of 100 mA g™'; (c)
rate capability of ZnFe,0,(79.3 wt %)/carbon nanocomposites
electrode tested under different current rates (1C = 1000 mA g™');
(d) cycling performance of ZnFe,0,(79.3 wt %)/carbon nano-
composites tested at specific current of 200 mA g~ (0.2C) for 430
cycles.

layer at the electrode/electrolyte interface caused by the
reduction of electrolyte.’ For the subsequent cycles, the
discharge and charge capacities were stabilized at around 1200
mAh ¢! with Coulombic efficiencies approaching 100%,
signifying a high reversibility of lithium uptake and release.
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The rate performance of ZnFe,0,/carbon nanocomposites
electrode was investigated by increasing the applied specific
current every 10 cycles from 0.1C (1C = 1000 mA g™'), 0.2C,
0.5C, 1C, and 2C to SC and then back to 0.1C. The rate
performances of the five ZnFe,O,/carbon nanocomposites
electrodes with different ZnFe,O, contents were compared
(Figure SS). The best rate performance was achieved in
ZnFe,0,(79.3 wt %)/carbon nanocomposites. Figure 3c
depicts the rate performance for the ZnFe,0,(79.3 wt
%)/carbon nanocomposites electrode. Clearly, the specific
capacity decreased with the increase in specific current.
Interestingly, the attractive capacities of 1238, 1198, 1136,
1052, 926, and 521 were achieved at specific currents of 100
(0.1C), 200 (0.2C), 500 (0.5C), 1000 (1C), 2000 (2C) and
5000 mA g' (SC), respectively. When the specific current
returned to 0.1C, the capacities not only rebounded back to
high value but also showed a continuous increase and reached a
higher value of approximately 1500 mAh g~' due to the gradual
activation process.’ Such outstanding rate performance can be
ascribed to the synergistic effect of the presence of nanosized
ZnFe,0, particles and the continuous carbon network. The
carbon network with good electrical conductivity served as the
conductive medium between ZnFe,O, nanoparticles and the
current collectors; therefore, the fast charge—discharge can be
realized.”” In addition, the ZnFe,O, nanoparticles with such a
small size increased the interfacial area for Li reaction and
shortened the transport length for ions and electrons, leading to
high reversible capacities even at high specific currents.** The
pure ZnFe,0, nanoparticles (i.e., in the absence of continuous
carbon network) obtained by calcination in air were compared
with the ZnFe,0,/C nanocomposites calcinated under argon.
Figures 4a and 4b show the TEM image and the rate

(b) 600
o0 <00l 0.1C 0.1C
= 500 e ety
< 002 .
E 4001 0.2C
s
=
§_ 3004 0.5C .
< C
O 2004 s 1
3
& .
S 100 . w2l
b ° Discharge 5C
% 0 e Charge Suannn
0 10 20 30 40 50 60 70

Cycle Number

Figure 4. (a) TEM image of pure ZnFe,0, nanoparticles obtained
by calcinating the ZnFe,O, precursors-loaded PS@PAA nano-
spheres in air. (b) Rate capability of pure ZnFe,0, nanoparticles
electrode tested under different current rates (1C = 1000 mA g™).
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performance of pure ZnFe,O, nanoparticles. Clearly, as
compared with pure ZnFe,O, nanoparticles, due to the
presence of continuous and conductive carbon network in
ZnFe,0,/carbon nanocomposites, their rate performance was
markedly improved.

Figure 3d shows the galvanostatic cycling performance of the
ZnFe,0,(79.3 wt %)/carbon nanocomposites electrode tested
under specific current density of 200 mA g™ over a voltage
window between 0.005 and 3 V for 430 cycles. Prior to the
leveling off, the discharge capacity gradually increased from
initial value of 1090 mAh g~ to around 1190 mAh g~! for the
first 280 cycles and reached a stable value of around 1190 mAh
g~! from 280 to 370 cycles. The rapid capacity decay was then
observed after 370 cycles and the capacity decreased to about
1078 mAh g™ after the cycling finished at 430 cycles, yielding a
capacity retention of 98%. The observed capacity increase
during cycling was commonly observed for graphene/carbon-
based metal oxide composites and was attributed largely to the
improved Li-diffusion kinetics due to the gradual activation
process and reversible reaction between metal particles and
electrolytes.” Such long-term cyclic stability demonstrated the
excellent structural stability for the ZnFe,O,/carbon nano-
composites with ZnFe,O, nanoparticles encapsulated in the
carbon matrix.

The Nyquist electrochemical impedance spectra (EIS) of
ZnFe,0,(79.3 wt %)/carbon nanocomposites electrode in the
fresh state as well as after cycling (in the charged state) at 0.2C
for 430 cycles are shown in Figure S. The EIS spectra showed a
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Figure S. Electrochemical impedance spectra (Nyquist plot) of
fresh and cycled ZnFe,0,(79.3 wt %)/carbon nanocomposites
electrodes. The electrical equivalent circuit is shown as an inset.

quasi-semicircle from the high to intermediate frequency range
and a straight slopping line in the low frequency range, similar
to the previous detailed study.”* The inset in Figure § illustrates
the corresponding equivalent circuit model, where R, is the
ohmic resistance, reflecting a combined resistance of the
electrolyte, separator, and electrodes. The semicircle in the high
frequency range can be attributed to the resistance R, and the
capacitance Cg; of the formation of the SEI layer. The
semicircle in the intermediate frequency is associated with the
charge-transfer resistance R, and its relative double-layer
capacitance Cy. The sloping line in the low frequency region
is related to the Warburg impedance W, representing the
lithium ion diffusion resistance in bulk electrode. From the EIS
plots, it is clear that the radii of the quasi-semicircle after cycling
is much smaller than that of fresh cell, which can be ascribed to
the formation of SEI film and the activation process during
cycling.>
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After the cycling finished, the battery was dissembled inside
the glovebox and the electrode was washed with dimethyl
carbonate (DMC) rigorously for structural analysis. Figures 6a

Figure 6. HRTEM images of ZnFe,0,(79.3 wt %)/carbon
nanocomposites electrodes after cycling at 0.2C for over 400
cycles. (c,d) SEM images of freshly prepared ZnFe,0,(79.3 wt
%)/carbon nanocomposites electrodes. (e,f) SEM images of
ZnFe,0,(79.3 wt %)/carbon nanocomposites after cycling at
0.2C for over 400 cycles.

and 6b show the TEM images of the ZnFe,0,(79.3 wt
%)/carbon nanocomposites after cycling. The structure of
nanocomposites was seen to be retained after cycling with the
continuous carbon network encapsulating the nanoparticles,
except the nanoparticles turning into much smaller size after
the repeated lithiation/delithiation. Such good structural
stability rendered the prolonged cycling stability. Figure 6
panels c—f display the SEM images of the ZnFe,0,(79.3 wt
%)/carbon nanocomposites electrode that was freshly prepared
(Figure 6¢,d) and after cycling (Figure 6e,f). No significant
morphological change was observed after cycling, suggesting
the good structural stability of the nanocomposites electrode.
The SEM images (Figure 6e,f) for the electrode after cycling
revealed that a uniform SEI layer resulting from the catalytically
enhanced electrolyte reduction at low potential was formed on
the ZnFe,0,/carbon nanocomposites surface. As a result, the
morphology was changed from loose powder-like (Figure 6¢,d)
to self-holding appearance (Figure 6e,f),*® thereby reducing the
contact area between the active materials and the electrolyte by
blocking some holes, which may be responsible for the capacity
decay after 370 cycles.

CONCLUSION

In summary, we developed a facile and effective strategy for in
situ crafting ZnFe,0,/carbon nanocomposites electrode
comprising 16 + 5 nm ZnFe,O, nanoparticles embedded
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within the continuous carbon network through the pyrolysis of
ZnFe,0, precursors-containing PS@PAA core@shell nano-
spheres. The advantages of this strategy are 3-fold. First, the
PS@PAA nanosphere template is synthesized by emulsion
polymerization in one-step. Second, the pyrolysis leads to the
formation of ZnFe,O, nanoparticles. Third, in the meantime
the pyrolysis also induced the carbonization of PS@PAA,
forming a continuous carbon network that encapsulates the
formed ZnFe,O, nanoparticles. Notably, the carbon network
offers a continuous conductive pathway for electron transport,
improves the mechanical flexibility of active materials, and more
importantly, maintains the structural integrity of ZnFe,O,/
carbon nanocomposites during repeated lithiation/delithiation.
As anode materials for LIBs, the ZnFe,0,/C nanocomposites
containing 79.3 wt % ZnFe,O, exhibited the best electro-
chemical performance, delivering excellent rate performance
with high capacities of 1238, 1198, 1136, 1052, 926, and 521
mAh g at specific currents of 100, 200, 500, 1000, 2000, and
5000 mA g7, respectively, and prolonged cycling stability over
several hundred cycles. Such outstanding electrochemical
performance of ZnFe,0,/carbon nanocomposites electrode is
a direct consequence of the synergy of nanoscopic ZnFe,O,
particles and their hybridization with a continuous conductive
carbon network. We envision that this simple and robust
synthetic strategy can be readily extended for the preparation of
other carbon hybridized electrode materials for high-perform-
ance LIBs.

EXPERIMENTAL SECTION

Synthesis of PS@PAA Nanospheres. PS@PAA nanospheres
were prepared by emulsion polymerization of the mixture of styrene
and acrylic acid in aqueous solution by modifying the method reported
in the literature.* Typically, 2.176 g of acrylic acid was dissolved in
150 mL of DI water to form a homogeneous solution. A 10.4 g sample
of styrene was then added to the above solution to form uniform oil-
in-water droplets by stirring the mixture at 450 rpm for 30 min at
room temperature, followed by the addition of 0.54 g of K,S,0,.
Subsequently, the mixture was degassed under an argon purge for 1 h.
The polymerization was then performed by reacting at 80 °C for 24 h
under vigorous magnetic stirring. For TEM imaging, a small portion of
the resulting solution was diluted by water and casted onto the copper
TEM grid for drying. The powder for FTIR characterization was
obtained by centrifugation and then drying at 65 °C in vacuum oven.

Synthesis of ZnFe,0, Precursors-Loaded PS@PAA Nano-
spheres. The precursors solution was prepared by dissolving
Zn(NO;),-6H,0 and Fe(NO;);-9H,0 in DI water, and the pH for
precursors solution was adjusted to be 2, consistent with the pH value
of the PS@PAA solution. After the polymerization was complete by
reacting for 24 h, the precursor solution was added dropwise into the
solution under strong magnetic stirring and then stirred at 80 °C for 6
h to ensure the complete coordination between the carboxyl groups of
PAA and the metal moieties of precursors. The solution was cooled
down and diluted with DI water for TEM characterization. The
precursors-loaded PS@PAA powder was obtained by centrifugation
and then dried at 65 °C in a vacuum oven.

Synthesis of ZnFe,0,/Carbon Nanocomposites. The precur-
sors-loaded PS@PAA powder was first ground by mortar and pestle. It
was then heated at 1 °C/min to 600 °C for 2 h in a tubular furnace
(MTI) under argon atmosphere. Finally, the obtained ZnFe,O,/
carbon nanocomposites powder was ground for further character-
ization.

Characterizations. Transmission electron microscope (TEM) and
HRTEM analysis were performed on samples deposited on a copper
grid by JEOL TEM 100CX at an accelerating voltage of 100 kV. The
cubic spinel structure of ZnFe,0, was confirmed by powder X-ray
diffraction (XRD) on an alpha-1 (Cu Ka, 4 = 0.154 nm). The
amorphous nature of the carbon network encapsulating the nano-
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particles was confirmed by Raman spectroscopy using a Renishaw
InVia Raman spectrometer equipped with a 785 nm laser. The
morphology of the nanocomposites electrodes before and after cycling
tests was analyzed by scanning electron microscopy (SEM; LEO
1530). FTIR studies were conducted over a wavenumber range of
400—4400 cm™" (Shimadzu Japan) to evaluate the loading of ZnFe,O,
precursors within PS@PAA nanospheres. The weight ratio of the
ZnFe,0, nanoparticles was determined by thermogravimetric analysis
(TGA) in air (TA Instruments QS000).

Electrochemical Characterization. Electrochemical performance
of electrodes was examined by galvanostatic testing of CR 2032-type
coin cells assembled in an argon filled glovebox (MBraun). The coin
cells used the ZnFe,0,/carbon nanocomposites as cathode, lithium
foil as anode, and polypropylene (Celgard 2500, Celgard Inc., USA) as
separator. The cathode was composed of 80 wt % of ZnFe,0,/C
nanocomposites as active material, 10 wt % of acetylene black as
conductive agent, and 10 wt % of polyvinylidene fluoride (PVDF) as
binder. The electrolyte purchased was a 1 M LiPF; solution in the
mixed solvents of ethylene carbonate (EC), diethyl carbonate (DEC),
and ethyl methyl carbonate (EMC) (volume ratio = 1:1:1, 1 M LiPF,/
EC+DEC+EMC). The assembled cells were galvanostatically cycled
between 0.005 and 3 V (Arbin battery testing system, BT2043) at
room temperature. The cyclic voltammograms (CVs) were recorded
using an IM6ex electrochemical workstation at a scan rate of 0.1 mV
s™! over the voltage window of 0.005 V—3.0 V. The electrochemical
impedance spectroscopy (EIS) measurements were also performed on
the IM6ex electrochemical workstation over a frequency range of
1072—10° Hz. A perturbation of 0.005 V was applied. After the cycling
performance test, the fully charged coin cells were dissembled in the
glovebox for further examination. The ZnFe,0,/carbon nano-
composites electrodes were rinsed using dimethyl carbonate (DMC)
to remove the organic solvents and dissolved salts, and dried in the
glovebox prior to examination.
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