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Abstract
Amorphous  LiEuTiO4 nanovesicles were fabricated using in situ formed Eu nanoparticles as sacrificial templates. Sam-
ples fabricated with these nanovesicles exhibited a good rate performance together with a large reversible discharge 
capacity of 285.1 mAh g−1 at 0.2 A g−1 and 185.7 mAh g−1 at 10 A g−1 and had an excellent cycle performance with a 
huge reversible discharge capacity of 282 mAh g−1 after 1000 cycles at 0.1 A g−1. These advantageous characteristics 
are attributed its unique structure, which reduces the length of  Li+/electron transportation and increases the interface 
between the electrolyte and the electrode. A solid-electrolyte boundary film was formed on the surface of the  LiEuTiO4 
anode during cycling. However, the rate and cyclic properties of the sample improved after adding vinylene carbonate. 
Those results demonstrate that  LiEuTiO4 nanovesicles can function as an ideal low operating voltage anode material in 
high-rate lithium ion batteries intended for electric vehicles or hybrid electric vehicles without a corresponding reduc-
tion in the battery voltage or energy density.
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1 Introduction

Rechargeable lithium ion batteries (LIBs) are extensively 
used in devices that can be easily carried. However, 
employing LIBs in electric vehicles (EVs) or hybrid elec-
tric vehicles (HEVs) requires more advanced safety and 
improvements in performance and long cycle lifespans [1, 
2]. Unfortunately, it is difficult to meet these requirements 
using present-day commercial graphite anodes owing to 
their small lithium intercalation potential of 0.1 V (versus 
 Li+/Li), which can bring about lithium plating that in turn 
can cause safety issues [3, 4]. Therefore, spinel  Li4Ti5O12 
has been considered as a safe alternative anode material 
for use in large-rate LIBs for HEVs or EVs because its high 

lithium intercalation potential of 1.55 V limits lithium plat-
ing [5, 6]. However, this relatively high intercalation poten-
tial tends to reduce both the battery voltage and energy 
density [7].

Various alternative anode materials with operating 
potentials of approximately 1 V have been developed in an 
attempt to mitigate this problem with the aim of avoiding 
lithium plating while preserving the battery voltage [8, 9]. 
These potential alternative compounds include  LiEuTiO4 
[10–12],  BiPO4 [13], Li(V0.5Ti0.5)S2 [14],  LiVS2 [15],  LiTiS2 [16] 
and  Li2C8H4O4 [17]; of those,  LiEuTiO4 has recently received 
significant attention owing to its good electrochemical 
performance. However, to allow for practical applications 
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of  LiEuTiO4, it would be beneficial for this material to 
exhibit a higher rate value and longer cyclability.

Recently, hollow structures have been shown to be a 
promising type of morphology for electrode materials for 
secondary batteries because the unique characteristics of 
this morphology can promote mass transport by provid-
ing a large surface area and small spread length [18–21]. 
For instance, Sun et al. fabricated hollow ultrafine  Fe2O3 
fibers with excellent lithium storage properties [19], and 
Zhu et al. [20] suggested that hollow manganese silicate 
spheres can be used as good anodes for LiBs with excel-
lent rate performances. Meanwhile, Miao et al. [21] found 
that  Li9V3(P2O7)3(PO4)2 nanotubes have a good  Li+ storage 
capability when used as a cathode for LIBs. Those works 
prompted us to investigate the  Li+ storage properties of 
 LiEuTiO4 with a hollow structure morphology.

In this paper, we present the successful fabrication 
of non-crystalline  LiEuTiO4 nanovesicles with the aid 
of plasma using in-situ formed Eu nanoparticles (NPs) 
as a hard template. The synthesized  LiEuTiO4 nanovesi-
cles exhibited a high reversible discharge capacity of 
285.1 mAh g−1 at 0.2 A g−1 and 185.7 mAh g−1 at 10 A g−1 
and excellent cycle performance with a large discharge 
capacity of 282 mAh g−1 after 1000 repeats at 0.1 A g−1.

2  Experimental

2.1  Preparation of non‑crystalline  LiEuTiO4 
nanovesicles

All chemicals were used directly as purchased. First, 
0.05 mol tris(acetylacetonato)(1,10-phenanthroline)euro-
pium was added to a molten salt of 0.05 mol lithium stea-
rate and 0.05 mol diammineteracholotitanate at 230 °C 
in a 5%  H2/95% Ar mixture. After a 30-min reaction with 
the assistance of plasma (500 V cm−1) in a self-designed 
reactor [22–24] the samples was cooled to 25 °C, and then 
cleaned three times with an ionic liquid (3-methylimida-
zolium chloride) and ethanol. Afterwards, the sample was 
dehydrated in air at 80 °C for 16 h.

2.2  Structural characterization

X-ray diffraction (XRD) spectra of the samples were 
obtained using an X’Pert X-ray powder diffractometer 
(CuKα source, λ = 0.15406  nm). The Li, Eu, and Ti con-
centrations were determined using inductively coupled 
plasma atomic emission spectroscopy (Irris, Advan-
tage), while the proportion of O in the samples was con-
firmed using a Vario Microcube elemental analyzer. The 
Brunauer–Emmett–Teller specific surface areas of the 

samples were obtained using the  N2 adsorption–desorp-
tion technique. Prior to these assessments, each sample 
was degassed for 3 h at 100 °C. Transmission electron 
microscopy (TEM) patterns and selected-area electron dif-
fraction data of the samples were collected using a Carl 
Zeiss Libra 200 microscope. A drop of nanoparticles dis-
persed in ethanol was dropped onto a non-crystalline car-
bon-spread Cu grid for TEM characterization. X-ray photo-
electron spectroscopy (XPS; Perkin-Elmer PHI 5000C ESCA, 
Al Kα radiation) was used to analyze the surface electronic 
states of the samples. In preparation for these analyses, 
samples were first dried under argon, then transferred to 
an in situ XPS reactor cell of our own design [23, 24]. The 
binding energies were corrected by using the C1s peak 
at 284.6 eV of the surface adventitious carbon as a ref-
erence. Time-of-flight secondary ion mass spectrometry 
(ToF–SIMS) data were acquired using a PHI TRIFT II instru-
ment (USA), which has a pulsed liquid metal ion gun. Spec-
tral data were collected using the positive ion mode over 
the mass range of 1–275 Da. The primary source was  Ga+. 
The applied voltage was 15 kV, while the aperture current 
was 600 pA. Meanwhile, the raster size was 100 × 100 mm, 
and the acquisition time was 10 min. At least three differ-
ent regions were selected for analysis for every sample and 
data typical of the sample are given herein. 7Li magic angle 
spinning nuclear magnetic resonance (MAS NMR) spectra 
were acquired using a Bruker AM-500 spectrometer oper-
ating at 194.4 MHz in conjunction with a lab-made probe 
head. The AM-500 had a Jakobsen 5 mm MAS unit. Rotors 
made of  Si3N4 or zirconia were employed, and the MAS rate 
was approximately 13.5 kHz. The external chemical shift 
reference was 1 M LiCl aqueous solution. The obtained 
nuclear magnetic resonance spectra were analyzed with 
the software provided with the instrument. Fourier trans-
form infrared (FTIR) spectra were acquired using a Bruker 
FTIR spectrometer (EQUINOX55).

2.3  Electrochemical testing

The electrochemical properties of  LiEuTiO4 prepared in this 
work and of commercially-available  LiEuTiO4 (Changzhen 
High Technology Co., Ltd.) were assessed with 2032 coin 
cells. The working electrode was fabricated from a mix of 
polyvinylidene fluoride (Sigma Aldrich), Super-P carbon 
black, and  LiEuTiO4 in a mass ratio of 10:20:70, spread onto 
copper foil (99.6%, Goodfellow). A 1 M  LiPF6 solution in 
a 1:1:1 (by volume) mixture of ethyl methyl carbonate, 
dimethyl carbonate, and ethylene carbonate served as 
the electrolyte, while Celgrade polypropylene acted as 
the separator and lithium foil was used as the counter 
electrode. Cyclic voltammetry data were acquired using 
an electrochemical workstation (CHI-660a). The scan rate 
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was 1.0 mV s−1. The potential range was from 3.0 to 0.01 V 
(vs. Li/Li+). The cycling and rate properties were examined 
in the same potential range at a range of currents. The test 
instrument used was an Arbin BT-2000. For the in situ XRD 
analyses, we used a self-designed H-form electrochemical 
cell with two quartz windows and a built-in Li electrode. 
The working electrode was placed in a second tube of 
the H-form cell. It was designed to have two crystalline 
diamond windows. After passing through the crystalline 
diamond window, the X-ray beam could be concentrated 
onto the electrode. The in situ XRD data were obtained 
during electrochemical cycling.

3  Results and discussion

3.1  Synthesis of material

3.1.1  Characterization

The TEM images (Fig. 1, panels a and b) of the sample show 
a uniform vesicle-like morphology. Those vesicles have an 
average size of about 25 nm. Meanwhile, their shells have 
a thickness of about 3 nm. Furthermore, their specific sur-
face area was 225.4  m2 g−1, which is larger than that of 
commercial  LiEuTiO4 (25.3  m2 g−1). Moreover, the sample 
was amorphous, as verified by only one halo being visible 
in the selected electron diffraction patterns (Fig. 1c). The 
XRD spectra further confirmed that the nanovesicles were 
neither non-crystalline nor amorphous at room tempera-
ture, because no XRD peaks could be observed (Fig. 1d). 
However, after calcination in argon from 250 to 650 °C for 
2 h, crystallized  LiEuTiO4 formed gradually (Fig. 1d) [10–12]. 
Although the reported stable phase during calcination 
was  NaEuTiO4 [10, 12], no other phase was formed in our 
work. The elemental analysis indicate that the sample has 
composition of Li, Eu, Ti and O with molar ratio of 1:1:1:4. 
The Eu3d XPS peaks (Fig. 1e) at 1165.0 eV  (Eu3d3/2) and 
1135.0 eV  (Eu3d5/2) indicate that the valence state of Eu in 
the sample was + 3. Additionally, Ti2p XPS peaks (Fig. 1f ) 
at 465.3  (Ti2p1/2) and 459.6 eV  (Ti2p3/2) indicate that the 
valence state of Ti was + 4. To further confirm the forma-
tion of amorphous  LiEuTiO4 vesicles, we also conducted a 
ToF–SIMS analysis (Fig. 1g). The appearance of  LiEuTiO4

+ 
(m/z of 267–274),  LiEuTiO3

+ (m/z of 251–258),  LiEuTiO2
+ 

(m/z of 235–242), and  LiEuTiO1
+ (m/z of 219–226) con-

firmed that the formed amorphous vesicles were  LiEuTiO4. 
Moreover, no Li–Eu–Ti–O related fragments were observed 
in the mixture of commercial LiOH,  TiO2, and  Eu2O3 .

3.1.2  Synthetic scheme

To propose a viable vesicle formation scheme, we first 
observed the fabrication process of  LiEuTiO4 nanovesi-
cles (Fig. 2). After 1 min, lots of NPs were formed (Fig. 2a). 
The XRD pattern (Fig. 2b) and ToF–SIMS spectrum (Fig. 2c) 
verified that those NPs were composed of metallic Eu 
(JCPDS-38-0928). This indicated that tris(acetylacetonato)
(1,10-phenanthroline)europium could be reduced by  H2 in 
the plasma field as expressed by Eqs. (1) and (2).

There was no reaction between tris(acetylacetonato)
(1,10-phenanthroline)europium and  H2 without the 
plasma. When we extended the reaction time to 2 min, the 
formation of some  LiEuTiO4 was observed (Fig. 2, panels b 
and c). This suggests that that some Eu NPs may react with 
 TiCl4(NH3)2 and lithium stearate to form  LiEuTiO4 according 
to Eq. (3), namely

and that some of that product had vesicle-like shapes 
(Fig.  2a). As the reaction progressed, more and more 
 LiEuTiO4 vesicles formed, and the Eu NPs were reduced 
(Fig. 2a). After 10 min, all NPs had been transformed into 
vesicles (Fig. 1a). When we further increased the time to 
30 min, there was no significant impact on the composi-
tion, structure, or morphology of the sample (Fig. 2a).

From the above results, we can conclude that the forma-
tion of vesicle-like  LiEuTiO4 can be described as presented 
in Fig. 2d. First, tris(acetylacetonato)(1,10-phenanthroline)
europium was reduced to form Eu NPs. Subsequently, the 
in situ formed Eu NPs act as sacrificial templates and react 
with lithium stearate and diammineteracholotitanate to 
form  LiEuTiO4 vesicles.

3.1.3  Optimized synthetic conditions

The impact of the reaction conditions, that is, time, 
temperature, electric field, and molar proportion of 
tris(acetylacetonato)(1,10-phenanthroline)europium/
TiCl4(NH3)2/lithium stearate on the phase composition 
and yield of the nanovesicles are presented in Table 1. 
It is apparent that high temperatures and high elec-
tric fields are not beneficial for nanovesicle formation. 
The optimum condition for the preparation  LiEuTiO4 

(1)H2 → 2H.

(2)
Eu

(

C12H8N2

)[

C5H7O2

]

3
+ 3H.

→ Eu + 3C5H8O2 + C12H8N2

(3)

Eu + TiCl4

(

NH3

)

2
+ 3C5H8O2 + C17H35COOLi + 4H → LiEuTiO4

+ C17H35COH + 3C5H8OH + 4Cl
−
+ 2NH3,
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nanovesicles with a large specific surface area was a tem-
perature of 230 °C applied for 10 min in conjunction with 
a tris(acetylacetonato)(1,10-phenanthroline)europium/

TiCl4(NH3)2/lithium stearate molar ratio of 1:1:1 and an 
electric field of 500 V cm−1.

Fig. 1  a, b TEM images; c SAED 
pattern; d XRD patterns; e 
Eu3d XPS spectra; f Ti2p XPS 
spectra; g TOF-SIMS spectrum 
of the sample
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3.2  Electrochemical characteristics

3.2.1  Li+ storage mechanism

LiEuTiO4 nanovesicles were studied as an anode material 
for LIBs using commercial  LiEuTiO4 for comparison pur-
poses. Cyclic voltammograms demonstrated that these 
nanovesicles have better lithium ion storage properties 
than commercially obtainable  LiEuTiO4 (Fig. 3a) [10–12]. 

This new material has a lower  Li+ extraction potential and 
a higher  Li+ insertion potential. This indicates that it has 
more highly reversible  Li+ insertion/extraction properties 
during discharging/charging [25, 26]. Furthermore, the 
peaks’ intensities and the areas of the nanovesicles are 
larger than those of commercial  LiEuTiO4. This suggests 
that the nanovesicles have a higher capacity. The voltam-
metry plots of both materials are broadly similar through-
out subsequent cycles, which means that the  Li+ insertion/

Fig. 2  a TEM mages; b XRD 
patterns and c TOF–SIMS 
spectra during the preparation 
of the sample, d the possible 
synthetic scheme
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extraction was stable and reversible for both materials (Fig. 
S1), although the  LiEuTiO4 nanovesicles resulted in larger 
peak areas.

To determine the  Li+ storage scheme, the surface states 
of the nanovesicles after an initial discharge at 0.1 A g−1 
from 3 to 0.01 V (vs. Li/Li+) were analyzed through in situ 
XPS (Fig. 1, panels e and f ). It was determined that  Eu3+ 
was gradually reduced to  Eu2+ after  Li+ insertion because 
of charge compensation [10–12]. Simultaneously, peaks 
at approximately 1155.0  (Eu3d3/2) and 1125.0 eV  (Eu3d5/2) 
corresponding to  Eu2+ appeared [10–12]. Additionally, 
the  Ti4+ valence state remained unchanged (Fig. 1f ). This 
behavior differs from that of  Li4Ti5O12, for which the Ti 
valence state transitions from  Ti4+ to  Ti3+ after  Li+ inser-
tion [27].  Li+ insertion was also confirmed based on the 
ToF–SIMS depth profile plot of the  LiEuTiO4 nanovesicles 
discharged to 0.01 V (Fig. S2). The nanoparticles were 
sliced layer-by-layer using a  Cs+ ion beam and the propor-
tion of Li atoms in the discharged sample was found to be 
both higher than in the fresh material while also remaining 
unchanged in the depth direction, which indicates that 
the inserted  Li+ was distributed uniformly throughout the 
sample. The higher Li content in the discharged nanovesi-
cles demonstrates that the unique morphology promotes 
the transport of  Li+.

Figure  3b shows the first discharge curves of two 
samples at a current rate of 0.1 A g−1. The profile of the 
commercial  LiEuTiO4 could be separated into three parts, 
labeled A, B, and C. In region A, the potential decreased 
monotonically from the initial discharge voltage to 0.80 V. 
This was caused by lithium ion insertion into the main part 
of  LiEuTiO4, reaching its solid solubility limit in  Li1+xEuTiO4. 
Region B is a plateau located at approximately 0.80 V and 

indicates the coexistence of Li-rich and Li-poor phases 
in  Li1+xEuTiO4. Region C is associated with the reversible 
storage of  Li+ ions at accessible interstitial sites on particle 
interfaces at intercalation voltages below 0.80 V. In this 
region, electrons can be held up in the so-called “second 
phase”. This region is generally referred to as the carbon 
supplement or solid-electrolyte boundary (SEI) layer.

The  Li+ storage characteristics of the commercial 
 LiEuTiO4 were confirmed via in situ XRD data (Fig. 3c) [28]. 
Figure S3 shows that the lattice parameter a decreased, 
while b, c, and V is increased along with  Li+ intercalation 
in the A and B parts [28]. These linear changes in a, b, c, 
and V result from  Li+ storage at available interstitial sites 
in  LiEuTiO4. The lack of any obvious changes in these same 
parameters throughout region C suggests that  Li+ was 
instead stored at interfacial sites because the  Li+ solid-
solution limit in  Li1+xEuTiO4 was exceeded. This hypothesis 
is also confirmed by the sudden transformation of the lin-
ear dependence between the 7Li MAS NMR peak shifts and 
the  Li+ storage amount when the  Li+ storage transitions to 
the interfacial sites (the C region) (Fig. 3, panels d and e).

However, the discharge curve of the  LiEuTiO4 nanovesi-
cles shows a monotonic voltage change without any pla-
teau (Fig. 3b). There is no obvious distinction between the 
three parts. Additionally, there was no significant change 
in the XRD signal during discharge (Fig. 3f ). Moreover, 
no abrupt change in the linear relationship between 
the 7Li MAS NMR peak shifts and the  Li+ storage amount 
was observed (Fig. 3, panels g and h). In other words, the 
non-crystalline characteristics of the  LiEuTiO4 vesicles 
mean that they are able to ignore the lattice tension and 
offer sustained  Li+ spread approaches and intercalation 
sites. This substantially increased the  Li+ storage capacity 

Table 1  The effect of reaction parameters, including reaction 
temperature, reaction time, electric field and molar ratio (MR) of 
tris(acetylacetonato)(1,10-phenanthroline)europium/TiCl4(NH3)2/

lithium stearate on the phase composition, specific surface areas, 
pore volume and average size of the obtained product

Samples Electric 
field 
(V cm−1)

Tempera-
ture (°C)

Time (min) MR Phase composition Specific surface 
areas  (m2 g−1)

Shape Average 
size (nm)

1 500 230 10 1:1:1 LiEuTiO4 225.4 Nanovesicles 25
2 500 230 30 1:1:1 LiEuTiO4 225.1 Nanovesicles 25
3 500 230 5 1:1:1 LiEuTiO4 + Eu – Nanovesicles + nanoparticles –
4 500 230 2 1:1:1 LiEuTiO4 + Eu – Nanovesicles + nanoparticles –
5 500 230 1 1:1:1 Eu – Nanoparticles –
6 300 230 10 1:1:1 no product – – –
7 700 230 10 1:1:1 LiEuTiO4 91.6 Nanoparticles 62
8 500 230 10 2:1:1 LiEuTiO4 + Eu – – –
9 500 230 10 1:1:0.5 Eu2Ti2O7 + LiEuTiO4 – – –
10 500 230 10 1:2:1 TiO2 + LiEuTiO4 – – –
11 500 250 10 1:1:1 LiEuTiO4 120.8 Nanoparticles 37
12 500 220 10 1:1:1 Eu2Ti2O7 – – –
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and structure constancy. Thus, the discharge capacity of 
 LiEuTiO4 nanovesicles (Fig. 3b) is higher than the calculated 
theoretical capacity of  LiEuTiO4 (98.97 mAh g−1). However, 
more work will be required in future to completely under-
stand the detailed process by which  Li+ intercalation takes 
place in  LiEuTiO4. We have already commenced with this 
work in our laboratory.

Figure 3b shows that  Li+ storage in the commercial 
 LiEuTiO4 occurred mainly via an intercalation reaction 

(equivalent to regions A and B). The  Li+ ions were ran-
domly distributed throughout the available interstitial 
sites based on the equation  xLi+  + LiEuTiO4 + xe−  → 
 Li1+xEuTiO4 (Eq. 4) [10–12, 29]. The first discharge capac-
ity and the charge capacity of commercial  LiEuTiO4 
were 113.0  mAh  g−1 (equivalent to  Li2.142EuTiO4) and 
92.1  mAh  g−1  (Li1.931EuTiO4; Fig.  4a), respectively. The 
material’s irreversible capacity loss reached 18.5%. The 
first discharge capacity of the  LiEuTiO4 nanovesicles 

Fig. 3  a CV curves comparison; 
b initial discharge profiles 
comparison; c typical XRD 
patterns during discharg-
ing; d the 7Li NMR spectra at 
different discharge capacities 
(a-10 mAh g−1; b-27 mAh g−1; 
c-44 mAh g−1; d-61 mAh g−1; 
e-78 mAh g−1; f-84.5 mAh g−1; 
g-91.6 mAh g−1; 
h-98.8 mAh g−1; 
i-105.9 mAh g−1; 
j-113 mAh g−1;); e the 
relationship between 7Li 
NMR shifts and discharge 
capacities; f typical XRD 
patterns during discharg-
ing; g the 7Li NMR spectra at 
different discharge capacities 
(a-10 mAh g−1; b-35.3 mAh g−1; 
c-60.6 mAh g−1; 
d-85.9 mAh g−1; 
e-111.2 mAh g−1; 
f-136.5 mAh g−1; 
g-161.8 mAh g−1; 
h-187.1 mAh g−1; 
i-202.7 mAh g−1; 
j-213.1 mAh g−1; 
k-223.4 mAh g−1; 
l-233.8 mAh g−1; 
m-244.1 mAh g−1; 
n-254.5 mAh g−1; 
o-264.8 mAh g−1; 
p-275.2 mAh g−1); h the 
relationship between 7Li NMR 
shifts and discharge capacities
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was 296.2 mAh g−1 (corresponding to  Li3.994EuTiO4). This 
is larger than the previously reported maximum spe-
cific capacity of  LiEuTiO4  (Li3.399EuTiO4, 237.3 mAh g−1) 
[11]. Furthermore, the sample’s first charge capacity was 
290.1 mAh g−1  (Li3.933EuTiO4). The capacity loss was only 
1.91% (Fig. 4b). The specific capacity reproducibility of our 
 LiEuTiO4 nanovesicles was ascertained based on a mini-
mum of ten replicate trials and the variation was found 
to be within acceptable limits (± 2.5%). The excellent  Li+ 
storage performance of these  LiEuTiO4 nanovesicles can 
be attributed to their unique structure, which improves 
the insertion process and enhances the interfacial stor-
age sites. It is commonly known that larger surface area 
will lead to higher irreversible capacity loss. Because the 
large specific surface area leads to a larger contact area 
between the electrode material and the electrolyte. As a 
result, the formed SEI film causes the increase of the irre-
versible capacity of the material, and reduces the coulomb 
efficiency. Obviously, in our work, the unique structure of 

these  LiEuTiO4 nanovesicles makes the increase of their 
reversible capacity much larger than that of the irrevers-
ible capacity caused by their large specific surface area. 
Therefore, they have higher initial coulomb efficiency 
than that of commercial  LiEuTiO4. The voltage discrepancy 
between the discharge and charge curves of the  LiEuTiO4 
nanovesicles was also smaller than that for commercial 
 LiEuTiO4 because of the lower polarization of the former 
material [25, 26].

3.2.2  Li+ storage performance

The cycling performances of the two samples at a cur-
rent rate of 0.1 A g−1 is presented in Fig. 4c. After 100 
cycles, the commercial  LiEuTiO4 sample showed a charge 
capacity of only 73.4 mAh g−1  (Li1.742EuTiO4). The capac-
ity loss was 35.0%. Conversely, even after 1000 cycles, 
the  LiEuTiO4 nanovesicles exhibited a minimal capacity 

Fig. 4  a, b Charge–discharge 
curves during cycling at a 
current rate of 0.1 A g−1; c cycle 
performance comparison at 
a current rate of 0.1 A g−1; d 
rate performance comparison 
at different current rates of 
the samples; e rate perfor-
mance comparison among ((A) 
 LiEuTiO4 nanovesicles in this 
work; (B) commercial  LiEuTiO4; 
(C)  LiEuTiO4 prepared at 250 °C 
in this work; (D)  LiEuTiO4 
prepared at 700 V cm−1 in this 
work; (E)  LiEuTiO4 reported in 
Ref. [10]; (F)  LiEuTiO4 reported 
in Ref. [11]; (G)  LiEuTiO4 nano-
particles in Ref. [11].)
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decay (4.8%) in conjunction with a charge capacity of 
282.0 mAh g−1 (corresponding to  Li3.851EuTiO4).

The rate performances of both samples are compared 
in Fig. 4d. The charge capacity of the  LiEuTiO4 nanovesi-
cles at 0.2 and 10.0 A g−1 was 285.1 and 185.7 mAh g−1, 
respectively. The nanovesicles’ Coulombic efficiency 
reached almost 100%. For commercial  LiEuTiO4, the 
capacity at 0.2 A g−1 was only 98.0 mAh g−1 and that 
at 5.0 A g−1 was only 10.2 mAh g−1. The enhanced elec-
trochemical performance of the nanovesicles is caused 
by their unique structure. Their hollow characteristics 
enable the quick spread of  Li+ and electron transport 
in the main part of  LiEuTiO4. The charge capacity was 
returned to 285.1 mAh g−1 after the rate was tuned back 
to 0.2 A g−1. Meanwhile, the  LiEuTiO4 nanovesicles exhib-
ited a superior rate performance than that reported for 
 LiEuTiO4 and other  LiEuTiO4 electrodes fabricated in this 
work (Fig. 4e).

3.2.3  Electrochemical impedance spectroscopy analysis

An electrochemical impedance spectroscopic analysis was 
also conducted for both samples after cycling (Fig. 5a–c). 
All Nyquist curves showed depressed semicircles (high 
and medium frequencies) and an inclined line (low fre-
quency). To analyze the impedance spectra of the samples 
before and after cycling, equivalent circuit models were 
devised, as shown in the inset of Fig. 5, panels a and c. In 
these models,  Re refers to the electrolyte resistance, while 
 Rsei represents the resistance of the film formed on the 
boundaries between  LiEuTiO4 and the copper foil; moreo-
ver,  Csei is the capacitance of this film. Additionally,  Rct is 
the charge-migration resistance, i.e., the reactivity of  Li+ 
intercalation/de-intercalation in  LiEuTiO4.  Cic represents 
the capacitance resulting from the boundary between 
the electrolytes and the electrodes. Finally,  Zw refers to the 
diffusion impedance of  LiEuTiO4 at low frequency. Table 2 

Fig. 5  Nyquist plots with fitted 
lines of  LiEuTiO4 nanovesicles 
and commercial  LiEuTiO4 after 
(a, b) and before cycling (c). 
The inset is the corresponding 
equivalent circuits. d C1s XPS 
spectra and e FTIR spectra of 
 LiEuTiO4 nanovesicles cycled 
between different potential 
range; f cycle performance 
of the samples after addition 
of 2 wt% VC to 1 M  (LiPF6/
EC + DMC + EMC) electrolyte
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presents the values of  Re,  Rsei,  Rct, and  Zw obtained from 
fitting to the data.

The large impedance semicircle that appeared dur-
ing the first cycle for the commercial  LiEuTiO4 suggests 
that  Li+ insertion into  LiEuTiO4 is a difficult process [30]. 
This is likely because the diffusion and infiltration of the 
electrolyte into the electrode materials during the first 
cycle do not proceed readily. As such, the diffusion and 
infiltration of the electrolyte would be the rate determin-
ing step in batteries before cycling (Fig. 5c and Table 2). 
However, after the first cycle, the charge-migration and 
diffusion steps together control the electrochemical pro-
cess (Fig. 5, panels a and b). Apparently, the  Re,  Rct, and 
 Zw values of the  LiEuTiO4 nanovesicles are smaller. This is 
because of their unique structure (Fig. 1a), which increases 
the speed of charge migration and spread at the bound-
ary of the electrode/electrolyte. The smaller  Rsei of those 
nanovesicles is the result of their larger surface area and 
the unique structure of this material, which permits rapid 
 Li+ transportation, reduces the occurrence of disadvanta-
geous reactions, and suppresses the growth of an SEI film. 
For these reasons, the AC impedance of  LiEuTiO4 could 
potentially be optimized through careful design of the 
particle morphology.

The simulation results in Table 2 indicate that an inter-
facial SEI film is formed in both samples during cycling. 
From the C1s XPS results [31, 32] (Fig. 5d) and FTIR spectra 
[33–35] (Fig. 5e) of the  LiEuTiO4 nanovesicles’ electrode, 
it can be seen that the SEI film contains lots of carbonyl 
compounds and a small amount of  Li2CO3 and  ROCO2Li 
[32–34]. When the electrolyte solution is reduced to a 
low operating voltage (< 0.7 V), a SEI film will form on the 
electrode’s surface after the cycling between 0 and 3 V. To 
determine if in our work the SEI results from the reduction 
of the electrolyte or from reactions between  LiEuTiO4 and 
the electrolyte, we analyzed the surface of the  LiEuTiO4 
electrode using XPS (Fig. 5d) and FTIR (Fig. 5e) during 
cyclic tests at 0.01 to 1 V and 1 to 3 V, respectively. In Fig. 3, 

panels b and c demonstrate that the primary species of 
the SEI film generated by the  LiEuTiO4 nanovesicles cycled 
over the range of 0.01–1 V were  Li2CO3 and  ROCO2Li. This is 
the same as the species observed on the surface of graph-
ite anodes [34]. In sharp contrast, the primary species of 
the SEI film produced by cycling in the range of 1–3 V were 
carbonyl compounds (Fig. 5, panels d and e). The discrep-
ancy in the components of the SEI films after cycling in 
the different voltage ranges means that they have differ-
ent formation schemes [30]. In fact, the electrolyte solu-
tion could only be reduced below 1 V. Thus, the SEI film 
would have been formed during charging/discharging 
between 0.01 and 3 V. In other words, it is not necessary 
to charge/discharge between 1 and 3 V. For this reason, 
the C=O species must result from reactions between the 
electrolyte and the  LiEuTiO4 electrode. Therefore, both the 
electrolyte reduction and the reactions between  LiEuTiO4 
and the electrolyte contributed to the formation of the SEI 
film for  LiEuTiO4 during electrochemical cycling. However, 
the main source of the film is the reactions, as confirmed 
by the C1s XPS and FTIR spectra of the samples cycled 
between 0.01 and 3 V.

3.2.4  Vinylene carbonate effect

The reduction potential of vinylene carbonate in the elec-
trolyte solution was 1.5 V. In other words, it can effectively 
reduce the detrimental reaction between the electrolyte 
and the electrode to avoid the formation of SEI films [36]. 
Consequently, it could play the role of a barrier for the SEI 
film by suppressing the interfacial reactions between the 
electrode and electrolyte [37]. Consequently, the cyclic 
performances of both samples were improved when 2 
wt% vinylene carbonate was added to the electrolyte solu-
tion (Fig. 5f ). The commercial  LiEuTiO4 delivered a charge 
capacity of 78.7 mAh g−1 after 100 cycles with only a 20% 
loss, while our  LiEuTiO4 nanovesicles retained a remark-
able value of 289.4 mAh g−1 even after 1000 cycles, with 
only a 2.3% loss in capacity. These data indicate that the 
irreversible capacity can be improved through using novel 
electrolyte additives or surface coatings for materials; 
related work is ongoing in our laboratory.

4  Conclusions

In summary, we successfully synthesized  LiEuTiO4 nan-
ovesicles. They have a large specific surface area of 
225.4 m2 g−1. Electrochemical analysis showed that these 
nanovesicles have an outstanding rate performance 
together with a large discharge capacity of 285.1 mAh g−1 
at 0.2 A g−1 and 185.7 mAh g−1 at 10 A g−1 and also have 
an excellent cycle performance with a large discharge 

Table 2  Impedance parameters of the samples

Samples Cycles Re (Ω) Rsei (Ω) Rct (Ω) Zw (Ω)

Commercial 
 LiEuTiO4

No cycling 1.1 – 63.1 183.0
The 1st cycle 1.5 2.0 92.8 63.5
The 10th cycle 2.3 5.7 64.7 42.8
The 30th cycle 3.4 9.2 71.2 50.3
The 50th cycle 4.0 15.6 76.8 56.1

LiEuTiO4 nan-
ovesicles

No cycling 0.6 – 14.9 39.9
The 1st cycle 0.9 3.4 19.4 13.0
The 150th cycle 1.0 3.5 10.7 12.2
The 300th cycle 1.2 3.5 12.2 12.6
The 600th cycle 1.4 3.4 11.8 13.0
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capacity of 282 mAh g−1 after 1000 cycles at 0.1 A g−1. The 
excellent electrochemical performances for our  LiEuTiO4 
nanovesicles can be attributed to their unique structure. 
First, the small particle size significantly improves the 
electrical contact with copper foil and reduces the lithium 
ion/electron transport path lengths. This benefits a quick 
and reversible lithium ion extraction/insertion. Second, 
the high specific surface area increases the electrode/
electrolyte interface region, thus promoting the rapid 
migration of  Li+ from the electrolyte into the nanovesi-
cles. Additionally, the amorphous structure of the nan-
ovesicles can ignore lattice stress and offer sustained  Li+ 
transport approaches and intercalation sites. This substan-
tially increases lithium ion storage, structure stability, and 
cycle performance. An SEI film could form on the surface of 
the  LiEuTiO4 anode. After the addition of vinylene carbon-
ate, the rate and cyclic performance of  LiEuTiO4 improved. 
These results demonstrate that  LiEuTiO4 can function as an 
ideal low operating voltage anode material in high-rate 
LIBs intended for EVs and HEVs without a corresponding 
reduction in battery voltage or energy density.
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