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branch-like Fez;04/C hybrids for high-performance
lithium/sodium-ion batteriest
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A facile and effective self-crosslink assisted strategy is developed to fabricate 3D porous branch-like FezO4/
C hybrids as high-performance anode materials for lithium ion batteries (LIBs) and sodium ion batteries
(NIBs). Trivalent iron ions (Fe**) are used to directly crosslink with biopolymer alginate to form nanoscale
branch-like Fe-alginate hybrid nanostructures, which are converted to porous FesO4/C hybrids via
a simple carbonization process. The resulting hybrids feature ultrafine active nanoparticles (~5 nm),
wrapping by thin graphitic layers, hierarchically nanoscale porous channels, and interconnected robust
graphitic frameworks. Applying these in the anodes of LIBs, these structural features enable the hybrids
to deliver high capacities of 974 and 570 mA h g™t at 0.1 and 2 A g™, respectively, and excellent cyclic
stability with capacity retention of 98% after 200 cycles at 0.1 A g~*. In NIBs, reasonable capacities of
339 and 138 mA h g~ are obtained at 0.05 and 5 A g~ respectively. The high performance
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1. Introduction

Li-ion batteries (LIBs) have been widely used in consumer elec-
tronics and electric vehicles because of their high energy density,
long cycle lifespan and environmental friendliness." However,
the ever growing huge demand for electrical energy storage (EES)
devices, as well as the limited reserves and the relatively high cost
of lithium, make the future of LIBs very challenging. To alleviate
these problems, Na-ion batteries (NIBs), as alternatives for LIBs,
are now drawing increasing attention from scientists, due to the
analogous electrochemical properties of sodium and lithium, but
much more natural abundance and lower cost of sodium (~10°
the reserve and ~1/20 the price of lithium).** To meet the huge
commercial requirements, both LIBs and NIBs need to improve
their specific capacities and cycling life. As the performance of
batteries are mostly determined by the electrode materials,
developing high-performance electrode materials available for
both LIBs and NIBs are of great importance.

During the past two decades, various of electrode materials
including porous carbons,”™ metal oxides like SnO,,
MnO,,'* ™ Fe;0,4,"%° C030,4,** and other materials**>’ have
been investigated. Among these reported materials, Fe;O, has
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demonstrates the promising potential of the hybrids in next generation anodes for LIBs and NIBs.

been considered as one of the most promising anode materials
for LIBs and NIBs, because of its high theoretical capacity
(926 mA h ¢! for both LIBs and NIBs), nontoxic nature, earth
abundance and low cost.”*** However, when applied in practical
use, Fe;O,-based anode materials usually suffer from severe
volume expansion and particle pulverization during charge-
discharge cycling, which lead to low rate performance and poor
cycling stability.***® To achieve higher rate and better cycling
performance, various strategies have been developed to
improve the structural integrity and electronic conductivity of
Fe;04-based electrode materials. So far, the most recognized
strategies are to optimize the particle size of Fe;0, (ref. 37-39)
and to induce porous carbon materials as conductive frame-
works. 34361041 For example, in the field of LIBs, Chen and
coworkers*? reported a two-step method to encapsulate Fe;0,
nanoparticles (~5 nm) in mesoporous carbon spheres. The
obtained Fe;0,@C showed capacity of 580 and 271 mAh g™ " at
0.5 and 10 A g, respectively. Wei and coworkers* reported
a hydrothermal method to assemble Fe;0, nanospheres (~200
nm) with graphene. The resulted hybrid exhibited good rate
performance with capacity of 802 and 363 mA h g~ " at 0.15 and
4.8 A g, respectively, as well as improved cycling performance
of more than 100% retention after 150 cycles at 0.093 A g~*. Li
and coworkers* used a multistep protocol to load Fe;0, (~10
nm) on graphene nanoribbons. The as-prepared hybrid deliv-
ered an enhanced cycling stability with capacity retention of
708 mA h g after 300 cycles at 0.1 A g~ *. Despite of many
attempts, it is still challenging to fulfill the huge demand for the
market of electrical vehicles. Rational design and facile
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fabrication of Fe;O,-based materials with excellent high-rate
performance and long cycling life are still in urgent need.
Here, we present a novel and facile strategy to fabricate 3D
porous branch-like Fe;0,/C nanohybrids for anode materials of
LIBs and NIBs by a one-step carbonization of self-crosslinked
Fe-alginate. Recently, the bio-copolymer alginate, composed of
a-i-guluronate (G) and B-p-mannuronate (M) blocks,**** has
been reported to have the nature of adsorbing divalent metal
cations through an assembly crosslinking reactions between the
G blocks and divalent metal cations.*® In this work, we find that
the trivalent iron ions can also self-crosslink with alginate, and
especially the carbonized product of Fe-alginate exhibited
a unique 3D integrated branch-like structure due to the odd
valence of iron ions. The branch-like hybrid structures not only
own nanosized electrochemical active particles and meso-
porous channels, but also possess favorable robust and inter-
connected graphitized carbon frameworks, which are beneficial
to alleviate the volume change induced strain and stress during
cycling, so as to maintain the structural integrity and cyclic
stability. The obtained Fe;O0,/C hybrid, with high load
(58.8 wt%) of nano-sized (~5 nm) Fe;0, perfectly embedded in
the conductive (partially graphitized) and mesoporous (high
specific surface area of 389.8 m* g~ ') carbon matrix, exhibited
excellent performance as the anode of LIBs and NIBs. For the
LIBs, the Fe;0,/C hybrid anode delivered high capacities of 974
and 570 mA h g " at 0.1 and 2 A g, respectively, and excellent
cyclic stability with capacity retention of 98% after 200 cycles at
0.1 A g, As for the NIBs, reasonable capacities of 339 and
138 mA h g~ were obtained at 0.05 and 5 A g~ ', respectively.

2. Experimental
2.1. Material synthesis

The Fe;0,/C hybrid was synthesized by a simple carbonization
of crosslinked Fe-alginate assemblies, as shown in Fig. 1.

+ Fe3*
Crosslink

?

Sodium Alginate

Fig. 1 Schematic of the synthesis process of FezO,4/C hybrid.
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Typically, 1.5 wt% of sodium alginate aqueous solution were
added into 1.5 wt% of ferric trichloride solution, under
a volume ratio of 1 : 5. The as-prepared Fe-alginate was freeze-
dried for 24 h to remove water. Then the dried Fe-alginate was
carbonized at 600 °C for 1 h with N, atmosphere to obtain the
final Fe;0,/C hybrid.

2.2. Material characterization

Scanning electron microscope (SEM) observations were carried
out on a FEI field emission microscope. Transmission electron
microscope (TEM), high-resolution TEM (HR-TEM) and selected
area electron diffraction (SAED) studies were performed on
a JEOL JEM-2100F. X-ray diffraction (XRD) was conducted on
a Rigaku D/Max-2500 with Cu-Ka radiation. Thermogravimetric
analysis (TGA) was studied on a Netzsch TGA instrument from
30 to 800 °C with a heating rate of 10 °C min~" under air.
Nitrogen sorption isotherms were measured on a Micromeritics
ASAP 2020 at 77 K. Pore size distributions were calculated on the
basis of the density function theory (DFT) model. Raman
spectra were obtained on a Renishaw in Via-reflex spectrometer
with a crystal laser excitation of 532 nm.

2.3. Electrochemical measurement

Electrochemical measurements were carried out in half-cell
configurations with lithium and sodium foils as counter elec-
trode. To prepare the working electrodes, active materials,
Super P, and poly-(vinyl difluoride) (PVDF) with a weight ratio of
8:1:1 were mixed uniformly in the solution of N-methyl-
pyrrolidone (NMP) to make a slurry. Then the slurry was
coated on a copper foil with a thickness of 100 um. After drying
at 110 °C overnight under vacuum, these coated copper foils
were cut into disks, pressed at 4 MPa, and dried for another 12 h
at 110 °C in vacuum. Then the as-prepared electrodes were
transferred into the glove box filled with argon atmosphere for

|
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half-cell assembling. For lithium-half cells, lithium foil was
used as the counter electrode, Celgard 2500 was used as the
separator, and the electrolyte was a 1 M LiPF, in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (v/v =1 : 1). For
sodium-half cells, sodium foil was used as the counter elec-
trode, glass fibers (GF/D) from Whatman were used as the
separator, and the electrolyte was a 1 M NaClO, solution in
ethylene carbonate (EC) and propylene carbonate (PC) (v/v =
1:1).

The Galvanostatic charge-discharge (GCD) curves were
measured on a Land CT2001A at a voltage window of 0.005-
3.0 V. The cyclic voltammetry (CV) with a scan rate of 0.1 mV s~ *
(0.005-3.0 V) and electrochemical impedance spectroscopy (EIS)
with a frequency range of 10 mHz to 100 kHz and ac amplitude
of 10 mV were performed on a VMP3 electrochemical working
station.

3. Results and discussion

3.1. Microstructures of the Fe;0,/C hybrid

The morphology and microstructure of the as-prepared Fe;O,/C
hybrid were characterized by SEM and TEM measurements, as
shown in Fig. 2. The hybrid exhibits a nanoscale branch-like
foam structure as a whole, with a lot of pores in it (Fig. 2a).
On a larger magnification, these thready branches are not
separated but integrated with joints, so as to form an integrated
network (Fig. 2b and c), which is crucial to keep the physical
stability of electrodes during charge-discharge processes.
Fig. 2c shows that the surface of these branches are stacked with
dense and uniform nanosized particles. The TEM observations
in Fig. 2d and e show that the whole branch-like foam is densely
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composed of uniform Fe;0, nanoparticles and carbon
branches. The HR-TEM image in Fig. 2f shows that these Fe;0,
nanoparticles are around 5 nm in diameter, and are wrapped by
2-3 layers of graphitic carbons. These graphitic layers are
produced by the catalytic graphitization of Fe particles. During
carbonization, the amorphous carbon structures adjacent to Fe
particles are transformed into ordered graphitic layers through
dissolution-precipitation mechanism.*” These graphitic layers
can buffer the volume change induced stress and facilitate the
transfer of electrons to improve the reactive kinetics. This
uniform Fe;0,/C hybrid structure is produced by self-
crosslinking and hardly achieved by normally solution
methods.

Fig. 3 shows the chemical component and pore character-
ization of the Fe;0,/C hybrid. The XRD pattern in Fig. 3a shows
several peaks at 18.3, 30.1, 35.4, 37.1, 43.1, 56.9, 62.5 and 73.9°,
all of which are indexed to the spinel Fe;0, (JCPDS: 19-0629).
The broad and short XRD peaks indicate that the Fe;0, particles
are nano sized, as verified by TEM images. The TGA curve in
Fig. 3b shows sharp weight decrease at 300-500 °C, which is
ascribed to the combustion of carbons of the Fe;0,/C hybrid (C
+ 0, — CO,) in air. The remaining weight after 500 °C is
provided by Fe;O, nanoparticles and the weight percentage of
Fe;0, nanoparticles is thus calculated to be 58.8%. The N,
adsorption-desorption isotherm in Fig. 3c shows a typical type-
IV curve with distinct increase of N, adsorption and hysteresis
loop at the moderate and high relative pressure. The Fe;0,/C
hybrid shows a relatively high specific surface area of 389.8 m*
g~ '. The pore size distribution inset in Fig. 3¢ shows the exis-
tence of large number of mesopores and macropores. The
mesopores were induced by Fe*" crosslinking, where Fe*" ions

Fig. 2 Morphology of the Fez04/C hybrid. (a—c) SEM images. (d—f) TEM images.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Chemical component and pore characterization of FezO4/C hybrid. (a) XRD pattern. (b) TGA curves. (c) N, isothermal and pore size

distribution. (d) Raman spectrum.

crosslinked with adjacent G blocks in alginate, leaving space
among the M blocks. The rearrangement of G/M blocks results
in the mesoporous channels around the crosslinked nano-
structures. Macropores were mostly produced by the freeze-
drying process,*® as sublimation of ice would leave lot of
spaces. This interconnected hierarchical porous structure can
facilitate the mass transport and buffer the volume change
during the charging/discharging processes when applied as
electrodes of LIBs and NIBs.*->* Particularly, the mesopores are
preferred in NIBs, since the radius of Na* (0.102 nm) is larger
than that of Li" (0.076 nm).>*** Raman spectrum in Fig. 3d
shows characteristic peaks for both the Fe;0, nanoparticles and
the carbon framework. The four weak peaks at 219, 282, 384 and
656 cm ™ * are ascribed to the Raman active models of Fe;0,. The
two sharp peaks at 1359 and 1585 cm ™" are attributed to the D-
and G-band of carbons, respectively. The D-band corresponds to
the response from defects and disordered carbons, while the G-
band represents the C-C stretching mode of the highly ordered
graphitic layers with a sp” orbital structure. The I/I;, value of
Fe;0,/C hybrid is as high as 1.26, indicating a high degree of
graphitization. Such high degree of graphitization at low
carbonization temperature of 600 °C is related to the catalytic
graphitization of Fe nanoparticles.>**”

3.2. Electrochemical performance of the LIBs

The electrochemical performance of Fe;0,/C hybrid was firstly
tested in the lithium half-cells. Fig. 4a shows the first three CV
curves with scan rate of 0.1 mV s~ at voltage window of 0.005-

50310 | RSC Adv., 2017, 7, 50307-50316

3 V. In the first discharge, the little peak at 0.96 V and the sharp
peak at 0.68 V are related to the formation of solid electrolyte
interphase (SEI) film, corresponding to the two-step lithiation
reaction of Fe;O, (step 1, Fe;04 + 2Li" + 2e”~ — Liy(Fe;0,); and
step 2, Liy(Fe;04) + 6Li" + 66~ — 4Li,O + 3Fe).*>* In the
following cycles, the only reduction peak at 0.76 V is attributed
to the reduction from Fe;0O, to Fe. The two peaks at 1.56 and
1.88 V in the charge process are ascribed to the oxidization from
Fe to Fe;0,. Besides, the sharp reduction peak near 0.1 V and
the broad oxidation peak near 0.2 V are ascribed to the
insertion/extraction of Li into/from graphitic layers in the
carbon matrix.*® Fig. 4b shows the first three GCD profiles at
0.1 A g~ ' within voltage range of 0.005-3 V. The GCD profiles
match well with the CV curves above. In the first discharge, the
short plateau at 1.05 V and the longer plateau at 0.80 V corre-
spond to the two discharge peaks at the first discharge CV curve,
indicating the formation of SEI film and the two-step reduction
from Fe;0, to Fe. In the subsequent cycles, the plateau at 0.92 V
in the discharge process and the big slop at 1.5-2.0 V in the
charge process correspond to the electrochemical reduction/
oxidization (Fe;0, < Fe), matching well with the peaks in CV
curves. The Fe;0,/C hybrid delivers a high lithium storage
capacity of 1630 mA h g~" in the first discharge, based on the
total mass of the Fe;0,/C hybrid. The first charge capacity is
calculated to be 901 mA h g ', yielding a low initial coulombic
efficiency of 55.3%. The capacity loss in the first cycle is
attributed to the irreversible consumption of electrolyte and
formation of SEI film on the porous surface of Fe;0,/C hybrid.
In practical application, the low initial coulombic efficiency-

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09348a

Open Access Article. Published on 27 October 2017. Downloaded on 6/16/2026 8:56:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a
0.2 156V 1.88V
N/
0.1 charge
0.0
g -0.14 4 discharge
?E’ 83 0.96 V
g ) — 1st
O -0.34 2nd
— 3rd
~
0.4 0.76 V
~
gis) 0.68V
T T T T T T T
00 05 1.0 15 20 25 30
Voltage vs. Li'/Li (V)
c g
>
|5
c
k)
]
& o ; :
— arge
o charge
£
€ 0.1Ag"
=
S
©
Q
©
S J
(&}
g E
2 ;
2 0 T t T T t

0 10 20 30 40 50 60 70
Cycle

View Article Online

RSC Advances

3.04

1st
2nd
3rd

2.5

2.04

Voltage vs. Li"/Li (V)

0.5

0.04

T T T ———— ————
0 200 400 600 800 1000 1200 1400 1600
Capacity (mAh g')

100

50

Efficiency (%)

1808 T T T T T T T T T T

] o Charge
1600=, © Discharge _L

10004
800
600
400
200

Do o oI

s

Specific Capacity {mAh g)

80 100 120 140 160 180 200
Cycle

0 T T T
0 20 40 60

Fig. 4 Electrochemical performance of the FezO,4/C hybrid in LIBs. (a) CV curves. (b) GCD profiles. (c) Rate performance. (d) Cycling perfor-

mance at 0.1 Ag~2.

caused lithium consumption can be solved by a pre-lithiation
treatment of electrodes.

Fig. 4c shows the rate performance and corresponding
coulombic efficiency of the Fe;0,/C based LIBs at various
current densities ranging from 0.1 to 5 A g~ ". During the first
ten cycles at 0.1 A g™, the discharge capacity decays from
1630 mA h g~ ' in the first cycle, to 1022 mA h ¢~ in the second
cycle, and then gradually to 974 mA h ¢~ in the tenth cycle. This
gradual capacity decay corresponds to the continuous yet
gradually ceasing SEI growth on the surfaces of the Fe;0, and
carbon matrix.** The discharge capacities of Fe;O,/C hybrid at
0.1,0.2,0.5,1,2 and 5 A g, are calculated to be 973, 920, 832,
805, 570 and 339 mA h gfl, in the 10th, 20th, 30th, 40th, 50th
and 60th cycles, respectively. As the current density returned to
the initial value of 0.1 A g in the 61st cycle, a capacity of
1002 mA h g~ ' is still recoverable and sustainable up to the 70th
cycle without any loss (1097 mA h g™ " at the 70th cycle). These
values are higher than most reported Fe;O,-based materials,
like 3D Fe;0,@GS/GF,* GF@Fe;0,,* Fe;0,@mC,* G-Fe;O4
GNRs,* and G-Fe;0,@C,*® as summarized in Table S1.t The
high specific capacity and excellent rate performance of our
Fe;0,/C are ascribed to the nano size of active Fe;0, (~5 nm),
rational mesoporous channels and abundant graphitic electron
pathways in the carbon matrix. First, the nanosized Fe;O, can
provide high reactive surface area for the Li‘/Li reactions.
Second, the short surface-to-core distance of nanosized Fe;0,
can facilitate the diffusion of Li*. Third, the sufficient and
rational mesopore channels can provide efficient transportation

This journal is © The Royal Society of Chemistry 2017

paths for electrolyte ions even at high current densities. Fourth,
the abundant graphitic carbons can facilitate the transportation
of electrons. Thus, high capacities and excellent rate perfor-
mance are obtained.

Fig. 4d shows the cycling performance of the Fe;0,/C-based
LIBs at 0.1 A g~ '. After a slight decrease in the first ten cycles,
the Fe;0,/C hybrid shows stable cyclic performance with
a capacity retention of 952 mA h g~ " in the 200th cycle, which is
98% of the 10th capacity (972 mA h g ). The high specific
capacity over the theoretical value of Fe;0, (926 mA h g~ *) and
carbon (372 mA h g~' for graphite and 744 mA h g~ for gra-
phene) in the hybrid are mainly attributed to three factors. First,
the large surface area of the hierarchical porous carbon matrix
and nanosized Fe;O, can attribute to the lithium storage
through surface adsorption.”®** Second, the functional groups
on the surface of the hybrid can provide additional faradic
capacity. Third, the reversible decomposition of the electrolyte
with the formation of SEI and extra lithium ion adsorption/
desorption on the SEI during cycling may also offer lithium
storage capacity.”® During cycling, the corresponding coulombic
efficiency quickly increases from the initial 55-98% in the 15th
cycles, and then maintains high values ca. 99% in the following
cycles, revealing the high reversible conversion reactions
between the nanosized Fe;0,4 and Li'. The high reversibility and
excellent cycling stability is attributed to the robust and inte-
grated microstructure of Fe;0,/C hybrid. Generally, Fe;O,
particles suffers from large volume expansion during charge-
discharge cycling accompanying by large strain and stress,

RSC Adv., 2017, 7, 50307-50316 | 50311
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leading to the pulverization of electrodes and the decrease in
capacity during cycling. In our Fe;O,/C hybrid, the Fe;O,
nanoparticles are firstly wrapped by few layers of graphitic
carbons and then well-embedded in the robust and inter-
connected carbon branches. The volume change-induced strain
and stress can be well buffered by the dual protection of
carbons, thus avoiding the pulverization of electrode and
leading to an excellent cyclic performance. The microstructure
comparison of the Fe;0,/C before and after cycling are shown in
Fig. 5. After 200 cycles at 0.1 A g’l, the size of Fe;O, nano-
particles expands from the initial 5 nm to 8-10 nm (Fig. 5¢ and
f), while the morphology of Fe;0, tends to change from solid to
hollow (Fig. 5b and e). Despite of the distinct volume expansion,
the expanded Fe;O, nanoparticles are still uniformly embedded
in the carbon matrix (Fig. 5d), demonstrating the robust
microstructure of our Fe;0,/C hybrid. In a full LIB, to match
with the cathode, the high capacity of the Fe;0,/C (974 mAhg ™"
vs. 372 mA h g ' for commercial graphite anode) may
contribute to less weight of anode, but the high delithiation
potential (~1.5 V vs. ~0.1 V for graphite) would lead to the
reduction of discharge voltage, which is a common disadvan-
tage for metal oxides/sulfides-based anodes. In the future, with
the development of high-voltage cathode materials (e.g., 5 V or
above), the disadvantage of high delithiation potential would be
suppressed and the advantage of high specific capacity would
win out and lead to higher energy density.

3.3. Electrochemical performance of the NIBs

Since the conversion reaction between Fe;O, and Li* is similar
to that between Fe;0, and Na", and the mesoporous channels of
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the Fe;0,/C hybrid are big enough for Na" insertion/extraction,
the electrochemical performance of the Fe;0,/C hybrid was also
measured as the anode of NIBs. The corresponding electro-
chemical performance in NIBs is shown in Fig. 6. Fig. 6a shows
the first three CV curves at a scan rate of 0.1 mV s~ ' within the
voltage window of 0.005-3 V. Compared with the CV peaks for
LIBs, the CV peaks for NIBs are much weaker and broader due
to the sluggish diffusion of sodium ions.* The broad peaks at
1.15 and 0.55 V in the first discharge are attributed to the
formation of SEI film, as well as the two-step transition from
Fe;0, to Fe (step 1, Fe;04 + 2Na' + 2e~ — Na,(Fe;0,); and step
2, Na,(Fe;0,) + 6Na’ + 6e~ — 4Na,O + 3Fe). In the following
cycles, the reduction peaks at 0.70 V correspond to the conver-
sion from Fe;0, to Fe. The oxidization peaks at 0.75 and 1.30 V
are related to the transition from Fe to Fe;O,. There are also
sharp reduction peaks near 0.1 V and broad oxidation peaks
near 0.2 V, corresponding to the Na insertion/extraction in
graphitic layers. Fig. 6b shows the GCD profiles of the first three
cycles at 0.05 A g~ in the voltage window of 0.005-3 V. The
voltages increase and decrease smoothly without apparent
plateaus, which is in accordance with the weak and broad CV
peaks. The Fe;0,/C hybrid exhibits an initial discharge capacity
of 1161 mA h g " and charge capacity of 321 mA h g%, with
coulombic efficiency of 27.6%. Such low initial coulombic effi-
ciency is mainly attributed to the SEI film formation on the large
surface area of Fe;0,/C hybrid and the electrolyte
decomposition.

Fig. 6c shows the rate performance and corresponding
coulombic efficiency at various current densities from 0.05 to
5 A g~ '. During the first ten cycles at 0.05 A g~ ', the discharge

(511)——o

(400)

5 1/nm

(400)

Fig.5 Microstructural comparison of the Fes04/C hybrid before and after 200 cycles at 0.1 A gt in LIBs. (a—c) TEMs before cycling. (d—f) TEMs

after cycling.
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mance at 0.1 Ag™t.

capacity decays from 1161 mA h g ' in the first cycle, to
487 mA h g~' in the second cycle, and then gradually to the
339 mA h ¢! in the tenth cycle, which is caused by the gradual
formation of SEI film. The discharge capacities of the Fe;0,/C
electrode at the current density of 0.05, 0.1, 0.2, 0.5, 1, 2 and
5 A g ' are calculated to be 339, 293, 262, 223, 195, 169 and
138 mA h g™ !, respectively, in the 10th, 20th, 30th, 40th, 50th,
60th and 70th cycles. When the current density returns to
0.1 A g, a reversible capacity of 295 mA h g " is recovered,
showing a good rate performance. Similar to the situation in
LIBs, such good rate performance and relatively high specific
capacity are attributed to the nano-sized Fe;0,, rational meso-
porous channels and abundant graphitic electron pathways in
the carbon matrix.

Fig. 6d shows the cycling performance of the Fe;0,/C hybrid
in NIBs at current density of 0.1 A g~ ". The fast capacity loss in
the first ten cycles is ascribed to the gradual formation of SEI
film, as we have discussed above. In the latter 190 cycles, the
capacity remains stable with little decay. The discharge capacity
at the 200th cycle is 277 mA h g~*, which is 93.5% of the 10th
discharge capacity (296 mA h g™ '), indicating an excellent
cycling stability. As we have discussed in LIBs, such good
cycling stability in NIBs is also attributed to the robust and
integrated microstructure of Fe;O,/C. The microstructure of
Fe;0,/C hybrid after 200 cycles in NIBs were also measured by
the TEM, as shown in Fig. 7. Unlike in LIBs, the Fe;O, nano-
particles don't have apparent volume expansion after cycling in
NIBs, indicating the less intense reaction between Fe;O, and

This journal is © The Royal Society of Chemistry 2017

sodium. After 200 cycles, the nanosized Fe;0, are still uniformly
embedded in the branch-like carbon frameworks, demon-
strating the physical stability of the hybrid structure.

The rate performance and cyclic capability of our Fe;0,/C-
based NIBs are better than most other Fe;O,-based materials,
like RGO/Fe;0,4,%* C/Fe;0, embedded on CNTs,* Fe;O, nano-
particles,* and Fe;O,/graphene,® as summarized in Table S2.}
However, the specific capacities of the Fe;0,/C in NIBs are
much lower than the corresponding values in LIBs. This is
a usual phenomenon for most dual-role anode materials.*>**7°
The phenomenon is mainly caused by the poor kinetics of the
sodiation/desodiation processes.* To verify this, EIS of the
Fe;0,/C-based LIBs and NIBs were measured with a frequency
range of 10 mHz to 100 kHz and ac amplitude of 10 mV after
three CV cycles. Fig. 8 shows the Nyquist plots of the Fe;0,/C
electrode in LIBs and NIBs. The spectra are fitted based on the
equivalent circuit in Fig. S11 and the detailed kinetic parame-
ters are listed in Table S3.} In the high frequency region, the
intersection of the plot at real part Z' corresponds to the elec-
trical connection resistance of cells (R;). In the medium
frequency region, the diameter of the semicircle indicates the
charge-transfer resistance at the electrode/electrolyte interface
(Rcy)- It is obvious that the charge-transfer resistance in NIBs are
much larger than that in LIBs (the fitted R.. for NIBs and LIBs
are 445.8 Q and 162.6 Q, respectively). This indicates that the
Na" insertion from the electrolyte to electrode is much slower
than Li" insertion. In the low frequency region, the slope of the
curves corresponds to the diffusive resistance of electrolyte ions

RSC Adv., 2017, 7, 50307-50316 | 50313
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Fig. 7 Microstructure of the Fez0,/C hybrid after 200 cycles at 0.1 A g~ in NIBs. (a) TEM and SAED (inset). (b) HR-TEM.
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Fig. 8 The Nyquist plots of the FesO4/C electrodes in LIBs and NIBs.

inside electrode materials (Z,, Warburg impedance). The slope
of Fe;0,/C in LIBs is higher than in NIBs, indicating that Li"
suffers lower impedance during diffusion and reactions inside
electrodes compared to Na'. Thus, the EIS proves that Na"
insertion/extraction in Fe;O,/C-based electrode bears larger
impedance and poorer kinetics compared with Li", resulting in
a lower capacity in NIBs at the same scan rate than in LIBs.

4. Conclusions

In summary, we have demonstrated the effective role of a 3D
integrated branch-like Fe;0,/C nanostructure in alleviating the
volume change and stress problems of Fe;O, during Li"/Na*
insertion/extraction. The unique nanostructure is synthesized
through a simple carbonization of self-crosslinked Fe-alginate.
The obtained Fe;0,/C nanohybrid owns ultrafine Fez;O,
particle size, mesoporous channels, partially graphitized
carbons, and especially a unique integrated branch-like nano-
structure. When applied in the anodes of LIBs and NIBs, the
ultrafine Fe;O, particle size can help generate high specific
capacities, the mesoporous channels and appropriate degree of
graphitization can help improve the rate performance, and the
robust 3D integrated branch-like structure can well buffer the
volume expansions and stresses to keep a physically structural

50314 | RSC Adv., 2017, 7, 50307-50316

stability and lead to an excellent cyclic stability. With regard to
the facile synthesis, excellent electrochemical performance and
renewable raw materials, the Fe;0,/C hybrids are of great
promise for the practical anode materials of LIBs and NIBs.
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