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ABSTRACT: Li-ion capacitors (LICs) can be endowed with a
satisfying energy density by introducing battery materials in the
system, but the polarization of bulk-phase Li insertion, especially
from phase transition, sacrifices the crucial energy efficiency at
high-power delivery. We herein report the fabrication of a
pseudocapacitance-dominated LIC showing advanced energy
efficiency and rate capability. The key solution relies on the
selective use of nanosized and amorphous LiFePO4 as a cathode,
which exhibits pseudocapacitive Li insertion by a solid solution
reaction mechanism, thus bypassing the undesired severe phase
transition and sluggish ion diffusion in crystalline LiFePO4. After
having matched with a highly amorphous carbon anode, the constructed pseudocapacitance-dominated LIC exhibits an excellent
energy efficiency of 89% at a maximum energy density of 131 Wh kg−1. Even ultrafast charging at 25 000 W kg−1 (within 11 s), the
energy density can still maintain up to 92 Wh kg−1 without the concession of energy efficiency, which is 62% higher than the
conventional configuration based on an adsorption-type activated carbon cathode. This demonstrates the broad potential of the
designed pseudocapacitance based on an amorphous structure for integrating energy density and energy efficiency in a power-type
device like LIC.
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■ INTRODUCTION

An electric double-layer capacitor (EDLC) based on rapid
interfacial ion adsorption has aroused tremendous attention in
fields demanding fast energy conversions, like electric vehicles,
distributed power grids, and renewable energy harvesters, due
to its outstanding power capability, energy efficiency, and cycle
life-span.1 However, the extremely low energy density
gradually emerges as a bottleneck of conventional super-
capacitors, owing to the inadequate active sites at the
electrode−electrolyte interface and the limited voltage.2 To
integrate the characteristics of high-energy and high-power, a
Li-ion capacitor (LIC) designed with a hybrid configuration
comes into the spotlight recently, which typically contains an
adsorption-type cathode from EDLC, an insertion-type anode
from a Li-ion battery (LIB), and an organic Li-ion electrolyte.3

According to the energy calculation formula (E = 1/2CV2), its
satisfying energy density is endowed from the high capacity
(C) of battery materials by charge storage in the bulk phase
and the complementary potential (V) between the cathode and
anode under a wide electrolyte window.4 Thus, two distinct
energy storage mechanisms coexist during the charging process
of LIC, where Li ions are inserted into the host lattice of the
anode, while anions are adsorbed on the surface of the
cathode.5

However, based on the bucket effect of a full device, the
electrochemical property of LIC is severely restrained by the
imbalance of capacity and kinetics between bulk-based and
surface-based energy storage.6,7 An adsorption-type cathode
represented by activated carbon (AC) exhibits a much lower
capacity than the battery-type anode due to the limitation of
the surface area below 3000 m2 g−1 and the destruction of
conductivity, wettability, and loading density by excessive
porosity. For seeking a breakthrough at the cathode,
combining LIB materials (LiFePO4,

8 Li3V2(PO4)3,
9 S,10 etc.)

with capacitive carbon was spontaneously proposed but always
criticized as a Li-ion battery−capacitor hybrid device (internal
paralleling battery and capacitor).11,12 The capacitive charac-
teristics of LIC, like excellent rate capability, cycle life, and
energy efficiency, were lost by inducing too many battery
components. Especially, the energy efficiency representing the
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ratio of discharge and charge energies is a key yet always
neglected parameter, which is decided by voltage hysteresis
between charge and discharge curves when the Coulombic
efficiency is close to 100%. Since energy never disappears
during conversion, vast electric energy will be transformed into
Joule heat by low energy efficiency, resulting in thermal abuse
and energy consumption.13 The polarization effect inherent in
battery materials always renders them an obvious voltage
hysteresis, arising from resistance polarization by low
electronic conductivity, diffusion polarization by sluggish Li+

transfer in the lattice, and structure polarization by severe
phase transition.14,15 Even worse, fast rate charging will
magnify the polarization, which means the critical importance
of energy efficiency for a high-power device like LIC.
As ideal alternatives of battery materials, pseudocapacitive

materials with low polarization possess not only unlimited ion
diffusion like EDLC materials but also a comparable capacity
to battery materials.16,17 However, most pseudocapacitive
materials are based on rapid proton insertion and employed
in aqueous hybrid capacitors (MnO2,

18 RuO2,
19 etc.). Due to

the larger size of Li+, only very few host materials (like T-
Nb2O5, TiO2-B, and VO2

20−22) with wide diffusion channels
are intrinsic pseudocapacitive materials for Li insertion, even
though none of them could be considered as a cathode due to
a low insertion potential. Recently, designing extrinsic
pseudocapacitance by downsizing particles is a hot topic for
the anode of LIC,23−26 but until now, very little attention has
been paid to the cathode side.16 Theoretically, if all battery
components in the “Li-ion battery−capacitor” are replaced by
pseudocapacitive materials, a novel LIC could be established
by eliminating polarization and recovering capacitive character-
istics.
As a popular cathode component in the battery−capacitor,

LiFePO4 (LFP) is known for excellent electrochemical/
thermal stability, satisfying theoretical capacity (170 mAh
g−1), and abundant resources.23,27 Nevertheless, its low kinetics
is a fatal blockage for designing extrinsic pseudocapacitance,
driving from a two-phase reaction between Li-rich Li1‑aFePO4
and Li-poor LibFePO4, low diffusion kinetics along the b-axis,
and a lacking pristine electronic conductivity (10−10−10−7 Ω−1

cm−1).28 Reducing particle size can effectively shorten the
diffusion length, and compositing with carbon materials is a
common way to construct a conductive network. However, a
two-phase reaction accompanying with energy barrier and
phase boundary movement is still a tough issue requiring more
effort.29 Recently, Naoi et al. first discovered the characteristic
of ultrafast charging in an ultracentrifugation-synthesized LFP
with a rich amorphous structure,30 which means that phase
transition can be bypassed by eliminating the strictly
constrained lattice.
Considering for an anode side, although many conversion-

type materials with high specific capacity are facile to be
downsized via hydrothermal syntheses (MnO,31 Fe3O4,

32 etc.),
their huge voltage hysteresis from dramatic phase transition
and poor electrochemical reversibility gives rise to low energy
efficiency.13 By contrast, amorphous carbon is a promising
candidate for pseudocapacitive energy storage, owing to no
phase transition during Li insertion, a modest electrical
conductivity, and the reduced insertion barrier by expanding
interlayer spacing.15

Herein, a pseudocapacitance-dominated LIC with enhanced
energy efficiency at high-power delivery was constructed in the
configuration of LiFePO4@interconnected mesoporous car-

bon//polybenzoxazine-derived hard carbon (LFP@C//PB-
HC) by introducing amorphous structures in both the cathode
and the anode. The analysis by in situ X-ray diffraction (XRD)
and the galvanostatic intermittent titration technique (GITT)
confirms the solid solution reaction in amorphous LFP, which
overcomes the energy consumption and rate limitation from
the two-phase reaction of crystalline LFP. The assembled LIC
exhibits an excellent energy efficiency of up to 89% and a
maximum energy density of 131 Wh kg−1 at 500 W g−1. Even
charging at 25 000 W kg−1, the energy density can still
maintain for 92 Wh kg−1 with a superb energy efficiency of
77%, demonstrating the broad prospect of pseudocapacitance
designed by amorphous structures for integrating energy
density and energy efficiency in a high-power device like LIC.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Resorcinol (99.5 wt %), formalin (37 wt %), 1,6-

diaminohexane (DAH, 99.0 wt %), phosphoric acid (85 wt %),
iron(III) nitrate nonahydrate (98.5 wt %), and lithium acetate
dihydrate (99 wt %) were all purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). Ludox HS-40 (12 nm, 40 wt % in aqueous
suspension) was purchased from Sigma-Aldrich. The commercial hard
carbon derived from the plant was purchased from BTR Co., Ltd.
(China). All chemicals were used without any purification.

2.2. Synthesis of Interconnected Mesoporous Carbon. The
synthesis procedure of interconnected mesoporous carbon was
slightly modified based on our previous work.33 The size of the
colloid silica template was replaced with 12 nm to achieve the goal of
downsizing LFP particles. Typically, 5 mmol resorcinol was first
dissolved in 250 mL of DI water with vigorous stirring at 30 °C and
then 10 mmol formaldehyde and 3 mL of Ludox HS-40 were
successively added. Afterward, 1.25 mL of 1 M DAH aqueous solution
was injected to turn the solution white immediately. The solution was
vigorously stirred at 80 °C for 42 h to obtain a deep red precipitate
after filtration, water/ethanol washing, and drying 24 h at 50 °C.
Finally, after carbonization at 800 °C for 2 h under an Ar atmosphere,
the mesoporous carbon was obtained by removing the silica template
with a NaOH aqueous solution (2.5 M), washing with DI water, and
filtrating.

2.3. Synthesis of LFP@C Composites. The nanosized LFP
particles were loaded into the as-synthesized mesoporous carbon by a
convenient solution impregnation method. First, the precursor
solution of LFP was obtained by successively dissolving 10 mmol
Fe(NO3)3·9H2O, 10 mmol C2H3O2Li·2H2O, and 10 mmol H3PO4 in
1 mL of DI water and then adding water until the total volume of 5
mL. Afterward, the controlled solution was added dropwise to 100 mg
of mesoporous carbon powder, accompanied by stirring. The
precursor of LFP@C was obtained after standing for 12 h and drying
at 90 °C overnight. At last, the crystal water was removed by thermal
treatment at 700 °C for 2 h with 3 °C min−1 under an Ar atmosphere,
yielding a black powder. The amount of LFP in the precursor solution
was controlled as 0.32 mmol, 0.64 mmol, and 0.96 mmol to be
denoted as LFP@C-1, LFP@C-2, and LFP@C-3, respectively. For the
control samples, LFP@C-0 was a pure mesoporous carbon sample
without impregnation and LFP/AC was the sample replacing the
carrier with commercial AC (YP-50F, Kuraray Co. Ltd.) but in the
same impregnation amount as LFP@C-2.

2.4. Synthesis of Polybenzoxazine-Derived Hard Carbon.
Polybenzoxazine-derived hard carbon is synthesized similarly to
interconnected mesoporous carbon but without using the colloidal
silica template. Of note is that owing to a lower polycondensation
degree, the polybenzoxazine precipitate here is light red, much
distinguished from the precursor of mesoporous carbon above.

2.5. Material Characterization. Powder X-ray diffraction (XRD)
measurements were taken on a PANalytical X’Pert3 powder
diffractometer with Cu Kα radiation (λ = 1.5406 Å). Transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM) were, respectively, performed on an FEI Tecnai F30
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instrument and an FEI NanoSEM 450 instrument. Nitrogen sorption
isotherms were measured at 77.4 K by a Tristar 3000 instrument
(Micromeritics Instruments), and pore size distributions (PSDs) were
calculated from the adsorption branches based on the Barrette−
Joyner−Halenda model. Thermogravimetric analysis (TGA) from
room temperature to 800 °C was performed by an STA449 F3 Jupiter
thermogravimetric analyzer (NETZSCH) at 10 °C min−1 in air. X-ray
photoelectron spectroscopy (XPS, ESCALAB XI+, Thermo Ltd.) with
a monochromatic X-ray source (Mg Kα) was employed for the high-
resolution scan of Fe 2p. The 57Fe transmission Mössbauer spectrum
at ambient temperature was measured with a 57Co γ-ray source in a
rhodium matrix and constant acceleration mode. Velocity and isomer
shift (IS) calibrations were performed using α-Fe as the standard.
2.6. Electrochemical Characterization. When preparing the

cathode and anode, the as-synthesized sample was mixed with
conductive carbon (Super-P) and a binder (LA133 and CMC) in DI
water at a mass ratio of 8:1:1. The slurries of the cathode and anode
were respectively spread on Al and Cu foils and then vacuum-dried at
100 °C overnight. The diameter of electrode disks was 12 mm, and
the load mass of the cathode and anode was 2−4 and 1−2 mg,
respectively. The half-cells were assembled as a coin cell with a Li-ion
electrolyte of 1 M LiPF6 in 1:1:1 (volume ratio) of ethylene carbonate
(EC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC). The selected cathode and a prelithiated anode (charge−
discharge for five cycles and discharge for 200 mAh g−1 at last) were
assembled for a LIC in the same electrolyte after controlling the mass
ratio at 1:1−3:1. Galvanostatic charge−discharge (GCD) studies were
conducted using a Neware CT4000 instrument in an incubator at 30
°C. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed on a CHI660E electrochemical
workstation (CH Instruments Inc., People’s Republic of China).
The energy density (E, Wh kg−1), power density (P, W kg−1), and

energy efficiency (EE, %) of the LIC device were calculated based on
the following equations.15,34

∫= ·E IV m t/ d
t

t

1

2

(1)

= = Δ ·P
E
t

V
I
m (2)

Δ =
+

V
V V

2
1 2

(3)

= ×
E

E
EE 100%

discharge

charge (4)

where I is the charge/discharge current (A), t is the discharge/charge
time (h), m is the total active material mass (kg) of cathode and
anode, V1 and V2 are the lower and upper limits of the voltage window
(V), ΔV is the average working voltage [(1 + 4)/2 = 2.5 V], and
Edischarge and Echarge are calculated from discharge and charge curves,
respectively. All energy densities mentioned below are represented for
Edischarge. The energy efficiencies of cathode and anode materials
estimated by half-cell tests are calculated by the method in previous
literature (Figure S1).13

2.7. In Situ XRD Measurement and Assembly of the Test
Cell. The electrochemical in situ XRD measurements were performed
with a one-dimensional (1D) detector and Cu Kα radiation (40 kV,
40 mA, λ = 1.5406 Å). The total times of each pattern for the cathode
and anode materials were respectively 460 and 996 s in a continuous
scan model (step size = 0.0131°). The tested electrodes were
prepared by mixing the active material, Super-P, and CMC (8:1:1) in
DI water, coating on the beryllium window (0.2 mm in thickness),
and vacuum drying at 80 °C overnight. The tested electrode was
assembled with a Li counter electrode and a glass fiber separator
(Whatman, GF/D) soaked with an electrolyte in a stainless steel mold
matching with the X-ray diffractometer.

3. RESULTS AND DISCUSSION
3.1. Material Characterization. Among many self-

assembly systems, polybenzoxazine is considered a desirable
alternative for designing porous carbon due to its fast
polymerization by the amine-triggered Mannich reaction, facile
N and O doping in a cross-linked matrix, and flexible pore
regulation through hard/soft templates.35,36 Through polymer-
izing benzoxazine on the surface of the hard template (colloid
silica sphere, 12 nm in diameter), a pomegranate-like carbon
with abundant interconnected mesopores is synthesized after
removing the template (Figure 1a) and the thickness of the

carbon wall is only ∼3 nm. Under the capillary force of
mesopores, an LFP precursor solution is spontaneously
adsorbed onto a carbon carrier to generate evenly distributed
tiny particles after thermal treatment (Figure 1b; the mapping
images of energy-dispersive spectroscopy (EDS) are shown in
Figure S2a−e). From the high-resolution TEM (HRTEM)
image (Figure 1c,d), the particle size of LFP of about 10 nm is
inherited from the removed template, which can be addressed
as a “nanocasting” process vividly. The deconvolution of high-
resolution XPS analysis for the Fe 2p energy level confirms the
coexistence of Fe3+ (76.5 atom %) and Fe2+ (23.5 atom %) on
the surface of the LFP@C-2 composite (Figure S2f).
Meanwhile, the absence of the Fe0 2p peak at 706.7 eV
reveals no impurity of Fe0 generation during thermal
treatment.
The valence states and crystalline states of bulk Fe atoms can

be finely measured by 57Fe Mössbauer spectroscopy (Figure

Figure 1. TEM images of (a) LFP@C-0 and (b) LFP@C-2. (c)
HRTEM image of the nanosized LFP encapsulated in mesoporous
carbon and (d) enlarged image. (e) Mössbauer spectra fitted with
three Fe environments (Fe2+ at M2, distorted Fe2+ at M2, and Fe3+

defects) confirming the abundant disordered structure in LFP@C-2.
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1e), which is deconvoluted into three contributions according
to the previous reports.30,37 The fitting parameters are listed in
Table S1, where the quantification levels of Fe2+ at the M2 site
(red line), distorted Fe2+ at the M2 site (green line), and Fe3+

defects (orange line) are respectively 10.8 and 27.7, and 61.5
atom %. Hence, LFP has been effectively amorphized by the
interconnected mesoporous carbon, which can be speculated
by the following three reasons: (1) the lattice of LFP at the
interface was distorted by exposure to the environment or
heterogeneous contact with amorphous carbon;30,38,39 (2) the
mass transfer during crystallization might be hindered by the
well-developed carbon wall; (3) the nanosized LFP particles
hold a large surface area, which may promote the volatilization
of ultralight element Li during thermal treatment, thereby
forming Fe3+ with a disordered structure.
N2 sorption isotherms can reveal the effect of loaded

particles on porosity, and the corresponding pore parameters
are listed in Table 1. As a typical mesoporous carbon, LFP@C-

0 exhibits a type IV isotherm with a remarkable hysteresis loop
(Figure 2a), which corresponds to a sharp peak at 15 nm in
PSD (Figure 2b). Evidenced from the narrowing hysteresis
loop in the isotherm and the fading peak in PSDs, the pore

spacing is gradually occupied by the loaded particles as the
impregnation amount increases from LFP@C-1 to LFP@C-3.
The crystalline phases of LFP@C-1−3 composites are
identified by XRD in Figure 2c, of which the patterns are all
accorded with the characteristic pattern of olivine LiFePO4
(JCPDS No. 081-1173). Moreover, for the primary peak at
35.6° calculated by the Scherrer formula, their average crystal
sizes increase from 10 to 24 nm. The SEM images of LFP@C-
2 and the corresponding EDS mapping in Figure S3 indicate
that all LFP particles are generated inside the carbon, implying
that the low crystal sizes of LFP@C-1 and LFP@C-2 are due
to the lower impregnation volume than the Vtotal of LFP@C-0.
On the contrary, LFP/AC without the confinement effect of
mesopores holds a much higher crystallinity up to 50 nm. After
considering the SiO2 wrapped in the carbon (residual mass of
LFP@C-0, Figure 2d), the TGA results demonstrate that the
LFP contents of LFP@C-1−3 are respectively 28, 44, and
68%.30

3.2. Electrochemical Performance of a Single Elec-
trode. Using metallic lithium as both the counter and
reference electrodes, the rate capabilities and cyclic stabilities
of LFP@C-0−3 and LFP/AC are investigated by half-cell tests
ranging within 2−4.2 V (vs Li/Li+). As seen in Figure 3a,
LFP@C-1 owns only a little higher specific capacity at 0.2 A
g−1 than LFP@C-0 (78 vs 61 mAh g−1) but an excellent rate
retention of 85% at 5 A g−1. On the contrary, LFP@C-3 with
the most impregnation amount exhibits the highest specific

Table 1. Synthesis Information and Pore Parameters of Five
Different Cathode Samples

sample mC
a mLFP

b mfinal
c Vtotal

d Vmic
e Smic

f SBET
g

LFP@C-0 100 4.66 0.10 204 1480
LFP@C-1 100 50 137 2.17 0.06 148 743
LFP@C-2 100 101 184 1.32 0.05 92 480
LFP@C-3 100 152 231 0.60 0.04 83 290
LFP/AC 100 101 182 0.37 0.33 768 780

aMass of the carbon carrier used for impregnation (mg). bMass of
LFP in the precursor solution used for impregnation (mg). cMass of
the final product after heat treatment (mg). dTotal pore volume (cm3

g−1) based on single-point desorption. eMicroporous volume (cm3

g−1) based on the t-plot method. fMicropore specific surface area (m2

g−1). gSpecific surface area (m2 g−1) based on the Brunauer−
Emmett−Teller (BET) method.

Figure 2. (a) N2 sorption isotherms, (b) pore size distributions, (c)
XRD patterns, and (d) TGA results of LFP@C-0−3 and LFP/AC. N2
sorption isotherms of LFP@C-0−3 are successively offset for 1000,
800, 600, and 400 cm3 g−1 (STP) vertically.

Figure 3. (a) Rate capability and cycling stability of LFP@C-0−3 and
LFP/AC. (b) Comparison of EIS for LFP@C-0−3 and LFP/AC (the
inset shows the corresponding equivalent circuit model used for
fitting). (c) GCD curves for LFP@C-2 and LFP/AC at 0.2 A g−1. CV
curves of (d) LFP/AC and (e) LFP@C-2 at a scan rate of 1 mV s−1

and the fitting result of surface capacitive contribution (pink shadow).
The potential shift of sharp peaks by polarization has been offset for
showing the fitting result clearly.
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capacity at 0.2 A g−1 but an unsatisfactory rate retention of
76%. Therefore, reducing the LFP content can accelerate the
insertion kinetics by downsizing the crystal, but meanwhile, the
inadequate LFP content will also sacrifice the theoretical
specific capacity. Owing to an appropriate impregnation
amount, LFP@C-2 shows the most comprehensive electro-
chemical behavior with specific capacities of 88.0, 84.5, 81.1,
77.6, 75.2, 73.3, and 72.2 mAh g−1 at 0.2, 0.5, 1, 2, 3, 4, and 5 A
g−1, respectively, corresponding to a superb rate retention of
82% at 5 A g−1. Besides, only 1.3% capacity decay after 3000
cycles confirms the good cycling stability of amorphous LFP.39

The Li+ diffusion kinetics in the bulk phase is compared by
Warburg impedance fitted from the specific 45° slope line in
the middle-frequency range of EIS (Figure 3b). As shown in
Table S2, the Warburg impedances of LFP@C-1−3 are 20.8,
34.9, and 62.7 Ω·s−0.5, respectively, while LFP/AC has a
sharply higher value of 252.6 Ω·s−0.5. Inferred from the GCD
curves of LFP@C-2 and LFP/AC, the decreased Warburg
impedance of LFP@C-2 results not only from the shortening
diffusion path but also from an emerging lithium storage
mechanism. In Figure 3c, the conventional plateau of the two-
phase reaction (3.4 V, LiFePO4 − e− ↔ FePO4 + Li+) appears
only in LFP/AC but nearly disappears in LFP@C-2, replacing
with a novel slope ranging within 3.3−2.6 V.
CV tests can further identify these charge storage

mechanisms and investigate their kinetics. In Figure 3d,e, the
sharp peaks of 1 and 1′ (3.4 V) exist in both LFP/AC and
LFP@C-2, but the broad peaks of 2 and 2′ (∼3.1 V) exist only
in LFP@C-2. According to the Li+ diffusion behavior in the
bulk phase, the response current at each fixed potential can be
divided into surface capacitive contribution (k1·v) and
diffusion-controlled contribution (k2·v

1/2).40 The slope value
of k1 is obtained from the diffusion equation (eq 5) after
reformulated for i/v1/2 (eq 6) and linearly fitting the CV curves
from 0.2 to 1 mV s−1 (Figure S4).

= +i V k v k v( ) 1 2
1/2

(5)

= +i V v k v k( )/ 1/2
1

1/2
2 (6)

The fitting result of LFP@C-2 (Figure 3e) shows that the
broad peaks are filled with a pink shadow, representing surface
capacitive contribution. However, the sharp peaks controlled
by ion diffusion are filled with a large area of the blank.
Meanwhile, a more apparent phenomenon is also shown in the
CV curve of LFP/AC with only sharp peaks (Figure 3d). The
electrochemical reaction of broad peaks can be affirmed as a
pseudocapacitive process due to the capacitive behavior of
unlimited ion diffusion and the Faraday reaction of a peak-
shape current. For intrinsically revealing their ultrafast kinetics,
electrochemical in situ XRD measurements are investigated for
structural evolution by Li insertion/extraction.17,30

By assigning each XRD pattern to a certain potential during
in situ XRD measurements, the electrochemical signal of the
CV method gains a higher resolution of redox peaks than the
GCD method used before. In Figure 4a, the two-phase
transition of LFP@C-2 is shown as a sudden appearance/
disappearance of diffraction peaks occurring at the 2θ of 25.6,
29.8, and 35.7°. Meanwhile, at each time of the two-phase
transition, the CV curve arises for a sharp redox peak. In
contrast, there is no phase transition in the potential range of
broad peaks but only a continuous peak shift at a 2θ of 36.6°,
which can be regarded as a solid solution reaction by
expansion/shrinkage of the crystal lattice.17 The two-phase

transition with insertion energy barrier and sluggish movement
of phase boundary will act as a resistance for kinetics that limits
the insertion rate and consumes the extra energy during the
fast charging.28,41 The GITT result for LFP@C-2 (Figure S5)
reveals a two orders of magnitude higher Li+ diffusion
coefficient of the solid solution reaction than that of the
two-phase reaction, possibly by the boosting of ion transfer
from Fe3+ defects and disordered Fe2+.30,37 As shown in Figure
S6a, LFP@C-2 has higher energy efficiency than LFP/AC at 5
A g−1 (85 vs 78%). The enhancement of energy efficiency by
the solid solution reaction can be revealed from the
comparison of voltage hysteresis for various composited
cathodes. In Figure S6b, the hysteresis area (meaning energy
loss) of the solid solution reaction is slightly larger than the
two-phase reaction at 0.2 A g−1. However, it is hardly enlarged
as the current density increases to 5 A g−1. In contrast (Figure
S6c), the hysteresis area of LFP/AC grows fast with an
increase of current density, which means a reduction in energy
efficiency. Considering that a high current density is the usual
operation state of LIC, the solid solution reaction can
significantly improve the energy efficiency for a high-power
device.
Furthermore, the capacity from EDLC, pseudocapacitive

LFP, and battery-type LFP is determined by peak fitting and
area integral of the CV curve of LFP@C-2. With a highlight in
blue (Figure 4b), EDLC contribution is fitted from the CV
curve of LFP@C-0, which accounts for nearly 43% of the total
capacity. After subtracting the EDLC area (Figure 4c), a
Gaussian fitting for the sharp peak and broad peak in an anodic
sweep indicates that 48% of total capacity is contributed by
pseudocapacitive LFP and just 9% by battery-type LFP.
Therefore, the capacitive charge storage mechanisms of EDLC
and pseudocapacitive LFP contribute to the major capacity of
LFP@C-2.
Based on the bucket effect in the LIC device, it is necessary

to match a pseudocapacitive anode for transferring the
impressive capacitive characteristics of the cathode into the

Figure 4. (a) Mapping image of the in situ XRD patterns of LFP@C-
2 tested at a scan rate of 0.2 mV s−1 and the diffraction intensity
denoted from red (high) to blue (low). (b) CV curve of LFP@C-2 at
1 mV s−1 and the EDLC contribution calculated from LFP@C-0
(blue highlight). (c) Fitting result of battery-type LFP (green
highlight) and pseudocapacitive LFP (yellow highlight) in an anodic
sweep of LFP@C-2.
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full device.34,42 Polybenzoxazine-derived hard carbon (PB-HC)
is selected as the anode with a pseudocapacitive behavior,
owing to a wider interlayer spacing and more amorphous
structure than commercial hard carbon derived from the plant
(Figure S7). The abundant O and N heteroatoms of inter/
intramolecular hydrogen bonds in polybenzoxazine can impede
the graphitization process and expand the interlayer spacing of
hard carbon. As shown in Figure 5a, the PB-HC electrode

delivers capacities of 336, 280, 252, 221, 207, 198, and 182
mAh g−1 at 0.2, 0.5, 1, 2, 3, 4, and 5 A g−1, respectively, as well
as excellent capacity retention of 109% after 2000 cycles. In
Figure 5b, its rate retention of 54% is much higher than those
of commercial hard carbon (23%) and MnO@C (29%). More
amazingly, it has a significant enhancement in energy efficiency
compared with the control samples, especially for conversion-
type MnO@C (Figures 5c and S8). This is contributed by the
well electrochemical reversibility of the insertion mechanism in
carbon crystallites and the depressed insertion energy barrier
by large interlayer spacing.15

=i avb (7)

= +i a b vln ln ln (8)

CV curves at various scan rates (Figure 5d) show that the
major capacity of PB-HC locates at the slope ranging from 0 to
1.2 V. The b value in eq 7 can evaluate the content of
capacitive behavior, where 1 and 0.5 respectively mean a pure
capacitive and battery-type behavior.43 By fitting eq 8 within

the power-law function between peak current (i) and scan rate
(v), the b values of the anodic and cathodic peaks are
respectively 0.98 and 0.75, confirming the partial capacitive
behavior of the PB-HC electrode. The structural evolution of
the pseudocapacitive Li insertion is also investigated by
electrochemical in situ XRD measurements. In Figure 5e, the
intensity of the (002) plane at 22.5° gradually weakens during
the first discharge process, corresponding to the amorphization
in hard carbon by Li+ irreversibly trapped in the carbon
crystallite. In the following operation, the stabilized intensity of
the (002) plane means enough interlayer spacing to store and
transfer Li ions.44 Hence, it is regarded that the faint structural
change of PB-HC is the key to low energy consumption and
structural stability.

3.3. Electrochemical Performance of the Full Capaci-
tor. With the balanced specific capacity and energy efficiency,
LFP@C-2 is selected to assemble with the prelithiated PB-HC
anode for further device investigation (Figure 6a). Besides the

intrinsic electrochemical capability of active materials, the
match of capacity and kinetics between two electrodes is also
of significance for a full device. LFP@C-2//PB-HC with
various mass ratios (1:1−3:1) between the cathode and anode
is tested for power capability from 500 to 25 000 W kg−1 and
cycling stability at 5000 W kg−1 (based on the total mass of
active materials in two electrodes, Figure 6b). LFP@C-2//PB-
HC (1:1) exhibits a much inferior specific capacity than other
mass ratios due to a capacity mismatch between two

Figure 5. (a) Rate capability and cycling test of the PB-HC electrode.
Comparisons of (b) rate retentions and (c) energy efficiencies at
various current densities for PB-HC, commercial HC, and MnO@C
electrodes. (d) CV curves of the PB-HC electrode at the scan rates of
0.2, 0.4, 0.6, 0.8, and 1 mV s−1. (e) Mapping image of in situ XRD
patterns for the PB-HC electrode within two GCD cycles at 0.2 A g−1

(blue curve) and the diffraction intensity denoted from blue (low) to
purple (high).

Figure 6. (a) Schematic depiction of the LIC using LFP@C-2 and
PB-HC as the cathode and anode. (b) Rate capability and cycling
stability within the voltage window of 1−4 V for the full-cell devices
of LFP@C-2//PB-HC (mass ratio of 1:1, 2:1, 3:1) and the control
device of LFP/AC//PB-HC (2:1). (c) Ragone plot of LFP@C-2//
PB-HC (2:1) and a comparison with other LICs. (d) Cell voltage of
LFP@C-2//PB-HC (2:1) and the potential of electrodes during a
typical cycle of a three-electrode test.
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electrodes. Deduced from the specific capacity in half-cell tests
at 0.2 A g−1, the capacity of the anode is much higher than that
of the cathode at a mass ratio of 1:1 (336 vs 88 mAh g−1).
Upon adjusting the mass ratio to 3:1, the LIC can provide the
highest specific capacity than other mass ratios at a low power
density of 500 W kg−1. However, a kinetics mismatch makes
the capacity dramatically reduced at the high-power delivery of
15 000−25 000 W kg−1, owing to the more inferior rate
retention of the anode than that of the cathode (54 vs 82%).
LFP@C-2//PB-HC (2:1) can meet the match of capacity and
kinetics between two electrodes to attain a satisfying energy
density of 131 Wh kg−1 at 500 W kg−1 and an admirable
energy density of 92 Wh kg−1 at 25 000 W kg−1 (charging less
than 11 s), respectively. More remarkably, the energy
efficiencies of 89% at 500 W kg−1 and 77% at 25 000 W
kg−1 are even higher than the configuration of AC//HC,
especially optimized for energy efficiency (85 and 51%).15 As
shown in Figure S9, this device is 62% higher in energy density
at 25 000 W kg−1 compared with the conventional
configuration based on the pure AC cathode (YP-50F//PB-
HC, 57 Wh kg−1) without the concession of energy efficiency
(77 vs 78%). As the control device, LFP/AC//PB-HC (2:1)
without pseudocapacitance in the cathode displays a much
inferior power capability and energy efficiency, owing to the
polarization of phase transition and ion diffusion (Figures 6b
and S9). From the Ragone plot (Figure 6c), the pseudocapa-
citance-designed LIC can exhibit superior energy density at
high power,27,45−49 as well as outstanding energy efficiency
compared to other LIC systems (Table S3).
Furthermore, LFP@C-2//PB-HC (2:1) decays only 8% of

total capacity after 3000 cycles (Figure 6b), owing to not only
the stability of the amorphous structure but also the suitable
working potential of electrodes by appropriate electrochemical
prelithiation of the anode.34 Using lithium metal as the
reference electrode (Figure 6d), a three-electrode test
demonstrates that the working potential windows of the
cathode and anode are 2.2−4.1 and 1.2−0.1 V, respectively.
Therefore, the side reactions of electrolyte decomposition
(>4.5 V) and lithium deposition (<0 V) have been avoided for
solving the cycling decadence and safety hazard of the LIC.50

■ CONCLUSIONS

Herein, the imbalance of capacity/kinetics between battery
materials and EDLC materials in a hybrid configuration of LIC
has been well bridged through designing pseudocapacitance
based on an amorphous structure. Via a convenient and
scalable nanocasting method, LFP is amorphized by a well-
developed carbon wall of mesopores for an ultrafast insertion
mechanism of a solid solution reaction, which can bypass the
unwanted phase transition in crystalline LFP. By matching a
highly amorphous carbon as the anode, the power delivery and
energy efficiency of LIC are significantly enhanced by
introducing pseudocapacitance at both the cathode and
anode. More importantly, the flexible porosity regulation
based on soft/hard template methods in self-assembly systems
provides a universal and efficient way for designing the
intercalation pseudocapacitance at the cathode, which may be
extended to some other high-energy materials, such as
LiMnPO4, LiCoO2, etc.
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