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Chang Li,a Jitao Chen,b Mianqi Xue, *a,c Rui Li*a and Feng Pan a

Sodium-ion battery (SIB) technology is competitive in the fields of transportation and grid storage, which

require electrode materials showing rapid energy conversion (high rate capability) and long cycle life. In

this work, a NaTi2(PO4)3/C (NTP/C) nanocomposite with an open holey-structured framework was suc-

cessfully prepared for the first time using a solvothermal reaction followed by pyrolysis. The nano-

composite realized fast sodium-ion transport and thus preferable battery performances. Within the wide

rate range of 0.5–50C, only a very small decrease in capacity from 124 to 120 mA h g−1 was observed. A

high discharge capacity of 103 mA h g−1 (88.3% retention of the 1st cycle) was delivered even after 10 000

cycles at an ultrahigh rate of 50C without any obvious morphological change and without structural pul-

verization. Forming open channels for ion transport proved to contribute to such performance enhance-

ment and therefore has the potential to become a universal model for the development of sustainable

electrode materials in SIBs and other battery systems.

Introduction

In addition to lithium-ion batteries,1 rechargeable sodium-ion
batteries (SIBs) have demonstrated great potential as practical
devices for transportation and grid storage along with other
charge-storage devices (such as traditional capacitors, elec-
trets, and supercapacitors) and other kinds of ion batteries.2–4

The continuous demands for faster energy conversion, more
stable and long-lived energy-storage and automotive devices,
and more cost- and eco-friendly routes for achieving these fea-
tures challenge us to design better electrode materials for SIBs
to satisfy these needs.5,6 In this regard, sodium superionic
conductor (NASICON)-type compounds, which show high
sodium-ion conductivity and small volume expansion, should
provide a large platform from which to fabricate more sustain-
able electrodes.7,8 NaTi2(PO4)3 (NTP), whose framework con-
sists of corner-shared PO4 tetrahedra and TiO6 octahedra with

Na atoms situated in the tunnels, is an attractive example of a
NASICON-type compound.9–11

Similar to the research carried out to enhance the perform-
ance of LiFePO4, which otherwise shows low electronic con-
ductivity,12,13 the strategy of coupling carbon species with NTP
composites has been shown to improve cycling
stability.8–11,14,15 Another practical difficulty is how to access
an adequate amount of sodium ions to receive electrons at the
reaction sites in a short amount of time. Hence, there is a
need to improve the rate capability by improving electron
transport and speeding up sodium-ion transport. Previous
studies of NTP composites have made considerable progress in
addressing these problems, yet achieving a combination of
ultrafast sodium-ion storage, ultralong lifetime, and high
capacity retention, all necessary for further practical appli-
cations, is still a challenge.8–11,14–19

Producing an open framework in carbon-coated nano-
structured materials could improve electronic conductivity and
facilitate ion transport, thus allowing for a high rate capability
and full capacity delivery by implementing sufficient transport
of charges (both the electrons and ions) in a given cycle dur-
ation.20 Based on this strategy, an open holey-structured
NaTi2(PO4)3/C (NTP/C) nanocomposite was successfully pre-
pared for the first time by setting the solvothermal treatment
time to 24 h (resulting in a product denoted as NTP/C-24 h).
The synthesis of NTP/C-24 h then also involved the same pyrol-
ysis process as used for the NTP/C-6 h and NTP/C-48 h nano-
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composites. Faster sodium-ion transport and thus much
enhanced electrochemical performances were realized in the
NTP/C-24 h nanocomposite. Increasing the rate of the NTP/C-
24 h nanocomposite from 0.5 to 50C caused only a negligible
capacity loss from 124 to 120 mA h g−1 in the NTP/C-24 h nano-
composite, indicating efficient sodium-ion transport in this
nanocomposite even at a short discharge (charge) time of
1.2 min (at a 50C rate). Furthermore, the NTP/C-24 h nano-
composite demonstrated a high capacity retention of 103 mA h
g−1 (88.3% of the 1st cycle) even after 10 000 cycles at the ultra-
high 50C rate with no obvious damage in morphology and struc-
ture. The open holey-structured nanomaterial and nano-
composite systems should become a promising model for
achieving the combination of ultrafast ion storage, ultralong life
time, and high capacity retention for the development of sus-
tainable electrode materials in SIBs and other battery systems.

Results and discussion

A schematic of the process used to synthesize the NTP/C nano-
composites is shown in Fig. 1. The NTP/C-6 h, NTP/C-24 h,
and NTP/C-48 h nanocomposites were prepared using the
same solvothermal procedure, except for the different reaction
times of 6, 24, and 48 h. Comparison of the X-ray diffraction
(XRD) patterns of the nanocomposites (Fig. 2a) indicated all of
them to exhibit features typical of crystalline NTP except that
the NTP/C-6 h was contaminated by the TiP2O7 crystalline
phases, indicating the solvothermal time of 6 h to be inadequate
for achieving the full growth of NTP species. Meanwhile, typical
XRD peaks of crystalline graphite were not observed for any of
the nanocomposites, suggesting the amorphous nature of the
coated carbon, which did not affect the crystal structure of NTP.
The results of thermogravimetric analyses (TGA) of the three
NTP/C nanocomposites (Fig. S1, ESI†) revealed their carbon con-
tents to all be nearly the same, at ∼5 wt%.

The morphologies of the NTP/C-6 h, NTP/C-24 h, and NTP/
C-48 h nanocomposites were assessed by performing scanning
electron microscopy (SEM) (Fig. 2b–d). The SEM image of the
NTP/C-6 h nanocomposite (Fig. 2b) showed nanoparticles that

appeared irregular in both the shape and size (with an average
size of less than 200 nm). The SEM image of NTP/C-24 h
(Fig. 2c) showed the presence of particles with various sizes,
but also displaying open holey-structured nanocube mor-
phologies with an average hole size of less than 50 nm. The
image of the NTP/C-48 h nanocomposite (Fig. 2d) showed
more regular nanocubes, and without hardly any holes, with
this near absence of holes was attributed to the extended
solvothermal treatment time of 48 h. While the three NTP/C
nanocomposites were similar with regards to average particle
size, being less than 200 nm, they differed with regards to par-
ticle shape and open holey structure. A transmission electron
microscopy (TEM) image of the NTP/C-6 h nanocomposite
(Fig. S2a, ESI†), however, revealed the presence of holes. This
observation for the NTP/C-6 h nanocomposite, together with
its morphology as shown in its SEM image (Fig. 2b), indicated
the holes to be located in the interior of the particles, without
channels extending to the particle surface. Analysis of the
high-resolution TEM (HRTEM) image of the NTP/C-6 h nano-
composite (Fig. S2b, ESI†) further confirmed the interior
locations of the holes. And the marked d-spacing of 0.43 nm of
the selected area electron diffraction (SAED) pattern (the inset)
was assigned to the (110) crystal plane of hexagonal NTP. The
TEM image of the NTP/C-24 h nanocomposite (Fig. 3a) demon-
strated the open holey structures spanning the nanocubes,
consistent with the morphology indicated by its SEM image in
Fig. 2c. The (012) crystal plane in the hexagonal NTP was
identified in its HRTEM image (see that of the NTP/C-24 h
nanocomposite in Fig. 3b) by the marked d-spacing of 0.61 nm
and the SAED pattern (the inset). As for the NTP/C-48 h nano-
composite, its TEM image (Fig. S2c (ESI†)) showed interior
holes similar to those of the NTP/C-6 h nanocomposite. And

Fig. 1 Schematic illustration of the preparation of the NTP/C nano-
composites. The NTP/C-6, NTP/C-24 h, and NTP/C-48 h nano-
composites were synthesized by first carrying out solvothermal treat-
ment for 6, 24, and 48 h, respectively, and then pyrolysis.

Fig. 2 (a) XRD patterns of the NTP/C nanocomposites. All of the nano-
composites exhibited typical features of crystalline NTP except that the
NTP/C-6 h species was contaminated with the TiP2O7 crystalline phases.
(b, c, d) SEM images of the NTP/C-6, NTP/C-24 h, and NTP/C-48 h
nanocomposites, respectively. The NTP/C nanocomposites showed
similar average particle sizes, and only the NTP/C-24 h nanocomposite
showed the open holey-structured framework. The scale bars represent
200 nm in panels (b–d).
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its HRTEM image (Fig. S2d, ESI†) also showed the (012) crystal
plane. The above results taken together indicated the presence
of holes in the interiors of all of the NTP/C nanocomposite
particles but of holes spanning the particles from the interior
to the surface only for NTP/C-24 h. The results also revealed
the presence of uniform carbon layers with an average thick-
ness of less than 5 nm coating the particles of all of the NTP/C
nanocomposites, with such carbon coatings improving the
electronic conductivity.

To further evaluate the holey structure of the NTP/C nano-
composites, a BET analysis was carried out. The specific
surface areas of the NTP/C-6 h, NTP/C-24 h, and NTP/C-48 h
nanocomposites were measured, based on their nitrogen
adsorption/desorption isotherms (Fig. 3c), to be 25.76, 45.85,
and 39.57 m2 g−1, in accordance with the morphological and
microstructural analyses indicating holes extending from the
particle interior to the particle surface only for the NTP/C-24 h
nanocubes. Fig. 3d shows the pore size distribution of the
NTP/C-24 h nanocomposite; the average width of the pores
was determined to be 37.06 nm, based on the Barrett–Joyner–
Halenda model (t = 3.54[−5 ln(P/P0)]0.333). Thus, by appropri-
ately setting the duration of the solvothermal treatment, to
24 h, we were able to fabricate NTP/C nanocubes displaying
holes extending throughout the cube, and hence having high
specific surface areas and mesopore features; these features
were expected to facilitate sodium-ion transport and improve
the wettability of the electrolyte and hence yield a better rate
capability and cycling stability.

The electrochemical performances of the NTP/C nano-
composites were measured and compared in order to assess
the effect of the extensive holes. As shown in Fig. 4a, the galvano-
static voltage profiles of the NTP/C electrodes cycled at 0.5C
(1C corresponds to 133 mA g−1, 1.5–3.0 V) showed a flat dis-
charge plateau at about 2.1 V (corresponding to the sodium-
ion intercalation process) and a very small voltage hysteresis,
which could ensure a high level of energy efficiency. All three
NTP/C species showed hardly any irreversibility in the first
sodiation/desodiation process. And high discharge capacities
of 112, 129, and 130 mA h g−1 were separately delivered for the
NTP/C-6 h, NTP/C-24 h, and NTP/C-48 h electrodes (the deli-
vered capacities of the three NTP/C nanocomposites were all
calculated based on the mass of the whole NTP/C). Rate capa-
bility tests of the NTP/C electrodes were carried out by applying
rates of 0.5, 1, 5, 10, 20, and 50C each for five cycles at a time
(Fig. 4b). The NTP/C-24 h electrode displayed a discharge
capacity of 120 mA h g−1, at a rate of 50C, much higher than
the values of 46 and 78 mA h g−1 for the NTP/C-6 h and NTP/
C-48 h electrodes, respectively. Furthermore, a negligible
capacity loss from 124 to 120 mA h g−1 (from 0.5 to 50C)
occurred for the NTP/C-24 h electrodes, indicating a strong
promotion of sodium-ion transport by the extensive holes in
these nanocomposite particles. The cycling performances of
the NTP/C electrodes were also investigated. As shown in
Fig. 4c, the NTP/C-6 h, NTP/C-24 h, and NTP/C-48 h electrodes
showed discharge capacities of 111, 123, and 122 mA h g−1

after 200 cycles at 0.5C, and no significant decrease in capacity
with increasing cycle number occurred for the NTP/C-24 h

Fig. 3 (a) TEM image of the NTP/C-24 h nanocomposite, with the
image showing particles containing holes extending throughout the par-
ticle. (b) HRTEM image of the NTP/C-24 h nanocomposite. A layer of
carbon coating the particle was observed and the marked d-spacing of
0.61 nm was assigned to the (012) crystal plane. The inset shows the
corresponding SAED pattern. (c) Nitrogen adsorption/desorption iso-
therms of the NTP/C-6 h, NTP/C-24 h, and NTP/C-48 h nano-
composites. The NTP/C-24 h nanocomposite showed the largest
specific surface area. (d) Pore size distribution of the NTP/C-24 h nano-
composite, showing an average pore size of 37.06 nm, in the mesopore
range.

Fig. 4 Electrochemical performances of the NTP/C electrodes.
(a) Galvanostatic voltage profiles of the NTP/C electrodes cycled at
a rate of 0.5C. A flat discharge plateau at about 2.1 V and a very small
voltage hysteresis were observed. (b) Rate capability of the NTP/C elec-
trodes. The NTP/C-24 h electrode performed best, with a high discharge
capacity of 120 mA h g−1 at the ultrahigh rate of 50C. (c) Cycling per-
formances of the NTP/C electrodes. A high discharge capacity of
123 mA h g−1 was delivered after 200 cycles at a 0.5C rate without
capacity fading for the NTP/C-24 h electrodes. (d) Long-term cycling
performances of the NTP/C electrodes (1st, 50th, 100th, 150th, 200th,
…, 9900th, 9950th, and 10000th cycles are listed). The NTP/C-24 h
electrodes revealed a high discharge capacity of 103 mA h g−1 (88.3% of
the 1st cycle) even after 10 000 cycles at the ultrahigh 50C rate.
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electrodes. The capacity retention was expected to be more
differentiated for the NTP/C electrodes at the higher rate. As
shown in Fig. 4d, a high discharge capacity of 103 mA h g−1

(88.3% of the 1st cycle) was measured for the NTP/C-24 h elec-
trodes even after 10 000 cycles at the ultrahigh rate of 50C. The
corresponding values were only 26 mA h g−1 (70.0% of the 1st
cycle) and 61 mA h g−1 (71.7% of the 1st cycle) for the NTP/
C-6 h and NTP/C-48 h electrodes, respectively. The open holey-
structured framework in the NTP/C-24 h nanocomposite sig-
nificantly facilitated the sodium-ion transport and improved
the structural maintenance, thus yielding a much higher reten-
tion of capacity and cycling stability than shown by the NTP/
C-6 h and NTP/C-48 h nanocomposites. As displayed in Fig. 5,
the electrochemical performances of the NTP/C-24 h electro-
des ranked toward the top among the group of some of the
best-performing published NTP materials with regards to rate,
cycle life, and capacity retention (only works of over 1000
cycles were selected for this comparison).9–11,14–19,21–26

To further study the relationship between the open holey-
structured framework and electrochemical performances,
cyclic voltammetry (CV) curves scanned at various rates,
specifically of 0.1, 0.2, and 0.5 mV s−1 (1.5–3.0 V), were
acquired for the NTP/C-6 h, NTP/C-24 h, and NTP/C-48 h elec-
trodes, as shown in Fig. S3a–3c (ESI†). A pair of well-defined
peaks was observed in each of the CV curves, consistent with
the galvanostatic voltage profiles, shown in Fig. 4a. The
diffusion coefficient of sodium ions in the NTP/C nano-
composites were estimated using the equation IP = 2.69 ×
10−5An3/2C0D

1/2v1/2, in which Ip is the peak current, A is the
electrode contact area (A is 0.78 cm2 in this work), n is the
number of electrons during the sodiation process of per NTP
molecule (n is 2 in this work), C0 is the concentration of
sodium ions (C0 is 1 mol L−1 in this work), D is the diffusion

efficient of sodium ions, and v is the scan rate. Therefore, by
producing a linear fit of the peak current as a function of the
square root of the scan rate (Fig. S3d, ESI†), the sodium-ion
diffusion coefficients for the NTP/C-6 h, NTP/C-24 h, and NTP/
C-48 h nanocomposites were determined to be 1.91 × 10−10,
1.51 × 10−9, and 7.45 × 10−10 cm2 s−1, respectively, in good
agreement with the above analyses, and indicating the strong
benefits of the open holey-structured framework in the NTP/
C-24 h nanocomposites.

A further assessment of the kinetics of the NTP/C electrodes
was conducted by acquiring and comparing their electro-
chemical impedance spectroscopy (EIS) patterns after 5 and
10 000 cycles. The top inset of Fig. 6a shows a schematic of the
equivalent circuit; in this figure, Rb, Cdl, Rct, and Zw represent
the bulk resistance, constant phase element, charge-transfer
resistance, and Warburg impedance. The Rct values of the
NTP/C-6 h, NTP/C-24 h, and NTP/C-48 h electrodes each after
5 cycles were determined to be 184.3, 101.7, and 148.8 Ω, while
those after 10 000 cycles were determined to be 410.6, 197.9,
and 268.9 Ω, respectively (Fig. 6b). The NTP/C-24 h electrode
exhibited the lowest charge-transfer resistance among all the
samples at the 50C rate, both after 5 cycles and after 10 000
cycles. The charge-transfer resistance values after 10 000 cycles
were larger than those after just 5 cycles for all the three NTP/C
species. At the ultrahigh rate of 50C, an interfacial reaction
between the NTP/C surface and liquid electrolyte would have
been expected to occur during the long-term cycling process.
The generated resistive layer may have hindered sodium-ion
transport at the NTP/C active particle/liquid electrolyte inter-
face, which would consequently deteriorate the cycling stabi-
lity.27 Yet, of all the nanocomposites, NTP/C-24 h demon-

Fig. 5 The long-lived cycling performances of the NTP/C-24 h electro-
des compared to those of some of the previous reported NTP materials.
(Only works of over 1000 cycles were selected.) The rate, cycle life, and
capacity retention of the NTP/C-24 h electrodes all ranked near the top
among those for various the NTP materials.9–11,14–19,21–26

Fig. 6 (a, b) EIS patterns of the NTP/C electrodes at a 50C rate after
(a) 5 and (b) 10 000 cycles. The NTP/C-24 h electrode exhibited the
smallest charge-transfer resistance after both the 5th and 10000th
cycles. The top inset in panel (a) shows a diagram of the equivalent
circuit. (c) SEM image of the initial NTP/C-24 h electrode, and (d) that
after 10 000 cycles at a 50C rate. The nanocubes remained intact
without any considerbale change in morphology and without their
structures being pulverized even after the 10 000 cycles. The scale bars
represent 300 and 200 nm in panels (c) and (d), respectively.
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strated the smallest increase of charge-transfer resistance from
the 5th to 10000th cycle, indicating its high cycling stability.
The morphologies of the NTP/C-24 h electrode before being
used and after 10 000 cycles (at 50C rate) were compared to
provide a structural explanation for its superior cycling stabi-
lity. As shown in Fig. 6c, the NTP/C-24 h electrode initially dis-
played a combination of nanocubes and conductive particles.
The NTP/C-24 h electrode nanocubes remained intact, without
any considerable change in their morphology and certainly
without having their structures pulverized, even after 10 000
cycles (Fig. 6d). These results taken together indicated that the
open holey-structured framework can endow the electrode with
strong structural stability in the face of long-duration ultrafast
sodium-ion transport, and that superior battery performances
are accessible to the NTP/C-24 h nanocomposite.

Conclusions

In summary, an open holey-structured NTP/C nanocomposite
was synthesized for the first time by setting the solvothermal
treatment time to 24 h. The synthesis of this NTP/C-24 h nano-
composite then used the same pyrolysis treatment as was used
for the NTP/C-6 h and NTP/C-48 h nanocomposites. The NTP/
C-24 h nanocomposite showed a behavior indicative of faster
sodium-ion transport and thus much improved battery per-
formances. A negligible decrease in capacity from 124 to
120 mA h g−1 in the NTP/C-24 h nanocomposite occurred even
as the rate was increased from 0.5 to 50C, indicating a very
efficient sodium-ion transport at a very short discharge
(charge) duration of 1.2 min (at a rate of 50C). Moreover, a
high capacity retention of 103 mA h g−1 (88.3% of the 1st
cycle) was achieved even after 10 000 cycles at a rate of 50C for
the NTP/C-24 h nanocomposite. The open holey framework
significantly facilitated the sodium-ion transport, thus allow-
ing the ultrafast and long-lived discharge/charge processes
without any obvious change in morphology and pulverization
in structure. Such systems consisting of open holey-structured
nanomaterials and nanocomposites (and including a conduct-
ing polymer,28 graphene29 or other metal chalcogenides30 for
enhancing conductivity and capacity) should offer a promising
model for achieving the combination of ultrafast ion storage,
ultralong life time, and high capacity retention for the develop-
ment of sustainable electrode materials in SIBs and other
battery systems.
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