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Since the discovery of metal hydrides as a conversion-type anode in lithium-ion batteries in 2008, many metal
hydrides have been investigated for lithium-ion battery anodes. Although much progress has been made, metal
hydrides still face severe challenges such as poor ﬁrst cycle reversibility, low electrical conductivity, and high
reactivity with liquid electrolyte. Here we demonstrate a three-dimensional hierarchical metal hydride/
graphene composite (LiNa2AlH6/3DG) that shows the best performance among reported metal hydride anodes.
LiNa2AlH6 nanoparticles are uniformly anchored on graphene nanosheets which self-assemble into the 3D
microﬂowers hierarchical structure, and exhibit outstanding cycling stability with LiBH4 as a solid electrolyte.
An ultra-high capacity of 861 mA h g−1 at the current density of 5 A g−1 and a long cycle life of 500 cycles with
capacity retention of 97% are demonstrated. These ﬁndings pave the way for designing nanoscale metal
hydrides as electrode materials in solid-state lithium batteries.

1. Introduction

and low working potential (0.1–1 V vs. Li+/Li). Table S1 summarizes the
performance of alanates from the literatures. Although much progress
has been made, alanates still face severe challenges. The ﬁrst challenge is
low reversibility in the ﬁrst cycle [24]. For example, LiAlH4 delivered
initial discharge and charge capacities of 1180 and 188 mA h g−1,
respectively, leading to a low coulombic eﬃciency of 10% [22].
Second, the intrinsic electrical conductivity of alanates is very low,
similar to most metal hydrides, therefore an electrical conductive matrix
is needed to enhance its electronic transport [30–33]. Forming an
intimate contact between conductive carbon and alanates is non-trivial
due to the diﬃculty of using liquid phase or solution phase mixing
methods for alanates [34,35]. The third challenge is the agglomeration of
discharged products that reduces active sites and cycling reversibility
[36]. Finally, the high reactivity of H− in the alanates could lead to
undesired side reactions with electrolytes. Real et al. showed that
spontaneous chemical decomposition of LiPF6-based liquid electrolyte
starts as soon as the electrolyte is in contact with NaAlH4 [29].
To counter these challenges, we decide to select a suitable metal
hydride with intrinsic reversibility. So far there is no established
principle guiding the selection of metal hydride as a battery anode.
From the conversion reaction of alanates (MxAlyHz + ne− + nLi+ → xM0
+ yAl0 + zLimH (m = n/z)), it can be found that during electrochemical

High-energy lithium-ion batteries for electrical energy storage have
transformed our lifestyle with tremendous impact to the modern
society. Graphite is used as the commercial anode material based on
intercalation reaction; however, graphite has the low theoretical
capacity (372 mA h g-1) and unsafe Li+ intercalation voltage (~0.2 V)
due to potential lithium plating during battery fast charging. Searching
for novel anode materials with enhanced Li storage capacity and
suitable working voltage has never stopped [1–3]. Alternative battery
anode materials could utilize conversion reactions. Metal oxides,
sulﬁdes, nitrides, phosphides, and ﬂuorides show high theoretical
capacity due to two or more electrons per redox center [4–8]. In
2008, Aymard et al. reported the ﬁrst metal hydride as a conversiontype anode material with a surprisingly small polarization between the
charge-discharge curves [9]. The diﬀerence of polarization behaviour
compared to those of oxides and ﬂuorides can be understood on the
basis of ionocovalency of metal-X bond (X = O, S, N, P, F or H) [9,10].
Since this discovery in 2008, many metal hydrides have been
investigated for lithium-ion battery anodes [9–21]. In particular, alanate
compounds, such as LiAlH4 [22,23], NaAlH4 [23–29], Na3AlH6 [24,25],
LiNa2AlH6 [25], show high theoretical capacity (1576−2680 mA h g−1)
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discharge, H anions desorb from alanates and combine with Li+ to form
LiH, corresponding to the dehydrogenation of alanates; during the
charge, H anions desorb from LiH and hydrogenate Al and M. Since the
dehydrogenation and hydrogenation of alanates are used to evaluate
the hydrogen storage reversibility when alanates are studied as
hydrogen storage materials, the reversibility of alanates as a battery
anode has an intrinsic connection with the reversibility of its hydrogen
storage. The established knowledge in hydrogen storage teaches us that
a moderate reaction enthalpy (ΔH) is beneﬁcial for reversible dehydrogenation and hydrogenation. When ΔH is too large, dehydrogenation is diﬃcult; when ΔH is too small, rehydrogenation becomes
unfavorable. Due to the similarity between chemical reactions in
hydrogen storage and electrochemical reactions in lithium-ion batteries, we hypothesize that ΔH may also play an important role in
anode selection. Table S2 lists the reaction enthalpy of various alanates
as well as the temperature and pressure corresponding to dehydrogenation and hydrogenation reactions for each compound. LiNa2AlH6
stands out as the most reversible hydrogen storage analates with an
optimal ΔH value of 53.0 kJ mol−1, therefore we select LiNa2AlH6 as a
model compound in this study.
In this work, we demonstrate a two-step method in the synthesis of
three-dimensional hierarchical LiNa2AlH6/graphene composites
(LiNa2AlH6/3DG), where nanosized LiNa2AlH6 is uniformly anchored
in the hierarchical graphene network. Two electrolytes, LiPF6-based
carbonate liquid electrolyte, and LiBH4 solid electrolyte were applied to
investigate the cell performance of the LiNa2AlH6/3DG anode. In
contrast to a continuous capacity loss in the liquid electrolyte, far better
cycling stability and superior rate performance have been demonstrated for LiNa2AlH6/3DG using the solid electrolyte.

2.3. Liquid electrolyte batteries
To fabricate the cathode, LiNa2AlH6 and carbon additive (Super P)
were ball-milled in a mass ratio of 7:3 at 250 rpm for 2 h under a
hydrogen atmosphere of 1 MPa. 2 mg mixed powders were then
uniformly spread onto a nickel foam current collector and pressed into
a pellet under a pressure of 10 MPa. No polymer binder was used to
avoid potential reaction with LiNa2AlH6. Coin-type half-cells (2032)
were assembled using the pellet as the cathode, Li metal as the anode,
porous polypropylene membrane as the separator, and 1 M LiPF6
ethylene carbonate and dimethyl carbonate (1:1) as the electrolyte.
2.4. Solid state batteries
Battery assembly was carried out in an Ar-ﬁlled glove box with
water and oxygen below 0.1 ppm. LiNa2AlH6/3DG, carbon additives
(Timcal Super C65) and LiBH4 powders (Sigma-Aldrich, ≥ 95%) were
mixed in an agate mortar at a weight ratio of 3:3:4 for the cathode. To
assemble a solid-state cell, 50 mg LiBH4 was ﬁrstly pressed in the
PEEK die (Φ = 13 mm) under 1 metric ton pressure. The mixed
cathode powders (~2 mg) were then uniformly distributed on top of the
solid-state electrolyte and pressed under a pressure of 4 metric tons
into a bi-layer pellet. Li metal foil was attached to the other side of
solid-state electrolyte as the anode. During the cell test, a constant
pressure of 20 psi was applied.
2.5. Electrochemical measurement
Galvanostatic charge-discharge cycling was performed within a
potential range of 0.01−1.0 V vs. Li+/Li using a battery tester
(CT2001A, LAND). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed on a potentiostat
(VMP3, Biologic LLC). During the test, the temperatures were maintained at 25 °C for liquid batteries and 125 °C for solid batteries. C-rate
and speciﬁc capacities were calculated based on the mass of LiNa2AlH6.

2. Experimental section
2.1. Synthesis of LiNa2AlH6/3DG composites
Na (95% purity), NaH (95% purity), LiAlH4 (95% purity), LiBH4
(95% purity), THF (ultra-pure dry, 99.9%), and Naphthalene (C10H8,
99%) were purchased from Sigma-Aldrich and used as received without
further puriﬁcation. Graphene (XFNANO) was treated at 600 °C under
vacuum overnight to remove absorbed water and oxygen. LiNa2AlH6/
3DG hierarchical composites were synthesized using a two-step
method. In a typical synthesis, Na (114 mg) and C10H8 (667 mg) were
dissolved in anhydrous THF (50 mL), and then graphene (71 mg) was
added and continuously stirred for 1 h. The dispersion was then
transferred to a reactor and heated at 90 °C under 3 MPa in H2
atmosphere for 12 h with continuous magnetic stirring. An intermediate NaH/Graphene (NaH/G) composite was obtained by ﬁltration,
washing with anhydrous THF, and drying at 60 °C. Finally, NaH/G
(200 mg) and LiAlH4 (99 mg) were ball-milled in a planetary ballmilling machine at 400 rpm for 36 h under 4 MPa H2 atmosphere,
resulting in the LiNa2AlH6/3DG microﬂower composite. The ball-topowder mass ratio is 40:1.

3. Results and discussion
3.1. Hierarchical structure design and preparation
A two-step in-situ synthesis method as illustrated in Fig. 1 was
developed to prepare LiNa2AlH6/3DG for improving electrical
conductivity and avoiding agglomeration. First, an intermediate composite of NaH and graphene (NaH/G) was synthesized by one-step
solvothermal reaction of sodium naphthalenide (C10H8Na) supported
by graphene dispersed in tetrahydrofuran (THF) under a hydrogen
pressure of 3 MPa. During the solvothermal reaction, NaH was formed
in-situ supported by the XRD patterns in Fig. 2a. The TEM image of
NaH/G and corresponding EDX mapping (Fig. 2b and c) conﬁrmed that
nanosized NaH was uniformly anchored on graphene surface. Second,
NaH/G and LiAlH4 were ball-milled with a molar ratio of 2:1. During the
ball-milling, LiAlH4 reacted with nanosized NaH to form LiNa2AlH6
which was anchored on graphene, meanwhile, graphene self-assembled
into a morphology of 3D hierarchical microﬂower. Pure LiNa2AlH6 phase
was found after ball-milling, revealing that NaH and LiAlH4 have all been
converted into LiNa2AlH6. Fourier-transform infrared spectra in Fig. S1
showed two broad and strong peaks at ~1420 cm−1 and ~813 cm−1,
assigned to the Al−H vibration mode in LiNa2AlH6. Moreover, the 3D
hierarchical microﬂower morphology of LiNa2AlH6/3DG were clearly
observed in the SEM and TEM images (Fig. 2d and e). The corresponding
EDS elemental mapping of LiNa2AlH6/3DG (Fig. 2f) presented uniform
distribution of Na, Al, and C, suggesting an intimate contact between
LiNa2AlH6 and graphene. To determine the exact composition of
LiNa2AlH6 in the composite, thermogravimetric analysis (Fig. S2) was
performed and LiNa2AlH6/3DG desorbed about 4.07 wt% hydrogen,
translating to 70 wt% LiNa2AlH6 in the LiNa2AlH6/3DG composite.

2.2. Material characterizations
XRD patterns were collected on a Bruker D8 Advance X-ray
diﬀractometer with Cu Kα radiation (λ=1.5406 Å). Cycled battery
electrodes were washed with anhydrous diethyl carbonate to remove
the remaining electrolyte, and Scotch tape was used to protect samples
from being contaminated by air or moisture during the XRD measurement. Morphology and structures of samples were investigated using
FEI Nova Nano 450 ﬁeld-emission scanning electron microscope and
an FEI Tecnai G2 F20 S-Twin transmission electron microscope. FTIR
spectra were recorded over 32 scans in transmission mode at a
resolution of 4 cm−1 using a Nicolet iS50 FT-IR. Thermal decomposition behavior was measured using a Netzsch STA 409 PC at a heating
rate of 5 °C min−1 under Ar atmosphere.
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Fig. 1. Schematic illustration of synthesis procedures of LiNa2AlH6/3DG.

(Fig. S3a). In the second cycle, the coulombic eﬃciency of LiNa2AlH6/
3DG in Fig. 3b increased to 90% and its discharge and charge capacities
were ca. 1580 and 1420 mA h g−1, respectively. With increasing cycling
number, the charge capacity of LiNa2AlH6/3DG slowly decreased to
1020 mA h g−1. For the control sample of LiNa2AlH6+G, the dischargecharge voltage proﬁles in the ﬁrst few cycles were consistent with those
of LiNa2AlH6/3DG. However, with increasing cycle number,
LiNa2AlH6+G showed faster capacity decay than that of LiNa2AlH6/
3DG. The charge capacity retention of LiNa2AlH6+G decreased to
21.3% after 100th cycle, which was only half of that of LiNa2AlH6/3DG.
Table S1 summarizes the performance of this work with previously
reported alanates anode. A notable improvement of cycling stability in
LiNa2AlH6/3DG is due to its unique 3D hierarchical structure.
To study the charge product of the reaction, ex-situ XRD measurements of LiNa2AlH6/3DG at various states of discharge were performed to understand the structural evolution. The XRD patterns in
Fig. 3f clearly show the peak at 34.2 degree corresponding to
LiNa2AlH6 gradually decreases from A to E during the discharge and
gradually increases from E to G during the charge, reﬂecting the
excellent reversibility of LiNa2AlH6. Further evidence could be found
from the linear scanning voltammetry (LSV) curves of pristine NaAlH4,

3.2. Improved cycling stability of LiNa2AlH6/3DG in LiPF6-based
liquid electrolyte
LiNa2AlH6 has been previously studied by Reale et al., in which the
ﬁrst cycle coloumbic eﬃciency was only about 34% and no cycling
performance was reported [24]. LiNa2AlH6 has a large theoretical
capacity of 1558 mA h g−1 based on following conversion reaction:
LiNa2AlH6 + 5e− + 5Li+ → 2Na + Al + 6LiH
To understand the advantages of 3D hierarchical structure on
electrochemical performance, we prepared a control sample by ballmilling LiNa2AlH6 and graphene (labeled as LiNa2AlH6+G). Fig. 3
presented the Li-storage performance of LiNa2AlH6/3DG and
LiNa2AlH6+G with a cut-oﬀ voltage of 1 V at the current density of
0.1 A g−1. As shown in Fig. 3a, a long discharge plateau at 0.25 V and a
charge plateau at 0.8 V were observed for LiNa2AlH6/3DG and the
initial discharge and charge capacities were 2396 and 1612 mA h g−1,
revealing a low initial coulombic eﬃciency of ca. 67%. This low
coulombic eﬃciency was mainly attributed to the large irreversible
capacity of graphene, a large discharge capacity of 2443 mA h g−1 but a
small charge capacity of 234 mA h g−1 under the cut-oﬀ voltage of 1 V

Fig. 2. (a) XRD patterns of graphene, NaH/G and LiNa2AlH6/3DG; (b) TEM images and (c) HAADF-STEM image and the corresponding Na and C mapping images of NaH/G; (d) SEM,
(e) TEM images, and (f) HAADF-STEM image and corresponding Na, Al, C elemental mapping of the LiNa2AlH6/3DG.
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Fig. 3. Galvanostatic discharge-charge voltage proﬁles of LiNa2AlH6/3DG and LiNa2AlH6+G. (a) 1st, (b) 2nd, (c) 20th, and (d) 100th cycle. The voltage cut-oﬀ is 1 V vs. Li/Li+ and current
density is 0.1 A g−1. (e) Cycle performance fr 100 cycles. (f) Ex-situ XRD patterns of the LiNa2AlH6/3DG electrode at diﬀerent states of discharge. (g) Comparison of LSV of the pristine
NaAlH4, pristine LiNa2AlH6, and discharged product of LiNa2AlH6/3DG (the ﬁfth cycle).

in the liquid electrolyte (Fig. 3a and b), indicating that LiNa2AlH6 was
well regenerated. Furthermore, similar dQ/dV proﬁles of LiNa2AlH6/
3DG in LiBH4 electrolyte and LiPF6-based liquid electrolyte were
shown in Fig. S4, indicating similar electrochemical reaction mechanisms of LiNa2AlH6/3DG in the solid and liquid electrolytes. From
Fig. 4a and b, the voltage proﬁles stabilized after a few cycles and led to
a stable capacity at 1280 mA h g−1 for 50 cycles at 0.2 A g−1. Fig. 4c
shows a capacity retention of 97% for 500 cycles for LiNa2AlH6/3DG at
the current density of 1 A g−1, the best stability among alanates anodes
to the best of our knowledge. Fig. 4d shows the rate capability of
LiNa2AlH6/3DG and the discharge capacities of LiNa2AlH6/3DG are
1163, 1034, 979, 925 and 861 mA h g−1 at the current density of 0.2,
0.5, 1, 2 and 5 A g−1, respectively. Fig. 4e shows the Nyquist plot of the
electrochemical impedance spectrum of LiNa2AlH6/3DG. The semicircle representing the charge-transfer resistance in the high-frequency
range is very small, indicating negligible interfacial resistance between
LiNa2AlH6/3DG and LiBH4 electrolyte, ensuring the high rate performance observed in Fig. 4d [35].
To shed light on the excellent cycling stability of LiNa2AlH6/3DG
compared to other alanates, we summarize that the LiNa2AlH6/3DG
composite has following three advantages. First, LiNa2AlH6 has better
intrinsic reversibility. Compared to other hydrides shown in Table S2,
LiNa2AlH6 decomposes at an onset temperature of 207 °C and can be
rehydrogenated at 2.9 bar at 170 °C, indicating a superior reversibility
under relatively mild conditions. The optimal ΔH value of LiNa2AlH6

pristine LiNa2AlH6, and its discharged product displayed in Fig. 3g.
NaAlH4 was chosen as a reference sample since both NaAlH4 and
LiNa2AlH6 could be regenerated from the discharged composite of Na,
Al and LiH but the former shows poor reversibility [28,29]. Both
NaAlH4 and LiNa2AlH6 show unique anodic decomposition peaks as
1.42 V and 1.56 V vs Li+/Li, respectively. For the discharged products
of LiNa2AlH6/3DG after 5 cycles, we observe the anodic peak at 1.56 V,
indicating that LiNa2AlH6 rather than NaAlH4 was regenerated and the
regeneration of LiNa2AlH6 led to the improvement in cycling stability.
3.3. Excellent performance of LiNa 2 AlH 6 /3DG with LiBH 4 solid
electrolyte
Although the cycling stability shown in Fig. 3e was improved
compared to earlier reports, capacity decay still existed, mainly
attributed to the side reactions between H– anions in the regenerated
LiNa2AlH6 and liquid electrolyte [22,28,29]. Kojima and Latroche et al.
demonstrated that MgH2 that has a similar H– anion that can form a
stable interface with hydride-based solid-state electrolyte, such as
LiBH4 or LiBH4-LiI [34,37,38]. In this work we also investigated
LiBH4 as a solid-state electrolyte to further improve cycle stability of
LiNa2AlH6/3DG. Fig. 4a shows the galvanostatic discharge–charge
proﬁles for LiNa2AlH6/3DG with LiBH4 electrolyte at 125 °C, at which
LiBH4 is a hexagonal phase with ionic conductivity of 1.8 mS/cm. The
proﬁles of the ﬁrst two discharge–charge curves were similar to those
426
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Fig. 4. Li-storage performance of LiNa2AlH6/3DG with LiBH4 solid electrolyte at 125 °C: (a) discharge-charge voltage proﬁles at 0.2 A g−1; the cycling performance at (b) 0.2 A g−1 and
(c) 1 A g−1, respectively; (d) the rate capability from 0.2 A g−1 to 5 A g−1; (e) Nyquist plot of electrochemical impedance spectrum at the open circuit voltage.

forms the basis of reversible electrochemical cycling. Second, in the
hierarchical structure of LiNa2AlH6/3DG, LiNa2AlH6 nanoparticles are
uniformly and intimately anchored on graphene nanosheets which
further self-assemble into 3D microﬂowers. Such a structure with three
hierarchical levels (i.e. nanoparticles, nanosheets, and microﬂowers)
not only provides rich active sites, high electrical conductivity and short
Li+ diﬀusion path but also inhibits the aggregation of active materials
and stabilizes the hierarchical structure. Finally, ultrafast chargetransfer process and compatible interface between LiNa2AlH6 and
LiBH4 solid-state electrolyte further improve the Li-ion battery performance.

ultrafast charge-transfer process and stable interface between
LiNa2AlH6/3DG and LiBH4. This work not only demonstrates the
improvement of hydrides anode performance but also guides the
design of metal hydride anodes.

4. Conclusions
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In summary, we report a two-step method for the LiNa2AlH6/
graphene composite synthesis. LiNa2AlH6/3DG delivers a high capacity
of 861 mA h g−1 at a high current density of 5 A g−1 and a stable cycle
capacity for 500 cycles in an all-solid-state Li-ion battery with LiBH4
solid-state electrolyte. The Li-storage performance of LiNa2AlH6/3DG
in the solid-state battery is substantially better than previous reports of
alanates anodes, which is attributed to the better intrinsic reversibility
of LiNa2AlH6, the hierarchical structure of LiNa2AlH6/3DG, and the
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