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A pseudocapacitance dominated anode material assembled from Li;VO4 nanocrystals encapsulated in the
interlayers of N-doped graphene has been developed via a facile 2D nanospace confined strategy for
lithium ion capacitors (LICs). In this contribution, the N-doped graphene synthesized by a faicle solid
state reaction using C3N, nanosheets as template and glucose as carbon source provides sufficient 2D
nanospace for the confined and homogeneous growth of LisVO,4 at the nanoscale, and simultaneously
efficiently anchors each nanobuilding block inside the interlayers, thus realizing the utilizaiton of full po-
tential of active components. The so-formed 3D hybrids not only ensure intimate electronic coupling be-
tween active materials and N-doped graphene, but also realize robust structure integrity. Owing to these
unique advantages, the resulting hybrids show pseudocapacitance dominated lithium storage behaviors
with capacitive contributions of over 90% at both low and high current rates. The LVO@C@NG delivers
reversible capacities of 206 mAh/g at 10 A/g, capacity retention of 92.7% after 1000 cycles at 2 A/g, and
a high energy density of 113.6 Wh/kg at 231.8 W/[kg for LICs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium ion capacitor (LIC), as a kind of hybrid electrochemical
energy storage device, has attracted extensive attention since it can
well balance high-energy density of batteries and high-power den-
sity of capacitors within one device [1-4]. Typically, for this device,
one eletrode stores charge through battery-typed faradaic redox
reaction, and the other one is based on surface-controlled physi-
cal behavior with ion adsorption and desorption like electric dou-
ble layer capacitor (EDLC) [5-7]. However, typical battery materi-
als stored large amounts of energy (~200Wh/kg) often take several
hours in charging owing to slowly diffusion-limited redox reactions
while capacitive materials store much smaller amounts of energy
(~5Wh/kg) by rapidly forming the electrical double layers on the
order of seconds. Such a large imbalance difference in the reac-
tion kinetics between cathode and anode seriously restricts prac-
tical application of LICs. In this regard, developing a suitable an-
ode material with rapid redox kinetics for well matching capacitive
cathode of LICs is imperative but still remains a great challenge.

To address the above issue, pseudocapacitive materials offer
an opportunity to simultaneously realize high energy density and
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high power density because it can exhibit battery-like redox reac-
tions that occur at a current density comparable to those of elec-
tronic double layer formation of capacitive materials [8]. For ex-
ample, Nb,Os exhibits a notable surface-charge storage contribu-
tion (>80%) with ion diffusion kinetics [9], which is not limited by
semi-infinite diffusion. Similar to Nb,Os, TiO, (B) also shows fast
Li* ion intercalation behaviors with surface-controlled redox reac-
tion since the cyclic voltammetry analysis is nearly linear depen-
dent on the peak current on the sweep rate [10,11]. On the other
hand, electrochemical behaviors of some battery materials strongly
depend on the particle size. With reduction of particle dimensions,
they exhibit a pseudocapacitive response as well. For instance, the
well-known LiCoO, cathode in LIBs delivers a typical capacitive
profile when the particle size is reduced to 10nm [12]. Such ca-
pacitive behaviors are attributed to the decrease in the electronic
and ionic diffusion pathways, suppression of phase transitions, and
an enhancement of available surface sites for Li™ transport [13]. As
for MoO,, when the particle size is reduced to 20 nm, it exhibits a
specific capacity of 120 mAh/g at 10 C [14], three times higher than
that of micro-sized counterpart (40 mAh/g). Furthermore, by intro-
ducing graphene, the as-prepared MoO,/graphene hybrid shows a
higher capacity of 150 mAh/g at an ultrahigh current rate (50 C).
Therefore, the combination of reducing particle size and introduc-
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Fig. 1. Schematic diagram of the synthesis of the LVO@C@NG.

ing highly conductive supports for battery-type materials would be
an efficient strategy to realize high pseudocapacitive contribution
for LICs.

As a new intercalation pseudocapacitive material [15-19],
LizVO4 has recently received widespread attentions as anode for
LICs and lithium ion batteries (LIBs) since it possesses the competi-
tive merits of higher theoretical capacity (394 mAh/g based on two
Li* ions insertion/extraction, and 592 mAh/g based on three Lit+
ions insertion) and lower working potential (~0.8V vs. Li*/Li) with
two-electron reaction than those of other intercalation-based an-
ode materials including Li4TisOq; [20], LiTiy(POy4)s [21], TiO, [11],
Nb,O5 [22], V505 [23], TiNb,O; [24]. Owing to large structural
strain and poor cycling stability caused by three Li* ions insertion
into Li3VOy, such anode with two-electron reaction was usually in-
vestigated. However, the actual utilization of Li3VO, is restricted
by the shortcomings of large particle size and poor electronic con-
ductivity. To solve these issues, several major strategies have been
developed including nanostructure engineering, metal doping, and
constructing Li3VOy4/carbon (LVO/C) hybrids [25]. Among them,
simply nanostructuring inevitably suffers from self-aggregation
during repeated electrochemical cycling, resulting in reduced elec-
trolyte access of active component. In recent years, developing
Li3VO,4/C composites has become an efficient way to realizing im-
proving electronic conductivity, such as Li3VO4/amorphous carbon
[26], Li3VO4/carbon nanotubes [27], Li3VO4/graphene [28]. These
composites, however, undergo either limited improvement owing
to amorphous carbon modification or a simply physical contact
by a solid state method or wet chemical synthesis, which cannot
well guarantee good electronic coupling between active nanobuild-
ing blocks and carbon supports. Especially at a high current rate,
the large structure strain caused by LVO composite would lead to
large contact resistance and electrode pulverization. In addition,
LVO usually exhibits a dominated pseudocapacitive contribution
at a high current rate while the high capacitive contribution for
LVO anode at a low current rate has been rarely reported so far.
In this context, developing pseudocapacitive-dominated LVO/C hy-
brids with highly conductive support, robust interconnection and
efficient anchoring for each active component would be highly de-
sirable for practical application.

Herein, we report a 2D nanospace confined strategy to con-
struct uniform LVO nanocrystals encapsulated inside the interlay-
ers in the N-doped graphene (LVO@C@NG), which delivers much
improved lithium storage performance with dominated pseudoca-
pacitive behaviors at both low and high current rates as anode
for LICs. As shown in Fig. 1, such hybrid possesses the following
advantages. First, uniform LVO nanocrystals were well synthesized
inside the N-doped graphene interlayers by the 2D nanospace con-
fined strategy, which not only realizes high-quality anchoring for
each active nanobuilding block but also ensures strong electronic

coupling of active components and N-doped graphene (NG). More-
over, the proposed 2D space confined approach can control the size
of active components. Second, the so-formed LVO@NG hybrids pos-
sess flexible graphene interlayers for well accommodating struc-
ture strain caused by repeated Li* intercalation and deintercalation
processes at a high current rate. More importantly, the as-prepared
hybrids show pseudocapacitive-dominated behaviors even at a low
current rate as anode for LICs, which is very favorable for high-
power and high-energy applications. Third, in this work, we pro-
vide a highly conductive NG support for constructing LVO@NG hy-
brids by using highly stable C3N4 nanosheets as template and ni-
trogen source without the necessity to using conventionally chemi-
cal oxidization method, which is beneficial for scalable application.
The introduction of nitrogen (~3.5 wt% based on EDX mapping)
in NG can modulate carbon matrix and further enhance electronic
conductivity. Interestingly, in the preparation of LVO@C@NG, the
graphitic degree of N-doped graphene can be improved owing to
the synergistical catalytic function between vanadium oxides and
NG [29], thereby leading to better electronic conductivity. Owing
to these unique merits, the LVO@C@NG exhibits reversible capac-
ities of 206 mAh/g at a high current density of 10 A/g, capacity
retention of 92.7% after 1000 cycles at 2 A/g, capacitive contribu-
tions of 90.8% and 95.7% at the sweep rates of 0.2 and 1.0 mV/s, re-
spectively, and a high energy density of 113.6 Wh/kg at 231.8 W/kg
for LICs with activated carbon (AC) as cathode and LVO@C@NG as
anode.

As illustrated in Fig. 1, LVO@C@NG hybrids have been prepared
by a 2D nanospace confined strategy in the hydrothermal condition
and subsequent solid state method. Firstly, N-doped graphene (NG)
was prepared by a facile solid state reaction using C3N4 nanosheets
as template and glucose as carbon source [30,31], and was em-
ployed as nanoreactors for the confined growth of LVO. By a hy-
drothermal treatment, the 2D interlayers of NG were expanded
for well accommodating the precursors of LVO at the molecular
scale. During the hydrothermal process, the dissolved LVO precur-
sors and water molecules were co-intercalated into the interlay-
ers of NG, which can effectively prevent the agglomeration of NG.
In the meanwhile, the generated LVO nanocrystals will uniformly
distribute in the interlayers of NG. At the subsequent annealing
treatment, the highly crystalline LVO was obtained accompanying
by the pyrolysis and carbonization of citric acid, generating well-
confined LVO@C@NG hybrids.

The morphology and microstructure of the obtained LVO@C@NG
hybrids were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM). Firstly, ultrathin graphene layers were observed with 3-
5 layers for NG (Fig. S1c in Supporting information). By using
the as-prepared NG as the nanoreactors, the LVO@C@NG was syn-
thesized by hydrothermal reaction based on the nanospace con-
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Fig. 2. (a) SEM image, (b) TEM image, (c, d) HRTEM images and (e, f) SEM image and EDX mapping images for elemental C, N, O, and V for LVO@C@NG.

fined strategy and subsequent high-temperature annealing pro-
cess. As shown in Fig. 2a, LVO@C nanoparticles were well en-
capsulated by graphene networks, which is further confirmed by
TEM (Fig. 2c). The homogeneous particle sizes with 80-100 nm for
LVO were identified by TEM image (Fig. 2b), indicating that the
proposed nanospace confined synthesis by the hydrothermal re-
action is beneficial for the uniform growth of LVO nanocrystals.
For comparison, two control samples without using NG nanoreac-
tors (LVO@C) and with using active carbon (AC) as nanoreactors
(LVO@C/AC) were prepared, respectively. As displayed in Fig. S2a
(Supporting information), the obtained LVO@C/AC shows a bulk
structure with 20-100 um. High-magnification SEM image reveals
that such hybrid exhibits a dense internal structure of AC, suggest-
ing that LVO grows on the outside surface of AC with uncontrol-
lable ways. For the LVO@C composite, it also delivers a bulk archi-
tecture with 20-40 pm. Such finding shows that the absence of NG
nanoreactor is not favorable for controllable and confined growth
of LVO nanocrystals, leading to large particle. This is not benefi-
cial for developing high pseudocapacitance performance for LICs.
Despite these, our prepared LVO@C@NG exhibits highly crystalline
LVO with lattice spacing of 0.416nm (Fig. 2d), corresponding to
(110) crystalline plane of LVO. Elemental EDX mapping measure-
ment (Fig. 2e) shows that the uniform elemental distributions of
C, N, O, and V were confirmed in Fig. 2f.

The obtained LVO@C@NG was investigated by X-ray diffraction
(XRD), Raman spectra, and X-ray photoelectron spectra (XPS). As
displayed in Fig. 3a, all diffraction peaks of three samples can be
well assigned to orthorhombic-phase Li3VO4 (JCPDS card No. 38-
1247) with high crystallinity, revealing the pure phases of the as-
prepared LVO@C@NG and two control samples. Raman spectrum
(Fig. 3b) was used to compared LVO@C@NG and NG. The two sam-
ples both show two strong peaks at ~1344 cm~! (D band) and
~1600 cm~! (G band). Interestingly, the LVO@C@NG exhibits much
increased the intensity of G band, revealing that the introduction
of LVO into the interlayers of NG is beneficial to improving the
graphitic degree of NG. This would further boost electronic con-
ductivity. Besides the feature peaks of carbon, a strong peak at 474
cm~! was also observed, which is assigned to the characteristic
peak of Li3VO,4 [32]. The carbon content in the LVO@C@NG hybrid
is about 16.3% based the thermogravimetric analysis (TGA) in Fig.
S3 (Supporting information). The full spectrum of XPS shows the
presence of V, O, C and N peaks (Fig. 3c). The C 1s spectrum shows
three peaks at 284.7, 285.6 and 289.4 eV, which are related to C=C
bonding, C-N/C=N bonding, and 0-C=0 bonding (Fig. 3d), respec-
tively. The high-resolution spectrum of V 2p is shown in Fig. 3e,
where the peaks at 525.2 and 517.4eV are ascribed to V 2p;p,

and V 2p3, of V3+ spin-orbit levels while two peaks at 523.8 and
516.9eV are belong to V4* [30]. The little existence of V4* species
might be result from the vanadium partial reduction by carbother-
mal reaction at high temperature annealing. As displayed in Fig. 3f,
the N 1s peak at 398.3 eV belonging to pyridinic N was identified
while the peak at 400.7 eV is assigned to pyrrolic N [31]. The incor-
poration of nitrogen in the carbon matrix can enhance electronic
conductivity and also modulate the properties of carbon scaffolds
with increased surface activity and wettability in the electrolyte.

The as-prepared LVO@C@NG hybrids afford robust electronic
interconnection between active components and carbon frame-
works, thus enabling not only for rapid electron conduction at
the interface but also for electron/ion transfer within the solid
LVO nanocrystals. This would be very favorable for practical ap-
plication of LICs. The electrochemical performance of LVO@C@NG
was firstly evaluated by galvanostatic charge and discharge tests.
For comparison, LVO@C/AC and LVO@C were investigated as well.
As show in Fig. 4a and Fig. S2 (Supporting information), the
discharge/charge capacities of LVO@C@NG in the second cycle
are 438.1/410.2 mAh/g, much higher than those of LVO@C/AC
(378.5/355.9 mAh/g) and LVO@C (358.3/342.8 mAh/g). It is note
that there is obviously irreversible capacity loss in the first cy-
cle, which is attributed to the formation of solid electrolyte in-
terphase (SEI) layer [33]. Similar phenomenon was also observed
in the cyclic voltammograms (CV) profiles (Fig. 4b). As shown in
Fig. 4b, two strong cathodic peaks located at 0.71V and 0.54V
were observed in the first cathodic scan, implying the strong inter-
action between LVO@C@NG and electrolyte. At the subsequent cy-
cles, the CV profiles of LVO@C@NG exhibit good reversibility, sug-
gesting the formation of stable SEI at the interface between active
materials and electrolyte. Despite these, the obtained LVO@C@NG
delivers the smallest electrochemical polarization with a voltage
gap of 0.39V (Fig. 4c¢), much lower than those of LVO@C/AC (0.62 V)
and LVO@C (0.66V). Such findings reveal the better Li™ intercala-
tion kinetics of the as-prepared LVO@C@NG.

Another attractive property of LVO@C@NG is superior rate capa-
bility. As shown in Figs. 4d and e, three samples were examined by
galvanostatic charge and discharge measurement at current densi-
ties from 0.5 A/g to 10 A/g. LVO@C@NG delivers capacities of 380,
362, 331, and 241 mAh/g at the current density of 1, 2, 4, and 8
Alg, respectively. Even at a high current density of 10 A/g, it still
maintains the reversible capacity of 208 mAh/g, much higher than
those of LVO@C/AC (160 mAh/g) and LVO@C (89 mAh/g). When
the current density is reduced to 0.5 A/g, the reversible capacity
of LVO@C@NG can be well recovered, indicating excellent Li* stor-
age reversibility. The superior rate capability is probably attributed
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(a) Galvanostatic charge-discharge profiles for LVO@C@NG. (b)

CV curves of LVO@C@NG. (c) The electrochemical polarization comparison of LVO@C@NG, and LVO@C/AC, and LVO@C. (d) Rate performances of LVO@C@NG, and LVO@C/AC,
and LVO@C. (e) The representative charge and discharge voltage profiles of LVO@C@NG at various current rate of 0.5, 0.8, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, and 10 A/g. (f) Cycling

performance of LVO@C@NG, and LVO@C/AC, and LVO@C at 2 A/g.

to the unique LVO@C@NG structure with higher pseudocapacitive
contribution, which will be further discussed in detail in the fol-
lowing part.

In addition to high-rate capability, long-term cycling perfor-
mance is a very important factor for practical application of LICs.
As shown in Fig. 4f, the three samples were evaluated for a long
cycle at 2 A/g. It was found that LVO@C@NG exhibits a reversible
capacity of 316 mAh/g and capacity retention of 92.7% after 1000
cycles, significantly higher than those of LVO@C/AC and LVO@C.
Even at a higher current density of 4 A/g, LVO@C@NG still delivers
a specific capacity of 252.7 mAh/g after 1000 cycles (Fig. S5 in Sup-
porting information). Such findings suggest that the as-prepared
LVO@C@NG hybirds with good and uniform capsulation of LVO
nanocrystals in the interlays of NG and robust electronic coupling
should account for the excellent lithium storage properties.

To investigate the charge storage mechanism of LVO@C@NG,
CV measurements with different scanning rates were carried out,

as shown in Fig. 5a. With increasing scanning rates, the cur-
rent densities of oxidation/reduction peaks for LIVO@C@NG were
gradually enhanced. Interestingly, the peak positions for oxidation
and reduction peaks do not show an evident shift, indicating the
LVO@C@NG with ignorable electrochemical polarization. Generally,
charge-storage process includes diffusion-controlled (battery-like)
and surface-controlled (capacitor-like) responses. In the CV exper-
iment, the current response (i) and the sweep rate (v) obey the
following relationship [34]:

i=av?

(1)
where a is a constant and b is the power-law exponent. According
to the b value by fitting the slope of the plot of log(i) versus log(v)
at a fixed potential, the information about the charge-storage
mechanism can be confirmed qualitatively. When b=0.5, charge
storage is controlled by semi-infinite diffusion process as occurs
in bulk battery materials. In contrast, for the capacitive charge-
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storage mechanism (surface-controlled), b is equal to 1. We ana-
lyzed the redox-peaks b values of the LVO@C@NG, where the re-
sults are presented in Fig. 5b. The calculated b values for cathodic
and anodic peaks are 0.93 (R1), 0.94 (R2) and 0.90 (O1), suggest-
ing that a capacitive-dominated charge-storage process. Moreover,
the broadened redox peaks can be observed that is totally different
from the quasi-rectangle capacitor profiles, which implies the ex-
istence of electrochemical behaviors associated with pseudocapac-
itance response. Furthermore, we also investigated the variable b
values of the entire operating potential range. As shown in Fig. 5c,
during the lithiation process, when b=1 at the potential of 1.5V
that is far from the redox regime represents an electrical double-
layer charging process. With the lithiation potential decreases, Li*
storage in the LVO@C@NG occurs accompanying by the reduction
of b value. When the potential is reduced below 0.9V, the b value
underwent a sudden increase and was gradually close to 1. These
results indicate that Li*+ ions are probably depleted at the elec-
trode/electrolyte interface and then generates a new electrical dou-
ble layer lithiation process.

Using the concepts presented above, the current at a fixed po-
tential is the sum of two types of charge-storage contributions that
results from capacitive contribution and diffusion-controlled inser-
tion processes. Hence, the CV current (i) can be divided into two
parts by the following Eq. 2 [35]:

i(v) = k1V+k2V1/2 (2)

where kqv corresponds to the current contribution from the sur-
face capacitive effects while k,v'/2 is the diffusion-controlled in-
tercalation process contributed current. Base on this equation, the
contribution ratio between the two different charge storage pro-
cesses at different scanning rates is confirmed. At a relatively
slow sweep rate of 0.2mV/s (Fig. 5d), the capacitive contribu-
tion accounts for 90.8% and 95.7% in the total charge storage,
where the capacitive charge storge is mainly from pseudocapac-
itance. Compared to the reported LVO anode [18,19,36], the ob-
tained LVO@C@NG show the highest capacitance contribution at
the low current scanning rate. When the sweet rates are gradu-
ally increased, the capacitance contribution was also enhanced. At
1mV/s, the pseudocapacitive behavior is highly dominant with a
contribution of 95.7% (Figs. 5e and f). It was found that the as-
prepared LVO@C@NG exhibits a dominant pseudocapacitance be-
havior, which is very beneficial for high-performance LICs. Ow-

ing to the unique architectures, homogeneously distributed LVO
nanocrystals were well anchored in the 3D graphene frameworks,
which can not only guarantee high-efficiency utilization of ac-
tive materials, but also provide abundant accessible sites, thus en-
abling pseudocapacitance dominated lithium storage behaviors. In
the meanwhile, the N-doped graphene networks could also facili-
tate rapid charge transportation and ensure the structural stability.
Owing to the above two aspects, the obtained LVO@C@NG shows
much enhanced pseudocapacitance dominated lithium storage be-
haviors.

To probe the charge transport kinetics of the LVO@C@NG,
electrochemical impedance spectroscopy (EIS) was performed, as
shown in Fig. S6 (Supporting information). According to the fitting
results, the ohmic resistance of LVO@C@NG electrode material is
45 Q, lower than those of LVO@C/AC anode (5.7 2) and LVO@C
anode (6.3 2). The results suggest that constructing LVO@C@NG
hybrids assembled from well-capsulated LVO nanoparticles in N-
doped graphene with strong interconnection and electronic cou-
pling is an efficient strategy to lower contact resistance. Moreover,
LVO@C@NG electrode exhibits the smallest charge transfer resis-
tance R¢t (72.65 €2) than those of LVO@C/AC (97.72 2) and LVO@C
(83.05 2), revealing faster reaction kinetics. During the subsequent
cycles, the R¢c value of LVO@C@NG gradually decreases from 10.64
Q (the third cycle) to 0.49 € (the 10" cycle) with the continuous
activation process, suggesting that the charge transport barrier was
remarkably reduced after activation processes.

Benefiting from the excellent electrochemical performance of
LVO@C@NG for lithium storage, LVO@C@NG was employed as an-
ode for evaluating its electrochemical behaviors of LICs with com-
mercial AC as cathode (Figs. 6a and b). For comparison, commer-
cial AC cathode and Li metal anode were assembled and evaluated
(Fig. S7 in Supporting information). The AC half-cell delivers linear
voltage profile in the potential range between 2.0V and 4.4V (Fig.
S7a) with a reversible specific capacity of 56 mAh/g at 0.5 A/g. As
displayed in the CV tests (Fig. S7b), rectangular profiles can be ob-
served, implying that the reaction is a non-faradaic capacitive pro-
cess. The excellent rate capability of AC can be obtained owing to
the rapid non-faradaic capacitive behavior (Fig. S7c), and it also ex-
hibits a stable cycle life after 1000 cycles (Fig. S7d). The CV curves
of AC//LVO@C@NG display quasi-rectangular shapes, which is dif-
ferent from the rectangular shape of the traditional EDLCs (Fig. 6¢),
suggesting the combination of two different charge storage mech-
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Fig. 6. Electrochemical performance of AC//LVO@C@NG LICs: (a) Schematic illustration for LICs. (b) Voltage profiles and electrochemical reaction mechanism of LICs. (c) CV
curves at various scanning rates from 10mV/s to 16 mV/s. (d) Charge/discharge profiles at various current densities from 0.1 A/g to 1 A/g. (e) Ragone plots and (f) cycle

performance at the current density of 0.1 A/g.

anisms. In general, the commercial AC cathode storages charge
mainly through the adsorption reaction of PFg~ anions while LVO
anode is based on the faradaic reaction of Li* intercalation into
LVO@C@NG. The totally different charge storage mechanism be-
tween the two electrodes causes a “transition” shape of the CV
curves. The charge and discharge curves shapes of AC//LVO@C@NG
exhibit symmetric quasi-triangles (Fig. 6d), which is consistent
with the CV results. Despite these, the AC//LVO@C@NG LICs de-
liver a high energy density of 113.6 Wh/kg at the power density of
231.8 W/kg. Even at a high power density of 1529 W/kg, the energy
density of 30.6 Wh/kg can still be maintained (Fig. 6e), indicating
good kinetics balance between AC cathode and LVO@C@NG anode.
In addition, such AC//LVO@C@NG LICs can remain an energy den-
sity of 70.1 Wh/kg after 650 cycles (Fig. 6f).

In summary, we have developed a facile and efficient 2D
nanospace confined strategy to prepare well encapsulated LVO
in the interlayers of highly conductive graphene supports and
demonstrated their applications for LIBs and LICs. The ob-
tained LVO@C@NG hybrids afford intimate electronic coupling be-
tween active materials and N-doped graphene, thus resulting in
both more active sites and robust structural stability than each
nanobuilding block alone or their simple physical contact. Bene-
fiting from these unique merits, such hybrids show pseudocapac-
itance dominate lithium storage behaviors with capacitive contri-
bution of 90.8% even at a low sweep rate of 0.2mV/s. When em-
ployed as anode for LICs, such hybrids show superior rate capa-
bility and excellent cycling stability with reversible capacities of
206 mAh/g at a high current density of 10A/g, capacity retention
of 92.7% after 1000 cycles at 2 A/g, and a high energy density of
113.6 Wh/kg at 231.8 W/kg for LICs.
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