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Touching the theoretical capacity: synthesizing
cubic LiTi2(PO4)3/C nanocomposites for high-
performance lithium-ion battery†
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A cubic LiTi2(PO4)3/C composite is successfully prepared via a

simple solvothermal method and further glucose-pyrolysis treat-

ment. The as-fabricated LTP/C material delivers an ultra-high

reversible capacity of 144 mA h g−1 at 0.2C rate, which is the

highest ever reported, and shows considerable performance

improvement compared with before. Combining this with the

stable cycling performance and high rate capability, such material

has a promising future in practical application.

Rechargeable lithium-ion batteries (LIBs) and related series
products have enriched many aspects of our daily lives. Now
the energy density and power density in electrode materials
have reached a plateau.1–5 The realization of full capacity deliv-
ery is a promising way to solve this problem, with the highly
modified LiFePO4 cathode as example.6,7 As a well-known
sodium super-ionic conductor (NASICON)-type compound,8

LiTi2(PO4)3 (LTP), which has attracted considerable interest
due to its high ion conductivity in the fields of solid-state elec-
trolytes and rechargeable lithium-/sodium-ion batteries,9–12

has not achieved its theoretical capacity of 138 mA h g−1 in
previous work.

The core concept in realizing the theoretical capacity is
improvement of the electronic conductivity and the ion-trans-
port rate of the electrode materials, which can begin with two
aspects, one being nanocrystallization via different micro/nano
fabrication methods and the other being composite formation
(both aim at reducing the path length of inward ion diffusion
and enhancing the resistance to structural pulverization).13–22

When it comes to LTP, composition change of material by
doping to enhance the transport properties,23–25 size reduction
of the active material to shorten the ion-transport pathway,26,27

and introduction of a conductive network to improve the elec-
tron-transport rate28,29 have been developed to attempt to fulfil
the goal of full capacity delivery.

In this work, we successfully fabricate a carbon-coated
cubic LTP nanocomposite for the first time via a facile solvo-
thermal method and further glucose-pyrolysis treatment. The
cubic LTP/C nanocomposite delivers an unprecedented
capacity of 144 mA h g−1, which is the highest ever reported
and exceeds the theoretical capacity. The nanostructure and
C–O bond contribute to the extra capacity. Furthermore, the
material exhibits considerable capacity retention of 96.1% at
1C after 100 cycles. Moreover, an aqueous rechargeable
lithium battery (ARLB) system with LiMn2O4 (LMO) as the
cathode and cubic LTP/C nanocomposite as the anode pre-
sents excellent cycling stability and high rate capability, which
could meet the requirements for large-scale energy-storage
devices and high-power applications.

Fig. 1a exhibits the X-ray diffraction (XRD) patterns of the
as-prepared LTP nanocubes and cubic LTP/C nanocomposite.
The results indicate that the prepared sample is pure phase
(without any impurity phases such as TiO2 and TiP2O7). All the
peaks of the LTP nanocubes and LTP/C nanocomposite can be
indexed based on JCPDS no. 35-0754. There are no features of
crystalline carbon in any of the four samples, suggesting that
the carbon coating is amorphous in nature, and does not
affect the crystal structure of LTP.8,30 In addition, cubic TiP2O7

impurity is observed in the XRD patterns of LTP1/C and LTP2/
C (Fig. 1b), especially in LTP1/C. The sharp characteristic
peaks appearing at 22.53°, 25.25° and 27.68° can be indexed to
cubic phase TiP2O7 (JCPDS: 38-1468). These peaks become
very low in LTP2/C (the solvothermal temperature raised to
250 °C), demonstrating the rapid decrease of the impurities.
The impurity phases disappear completely in LTP/C through
prolonging the reaction time from 24 to 48 h. It should be
specially mentioned that the reaction temperature in fabricat-
ing LTP is far lower than that in the traditional solid-state reac-
tion synthesis (even more than 1000 °C).31

The morphologies of the LTP1/C, LTP2/C and LTP/C nano-
composites were assessed by scanning electron microscopy
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(SEM) (Fig. 1c, d and Fig. S1†). The results show that the mor-
phology of the LTP is mainly controlled by reaction tempera-
ture. For LTP1/C, with the reaction conditions of 160 °C for
24 h, LTP presents short, rod-like appearance with length
around 100–200 nm, as shown in Fig. S1a and b.† With the
solvothermal temperature raised to 250 °C, the morphology of
the LTP2/C changes to a not completely regular cubic appear-
ance while remaining in the nanoscale. LTP/C with cubic mor-
phology and smooth surfaces (as shown in Fig. 1c and d) was
final fabricated successfully through the further extension of
reaction time to 48 h. Fig. 1e and f severally illustrate the trans-
mission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images of the LTP/C nanocomposites. Fig. 1e clearly
reveals that the particle size is around 200 nm, which is con-
sistent with the morphology in Fig. 1d. The HRTEM shows
that the average thickness of the amorphous carbon layer is
about 4.5 nm. The total amount of carbon in LTP/C nano-
composites was estimated to be 4.4 wt% through thermo-
gravimetric analysis (performed on a Mettler-Toledo TGA/
DSC1). The uniformly coated carbon layers on each LTP cube
are favourable to improve the electronic conductivity.32 The
lattice-fringe distance deduced from Fig. 1f is 0.604 nm, which
agrees well with the (012) crystal plane of rhombohedral LTP.

The surface chemical states of the LTP/C were assessed
through X-ray photoelectron spectroscopy (XPS). In Fig. S2a,†
the survey spectrum of LTP/C demonstrates the presence of C,
O, P, and Ti elements. For the C 1s region of LTP/C shown in
Fig. S2b,† the peak-fitting deconvolution reveals one carbon-
related peak located at 284.6 eV (C–C bond), and two oxygen-
related peaks located at 285.9 (C–O bond) and 288.7 (CvO
bond) eV.33,34 The elemental composition of the LTP/C was
qualitatively and quantitatively determined by energy disper-
sive X-ray spectroscopy (EDS) as shown in Fig. S3.† The map-
pings reveal the homogeneous distributions of P, Ti, O, and C
elements; the atomic ratio of Ti : P : O : C is
9.7 : 14.3 : 57.5 : 18.5.

The electrochemical performances at a scan rate of 0.1
mV s−1 of the three samples (LTP/C, LTP1/C and LTP2/C) were
evaluated in a half cell using a lithium plate as counter-elec-
trode (Fig. 2a). Only one pair of redox peaks is observed for the
cubic LTP/C sample. The sharp reduction and oxidation peaks
are located at 2.38 V and 2.60 V, revealing a two-phase reaction
mechanism.35 In contrast, there are two pairs of redox peaks
for LTP1/C and LTP2/C samples, with the extra redox peaks
located at around 2.55 V and 2.68 V. These two peaks corres-
pond to the lithium insertion and extraction of the TiP2O7

phase,36 identical with the XRD results. Fig. 2b and Fig. S4†
exhibit the capacity of LTP/C, LTP1/C and LTP2/C as a function

Fig. 1 (a) XRD patterns of LTP nanocube and cubic LTP/C nano-
composites. (b) XRD patterns of LTP1/C and LTP2/C nanocomposites. (c,
d) SEM images of the cubic LTP/C nanocomposites at different magnifi-
cations. (e) TEM image of the cubic LTP/C nanocomposite. (f ) High-
resolution TEM (HRTEM) image of the LTP/C nanocomposite. Scale bars
are 1 μm, 200 nm, 100 nm, and 5 nm in panels (c–f ), respectively.

Fig. 2 (a) Typical cyclic voltammetry (CV) curves of LTP1/C, LTP2/C and
LTP/C nanocomposites at a scan rate of 0.1 mV s−1. (b) Cycling perform-
ance of the three samples at 1C (1C = 140 mA g−1). (c) Galvanostatic
voltage profiles of the three samples at 1C and 30C. (d) Rate capability
of the cubic LTP/C nanocomposites. (e) The cycling performance of
LTP/C at 5C.
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of cycle number. The initial discharge capacities are 140, 133,
and 120 mA h g−1 for cubic LTP/C, LTP2/C and LTP1/C,
respectively. The initial charge–discharge efficiencies are
99.4%, 98.1% and 93.0% for these three samples, which are
favourable for practical applications. The capacity retention
values compared with the initial capacity are 96.2%, 86.3%
and 91.3% after 100 cycles at 1C, with a subsequent coulombic
efficiency of ∼100%, indicating that the electrochemical reac-
tion of cubic LTP/C is highly reversible and stable.

The galvanostatic voltage profiles of the three LTP-based
samples at 1 and 30C are illustrated in Fig. 2c, which shows
that the discharge capacity of cubic LTP/C slightly decreases
from 139 to 102 mA h g−1 while current rate increases from 1
to 30C. The high reversible capacity at a current rate as much
as 30C indicates high rate capability. However, the discharge
capacities maintain only 93 and 74 mA h g−1 at 30C for LTP1/C
and LTP2/C, respectively. Furthermore, only one well-defined
platform is observed for the LTP/C electrode, which is different
from LTP1/C and LTP2/C with two platforms. The platform
with higher voltage is due to the TiP2O7 phase, which agrees
well with the cyclic voltammetry (CV) and XRD results.
Furthermore, the rate capability of the LTP/C electrodes was
evaluated at 0.2, 0.5, 1, 2, 5, 10 and 30C every five cycles
(Fig. 2d). The long-term cycling stability of LTP/C was also
assessed at 5C (Fig. 2e); after 500 cycles, the LTP/C electrode
still delivers a reversible capacity of 95 mA h g−1 with a reten-
tion of 71.2%. Parallel battery tests (different batteries and
batch samples, respectively, Fig. S5†) at 0.2C indicate the good
reproducibility and strength of the capacity delivery of LTP/C.
The higher than theoretical capacity could be attributed to the
special cubic nanostructure and C–O bond.37–39 Similarly to
our previous finding that the surface C–O–Fe bonds can
induce extra surface lithium storage for LiFePO4/carbon nano-
particles,38 here we also attributed the extra capacity in LTP/
carbon to the larger content of C–O groups in the LTP surface,
which comes from the C–O–Ti/Li bonds at the LTP/carbon
interface. This hypothesis is reasonable, given that there are
unpassivated Ti and Li atoms at the surface of LTP. For the
original surface of LTP without C–O–Ti/Li bonds, the dangling
Ti, Li, and O are self-passivated for charge compensation to
satisfy the electron counting rule. Thus, there is no excess dan-
gling O to bond with extra Li-ions at the LTP surface. By con-
trast, at the LTP/carbon interface, the dangling Ti and Li bond
with the C–O–Ti/Li groups instead of the original dangling O
bonds at the surface. These surface dangling O atoms would
bond strongly with excess Li at the LTP surface, thus introdu-
cing extra Li-ion storage. Meanwhile, the original truncated
surface Li-ions are also compensated by the C–O–Ti/Li bonds,
which also helps increase the binding energy of the original
surface Li-ions. Fig. S6a† shows experimental charge–dis-
charge curves of the bare LTP and LTP/C samples in the initial
three cycles at 0.2C. The extra capacity compared with bare
LTP is attributed to the larger content of C–O groups in the
LTP/carbon interface, which can be observed in Fig. S6b and
c.† The surface composition of LTP/C was checked by XPS with
Ar+ sputtering. The dominant carbon-containing functional

groups at the LTP/carbon surface are C–C, C–O, and carbonyls
(CvO). The main peaks centred at 284.6 ± 0.2 eV correspond
to graphitic carbon, and the independent peaks at 285.6 ± 0.2
eV and 288.6 ± 0.2 eV can be assigned to the C–O bond and
carbon in carbonyl groups (CvO), respectively. The XPS peak
areas were used to estimate the amount of each species on the
surface (Table S1†); even after etching for 30 s (about 6 nm in
depth), the amount of C–O bonds was still 26.8%, indicating
the larger content of C–O–Ti/Li bonds at the LTP/carbon inter-
face to introduce extra Li-ion storage. The excellent capacity-
recovery capability was revealed when the current rate was
changed back to 0.2C. Obviously, the high capacity, remark-
able cycling stability and superior rate performance of the
cubic LTP/C nanocomposite could be attributed to the advan-
tages of its cubic morphology and pure phase structure. To our
best knowledge, the specific capacity of the fabricated cubic
LTP/C nanocomposite is the highest ever
reported,9,11,27,29,31,40–46 and shows a considerable perform-
ance improvement compared with before.

A further ex situ XRD test was carried out to investigate the
electrochemical reaction mechanism of LTP/C. Fig. 3a shows
the ex situ XRD patterns of the electrode at different dis-
charged states. The positions of XRD peaks shift gradually
toward smaller angle (lines 1 and 2), implying a small increase
of lattice parameter during the Li+ insertion process.47 After
that, new diffraction peaks at 14.5°, 19.8°, 24.3° and 29.1°
appear when the electrode was discharged to half (point 3).
These peaks can be indexed with a rhombohedral system with
a = b = 8.397 Å and c = 22.880 Å (Li3Ti2(PO4)3 JCPDS: 40-0095),
indicating a phase transformation during this procedure. In
the following discharge process (points 4 and 5), the peak
positions of the XRD patterns keep unchanged, except for

Fig. 3 (a) Ex situ XRD patterns of cubic LTP/C electrode at various dis-
charged states. (b) Corresponding XRD patterns before and after 100
cycles.
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slightly changed diffraction intensities. Hence, based on these
ex situ XRD results, the redox mechanism can be considered to
be the following equilibrium:

LiTi24þðPO4Þ3 þ 2Liþ þ 2e� $ Li3Ti23þðPO4Þ3 ð1Þ

The structure and surface morphology evolution of the
cubic LTP/C electrodes were investigated in depth. Fig. S7† and
Fig. 3b show the morphology and XRD patterns of the LTP/C
electrodes before cycling and after 100 cycles at 1C. Through
comparison of Fig. S7a and S7b,† it can be found that the LTP/
C electrode maintains its architecture very well after 100
cycles. Further comparison of the nanocubes before and after
cycling reveals that their surface becomes rough from fairly
smooth, which may be attributed to the formation of a solid
electrolyte interface (SEI) film, indicating that the LTP/C nano-
cubes can accommodate large mechanical strain and volume
variation during Li+ insertion and extraction. Meanwhile, the
XRD pattern of the LTP/C electrode after 100 cycles is consist-
ent with the original (Fig. 3b). The only change of the peak
strength should be due to the change in surface roughness of
the electrode.48 Therefore, both the SEM and XRD results
imply excellent structural stability of LTP/C nanocubes.

The ARLB based on LMO//LTP/C was constructed using 1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) aqueous
solution as the electrolyte (the morphology of the LMO is
shown in Fig. S8,† and the XRD pattern of the LMO is shown
in Fig. S9a†). The mass ratio of cathode and anode materials
was designed to be ∼1.5 : 1. The electrochemical properties of
such batteries were further evaluated between 1.0 and 1.85 V at
different current density. First, lithium intercalation and dein-
tercalation behaviours of LMO and LTP/C electrodes in
aqueous LiTFSI electrolyte were investigated by CV measure-
ment (as shown in Fig. 4a). There are two pairs of redox peaks
for commercial LMO. The reduction peaks are located at 0.88
and 0.99 V (vs. saturated calomel electrode (SCE)), and the oxi-
dation peaks are located at 0.95 and 1.07 V (vs. SCE), respect-
ively. The results agree well with the intercalation and deinter-
calation of Li+ into/from the two different lattice sites in
LMO.49,50 On the other hand, only one pair of Li+ insertion/
extraction peaks at −0.54 and −0.72 V (vs. saturated calomel
electrode (SCE)) is observed in the cubic LTP/C, which is con-
sistent with the behaviours of the LTP/C electrode in non-
aqueous electrolyte (as shown in Fig. 2a). Fig. 4b shows the
charge–discharge curves and cycle performance at 1C. The
ARLB shows excellent reversibility with a flat voltage profile
centred at 1.5 V, while the first discharge capacity can reach
126 mA h g−1 (based on the mass of LTP/C) with a high initial
charge–discharge efficiency of 90.1%. Furthermore, the battery
delivers a capacity of 106 mA h g−1 after 200 cycles with corres-
ponding coulombic efficiency of ∼100% (the capacity retention
is 84.8%, as shown in Fig. 4b and c). Fig. 4d shows the rate
performance of the ARLB. The reversible capacities are 124,
115, 106, 95, and 80 mA h g−1 at current rates of 0.5, 1, 2, 5,
and 10C, respectively. The rate capability of the ARLB is poorer
than that of the LTP/C half cell, because it is greatly limited by

the LMO cathode (Fig. S9b†). However, the rate performance
of such an ARLB is still much better than previous
reports.9,44,51,52 Especially, the ARLB presents excellent
capacity and cycling performance even at a high current rate of
10C (Fig. S10†). Furthermore, the ARLB presents a high
specific energy density of 63 W h kg−1 at a power density of
420 W kg−1 based on the total mass of cathode and anode
active materials, which competes with lead–acid technology.

In summary, an LTP/C nanocube composite has been syn-
thesized for the first time via a simple solvothermal method
and further glucose-pyrolysis treatment. The as-fabricated LTP/
C nanocube composite delivers an ultra-high reversible
capacity of 144 mA h g−1 at 0.2C, which is the highest ever
reported and shows considerable performance improvement
compared with before. This result exceeds the theoretical
capacity, which should be attributed to its specific cubic nano-
structure and C–O bond. Combining this with the stable
cycling performance (capacity retention of 96.1% after 100
cycles) and high rate capability (102 mA h g−1 at 30C), the LTP/
C nanocube composite has a promising future in practical
application. In addition, the further ex situ XRD study demon-
strates a two-phase reaction mechanism. More importantly,
the ARLB system with LMO as the cathode and LTP/C nano-
cube composite as the anode presents high cycling stability
(capacity retention of 84.8% after 200 cycles at 1C) and high
rate capability (80 mA h g−1 at 10C). Hence, the LTP/C nano-
cube composite should be paid more attention to target high-
performance (aqueous) lithium-ion batteries.

Conflicts of interest
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Fig. 4 (a) CV curves of LTP/C and LMO electrodes in 1 M LiTFSI
aqueous solution at a scan rate of 0.5 mV s−1, measured by a three-elec-
trode system using a platinum electrode as the counter-electrode and a
saturated calomel electrode (SCE) as the reference electrode. (b)
Charge–discharge curves of LTP/C//LMO ARLB at 1C. (c) Cycling per-
formance of the ARLB at 1C. (d) Rate capability of the LTP/C//LMO ARLB.
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