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Abstract

Porous- and hollow-structured LiNb3O8 anode material was prepared by a hydrothermal-assisted sintering strategy
for the first time. The phase evolution was studied, and the formation mechanism of the porous and hollow
structure was proposed. The formation of the unique structure can be attributed to the local existence of
liquid phase because of the volatilization of Li element. As the anode material, the initial discharge capacity
is 285.1 mAhg−1 at 0.1 C, the largest discharge capacity reported so far for LiNb3O8. Even after 50 cycles, the
reversible capacity can still maintain 77.6 mAhg−1 at 0.1 C, about 2.5 times of that of LiNb3O8 samples prepared
by traditional solid-state methods. The significant improvement of Li storage capacity can be attributed to the
special porous and hollow structure, which provides a high density of active sites and short parallel channels
for fast intercalation of Li+ ions through the surface.
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Background
In recent years, much attention has been paid to hollow
and porous structures due to their widespread applica-
tions in catalysis, energy, environmental engineering,
drug delivery, and sensor systems [1–4]. Compared with
other new energy batteries, lithium-ion batteries (LIBs)
have gained commercial success as the predominant
power source for portable electronics and show great
potential in large-scale applications because of its high
energy density, long lifespan, and environmental benig-
nity [5]. To obtain high electrochemical performance,
the electrodes of LIBs always have open structures,
which can provide a high density of active sites and pa-
rallel channels for faster intercalation of Li+ ions through
the surface [6]. However, it is challenging to synthesize
the nanomaterials with open structures including porous
and hollow architectures.
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To improve LIBs performances, people have been
seeking for high-performance electrode materials, in-
cluding anode and cathode materials. LiFePO4 [7],
LiCoO2 [8], LiMn2O4 [9], LiVPO4F [10], and various hy-
brid materials [11, 12] have been seriously considered as
candidates for cathode materials. For anode materials,
many different materials have been investigated as alter-
natives to graphite-based anode materials, such as tran-
sition metal oxides (TMOs) [13], molybdenum disulfide
(MoS2), and graphene-based hybrids [14]. In recent
literature, niobium has been shown to have superior
electrochemical performance [15]; some traditional com-
pounds doped with Nb element and novel Nb-based
compounds are well developed [16–19]. Nb-based oxides
have been considered as promising anode materials for
LIBs with improved safety. Compared with Li4Ti5O12

(with a theoretical capacity of 175 mAhg−1), Nb-based
oxides have a relatively high theoretical capacity of
389 mAhg−1. Also, it is notable that the two Nb redox
couples, Nb5+/Nb4+ and Nb4+/Nb3+, can suppress the
formation of solid electrolyte interface (SEI) film during
cycling [19]. LiNb3O8, a well-known material, always ap-
pear in the preparation process of LiNbO3 as an impu-
rity phase due to Li volatilization [20]. Jian et al. firstly
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Fig. 1 TG/DSC curves of the Li-Nb-O powder from room temperature
to 1200 °C at a heating rate of 10 °C/min in N2
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introduced LiNb3O8 material prepared by a solid-state
reaction as an anode for LIBs. It is found that the as-
prepared LiNb3O8 sample ball-milled with acetylene
black (LiNb3O8-BM) largely improved the initial dis-
charge/charge capacities (351 and 212 mAhg−1) than
those of the as-prepared LiNb3O8 sample (250 and
170 mAhg−1) at 0.05 C; after 50 cycles, the capacity
reached 150 mAhg−1 for LiNb3O8-BM at 0.1 C, only
30 mAhg−1 for LiNb3O8 sample [18]. Porous LiNb3O8

nanofibers also exhibited improved capacity and cyclabi-
lity in virtue of the high surface area, small nanocrystals,
and porous structure with the initial discharge capacity of
241.1 mAhg−1 at 0.1 C [19]. Due to the difficulty to obtain
pure phase, as a novel anode material with high theore-
tical capacity, LiNb3O8 has rarely been studied.
In this paper, porous- and hollow-structured LiNb3O8

anode material was successfully prepared by a hydrothermal-
assisted sintering process. The phase evolution was
studied, and the formation mechanism of the porous
and hollow structure was proposed. The morphological
and electrochemical properties of LiNb3O8 as the anode
material were also studied in detail.

Methods
Preparation of Samples
LiNb3O8 powders were prepared by the hydrothermal-
assisted sintering process. Lithium hydroxide monohy-
drate (LiOH·H2O, Aladdin, ACS, ≥98.0%) and niobium
pentoxide (Nb2O5, Aladdin, AR, 99.9%) were purchased
as raw materials without further purification. First,
3.5 mmol of Nb2O5 was dispersed into 35 ml of
LiOH·H2O transparent aqueous solution (the mole ratio
of Li:Nb = 8:1) with magnetic stirring for 1 h. Then, the
suspension solution was put into a 50-ml Teflon-lined
hydrothermal synthesis autoclave reactor. After that, the
reactor was sealed and maintained at 260 °C for 24 h
and then cooled down to room temperature naturally.
Finally, the as-prepared products were centrifuged and
rinsed with deionized water and ethanol. After drying in
an oven at 60 °C for 12 h, the white Li-Nb-O powders
were collected and calcined at various temperatures
from 500 to 800 °C for 2 h with a ramp rate of 5 °C/min.

Characterization
The thermal decomposition characteristic of Li-Nb-O
powder was studied by a thermogravimetric and diffe-
rential scanning calorimeter (TG/DSC, Netzsch STA 409
PC/PG) from room temperature to 1200 °C with a ramp
rate of 10 °C/min under N2 atmosphere. The crystal
structures of the calcined powders were analyzed using
X-ray powder diffraction (XRD; Bruker D8 Discover)
with Cu Kα radiation. The morphologies of the calcined
powders were characterized by scanning electron micros-
copy (SEM; JSM-6700F). X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Thermo-Fisher Escalab
250Xi instrument.

Electrochemical Measurements
The LiNb3O8 electrodes were prepared by spreading
slurry of LiNb3O8 powders, carbon black, and polyvinyli-
dene fluoride (PVDF) with a weight ratio of 8:1:1 onto
an aluminum foil. Afterward, the electrode was dried at
120 °C in a vacuum oven overnight. The anodes were
punched into disks with a diameter of 16 mm. For the
electrochemical measurements, CR2025 coin-type cells
were assembled in an argon-filled glove box using lith-
ium foil as the counter electrode and polypropylene
microporous membrane (Celgard 2320) as a separator to
isolate the two electrodes, and then, the 1.0-M LiPF6
electrolyte was dissolved in a mixture of ethylene carbo-
nate and dimethyl carbonate (1:1 by volume). Galvanostatic
charge-discharge tests of the cells were performed using
a Land electric test system (Wuhan Land Electronics
Co., Ltd., China) between 0 and 3 V (vs. Li/Li+) at dif-
ferent current densities of 0.1–1 C (1 C = 389 mAhg−1).
Cyclic voltammetry (CV) curves were recorded on
an electrochemical workstation (CHI604E, Shanghai
Chenhua Instruments Co., Ltd., China) in the voltage
range of 1–3 V.

Results and Discussion
Figure 1 plots the TG/DSC curves of the powder ob-
tained after hydrothermal reaction without further cal-
cination. The weight loss of the powder is very small,
about 5%, even as the temperature reaches to 1100 °C,
but the loss is occurring throughout the entire calci-
nation process. This can be attributed to the evaporation
of Li element due to its low melting temperature, which
is confirmed by the DSC results with endothermic reac-
tion process throughout the entire calcination process.
At 330 °C, an endothermic peak occurs, which may
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originate from the formation of LiNbO3. An exothermic
reaction occurs at 580 °C resulting from the reaction
between LiNbO3 and Nb2O5 to form LiNb3O8. As seen in
the DSC curve, beyond 1100 °C, the exothermic reaction
becomes strong due to the decomposition of LiNb3O8.
The XRD patterns of Li-Nb-O powders calcined at dif-

ferent temperatures are shown in Fig. 2. It can be seen
that the major phases are LiNbO3 and Nb2O5 at 500 °C.
With the increase of calcination temperature, the diffrac-
tion peak at 30.26° appears which can be indexed as the
(410) plane of monoclinic LiNb3O8. The reaction can be
described by Eq. (1) not Eq. (2) [21]:

LiNbO3 þNb2O5→LiNb3O8 ð1Þ
LiNbO3→LiNb3O8 þ Li2O↑ ð2Þ

At 700 °C, the monoclinic LiNb3O8 is the predominant
phase with almost negligible impurity. The pure phase of
LiNb3O8 is obtained at 800 °C with all the diffraction
peaks indexed to the monoclinic phase (JCPDS card no.
36–0307), a space group of P21/a. Compared with the
traditional solid-state method, the pure phase of LiNb3O8

is more easily obtained using the hydrothermal-assisted
sintering process.
The SEM images of LiNb3O8 powder calcined at 800 °C

with different magnifications are presented in Fig. 3. The
porous and hollow structure that resembles a honeycomb
is formed by LiNb3O8 nanoparticles with the length of
several micrometers. The structure is not flat, with ob-
vious warping, and even forms closed tubby-like struc-
tures. It is fully different from the particle aggregation that
results from conventional solid-state reactions. The size of
the LiNb3O8 particle is about 200 nm, as shown in Fig. 3c.
The small particle size and unique structure are beneficial
Fig. 2 XRD patterns of the Li-Nb-O powder calcined at different
temperatures for 2 h
to ion intercalation [6]. The formation of the unique
structure can be attributed to the lithium volatilization
during the calcination process, as proved by TG-DSC
results. As the easy volatilization of Li element, the excess
Li element existing in the powder easily migrates to the
surface of particles and turns into liquid phase. The local
existence of liquid phase is conducive to the formation of
new LiNb3O8 particles at the site and also encourages the
formation of networks between the particles.
To further confirm the elemental compositions and the

electronic state, the porous- and hollow-structured
LiNb3O8 powders are analyzed by XPS, as shown in Fig. 4.
The XPS data were calibrated using C 1s as a reference
with the binding energy at 284.6 eV. In Fig. 4a, two peaks
at 207.1 and 209.8 eV correspond to Nb 3d5/2 and 3d3/2,
respectively, indicating the Nb5+ state in LiNb3O8 [22].
The XPS spectra of O 1s in Fig. 4b can be deconvoluted
into two peaks at 530.3 and 532 eV. The former is
assigned to the Nb-O bonds, and the latter is related to
nonlattice oxygen [22, 23].
To investigate the electrochemical performance of the

as-prepared LiNb3O8 sample, the tests of CV and galvano-
static discharge-charge cycling were performed. The first
three CV curves of LiNb3O8 powder at a scanning rate of
0.1 mV/s in the range of 3~1 V are shown in Fig. 5. In the
first cycle, two pronounced peaks (Li insertion) are ob-
served at 1.13 and 1.30 V; the former can be attributed to
the partial reduction of Nb4+ to Nb3+, while the latter can
be related to the full valence variation of Nb5+ to Nb4+

[18, 19]. As seen in Fig. 5, the subsequent cycles are quite
different from the first cycle. The disappearance of the
peaks at 1.13 and 1.30 V implies the phase transition in
the first cycle is irreversible. Only the oxidation (Li extrac-
tion) peaks at 1.71 and 1.96 V remain stable upon cycling,
implying the structure change of the LiNb3O8 sample in
subsequent cycles is reversible.
Figure 6 shows the discharge-charge curves of the

LiNb3O8 powder at 0.1 C (here, 1 C = 389 mAhg−1) be-
tween 3 and 1 V in the first, second, tenth, thirtieth,
and fiftieth cycles. In the first discharge curve, two ob-
vious potential plateaus can be observed at approxi-
mately 1.13 and 1.30 V, which is in good agreement
with the CV results that two phase reactions, Nb4
+ → Nb3+ and Nb5+ → Nb4+, take place. However, in
the subsequent cycles, the plateaus that exist in the first
cycle are replaced by sloping curves, implying different
reactions between the first and subsequent cycles. At
the same time, the initial discharge capacity of the
LiNb3O8 sample is 285.1 mAhg−1 at 0.1 C, the largest
discharge capacity reported so far for LiNb3O8 anode
materials [18, 19]. 4.4 Li per unit formula can be
inserted into the LiNb3O8 material, corresponding to a
composition of Li5.4Nb3O8. However, the charge cap-
acity in the first cycle is 106.4 mAhg−1, indicating that



Fig. 3 a–c SEM images of LiNb3O8 powder with different magnifications

Fig. 4 XPS spectra of (a) Nb 3d and (b) O 1s for the porous- and
hollow structured LiNb3O8
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only 1.6 Li can be extracted reversibly. The big loss of
2.8 Li is ambiguous at present.
Figure 7 shows the cycling performance of LiNb3O8

sample at different current rates up to 50 cycles. The ini-
tial discharge capacities of LiNb3O8 powder at rates of
0.1, 0.5, and 1 C are 285.1, 250, and 228 mAhg−1, re-
spectively. At a current rate of 0.1 C, the reversible ca-
pacity can still maintain 77.6 mAhg−1, about 2.5 times of
that of LiNb3O8 samples prepared by traditional solid-
state method (about 30 mAhg−1 at 0.1 C, Ref. [18]). The
significant improvement of Li storage capacity can be at-
tributed to the special porous and hollow structure of
LiNb3O8 sample, which provides a high density of active
sites and short parallel channels for faster intercalation
Fig. 5 The initial three CV curves of the LiNb3O8 powder at a scan
rate of 0.05 mV/s between the voltage ranges of 3–1 V



Fig. 6 Galvanostatic charge-discharge profiles of the LiNb3O8 powder
at 0.1 C between 3 and 1 V
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of Li+ ions through the surface [6]. When the rates in-
crease to 0.5 and 1 C, the discharge capacities after
50 cycles remain 39.7 and 29.4 mAhg−1, respectively. It
is expected that the capacity stability can be improved
by suitable surface modification on LiNb3O8 material.

Conclusions
In summary, porous- and hollow-structured LiNb3O8 anode
material was successfully prepared by the hydrothermal-
assisted sintering strategy. The phase evolution was
studied, and the formation mechanism of the porous
and hollow structure was proposed. The formation of
the unique structure can be attributed to the local ex-
istence of liquid phase because of the Li volatilization.
As the anode material, the initial discharge capacity is
285.1 mAhg−1 at 0.1 C, the largest discharge capacity
reported so far for LiNb3O8. After 50 cycles, the rever-
sible capacity can still maintain 77.6 mAhg−1, about 2.5
Fig. 7 Cycling performance of the LiNb3O8 powder at different
current rates of 0.1 C, 0.5 C and 1 C
times of that of the LiNb3O8 samples prepared by trad-
itional solid-state methods. The significant improve-
ment of Li storage capacity can be attributed to the
special porous and hollow structure of LiNb3O8 pow-
der, which provides a high density of active sites and
short parallel channels for fast intercalation of Li+ ions
through the surface.

Acknowledgements
This work is financially supported by the National Natural Science Foundation
of China (No. 51202107) and Foundation of Henan Educational Committee
(No. 16A140028).

Authors’ Contributions
HZ carried out the main part of the experimental work and XRD measurements.
HLiu performed the XPS tests. HLi, LZ, and XZ participated in the preparation of
the samples. CH performed the SEM images measurements. QL and JY carried
out the electrochemical measurements and participated in the analysis of the
data. All authors read and approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Henan Key Laboratory of Photovoltaic Materials, College of Physics and
Materials Science, Henan Normal University, Xinxiang 453007, People’s
Republic of China. 2National Laboratory of Solid State Microstructures,
Nanjing University, Nanjing 210093, People’s Republic of China. 3State Key
Laboratory of Chem/Bio-Sensing and Chemometrics, College of Chemistry
and Chemical Engineering, Hunan University, Changsha 410082, People’s
Republic of China.

Received: 8 April 2017 Accepted: 16 July 2017

References
1. Liu J, Xue DF (2008) Thermal oxidation strategy towards porous metal oxide

hollow architectures. Adv Mater 20:2622–2627
2. Sheng T, Xu YF, Jiang YX, Huang L, Tian N, Zhou ZY, Broadwell I, Sun

SG (2016) Structure design and performance tuning of nanomaterials
for electrochemical energy conversion and storage. Acc Chem Res
49:2569–2577

3. Sun MH, Chen C, Chen LH, Su BL (2016) Hierarchically porous materials: synthesis
strategies and emerging applications. Front Chem Sci Eng 10:301–347

4. Barhoum A, Melcher J, Van Assche G, Rahier H, Bechelany M, Fleisch M,
Bahnemann D (2017) Synthesis, growth mechanism, and photocatalytic
activity of zinc oxide nanostructures: porous microparticles versus nonporous
nanoparticles. J Mater Sci 52:2746–2762

5. Zhang JJ, Huang T, Liu ZL, Yu AS (2013) Mesoporous Fe2O3 nanoparticles as
high performance anode materials for lithium-ion batteries. Electrochem
Commun 29:17–20

6. Xu GL, Wang Q, Fang JC, Xu YF, Li JT, Huang L, Sun SG (2014) Tuning the
structure and property of nanostructured cathode materials of lithium ion
and lithium sulfur batteries. J Mater Chem A 2:19941–19962

7. Islam MS, Driscoll DJ, Fisher CAJ, Slater PR (2005) Atomic-scale investigation
of defects, dopants, and lithium transport in the LiFePO4 olivine-type
battery material. Chem Mater 17:5085–5092

8. Okubo M, Hosono E, Kim J, Enomoto M, Kojima N, Kudo T, Zhou HS,
Honma I (2007) Nanosize effect on high-rate Li-ion intercalation in
LiCoO2 electrode. J Am Chem Soc 129:7444–7452

9. Kim DK, Muralidharan P, Lee HW, Ruffo R, Yang Y, Chan CK, Peng H,
Huggins RA, Cui Y (2008) Spinel LiMn2O4 nanorods as lithium ion battery
cathodes. Nano Lett 8:3948–3952



Zhai et al. Nanoscale Research Letters  (2017) 12:463 Page 6 of 6
10. Reddy MV, Subba Rao GV, Chowdari BVR (2010) Long-term cycling
studies on 4V-cathode, lithium vanadium fluorophosphates. J Power
Sour 195:5768–5774

11. Wei CL, He W, Zhang XD, Shen JX, Ma JY (2016) Recent progress in hybrid
cathode materials for lithium ion batteries. New J Chem 40:2984–2999

12. Kong JZ, Zhai HF, Qian X, Wang M, Wang QZ, Li AD, Li H, Zhou F (2017)
Improved electrochemical performance of Li1.2Mn0.54Ni0.13Co0.13O2 cathode
material coated with ultrathin ZnO. J Alloy Compd 694:848–856

13. Gao GX, Wu HB, Dong BT, Ding SJ, Lou XW (2015) Growth of ultrathin
ZnCo2O4 nanosheets on reduced graphene oxide with enhanced lithium
storage properties. Adv Sci 2:1400014

14. Zhang F, Tang YB, Liu H, Ji HY, Jiang CL, Zhang J, Zhang XL, Lee CS (2016)
Uniform incorporation of flocculent molybdenum disulfide nanostructure
into three-dimensional porous graphene as an anode for high-performance
lithium ion batteries and hybrid supercapacitors. ACS Appl Mater Interfaces
8:4691–4699

15. Augustyn V, Come J, Lowe MA, Kim JW, Taberna PL, Tolbert SH, Abruña HD,
Simon P, Dunn B (2013) High-rate electrochemical energy storage through
Li+ intercalation pseudocapacitance. Nat Mater 12:518–522

16. Reddy MV, Subba Rao GV, Chowdari BVR (2013) Metal oxides and oxysalts
as anode materials for Li ion batteries. Chem Rev 113:5364–5457

17. Anji Reddy M, Varadaraju UV (2011) Lithium insertion into niobates with
columbite-type structure: interplay between structure-composition and
crystallite size. J Phys Chem C 115:25121–25124

18. Jian ZL, Lu X, Fang Z, Hu YS, Zhou J, Chen W, Chen LQ (2011) LiNb3O8 as
a novel anode material for lithium-ion batteries. Electrochem Commun
13:1127–1130

19. Xu HH, Shu J, Hu XL, Sun YM, Luo W, Huang YH (2013) Electrospun porous
LiNb3O8 nanofibers with enhanced lithium-storage properties. J Mater
Chem A 1:15053–15059

20. Zielińska B, Borowiak-Palen E, Kalenzuk RJ (2008) Preparation and
characterization of lithium niobate as a novel photocatalyst in hydrogen
generation. J Phys Chem Solids 69:236–242

21. Akazawaa H, Shimada M (2007) Mechanism for LiNb3O8 phase formation
during thermal annealing of crystalline and amorphous LiNbO3 thin films.
J Mater Res 22:1726–1736

22. Atuchin VV, Kalabin IE, Kesler VG, Pervukhina NV (2005) Nb 3d and O 1s core
levels and chemical bonding in niobates. J Electron Spectrosc Relat
Phenom 142:129–134

23. Zhai HF, Kong JZ, Yang JE, Xu J, Xu QR, Sun HC, Li AD, Wu D (2016)
Resistive switching properties and failure behaviors of (Pt, Cu)/amorphous
ZrO2/Pt sandwich structures. J Mater Sci Technol 32:676–680


	Abstract
	Background
	Methods
	Preparation of Samples
	Characterization
	Electrochemical Measurements

	Results and Discussion
	Conclusions
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

