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Synthesis, Structure Transformation, and Electrochemical
Properties of Li,MgSi as a Novel Anode for Li-lon Batteries

Yongfeng Liu, Ruijun Ma, Yanping He, Mingxia Gao, and Hongge Pan*

In this work, a novel hexagonal Li,MgSi anode is successfully prepared
through a hydrogen-driven chemical reaction technique. Electrochemical tests
indicate significantly improved cycling stability for the as-synthesized Li,MgSi
compared with that of Mg,Si. Ball-milling treatment induces a polymorphic
transformation of Li,MgSi from a hexagonal structure to a cubic structure,
suggesting that the cubic Li,MgSi is a metastable phase. The post-24-h-milled
Li,MgSi delivers a maximum capacity of 807.8 mAh g~', which is much higher
than that of pristine Li,MgSi. In particular, the post-24-h-milled Li,MgSi
retains 50% of its capacity after 100 cycles, which is superior to cycling sta-
bility of Mg,Si. XRD analyses correlated with CV measurements do not dem-
onstrate the dissociation of metallic Mg and/or Li-Mg alloy involved in the
lithiation of Mg;Si for the Li,MgSi anode, which contributes to the improved
lithium storage performance of the Li,MgSi anode. The findings presented in
this work are very useful for the design and synthesis of novel intermetallic

isolation of the active materials caused by
the expansion/contraction is believed to be
the most important reason for this degra-
dation in capacity.l'¥! Therefore, consider-
able efforts have been devoted to preparing
thin-film electrodes and Mg,Si/C compos-
ites for improving the electrochemical per-
formance of Mg,Si anodes.'>* However,
it has been observed that the diffraction
peaks of Mg emerge in the corresponding
XRD profile after the first delithiation pro-
cess and then accumulate upon cycling.
This phenomenon suggests that the
regeneration reaction of Mg,Si during del-
ithiation is not thoroughly completed.[! It
has also been reported that during lithia-
tion, the insertion of Li into Mg,Si occurs
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compounds for lithium storage as anode materials of Li-ion batteries.

1. Introduction

Li-ion batteries (LIBs) with high energy densities and high
power performances are the technology of choice for future
hybrid electric vehicles and renewable energy storage.!™
However, current commercialized graphite anodes have a low
capacity (372 mAh g™!) and poor rate capability, which cannot
meet the demand of high-performance battery systems.?! Inter-
metallic compounds have attracted intensive interest as prom-
ising candidate anodes due to their high capacities.’"1!] One
example is magnesium silicide (Mg,Si), which possesses a
highly specific capacity of 1370 mAh g}, corresponding to 3.9
Li per Mg,Si, and exhibits a favorable voltage profile. In addi-
tion, the constituent elements of Mg and Si are naturally abun-
dant and inexpensive.['213]

Unfortunately, Mg,Si electrodes show rapid capacity fading,
which prevents their use in practical applications. The electrical
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first, and Li,MgSi with a cubic fluorite-
type structure is then formed along with
the extraction of Mg from Mg,Si. Lastly,
Li,MgSi is converted to Li-Mg and Li-Si
alloys at low current densities and low potentials.'>1¢l There-
fore, the irreversible formation of metallic Mg and/or Li-Mg
alloy should also be responsible for the capacity degradation
of Mg,Si upon cycling. Further electronic energy calculations
regarding Li-intercalated Mg,Si and the formation of Li,MgSi
have revealed that retarding the generation of metallic Mg
would lead to an improvement in the reversibility of lithium
insertion/extraction into/from Mg,Si.'’! One proposed method
is to directly use Li,MgSi as an anode material, which can pre-
vent the dissociation of metallic Mg and/or Li-Mg alloy from
Mg,Si. Moreover, the pre-lithiated Li,MgSi is likely to reduce
the stress/strain during delithiation/lithiation, which is also
favorable for improving the cycling performance of the elec-
trodes. However, no attempt has been made to determine the
electrochemical properties of Li,MgSi as an anode material to
date because it is rather difficult to prepare high-purity Li,MgSi
by conventional melting techniques due to the large discrepan-
cies between the melting points of Si (1410 °C), Mg (649 °C),
and Li (180 °C).

Recently, we proposed a novel hydrogen-driven chemical reac-
tion (HDCR) method to prepare Li-Si and Mg-Si alloys.['81%]
By replacing the alkali and alkaline earth metals with the cor-
responding hydrides, the large difference in the melting points
of Si and the alkali/alkaline earth metals can be avoided, and
Mg,Si and Lij,Si; alloys with high purity have been success-
fully obtained. Herein, the newly developed HDCR technique
was employed to synthesize Li,MgSi. The results show that a
novel hexagonal Li,MgSi anode can be successfully synthesized
using the HDCR technique. The lithium insertion/extraction
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Figure 1. a) TPD curve and b) dehydrogenation curves of the 2LiH-MgH,-
Si sample.

behaviors of the as-prepared Li,MgSi anode materials were
investigated. Interestingly, a polymorphic transformation from
the hexagonal structure to the cubic structure was observed for
Li,MgSi after 2 h of ball milling. Moreover, the effects of ball-
milling duration on the particle sizes and electrochemical prop-
erties of the Li,MgSi electrodes were systematically elucidated,
and the lithium-storage mechanisms of the cubic Li,MgSi elec-
trodes were also discussed. Our findings are very useful for
the design and synthesis of novel intermetallic compounds for
lithium storage as anode materials of Li-ion batteries.

#MgH, 0Si

v LiH
+ New phase V Mg,Si v Li-Si
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2. Results and Discussion
2.1. Preparation of Li,MgSi

To determine an appropriate reaction temperature for the
preparation of Li,MgSi, the qualitative dehydrogenation
behavior of the 2LiH-MgH,-Si sample was first examined
by TPD. Figure 1a shows the TPD curve of the 2LiH-MgH,-
Si sample. The results show that more than three dehydro-
genation peaks occurred in the TPD profile as the as-milled
2LiH-MgH,-Si mixture was heated from room temperature
to 640 °C, indicating multistep dehydrogenation behavior.
Hydrogen release from the 2LiH-MgH,-Si mixture begins
sluggishly at =150 °C and terminates at =600 °C. Figure 1b
presents the dehydrogenation curves of the samples heated to
560, 580, 590, and 600 °C, respectively. For comparison, the
dehydrogenation amount was further plotted as a function of
heating time (see Figure S1, Supporting Information). It can
be observed that a total of =5.34 wt% hydrogen was released
for the as-prepared 2LiH-MgH,-Si mixture even at 560 °C. This
value is quite close to the theoretical hydrogen content in the
2LiH-MgH,-Si mixture (5.73 wt%), suggesting that the dehy-
drogenation reaction was completed.

Figure 2 shows the XRD patterns of 2LiH-MgH,-Si samples
before and after dehydrogenation. The characteristic reflections
of LiH, MgH, and Si were detected without additional peaks
in the XRD profile of the as-milled mixture, indicating that
the mixture mainly consisted of the three starting chemicals.
That is, the as-milled 2LiH-MgH),-Si sample was only a physical
mixture of LiH, MgH, and Si. After thermal dehydrogenation
at 560 °C, a new set of peaks dominated the XRD pattern along
with the disappearance of the peaks of LiH, MgH,, and Si,
revealing the formation of a new species. Moreover, the Mg,Si
phase was also identified from the diffraction
peaks at 26 values of 24.0°, 47.3°, 58.0°, and
72.4°, although their intensities were rather
weak. As the dehydrogenation temperature
was increased to 580 and 590 °C, only the
newly developed peaks were discernible and
the characteristic peaks of Mg,Si disappeared.
Because only hydrogen was removed from

600 °C

the mixture upon heating, the composition
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Figure 2. XRD patterns of 2LiH-MgH,-Si samples before and after dehydrogenation at different

temperatures. #: MgH,, 0: Si, V: LiH, &: new phase, V: Mg,Si, ¥: Li-Si.
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590 °C of the resulting solid-state product should
. be Li,MgSi. Further EDS analyses confirmed
580 °C that the Mg/Si atomic ratio was nearly 1:1
* . & (see Figure S2, Supporting Information).
Therefore, the chemical reaction process can
o be described as follows while heating the

560°C  JLiH-MgH,-Si mixture to 590 °C:

Ahe
As-milled mixture MgH, + 2LiH+Si — Li,MgSi + 2H, (1)
Q- 0

A= However, upon further elevating the
T 1 reaction temperature to 600 °C, the typical
70 90 giffraction peaks of Mg,Si reappeared with

considerable intensities. At the same time,
an additional Li,Si alloy phase was also
observed, although Li,MgSi remained the
primary phase in the XRD profile of the
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solid-state product. These results suggest that higher reaction
temperatures lead to the phase separation of Li,MgSi to yield
Mg,Si and Li,Si. Moreover, SEM images show some agglom-
erated and grown particles at a dehydrogenation temperature
above 580 °C (see Figure S3, Supporting Information). As a
result, the reaction temperature for the formation of Li,MgSi by
heating the 2LiH-MgH,-Si mixture was optimized to be 580 °C.

In addition, it is noteworthy that the new XRD pat-
tern observed in Figure 2 can be indexed to a hexagonal cell
with lattice parameters of a = b = 4.510 A, ¢ = 8.021 A, and
V=141.3 A3, This pattern is distinctly different from that previ-
ously reported for the Li,MgSi phase.?-22l Roberts et al. syn-
thesized Li,MgSi by ball milling Mg powder, Si powder and
Li granules and revealed that the final material possessed a
cubic Fm3m structure, ' which is very similar to that formed
in situ during Li insertion into Mg,Si.2!l In this case, however,
Li,MgSi was prepared by heating a 2LiH-MgH,-Si mixture. The
different treatment processes employed possibly contributed to
the various crystal structures that were obtained. We therefore
believe that Li,MgSi should be a polymorphic material.

2.2. Electrochemical Lithium Storage Properties of Hexagonal

The as-prepared hexagonal Li,MgSi was used as an anodic
active material, and half-cells were assembled to evaluate its
electrochemical lithium-storage properties. The half-cells were
cycled at a constant current density of 100 mA g~! between 0.01
and 3.0 V (vs Li/Li*). To reduce the possibly existed Si,O and
MgO and form a stable solid electrolyte interface (SEI) film
on the surface, the as-prepared Li,MgSi was first lithiated in
the first cycle. Figure 3a shows the galvanostatic charge/dis-
charge voltage profiles of the as-prepared hexagonal Li,MgSi.
It is observed that approximately 286 mAh g! of capacity
was discharged in the first discharge, indicating that more
Li was inserted into Li;MgSi. According to a previous report,
the Li,MgSi intermediate is further lithiated to form Li-Mg
and Li-Si alloys at lower potentials during the lithiation of
Mg,Si.l] Interestingly, the first charge capacity was approxi-
mately 597 mAh g!, distinctly higher than the first discharge
capacity. The corresponding Coulombic efficiency was cal-
culated to be 208.8%, much higher than 100%. This finding
suggests that the chemically pre-inserted Li can be electro-
chemically extracted reversibly during the charge process.
After the first discharge/charge cycle, a maximum discharge
capacity of 649.9 mAh g! was reached, and the corresponding
charge capacity was 614.2 mAh g! with a rather high Cou-
lombic efficiency of =94.5% (Figure 3b). The Coulombic effi-
ciency rapidly increased to 98% within three cycles. For the
Mg,Si electrode, the first discharge capacity was as high as
=~1095 mAh g7, whereas the corresponding Coulombic
efficiency was determined to be =92%.1°1 After 20 charge/
discharge cycles, the Coulombic efficiency was able to reach
98%. These results indicate that the electrochemical Li-storage
reversibility is significantly improved by forming a ternary
Li,MgSi compound with respect to that achieved by a binary
Mg,Si compound, which is possibly due to the fact that the
formation of metallic Mg during the discharge process is
avoided for the Li,MgSi compound.!’]

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Further comparison of the cycle performances of the as-
prepared Mg,Si and hexagonal Li;MgSi compounds was con-
ducted by plotting the charge capacity as a function of cycle
number. The results are shown in Figure 3b. It is clear that
the cycling stability of the hexagonal Li,MgSi is superior to
that of the Mg,Si, especially over the first 30 cycles. The charge
capacity of the Mg,Si was rapidly reduced from 1007 mAh g!
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Figure 3. a) Galvanostatic discharge/charge curves of the hexagonal
Li,MgSi anode in the voltage range of 0.01-3.0 V. b) Cycling performance
and Coulombic efficiency of Mg,Si and the hexagonal Li,MgSi at
100 mA g~' over the voltage range of 0.01-3.0 V. c) Capacity retention of
Mg,Si and the hexagonal Li,MgSi at 100 mA g~".
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to 489 mAh g after 30 charge/discharge cycles and then fur-
ther decreased to 401 mAh g! after additional 30 cycles. Such
a rapid capacity fading can be attributed to two factors as
reported previously.’! One is the pulverization and disintegra-
tion of the electrode with cycling as a large number of cracks
and interstices are clearly seen on the surface of electrode after
60 cycles (see Figure S4, Supporting Information), which loses
active materials and decreases electrical contact. The other is
the irreversible capacity loss caused by the formation of Li-Mg
and Li-Si alloys upon lithiation, which is proved by the gradual
shortening and even disappearance of voltage plateaus cor-
responding to the delithiation of Li-Mg and Li-Si alloys upon
charging as shown in the galvanostatic cycling voltage profiles
(see Figure SS, Supporting Information). Encouragingly, the
charge capacity of the Li,MgSi was first increased from 597
to 615 mAh g over the initial three cycles and then gradu-
ally decreased to 444 mAh g! after 60 cycles. By dividing the
charge capacity by the maximum charge capacity, the capacity
retentions were calculated to be 39.8% and 72.1% for Mg,Si
and Li;MgSi, respectively, as shown in Figure 3c. Thus, signifi-
cantly improved cycling stability was achieved for the hexagonal
Li,MgSi relative to the stability of Mg,Si. It is clear that Li,MgSi
should be a more favorable anode material for Li-ion batteries
than Mg,Si from the perspective of cycling stability.

2.3. Effects of Ball Milling on Li,MgSi

The theoretical electrochemical capacity of Li,MgSi as an
anode material is calculated to be 808 mAh g if all lithium
ions in Li,MgSi are assumed to have been removed. This value
is significantly higher than the maximum charge capacity
(615 mAh g!) measured in this case. In addition, the cycling
stability of the as-prepared Li,MgSi must still be further
improved because the capacity retention is
only 74.3% after 60 cycles. It is well known
that particle size has a great impact on the
electrochemical properties of the electrode
materials for Li-ion batteries. Therefore, ball-
milling treatment was further conducted
on the as-prepared hexagonal Li,MgSi to
improve its electrochemical performance.
The as-prepared Li,MgSi was subjected
to ball-milling treatment on a planetary ball
mill rotating at 500 rpm. The ball-to-sample
weight ratio was approximately 30:1. Figure 4
illustrates the XRD patterns of the Li,MgSi
samples milled for 0-2 h. It is observed that
after 0.2 h of ball milling, four new peaks
were detected at 24.0°, 31.3°, 47.1° and 57.8°
(26), although the diffraction peaks of the
hexagonal phase still dominate the XRD pro-
file. These four diffraction peaks correspond
to the (222), (331), (622), and (800) planes

Intensityl a.u.
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relative intensity. When the milling time was extended to 2 h,
the diffraction peaks of the hexagonal phase disappeared, and
only the reflections of the cubic phase were observed. This
result indicates that the hexagonal Li,MgSi was completely
converted to the cubic Li,MgSi, that is, a polymorphic trans-
formation. In addition, it should be noted that the diffraction
peaks were distinctly weakened and broadened after 2 h of ball
milling, indicating reduced crystallinity. Thus, energetic ball
milling induces a polymorphic transformation of Li,MgSi from
the hexagonal phase to the cubic phase along with a decrease
in the crystallinity. We therefore believe that the cubic Li,MgSi
should be metastable with respect to the hexagonal phase.
However, a reverse transformation from the cubic phase to the
hexagonal phase was not observed while annealing the post-2-
h-milled sample at 580 °C for 1 h under 1 bar Ar in addition
to the increased crystallinity and the presence of Mg,Si and
Li-Si alloy phases (see Figure S6, Supporting Information). It
indicates that the polymorphic transformation caused by ball
milling is irreversible.

Figure 5 shows the XRD patterns of Li,MgSi milled for
2-30 h. As shown, the diffraction peaks were broadened and
their intensities were further reduced with increasing ball-
milling time, although the pattern remained nearly unchanged,
indicating a decrease in the particle/grain size. Figure 6 dis-
plays SEM images of Li,MgSi milled for 2-30 h. After 2 h of
ball milling, the sample showed rather non-uniform particles
ranging in size from 0.2 to 1.5 um. Most of the particles were
larger than 1 um. As the milling time was prolonged from 2 h
to 24 h, the particle sizes of the samples gradually decreased
and the size distribution became more uniform. After 10 h of
ball milling, the particles were nearly spherical in shape and
the particle size was 0.4-0.6 um. The particle size of the post-
24-h-milled sample was further reduced to 0.2-0.4 pm. As the
milling time was further extended to 30 h, however, the sample

+ Hexagonal phase V Cubic Li,MgSi

V. v vV V szoh

1.2h

0.7h

0.5h

of cubic Li,MgSi (fluorite-type structure), as
reported previously.?!l With increasing ball- 10
milling duration, the diffraction peaks of the
hexagonal phase were gradually weakened,
and those of the cubic phase increased in
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Figure 4. XRD patterns of the Li,MgSi milled for 0-2 h. %: hexagonal phase, V: cubic Li,MgSi.
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Figure 5. XRD patterns of the Li,MgSi milled for 2-30 h.

particles became irregular in shape and size along with the
aggregation of small particles.

Figure 7a shows the first voltage profiles of the Li,MgSi
milled for different durations. The profiles show a close
dependence of the discharge/charge capacities on the milling
time. The first discharge/charge capacities for samples milled
for different durations first increased and then decreased with
milling time. The initial discharge capacities are 210, 254, 355,
and 344 mAh g! for the electrodes milled for 2, 10, 24, and
30 h, respectively, and the corresponding charge capacities
are 547, 746, 828, and 781 mAh g!. Specifically, the appro-
priate ball-milling treatment significantly reduced the particle

$4800 5.0kV 8.0mm x20.0k SE(M) 7/1/2012 11:00

View’

www.MaterialsViews.com

and grain sizes of Li,MgSi, as shown in Figures 5,6. Milling
increased the effective specific surface area and reduced the
mass transport lengths, consequently increasing the utilization
efficiency of the active species and enhancing the discharge/
charge capacities.”’l As a result, the optimal milling time is
believed to be 24 h in this case.

After the first discharge/charge cycle, the maximum dis-
charge capacity of 808 mAh g! was achieved for the post-24-h-
milled sample, as shown in Figure 7b. In addition, the smallest
interval between the discharge and charge plateaus was also
observed for the post-24-h-milled Li,MgSi, reflecting a reduced
polarization effect. This finding is closely correlated to the
reduced particle size and increased specific surface area, which
induced the improved reactivity. It is worth noting that the
maximum charge capacity of Li,MgSi was still slightly lower
than that of Mg,Si even after 24 h of ball milling. This observa-
tion can be attributed to two factors. One is that the chemically
pre-inserted Li contributed to the molecular weight of Li,MgSi.
The other is that one more mole of Mg in Mg,Si could be
further lithiated to form Li-Mg alloys.

Figure 7c presents the discharge capacity curves of Li,MgSi
milled for different durations as a function of cycle number.
It is clear that ball-milling treatment significantly increased
the reversible capacity and improved the cycling durability of
Li,MgSi. After 100 cycles, the capacity of the samples milled for
2, 10, 24, and 30 h remained at 275, 342, 405, and 341 mAh g™,
respectively, and the corresponding capacity retentions were
calculated to be 43.4%, 43.6%, 50%, and 45% (Figure 7d). The
post-24-h-milled Li,MgSi exhibited the best cycling stability,
which should be closely correlated to the improved Coulombic
efficiency of the sample. Figure 7d also presents the Coulombic
efficiency and capacity retention as a function of milling time. It

SE(M) 1’701 11:45

Figure 6. SEM images of the Li,MgSi milled for a) 2 h, b) 10 h, ¢) 24 h, and d) 30 h.
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b) the second cycle. c) Discharge capacity curves as a function of cycle number. d) Coulombic efficiency and capacity retention as a function of milling time.

is observed that with increasing ball milling time, the Coulombic
efficiency of the Li,MgSi electrode during the second cycle first
increased and then decreased, and the highest Coulombic effi-
ciency was obtained for the sample milled for 24 h. Interestingly,
an identical tendency was observed for the capacity retention after
100 cycles, proving the dependence of the cycling stability on the
Coulombic efficiency. Furthermore, the galvanostatic cycling
voltage profiles of the post-24-h-milled sample provide additional
evidence as the irreversible capacity loss is distinctly decreased
with cycling (see Figure S7, Supporting Information). As shown
in Figure 6, the post-24-h-milled Li,MgSi sample exhibited the
smallest particle size and the most uniform size distribution in
the present study, which should be the most important reason
for its improved Li-storage properties. This finding is very
helpful in further improving the electrochemical properties of
Li,MgSi as the anodic material for Li-ion batteries. On the other
hand, the pre-lithiated Li,MgSi electrodes may reduce the strain/
stress during delithiation/lithiation, which is responsible for the
improved cycling stability due to the decreased fracture and pul-
verization of the electrode (see Figure S4, Supporting Informa-
tion). Similar phenomenon was also observed in the chemically
pre-lithiated Liy,Si; as reported previously.'®l

2.4. Lithium Insertion/Extraction Mechanisms of Li,MgSi

Cyclic voltammetry (CV) correlated with ex-situ XRD measure-
ment was employed to reveal the lithium insertion/extraction

Adv. Funct. Mater. 2014, 24, 3944-3952
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mechanisms of the fluorite-type Li,MgSi anode. Figure 8 shows
the CV curves of the post-24-h-milled Li,MgSi anode at the
1st, 2nd, 5th, and 10th cycles. In the first scan, one cathodic
peak near 0 V and one anodic peak at 0.75 V were observed,
suggesting that only a single-step reduction/oxidation reaction
occurred in the first discharge/charge cycle. However, two addi-
tional peaks appeared at 0.46 V and 0.17 V in the second scan,
indicating that multistep reactions occurred for the lithiation of
the active species formed after the first cycle. Interestingly, the
newly developed cathodic peak centred at 0.46 V disappeared
upon further cycling, and the other remained at approximately
0.17 V in addition to that near 0 V. This phenomenon sug-
gests that an irreversible intermediate may be formed during
the second cycle. In addition, the anodic peak was shifted
from 0.75 V to 0.6-0.7 V after the first scan, which reduced the
potential discrepancy between the anodic and cathodic peaks,
indicating improved polarization.

To further understand the lithiation/delithiation mecha-
nism of the Li,MgSi materials, post-24-h-milled Li,MgSi elec-
trodes in different lithiation/delithiation states were collected
for XRD measurements. Figure 9 shows the XRD and high-
resolution XRD profiles of the samples in different states. The
abbreviations “dis” and “char” shown in Figure 9 represent
“discharge” and “charge”, respectively. To obtain the electrode
state at 0.01 V, the as-prepared electrode was first discharged
to 0.01 V at 100 mA g~! and then discharged to 0.01 V twice at
10 mA g! with a 10-min pause between current steps to obtain

wileyonlinelibrary.com 3949

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

3950

0.8 1
065V 075V
0.6
- 0.67V 1 1st cycle
Ke)) 0.4+ 2 2nd cycle
< 0.2 1 3 5th cycle
< 4 4—— 10th cycle
.‘? ] y
%] .
g 0.0 1
T
- 0.2
q:, _
& 04+
8 ]
-0.6
0.12V
'0'8 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Potential vs. Li/Li'l V

Figure 8. Cyclic voltammetry curves of the post-24-h-milled Li,MgSi
anode at different cycles.
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a fully lithiated state. The electrode state at 3.0 V was obtained
by charging the electrode discharged to 0.01 V in a similar
manner. The electrode states at 0.4 and 0.12 V were obtained
by discharging the fully charged electrode at 100 mA g'. It
should be mentioned that the diffraction peaks at 44.5°, 51.8°
and 76.4° in Figure 9a are attributed to the Ni foam current
collectors. The freshly prepared electrode mainly contained the
following peaks for the cubic Li,MgSi structure (space group:
Fm3m): 24.0° for (222), 39.9° for (440), 47.1° for (622), and
72.3° for (844). While discharging to 0.01 V, the relative inten-
sities of the reflections for Li,MgSi were distinctly weakened.
This finding is indicative of the consumption of Li,MgSi, which
can be attributed to the fact that increased lithium insertion led
to the conversion of Li,MgSi to Li-Mg and amorphous Li-Si
alloys, as reported previously.'> However, the characteristic dif-
fraction peaks of Li-Mg alloys were not observed in the XRD
profile, as shown in Figure 6, possibly due to the low relative
contents of the components.

After the electrode was charged to 3 V, the diffraction peaks
at 24.0°, 39.9°, 47.1°, and 72.3° clearly shifted to higher angles.
This change was more distinct in the high-resolution XRD
profile, as shown in Figure 9b. The reflections are in good
agreement with those of Mg,Si, which has a crystal structure
similar to that of Li,MgSi, though with a slightly smaller unit
cell.l??l That is, Mg,Si was formed after the specimen was
charged to 3.0 V. Because the formation of Mg,Si consumes
only half of the Si atoms in Li,MgSi, it was hypothesized that
the amorphous Li,Si/Si should also be involved in the delithi-
ation process. Therefore, the delithiation reaction of Li,MgSi is
proposed to occur as follows:
Li,MgSi — Mg,Si + Li,Si/Si+ Li* +e” (2)

This reaction corresponds to the anodic peak at 0.6-0.8 V in
the CV curves. It should be mentioned that the Li,Si/Si formed
during the delithiation process of Li,MgSi may be amorphous
because crystalline Si readily becomes amorphous form after
a single discharge/charge cycle,?* which is responsible for its
invisibility in the XRD profile.

For the electrode discharged to 0.4 V, no distinct change in
the XRD profile was observed with respect to that charged to
3.0 V. This result suggests that lithium insertion into Mg,Si did
not occur during this process because no Li,MgSi was detected.
In previous reports, the lithiation of Li-Si alloy occurred above
0.4 V during lithium insertion into Mg,Si.'>1*] We therefore
speculate that the cathodic peak at 0.46 V shown in Figure 8 can
be attributed to the further lithiation of the Li-Si alloy that was
extracted from Li,MgSi during the first lithiation. It is known
that Si-based anodic materials undergo a large volume change
during charge/discharge.’”! This change in volume leads to
severe electrode pulverization and subsequent electrical discon-
nection from current collectors, which is the main reason for
the gradual weakening and even absence of the cathodic peak at
0.46 V during subsequent cycling.

While further discharging to 0.12 V, a low-angle shift was
observed for the diffraction peaks of the resulting product in
the XRD pattern, implying an expansion of the unit cell. Fur-
ther high-resolution results revealed that the peak at 40.2° for
the (220) plane of Mg,Si shifted to 39.9°, as shown in Figure 9b.
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It is well known that during the lithiation process of Mg,Si, the
formation of either Li,Mg,Si or Li,MgSi can result in the expan-
sion of the unit cell. However, the absence of the characteristic
peaks of Li,MgSi at 31.3° and 36.1° suggests that the low-angle
shift of the reflections is mainly attributed to the formation of
Li,Mg,Si. Therefore, the cathodic peak at 0.12-0.17 V in the CV
curves was mainly attributed to lithium insertion into Mg,Si to
form Li,Mg,Si, as described by the following reaction:

Mg,Si + yLi* +ye” — Li, Mg,Si(0<y<1) (3)

After the electrode was discharged to 0.01 V again, the inten-
sities of the diffraction peaks were distinctly enhanced, and two
peaks at 31.3° and 36.1° were also discernible, although their
intensities were quite weak. This observation unambiguously
indicates the formation of Li,MgSi because no reflections for
Mg,Si occurred in the vicinity of these peaks. Moreover, no
peaks in addition to those of the Ni foam were observed in the
XRD profile. Specifically, the increased intensities of the dif-
fraction peaks indicate improved crystallinity. Thus, we believe
that the electrochemical reaction that occurred near 0 V can be
expressed as follows:

Li,Si/Si + Li,Mg,Si + Li* +e~ — Li,MgSi @
According to this reaction, it is clear that Li,Si/Si and
Li,Mg,Si together react with Li to produce Li,MgSi, which pre-
vents the capacity fading caused by the dissociation of Mg from
Li,Mg,Si and the pulverization of Li,Si/Si during lithiation.
According to the above discussion, we provide a description of
the detailed electrochemical events that occurred during the dis-
charge/charge process of the Li,MgSi anode. First, a small por-
tion of the Li,MgSi was converted to Li-Si or Li-Mg alloys as the
electrode was discharged to 0.01 V. Then, Mg,Si and amorphous
Li,Si/Si were formed after the electrode was charged to 3.0 V.
During the subsequent discharge process, the further lithiation of
Li-Si alloy first occurred at 0.55-0.37 V. Mg,Si was then lithiated
to form Li,Mg,Si at 0.37-0.08 V. Lastly, Li,MgSi was formed again
when the electrode was discharged to 0.01 V. It is noteworthy that
the dissociation of Mg or Li-Mg alloys during the lithium inser-
tion into Mg,Si was not observed. We therefore believe that the
formation of metallic Mg was effectively avoided during the dis-
charge/charge process of the Li,MgSi anode, which is one of the
most important reasons for the improved cycling stability of the
Li,MgSi electrode compared with that of the Mg,Si electrode.

3. Conclusions

A new single hexagonal Li,MgSi phase was synthesized by a
hydrogen-driven chemical reaction at 580 °C. The as-prepared
Li,MgSi compound exhibited improved cycling stability as an
anode material of Li-ion batteries with respect to the cycling
stability of Mg,Si. The capacity retention of the Li,MgSi anode
was nearly twice that of Mg,Si after 60 cycles. Examinations
of ball-milled specimens revealed that a polymorphic trans-
formation of Li;MgSi occurred from the hexagonal phase to
the cubic phase after 2 h of milling. Further ball-milling treat-
ment increased the maximum discharge/charge capacities
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and improved the cycling stability of the fluorite-type Li,MgSi.
The sample milled for 24 h exhibited optimized capacity, Cou-
lombic efficiency and capacity retention. The maximum dis-
charge capacity of the post-24-h-milled Li,MgSi anode was
828 mAh g, and the capacity retention of the anode was 50%
after 100 cycles. SEM observations sample indicated that the
particle size decreased and the size distribution improved for
the post-24-h-milled sample. Ex-situ XRD results correlated
with CV examinations revealed that the dissociation of metallic
Mg and/or Li-Mg alloy from Mg,Si during the lithiation pro-
cess was effectively avoided, which consequently contributed
to the improved cycling stability of the Li,MgSi electrode. The
findings presented in this work provide guidelines for the
design and synthesis of new Si-based anode materials with
favorable electrochemical properties for Li-ion batteries.

4. Experimental Section

Materials and Synthesis: LiH (purity 98%, Alfa Aesar), silicon (purity
99.9%, Shanghai ST-NANO) and MgH, (purity 98%, Alfa Aesar) were
purchased and used as received. A mixture of LiH, MgH,, and Si in a
molar ratio of 2:1:1 (donated as 2LiH-MgH,-Si) was first ball milled on
a planetary ball mill (QM-1SP4, Nanjing) at 300 rpm for 4 h under an
argon atmosphere. The ball-to-sample weight ratio was approximately
40:1. Temperature-programmed desorption measurements (TPD)
were conducted on a homemade instrument equipped with an online
gas chromatograph (GC) for the rapid scanning of the gas desorption
behavior upon heating, and an appropriate temperature range for
volumetric release was then determined. Sample (=40 mg) was loaded
and tested. Pure Ar was used as the carrier gas, and the temperature
was elevated at 5 °C min~'. All handling of samples was carried out
under anaerobic (O,: <0.1 ppm) and anhydrous (H,0: <0.1 ppm)
conditions inside a MBRAUN glovebox filled with pure argon to prevent
the materials from being contaminated by air and moisture.

The quantitative dehydrogenation behavior of the 2LiH-MgH,-Si
mixture was evaluated by a volumetric method. In a typical procedure,
sample (=1.5 g) was first loaded into a stainless steel tube reactor in a
glovebox. The reactor was then connected to a Sieverts-type apparatus.
After evacuating the reactor and the system to a primary vacuum
(107 bar) at room temperature, the sample was gradually heated to
560—600 °C at a rate of 5 °C min™' for chemical reaction and hydrogen
release. The amount of hydrogen released was calculated from the
pressure change measured in the calibrated volume using the equation
of state.

Characterization: Structural identification was performed on a
PANalytical X'Pert Pro X-ray Diffractometer (XRD) with Cu-Kot radiation
at 40 kV and 40 mA. XRD data were collected over the 26 range of 10° to
90° in increments of 0.05°. High-resolution XRD data were acquired over
the 26 range of 30° to 50° in increments of 0.016°. Cycled electrodes
were washed with anhydrous diethyl carbonate (DEC) to remove the
remaining electrolyte before XRD measurements. A specially designed
container was used to protect samples from being contaminated by air
and moisture.

The morphology of the alloys was observed by a scanning electron
microscope (SEM, Hitachi-SU70, Japan). Pure nitrogen was used to
protect the samples from contamination of air and moisture during their
transfer from the glovebox to the SEM facility. An energy-dispersive X-ray
spectrometer (EDS) was employed to analyze the chemical composition
of the samples.

Electrochemical Measurements: The working electrode was prepared
by ball milling the active materials with acetylene black in a weight ratio
of 3:1 for 3 h. The ball-to-sample weight ratio was 150:1. The resulting
powder (=5 mg) was then uniformly spread onto a nickel foam current
collector with an area of 1.33 cm?. Next, the electrode was cold-pressed
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under a pressure of approximately 10 MPa. The half-cells (2025 coin-
type cells) were assembled in an argon-filled glovebox with lithium
metal as the counter electrode and reference electrode. A solution of 1 m
LiPFg with ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 by
volume) was used as the electrolyte.

The cells were discharged under a constant current density of
100 mA g' from an initial open-circuit potential to 0.01 V (vs Li/Li*)
to prevent possible lithium deposition on the electrode and then cycled
galvanostatically over a voltage range of 0.01-3.0 V using a Neware
battery test system (Shenzhen, China). Cyclic voltammograms (CVs) of
the cells were measured on an Arbin potentiostat (BT-2000, USA) at a
scan rate of 0.1 mV s7' over a potential range of 0.01-3.0 V. Lithium
insertion and extraction in electrode were referred to as discharge and
charge, respectively.
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