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Cunyuan Peia and Liqiang Mai *ab
Novel NASICON-type carbon-coated LiTi2(PO4)3 microflowers (LTP-F/

C) as a hybrid magnesium–lithium-ion battery (MLIB) cathode is pre-

sented for the first time. Benefiting from the synergistic effect of the

NASICON structure, nanosheet-constructed hierarchical architecture,

and uniform carbon coating of LTP-F/C, this hybrid MLIB exhibits

extraordinary electrochemical performance: ultra-high cycling

stability (capacity retention of 80% after 3000 cycles at 10 C) and

outstanding rate capability (94 mA h g�1 at 20 C) under a high

discharge voltage plateau of�1.71 V (vs.Mg/Mg2+). This hybrid battery

system design is highly promising for large-scale energy storage

applications.
Introduction

Today, high-performance, low-cost and safe energy storage
technology is still one of the biggest challenges faced by human
society.1,2 Lithium-ion batteries (LIBs) have always been
considered to be one of the promising candidates due to their
high voltage and high energy density. However, the cost and
safety issues of LIBs are detrimental for further application.3,4

Magnesium-ion batteries (MIBs) have gained considerable
popularity as a promising electrochemical system owing to their
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abundant resources and low cost.5–9 Beneting from the two-
electron nature of Mg2+, the MIBs deliver a theoretical volu-
metric capacity of 3833 mA h cm�3, much higher than that of Li
metal (2046 mA h cm�3). Additionally, unlike many Li-ion and
Na-ion anode materials, Mg anode can avoid the formation of
solid-electrolyte interface (SEI) which causes irreversible
capacity loss arising from the decomposition of the electrolyte
at low anodic potentials.5,10 Most importantly, compared with
lithium metal and sodium metal anodes, the Mg anode is
dendrite-free during the deposition/dissolution process of Mg,
suggesting higher security especially in the future practical
application.8–11 These advantages make MIBs a promising
candidate for an energy storage system with low cost and high-
performance. However, the strong coulombic interaction
between the electrode material and the Mg2+ results in the
sluggish solid-state diffusion of Mg2+, leading to low Mg2+

intercalation efficiency, large potential polarization, and rapid
capacity decay during the charge/discharge.12,13 Thus, discov-
ering new suitable intercalation cathode materials is still a big
bottleneck faced in this eld. To date, only the Chevrel phase
family Mo6X8 (X ¼ S, Se or their combination) exhibits the
required reversible intercalation properties and stability for
practical use,5 but the low voltage (1.1 V vs. Mg/Mg2+) and low
energy density (140 W h kg�1) cannot meet the requirements of
high energy storage technologies. The fact of lacking a suitable
intercalation host with high voltage and high capacity signi-
cantly hinders the practical implementations of MIBs.

Tomeet the demands of intercalation kinetics in the cathode
and to fully exert the advantages of the Mg anode, hybrid
magnesium–lithium-ion batteries (MLIBs) have been demon-
strated as one promising strategy.14 The energy storage system
combining both the advantages of fast Li-intercalation cathode
and high-capacity Mg anode exhibits satisfactory energy
density, power density and cycling stability. The operating
mechanism of one MLIB system is shown in Fig. 1a: the elec-
trolytes are dual salt electrolytes containing both Mg2+ and Li+

ions (all-phenyl complex (APC) and LiCl dissolved in THF), the
fast Li+ intercalation/deintercalation occurs at the cathode side,
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustrations of (a) the hybrid battery designed in this
work and (b) the synthesis of LTP-F/C.
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and the reversible Mg deposition/dissolution takes place at the
anode side. But it is worth noting that the matching of the
electrolyte and cathode is the key point when designing the
MLIBs. For example, the APC electrolyte has a cut-off upper
voltage of 3.0 V (vs. Mg/Mg2+), but it decreases to 2.5 V (vs. Mg/
Mg2+) when LiBF4 is added due to a side reaction.14 Besides, in
order to avert the corrosion of normal non-inert metal current
collectors (such as stainless steel) by an electrolyte, the upper
voltage of the APC must be under 2.0 V (vs. Mg/Mg2+).15 There-
fore, the operation potential of the chosen cathode should be
limited inside the stability window of the hybrid electrolytes.
Previous MLIB reports consist of a series of LIB cathodes such
as TiS2,10,16 Mo6S8,17 TiO2,18 Li4Ti5O12,9,19 MoS2,20 Ti3C2Tx,21 and
even high-voltage LiFePO4,22 Prussian blue,23 and MgCo2O4,24

which exhibit remarkable Li-insertion properties in the dual salt
electrolyte systems. However, the output voltages or energy
densities of the former cathodes are relatively low. The opera-
tion potentials of the latter are outside the stability window of
the electrolyte for the rechargeable MIBs with a low-cost stain-
less steel current collector. These are disadvantageous for
practical application. With these considerations, a much more
effective cathode material with higher performance and excel-
lent stability in the dual salt electrolyte is urgently needed.
Recently, a natrium super-ionic conductor (NASICON)
NxM2(PO4)3 (M ¼ transition metal and N ¼ Li or Na) structure
has been developed as the electrode with promising electro-
chemical performance beneting from a three-dimensional
(3D) large open framework which allows rapid and reversible
ion diffusion in the lattice.3,4,25–27 Among these, LiTi2(PO4)3
(LTP) is a promising cathode for using in energy storage systems
especially in aqueous LIBs.28–30 But for the Mg-based batteries,
the relative high and safe insertion potential of 1.71 V (vs. Mg/
Mg2+), fast ion diffusion ability and high theoretical energy
This journal is © The Royal Society of Chemistry 2017
density (�240 W h kg�1) of LTP endow signicant advantages,
which has not been reported before.

Herein, for the rst time, we report a high-performance
MLIB with NASICON-type LTP as the cathode, dendrite-free
Mg metal as the anode, APC–LiCl as the electrolyte and low-
cost stainless steel as the current collector. The APC–LiCl
complex electrolyte offers highly reversible Mg deposition/
dissolution, which has been demonstrated by previous
studies.10,16 Stainless steel was chosen as the current collector in
terms of the stability of the electrolyte (#2 V) and low cost. The
carbon-coated LiTi2(PO4)3 microowers (LTP-F/C) were synthe-
sized by means of a facile solvothermal method and subsequent
annealing treatment (Fig. 1b). In brief, tetrabutyl titanate
(TBOT), LiH2PO4, H3PO4 and ascorbic acid are dissolved in
a mixed solvent (ethylene glycol (EG) and deionized water) fol-
lowed by a solvothermal treatment. Through self-assembling,
LTP microower precursors are obtained. Aer annealing in
Ar atmosphere, this unique three dimensional (3D) structure is
well duplicated. The experimental details are described in the
Experimental section. The well designed hierarchical LTP-F/C
provides a rapid ion-diffusion and charge-transfer kinetics
resulting from the synergistic effect of the open NASICON
crystal structure of LTP and 3D carbon framework. Meanwhile,
the as-synthesized LTP-F/C is endowed with high structural
stability, leading to excellent cycling performance. As a control
experiment, the microower precursor annealing in air atmo-
sphere results in carbon-free LTP (denoted as bare LTP).
Experimental section

All chemicals were purchased from Aladdin or Sigma Aldrich
and used as received without further purication.
Materials synthesis and characterization

The LTP-F/C was prepared by means of a facile solvothermal
method and subsequent annealing treatment. First, 2 mmol
TBOT was added into 10 mL of the ethylene glycol (EG) solvent.
Aer vigorously stirring for 30 min a transparent solution was
obtained. Then 0.1 M LiH2PO4, 2 mM H3PO4, and 0.1 M
ascorbic acid were dissolved in 20 mL of deionized water and
slowly added into the above solution. The transparent solution
gradually turned to yellow and was further stirred for 1 h to
obtain a homogenous and transparent solution. Then the above
solution was transferred into a 50 mL Teon-lined stainless
steel autoclave and kept at 180 �C for 12 h, followed by natural
cooling to room temperature. Then the precursor was dried at
70 �C and further dried at 120 �C. The collected brown powder
product was ground, and then it was annealed at 350 �C for 2 h
followed by annealing at 700 �C for 4 h in Ar at a heating rate of
2 �C min�1 to nally obtain the LTP-F/C. As a control experi-
ment, the bare LTP was prepared through the same process with
LTP-F/C but annealed in air atmosphere to remove the carbon.
XRD (Burker D8 Advanced X-ray diffractometer with Cu-Ka
radiation) was employed to obtain the crystallographic infor-
mation of the two samples. CHNS elemental analysis and
thermogravimetric analysis (TGA, STA-449C) were conducted in
J. Mater. Chem. A, 2017, 5, 13950–13956 | 13951
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determining the carbon content of the LTP-F/C. Brunauer–
Emmett–Teller (BET) surface areas were measured using
a Tristar II 3020 instrument by adsorption of nitrogen at 77 K.
The SEM images were collected with a JEOL-7100F microscope.
The TEM and HRTEM images were obtained by using a JEM-
2100F STEM/EDS microscope.

Preparation of electrolytes

The all-phenyl complex (APC) electrolytes were prepared
according to Oren Mizrahi et al.31 First, 0.667 g of aluminum
chloride (Aldrich, 99.99%) was dissolved in 15 mL of THF
(Aldrich, 99.9% and dried by activated 4 Å molecular sieves)
under vigorous stirring and kept for at least 12 h. Then the
transparent solution was added dropwise to phenyl magnesium
chloride (Macklin, 2 M solution in THF) under continuous
stirring for another 12 h to form the APC solution. For the
hybrid cell, 1 M LiCl was added into the APC electrolyte.

Electrochemical characterization

The electrochemical properties were evaluated by assembly of
2016 coin cells in a glove box lled with pure argon gas. The
active electrode was made by using a mixture of 80 wt% active
material, 10 wt% carbon black, and 10 wt% polytetrauoro-
ethylene (PTFE) binder. Then the working electrode was dried
in a vacuum oven for 6 h at 100 �C. The mass loading of each
electrode is around 2.0 mg cm�2. In magnesium full cells, the
magnesium metal was used as the anode, APC + 1 M LiCl was
used as the electrolyte, stainless steel was used as the current
collector, and glass ber was used as the separator. The galva-
nostatic charge–discharge tests were carried out at a voltage
window of 0.5–2.0 V on a battery test system (LAND CT2001A).
Cyclic voltammetry (CV) tests were performed at the electro-
chemical workstation CHI 600e. AC-impedance spectra were
recorded using an Autolab PGSTAT 302N with an open-circuit
voltage of 1.91 V and a sweep frequency of 0.01–100 000 Hz.

Results and discussion

The X-ray diffraction (XRD) patterns of the LTP-F/C and bare
LTP are shown in Fig. 2a and S1,† respectively. All the diffrac-
tion peaks are well indexed to the NASICON structured LTP
(JCPDS no. 00-035-0754),32 indicating high purity. The intense
peaks suggest the highly crystalline characteristic of the two
samples. The detailed morphology and structure of LTP-F/C
were characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Fig. 2b shows
that the LTP-F precursors with a microower-like morphology
are composed of nanosheets with an average diameter of �2
mm. The BET surface area of the LTP-F microower precursors
was measured to be 40.76 m2 g�1 (Fig. S2a†). Aer annealing in
Ar atmosphere, this novel 3D hierarchical structure is well
maintained (Fig. 2c). The BET surface area of LTP-F/C is 63.28
m2 g�1 (Fig. S2b†). The much higher surface area of LTP-F/C is
due to the carbonization of organic species during the anneal-
ing process. The energy dispersive X-ray spectrum (EDS)
elemental mappings exhibit the existence and uniform
13952 | J. Mater. Chem. A, 2017, 5, 13950–13956
distribution of Ti, P, and O in the LTP-F/C (Fig. 2d). The TEM
images (Fig. 2e and f) prove that the intercrossed nanosheet
assembly of the LTP-F/C composite, and the thickness of the
nanosheets are within several nanometers. The high-resolution
TEM (HRTEM) image (Fig. 2f inset) clearly displays lattice
fringes with a d-spacing of 6.03 Å, corresponding to the (012)
planes of the rhombohedral LTP. The thickness of the carbon
layer is determined to be 3 nm. When the LTP/C-F is dipped in
hydrouoric acid to remove the LTP crystals, the carbon
framework with a ower-like morphology is largely retained
(Fig. S3†), demonstrating the uniform distribution of carbon on
the surface of the LTP crystal. But for the bare LTP, without the
protection of the carbon layer, the microower structure is
severely damaged during the high-temperature crystallization
process (Fig. S4†). The SEM images show that the bare LTP
sheets aggregate together to form an irregular block structure.
The BET surface area of bare LTP is only 32.69 m2 g�1

(Fig. S2c†). Determined from CHNS elemental analysis, the
carbon content of LTP-F/C is 5.8 wt%. The TGA curve also
conrms the low carbon content as shown in Fig. S5.†

To investigate the electrochemical performances of the
prepared samples, we assembled the full-cells (2016-type coin
cell) with metallic magnesium as the anode, APC + 1 M LiCl as
the electrolyte and stainless steel as the current collector. Fig. 3a
shows the charge and discharge proles of the LTP-F/C at 1 C (1
C ¼ 140 mA g�1) in 0.5–2.0 V. Such a hierarchically structured
LTP-F/C electrode exhibits coupled at charge and discharge
plateaus at around 1.71 V (vs. Mg/Mg2+), corresponding to the
redox pair of Ti3+/Ti4+, and offers a high lithium-ion intercala-
tion capacity of 136 mA h g�1 (based on the active mass of LTP),
which is close to the theoretical capacity. Aer 400 cycles
(Fig. 3b), the capacity retention of LTP-F/C is 94.0% with a high
average coulombic efficiency of 99.96%. But for bare LTP
(Fig. S6a and b†), there is no obvious voltage platform due to the
extremely serious polarization, and the initial discharge
capacity is only 21 mA h g�1. Fig. 3c shows the rate performance
of the LTP-F/C, where the rates range from 1 to 20 C. Obviously,
compared with the bare LTP (Fig. S6c†), the LTP-F/C exhibits
remarkable rate performance at different rates. At 1 C rate, the
LTP-F/C delivers a high reversible capacity of 134 mA h g�1.
With the rate increased to 2, 5, and 10 C, the discharge capacity
is as high as 132, 128, and 122 mA h g�1, respectively. Even at
the high rate of 20 C, a reversible discharge capacity of 94 mA h
g�1 is still achieved, corresponding to 70% of the capacity ob-
tained at 1 C. When the rate is back to 10, 5, 2, and 1 C, the
discharge capacity is almost the same as before, exhibiting
outstanding reversibility. The corresponding discharge–charge
curves of LTP-F/C at different rates are shown in Fig. 3d. Even at
the high rate of 20 C, the voltage plateaus are still distinct. The
contribution ratio of the plateau discharge capacity of LTP-F/C
at different rates is shown in Fig. S6.† The result shows that
each contribution ratio of the plateau discharge capacity
occupies a large proportion, demonstrating high stability of the
output voltage at different rates.

Moreover, the rate performances of LTP-F/C with the APC
electrolyte involving other different amounts of LiCl (0.2, 0.4,
0.6, and 0.8 M) were performed to investigate the inuence of
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) XRD pattern of LTP-F/C. (b) SEM image of LTP-F microflower precursors. (c) SEM image, (d) EDS elemental mappings, (e and f) TEM
images and (f) HRTEM image (inset) of LTP-F/C.

Fig. 3 Electrochemical properties of LTP-F/C with APC + 1 M LiCl as
the electrolyte: (a) the initial discharge–charge curves and (b) cycling
performances at 1 C. (c) The rate performances and (d) corresponding
discharge–charge curves at different rates.
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LiCl concentration on the electrochemical performance of the
LTP-F/C (Fig. S8†). Obviously, with the increase of concentration
of LiCl, the LTP-F/C exhibits better rate capability. Even though
the raised viscosity results in low conductivity and has a nega-
tive effect on the electrochemical performance of the electrode,
the effect of the increased Li+ transference number counteracts
the effect of low conductivity,33,34 so when the LiCl concentra-
tion is 1 M, the rate performance of LTP-F/C is obviously
superior to that of other systems.
This journal is © The Royal Society of Chemistry 2017
Fig. S9a† exhibits the cyclic voltammetry (CV) curves of LTP-
F/C and bare LTP under a scan rate of 0.1 mV S�1. Obviously, the
well-designed LTP-F/C possesses a couple of redox peaks at
around 1.82/1.55 V, matching well with the charge and
discharge curves. But for the bare LTP, the redox peaks no
longer exist due to the high overpotential. To reveal the reason
for the enhanced electrochemical performance of LTP-F/C,
electrochemical impedance spectra (EIS) measurements were
carried out. The Nyquist plots are shown in Fig. S9b.† The
charge transfer resistances (Rct) of the two samples aer two
cycles are 486 and 1720 U, respectively, indicating that the 3D
hierarchical structure assembly of LTP-F/C provides more effi-
cient electron/ion transport and the uniform dispersion of the
3D carbon skeleton on the surface of the LTP crystal largely
improves the charge-transfer kinetics.

Two control experiments were also carried out to investigate
the charge storage behavior of the hybrid MLIB. One is that the
electrolyte is only APC without Li+, and the anode is magnesium
metal, denoted as LTP-F/C|Mg2+|Mg. Another is that the elec-
trolyte is composed of THF and LiCl without Mg2+, and the
anode is lithium metal, denoted as LTP-F/C|Li+|Li. Fig. S10a†
shows the charge and discharge proles of the two different
cells. In the LTP-F/C|Li+|Li system, the charge and discharge
curves agree well with those of the hybrid Mg2+/Li+ battery
(denoted as LTP-F/C|Mg2+/Li+|Mg, Fig. 3a) apart from the
different potentials. The plateau is at around 2.4 V (vs. Li/Li+),
which is identical to the previous reports applied in LIBs.35,36

During the charging and discharging process, the specic
capacity is well maintained (Fig. S10b†). This demonstrates that
the LiCl–THF electrolyte is comparable to the typical commer-
cial LIB electrolyte that offers fast and high reversible Li+
J. Mater. Chem. A, 2017, 5, 13950–13956 | 13953
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intercalation/deintercalation. But in the LTP-F/C|Mg2+|Mg cell,
the LTP-F/C does not provide any capacity even aer 100 cycles
of activation, demonstrating that Mg2+ cannot insert into the
LTP/C-F host in this system.

Moreover, to further investigate the structural evolution of
LTP-F/C during lithium insertion and extraction, we performed
the time-resolved in situ XRD and ex situ XRD techniques
(Fig. 4). Fig. 4a shows the in situ XRD pattern tested in the LTP-
F/C|Li+|Li systems. It can be observed that almost all the peak
positions in the selective regions of LTP-F/C have no obvious
change during the galvanostatic discharge and charge at the 1 C
rate in the voltage window of 1.5–3.0 V. This may be due to the
fact that the crystal structure of LTP-F/C is very stable, and in the
lithium insertion and extraction process, due to the small size
of lithium ions, the crystal structure of LTP-F/C has not
changed, which shows the zero strain characteristics. Fig. 4b is
the ex situ XRD pattern tested in the LTP-F/C|Mg2+/Li+|Mg
systems at the 1 C rate in the voltage window of 0.5–2.0 V. Here,
we perform the ex situ XRD instead of in situ XRD in the LTP-F/
C|Mg2+/Li+|Mg systems due to the side reaction between the
beryllium substrate and the electrolytes. The result shows that
there is no peak disappearance and appearance in the selective
reaction sites, which is well in accordance with the above in situ
XRD result. This fully proves that the structural stability of the
LTP-F/C and Mg2+ does not insert into LTP-F/C in the whole
reaction process. Based on the above results, it is evident that
the capacity contribution is completely determined by the Li+

intercalation/deintercalation in this hybrid battery system. In
the discharge process, Li+ is intercalated into LiTi2(PO4)3 at the
cathode side and Mg is dissolved into the electrolyte from the
Mg anode, while it is the inverse process during the charge
process. The detailed reaction is given as follows:

Cathode: LiTi2(PO4)3 + 2Li+ + 2e� 4 Li3Ti2(PO4)3 (1)
Fig. 4 (a) In situ XRD patterns of the LTP-F/C in LTP-F/C|Li+|Li systems
during galvanostatic discharge and charge at 1 C and a voltage range of
1.5–3.0 V. (b) Ex situ XRD patterns of the LTP-F/C in LTP-F/C|Mg2+/
Li+|Mg systems during the galvanostatic discharge and charge at 1 C
and a voltage range of 0.5–2.0 V.

13954 | J. Mater. Chem. A, 2017, 5, 13950–13956
Anode: Mg 4 Mg2+ + 2e� (2)

Overall: LiTi2(PO4)3 + 2Li+ + Mg 4 Li3Ti2(PO4)3 + Mg2+ (3)

To investigate the kinetics of ion solid-state diffusion, a gal-
vanostatic intermittent titration technique (GITT) is performed
as shown in Fig. S11.† The LTP-F/C delivers a specic capacity of
119 mA h g�1 in the voltage window of 1.0–2.0 V, corresponding
to a discharge product of Li1+xTi2(PO4)3 (x ¼ 1.74) (Fig. S11a†).
In addition, based on the following formula, the Li-ion diffu-
sion coefficient DGITT (cm2 s�1) can be calculated from the
potential response to a small constant current pulse (50 mA
g�1):37

DGITT ¼ 4

ps

�
mB VM

MBS

�2�
DEs

DEt

�2

(4)

where s is the constant current pulse time,mB, VM, S, andMB are
the mass, molar volume, electrode–electrolyte interface area,
and molar mass of LTP-F/C, respectively. DEs is the voltage
difference during the open-circuit period, and DEt is the total
change of the cell voltage during a constant current pulse
excluding the IR drop (Fig. S11b†). Even the Li diffusivity
decreases from 6.2 � 10�9 to 7.5 � 10�12 cm2 s�1 when the Li
concentration increases in the host (Fig. S11c†) due to the
charge repulsion, it evidently proves the fast charge-transfer
kinetics and thus the enhanced rate capability.

The long cycling performance of LTP-F/C at a high rate of 10
C is shown in Fig. 5a. The initial discharge specic capacity is as
high as 125 mA h g�1 and a capacity retention of 80% aer 3000
cycles. It is particularly worth mentioning here that the
coulombic efficiency is almost 100% during the whole cycling
process. The ultra-long cycling ability of LTP-F/C is very
remarkable among the state-of-the-art reported hybrid MLIB
Fig. 5 (a) Long cycling performance of LTP-F/C at 10 C. (b)
Comparison of the Ragone plots of LTP-F/C to the state-of-the-art
electrodes of hybrid Mg2+/Li+ battery systemswith a low-cost stainless
steel current collector (#2 V) (TiS2,16 Mo6S8,17 TiO2,18 Li4Ti5O12,19

MoS2,20 and Ti3C2Tx (ref. 21)). (c) The lighted LED bulbs driven by the
flexible pouch cell.

This journal is © The Royal Society of Chemistry 2017
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systems.10,16–24 Moreover, the SEM images of LTP-F/C aer 3000
cycles at 10 C are shown in Fig. S12a and b.† Compared with the
SEM images before cycling (Fig. 2c), the 3D hierarchical ower-
like morphology is well maintained, indicating the excellent
structural stability during Li+ insertion/extraction. The surface
morphologies of the Mg anode before and aer 3000 cycles at 10
C were also examined under SEM (Fig. S13a and b†), which
display that no dendrites but irregular holes were formed.

Energy density and power density are important factors for
characterizing the property of a secondary battery system for
practical application.38,39 In particular, for MIBs, high energy and
power density technologies are still the biggest challenges.8 Here,
a comparison of the Ragone plots (energy density vs. power
density) of the state-of-the-art electrodes of hybrid MLIB systems
with a low-cost stainless steel current collector are displayed in
Fig. 5b (all based on the cathode material). In terms of LTP-F/C,
the energy density can be estimated to be 220 W h kg�1 with
a power density of 0.22 kW kg�1. More signicantly, the energy
density still retains 147W h kg�1 with a power density of 2.94 kW
kg�1, which are amenable for practical applications compared
with Mg-ion batteries based on Mo6S8 cathodes.5 Such an excel-
lent result is signicantly better than that of the current advanced
cathodes among the hybrid MLIB systems, such as TiS2,16

Mo6S8,17 TiO2,18 Li4Ti5O12,19 MoS2,20 and Ti3C2Tx.21 Flexible pouch
cells were further fabricated to prove the viability of the well-
designed LTP-F/C. It is clear that the obtained pouch-type
battery is capable of lighting the LED bulbs (Fig. 5c). These
results indicate that our hybrid battery system design is highly
promising for practical energy storage applications.

Conclusions

In summary, a novel high-performance hybrid MLIB using
NASICON-type hierarchical LTP-F/C microowers as the
cathode and dendrite-free Mg metal as the anode has been
successfully fabricated. Combining the advantages of
NASICON-type LTP and a 3D carbon skeleton, the unique 3D
hierarchical structure offers rapid Li+ diffusion and electron
transport, high electronic and ionic conductivity, and a stable
structure during lithiation/delithiation, leading to outstanding
high-rate capability (94 mA h g�1 at 20 C) and ultra-long life
cycling stability (capacity retention of 80% aer 3000 cycles at
10 C with a high average coulombic efficiency of 99.99%).
Moreover, this hybrid battery delivers an energy density up to
220 W h kg�1 with a power density of 0.22 kW kg�1, even when
the power density is increased to 2.94 kW kg�1, the energy
density still retains 147 W h kg�1, which is signicantly better
than that of Mg-ion batteries based on Mo6S8 cathodes and the
state-of-the-art electrodes of hybrid MLIB systems with a low-
cost stainless steel current collector. Our work demonstrates
that the novel 3D hierarchical LTP-F/C is a highly promising
cathode for MLIBs for commercial use.
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