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A novel NaTi3FeO8 material is explored as an anode for 

sodium-ion batteries for the first time. It delivers a reversible 

discharge capacity of 170.7 mA h g-1 at 20 mA g-1 in a 

sodium half cell, exhibiting good capacity retention at a 

cut-off voltage of 0.01 ~ 3 V. 

In recent years, electric vehicles or smart grid systems have 
become a new frontier of rechargeable batteries together 
with the global environmental issues. In such a large scale 
system, both cost and cycle performance of the rechargeable 
batteries are as important as fundamental characteristics, 
which leads to a rediscovery of sodium-ion batteries with 
low cost electrodes.1−2 

Suitable electrode materials with high reversible capacity 
and long-term stability play a significant role in realizing the 
large-scale energy storage. Although a variety of materials 
with good features in terms of capacity and voltage can be 
used potentially as positive electrodes3, hard carbonaceous 
materials can insert and de-insert sodium ions during a 
charge and discharge cycle, but they exhibit larger capacity 
fade than their lithium counterparts.4 many materials5-10 have 
been reported to be useful as negative electrodes in 
sodium-ion batteries, however, they still exist some 
problems, such as the cycle life is poor,8 the preparation 
method is complex,10 and so on. Therefore the sodium ion 
battery utility is quite a distance. 

More recently, NaxMyOz (M = Ti, Fe, Co and Ni) anode 
materials with layered structure have been studied for 
sodium-ion batteries (such as Na2.65Ti3.35Fe0.65O9 can obtain 
a reversible capacity of 137.5mA h g-1 at a current rate of 40 

mA g -1), and they have begun to attract increasing attention 
for their unique advantages, such as simple synthesis, low 
cost and long cycle life.11-15 NaxTiyOz anode materials with 
good electrochemical performance have been studied for 
sodium-ion batteries.15-17 NaTi3FeO8

18-19 with one 
dimensional sodium ion transport channel , could be very 
promising anode materials for sodium batteries. Here we 
used a simple method to synthesize NaTi3FeO8, and tested its 
performance in sodium ion battery for the first time. As an 
anode material for sodium-ion battery, although the 
measured capacity relative to the theoretical capacity (229 
mA h g-1) is not high, it has a low voltage plateau and long 
cycle life. 

NaTi3FeO8 samples were synthesized by solid-state 
reaction of stoichiometric amounts of Na2CO3, Fe2O3 and 
TiO2. The powders were ball-milled with ethanol for 10 h at 
500 rpm, and dried for 12 h at 100 °C. Finally, the obtained 
powders were heated at 950 °C for 12 h in an Air atmosphere. 
The anode electrodes were prepared by mixing active 
material, super-P carbon black, and polyvinylidene fluoride 
(PVdF) in a weight ratio 80: 10: 10 with Nmethyl 
pyrrolidone (NMP) as solvent. The anode electrodes were 
pressed onto the copper foil and dried at 120 °C under 
vacuum for 12 h. The CR2032 coin-type cells consisting of a 
cathode and sodium metal anode separated by a glass fiber 
were assembled in a glove box filled with dry argon gas. The 
electrolyte was 1 M NaPF6 in ethylene carbonate–diethyl 
carbonate (EC/DEC, 1:1 (v/v)) (Sigma). The geometrical 
area of the electrode was 1.0 cm2. The active material in the 
electrode was around 1.5 mg. The galvanostatic charge–
discharge tests were performed using a Land battery tester at 
different rates at 25 °C after 12 h rest. 

Powders X-ray diffraction were performed using Cu Kα 
radiation on a Bruker D8 Advance Diffractometer (XRD, 
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Maxima-X XRD-7000), X-ray photoelectron spectroscopy 
(XPS) measurements were carried out on a spectrometer 
(Escalab 250xi, Thermo Scientific) and the morphology of 
as-prepared materials were also observed using 
field-emission scanning electron microscopy (FESEM, 
JSM-6700F). 

 

Figure 1 (a) Schematic illustration of the crystal structure of NaTi3FeO8; (b) 

XRD pattern of the as-prepared NaTi3FeO8 sample. 

Fig. 1(a) schematically shows that the framework of 
NaTi3FeO8 is built of (Fe/Ti)O6 octahedral with sharing 
edges, and the larger sodium ions occupy the distorted 
octahedral sites with four short Na-O bonds. The Na+ can 
transfer along the b-axis and c-axis direction, especially 
along the b-axis with much shorter Na+-Na+ distance. The 
XRD pattern of the sample is shown in Fig. 1(b), although 
some characteristic diffraction peaks of the as-obtained 
sample can match well with the standard XRD pattern of 
NaTi3FeO8 (PDF#21-1130), there are still other diffraction 
peaks near 20º arising from the possible impurity phases 
such as Fe2O3. 

Structural details and composition of NaTi3FeO8 were 
obtained with XPS analysis. The XPS spectra of NaTi3FeO8 
is displayed in Fig. 2. The wide angle XPS (Fig. 2a) of the 
obtained samples shows the predominant presence of O, Ti, 
Fe, and Na. The position of peaks are 710.9 eV (Fe3+, 
Fe2p3/2), 458.5 eV (Ti4+, Ti2p3/2), 457.8 (Ti4+, Ti2p3/2), 530.5 
eV (O2-, O1s), 530.5 eV (O2-, O1s) and 529.3 eV (O2-, O1s) 
(Fig. 2b-d), respectively. The valence of the Fe, O, Ti is +3, 
-2 and +4, respectively, which is consistent with the XPS 
results.20 The atomic percentages of samples are 2.81%, 
8.43%, 2.85%, and 22.88% for Na, Ti, Fe, and O. 

The FESEM images of as-prepared NaTi3FeO8 samples 
are shown in Fig. 3(a) and Fig. 3(b). A higher magnification 
image reveals that the length of rod-shaped NaTi3FeO8 is not 
uniform and the width is 200 ~ 500 nm. As shown in Fig. 
3(c-f), the energy-dispersive X-ray (EDX) mappings show 

no impurities, and all four elements – Na, Ti, Fe and O are 
present uniformly throughout the bulk of the sample, which 
is consistent of XPS. Fig.S1 shows the SEM images of 
NaTi3FO8 after 200 cycles. From the figure we can see the 
morphology of the material is substantially unchanged. 

 

Figure 2 XPS survey spectrum of NaTi3FeO8. 

 

Figure 3 (a) and (b) SEM images of the NaTi3FeO8 with different 

magnifications; (c), (d), (e) and (f) EDX-element distribution mapping images 

of NaTi3FeO8. 

The sodium insertion–extraction behavior of NaTi3FeO8 is 
studied by galvanostatic charge–discharge test as shown in 
Fig. 4. The differential specific capacity plots of the 1st, 2nd 
and 3rd cycle are shown in Fig. 4(a). The first charge–
discharge capacity is 148.9/327.4 mA h g-1 at a current rate 
of 20 mA g-1, respectively. The following charge–discharge 
capacities are 147.5/170.7 mA h g-1 and 147.1/162.5 mA h 
g-1 in the 2nd and 3rd cycle, respectively. Fig.S2 shows that 
when the cell was discharged to 0.01V, the position of peaks 
are 458.2 eV (Ti4+, Ti2p3/2), 459.2 eV (Ti4+, Ti2p3/2), 464.8 
eV (Ti4+, Ti2p3/2) and 462.3 eV (Ti3+, Ti2p1/2), the valences 
of Ti are +3 and +4. This suggests that the following 
reaction taken place in the charge/discharege process: Ti4+ + 
e- ↔ Ti3+. The electrochemical equation for sodium storage 
can hence be stated as follows: 1/3NaTi3FeO8 + xNa+ + xe- 
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↔ 1/3Na1+xTi3FeO8 with x = 0.745 (x = 1 refers to the 
theoretical capacity of 229 mA h g-1 corresponding to 3 mole 
of charge storage).21 

To understand the electrochemical sodium-ion 
insertion-extraction processes clearly in the first three cycles, 
cyclic voltammetry studies were performed on NaTi3FeO8. 
As shown in Fig. 4 (b), it can be seen that the first cycle 
reduction process consists of two peaks (at 0.01 V and 0.61 
V). On the subsequent cycling, the 0.61 V reduction peak 
shifts to 0.55 V. The first cycle oxidation process has two 
peaks at 0.35 V and 0.74 V. The 0.35 V oxidation peak 
vanishes completely while the 0.74 V oxidation peak 
intensifies and shifts to 0.79 V on the subsequent cycling. 
The irreversible peaks were observed, which were caused by 
the solid electrolyte interface (SEI) layer formation, 
irreversible sites for sodium-ion insertion in the crystal 
lattice defects, electrolyte, and other organic material 
decomposition.22-23 

 

Figure 4 Performance of NaTi3FeO8. (a) The 1st, 2nd and 3rd 

discharge/charge curves of NaTi3FeO8 at a current rate of 20 mA g
-1

 in the 

voltage range of 0.01 and 3 V versus Na
+
/Na; (b) Cyclic voltammogram curves 

at a scan rate of 0.1 mV s
-1

 showing the first, the second and the third cycle of 

the NaTi3FeO8 composite electrode at a voltage window of 0.01 ~ 3 V; (c) 

Long-term cycling performance of the NaTi3FeO8 at a current rate of 20 mA 

g
-1

 in the voltage range of 0.01 and 3 V versus Na
+
/Na; (d) Rate capability of 

the NaTi3FeO8. The capacity versus cycle number at various current rates. 

The rate performance of the NaTi3FeO8 composite 
electrode is summarized in Fig. 4 (c). The cell was cycled at 
five different rates of 20, 40, 60, 80 and 100 mA g-1 in a 
voltage window of 0.01 ~ 3 V. The cell delivers large 
reversible capacity of 98.9 mA h g-1 (64.8% of that at 20 mA 
g-1) with small polarization even at a discharge rate of 40 
mA g-1, while the discharge capacity of the NaTi3FeO8 
electrode material can still deliver 35.8 mA h g-1 at a rate of 
100 mA g-1. The cycling stability and the coulombic 
efficiency are also displayed in Fig. 4 (d), and the capacity is 
still maintained at 110.5 mA h g-1 at a current rate of 20 mA 
g-1 after 200 cycles, and the corresponding capacity retention 
is 66.7%, and the coulombic efficiency is close to 100% 
except the first cycle, showing good cycling stability. 
Although the rate capacity of the NaTi3FeO8 as a new anode 

material is not as high as hard carbon4, its cycling stability is 
much better. The poor rate performance could be due 
to its low electric conductivity. In the next step, we will 
improve its electric conductivity by coating or doping, 
thereby enhancing the capacity and rate performance. The 
good cycle life of NaTi3FeO8 cells are mostly attributed to 
the structure stability of the NaTi3FeO8 electrode material 
during sodium-ion insertion–extraction processes.24-25 
Therefore, the NaTi3FeO8 electrode material is promising in 
practical sodium-ion batteries because of its good reversible 
structure change after sodium ion extraction–insertion 
processes. 

In summary, we have synthesized NaTi3FeO8 by a simple 
solid-state route. The as-obtained sample is of mainly 
micrometer sizes. The sodium-ion extraction–insertion 
behavior of NaTi3FeO8 is investigated in detail for the first 
time. It delivered a discharge capacity of 170.7 mA h g-1 at a 
current density of 20 mA g-1, and it presents a good capacity 
retention. 
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