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Abstract: Surface coating has long been an effective means to improve the electrochemical performance of electrode 

materials for Li-ion batteries. In this study, the traditional micron-sized Li4Ti5O12 anodes are coated with amorphous 

lithium phosphate by radio frequency (RF) magnetron sputtering. The characterized morphology indicates that the 

electrodes are covered by a thin amorphous lithium phosphate coating layer, showing a very smooth surface. Both the 

rate performance and cycle performance of the electrodes are enhanced markedly by the coating layer in the voltage 

range of 0.01–3.00 V. When the discharge-charge currents are 35 and 1750 mA·g–1, the capacities are elevated to 265 

and 151 mAh·g–1, respectively, which are higher than those of the uncoated ones (240 and 22 mAh·g–1). After further 

discharge-charged for 200 cycles at 88 mA·g–1, the coated electrodes still maintain a high reversible capacity of 

238 mAh·g–1. This result clearly suggests that the thin layer can stabilize the solid electrolyte interface, maintain the 

integrity of the interparticle electronic passage and form a cross-linked ionic conducting network for Li4Ti5O12 grains 

on the surface. 
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Spinel Li4Ti5O12, exhibiting excellent reversibility du-
ring discharge-charge processes for its intrinsic zero- 
strain property[1], is expected to be a proper anode 
material for high power lithium ion battery. Numerous 
studies have been carried out to improve electronic cond-
uctivity by doping and developing various composites. 
Simultaneously, researches flourish in size tuning and 
shape controlling. However, the low theoretical capacity 
of 175 mAh·g–1 and high Li+ insertion/extraction poten-
tial of 1.55 V (vs. Li/Li+) make it less competitive to car-
bon, silicon and tin based anodes[2]. 

Recently, Lei and his coworkers[3] proposed that 
Li4Ti5O12 could be lithiated up to Li8.5Ti5O12 accompan-
ying with a small volume expansion of about 0.4% when 
discharged to 0.05 V. This attractive finding was arousing 
new enthusiasm in the field of Li4Ti5O12. Doping with 
metal ions[4] and preparation of composites[5] were 
applied to improve the cycle stability as well as the rate 

performance in the potential range of 0.01–3.00 V. 
Surface coating is an effective method for material 
modification as well. Generally, coating methods can be 
divided into two types: coating the particle surfaces and 
coating the fabricated electrode directly[6]. For the former 
case, each particle is expected to be perfectly coated. 
When Li4Ti5O12 is discharged to 0.01 V, solid electrolyte 
interface (SEI) film inevitably forms on the surface of 
the coated particles of active material and acetylene 
black[7], which impedes the interparticle electronic 
contact and gives rise to poor rate performance and a 
possibly resultant poor cycle performance. In contrast, 
the latter coating method is demonstrated as a newly 
developed and facile way to enhance the electrochemical 
performance by maintaining not only the physical 
features but also the electronic contact of the desired 
electrode[8]. 

Amorphous lithium phosphate (Li3PO4), a stable Li+ 
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conductor, is a potential coating material for its strong 
glass forming character and ease of preparation[9]. Taking 
into account the combined effect of the hazardous reac-
tion between the particle surface and the electrolyte as 
well as the SEI formation process, a facile radio frequ-
ency (RF) magnetron sputtering method is proposed in 
this work to coat the as-fabricated electrodes with an 
amorphous Li3PO4 thin layer. The focus of this work is to 
enhance the structure stability of the electrodes, stabilize 
SEI film, maintain the integrity of the electronic passage 
and form a cross-linked ionic conducting network compen-
sating the possible anisotropic surface lithium insertion. 

1  Experimental 

1.1  Preparation and characterization of amo-
rphous Li3PO4 coated Li4Ti5O12 electrode 

Li4Ti5O12 powder was prepared by a simple solid-state 
reaction method described in previous work[10]. TiO2 
(anatase, AR) and Li2CO3 (industrial grade) were mixed 

thoroughly and sintered in a tube furnace at 750 ℃ in 

the air for 12 h. The electrodes were fabricated on Cu foil 
by a traditional doctor blade method with the weight 
ratio of active material, carbon black and polyvinylidene 

fluoride (PVDF) being 8 : 1 : 1. The prepared electrodes 

were dried at 100 ℃  before use. For RF magnetron 

sputtering, commercially available Li3PO4 target (99.99%, 
Jiangxi Hai Te Advanced Material Co., LTD) and the 
as-prepared electrodes were used as target and substrates, 
separately. The key parameters were as follows: base 

pressure, 6×104 Pa; substrate temperature, 100 ℃ ; 

working gas, Ar (99.999%, 1 Pa, 30 sccm); substrate 
rotation speed, 10 r·min–1; target-to-substrate distance, 
4 cm; RF power, 160 W; sputtering time, 10, 20 and 
40 min. The as-prepared samples were named as 
LTOLPO10, LTOLPO20 and LTOLPO40 according to 
sputtering time. The pristine Li4Ti5O12 electrode was 
named as LTOLPO00. 

1.2  Characterization 
The structure and morphology information were 

collected by XRD diffraction (XRD, χ’pert pro MPD, 
Cu Kα radiation, 0.03 (°)/s, 2θ=10°–85°), field emission 
scanning electron microscope (FE-SEM, Hitachi, S3400N) 
and Raman spectroscope (Renishaw inVia Reflex Raman 
Microscope, 0.5 mW, 514 nm). As for electrochemical 
test, two-electrode half cells were assembled with 
1 mol·L–1 LiPF6 solution in ethylene carbonate (EC)-diethyl 

carbonate (DEC) (1 : 1 in volume) as the electrolyte and 
Li foil as the counter and reference electrode. The mass 
loading was approximately 1.3 mg·cm–2. A LAND series 
battery testing system (CT2001A/ CT1001C, Wuhan 

Kingou Electronics Co., Ltd.) was used to evaluate the 
rate performance and cycling behavior. Electrochemical 
impedance spectroscopy (EIS) (0.1 Hz–10 MHz, 1.56 V) 
was conducted on an electrochemical analyzer (Solartron 
Model 1287/1260A, Solartron Analytical). 

2  Results and discussion 

2.1  Structure and morphology characterization 
XRD patterns of the prepared electrodes are displayed 

in Fig. 1. The peaks located at 2θ=18.3°, 35.6°, 43.2°, 
57.2° and 62.9° can be assigned to Li4Ti5O12. 
Alternatively, those peaks positioned at 2θ=43.3°, 50.4° 
and 74.1° belong to the copper substrate. All of the 
diffraction peaks of amorphous Li3PO4 coated electrodes 
match well with those of pristine electrodes, which 
confirms that surface coating treatment has no serious 
impact on the crystal structure of the active material. No 
Li3PO4 diffraction peaks are detected, suggesting the 
deposited lithium phosphate layer is in amorphous state. 
To further illustrate the amorphous behavior, the FT-IR 
absorption spectrum of Li3PO4 deposited on copper foil 
for 60 min is shown in Fig. S1. 

SEM images of the amorphous Li3PO4 coated Li4Ti5O12 
electrodes are shown in Fig. 2. As for LTOLPO00, 
Li4Ti5O12 active materials with the particle size of hun-
dreds of nanometers disperse in the matrix of carbon 
black nanoparticles. With the coating time increasing, the 
particle corners of the active materials become blunt. As 
can be seen, the surface morphology of LTOLPO40 is 
totally changed. Both of the active species and the surro-
unding carbon black particles are covered by a thin layer, 
showing very smooth surface, which is another evidence 
of amorphous state for the coating layer. Moreover, The 
EDS result of LTOLPO40 in Fig. S2 indicated the 
existence of Li3PO4 on the modified Li4Ti5O12 electrode. 
The neighboring particles are wrapped together with the 
coating layer, leading to enlarged particles and the cross- 
linked network. 

 

 
 

Fig. 1  XRD patterns of pristine electrode LTOLPO00 and 
coated electrodes LTOLPO10, LTOLPO20 and LTOLPO40 
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Fig. 2  SEM images of pristine electrode LTOLPO00 (a) and 
coated electrodes LTOLPO10 (b), LTOLPO20 (c), and 
LTOLPO40 (d) 

 

2.2  Electrochemical performance 
The first two discharge-charge curves of LTOLPO00 

and LTOLPO20 at the current of 35 mA·g–1 are given in 
Fig. 3(a, c), separately. Checking the discharge profiles, 
the plateau at about 1.54 V indicates the coexist of spinel 
Li8a[Li1/3Ti5/3]16d[O4]32e phase and rock-salt 
[Li2]16c[Li1/3Ti5/3]16d[O4]32e phase[11]. It should be noticed 
that, compared with pristine Li4Ti5O12 electrode, the 
platform of the amorphous phosphate coated electrode is 
longer. The initial discharge capacity of LTOLPO20 at 
1 V is 191 mAh·g–1, which is a little higher than the 
theoretical capacity and that of pristine Li4Ti5O12 elec-
trode (171 mAh·g–1). Similar results were observed in 
amorphous phosphate coated LiFePO4

[12] and Ni-rich 
LiNi0.6Co0.2Mn0.2O2

[13]. For Li4Ti5O12, the electroche-
mical performance for single crystal epitaxial film of 
Li4Ti5O12 (111) and Li4Ti5O12 (110) reported by Kanno 
and his group[14] indicate that Li+ insertion/ extraction 
mechanism alters with the lattice plane. The capacity of 
single crystal epitaxial film of Li4Ti5O12 (111) is much 
higher than that of Li4Ti5O12 (110), resulting in the 
prolonged plateau as well. The extended platform and the 
enlarged capacity could be contributed to the mainte-
nance of the integrity of the surface structure most likely 
detected by HRTEM, especially for Li4Ti5O12 (111), to 
which the strongest peak in XRD patterns is ascribed[15]. 
A little plateau can be distinguished in the first discharge 
profiles at around 0.7 V and disappears in the second 
discharge profiles, which is mainly contributed to the 
initial formation of the SEI film on the acetylene black 
particles[16]. The capacity under 0.6 V is then attributed to 
further lithiations of rock-salt [Li2]16c[Li1/3Ti5/3]16d[O4]32e phase 
to quasi-rock-salt phase [Li2/3]8a[Li2]16c[Li1/3Ti5/3]16d[O4]32e, 

in which 8a sites are also occupied. The discharge 
capacity discrepancy of the first cycle might be aroused 
by the different amount of SEI film, which partially 
indicates the role of amorphous phosphate coating layer 
as artificial SEI film. The voltage curves at the current 
density of 175 mA·g–1 are also shown in Fig. 3(d). An 
evident extension is observed for the plateau at around 
0.57 V under high current density for LTOLPO20, which 
gives another proof for the key role of amorphous Li3PO4 
in protecting Li4Ti5O12 (111) plain and ensuring an easy 
Li+ insertion/extraction at low potential. 

Fig. 3(b, d) exhibit the plots of differential capacities 
versus the voltages. The reduction peaks located at 1.53 
and 1.54 V, respectively, in the first cycle for LTOLPO20 
and LTOLPO00, which shift to 1.52 V in the second 
cycle. As for the oxidation peaks, an unchanged voltage 
(1.60 V) is detected for LTOLPO20. On the contrary, a 
small shift from 1.61 to 1.62 V can be distinguished for 
LTOLPO00. It can be concluded that the polarization of 
LTOLPO00 tends to intensify even in the first two cycles, 
which is another sign of the preliminary formation of 
passivated surface layer[17] as well as consumed larger 
amount of lithium ions. This result agrees with the 
instability of the SEI films formed on the particle surface 
of Li4Ti5O12 depicted in the literature[18]. The polarization 
further enhanced with the increase of the current density. 
The sharp redox peaks of LTOLPO20 at 175 mA·g–1 
indicate structure stability for amorphous Li3PO4 coated 
electrodes. An evident reduction peak located at 0.57 V 
indicates that the amorphous Li3PO4 coating layer 
facilitates the phase transformation from rock-salt 
[Li2]16c[Li1/3Ti5/3]16d[O4]32e phase to quasi-rock-salt 
Li8a[Li2]16c[Li1/3Ti5/3]16d[O4]32e phase. In contrast, the 
oxidation peak of LTOLPO00 at 175 mA·g–1 is 
broadened due to the nanoscale distributed solid solution 
of Li4Ti5O12 and Li7Ti5O12

[19]. 
The rate performances of the pristine and coated elec-

trodes exhibit in Fig. 4(a). All of the coated electrodes 
behave better than the pristine electrode. LTOLPO20 is 
the best among them. The discharge capacities for 
LTOLPO20 are 265, 223, 207, 196, 179 and 151 mAh·g–1, 
respectively, when discharge-charged at the current 
density of 35, 88, 175, 350, 875 and 1750 mA·g–1. When 
the discharge-charge current density is set back to 
35 mA·g–1, reversible capacity retains 238 mAh·g–1, 
comparable to the 10th discharge capacity at the same 
current rate. The improved rate performance is attributed 
to the coverage of the amorphous layer which can pre-
vent the formation of SEI film on the interface of lithium 
phosphate and the particles of active material/acetylene 
black. The SEM images shown in Fig. S3 demonstrates 
that the primary electrode is wrapped with a thick coating  
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Fig. 3  (a, c) First two discharge-charge curves at 35 mA·g–1, 22nd discharge-charge curve at 175 mA·g–1 and (b, d) the 
corresponding differential capacity plots of (a, b) pristine electrode LTOLPO00 and (c, d) coated electrode LTOLPO20 

 

 
 

Fig. 4  (a) Rate performance and (b) long cycle performance of LTOLPO00-LTOLPO40 

 
material (SEI film), while the surface of the modified 
electrode maintains clear after galvanostatic discharge- 
charge tests (100 times). A resultant smooth path is thus 
reserved for electronic transfer[20]. Another non-ignorable 
reason is that the inter-cross conducting network formed 
on the active material particles can alleviate the impact 
of anisotropy in Li+ insertion/extraction process in 
Li4Ti5O12

[18]. The protection of the particle surface from 
phase transformation also possibly contributes to elevated 
rate performance, which favors a safe exposure of (111) 
plane to electrolyte and ensure the fast Li+ insertion/ 
extraction under the potential of 1 V. Thereafter, the 
current density is set to 88 mA·g–1 to test the long cycle 
performance (Fig. 4(b)). The capacity of all coated 
electrodes increased slowly with the cycles, and then 
achieved a stable value. The stable capacity of LTOLPO20 

reaches 238 mAh·g–1, a little higher than that obtains at 
the 70th cycle when the discharge-charge current density 
is 35 mA·g–1 shown in Fig. 4(a). The trend is the same 
for Li4Ti5O12 electrodes sputtered for 60 min (Fig. S4). 
The capacity experiences a sustained increase when the 
cell is discharge-charged at a current density of 
88 mA·g–1 until it reaches the initial reversible capacity 
(discharge-charged at 35 mA·g–1) in the first 500 cycles. 
The slow but sustained increase of capacity gives a hint 
of the improvement of conductivity for the amorphous 
Li3PO4 coating layer after possible accommodation of 
dissolved titanium, which has been systematically 
reported[21]. On the contrary, a few stages of sharp 
capacity decline detecting for LTOLPO00 indicate the 
active material is partially peeled from the current coll-
ector or other particles, resulting in electrode degradation. 
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It should be remarked that the capacities decrease slowly 
within initial few cycles, then become stable prior to 10 
cycles for all of the samples, which is attributed to the 
gradual formation of SEI film[22]. 

The comparison of XRD diffraction and Raman spe-
ctra between the as-prepared electrodes and the electr-
odes after 100 electrochemical cycles are collected in 
Fig. 5. No obvious peak shift and impurity peaks are 
detected in XRD patterns (Fig. 5(a)) for both pristine and 
coated electrodes, demonstrating the intrinsic stability of 
the general structure of Li4Ti5O12, which agrees with the 
literature[23]. Checking the Raman spectra shown in 
Fig. 5(b), the peaks of the pristine and coated electrodes 
match very well before and after electrochemical cycling. 
The inserted spectra illustrates the unchanged peak 
position at 233 cm–1. The result is in good agreement 
with the XRD data. The slightly intensified fluorescence 
background of LTOLPO20 is supposed to arise from the 
amorphous Li3PO4 layer. Compared with the as-prepared 
electrodes, the fluorescence background increases after 
100 cycles, demonstrating the possible amorphous 
material introduced in discharge-charge process. It is 
noticeable that the fluorescence background of the bared 
electrode cycled for 100 times becomes much stronger, 
partially indicating that a mass of amorphous material 
formed in electrochemical cycles. The SEI film is 

supposed to be the main ingredient of amorphous 
material, which leads to the large polarization and the 
inevitable capacity degradation of the pristine electrode. 
On the contrary, the milder SEI film of LTOLPO20 
guarantees excellent rate performance and cycle stability. 

To further understand the role of the amorphous 
Li3PO4 coating layer in the electrochemical performance, 
the AC impedance spectra of the pristine LTO and the 
coated electrodes tested after electrochemically cycling 
for 10 and 100 times are shown in Fig. 6. The inset 
equivalent circuits are employed to fit the EIS plots[24]. 
Rs is the combined resistance of the electrolyte, separator 
and ohmic contact. For pristine electrode, the EIS plots 
of the selected cycles are composed of two overlapped 
semicircles from high to medium frequency. The 
intercepts of the first semicircle (Rf1) and CPE1 are 
related to the resistance and capacity of the SEI film that 
unavoidably formed when discharged to a low potential 
of 0.01 V. The intercept of the second semicircle (Rct) 
and CPE3 reflects the charge transfer resistance on the 
surface of the active material and the corresponding 
double layer capacitance. Judging from the fitted data 
listed in Table 1, both Rf1 and Rct of LTOLPO00 
increased dramatically, demonstrating that the SEI film 
on the particle surface of active material and acetylene 
black made huge impact on the electrochemical activity.  

 

 
 

Fig. 5  XRD patterns and (b) Raman spectra of LTOLPO00 and LTOLPO20 before and after discharge-charge  
tests with inset in (b) showing magnification of Raman shift at 233 cm–1 

 

 
 

Fig. 6  EIS plots and the fitted data of (a) LTOLPO00 and (b) LTOLPO20 after discharge-charged for 10 and  
100 cycles with insets showing the corresponding equivalent circuits 
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Table 1  Fitted data for EIS plots of LTOLPO00 and 
LTOLPO20 at given cycles 

Sample Cycle No. Rs/Ω Rf1/Ω Rf2/Ω Rct/Ω

LTOLPO00 10 5 15 – 86 

LTOLPO20 10 5 21 180 54 

LTOLPO00 100 5 364 – 1019 

LTOLPO20 100 7 25 146 216 
 

The phenomenon is in accordance with the information 
collected by Raman spectra. The results of LTOLPO20 
are quite different. The most prominent discrepancy is 
the additional semicircle in EIS plots of LTOLPO20, 
declaring the existence of the amorphous coating layer. 
The decrease of Rf2 is attributed to the possible diffusion 
of Ti4+ into the thin layer and results in the gradually 
increased capacity. The resistance of the SEI film 
remains stable when further discharge-charged charging 
from 10 to 100 times, although a milder increase is 
detected for Rct. The improvement of Rf1 can be induced 
by the artificial SEI film (the amorphous Li3PO4 coating 
layer), which protects the particles of the active material 
and acetylene black from direct contact with the elec-
trolyte. At the same time, a good conductivity network is 
formed. Distinguished from the mechanism of Rf1, the 
promotion of Rct boils partly down to the integrity of the 
particle surface of Li4Ti5O12 and alleviation of the 
anisotropy in Li+ insertion/extraction process. 

In general, all of the outstanding electrochemical 
performances achieved by electrode coating is contri-
buted by the follows: firstly, the coating layer forms a 
good ionic conducting network and alleviates the pos-
sible impact of anisotropy of Li+ diffusion, which redu-
ces polarization and results in better rate performance; 
secondly, the coating layer protects most particles of 
Li4Ti5O12 and acetylene black from being separated by 
SEI film unavoidably formed at a low potential of 0.01 V, 
which can undoubtedly maintain the integrity of an ele-
ctronic passage; thirdly, the amorphous Li3PO4 can acco-
mmodate numerous transition metal ions accompanied 
with enhanced electronic conductivity, which is sugge-
sted to be the possible reason for the gradually increasing 
capacity during the long cycle tests. 

3  Conclusion 

Traditionally fabricated Li4Ti5O12 electrodes were 
coated with amorphous Li3PO4 by RF magnetron 
sputtering. The electrodes covered by amorphous thin 
films show a very smooth surface. At 20 min of depo-
sition, the electrodes show a maximum improvement of 
the rate capability and cycle stability. The capacity 
remains a high level of 151 mAh·g–1 when discharge- 

charged at 1750 mA·g–1. A high capacity of 238 mAh·g–1 
is achieved after discharge-charged at 88 mA·g–1 for 
more than 200 cycles. The milder Rct increase of the 
modified electrodes during charge-discharge process 
demonstrates that the amorphous Li3PO4 coating layer is 
very effective in maintaining the integrity of the elec-
trode structure, enhancing the stability of the solid ele-
ctrolyte interface and promoting the conducting network 
among the particles. The magnetron sputtering is an 
effective approach for surface coatings of electrodes, and 
using Li3PO4 as a coating layer can be broadened to other 
electrode materials. 

Supporting materials 

Supporting materials related to this article can be 
found at https://doi.org/10.15541/jim20200576. 
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非晶态磷酸锂包覆钛酸锂电极在 

0.01~3.00 V 电压范围的性能研究 

王 影 1, 张文龙 1, 邢彦锋 1, 曹苏群 2, 戴新义 3, 李晶泽 4 
(1. 上海工程技术大学 机械与汽车工程学院, 上海 201620; 2. 淮阴工学院 电子信息工程学院, 淮安 223003; 

3. 贵州大学 材料与冶金学院, 贵阳 550025; 4. 电子科技大学 微电子学与固体电子学院, 成都 610054) 

摘 要: 长期以来, 表面包覆一直是改善锂离子电池电极材料电化学性能的有效手段。本研究采用磁控溅射法将非

晶态磷酸锂包覆在 Li4Ti5O12电极片表面, 修饰后电极表面光滑, 形成了均匀的非晶态磷酸锂包覆层。在 0.01–3.00 V

电压范围的充放电测试结果显示, 该包覆层可显著改善电极的倍率性能和循环性能。当充放电电流密度分别为 35

和 1750 mA·g–1 时, 电池容量可以达到 265 和 151 mAh·g–1, 远高于未包覆电池的 240 和 22 mAh·g–1, 并以 88 mA·g–1

的电流密度进一步充放电 200 个循环后, 仍保留了 238 mAh·g–1 的高可逆容量。这是由于非晶态磷酸锂包覆层可稳

定电解质界面, 保持粒子间电子通道的完整性, 并在电极表面形成交联离子导电网络, 使得改性电极的倍率性能

和循环稳定性显著提高。 
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Fig. S1  FT-IR absorption spectra of Li3PO4 sputtered on copper 
foil for 60 min 
 

The spectrum reveals the following characteristics. 
The bands in the range 420–570 cm–1 are related to the 
bending modes of the (PO4)

3– anion[1]. The stretching 
bands of (PO4)

3– range from 800 to 1200 cm–1. The 
prominent band at 867 cm–1 is attributed to symmetric 
stretching modes[2]. A broad and intense band centered at 
about 1470 cm–1 with three attached kinks at 1420, 1460 
and 1520 cm–1 commendably agrees with the FT-IR 
absorption spectrum of the amorphous lithium phosphate 
reported by ELBATAL, et al[3]. 

 
 

Fig. S2  EDS result of Li4Ti5O12 electrode sputtered for 40 min 
(LTOLPO40) 

 

 
 

Fig. S3  SEM images of (a)primary electrode and (b)Li3PO4 
modified electrode (LTOLPO40) after being cycled for 100 
times 

 

 
 

Fig. S4  Cycle performance and galvanostatic discharge-charge test profiles of LTOLPO60 
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