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ABSTRACT

Metal hydrides have been demonstrated as one of the promising high-capacity anode materials for Li-ion batteries. Herein, we report the elec-
trochemical properties and lithium storage mechanism of a Li-rich complex metal hydride (LizAlHg). Li3AlHg exhibits a lithiation capacity of ~1729
mAh/g with a plateau potential of ~0.33 V vs. Li'/Li at the first discharge cycle. Experimental results demonstrate that Li3AlHg is converted into
LiH and LiAl in the initial electrochemical lithiation process. In addition, Li3AlHe also possesses a good cycling stability that 71 % of the second
discharge capacity is retained after 20 cycles. More importantly, the cycling performance of Li3AlHg can be improved to 100 cycles via adjusting
electrolyte composition. This study provides a new approach for developing the lithium storage properties of anode materials for Li-ion batteries.

1. Introduction

Li-ion battery has now been widely used as portable power sources in electronic devices such as laptop computers, cellular phones,
intercoms, digital cameras, music players, and so on [1,2]. It is also regarded as one of the promising batteries for power electric
vehicles and large machines. Currently, graphite has been widely applied as the major anode materials in the commercial Li-ion
batteries due to its low cost, satisfying cycle life, and low working potential [3,4]. Unfortunately, graphite anodes suffer from a
specific capacity limitation (372 mAh/g), which leads to a large obstacle to developing high-capacity lithium-ion batteries for the
future market demand [5]. Alloying reaction and conversion reaction anodes have been demonstrated as effective strategies to obtain
higher specific capacity [6]. A series of new materials, such as lithium alloys [7-12], metal oxides [13-16], sulphides [17-19], nitrides
[20,21], and so on, have been widely explored as high-capacity anode candidates for Li-ion batteries. As a typical example, silicon
could possess a high theoretical capacity of 3590 mAh/g via alloying reaction [22]. However, its huge volume expansion/contraction
in the electrochemical alloying/dealloying process severely hinders its practical application [23]. Ferric oxide could exhibit a theo-
retical capacity of 1007 mAh/g through a conversion reaction. High working potential and large potential hysteresis for ferric oxide
anodes are still the considerable disadvantages [24]. Therefore, searching for anode materials with high capacity and low working
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potential is crucial for the further practical Li-ion batteries with high energy density.

Metal hydrides and metal hydroxides have been regarded as ideal potential candidates to high-capacity anode materials toward Li-
ion batteries [25,26]. For instance, Gao et al. [27] reported that the space-confined MgH, and Mg,;NiH,4 could exhibit a large reversible
capacity (1392 mAh/g) with an average plateau potential of ~0.5 V vs. Li*/Li through the conversion reactions (MgH,+2Li-
+2e”—»Mg-+2LiH, MgoNiH4+4Li+2e”—>MgoNi+4LiH). Luo et al. [28] reported dodecyl sulfate anions intercalated nickel-zinc layered
double hydroxide (NZDS) which exhibits high capacity of 850 mAh g~! at 0.5 A g~! for long cycles. Li-rich complex metal hydrides
have been extensively investigated as high-capacity hydrogen storage materials [29,30]. Mo et al. reported three-dimensional hier-
archical LiNayAlHg/graphene composites (LiNayAlHg/3DG) with a high initial discharge capacities of 2396 mA h/g [31]. Therefore, it
might be an effective strategy to design Li-rich complex metal hydrides as anode materials towards Li-ion batteries.

In this work, we synthesized a Li-rich complex metal hydride (Li3AlHg) via ball milling by LiAlH4 with LiH. The synthesized LizAlHg
as the anode material for Li-ion batteries exhibits a lithiation capacity of ~1729 mAh/g with a plateau potential of ~0.33 V vs. Li*/Li
at the first discharge cycle. In addition, Li3AlHg possesses a high cycling stability with 71 % of second discharge capacity after 20
cycles. Experimental results demonstrate that the electrochemical lithium storage in LisAlHg can be described as
LisAlHg+4Lit+4e —6LiH + LiAl-6LiH + Al+Lit+e™. That is, LisAlHg is converted into LiH and LiAl in the first electrochemical
lithiation process, while LiH and LiAl could not reverted to the initial electrode material of LizAlHg.

2. Resultes and discussion

The synthesis procedure of Li-rich complex metal hydride, Li3AlHg, via ball milling by LiAlH,4 with LiH is illustrated in Fig. 1a (see
Experimental Section for details). During the 24 h high-energy ball milling process, ~0.44 wt% of hydrogen was released. According to
the synthesis equation, it is calculated that 0.44 wt% of hydrogen corresponds to ~7 % of LizAlHg, a ~93 % purity of Li3AlHg was
obtained. This purity is consistent with the result concluded from dehydrogenation of Li3AlHg (Fig. S1c). Subsequently, the electrode
material was prepared via low-energy ball milling of Li3AlH and acetylene black with a weight ratio of 85:15. The electrode material
was demonstrated to be the mixture of Li3AlHg and acetylene black, determined via X-ray diffraction (XRD) pattern, Fourier Transform
Infrared Spectrometer (FTIR), and Raman spectra (Fig. S1). The electrochemical lithium storage properties of Li3AlHg were evaluated
by galvanostatic discharge-charge measurements. Fig. 1b and ¢ show the discharge and charge potential profiles of the LizAlHg
electrode at a current density of 100 mA/g between 0.005 and 3.0 V vs. Li*/Li, respectively. As shown in Fig. 1b, Li3AlHg delivers a
specific capacity of ~1729 mAh/g during the first discharge cycle, corresponding to about 3.5 mol Li. In addition, the potential drops
to a long discharge plateau located at ~0.33 V and subsequently appears a slow decay before a short discharge plateau (~0.14 V). The
plateau potential of LigAlHg is similar to that of metallic Al electrode (Fig. S2). In Fig. 1c, a plateau potential located at ~0.44 V and
two sloping potential are observed during the first charging process. Unfortunately, only ~509 mAh/g that is equivalent to 1.0 mol Li is
recharged in the first charging process. The initial coulombic efficiency of Li3AlHg is only ca. 29.4 %, indicating that the LisAlHg after
fully discharged could not reverted to its initial state completely under the present conditions.

To reveal the lithium storage mechanism, XRD measurements were conducted on LigAlHg samples from different lithium storage
stages. Fig. 2a and b presents the XRD patterns of as-prepared LisAlHg discharged and recharged to the potential levels in Fig. 1b and c,
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Fig. 1. (a) Schematic illustration of the synthesis of LizAlH. First-cycle discharge (b) and charge (c) potential profiles of as-prepared LizAlHe.
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respectively. In Fig. 2a, LigAlHg acts as the dominant phase (point A). Different from as-prepared LigAlHg (Fig. S1), the intensity of
diffraction peak at 22.3° is obviously higher than that at 21.8° due to a side reaction of LisAlHg with electrolytes. At the stages of B and
C point, LiH and metallic Al are both detected corresponding to the gradual disappear of Li3AlHg. After discharge to point D, LiAl as a
new phase is identified, while Li3AlHjg is almost undetectable. When discharging to point E, the fully lithiated products are composed of
LiAl and LiH. It is worth noting that the diffraction peaks located at 22.5, 25.5, and 26.7° are close to that of Al;3Fe4 at 22.4, 25.1, and
26.6° [32], and then disappears with the consumption of metallic Al. The similar phenomenon is also observed in the following
recharge process (Fig. 2b). This indicates that Al-Fe intermetallic might generate due to the reaction between a small amount of Fe
with the material during the high-energy ball milling for the preparation of the LisAlHe. Besides, another unknown phases with
diffraction peaks at 12.1, 15.6, 17.8, 20.5, 22.3, and 23.8° are detected in the discharge process and appear in the recharge process,
which may originate from the byproduct between the reaction of Li3AlHg and electrolytes. To ascertain our speculation, the samples
from different lithium storage stages were further examined by FTIR to testify the unknown phases that LizAlHg reacting with elec-
trolytes (Fig. S3). The absorption peaks centered at 1807, 1778, 1406, 1324, 1199, and 1081 cm ™! correspond to the stretching vi-
brations of C=0, C-C, C-H, and C-F bonds, which are observed in the whole discharge and recharge process. Therefore, it can be
known that the unknown phases are the product of LisAlHg reacting with electrolytes.

The LizAlHg electrode material was subjected to recharging after discharging to point E. As shown in Fig. 2, the intensity of LiAl
diffraction peaks became weak with the recharge from E to G, until disappear at point H. While the intensity of diffraction peak at
~38.2°, corresponding to LiH and Al, gradually increases from E to H. Although the diffraction peaks of LiH located at 38.2, 44.4, 64.6,
77.6, and 81.8° are very close to those of Al (38.4, 44.7, 65.1, 78.2, and 82.4°), their relative intensities are quite distinct. This indicates
that the LiAl is converted to metallic Al and Li during the recharge process. When the electrode further recharged to point J and K, the
diffraction patterns almost unchanged. LiH and metallic Al are the major phases among the fully delithiated products, which indicates
that the LiH and LiAl as lithiated products could not revert to the initial electrode material of Li3AlHg. Base on the above results, the
electrochemical lithium storage in Li3AlHg can be described as follows:

Li;AlHg+4Li" +4e~ —6LiH + LiAl < 6LiH+ Al +Li* + e~

According to this lithium storage reaction, Li3AlHg exhibits an electrochemical capacity of ~1990 mAh/g, which is close to the
experimental value (1729 mAh/g).

The electrochemical properties of the Li3AlHg are evaluated as an anode material for Li-ion batteries. The electrochemical lithium
storage behavior of the Li3AlHg is first studied by cyclic voltammetry (CV). The representative CV curves of the first three cycles of the
electrode in a voltage window of 0.005-3.0 V (vs. Li/Li™) was presented in Fig. 3a. In the first cathodic scan, the irreversible elec-
trochemical reduction reactions between Li3AlHs and Li" occurs accompanying the formation of LiH and LiAl
(Li3AlHg+4Lit+4e”—6LiH + LiAl). An obvious anodic peak at about 0.58 V can be assigned to the Li™ extraction reaction. It is
noteworthy that compared with the first cycle, the main cathodic peaks shift to ~0.33 V in the subsequent two cycles, while the anodic
peaks show negligible change. This phenomenon further confirms the above electrochemical lithium storage in LizAlHg
(LisAlHg+4Li"+4e”—6LiH + LiAlo6LiH + Al+Lit+e7), which corresponds to the XRD result. The stability performance is another
prominent concern for an advanced anode material in Li-ion batteries. Fig. 3b illustrates the charge capacity of as-prepared LisAlHg as
a function of cycle number. The discharge capacity of LigAlHg decreased dramatically from 1729 mAh/g at the first cycle to 509 mAh/g
at the second cycle due to the partial reversibility of lithium storage in LizAlHg. Fortunately, the as-prepared LizAlHg exhibits an
approving cycling stability after the second cycle. The slight decay in the discharge capacity with 362 mAh/g after 20 cycles, realizing
71 % capacity retention relative to the second cycle. Compared with the bulk Al electrode with only 30 % capacity retention after 10
cycles [33], the LizAlHg electrode possesses an outstanding stability. Therefore, LiH that formed in the initial stage of the lithiation of
LisAlHg acts as an inactive material, however, it as a volumetric expansion buffer plays an important role in relieving volume
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Fig. 2. XRD patterns of LizAlH¢ electrode material collected at various discharge (a) and recharge (b) stages. Capital letters denote the sampling
points of the discharge and recharge experiment as shown in Fig. 1.
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Fig. 3. (a) CV curves of Li3AlHg in the voltage range of 0.005-3.0 V (vs. Li/Li") in electrolyte composed of 1 M LiPF solution of ethylene carbonate
and dimethyl carbonate with a weight ratio of 1:1. (b) Charge capacity of as-prepared LizAlHg as a function of cycle number. The cycle performances
are cycled between 0.005 and 3.0 V (vs. Li*/Li) at a current density of 100 mA/g in electrolyte composed of 1 M LiPF¢ solution of ethylene car-
bonate and dimethyl carbonate with a weight ratio of 1:1. (c) Charge capacity of as-prepared LizAlH, as a function of cycle number. The cycle
performances are cycled between 0.005 and 3.0 V (vs. Li*/Li) at a current density of 100 mA/g in electrolyte composed of 1 M LiPFg solution of
ethylene carbonate, dimethyl carbonate, and diethyl carbonate with a weight ratio of 1:1:1. (d) Rate performance of as-prepared LizAlH¢. The cycle
performances are cycled between 0.005 and 3.0 V (vs. Li*/Li) in electrolyte composed of 1 M LiPFg solution of ethylene carbonate, dimethyl
carbonate, and diethyl carbonate with a weight ratio of 1:1:1.

expansion in delithiation/lithiation process. On the other hand, the unknown phases from the partial reaction of LisAlHg with elec-
trolytes may play a similar role with the solid electrolyte interface (SEI) layer.

Moreover, we found that the electrochemical lithium storage properties can be improved by adjusting the electrolyte composition.
As shown in Fig. 3c, the cycling performance of Li3AlHg increased from 20 cycles to 100 cycles in the new electrolyte that composed of

Fig. 4. SEM images of Li3AlHg electrode material at different lithium storage stages. (a) As-prepared LizAlHg, (b) LizAlHg before discharge (point A),
(c) LizAlHg after full discharge (point E), (d) LizAlHg after full discharge-recharge (point K).
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1 M LiPFg solution of ethylene carbonate, dimethyl carbonate, and diethyl carbonate. LigAlH¢ delivers a reversible capacity of ~676.5
mAh/g at the first cycle. After 100 cycles, it still retains a reversible capacity of 298.7 mAh/g. The irreversible reaction and a large
volumetric expansion/contraction in delithiation/lithiation process are the main reasons for the capacity deterioration. As shown in
Fig. 3d, the charge capacities of as-prepared LizAlHg are 456.4, 332.8, and 236.3 mAh/g, respectively, when the current density is 100,
200, and 300 mA/g. However, the current density increased to higher values of 500 and 1000 mA/g, the lithium storage capacities
greatly decreased to 121.3 and 57.5 mAh/g, respectively. When the current density returns to 200 mA/g, the capacity still can achieve
341.2 mAh/g. At the 100th cycle, the reversible capacity was 220.4 mAh/g, corresponding to a capacity retention of 55 %. Compared
with metal hydroxides anode materials, LisAlHg shows remarkable lithium storage plateaus in the discharge/charge process whereas
the potential plateau is not observed in the discharge/charge curves of metal hydroxides anode materials such as Ni(OH), [26,28]. This
phenomenon supports that the lithium storage mechanism is different for the lithium aluminum hydride Li3AlHg and metal hydroxides
(Table S1).

From the scanning electron microscopy (SEM) images in Fig. 4, the particle size of LigAlHg electrode material at the different
discharge/recharge stages is larger than that of the as-prepared LizAlHg due to the agglomeration of the fine particles. Fig. 4c and
d shows the morphology of LisAlHg fully discharged and recharged, respectively. The active materials, the LiH and the above-
mentioned unknown phases, with small size particle are dispersed on the matrix. The small size particle of LiH can buffer the vol-
ume expansion generated in the subsequent lithiation/delithiation process. Therefore, the buffer effect of a matrix and the surface
coating of similar SEI layer are considered as the main factor for the improved cycling stability of Li3AlHg.

3. Conclusion

In summary, we have reported a complex metal LigAlHg as anode material toward Li-ion battery, which was prepared by ball
milling LiAlH,4 and LiH with a molar ratio of 1:2. LigAlHg electrode material exhibits a discharge capacity of ~1729 mAh/g and a
recharge capacity of ~509 mAh/g at the first cycle. Experimental results demonstrated that Li3AlHg can be converted to LiH and LiAl in
the first electrochemical lithiation process, however, they are only reverted to LiH and metallic Al in the following delithiation process.
Experimental results demonstrate that the electrochemical lithium storage in LizAlHg is following: LisAlHg+4Li"+4e —6LiH +
LiAl-»6LiH 4 Al+Li*+e". In addition, the cycling performance of Li3AlHg is improved via adjusting electrolyte composition. LizAlHg
possesses a high cycling stability due to the buffer effect of a matrix and the surface coating of similar SEI layer. This work demonstrates
the significance of developing a novel complex metal toward as anode material toward Li-ion battery.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

LiAlH4 Alfa Aesar CAS Number: 16853-85-3

LiH Alfa Aesar CAS Number: 7580-67-8
Other

Glovebox MBRAUN www.mbraun.com

X-ray diffractometer PANalytical www.malvernpanalytical.com
Fourier infrared spectrometer Bruker Tensor 27

Scanning electron microscopy Hitachi $4800

Planetary ball mill QM-3SP4 WWW.nju-instrument.com
Coin battery tester Neware CT-3008W-5V2mA-S4
Electrochemical workstation Chenhua Chi660e

4. Resource availability
4.1. Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chu
Liang(cliang@zjut.edu.cn), Xiaoyu Zhang(zhangxiaoyu@zjut.edu.cn)

4.1.1. Materials availability
This study did not generate new materials.

4.1.2. Data and code availability
@Data reported in this paper will be shared by the lead contact upon request.
@This paper does not report original codes.
@Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

5. Experimental model and subject details

This work did not need any unique experimental model.
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6. Method details
6.1. Materials and preparation

LiAlH4 (97 %, Alfa Aesar) and LiH (98 %, Alfa Aesar) were used without further purification. LigAlHg was synthesized by milling
LiAlH4 and LiH with a molar ratio of 1:2 under 1.0 bar argon (Ar) for 24 h on a planetary ball mill (QM-3SP4, Nanjing) rotating at 500
rpm. The ball-to-sample weigh ratio was about 60:1. The electrode materials of Li3AlHg was prepared by milling active materials with
acetylene black with weight ratios of 85:15, applied a planetary ball mill with a rotating speed of 350 rpm for 12 h. To prevent
contamination from moisture and air, all sample handlings were carried out in a MBRAUN glovebox filled with purified argon (H3O:
<1 ppm, O: <1 ppm).

7. Electrochemical measurements

As-milled electrode material of ~5.0 mg was spread on a nickel foam collector with a diameter of 15 mm. Then, the nickel foam
collector was cold pressed under a pressure of 20 MPa. The anode electrode does not contain any binder. Half cells were employed to
measure electrochemical properties. A 2025 coin-type cell was assembled by using a Cellgard 2400 microporous membrane as a
separator and electrolyte composed of 1 M LiPFg solution of ethylene carbonate and dimethyl carbonate with a weight ratio of 1:1 or
ethylene carbonate, dimethyl carbonate, and diethyl carbonate with a weight ratio of 1:1:1. The fabrication of electrodes and the
assembly of coin cells were performed in a MBRAUN glovebox filled with purified argon. The discharge-charge properties were
measured on a Neware CT-3008W-5V2mA-S4 Tester (Neware, China) at a temperature of ~25 °C. Cells were discharged from an
initial open-circuit potential to 0.005 V vs Li*/Li and cycled between 0.005 V and 3.0 V at a constant current density of 100-1000 mA/

g.
8. Quantification and statistical analysis

To obtain the electrode materials at different lithium storage stages, electrochemical measurements were stopped once cells cycled
down to a given voltage. The cells were opened and the working electrodes were washed with dimethyl carbonate in a MBRAUN
glovebox filled with purified argon. The materials after electrochemical measurements were collected for structural and morphological
characterization. Crystal structure of samples was identified by using a X’Pert Pro X-ray diffractometer (PANalytical, The Netherlands)
with Cu Ka radiation operated at 40 kV and 40 mA. X-ray diffraction (XRD) data were collected in a 26 range of 10-90° with a step of
0.05°. During sample transfer and testing, all the samples were maintained under an argon atmosphere using a homemade container.
Infrared spectra were measured on a Bruker Tensor 27 Fourier infrared spectrometer (FTIR, Germany). The reflection mode was
adopted with a resolution of 4 cm™!. 32 scans were made and accumulated. An in situ cell with two KBr windows was used to prevent
powder sample from air and moisture contamination in the measurements. A scanning electron microscopy (SEM, Hitachi-S4800) was
employed to observe the particle sizes and morphologies of samples at different stages.
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