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A highly reversible, low-strain Mg-ion insertion anode
material for rechargeable Mg-ion batteries

Na Wu1, Ying-Chun Lyu2, Rui-Juan Xiao2, Xiqian Yu3, Ya-Xia Yin1, Xiao-Qing Yang3, Hong Li2,
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Rechargeable magnesium (Mg) batteries have been attracting increasing attention recently because of the abundance of the raw

material, their relatively low price and their good safety characteristics. However, rechargeable Mg batteries are still in their

infancy. Therefore, alternate Mg-ion insertion anode materials are highly desirable to ultimately mass-produce rechargeable Mg

batteries. In this study, we introduce the spinel Li4Ti5O12 as an Mg-ion insertion-type anode material with a high reversible

capacity of 175mAh g�1. This material possesses a low-strain characteristic, resulting in an excellent long-term cycle life. The

proposed Mg-storage mechanism, including phase separation and transition reaction, is evaluated using advanced atomic scale

scanning transmission electron microscopy techniques. This unusual Mg storage mechanism has rarely been reported for ion

insertion-type electrode materials for rechargeable batteries. Our findings offer more options for the development of Mg-ion

insertion materials for long-life rechargeable Mg batteries.
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INTRODUCTION

With growing concern about the environment, climate change and a
sustainable energy supply, studies have been focused on the develop-
ment of green energy storage systems with high volumetric energy
density, low price and improved safety. Compared to lithium battery
systems,1–6 rechargeable magnesium (Mg) batteries are considered to
be a prospective candidate for reversible energy storage because of the
great abundance of Mg resources, better chemical stability of metallic
Mg in humid and oxygen-containing environments and higher
volumetric capacity.7–9 In particular, the increasing attention to
rechargeable Mg batteries is due to the pioneering work of
Aurbach’s group.10–14 Some progress has been achieved toward
designing electrode materials10,15–24 and electrolytes25–29 for
rechargeable Mg batteries. Nevertheless, rechargeable Mg batteries
are still in their infancy. Therefore, alternative Mg-ion insertion anode
materials are highly desirable to ultimately mass-produce rechargeable
Mg-ion batteries. Recently, we have discovered the feasibility of
utilizing spinel Li4Ti5O12, which is well known as a ‘zero-strain’
anode material for long-life stationary lithium-ion batteries, as an
anode material for rechargeable Mg batteries. In this work, we further
show that spinel Li4Ti5O12 nanoparticles (LTO NPs) can exhibit
excellent Mg storage performance under optimized conditions for
rechargeable Mg batteries. This material shows a high reversible
capacity of B175 mA h g�1 and superior cycling performance. By
using an advanced atomic resolution scanning transmission electron

microscopy (STEM) technique and inductively coupled-plasma
atomic emission spectroscopy, it was found that this material
exhibits an insertion-type Mg-ion storage capability through the
gradual replacement of Li ions by Mg ions. This Mg insertion
consequently transforms the LTO into spinel magnesium titanate.
This mechanism is different from the classical Liþ /Naþ insertion/
extraction mechanism in LTO.30–35 Furthermore, the most desirable
property of this material is that after the initial activation the volume
change during the Mg-ion insertion and extraction is only B0.8%,
which shows the ‘zero-strain’ characteristics, thereby ensuring a long
cycle life, as demonstrated by a good capacity retention of 495%
after 500 cycles. Our finding is a new mechanism of Mg-ion storage in
the LTO host lattice and offers an alternative Mg-ion insertion
material for rechargeable Mg ion batteries.

MATERIALS AND METHODS
The LTO NPs were prepared by a facile sol–gel process. Li metal (4 mM) was

dissolved in 50 ml of ethanol, forming a lithium ethoxide solution at ambient

temperature. Pluronic F-127 (0.5 g) (Sigma-Aldrich Co. LLC., St Louis, MO,

USA) was ultrasonically dissolved in the lithium ethoxide solution. Then, 5 mM

of tetrabutyl titanate was thoroughly mixed in the solution. The solution

(defined as A-solution) was mixed completely using a magnetic stirrer in a

closed container placed in a dry environment for B6 h to avoid hydrolysis of

tetrabutyl titanate with moisture. The A-solution turned into a more viscous

pale brown solution (defined as B-solution) when heated at 40 1C in a rotary
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evaporator. A small amount of ethanol/water (v:v¼ 1:1) mixed solution was

spread on the bottom of the culture dish, then the B-solution was poured into

the culture dish and dried in an oven at 100 1C overnight. The light yellow

power deposited at the bottom of the reactor was collected and heated at

400 1C for 10 h in a muffle furnace in air.

See the Supplementary Information for the detailed preparation methods of

the Mg batteries and the structural and electrochemical characterization

methods.

RESULTS AND DISCUSSION

Phase-pure LTO NPs were obtained by a facile sol–gel process, as
confirmed by the X-ray diffraction (XRD) pattern of the as-prepared
material (Supplementary Figure S1), with well-indexed peaks for the
spinel LTO (JCPDS Card No. 49-0207, space group Fd3m (227)). The
electrochemical performance of the LTO NPs with an average particle
size of 7–8 nm (Supplementary Figure S2) in rechargeable Mg
batteries is shown in Figure 1. There is an activation process during
the initial charging–discharging process, and the polarization
decreases in the subsequent cycles (Figure 1a). The reversible capacity
progressively increases during the first few cycles and ultimately
reaches a stable maximum value of 175 mA h g�1 in the 15th cycle.

Note that the irreversible capacity is present only for the first few
cycles, as nearly 100% Coulombic efficiency was obtained in the
subsequent cycles. The irreversible capacity loss might have been
caused by the formation of the solid electrolyte interphase layer
(Supplementary Figure S3) when discharged to a lower voltage. On
comparing the charge–discharge curves before and after the 15th cycle
(Figures 1a and 1b), it was found that the typical electrochemical
behavior of the cell, with a significant plateau (Figure 1a), gradually
changes to a sloped discharge–charge voltage curve (Figure 1b),
indicating that a complex reaction occurs during the Mg2þ insertion
and extraction, which is different from the changes in Liþ /Naþ

storage in LTO. Figure 1c shows that the reversible capacity becomes
lower at high current rates than at low current rates, implying that Mg
diffusion in the host has relatively sluggish kinetics,15–18 which are
related to the high polarizing power of a divalent Mg cation and
further proven by the fact that larger LTO NPs (e.g., 15–20 nm)
deliver a much lower specific capacity (Supplementary Figure S4)
than the LTO NPs in this work (ca. 7–8 nm). In addition, LTO NPs
exhibit excellent cycling stability at various current densities
(Figure 1d; Supplementary Figure S5). Under 300 mA g�1, 495%
of the maximum stable capacity was maintained after 500 cycles, and

Figure 1 Charge–discharge characteristics of LTO electrodes in rechargeable Mg batteries (a, b). Typical galvanostatic discharge–charge voltage profiles of

the cell cycled before (a) and after (b) 15 cycles at a current density of 15mA g�1. (c) Comparison of the rate capabilities of the cell cycled at different

current densities. (d) Cycling performance of the cells using LTO electrodes cycled at a current density of 300 mAg�1.
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the average Coulombic efficiency was close to 100%. Such
good cycling properties imply that LTO NPs might be a very
attractive intercalated anode material for rechargeable Mg-ion
batteries.

The steady-state cyclic voltammograms (CVs) of Mg insertion/
extraction into the LTO electrodes were obtained to study the Mg
storage mechanism (Supplementary Figure S6). When the electrodes
were discharged from an open circuit voltage to 0 V, a peak at B1.1 V
appears in the first cycle and disappears in the subsequent cycles
(Supplementary Figure S6a), which might be caused by electrolyte
decomposition at the electrode surfaces, corresponding to the initial
capacity loss in Figure 1a. Another peak centered at 0.6 V is observed
in the initial reduction process. This reduction peak can be ascribed to
the Mg insertion into the LTO electrode. When the cell is charged
from 0 to 1.85 V in the first cycle, Li ions are detected in the
electrolyte, which suggests that some of the Li ions are released from
the LTO electrode with the extraction of the Mg ions. Two main
anodic peaks, at 0.8 and 1.7 V, appear in the subsequent oxidation
process. From the second reduction process, a new small reduction
peak appears at 0.4 V, following the main reduction peak at 0.7 V. To
check which redox peaks are associated with the insertion/extraction
of the Li ions, we performed CV tests on the LTO/Mg cell with 0.25 M

LiCl-Mg(AlCl2BuEt2)2/THF (Supplementary Figure S6c). From
Supplementary Figure S6c, we can see clearly that when LiCl was
added to the electrolyte the oxidation peak is centered at 0.8 V and
that the new small reduction peak at 0.4 V increases sharply, whereas
the oxidation peak at 1.7 V and the reduction peak at 0.7 V are almost
unchanged. The significantly increased intensity of the redox peaks
suggests that Li insertion and extraction in the LTO/Mg system occur
at 0.4 and 0.8 V, respectively. The increasing content of Li in the
electrolyte in the activation process indicates that Liþ ions released
from the electrode in the charging process do not return to the
electrode during the discharging process. This assumption is con-
firmed by the disappearance of the new small reduction peak at 0.4 V
in the subsequent discharging process (Supplementary Figure S7a).
Given that the intensity of the main oxidation peak at 1.7 V and the
reduction peak at 0.7 V are negligibly affected by adding LiCl to the
electrolyte (Supplementary Figure S6c), this pair of redox peaks can
be ascribed solely to the extraction/insertion of Mg ions. Based on
these results, we assume the Mg-ion extraction from LTO NPs has a
two-stage process. The first stage of the Mg-ion extraction is at 0.8 V,
accompanying the co-extraction of the Li ions from LTO NPs, and the
second stage of the Mg-ion extraction is at B1.7 V. This hypothesis
was confirmed by altering the voltage range of the CV test from
0–1.85 V to 0–1.2 V (Supplementary Figure S6b). When the measured
voltage range changed from 0–1.2 V (for the initial three cycles) to 0–
1.85 V (for the fourth cycle), the main anodic peak at B1.7 V
(Supplementary Figure S6b) appears sharply, and the intensity of the
peak is almost as high as the fourth cycle (Supplementary Figure S6a).
This finding indicates that the Mg ions in the second stage have been
accumulating before the voltage reaches 1.5 V. The increasing intensity
of anodic peaks after the initial cycles is consistent with the activation
process of LTO, as shown in Figure 1a. The above phenomenon can
be observed more clearly in CV tests of the cells using LTO electrode
materials with an average particle size of 15–20 nm (Supplementary
Figure S7). The ICP results show the chemical composition of the
electrode material after 100 charge–discharge cycles for three different
states: Mg4LiTi5O12 (abbr. Mg4Li, fully intercalated state), Mg3.25Li-
Ti5O12 (abbr. Mg3.25Li, intermediate-deintercalated state), and
Mg2.5LiTi5O12 (abbr. Mg2.5Li, fully deintercalated state). (Detailed
analysis is shown in the ICP experimental section.)

To further understand the features of Mg storage in LTO, in situ
and ex situ XRD tests were performed (Figure 2). Both the in situ
synchrotron XRD (Figure 2a) and ex situ XRD results (Figure 2b)
show that the peak intensities of the cycled electrode increase slightly,
but no pronounced peak shifts or new Bragg reflections were
observed. It is well known that there is no obvious change in the
XRD pattern during Liþ insertion/extraction in LTO, which is the
‘zero-strain’ characteristic of Li insertion.30–33 The reason that no
obvious new peaks were captured during the Mg2þ insertion/
extraction in the LTO might be attributed to the very closed ionic
radii of the Mg ion (0.062 nm) and Li ion (0.068 nm). We believe that
the excellent cycling stability of LTO in a Mg battery could benefit
from the small volume changes during the charging–discharging
process.

A density functional theory calculation was performed to study the
change in the lattice parameters during Mg insertion–extraction.
Figure 3 shows the configurations with the lowest total energy that we
observed for Mg4Li and Mg2.5Li, and the corresponding lattice
constants for these configurations are listed in Table 1. The change
in the lattice parameter of the charge–discharge products with
reference to the initial state of the LTO was o2.1%. After the initial
activation, the insertion–extraction of Mg2þ occurred reversibly
between Mg4Li and Mg2.5Li, which resulted in a change in the lattice
constant for this process of only B0.8%. The results indicate that the
‘zero-strain’ characteristic of this material is preserved not only as an
anode for the Li-ion battery but also for the Mg-ion battery.

Because the XRD is insensitive to subtle structural changes owing
to the ‘zero-strain’ characteristic of LTO during Mg2þ insertion–
extraction, STEM techniques were carried out to further study the
complex chemical reactions during the Mg2þ insertion and extrac-
tion. Figures 4a and b show the LTO (abbr. Li4) lattice and the
corresponding HAADF and ABF STEM images viewed along the
[110] direction, respectively. By comparing the repeat unit in
Figure 4b with Figure 4a, the 32e oxygen sites and 16d titanium sites
can be clearly seen in the HAADF image. Because Li4 and Li7Ti5O12

(abbr. Li7) have an almost identical [Ti5Li]16dO12 host, they are nearly
indistinguishable in the HAADF images because there is no contrast
in the Li columns. However, in the ABF images and corresponding
line profiles, the Li contrasts can be identified by the 8a (Figure 4b)
and 16c sites (Figure 4c) for Li4 and Li7, respectively. After the Li4
electrode was discharged to 0 V in the first cycle, the Li7 phases
(Figure 4c) and a new phase (Figure 4d), which is distinguishable
from both the Li4 and Li7 phases, are observed at the same time. In
the new phase, a significant contrast is observed at the 16c site
(Figure 4d), meaning that atoms with a large atomic number, Z,
emerged at the 16c sites, and the corresponding line profile gives a
much clearer picture of the Mg2þ position. Hence it is reasonable to
conclude that Mg2þ occupies the 16c sites after Mg insertion. These
observations preliminarily confirm that the Mg insertion process is
analogous to the Li insertion process. However, in the initial charged
samples, Mg ions are clearly observed at both the 8a and 16c sites in
the HAADF/ABF image of the initial half-charged (Figure 4e) and
fully charged (Figure 4f) samples.

We also investigated the samples at different charge–discharge
states after 100 cycles by using the STEM technique (Supplementary
Figure S8). In the fully discharged sample, a single phase with Mg ions
occupying the 16c sites was observed (Supplementary Figures S8a–c).
A different homogeneous phase, with Mg2þ at both the 8a and 16c
sites (Supplementary Figures S8g–i), was observed in the fully charged
sample. By contrast, in the half-charged sample, two phases with
Mg2þ at different sites are identified (Supplementary Figures S8d–f).
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Neither Li4 nor Li7 was observed in the samples. These results imply
that the Mg storage mechanism in LTO is different from the classical
Liþ /Naþ storage mechanism in LTO.

Based on the above analysis, we propose a possible Mg storage
mechanism in a small LTO nanoparticle, as shown in Figure 5.
Electrochemical measurements show that Mg ions can indeed be
inserted into LTO (Supplementary Figures S6 and S7), whereas
elemental analysis of the electrolyte and the counter electrode
indicates that no lithium was released during the first cycle of
discharging. Thus, Mg2þ insertion is expected to be analogous to
the insertion process of Liþ /Naþ .30–35 At the beginning of the first
Mg insertion process, Mg ions are more likely to occupy the 16c sites

of the Li4 phase (where the Li16d ions are nearly fixed) to form the
Mg4Li phase. At the same time, the Li8a ions, accompanying the other
Li ions in the 8a sites of the nearest-neighbor Li4 phase, are pushed by
Mg2þ to the 16c sites of the nearest-neighbor Li4 phase to form the
new Li7 phase. Consequently, two new phases (Mg4Li and Li7) are
created (Figure 5a), as confirmed by the STEM techniques (Figures 4c
and d). With further discharge, Mg insertion will take place on the
Mg4Li/Li7 boundary and simultaneously push the Li16c ions from the
newly formed Li7 phase into the nearby Li4 phase to grow more of
the Li7 phase. In an ideal equilibrium situation, only the Li7 and
Mg4Li phases coexist in the electrode at the end of the first discharge.
The direct observation of the three-phase coexistence interface
(Mg4Li/Li7 and Li7/Li4, Supplementary Figure S9) agrees well with
the completion of the initial insertion process. The reactions of the
insertion process in the 1st cycle can be defined as shown in
equation (1) (&: vacancy):

2 Li3½ �8a
&16c Ti5Li½ �16dO12 þ 4Mg2þ þ 8e�

! &8a Mg4½ �16c Ti5Li½ �16dO12 þ&8a Li6½ �16c Ti5Li½ �16dO12 ð1Þ

In the subsequent Mg extraction process (Figure 5b), for the Mg4Li
phase, a portion of the Mg16c ions are extracted while some Mg ions

Figure 2 XRD patterns: (a) in situ XRD patterns collected during the first discharge–charge of the LTO/Mg cell under a current rate of C/10 at a voltage

between 0 and 1.85 V; and (b) ex situ XRD patterns of the LTO electrode at different charged–discharged states where (i) the mixture of super-P/PVDF was

used to prepare the working electrode and a Kapton film was used to cover the electrode; (ii) the as-prepared electrode; (iii) the electrode at the 100th fully

discharged state; (iv) the electrode at the 100th half-charged state; and (v) the electrode at the 100th fully charged state.

Figure 3 The most stable cell for (a) Mg4Li and (b) Mg2.5Li among the calculated top 30 configurations with low electrostatic interaction energy.

The green, orange, blue and red bullets indicate Li, Mg, Ti and O atoms, respectively.

Table 1 The optimized lattice constant for LTO, Li7 and Mg4Li, and

Mg2.5Li

Phase Li4 Li7 Mg4Li Mg2.5Li

a (Å) 8.506 8.52 8.679 8.605

Da (%) — 0.19 2.03 1.16

The percentage change of the lattice constant Da (%) refers to the lattice parameter of LTO.
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Figure 4 (a) Schematic lattice of spinel Li4 viewed from the [110] zone axis, where the Ti, O, Li (8a-sites) and Li (16c-sites) columns are highlighted with

light blue, red, green and yellow, respectively. (b) HAADF, ABF images and ABF line profile for Li4 phase. (c) The sample at the first fully discharged state

with the Li7 phase and (d) Mg4Li phase. (e) The sample at the first half-charged state and (f) the sample at the first fully charged state. Note that the

image contrast of the dark dots is inverted and displayed as peaks in the ABF line profile. Scale bar equals 0.5 nm.

Figure 5 (a) The 1st cycle of the discharging and (b) charging processes in the Mg battery. (c) The discharge–charge processes after activation had finished

in the Mg battery. Directions of phase boundary movement are marked by colored arrows.
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fill the 8a sites, forming the Mg3.25Li phase. The transformation from
the Mg4Li to the Mg3.25Li phase is similar to the reaction from Li7 to
Li4.29,31 However, for the Li7 phase, the Li16c ions are extracted but
cannot fill the 8a sites. Then, Mg ions instead of Li ions fill the 8a sites
and 16c sites, forming the Mg3Li phase. As the charging voltage
increases, some Mg8a ions in both the Mg3.25Li and Mg3Li phases
begin to be extracted, and these two Mg-‘rich’ phases (Mg3.25Li and
Mg3Li) are transformed to a phase containing less Mg (Mg2.5Li) at
the end of the charging process. The above charging process during
the first cycle could be defined as in Equation (2) and Equation (3),
respectively:

&8a½Mg4�16c Ti5Li½ �16dO12 ! Mg3:25� x

� �
8a Mgx
� �

16c Ti5Li½ �16dO12

þ 0:75Mg2þ þ 1:5e� half-deintercalated state; 0oxo2:5ð Þ
! Mg2:5� x

� �
8a Mgx
� �

16c Ti5Li½ �16dO12 þ 1:5Mg2þ þ 3e�

ðfully deintercalated state; 0oxo2:5Þ

ð2Þ

&8a Li6½ �16c Ti5Li½ �16dO12 þ 3Mg2þ ! 6Liþ þ Mg3� x

� �8a

Mgx
� �16c

Ti5Li½ �16dO12 half-deintercalated state; 0oxo2:5ð Þ
! 6Liþ þ 0:5Mg2þ þ e� þ ½Mg2:5� x

8a
� �

Mgx
16c
� �

Ti5Li�16dO12

ðfully deintercalated state; 0oxo2:5Þ

ð3Þ

It is clear that the irreversible transformation of Li7 into spinel
magnesium titanate starts from the early stage of the charging process.
This irreversible phase transformation process corresponds to the
activation process of the electrode material. Only spinel magnesium
titanates (Mg4Li, Mg3.25Li and Mg2.5Li) are obtained in the electrodes
after the initial activation. Then, a clearly different electrochemical
reaction takes place in the subsequent process (Figure 5c). The
as-formed Mg4Li and Mg2.5Li phases serve as the active material to
insert–extract Mg2þ in a highly reversible fashion after the activation
process. The specific reactions are defined in equation (4):

&8a Mg4½ �16c Ti5Li½ �16dO12 $ Mg3:25� x

� �
8a Mgx
� �

16c Ti5Li½ �16dO12

þ 0:75Mg2þ þ 1:5e� half-deintercalated state; 0oxo2:5ð Þ
$ Mg2:5� x

� �
8a Mgx
� �

16c Ti5Li½ �16dO12 þ 1:5Mg2þ þ 3e�

ðfully deintercalated state; 0oxo2:5Þ

ð4Þ

XPS and EDX mapping analysis of the ex situ electrodes at different
charge/discharge states (Supplementary Figure S10) further confirm
the phase transition mechanism.

In conclusion, we have demonstrated that spinel LTO could be
utilized as a Mg2þ insertion-type anode material for a next-
generation Mg-ion battery and have proposed an unusual phase
separation and transition mechanism. The phase boundaries, as well
as the process of Mg2þ gradually extruding Liþ from the lattice, were
clearly visualized at the atomic scale. Moreover, this material can
deliver a high capacity of up to 175 mA h g�1, corresponding to 1.5
Mg per formula unit, and a long cycle life, as demonstrated by the
small capacity decay of 0.01% per cycle over 500 cycles. These
desirable properties are benefited from the low-strain characteristics
of LTO. Compared to the different strain behaviors of the insertion of
Li, Mg and Na, the current findings reinforce the idea that the
diameter of guest cations also plays an important role in maintaining
low or zero strain of the host lattice. In addition, the impressive Mg-
ion insertion properties of the nanosized LTO indicate remarkable
nanometer size effects towards Mg storage,36 which will trigger people
to reinvestigate materials that were thought to be electrochemically
inactive in bulk form due to poor kinetics, but that could present
improved Mg-ion insertion capability at the nanoscale.
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