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Iron oxide encapsulated In nitrogen-rich carbon
enabling high-performance lithium-ion capacitor

Jinhua Zhou'', Shuchi Xu'’, Qi Kang’, Lu Ni', Ningna Chen', Xiaoge Li', Chunliang Lu’,
Xizhang Wang', Luming Peng', Xuefeng Guo', Weiping Ding' and Wenhua Hou'

ABSTRACT Lithium-ion capacitors (LICs) could combine
the virtues of high power capability of conventional super-
capacitors and high energy density of lithium-ion batteries.
However, the lack of high-performance electrode materials
and the kinetic imbalance between the positive and negative
electrodes are the major challenge. In this study, Fe;O, na-
noparticles encapsulated in nitrogen-rich carbon (Fe;0,@NC)
were prepared through a self-assembly of the colloidal FFOOH
with polyaniline (PANI) followed by pyrolysis. Due to the
well-designed nanostructure, conductive nitrogen-rich carbon
shells, abundant micropores and high specific surface area,
Fe;0,@NC-700 delivers a high capacity, high rate capability
and long cycling stability. Kinetic analyses of the redox reac-
tions reveal the pseudocapacitive mechanism and the feasi-
bility as negative material in LIC devices. A novel LIC was
constructed with Fe;O,@NC-700 as the negative electrode and
expanded graphene (EGN) as the positive electrode. The well-
matched two electrodes effectively alleviate the kinetic im-
balance between the positive and negative electrodes. As a
result, Fe;0,@NC-700//EGN LIC exhibits a wide operating
voltage window, and thus achieves an ultrahigh energy density
of 137.5 W h kg™". These results provide fundamental insights
into the design of pseudocapacitive electrode and show future
research directions towards the next generation energy storage
devices.

Keywords: Fe;O,, carbon, N doping, expanded graphene,
lithium-ion capacitor

INTRODUCTION
Electrochemical energy storage systems play a crucial role
in consumer electronics, automotive, aerospace and sta-

tionary markets. Lithium-ion batteries (LIBs) and super-
capacitors (SCs) are currently recognized as two primary
promising energy storage systems [1-3]. LIBs can provide
a high energy density (100-200 W hkg ') as a result of
Faradaic reactions derived from the intercalation of large
numbers of Li ions into the active electrode materials.
However, the sluggish insertion/extraction of Li ions in
the bulk and the accompanied volumetric strain limit
their power density (<500 W kg ') and cycling stability
<1000 cycles). By contrast, SCs store charge by fast re-
versible redox reactions or adsorption/desorption on the
surface or near-surface of the active materials, benefiting
a high power density (>10 kW kg ') and a long cycling
stability (10°-10° cycles). Unfortunately, they generally
suffer from low energy densities (usually <10 W h kg "),
because the charge is mainly stored on the surface or
near-surface [4-7]. For practical applications in vehicle
power storage systems and grid energy storage systems,
special energy storage devices with high energy density,
high power density and long cycle life are highly desired
(8].

Lithium-ion capacitors (LICs) are designed to possess
high energy density, high power density and long cycling
stability, being a tradeoff between LIBs and SCs. An LIC
is constructed with a high-energy LIB negative electrode
and a high-power SC positive electrode in a Li-salt-con-
taining organic electrolyte [9,10]. LICs asymmetrically
and simultaneously store charges by reversible adsorp-
tion/desorption of anions on the surface of capacitor-type
positive electrode and by insertion/extraction of Li ions in
the battery-type negative electrode, respectively. With the
combination of Faradaic intercalation and non-Faradaic
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surface reaction, the energy and power densities are im-
proved effectively [11]. The LIC was first reported by
Amatucci et al. [12-14], with Li,Ti;O,, (LTO) as the
negative electrode and activated carbon (AC) as the po-
sitive one. Naoi et al. [15] prepared a nanocomposite by
incorporating LTO with carbon nano-fibers as the nega-
tive electrode, leading to devices with higher energy
density than conventional electrical double layer capaci-
tors (EDLCs) without significant reduction of power
capability and cycle life. However, the low capacities of
LTO and AC greatly restrict the overall energy density of
LIC. Therefore, more efforts have been focused on opti-
mizing the electrode materials.

With regard to battery-type negative electrode, graphite
[16] and metal oxides (TiO, [17], MnO [18], Fe,O; [19],
Nb,O5 [20], V,0s5 [21] MoO; [22], etc.) have been in-
tensively investigated because of their high energy den-
sities. As for capacitor-type positive electrode,
carbonaceous materials (such as AC, carbon nanotubes
(CNTs) [23], graphene [24], and metal-organic frame-
work (MOF)-derived porous carbon [25]) are widely se-
lected due to their long-term cycling stability and high
power density. However, the negative kinetics based on
the lithiation/delithiation in the bulk is generally slower
than the positive surface or near-surface adsorption/des-
orption. The resulting kinetic imbalance between the two
electrodes greatly inhibits the full energy utilization of
battery-type negative electrodes [26]. In addition, an en-
larged operating voltage window is usually obtained for
LICs, which is significantly beneficial for the improve-
ment of energy density, as the energy density is directly
proportional to the square of voltage window [27].
Therefore, the rational design and preparation of suitable
negative materials are imperative for the development of
high-performance LICs.

Among various metal oxides, Fe;O, is quite promising
as the negative material in LICs for its advantages of high
theoretical capacity (926 mA h g ), relatively low voltage
plateau, eco-friendliness, natural abundance and low cost
[28,29]. Nevertheless, there are rare reports about the use
of Fe;O, in LICs, probably due to the poor rate perfor-
mance and cycle stability, which mainly result from its
low intrinsic electronic conductivity, severe aggregation
and dramatic volume expansion during Li insertion
[19,30-32]. Hence, to optimize the performance of LICs,
the modification of Fe;O, materials has become a crucial
issue.

Carbon coating is regarded as one of the most efficient
modification ways for preventing the aggregation and
improving the performance of transition metal oxides. It
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can significantly enhance the electronic conductivity and
improve the rate performance of electrode materials.
Moreover, the formation of stable solid electrolyte inter-
face (SEI) films on carbon surface can protect the inner
active materials and maintain their high capacities [33-
35]. On the other hand, a number of battery-type tran-
sition metal oxides could exhibit electrochemical pseu-
docapacitive features through nanostructuring. The
increased specific surface area and shortened ion diffu-
sion path lead to the improvement of high-rate capability
and the suppression of a phase transformation [7,9,36].

Here, we first prepared Fe;O, nanoparticles en-
capsulated in nitrogen-rich carbon (Fe;O0,@NC) through
a self-assembly of the colloidal FeOOH with polyaniline
(PANI) followed by pyrolysis. The influence of different
pyrolysis temperatures on the electrochemical perfor-
mances of the resulting samples was investigated. Due to
the well-designed nanostructure, conductive nitrogen-
rich carbon shells, abundant micropores and high specific
surface area, the obtained Fe;O,@NC-700 delivers a high
capacity with a high rate capability and a long cycling
stability. Kinetic analyses of the redox reactions reveal the
pseudocapacitive mechanism and the feasibility as nega-
tive material in LIC devices. Then, an LIC was con-
structed by using Fe;0,@NC-700 as the negative
electrode and expanded graphene (EGN) as the positive
electrode. As these two electrodes are well-matched, the
kinetic imbalance between them is greatly alleviated,
giving rise to a wide operating voltage range (1.0-4.5 V).
As a result, the as-prepared Fe;O,@NC-700//EGN LIC
delivers an ultrahigh energy density of 137.5 W h kg ' ata
power density of 275 W kg ' and a high energy density of
39 Whkg ' at a high power density of 8250 W kg ' as
well as a long-term cycling stability.

EXPERIMENTAL SECTION

Materials synthesis

Preparation of the Fe;O0,@NC negative electrode

The detailed synthesis process was described in our pre-
vious report [37]. First, the uniform FeOOH colloid
aqueous solution was obtained by mixing 10 mL of
1 mol L' FeCl, and 30 mL of 0.2 mol L' HCI in 300 mL
deionized water and subsequently aged in a reflux system
at 96°C for 1 h. Then, 150 pL of aniline was added into
20 mL of the above FeOOH colloid and stirred for several
minutes at 3-5°C, followed by adding 0.15 mol of am-
monium persulfate ((NH,),S,05) and kept stirred for
24 h. The resulting suspension was washed with deio-
nized water through centrifugation for several times to
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remove the residual acid until the supernatant reached
pH 7. The resulting FeFOOH@PANI was collected and
dried at 60°C for 24 h. Afterwards, FFOOH®@PANI was
calcinated at 600, 700 and 800°C, respectively, to obtain
the Fe;0,@NC samples in a quartz tube under high-
purity Ar atmosphere for 3h with a heating rate of
5°C min . The resultant samples are denoted as
Fe;0,@NC-600, Fe;O,@NC-700 and Fe;O,@NC-800, re-
spectively.

Preparation of the EGN positive electrode

Graphene oxide (GO) was synthesized by Hummers’
method [38]: natural graphite flake (2.g, 99.8%, Alfa
Aesar Chemical Reagent Co.) and sodium nitrate
(NaNO;, 2g) were mixed, and then sulphuric acid
(H,SO,, 46 mL) was added into the mixture in an ice
bath. After that, potassium permanganate (KMnO,, 6 g)
was slowly added into the mixture solution in an ice bath
and heated at 35°C for 90 min followed by adding water
(120 mL) and stirring at 90°C for 20 min. After reaction,
hydrogen peroxide (H,0,, 30 wt%, 6 mL) was added to
remove the surplus KMnO,. A yellow precipitate was fi-
nally collected by centrifugation and vacuum dried at
room temperature.

GO layers were intrinsically intercalated by molecules
such as sulfuric acid and water during the synthesis
process. The thermal shock would trigger a sudden vo-
latilization of the intercalated molecules, resulting in a
50-100 times expansion along the thickness direction (c-
axis) [39,40]. Hence, EGN was obtained through the
following steps: the tube furnace was heated to 1000°C,
and then GO powders were pushed into the heating zone
for 10 s under argon atmosphere [41].

Materials characterization

The morphologies and structures of the obtained samples
were characterized by using scanning electron micro-
scopy (SEM, JEOL JEM-6300F) and transmission electron
microscopy (TEM, JEOL JEM-2100F, operating at an
accelerating voltage of 200 kV). X-ray diffraction (XRD)
patterns were taken on a Philip-X’Pert X-ray dif-
fractometer with a Cu Ko radiation (A= 1.5418 A).
Fourier transform infrared (FT-IR) spectra were recorded
using a Bruker model VECTOR22 Fourier transform
spectrometer. X-ray photoelectron spectroscopic (XPS)
measurements were carried out on an X-ray photoelec-
tron spectrometer (Thermo Fisher Scientific, K-Alpha)
equipped with a hemispherical electron analyzer (pass
energy of 20 eV) and an Al Ka (hv =1486.6 eV) X-ray
source. The thermogravimetic analyses (TGA) were car-
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ried out with a DTG-60 thermal analyzer. Raman spectra
were collected on a thermal dispersive spectrometer using
a 10 mW laser with an excitation wavelength of 532 nm.
Nitrogen adsorption/desorption isotherms were recorded
on a Micromeritics ASAP 2020 sorption instrument, and
the samples were activated under vacuum at 300°C for 6 h
before testing.

Electrochemical measurements
The electrochemical performances of the obtained sam-
ples were investigated by using CR2032 coin cells.

For the half-cell testing, the coin cells were assembled
in an argon-filled glovebox with Fe;0,@NC and EGN
used as working electrodes, lithium foil as the counter
electrode, Celgard 2400 membrane as the separator and
1.0mol L LiPF, in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 by volume), sepa-
rately. Typically, the active material (Fe;O,@NC-700 or
EGN), conductive carbon black (Super P), and poly
(vinylidene fluoride) (PVDF) were mixed in a weight
ratio of 80:10:10 to form homogeneous slurry, and then
coated on the current foils. After drying at 100°C for 12 h,
the coated Cu foil was punched into disks with a diameter
of 12 mm. The mass loading of Fe;0,@NC-700 was
~0.8 mg cm ~ and that of EGN was ~2.0 mg cm . The tab
density of Fe,0,@NC-700 was 0.091 g cm ° and that of
EGN was 0.041 g cm . The galvanostatic charge-dis-
charge (GCD) tests were measured with a LAND
CT2001A battery test system. The cyclic voltammetry
(CV) and electrochemical impendence spectra (EIS)
measurements were carried out on a CHI660D electro-
chemical workstation (Chenhua, Shanghai).

Before constructing LIC, the Fe;O,@NC-700 was firstly
pre-lithiated by dropping with 20 uL of 1.0 mol L' LiPF,
electrolyte and then directly contacting with a piece of
lithium foil for 5h in an Ar-filled glovebox. Then, a
Fe;0,@NC-700//EGN LIC was constructed with the pre-
lithiated Fe;O,@NC-700 as the negative electrode and
EGN as the positive electrode. The areal mass loadings of
Fe;0,@NC-700 and EGN were 1.2 and 1.9 mg cm ~ and
the corresponding thicknesses were 17 and 50 um for
Fe;0,@NC-700 and EGN, respectively. CV and GCD
tests were performed on the CHI660D electrochemical
workstation. The cell-discharge capacitance (C,y) and
specific capacitance (C,) of LIC were calculated with the
following equations:

Cu=1t/AV, D
C,=C,,/m, 2
where I is the applied current (A), t is the discharging

cell
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time (s), AV is the voltage window (V) and m is the total
mass (g) of the two electrodes. Energy density (E,
W h kg ') and power density (P, W kg ') were calculated
through the following equations:

P=AVxI/m, 3)
E=Pxt/3600, @)
AV =V, +V,)/2. 5)

RESULTS AND DISCUSSION

Characterizations of the Fe;0,@NC negative electrode

The morphology of the as-prepared Fe;0,@NCs was in-
vestigated by SEM and TEM. All three Fe;0,@NC sam-
ples show an overall look of many uniform nanoparticles
bound to each other (Fig. S1). As shown in Fig. la-d, the
as-prepared Fe;O,@NC-600 and Fe;0,@NC-700 exhibit a
similar spherical morphology. According to the TEM
images, the building blocks are nanoparticles with a
diameter from 10 to 30 nm that are encapsulated and
confined in the carbon nanoshells. In addition, high re-
solution-TEM (HR-TEM) image of Fe;0,@NC-700

shows the crystal lattice fringes with a d-spacing of
0.25 nm from the (311) plane of Fe;O, (Fig. S2). The
spectroscopy

corresponding energy-dispersive X-ray

(EDS) elemental mappings (Fig. S3) display a uniform
distribution of C, N, O, and Fe elements in Fe;O,@NC-
700. As the pyrolysis temperature increased to 800°C, the
obtained Fe;O0,@NC-800 no longer maintained a well-
regulated spherical morphology and the building blocks
showed an increased average diameter of 50 nm
(Fig. 1e, f).

As shown in Fig. 1g, all smaples show a broad XRD
peak at 20°-30°, originating from the (002) crystal planes
of the PANI-derived carbon. The rest diffraction peaks
are in good agreement with those of Fe;O, (JCPDS #19-
0629). These results demonstrate the in-situ carboniza-
tion of PANI and transformation of FeOOH to Fe;O,
after pyrolysis in an inert atmosphere. TGA curves of the
samples under an air atmosphere are shown in Fig. S4. All
three Fe;O,@NC composites can be observed with a rapid
mass loss between 300 and 500°C, corresponding to the
oxidation and decomposition of the carbon in air. It
follows that the amount of Fe O, is estimated to be
~11 wt.% in the Fe;O0,@NC composites.

In order to investigate the existence form of carbon
layer, Raman spectroscopy was adopted. As shown in
Fig. 1h, all samples show two obvious Raman peaks
around 1348 and 1586 cm ', which correspond to the D
and G bands of partially graphitized carbon, respectively
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Figure 1 Morphological and structural characterizations of the Fe;O,@NC samples with different pyrolysis temperatures. SEM (a, ¢, e) and TEM (b,
d, f) images of Fe;O,@NC-600 (a, b), Fe;0,@NC-700 (c, d) and Fe;0,@NC-800 (e, ), respectively. XRD patterns (g), Raman spectra (h), and high-

resolution Fe 2p (i) and N 1s (j) XPS spectra of the Fe;0,@NC.
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[20]. The intensity ratio of G band to D band (I5/Ip) can
be used to estimate the graphitization degree of the car-
bon at different temperatures [42]. The values of I/I}, are
1.10, 1.04 and 1.01 for Fe;O,@NC-600, Fe;O,@NC-700
and Fe;O,@NC-800, respectively. This result suggests that
the graphitization degree slows down as the pyrolysis
temperature increases. It may be caused by the defects of
carbon due to the porous structure and N-doping that are
more easily formed at higher temperature [43]. In addi-
tion, a weak peak at 634 cm ' was detected, ascribed to
the Fe-O vibration of Fe;O, [44].

The N, adsorption/desorption isotherms of the
Fe;0,@NCs display a mixture of type I and IV shape,
demonstrating coexistence of micropores and mesopores
(Fig. S5). The corresponding pore-size distribution curves
of Fe;0,@NCs are displayed in the insets of Fig. S5. The
specific surface areas calculated by Brunauer-Emmett-
Teller (BET) method are 181, 305 and 137 m’ gf1 for
Fe;0,@NC-600, Fe;0,@NC-700 and Fe;O,@NC-800, re-
spectively. By comparison, Fe;O,@NC-700 has the largest
specific surface area with abundant microspores centered
at 0.5 nm, leading to more active sites exposed and ion
diffusion path shortened.

XPS analysis was performed to further clarify the che-
mical composition and environment of the obtained
samples. As shown in Fig. S6, the survey spectra indicate
the presence of C, N, O and Fe elements in the Fe;O,@
NC composites. PANI precursor can provide a high de-
gree of nitrogen doping and the N contents are 10.8%,
8.0% and 5.0% in Fe;O,@NC-600, Fe;O,@NC-700 and
Fe;0,@NC-800, respectively. Fe 2p XPS spectra (Fig. 1i)
exhibit two major peaks at 710.9 and 724.9 eV, corre-
sponding to Fe 2p;, and Fe 2p,,, spin-orbit peaks, re-
spectively. It further indicates the formation of Fe;O,
[45]. The deconvoluted peaks of C 1s (Fig. S7) at 284.6,
285.8, 286.7, and 288.6 eV can be ascribed to C=C, C-N,
C-0-C, and C-O, respectively [26]. The characteristic
peak of C-N demonstrates the presence of N-doping. As
shown in Fig. 1j, the high-resolution N 1s XPS spectrum
could be deconvoluted into four peaks centered at 398.2,
400.2, 401.2 and 403.8 eV, attributed to the pyridinic-N,
pyrrolic-N, quaternary-N and pyridine-N-oxide group,
respectively [46]. As listed in Table S1, the content of
quaternary-N is significantly increased while the contents
of pyridinic-N and pyrrolic-N are decreased as the pyr-
olysis temperature increases from 600 to 800°C, indicat-
ing better thermal stability of quaternary-N [47].
Pyridinic-N is referred to any N with one p-electron on 1
system, and pyrrolic-N is referred to any N with two p-
electrons on 7 system [48]. These N-containing func-
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tionalities could increase the electronic density of the
carbon network, favor ion adsorption, and improve car-
bon wettability. Quaternary-N can effectively improve the
electronic conductivity of the materials but is generally
less active than other nitrogen functionalities [49]. These
XPS results clearly demonstrate the formation of Fe;O,
and highly N-doped carbon in the Fe;O,@NC compo-
sites.

Fig. 2 shows the electrochemical performances of the
Fe;0,@NC electrode by half-cell tests. First, CV mea-
surement was carried out at a scan rate of 0.1 mV's ' in
the potential range of 0.01-3 V to investigate the elec-
trochemical behaviors. As shown in Fig. 2a, the first cycle
of the Fe;O,@NC-700 electrode exhibits two cathodic
peaks at about 1.60 and 0.57 V, respectively. The weak
peak around 1.60 V is usually ascribed to the initial li-
thium insertion into Fe;O, to form Li,Fe;O, [50,51]. The
sharp peak around 0.57 V is attributed to the irreversible
formation of SEI layer, as well as the reduction of Fe’*
and Fe’" to Fe’. At the anodic scan, two peaks at 1.67 and
1.91 V are assigned to the reversible oxidation of Fe’ to
Fe’* and Fe’, respectively. The multiple cathodic peaks at
0.93 and 1.39 V and anodic peaks at 1.67 and 1.91 V are
in the following cycles. Moreover, the CV curves after the
first cycle are well overlapped, suggesting that a stable SEI
layer was formed on the carbon shells. The SEI layer can
not only prevent the direct contact of the interior Fe;O,
nanoparticles with the electrolyte but also maintain the
structural integrity of the Fe;O, nanoparticles [50]. The
total electrochemical reactions involved in the cycles are
expressed in the following equations [52]:

Fe,0,+2Li +2¢ — Li,Fe,0,, (6)
Li,Fe 0,+6Li" +6e” — 3Fe’+4Li,0, (7)
3Fe’+4Li,0 — Fe,0,+8Li" +8e . 8)

The GCD curves were obtained at a current density of
100 mA g ' (Fig. 2b). The Fe;0,@NC-700 electrode ex-
hibits an obvious lithium insertion plateau in the first
discharge cycle and an irreversible capacity loss of 47.2%,
primarily caused by the inevitable formation of SEI layer
and the decomposition of the electrolyte. Note that the
subsequent GCD cycles show a dominated linear slope
discharge curve without obvious lithium insertion plateau
while a plateau is expected for a bulk material undergoing
a phase transformation during the redox reaction [53]. It
implys that the nanostructured Fe;O,@NC-700 exhibits
pseudocapacitive behavior. Some nanoscaled battery-type
transition metal oxides have been proved exhibiting sig-
nificant pseudocapacitance [54-56]. It is explained that
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Figure 2 (a) CV curves of the Fe;0,@NC-700 electrode in the first three charge-discharge cycles at a scan rate of 0.1 mV's
Fe;0,@NC-700 in the first three cycles at a current density of 100 mA g '

. (b) GCD curves of the
. (c) Rate performance at different current densities (the numbers are

different current densities, mA g ). (d) Nyquist plots in a frequency range of 0.01 Hz to 100 kHz and (e) long-term cycling stability of Fe;0,@NC-
600, Fe;0,@NC-700 and Fe;O,@NC-800 at a current density of 500 mA gfl.

the increase of surface area through nanostructuring leads
to a decrease in diffusion path, the suppression of a phase
transformation and increased surface lithium ion storage
sites [7]. The pseudocapacitive behavior of these na-
noscaled materials is expected to overcome kinetic lim-
itation of slow solid-state diffusivity of Li" ions in
transition metal oxides, leading to improved high-rate
performance [9].
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Fe;0,@NC-600, Fe;O,@NC-700 and Fe;O,@NC-800
were compared to investigate the impact of pyrolysis
tempeature on the electrochemical performance. As
shown in Fig. 2¢, Fe;O,@NC-700 delivers the highest
specific capacity of 730 mAh g ' at 100 mA g ' and that
of 344 mA h g ' at a high current density of 2000 mA g '
More importantly, after undergoing different ultrahigh
rate cycles, nearly 100% of the capacity can be restored
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when the current density switches back to 100 mA gfl,
demonstrating a good electrochemical stability. What’s
more, we also performed the EIS measurements of the
three electrodes, respectively. Fig. 2d shows the corre-
sponding Nyquist plots in a frequency range of 0.01 Hz to
100 kHz. The depressed semicircle appearing in the
medium frequency range is related with the charge
transfer resistance R. between the active materials and
liquid electrolyte, while the inclined line in the low fre-
quency region is associated with the Warburg impedance
R, reflecting the solid-state diffusion of Li ions in the
active materials. It can be found that the R values of
Fe;0,@NC-600, Fe;O,@NC-700 and Fe;O,@NC-800 are
219.3, 165.2 and 122.4 Q, demonstrating the good elec-
tronic conductivity of Fe;O,@NC-700 and that the elec-
tronic conductivity is enhanced by increasing the
pyrolysis temperatures. In addition, the more-vertical line
of Fe;0,@NC-700 in the low frequency region suggests its
improved Li" diffusion process and strengthened capaci-
tive-like behavior [35].

The cycle performance of the Fe;O,@NC electrodes is
depicted in Fig. 2e. Strikingly, all three electrodes exhibit
good cycling stability. After 200 charge-discharge cycles
at a relatively high current density of 500 mA g ', no
obvious degradation appears for the three electrodes and
the specific capacities are 195, 365 and 278 mA hg ' for
Fe;0,@NC-600, Fe;O,@NC-700 and Fe;O,@NC-800, re-
spectively. The corresponding Coulombic efficiency of
Fe;0,@NC-700 is nearly 100%. Besides, the cycle per-
formance of Fe;O,@NC-700 was also measured at a high
current density of 1000 mA g ' for 1000 cycles. As shown
in Fig. S8, after the initial capacity loss during the first few
cycles, Fe;0,@NC-700 shows a slight capacity increase in
the following cycles due to the activation process. After
cycling for 1000 times, Fe;O,@NC-700 still delivers a high
discharge capacity of 371 mA h g ', showing a high-ca-
pacity retention with a Coulombic effciency of nearly
100%. It demonstrates that the coating of Fe;O, with N-
rich carbon helps to maintain the electrical continuity
and structural integrity during cycling at high rates. The
structural stability can be confirmed by the SEM image of
Fe;0,@NC-700 after 1000 discharge/charge cycles at
1000 mA g . As shown in Fig. $9, Fe;0,@NC-700 still
presents a rather homogeneous spherical morphology
without obvious structure failure and pulverization after
1000 cycles at 1000 mA g .

Overall, Fe;0,@NC-700 has been endowed with the
most fascinating electrochemical performance among the
three Fe;O,@NC electrodes and the main reasons are as
follows: on the one hand, Fe;0,@NC-700 has the highest
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BET specific surface area with abundant micropores,
leading to more active sites exposed and ion diffusion
path shortened. On the other hand, the appropriate ratio
of pyridinic-N and pyrrolic-N to quaternary-N ensures
both abundant active sites and good electronic con-
ductivity.

To further investigate the electrochemical properties of
the Fe;O,@NC-700 electrode, CV curves at different scan
rates from 0.2 to 1.0 mV s ' were measured to evaluate
the quantitative capacity (Fig. 3a). The relationship be-
tween the peak current (i) and scan rate (v) can be ex-
pressed as Equation (9) [57]:

Ini = Ina + blnv, )

where a and b are two adjustable parameters. According
to previous research, the b-value is equal to the slope of
the fitted line (herein, 0.5 notes diffusion-controlled
contribution and 1.0 suggests capacitive-effect contribu-
tion) [58]. In the current study, the b-values of Fe;O,@
NC-700 for two anodic peaks and two cathodic peaks are
calculated to be 0.85, 0.87, 0.81 and 0.94, respectively
(Fig. 3b). This implys that the electrochemical kinetics of
Fe;0,@NC-700 electrode is a dominant capacitive-effect-
controlled pseudocapacitive behavior.

In order to distinguish the capacitive contribution to

the current response of CV curves, Equation (9) can be
converted to Equation (10) [59,60]:
i(v) =ky+ky'", (10)
where k, represents the capacitive effect and k, represents
the diffusion-controlled contribution. Typically, Fig. 3c
shows the CV curve with capacitive contribution at a scan
rate of 0.5mV s . The shade and blank areas are pre-
sented as the capacitive-effect and diffusion-controlled
capacities, respectively. As shown in Fig. 3d, the con-
tribution of the capacitive capacity to the total capacity at
different scan rates are 39.8%, 42.4%, 51.3%, 61.6% and
69.7%, respectively. It is obvious that the percentage of
capacitive contribution gradually increases with the in-
creasing scan rates from 0.2 to 1.0 mV s . This result
confirms that the surface capacitive effect plays a domi-
nant role in the rapid charge-discharge process in
Fe;0,@NC-700. Benefiting from a dominant capacitive-
effect-controlled pseudocapacitive behavior, Fe;O,@NC-
700 has the effectively improved rate capability, which
establishes its feasibility as an negative electrode material
in LICs.

Characterizations of the EGN positive electrode

Before fabrication of the LIC device, the positive electrode
material EGN was synthesized and characterized. The
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microstructure of the as-prepared EGN was observed
from SEM and TEM images. As shown in Fig. 4a and
Fig. S10a, the obtained EGN exhibits an accordion-like
layer-by-layer structure composed of ultrathin nanosheets
with curled and wavy wrinkles. The crystal structure was
investigated by XRD as given in Fig. S10b. The EGN
shows two broad peaks at around 24.1° and 43.4° origi-
nating from (002) and (100) crystal planes of partially-
graphitized porous carbon layer [61], without other im-
purity peaks. The N, adsorption/desorption isotherms
and the corresponding pore-size distribution curve of the
EGN were measured (Fig. 4b). The N, adsorption/deso-
rption isotherms are typical type-IV with a hysteresis loop
in a relative pressure range of 0.4-0.95, indicating the
mesoporous feature. The BET specific surface area is
191.1 m° g '. The interconnected multimodal pore-size
distribution clearly reveals that micropores (<2 nm),
mesopores (2-50 nm) and macropores (>50 nm) co-exist
simultaneously in the EGN. Such a hierarchically porous
structure with a high specific surface area is favorable for
accelerating ion diffusion and improving energy storage.

FT-IR was used to analyze the chemical bonds and
functional groups. As shown in Fig. S10c, the peaks of
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GO around 1730, 1627, 1407, 1232 and 1053 cm ' are
assigned to the characteristic vibrations of C-O in
COOH, intercalated water, O=C-O from carboxylate,
epoxy C-O and C-O in C-OH/C-O-C functional
groups, respectively [62]. These absorption peaks of
oxygen-containing groups are dramatically weaker in the
EGN, suggesting that most of the oxygen-containing
groups have been removed at high temperature. The
composition and chemical states were analyzed with XPS.
The survey spectra (Fig. S10d) reveal that the C/O atomic
ratio in the EGN is obviously much higher than that in
GO. As shown in Fig. 4c, the C 1s spectra of the EGN and
GO can both be fitted with four peaks, that is, C-C/C=C,
C-0, C=0 and O=C-0. Compared with GO, the con-
tents of oxygen-related groups are apparently decreased
in the EGN [63]. It further confirms the reduction of
oxygen-related groups of GO.

The capacitive performance of the EGN was evaluated
by CV and GCD tests in a half-cell system. The potential
range was set between 2.5 and 4.5V (vs. Li/Li") that
would provide a large potential window for the assembled
LICs. Fig. 4d shows the CV curves of EGN at various scan
rates from 2.0 to 50mVs . All CV curves exhibit a
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quasi-rectangular shape, suggesting the dominant ideal
electric double layer capacitance. Fig. 4e shows the GCD
curves of the EGN electrode at different current densities.
The linear and symmetric nature of these GCD profiles
further confirms the capacitive behavior of this electrode
material through adsorption/desorption of anions. Im-
pressively, the EGN exhibits a relatively high specific
capacity of 78.1 mAh g 'at 100mA g ', much higher
than that of commercial AC (35 mAhgfl) and other
carbon-based positive electrodes [26,64].

To further evaluate the rate performance and long-term
cycling stability, the EGN was examined at different
current densities from 100 to 2000 mA g ' and cycled at
1000 mA g ' for 2000 charge-discharge tests. As shown in
Fig. 4f, the specific capacity of the EGN can still reach
51.6mA hg ' at a high current density of 2000 mA g
demonstrating an excellent rate capability, which could be
ascribed to the low R, appropriate surface functional
groups, and suitable pore-size distribution [65]. After
2000 cycles at a current density of 1000 mA g ', the EGN
presents no obvious fade of initial capacity, indicating a
superior cycling stability. These results strongly demon-
strate the encouraging advantages of the EGN in terms of
its large specific capacity, superior rate capability and
good electrochemical stability, showing great potential as
a positive material for LICs.

LIC based on Fe;0,@NC-700 and EGN

We designed an LIC in LiPF-containing organic elec-
trolyte, consisting of the Fe;O,@NC-700 negative elec-
trode and EGN positive electrode. As shown in Fig. 5a,
during the charge process, PF; ions are rapidly adsorbed
at the surface and interlayers of the EGN nanosheets,
while Li" ions from electrolyte are intercalated into Fe,
0,@NC-700. During the discharge, PF¢ ions leave EGN
meanwhile Li" ions depart from Fe;O,@NC-700. The
electrochemical performance of the Fe;O,@NC-700//
EGN LIC was measured in the potential range of
1.0-4.5V to avoid electrolyte oxidation at the positive
electrode and lithium plating at the negative electrode.
The CV curves at different scan rates all show a quasi-
rectangular shape (Fig. 5b), suggesting that the kinetics of
the two electrodes are well matched and balanced.
Moreover, the GCD profiles at different current densities
exhibit a quasi-symmetric triangular shape (Fig. 5c),
further confirming that the pseudo-capacitance of Fe;,
0,@NC-700 and the electric double layer capacitance of
EGN are well integrated in the device. As shown in
Fig. 5d, the Fe;0,@NC-700//EGN LIC has the highest
capacitance of ~51.8F g ' at a current density of
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100 mA g ' and a capacitance of 15.0 F g ' at a very high
current density of 3000 mA g .

In order to further evaluate the practical applicability
of the LIC system, Ragone plot (energy density vs. power
density) of the Fe;0,@NC-700//EGN LIC is shown in
Fig. 5e along with other reported LICs. The energy and
power densities were calculated based on the total mass of
the two electrodes. At a low power density of 275 W kg ',
the LIC can achieve an ultrahigh energy density of
137.5 W h kg '. When the power density increases to
8250 W kg ', the energy density can still deliver a value of
39 W h kg, suggesting the favorable properties from the
collaborative advantages of LIBs and SCs. The remarkable
energy and power densities of the Fe;0,@NC-700//EGN
LIC are superior to those of other previously reported
LICs, such as T-Nb,O;@C//AC [20], TiO,-CNT//AC
[66], Li, Ti;0,,//reduced GO [24], Ti,C MXene//AC [67],
Fe,O@graphene//porous [68], etc. (see Table S2). In ad-
dition, the Fe;O,@NC-700//EGN LIC also exhibits an
excellent cycling stability. As shown in Fig. 5f, although
the Fe;0,@NC-700//EGN LIC somehow displays a dra-
matically capacity decrease of ~35.1% during the first
5000 cycles, it still keeps a rather stable capacity retention
of 63.4% for the following 15,000 cycles at a high current
density of 1000 mA g .

The remarkable electrochemical performance of the
Fe;0,@NC-700//EGN LIC can be mainly attributed to
the following aspects: (1) the nanostructured subunits
and abundant micropores endow Fe;O,@NC-700 with a
high specific area, more active sites exposed, and ion
diffusion path shortened, being favorable for a highly/
special pseudocapacitive behavior and significantly im-
proved Li'-storage kinetics. In addition, the coating of
Fe;O, nanoparticles with N-rich carbon ensures the
electrical continuity and structural integrity during cy-
cling. (2) The hierarchically porous framework of EGN
with a large specific surface area and a high eletronic
conductivity gives rise to the fast charge transfer and high
specific capacity. (3) The well-matched Fe;0,@NC-700
negative electrode and EGN positive electrode effectively
alleviate the kinetics imbalance between the two electro-
des, leading to high energy and power densities of the
assembled LIC as well as a good cycling stability.

CONCLUSIONS

In summary, we prepared the Fe;O, nanoparticles en-
capsulated in nitrogen-rich carbon and investigated the
influence of pyrolysis temperature on the electrochemical
performances. It was found that Fe;O,@NC-700 could
deliver a high capacity with a good rate capability and a
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long cycling stability due to the nanostructured subunits,
conductive nitrogen-rich carbon shells, abundant micro-
pores and high specific surface area. A detailed electro-
chemical kinetic analysis reveals that Fe;O,@NC-700 has
a dominant capacitive-effect-controlled pseudocapacitive
behavior. An LIC has been successfully designed with
Fe;0,@NC-700 as the negative electrode and EGN as the
positive electrode. Due to the well-matched kinetics be-
tween the two electrodes and the collaborative advantages
of Fe;0,@NC-700 and EGN, the as-fabricated LIC ex-
hibits a large working voltage window (1.0-4.5 V), a high
energy density (up to 137 Whkg ') and a high power
density (up to 8.2 kW kg ') as well as a long cycle life.
This study may provide a new inspiration for the design
of next generation hybrid electrochemical energy storage
systems with both high energy and power densities.
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