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ABSTRACT A facile and scalable in situ synthesis strategy is developed to fabricate carbon- Mix, dry
and grind Ar
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battery anode material. With assistance of the surface of NaCl particles, 2D Fe@(@PGC cosler acy st N;;;DC
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carbon precursor, respectively. After annealing under air, the Fe@(@PGC nanosheets can be °g %8; ach
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converted to Fe;0,@(@PGC nanosheets, in which Fe;0, nanoparticles (~18.2 nm) coated with gé’ gg P ,@" 9 by
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conducting carbon nanosheets with a thickness of less than 30 nm. In the constructed

nanosheet coated NaCl

architecture, the thin carbon shells can avoid the direct exposure of encapsulated Fe;0, to the electrolyte and preserve the structural and interfacial

stabilization of Fe30, nanoparticles. Meanwhile, the flexible and conductive PGC nanosheets can accommodate the mechanical stress induced by the

volume change of embedded Fe;0,@C nanoparticles as well as inhibit the aggregation of Fe;0, nanoparticles and thus maintain the structural and

electrical integrity of the Fe30,@(@PGC electrode during the lithiation/delithiation processes. As a result, this Fe;0,@C@PGC electrode exhibits superhigh

rate capability (858, 587, and 311 mAh/g at 5, 10, and 20 C, respectively, 1 C =1 A/g) and extremely excellent cycling performance at high rates (only

3.47% capacity loss after 350 cycles at a high rate of 10 ), which is the best one ever reported for an Fe;0,-based electrode including various

nanostructured Fe;0, anode materials, composite electrodes, etc.
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energy storage

here is an urgent requirement to de-
Tvelop rechargeable lithium ion bat-

teries (LIBs) with high energy density
and power density for application in hybrid
electric vehicles (HEVs) and electric vehicles
(EVs)."? However, commercial graphite an-
ode used currently has already reached its
theoretical limit (372 mAh/g), and explor-
ing alternative anode materials with higher
charge/discharge rate and reversible ca-
pacity as well as long cycle life, low cost,
and the ability to be produced at large scale
has become an urgent task nowadays. In
this context, transition metal oxides (MO,,
M:Fe, Co, Ni, etc.), which possess remarkably
higher capacities (>600 mAh/g) than that of
the current commercial anode material
(graphite), have been extensively exploited
as anode materials for high-performance
LIBs.>* The capacity of lithium storage is
mainly achieved through the reversible con-
version reaction between lithium ion and
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MO,, forming metal nanocrystals dispersed
in Li,O matrix.>* Despite those intriguing
features, the main obstacle in developing
MO,-based anodes lies in the severe volume
change of MO, particles during lithium ion
insertion/extraction, which can result in
pulverization of the initial particle morphol-
ogy and cause the breakdown of electrical
connection of such anode materials from
current collectors, thereby leading to poor
cycling performance. In addition, the low
electrical conductivity of pristine MO, chal-
lenges the achievement of high capacity at
high charge/discharge rates.>*

In order to circumvent the above intrac-
table problems, two typical approaches have
been developed. One way is to synthesize
nanostructured MO, materials with various
morphologies, including nanoparticles, nano-
sheets, nanowires, nanorods, nanotubes,
and hollow nanostructures.> "' It is, in fact,
expected that the passage from bulk to
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nanostructures results in shorter path lengths for the
transport of electrons and lithium ions, which lead to
good conductivity and fast charge/discharge rates.
Furthermore, these nanomaterials can accommodate
the mechanical strain of lithium ion insertion/
extraction much better than that of bulk materials.
Nevertheless, owing to the high surface-to-volume ratio
and large surface free energy of the nanostructures, the
undesirable side reactions and the formation of thick
solid electrolyte interphase (SEl) films can occur easily
on their surfaces, which consume much of the lithium
supplied by the cathodes and thus cause a large
irreversible capacity (i.e., low columbic efficiency) and
poor cycle life. Moreover, several works have shown in
many nanostructured MO, materials that the thick SEI
films formed during lithium insertion may decompose
completely, catalyzed by transition metal generated
during the lithium extraction processes, leading the
surface of active materials to be cyclically exposed to
the electrolyte.>®'%"! This results in repeated forma-
tion/decomposition of very thick SEI films, leading to
capacity fading and safety problems. Meanwhile,
the damage of surface SEl also originates from the
expansion and shrinkage of MO, nanomaterials during
cycles. As a result, there has been very limited suc-
cess in producing MO, nanostructured electrodes with
satisfactory high specific capacity and high rate
performance.”> "' The other promising strategy is to
construct hybrid electrodes composed of MO, and
carbon on the nanoscale.">*? A series of MO,/carbon
hybrids such as MO, nanoparticles embedded in
a porous carbon matrix or a mesoporous carbon
foam,'” 2! MO, nanospheres with carbon matrix
support,®? carbon-coated MO, nanostructures,''>3~28
two-dimensional (2D) graphene/MO,,'* %2974 or
carbon nanosheets/MO, hybrids*'*? have been exten-
sively reported. These MO,/carbon hybrid electrodes
can provide enough spaces to accommodate the seri-
ous volume change during the lithiation/delithiation
processes and maintain the mechanical integrity of
the composite electrode. The cycling performance of
the MO,-based anodes has been remarkably im-
proved by using these MO,/carbon hybrids. However,
the high rate performance of these materials highly
needed for HEVs and EVs is still not satisfying.>*? This
may be attributed to the lack of favorable electronic
and ion conductivity and the continuous growth of
the unstable SEI films at the MO,/electrolyte inter-
face during cycling. Therefore, a novel design for the
structure of the MO,-based anode is highly needed
to achieve both longer cycling life and higher rate
performance.

Herein, we develop a facile and scalable in situ
synthesis strategy to fabricate carbon-encapsulated
Fes04 nanoparticles homogeneously embedded in
2D porous graphitic carbon nanosheets (designated
as Fe;0,@C@PGC nanosheets) with superhigh rate
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performance and extremely excellent cycling stability
at high rates. Fe30,4 was used as the model system due
to its high theoretical capacity (924 mAh/g), nontoxi-
city, high corrosion resistance, low cost, natural abun-
dance, and environmental friendliness.>* The novel
process for fabricating Fe;0,@C@PGC nanosheets in-
volves in situ preparation of carbon-encapsulated
Fe nanoparticles embedded in a 2D porous graphitic
carbon nanosheet (designated as Fe@C@PGC nano-
sheet) precursor by using the surface of water-soluble
NaCl particles as the template and calcination of the
Fe@C@PGC nanosheet precursor under air. This pro-
cess produces Fe;0,@C@PGC nanosheets in which the
in situ synthesized Fe3O, nanoparticles (~18.2 nm)
coated with conformal and thin onion-like carbon
shells are very homogeneously embedded in 2D
high-conducting carbon nanosheets with a thickness
of less than 30 nm. In this constructed unique 2D
encapsulation architecture, the thin onion-like carbon
shells can effectively avoid the direct exposure of
encapsulated Fes04 to the electrolyte and preserve
the structural and interfacial stabilization of Fe;O,4
nanoparticles. Meanwhile, the flexible and conductive
2D PGC nanosheets can accommodate the mechanical
stress induced by the volume change of embedded
Fes0,@C nanoparticles as well as inhibit the aggrega-
tion of Fes04 nanoparticles and thus maintain the
structural and electrical integrity of the Fe;0,@C@PGC
electrode during the charge and discharge processes.
As a result, this novel 2D Fe;0,@C@PGC composite
electrode exhibits tremendously improved rate perfor-
mance compared with previous Fe;0,4 nanostructures
and Fe304/carbon hybrids and shows superhigh rate
capability (858 mAh/g at 5 °C, 587 mAh/g at 10 C,
and 311 mAh/g at 20 C, 1 C = 1 A/g) and extremely
excellent cycling performance at high rates (only 3.47%
capacity loss after 350 cycles at a high rate of 10 C),
exhibiting very great potential as an extremely durable
high-rate anode material for LIBs.

RESULTS AND DISCUSSION

Our approach to a novel fabrication process for
2D Fe30,@C@PGC nanosheets principally consists of
in situ synthesis and oxidation of 2D Fe@C@PGC
nanosheets. As illustrated in Figure 1, this novel pro-
cess is mainly composed of two steps. The first step
involves producing Fe@C@PGC nanosheets by using
the surface of thermally stable NaCl particles as the
template and using the Fe(NO3)3-9H,0 and CgH;,04
as the metal precursor and carbon precursor, respectively.
In the synthesis, an aqueous solution of Fe(NOs)s-9H,0,
CgH1206, and NaCl was mixed together, and the resulting
mixed solution was dried and then ground to obtain
very fine composite powders. During this process,
in situ formed Fe(NOs);—CgH;,04 complex was evenly
coated on the surface of NaCl particles. After that,
the composite powders were calcined at 750 °C under
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Figure 1. Schematic illustration of the in situ technique to
fabricate 2D Fe30,@C@PGC nanosheets by using the sur-
face of NaCl particles as the template.

Ar, and this seems to cause the metal precursor
(Fe(NOs)3-9H,0) to form iron oxide, and the carbon
species from CgH;,0¢4 reduce iron oxide to Fe nano-
particles, which can catalyze the carbon from CgH1,0¢
to form an encapsulating carbon layer around Fe
nanoparticles or porous graphitic carbon. As a result,
the coating layer on the surface of the NaCl particles
was converted to carbon-encapsulated Fe nanoparti-
cles embedded in a porous graphitic carbon nano-
sheet with uniform thickness. In the second step, the
2D Fe@C@PGC nanosheets were calcined in air to oxidize
the Fe and thus yielded discrete and homogeneous
carbon-encapsulated Fes0, nanoparticles embedded
in porous graphitic carbon nanosheets. Finally, the
obtained powder was treated with distilled water
to dissolve the NaCl, and then pure Fe;0,@C@PGC
nanosheets were obtained. The starting materials and
the synthetic processes are both viable for large-scale
production, making this approach particularly attrac-
tive for practical applications.

Figure 2a shows a typical low-magnification scan-
ning electron microscopy (SEM) image of Fe@C@PGC
nanosheets. Evidently, a large number of monodis-
persed and curved nanosheets with a lateral size from
1 um to several micrometers and a large aspect ratio
are well-dispersed in the sample. This 2D nanostruc-
ture is quite different from traditional porous carbon.
Most porous carbon materials, especially hard carbons
generated from the carbonization of saccharide or
resin, are micrometer-sized blocks and monoliths.'” ~'°
It should be emphasized that, without the presence
of NaCl, no 2D nanosheets were formed at the
same conditions as those for the preparation of the
Fe@C@PGC nanosheets. This result strongly indicates
that the presence of NaCl plays an essential role in the
formation of homogeneous 2D nanosheets. In order to
clarify the effect of NaCl on the synthesis of Fe@C@PGC
nanosheets, we have investigated the carbonization
products of the mixture (Fe(NOs)s-9H,0 and CgH;,06)
without NaCl and the as-synthesized Fe@C@PGC
products before removing the NaCl by using SEM
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and transmission electron microscopy (TEM) analyses
(as shown in Supporting Information Figures S1 and
S2). As can be seen, the carbonization products syn-
thesized without NaCl appear to be 3D micrometer-
sized carbon blocks with Fe nanoparticles embedded,
and no nanosheets can be observed in the prod-
ucts (Figure S1). When observing the SEM images
(see Figure S2a,b) of the as-synthesized products be-
fore removing the NaCl, we further found that the
Fe@C@PGC nanosheets were actually formed on the
NaCl surface, indicating that the NaCl surface func-
tions as the template to direct the formation of the
2D nanosheets. In general, the carbonization of glu-
cose results in the formation of carbon blocks (see
Figure S1a,b) other than carbon nanosheets due to the
three-dimensional cross-linked structure. In this work,
the addition of a mass of NaCl could provide their
surface to direct the formation of Fe(NOs);-CgH;,0¢
complex coating and thus alter the three-dimensional
cross-linkage state of the glucose during the curing
process, which would result in the occurrence of a 2D
nanostructure after carbonization. It is also found that
the thickness and size of the nanosheets, or the size
and content of the metal, can be tuned by adjusting
the experimental parameters, such as the content and
size of the NaCl and ratio of metal precursor to carbon
precursor. With a higher content and larger size of
NaCl, thinner and larger nanosheets can be obtained.
Meanwhile, higher ratio of metal precursor to carbon
precursor would lead to larger size and content of metal
nanopartices within the nanosheets. Figure 2b—d pre-
sents typical TEM images of Fe@C@PGC nanosheets; it is
obvious that these micrometer-sized nanosheets ap-
pear as a foam-like porous graphitic structure with many
black Fe nanoparticles (see Figure S2c,d) homoge-
neously embedded. Moreover, these Fe nanoparticles
are entirely encapsulated by thin onion-like carbon
layers within porous graphitic carbon nanosheets
(Figure 2d and Figure S2c).

After careful annealing under air, the Fe@C@PGC
nanosheets can be oxidized and converted to
Fe30,@C@PGC nanosheets, which was confirmed by
the following X-ray diffraction (XRD) analysis and elec-
tron microscope observations. As shown in Figure 2e,
XRD patterns can clearly reveal the overall transitional
process. From bottom to top, two distinct XRD patterns
correspond to o-Fe (JCPDS 06-0696) and magnetite
(JCPDS 19-0629) in sequence, implying the total con-
version from the precursor (Fe@C@PGC nanosheets)
to the targeted sample (Fe;0,@C@PGC nanosheets)
by annealing under air. For the carbon in the
Fes0,@C@PGC nanosheets, the interplanar distance
of dyo, obtained from the (002) peak is about 0.342 nm,
indicating that the carbon in the nanosheets should
have a well-developed graphitic structure.'”?'?” The
average particle size of Fes0, nanoparticles in the
nanosheets was calculated from the largest diffraction

VOL.7 = NO.5 = 4459-4469 = 2013 muLQL//\j Jf

www.acsnano.org

4461



(’e@l § . Graphite & Fe 1004 (f)
Fe,0,@C@PGC nanosheets| =~ *Fe0, VFeC
[ =)
- 88 g =% | o
= e S ~ = I
—~ - Y N y e = =
5 ¥ * g * X
3 N <
< X £ 80 Carbon%= 31.3 wt%
z e 2 Fe,0,%= 68.7 wi%
g =
704
=)
o
3
. X 60 T T T T
60 70 0 200 400 600 800

Temperature (°C)

Figure 2. (a) SEM, (b) TEM, (c,d) HRTEM images of Fe@C@PGC nanosheets. (e) XRD patterns of the Fe@C@PGC nanosheets and
Fe;0,@C@PGC nanosheets. (f) TGA profile and (g) SEM image of Fe30,@C@PGC nanosheets.

peak (311) by using Scherrer's formula, and the
estimated average crystal size is about 18.2 nm for
Fes0, nanoparticles. Thermogravimetric analysis
(TGA), carried out in air at a heating rate of 10 °C/min,
was used to determine the chemical composition
of the Fe;0,@C@PGC nanosheets (Figure 2f). The
sample is heated to 900 °C so that Fe30, is oxidized
to Fe,03 and carbon is oxidized to CO,. According
to the remaining weight (of Fe,03), the original
fraction of Fes0, is calculated to be 68.7% by
weight.

SEM (Figure 2g and Figure S3a) and TEM (Figure 3a—c
and Figure S3b) characterizations show that the 2D
porous morphology of the Fe@C@PGC nanosheets
can be well-maintained for the Fe;0,@C@PGC nano-
sheets after annealing under air. Furthermore, many of
these Fe;0,@C@PGC nanosheets exhibit a curved
characteristic and a low contrast, revealing a very thin
thickness (less than 30 nm) of the nanosheets (see
Figure 2g and Figure S3a). Compared with 3D carbon-
based blocks,'””~"® this special 2D nanosheet-type
morphology can greatly facilitate the diffusion of
both electrons and lithium ions because the thickness
decreases from micrometer to nanometer in one di-
mension. High-magnification TEM (HRTEM) images
(Figure 3d,e) of Fe30,@C@PGC nanosheets clearly
reveal that the porous carbon presents a very high
degree of graphitization and the Fe;0, nanoparticles
(5—25 nm) are highly crystallized and perfectly encap-
sulated by thin and well-graphitized onion-like carbon
shells within the nanosheets, in agreement with the
above XRD results. The lattice fringe orientations in the
HRTEM image (Figure 3e) demonstrate clear shell
lattice fringes with d-spacings of 0.34 nm and core
lattice fringes with d-spacings of 0.25 nm, which are in
good agreement with that of the (002) planes of
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graphite and the (311) plane of bulk Fe30,, respec-
tively. Energy-dispersive X-ray (Figure S3c) and se-
lected area electronic diffraction (SAED) (Figure S3d)
investigations further verify the encapsulated core
being Fes0,4 nanoparticle.

In order to further confirm if our synthesized
Fe;0,@C@PGC nanosheets have a high-quality encap-
sulation structure, a surface-sensitive high-resolution
X-ray photoelectron spectroscopic (XPS) experiment
was performed to examine the chemical characteristics
of the surface of the nanosheets. Figure 3f shows
a typical full XPS spectrum of the Fe;0,@C@PGC
nanosheets, in which the photoelectron lines at a
binding energy of about 285 and 532 eV are attributed
to C 1s and O Ts, respectively, but there is almost an
absence of the signals of Fe 2ps/, and Fe 2p,, at about
710 and 724 eV, respectively. Because the atomic
sensitivity factor of Fe is much higher than those of C
and O, absence of its peaks implies that, in our synthe-
sized Fe30,@C@PGC nanosheets, the Fe;0,4 appears to
be completely sealed inside the carbon shells.2%3’

The as-obtained Fe;0,@C@PGC nanosheets were
also characterized by electrical conductivity measure-
ment and Raman spectroscopy in detail to further
validate the presence of well-graphitized carbon in
the nanosheets. Electrical conductivity of the nano-
sheets was measured to be 1.2 x 10 S/cm. Raman
spectrum (Figure 3g) obtained for the nanosheets pres-
ents two distinguishable peaks at about 1340 cm™'
(D-band) and 1596 cm™' (G-band). The former band
(D-band) is associated with disorder, allowing zone
edge modes of the graphite structure to become active
due to the lack of long-range order in amorphous and
quasi-crystalline forms of carbon materials. The latter
band (G-band) corresponds to the E,4 mode (stretch-
ing vibrations) in the basal plane of the crystalline
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Figure 3. (a—c) Low-magnification TEM images, (d,e) high-magnification TEM images, (f) XPS spectrum, and (g) Raman

spectrum of 2D Fe30,@C@PGC nanosheets.

graphite. The peak intensity ratio between D- and
G-bands (Ip/lg) generally provides a useful index for
comparing the degree of crystallinity of various carbon
materials, that is, the smaller the ratio of Ip/lg, the
higher the degree of ordering in the carbon material.
The Ip/Ig ratio for our Fe30,@C@PGC nanosheets was
calculated to be ~0.51, demonstrating a high graphitic
crystallinity of carbon in the nanosheets,'”2"%” which
will be very beneficial for achieving better electronic
conduction between adjacent Fes0, nanoparticles.
Nitrogen adsorption—desorption measurements are
carried out at 77 K to study the textural characteris-
tics of the Fe;0,@C@PGC nanosheets. As shown in
Figure S4a, the isotherm profile of the sample can be
categorized as type IV with a large hysteresis loop
observed at a relative pressure of p/p, ~ 0.45—0.97,
implying a narrow mesopore diameter distribution
and the existence of a large number of mesopores. In
addition, another N, uptake is observed at a relatively
high pressure of 0.97—1.0, which can be attributed to
the presence of macropores. Meanwhile, the isotherms
also suggested that there are micropores in the sam-
ple. The above results can be further verified by the
pore size distribution in Figure S4b. The BET specific
surface area is measured to be ~470 m?/g, which is
much higher than that of commercial Fe;0, nanopar-
ticles (about 2 m%/g) and 3D Fe;0,/C composite
(~168.8 m?/g, as shown in Figure S4c). The pore size
distribution of the nanosheets (Figure S4b) lies in
1—235 nm range and shows the preponderance of
~3.7 nm mesopores. The above evidence demon-
strates that the well-graphitized carbon with high
electrical conductivity may be very beneficial for fast
electron transport, and a large surface area and well-
developed 2D porous structures of macropores and
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mesopores may be very favorable to the electrolyte ion
diffusion to active sites with less resistance and may
accommodate huge volume changes of the Fe;0,@C
nanoparticles during lithium ion insertion/extraction.**’

The successful fabrication of the 2D Fe;0,@C@PGC
nanosheets for a superior LIB anode is evident from the
extraordinarily excellent electrochemical behavior (as
shown in Figure 4). Figure 4a shows the first four cyclic
voltammogram (CV) curves of the Fe;0,@C@PGC com-
posite electrode at room temperature between 0.0 and
3.0 V at a scan rate of 0.1 mV/s. In agreement with
literature,’”"%?7 it is clear that the CV curve of the first
cycle is quite different from those of subsequent cycles,
especially for the discharge branch. In the first dis-
charge cycle, two well-defined peaks are observed at
0.97 and 0.60 V (vs Li™/Li), which is usually ascribed
to the occurrence of side reactions on the electrode
surfaces and interfaces due to SEI formation, as well
as the two steps of the lithiation reactions of Fez0,
(step 1, Fe304 + 2LiT 4 2e~ — Liy(Fe;04); and step 2,
Lio(Fes0,) + 6LiT + 6e~ — 3Fe® + 4Li,0)."”"'9% In
comparison, the distinct peaks appear at 0.81 V during
discharge and at 1.65 and 1.90 V during charge from
the second cycle onward, exclusively corresponding to
the electrochemical reduction/oxidation (FesO4 <> Fe)
reactions accompanying lithium ion insertion (lithiation)
and extraction (delithiation), in accord with those
previously reported in the literature for Fes0,4-based
electrodes.'”'%%” Apparently, the peak intensity drops
significantly in the second cycle, indicating the occur-
rence of some irreversible reactions with formation of
an SEl film. Importantly, it is noteworthy that, after the
first cycle, the voltage—current curves almost over-
lapped, which indicates that a stable SEI film formed on
the surfaces and interfaces of onion-like carbon shells
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Figure 4. (a) Representative CV curves of an electrode based on the Fe;0,@C@PGC nanosheets obtained at a voltage range of
0.0to 3.0 V (vs Li*/Li) and potential scan rate of 0.1 mV/s. (b) Voltage profiles plotted for the first, second, third, 10th, 50th, and
100th cycles of the Fe;0,@C@PGC composite electrode at a current density of 1 A/g. (c) Charge/discharge capacities of the
Fe;0,@C@PGC nanosheets, 3D Fe;0,/C composite, commercial Fe;04 nanoparticles, and bare carbon nanosheets at a current
density of 1 A/g. (d) Charge/discharge capacity of the Fe30,@C@PGC and 3D Fe;0,/C composite electrodes at various rates for
350 cycles. (e) Charge capacity of the Fe3;0,@C@PGC composite electrode at rates of 5 C (5 A/g) and 10 C (10 A/g) for 350
cycles. (f) Nyquist plots of the Fe;0,@C@PGC nanosheets, 3D Fe;0,/C composite, and commercial Fe;0,4 nanoparticles at
fresh coin cells over the frequency range from 100 kHz to 0.01 Hz.

in the first cycle can prevent the direct contact of
encapsulated Fe;O, nanoparticles with electrolyte
and safeguard the structural integrity of interior Fe30,
during subsequent charge—discharge cycles, thus lead-
ing to the high Coulombic efficiency and the stable and
superior reversibility of the sample.'”'%27

Figure 4b shows representative discharge/charge
voltage profiles of Fe;0,@C@PGC nanosheets at a
current density of 1 A/g between 0.005 and 3.00 V. It
can be seen that the sample delivers a very high lithium
storage capacity of 1499 mAh/g during the initial
discharge process, but a relative low reversible
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capacity of 1021 mAh/g is achieved, leading to an
initial Coulombic efficiency of around 68%. The rela-
tively low initial Coulombic efficiency may be caused
by the irreversible capacity loss, including inevitable
formation of SElI and decomposition of electrolyte,
which are common to most anode materials.>~*? This
characteristic also agrees well with the CV results that
the cathodic peaks are present in the first scan while
absent afterward. The discharge voltage plateau at
~0.82 V in the first cycle is different from those of other
cycles at ~1.0 V, further indicating that irreversible
reactions occurred in the first cycle. It should be
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emphasized that no obvious change in both charge and
discharge profiles is observed even after 100 cycles,
which further indicates that the Fe;0,@C@PGC nano-
sheets are extraordinarily stable during cycling.>¢—3°
To highlight the superiority of the unique 2D
Fe30,@C@PGC nanosheets for anode materials of LIBs,
we tested the cycle performance of the Fe;0,@C@PGC
composite electrode at a current density of 1 A/g. For
comparison, commercial FesO,; nanoparticles were
also investigated under the same conditions, together
with 3D Fe30,4/C composite produced without NaCl as
a control. All results are compiled in Figure 4c. Appar-
ently, the 2D Fe30,@C@PGC composite electrode de-
monstrates a much better cyclic retention than that
for the commercial Fes04 nanoparticles and a much
higher reversible capacity than that for the 3D Fe;0,/C
composite, with a high reversible capacity of 1003
mAh/g after 50 cycles and 998 mAh/g even after
100 cycles, which are about 98.2 and 97.7% of the
initial capacity, respectively. Furthermore, their Cou-
lombic efficiency rapidly increases from 68% for the
first cycle to about 99% after three cycles and remains
nearly 100% thereafter, which suggests a facile lithium
insertion/extraction associated with efficient transport
of ions and electrons in the electrodes. For the com-
mercial Fe;0,4 nanoparticles with an average diameter
of about 20 nm, their capacity fades very rapidly during
the course of the first few cycles. Compared to the
Fe30,@C@PGC nanosheets, a significant lower capac-
ity of only 240 mAh/g is delivered at the end of the 40
cycles. This evidently proves that the remarkably posi-
tive effect of the unique 2D encapsulation structure of
the Fe;0,@C@PGC nanosheets. For the 3D Fe;0,4/C
composite prepared without NaCl, it shows a much
lower capacity (about 500 mAh/g) than that of the 2D
Fe30,@C@PGC nanosheets, but its cycling perfor-
mance is very excellent, indicating that the 3D carbon
block might be unfavorable to the lithium storage
capacity of the Fe;0, nanoparticles but be beneficial
for improving the structural stability of the Fe;O,
nanoparticles. It has been reported that, during the
charge—discharge process, the Fe;04-based anode
surface would be covered by a SEI film, which forms
due to the reductive decomposition of the organic
electrolyte.'?” For the Fe;0,@C@PGC nanosheets,
the carbon shell and porous carbon nanosheets can
allow for the FesO, nanoparticles to expand upon
lithiation without breaking the carbon shell. In addi-
tion, it is well-known that the lithium storage capacity
of Fe30, is mainly achieved through the reversible
conversion reaction between the lithium ion and
Fe30,, forming Fe nanocrystals dispersed in Li,O ma-
trix, and the carbon shell can prevent the formed Fe
nanocrystals from catalyzing the decomposition of
the outer SEI This in turn allows for the growth of a
stable SEl on the surface of the carbon shell and prevents
the continual rupturing and re-formation of the SEI. After
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the formation of a stable SElI, their capacity is main-
tained very well and thus the anode of Fe;0,@C@PGC
nanosheets exhibits exceedingly excellent cycling per-
formance.?> 2 However, in the case of bare Fe;0,
nanoparticles, the SEI will rupture due to the mechan-
ical strain generated by the volume expansion/
contraction during cycling or the catalyzing by the Fe
nanocrystals formed during the lithium extraction
processes, and thus the electrode surface would be
cyclically exposed to the electrolyte, which results in
continual formation of very thick SEI films and accord-
ingly continual consuming of electrolyte. The cyclical
rupture and growth of SEl can cause low Coulombic
efficiency, higher resistance to ionic transport, and
low electronic conductivity of the whole electrode.
Therefore, the capacity of the anode of bare Fe;0,
nanoparticles decreases rapidly, and their cycling per-
formance is remarkably worse than that of the 2D
Fe;0,@C@PGC nanosheets.*® As for the 3D Fe30,/C
composite prepared without NaCl, their much larger
diffusion path of lithium ions and much lower BET
surface area compared to that of 2D Fe;0,@C@PGC
nanosheets are very unfavorable for the insertion of
lithium ions, thereby leading to a much lower lithium
storage capacity when compared with 2D Fe;0,@C@PGC
nanosheets. In order to further elucidate the effect of
the bare carbon nanosheets on the electrochemical
performance of the 2D Fe;0,@C@PGC nanosheets, the
cycling performance of the bare carbon nanosheets ob-
tained by eliminating the Fe;0, from the Fe;0,@C@PGC
nanosheets was also investigated. As shown in Figure 4c,
the bare carbon exhibits a very low reversible capacity
of about 305 mAh/g, but its cycling performance is
rather outstanding, which demonstrates that the bare
carbon nanosheets might contribute little to the Li
storage capacity of the Fe30,@C@PGC nanosheets but
be very favorable for improving the structural stability
of the Fe304 nanoparticles.

As expected, the Fe;0,@C@PGC composite elec-
trode exhibits an extremely durable high rate capabil-
ity, as displayed in Figure 4d. It delivers a reversible
capacity of 963 mAh/g when first cycled at 1 C for
50 cycles, 932 mAh/g at 2 C after 100 cycles, 868 mAh/g
at 5 C after 150 cycles, and 570 mAh/g at 10 C after 200
cycles. Even at high rates of 15 and 20 C, the reversible
capacities still retain approximately 349 and 297 mAh/g,
respectively. Moreover, when the current rate was
finally returned to its initial value of 1 C after a total
of 300 cycles, a capacity of 956 mAh/g was still re-
coverable and sustainable up to the 350th cycle with-
out any losses (980 mAh/g at the 350th cycle). Table S1
shows the average reversible capacities at different
rates. As can be seen, the average reversible capacities
of the Fe30,@C@PGC nanosheets are 977 mAh/g
when cycled at 1 C, 905 mAh/g at 2 C, 858 mAh/g at
5C, 587 mAh/g at 10 C, 364 mAh/g at 15 C, 311 mAh/g
at 20 C, and finally back to 975 mAh/g at 1 C. The results
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Figure 5. Comparison of capacity at different rates for 2D Fe;0,@C@PGC composite electrode with those of Fes0,

nanostructure and Fe30,/C composite anodes reported.

suggest that the structure of Fe;0,@C@PGC nano-
sheets remains exceedingly stable even under high
rate cycling. In contrast, the control electrode of the
3D Fe30,/C composite fabricated without using
NaCl shows significantly lower capacity (as shown in
Figure 4d and Table S1), which further verifies the
advantages of using the 2D Fe30,@C@PGC nanosheets
for lithium storage. In order to further confirm the
durability of this nanosheet anode to work at higher
rates (5 and 10 C), Fe30,@C@PGC composite electrode
cyclability has been investigated upon 353 cycles and
the evolution of the specific capacities is displayed in
Figure 4e. Three cycles were first performed at 1 Cand
then 350 cycles at 5 or 10 C. It can be seen that the
reversible capacities at 5 and 10 C rates are 836 and
576 mAh/g, respectively, in the initial cycle with a very
slow capacity fade to 823 and 568 mAh/g, respectively,
after 150 cycles, and then to 792 and 556 mAh/g,
respectively, after 350 cycles, further demonstrating
extraordinary superior cycling stability of this 2D struc-
ture even at high charge/discharge rates. Such super-
high rate performance and cycling stability at high
charge/discharge rates are significantly higher than in
previously reported works on Fe3O, nanostructures
and Fe;0,4/carbon hybrids (as shown in Figure 5).>*2
Indeed, the latter report usual maximum C rates of 5 C
with capacities varying from 100%° to 500 mAh/g?"2
and exceptionally 10 C with capacities about 200 mAh/g*'

In order to clarify the difference in electrochemical
performance among the 2D Fe;0,@C@PGC nano-
sheets, 3D Fe;0,4/C composite, and commercial Fe30,
nanoparticles, electrochemical impedance spectrosco-
py (EIS), a promising tool for investigating diffusion
issues, was conducted at frequencies from 100 kHz
to 0.01 Hz to identify the relationship between the
electrochemical performance and electrode kinet-
ics. Figure 4f shows the Nyquist plots for the 2D
Fe30,@C@PGC nanosheets, 3D Fe;0,/C composite,
and commercial Fes0,4 nanoparticles at fresh coin cells,
which share the common feature of a high-frequency

depressed semicircle and a medium-frequency de-
pressed semicircle followed by a linear tail in the low-
frequency region. Following are the common equivalent
circuit descriptions of these features: the intercept on the
Z' axis at the high-frequency end is the electrolyte
resistance (R,), the size of the semicircular that encom-
passes the medium-frequency response is an indication
of the charge-transfer resistance (R.) in the electrode
reaction, and the inclined line in the low-frequency
region represents the Warburg impedance (Z,) related
to lithium diffusion in the solid.>® Apparently, the diam-
eter of the semicircle for 2D Fe;0,@C@PGC electrode
in the high—medium-frequency region is significantly
smaller than that of 3D Fe30,/C composite and com-
mercial FesO, nanoparticles. This indicates that 2D
Fe30,@C@PGC composite electrodes possess lowest
contact and charge-transfer impedances, which can lead
to rapid electron transport during the electrochemical
lithium insertion/extraction reaction and thus result in
significant improvement on the rate performance.

The morphology and structure evolution of the
Fe;0,@C@PGC composite anode under the severe
volume expansion/contraction during lithium inser-
tion/extraction were further investigated by TEM
techniques. Figure S5 shows the TEM images of the
Fe;0,@C@PGC anode after 350 charge/discharge
cycles for rate performance test in Figure 4d. Com-
pared with Figure 3ab, the morphology of the
Fe;0,@C@PGC after 350 charge/discharge cycles was
similar to that of the pristine one, suggesting the
robustness of the 2D nanostructure. Moreover, TEM
images in Figure S6b—d show that the porous graphitic
carbon, onion-like carbon shells, and the core—shell
structures were still maintained after charge/discharge
cycling, and the thickness of the carbon shells was
similar to that before cycling. The similar morphology
indicates that the Fe;0,@C@PGC anodes can effec-
tively decrease substantial aggregation and crack-
ing upon cycling, ensuring their extremely excellent
electrochemical performance. In particular, 2D porous
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graphite carbon nanosheets have good elasticity to
effectively accommodate the mechanical stress caused
by the large volume change of Fe;0,@C nanoparticles
during the charge—discharge process.

As shown in the results presented above, our 2D
Fe30,@C@PGC composite electrode displays extrem-
ely superior electrochemical performance and struc-
tural stability. These outstanding properties should be
attributed to their distinct structure and morphology
that offer the following benefits: (1) the 2D porous
nanosheet-type feature may ensure the short transport
path for both electrons and lithium ions, leading to good
conductivity and fast charge/discharge rates; (2) the thin
onion-like carbon shells can protect the encapsulated
Fes0,4 nanoparticles from directly contacting with the
electrolyte and alleviate the side reactions at the inter-
face between Fe;0,4 and electrolyte, resulting in structur-
al and interfacial stabilization of Fe;O,; nanoparticles.
Moreover, good electrical conductivity of the outer
carbon shells can complement the low conductivity of
inner Fez0, cores; (3) the onion-like carbon shells of the
Fe;0,@C nanoparticles are interconnected through the
high-conducting PGC nanosheets, thus constructing a
very efficient and continuous conductive network; (4)
the 2D PGC nanosheets with excellent mechanical flex-
ibility can efficiently inhibit the aggregation of Fe;0O,
nanoparticles and circumvent the severe volume expan-
sion/contraction of Fe;0,@C nanoparticles associated
with lithium insertion/extraction and thus preserve the
structural integrity of the whole electrode. As a result,
their original textural properties in terms of shape, size,
and structural integrity can be retained even after being
charged/discharged over 350 cycles for rate perfor-
mance test (as shown in Figure S5). Due to the enhanced
structural stability and integrity and excellent kinetics for
lithium ion and charge transport, the lithium storage
properties of our 2D Fe;0,@C@PGC nanosheets are thus
remarkably improved.

CONCLUSIONS

In summary, novel carbon-encapsulated Fe;O,
nanoparticles embedded in 2D porous graphitic

METHODS

Synthesis of 2D Fe;0,@(@PGC Nanosheets. The reagents were
obtained from commercial sources and used without further
purification. For preparing 2D Fe;0,@C@PGC nanosheets, the
metal precursors of Fe(NOs)3-9H,0 (0.73 g), glucose (2 g), and
sodium chloride (15 g) were dissolved in 10 mL of deionized water.
The resulting mixed solution was dried in a drying oven at 80 °C for
24 h and then ground by agate mortar to obtain very fine composite
powders. After that, the composite powders were heated at 750 °C
for 2 h in a tube furnace under flowing Ar atmosphere (50 mL/min)
to obtain 2D Fe@C@PGC nanosheets and then annealed at 250 °C
for 6 h under air. Once cooled to room temperature, the obtained
powder was treated with deionized water to dissolve the sodium
chloride and then pure 2D Fe;0,@C@PGC nanosheets were
obtained. For comparison, 3D Fe;0,/C composites were also
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carbon nanosheets (Fe30,@C@PGC nanosheets) have
been successfully fabricated by a facile and scalable
in situ synthesis method with assistance of the surface
of water-soluble NaCl particles. This unique hybrid
nanostructure is made of very thin 2D porous graphitic
carbon nanosheets with a thickness of less than 30 nm
in which Fe;0,4 nanoparticles (~18.2 nm) coated with
conformal and thin onion-like carbon shells are
homogeneously embedded. In this architecture,
the thin onion-like carbon shells can effectively avoid
the direct exposure of encapsulated Fe;O, to the
electrolyte and preserve the structural and interfacial
stabilization of Fes0,4 nanoparticles. Meanwhile, the
flexible and conductive 2D PGC nanosheets can ac-
commodate the mechanical stress induced by the
volume change of embedded Fe;0,@C nanoparticles
as well as inhibit the aggregation of Fe30, nanopar-
ticles and thus maintain the structural and electrical
integrity of the Fe;0,@C@PGC electrode during the
charge and discharge processes. As a result, such a 2D
nanostructured electrode exhibits an extremely du-
rable high-rate capability: a capacity of 858 mAh/g is
achieved at 5 C, 587 mAh/g at 10 C,and 311 mAh/g at
20 C. The present 2D Fe30,@C@PGC nanosheets are
found to sustain very high C rates without any struc-
tural damaging. Cycling at 10 C after 350 cycles leads
to a recovered capacity of 556 mAh/g, still 1.5 times
the capacity of graphite, which is the best one ever
reported for a Fe30,4-based electrode including var-
ious nanostructured FesO, anode materials, com-
posite electrodes, etc. Our results show that the 2D
Fe;0,@C@PGC nanosheets are promising anode ma-
terials for the next generation LIBs with high energy
and power density. Furthermore, this in situ and high-
yield strategy for preparing Fe;0,@C@PGC nano-
sheets can also be extended to build a variety of
other interesting carbon-encapsulated transition metal
oxide nanoparticles uniformly embedded in 2D por-
ous graphitic carbon nanosheets for important appli-
cations in high-performance LIBs, supercapacitors,
adsorbents, catalysts, and sensors in many scientific
disciplines.

synthesized by carbonizing the mixture of Fe(NOs)s-9H,0 and
glucose without NaCl at the same conditions as those for the
preparation of the Fe30,@C@PGC nanosheets.

Characterization Techniques. Transmission electron microscope
(TEM) and high-resolution TEM (HRTEM) were performed on
a FEI Tecnai G> F20 TEM. Raman spectra were recorded on
the LabRAM HR Raman spectrometer using laser excitation at
514.5 nm from an argon ion laser source. X-ray diffraction (XRD)
measurements were taken on a Rigaku D/max diffractometer
with Cu Ka radiation. Thermogravimetric analysis (TGA) was
performed with a Perkin-Elmer (TA Instruments) up to 800 °C
at a heating rate of 10 °C/min in air. The electrical conductivity
was measured by a four-electrode method using a conductivity
detection meter (Shanghai Fortune Instrument, FZ-2010).
Brunauer—Emmett—Teller (BET) surface areas and porosities
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of the products were determined by nitrogen adsorption and
desorption using a Micromeritics ASAP 2020 analyzer. X-ray
photoelectron spectroscopic (XPS) measurement of the
Fe;0,@C@PGC nanosheets was made on a PHI1600 ESCA system.

Electrochemical Measurement. The working electrodes were made
through the following steps: active materials (Fes0,@C@PGC
nanosheets, 3D Fe;0,/C composite, bare carbon nanosheets, or
Fe30,4 nanoparticles with average diameter of about 20 nm
purchased from DK nanotechnology Co. LTD, Beijing), conduc-
tivity agent (carbon black), and binder (polyvinylidene fluo-
ride, PVDF) in a weight ratio of 80:10:10 were blended with
N-methylpyrrolidone as solvent. Electrode film prepared by coat-
ing the mixture on a copper foil was first vacuum-dried at 80 °C
for 4 h and then at 120 °C for 12 h. Coin cells (CR2032) were
fabricated using lithium metal as the counter electrode, Celgard
2400 as the separator, and LiPFg (1 M) in ethylene carbonate/
dimethyl carbonate/diethyl carbonate (EC/DMC/DEC, 1:1:1 vol
%) as the electrolyte. The assembly of the cell was conducted in
an Ar-filled glovebox followed by an overnight aging treatment
before the test. Cyclic voltammetry (CV) measurement was
conducted at 0.1 mV/s within the range of 0.0—-3.0 V on a
CHI660D electrochemical workstation. The cycle life and rate
capability of the cells were tested within a fixed voltage window
of 0.005—3.00 V (vs Li*/Li) by using a battery testing system
(LAND CT 2001A, China). All of the specific capacities here were
calculated on the basis of the total weight of the Fe30,@C@PGC
nanosheets, 3D Fe30,/C composite, commercial Fes0, nano-
particles, or bare carbon nanosheets.
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