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ABSTRACT: Due to their high theoretical specific capacity, metal
hydrides are considered to be one of the most promising anode
material for all-solid-state Li-ion batteries. Their practical application
suffers, however, from the poor cycling stability and sluggish kinetics.
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Herein, we report the in situ fabrication of MgH, and Mg,NiH, that 800 charge |
are uniformly space-confined by inactive Nd,H; frameworks with high d . L 40
.. L. , . ischarge

Li-ion and electron conductivity through facile hydrogenation of 400 i
single-phase Nd,MggNig alloys. The formation of MgH, and :MeH, 8:Mg,NiH, Mg |20
Mg,NiH, nanocrystals could not only shorten Li-ion and electron 0 _.:L"H . l-’]\"[gzN" . NH T,
diffusion pathways of the whole electrode but also relieve the induced 0 20 40 60b 80 100
stress upon volume changes. Additionally, the robust frameworks Cycle number

constructed by homogeneous distribution of inactive Nd,H; based on

a molecular level could effectively alleviate the volume expansion and phase separation of thus-confined MgH, and Mg,NiH,.
More importantly, it is theoretically and experimentally verified that the uniform distribution of Nd,H;, which is an electronic
conductor with a Li-ion diffusion barrier that is much lower than that of MgH, and Mg,NiH,, could further facilitate the
electron and Li-ion transfer of MgH, and Mg,NiH,. Consequently, the space-confined MgH, and Mg,NiH, deliver a reversible
capacity of 997 mAh ¢! at 2038 mA g™! after 100 cycles.
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T he rapid development of electronic vehicles and energy electrolytes.'* In addition, the liquid organic electrolytes

storage devices has stimulated the ever-growing intrinsically hold the drawbacks of flammability, leakage, and

requirements of Li-ion batteries (LIBs) with high electrochemical instability, which triggers severe safety issues,
energy density by exploring various emerging high-capacity especially in large-scale energy storage systems. =
anodes.'”* Among the recently developed anodes, metal To effectively solve the safety issues of LIBs, all-solid-state
hydrides have been widely regarded as one of the promising LIBs (ASSLIBs) using lithium borohydrides as the electrolytes
candidates due to their ultrahigh theoretical Li storage capacity have been developed toward practical application of metal

(e.g.,. 2032 mAh g_i for IYIgHZ) basedA or;_’;he conversio.n hydrides.”*>* LiBH, could not only act as the solid-state
reaction: MH, + «Li" + xe” < M + «LiH." " Moreover, in electrolyte due to its high Li-ion conductivity, which is
comparison to all other conversion electrodes, the lowest value comparable to that of liquid organic electrolytes, but also
. . )
of polarization ever reported could be observed for MgH,, promote H™ conductivity owing to the hydrogen exchange
resulting from the facile transportation of hydrogen, which effect between LiBH, and MgH, which is capable of
4 oy

eﬁ'e.ctlvglxo reduces the risk of thermal‘ runaway upon facilitating the reversibility of metal hydrides for reversible Li
cycling. Nevertheless, the poor electronic conductivity of 24226

t . Unfortunately, due to the insulati t f
MgH, particles and the particle agglomeration and phase storage nlottunately, due fo the insulating hature o
separation induced by serious volume change®'' ™" lead to the
rapid capacity decay during the charge/discharge cycles using Received:  January 29, 2022

traditional liquid organic electrolytes. Although these issues Accepted:  May 9, 2022
could be improved by building nanostructured anodes of Published: May 11, 2022
MgH, to a large extent, the continuous and rapid decay of
reversible capacity of MgH, is still observed due to the
inevitable detrimental reactions between electrodes and
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Figure 1. (a) Schematic illustration for the fabrication of space-confined MgH, and Mg,NiH, into inactive Nd,H; frameworks. (b) XRD
patterns of the as-synthesized single-phase Nd,Mgg,Nig alloy and Nd,MggNisH,. (c) TEM image of single-phase Nd ,Mg,Nig alloy. The
inset shows the corresponding selected area electron diffraction pattern of one single particle. (d) HRTEM image of the as-synthesized
Nd Mgg,NigH,. (e) TEM image of the as-synthesized Nd,Mgy,NigH, and the corresponding EDS elemental mapping images of Ni, Mg, and
Nd. (f,g) EDS elemental mapping images of ball-milled composite of the as-synthesized Nd,Mgg,NigH,, LiBH,, and Super P as the electrode.

MgH, and the large volume change induced by the conversion
reaction, rapid capacity decay could still be observed during
the cycling charge and discharge process.”” Although the Li
storage performance of MgH, could be enhanced to a large
extent with the assistance of catalysts,””***” the intrinsic Li ion
and electronic transport between the electrode and the
electrolyte of ASSLIBs when using LiBH, as the solid-state
electrolyte is greatly limited. As a result, it is necessary to
develop an efficient and stable electron/ion dual-conductive
pathway to boost the Li storage performance of metal hydrides.

Bearing these considerations in mind, herein, we report an
efficient way to fabricate metal-hydride-based anodes with in
situ built electron/ion dual-conductive frameworks. It is
realized by the facile hydrogenation of single-phase
Nd,MggoNig alloys, leading to the in situ formation of MgH,
and Mg,NiH, that are uniformly space-confined by inactive
Nd,H; frameworks with high Li-ion and electron conductivity
(Figure 1a). First, the as-synthesized nanocrystals of MgH, and
Mg, NiH, could offer short diffusion paths for electrons and Li
ions, which promotes the Li storage reaction rate of metal
hydrides. In addition, the homogeneous distribution of inactive
Nd,H; based on a molecular level could act as a robust and
stable framework, which could effectively alleviate the large
volume expansion of thus-confined MgH, and Mg,NiH, and
prevent the phase separation upon cycling, leading to good
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preservation of the structural integrity of the whole electrode.
More importantly, both theoretical calculation and exper-
imental observation demonstrate that Nd,H; is an electronic
conductor with a Li-ion diffusion barrier that is much lower
than that of MgH, and Mg,NiH,, and hence its uniform
distribution could further facilitate electron and Li-ion transfer
of MgH, and Mg,NiH,. In addition, both Nd,H and
Mg,NiH, play a catalytic role in effectively weakening Mg—
H bonds of MgH,, which could kinetically promote reversible
charge and discharge performance of MgH,. As a result, the
hydrogenated Nd,MggNig electrode exhibits an impressive
reversible capacity of 997 mAh g~ after 100 cycles at a high
current density of 2038 mAh g~" with a high initial Coulombic
efficiency of 92.2%.

RESULTS AND DISCUSSION

After a facile thermal annealing process, the X-ray diffraction
(XRD) pattern (Figure 1b) demonstrates the uniform
formation of the single-phase Nd,Mgg,Ni, alloy, corresponding
well with the selected area electron diffraction (SAED) pattern
(Figure 1c). Scanning electron microscopy (SEM) measure-
ment illustrates an average particle size of approximately 6.4
um for the as-prepared Nd,MggNi; alloy (Figure Sla).
Subsequently, the repeated hydrogenation and hydrogenation
process of the thermally annealed alloys leads to in situ
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Figure 2. (a) CV profiles of the Nd,MggNigH, electrode for the initial three cycles at a scan rate of 0.025 mV s™'. (b) Galvanostatic
discharge—charge curves of the Nd,Mgg,NigH, electrode at 0.1C for the initial three cycles. (c) Cycling performance and (d) rate capability
of the Nd,Mgg(NigH, electrode at 0.1C. (e) Cycling performance of the Nd,Mgg,NigH, electrode at 0.5 and 1C.

formation of MgH,, Nd,H;, and Mg,NiH, phases (denoted as
Nd,MggNigH,), as verified by XRD results (Figure 1b). A
high-resolution transmission electron microscopy (HRTEM)
image of the hydrogenated Nd,Mgg,Nig (Figure 1d) illustrates
that the thus-obtained hydrides exhibit distinct lattice fringe of
0.16, 0.27, and 0.19 nm, corresponding to the (211) plane of
MgH,, the (004) plane of Nd,H;, and the (513) plane of
Mg,NiH,, respectively, which provides additional evidence for
the formation of MgH,, Mg,NiH,, and Nd,H;. In addition,
Nd,MggoNigH, delivers a H, desorption capacity of 5.64 wt %,
indicating the complete hydrogenation of the Nd,MggNig
alloy (Figure S2). Interestingly, owing to the uniform
distribution of Nd, Mg, and Ni inside the single-phase
Nd,MggNig alloys at the atom level, the homogeneous
distribution of the thus-formed nanocrystals of hydrides
could be clearly observed with a size ranging from 5 to 10
nm, which could be further supported by the corresponding
energy-dispersive spectroscopy (EDS) elemental mapping
results (Figure le). As verified by SEM results, the average
particle size of the as-synthesized Nd,MggNigH, is slightly
larger than that of MgH, used in this work (Figure S1b,c). The
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Nd,MggNigH, anode is subsequently fabricated by mixing
LiBH, as the solid-state electrolyte and Super P as the
electronic conductor with the size of the particles ranging from
S to 25 pm (Figure S1d), which are slightly decreased
compared with the original hydrogenated Nd,Mgg,Nig
particles (Figure S1b). Moreover, the elemental mapping
results over the hydrogenated Nd,MggNig particles (Figure
1fg) illustrate that the Nd, Mg, Ni, and B elements are
uniformly distributed in the particles, validating a homoge-
neous distribution of the electroactive material, electrolyte, and
conductive carbon after a simple mechanical milling process.

Cyclic voltammetry (CV) measurements reveal a strong
reduction peak at 0.42 V during the first discharge process of
the as-synthesized Nd,Mgg,NigH, (Figure 2a), which could be
attributed to the reduction of MgH, and Mg,NiH, with the
formation of Mg and Mg,Ni as the discharged products
accompanied by the complete disappearance of MgH, and
Mg,NiH,, as verified by the XRD results (Figure 3a). It is
interesting to note that Nd,H; that is uniformly distributed
inside Nd;MggNigH, could still be observed after full
lithiation upon discharging to 0.3 V (Figure 3a), which
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Figure 3. (a) XRD patterns of the Nd,Mgg,NigH, electrode at various discharge and charge states: (I) fresh electrode, (II) after initial
discharge process to 0.3 V, and (III) after the initial charge process to 1.0 V. HRTEM images of the Nd Mg NisH, electrode at various
states: (b) before cycling, (c) after the initial discharge to 0.3 V, and (c) after the initial charge to 1.0 V. Elemental mapping results of the
Nd Mgy, NigH, electrode at various states: (e) after the complete discharge to 0.3 V and (f) after complete charge to 1.0 V. Scanning TEM
(STEM) images and the corresponding elemental mapping results of the MgH, electrode at various states: (g) pristine and (h) after
complete discharge to 0.3 V. (i) Schematic illustration of the charge and discharge process of MgH, and Nd,Mgg,NigH, electrodes.

could serve as a structural support to alleviate the volume
change of MgH, and Mg,NiH, upon cycling. The correspond-
ing HRTEM image (Figure 3c) illustrates distinct lattices
fringed with 0.19, 0.24, and 0.27 nm, corresponding to the
(102) planes of Mg,Nj, the (101) planes of Mg, and the (200)
planes of Nd,H;, respectively, in good agreement with the
XRD results. Conversely, two anodic peaks located at 0.57 and
0.65 V in the first charge cycle could be ascribed to the
regeneration of MgH, and Mg,NiH,, respectively, correspond-
ing well with the XRD results (Figure 3a). As shown in Figure
3a, the characteristic diffraction peaks of MgH, and Mg,NiH,
emerge again with the presence of Nd,H; upon charging to 1
V. After the complete delithiation process, the marked d-
spacings of the crystalline nanocrystals are measured to be
0.11, 0.27, and 0.22 nm, corresponding to the (222) plane of
MgH,, the (200) plane of Nd,H;, and the (204) plane of

Mg,NiH,, respectively (Figure 3d). As a result, the reversible
Li storage of the Nd,Mgg,NigH, electrode could be concluded
as the reversible conversion reactions of MgH, and Mg,NiH,
as shown below.

MgH, + 2Li" + 2¢~ < Mg + 2LiH (1)
Mg NiH, + 4Li* + 2¢” < Mg Ni + 4LiH @)

Except for the initial cycle, the CV curves in the subsequent
cycles almost overlap without observation of an irreversible
reaction, suggesting its good reversibility and high Coulombic
efficiency. The electrochemical performance of Nd,Mgg,NigH,,
is further investigated using galvanostatic discharge—charge
curves (Figure 2b). The small potential differences between
the charge and discharge plateau provide additional evidence
for the good electrochemical reversibility of Nd,Mgg,NigH, for
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Figure 4. (a) Density of states of MgH,, Mg,NiH,, and Nd,H;. (b) Charge conductivity of the Nd,Mgg,NigH, and MgH, electrodes tested by
chronoamperometry. Energy curves of lithiation process of MgH, (c) and Mg,NiH, (d). The inset shows the corresponding schematic
illustration. The energy barrier of Li diffusion on the surface of (e) Nd,H;, (f) Mg,NiH,, and (g) MgH,. Green, silver, pink, orange, and

purple spheres are Li, Ni, H, Mg, and Nd, respectively.

Li storage. The initial discharge capacity of the Nd,Mgg,NigH,,
electrode reaches 1440 mAh g, slightly higher than its
theoretical value of the theoretical capacity (i.e, 1352 mAh g~*
calculated based on the following equation, CingmgNiH,) =
Clumgn,) X %mass of MgH, + Ciygnin,) X %mass of Mg, NiH,,
which could be possibly induced by the slight alloying reaction
of extra Mg with Li. More importantly, a reversible charge
capacity of 1392 mAh g~' could be obtained in the first cycle,
corresponding to an initial Coulombic efficiency (ICE) of
92.2%, providing direct evidence for the high reversibility of
the Nd,MggNigH, electrode. Although both discharge and
charge capacities of the Nd,MggNigH, electrode of the first
cycle are much lower than those of the MgH, electrode due to
the introduction of Nd and Ni with large weight, the initial
Coulombic efficiency for the MgH, electrode is only 76.4%.
More importantly, upon repeated processing for Li storage
performance, the Nd,MggNigH, electrode delivers a high
reversible capacity of 1191 mAh g~' after 100 cycles,
corresponding to a capacity retention of 89.6%. By
comparison, the capacity of the MgH, electrode rapidly decays
to less than 300 mAh g™' after only 18 cycles.

The rate capability of the Nd,MgyNigH, electrode, a key
indicator for practical application of ASSLIBs, is subsequently
investigated. As shown in Figure 2d, the Nd,MggNigH,
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electrode exhibits an excellent rate performance, delivering
an average reversible capacity of 1110 mAh g~' at 1C. Upon
increasing the current density to 2C, a reversible specific
capacity as high as 694 mAh g~' could still be achieved. By
comparison, the reversible specific capacity of MgH, rapidly
decreases to only 93 mAh g™' at 2C. More importantly, the
reversible capacity returns to 1160 mAh g™ with nearly no
capacity fading when the current density returns to 0.5C,
which demonstrates the capability of the Nd,MggNigH,
electrode toward fast Li-ion storage and extraction. Sub-
sequently, the cycling performance of the Nd,MggNigH,
electrode is investigated at the high current density of 0.5
and 1C. After 80 cycles, a high reversible capacity of 1087 mAh
g~! could still be obtained (Figure 2e), corresponding to an
ultrahigh capacity retention of 97.2%. It should be noted that
the reversible capacity of the Nd,MggNigH, electrode is
gradually increased in the initial six cycles, which could be
possibly attributed to the activation of MgH, and Mg,NiH,
during the cycling. By comparison, the reversible capacity of
the MgH, electrode fades rapidly to 200 mAh g™" after only 10
cycles at a low current density of 0.5C. Impressively, upon
increasing the current density to 1C, the initial reversible
capacity of the Nd,MggNigH, electrode still reaches 1196
mAh g™ with a high Coulombic efficiency of 96%, and this
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value is well-preserved to be 997 mAh g™' after 100 cycles,
which is among the best reported metal hydride anodes so far
(Figure S3). More importantly, the Coulombic efficiencies of
almost 100% are well-maintained during the whole charge and
discharge process, which provides additional evidence for the
excellent reversibility of the Nd,MggNigH, electrode. In
strong contrast, the pristine MgH, electrode is damaged after
only a few cycles and cannot maintain the charge—discharge
cycle at such a high current rate.

As the hydrogenated Nd,MggNig alloys are mainly
composed of Mg,NiH, and Nd,H; in addition to MgH,,
their respective role in affecting the electrochemical perform-
ance of MgH, is investigated in detail (Figure SS). The as-
synthesized Mg,NiH, and Nd,H; are irregular in shape with
comparable particle sizes ranging from S to 10 ym (Figure
S6a,b), and after ball milling with LiBH, and Super P, the as-
formed particles are pulverized to some extent but with
comparable particle sizes (Figure S6c,d). The corresponding
HRTEM images (Figure S6e,f) exhibit distinct lattice fringes of
both Mg,NiH, and MgH, inside the MgH, electrode after the
introduction of Mg,NiH, and both Nd,H, and MgH, inside
the MgH, electrode after the introduction of Nd,Hs, indicating
the relatively uniform distribution of Mg,NiH, and Nd,Hj; in
the corresponding electrodes after ball milling. Particularly, the
initial reversible capacity of MgH, could be effectively
increased to 1284 mAh g~' with the addition of Mg,NiH,
and 1418 mAh g~' with the addition of Nd,H;, respectively.
More importantly, the MgH, electrode delivers a reversible
capacity of 871 mAh g™' after 100 cycles due to the
introduction of Mg,NiH, and 1027 mAh g after 86 cycles
due to the introduction of Nd,H;. In strong contrast, only a
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negligible reversible capacity of 216 mAh g™ could be
obtained for pure MgH, electrodes after SO cycles. This result
directly demonstrates the positive role of Mg,NiH, and Nd,H;
in improving the electrochemical performance of MgH,.

In order to unravel the role of Mg,NiH, and Nd,H; in
improving the electrochemical performance of MgH,, the
density of states (DOS) of MgH,, Mg,NiH,, and Nd,H; were
first calculated (Figure 4a). It is interesting to note that,
although both the MgH, and Mg,NiH, are semiconductors,
the band gap of Mg,NiH, is much narrower than that of
MgH,, which demonstrates the superior diffusion of electrons
in Mg,NiH, in comparison with MgH,. More importantly, the
DOS of Nd,Hj; crosses the Fermi level, indicating that Nd,H;
is a conductor, which could effectively promote the electronic
conductivity of the thus-fabricated Nd,Mgg,NigH, electrode.
This result could be further supported by measuring the direct
current (DC) conductivity of the Nd,MggNigH, electrode
(Figure 4b). It is calculated that the DC conductivity of the
Nd,MggNigH, electrode approaches 0.99 S cm™" at 130 °C,
which is nearly 2 times higher than that of the pure MgH,
electrode (0.54 S cm™). This result provides direct evidence
that the homogeneous distribution of Mg,NiH, and Nd,H;
that is achieved through in situ hydrogenation of single-phase
Nd,MggNig alloys is capable of effectively enhancing the
electron transfer of the MgH, electrode, which contributes to
enhancing the Li storage performance of MgH,. Additionally,
considering the electrochemical activity of Mg,NiH, in
participating in Li storage performance, the lithiation process
of MgH, and Mg,NiH, is investigated by thermodynamic
calculations to further understand the enhanced electro-
chemical performance of Nd,MggNigH,. The calculated
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formation energy of the reaction between Li and Mg,NiH, is
—1.96 eV (Figure 4c), much lower than that for the reaction
between Li and MgH, (i.e, —1.04 eV) (Figure 4d), which
indicates the thermodynamically favored lithiation process of
Mg,NiH, in comparison to that of MgH,. Hence, during the
lithiation process of the Nd,MggNigH, electrode, Mg,NiH,
will be first reduced with the formation of Mg,Ni alloys as the
discharged products, which would increase the electronic
conductivity of the whole electrode and facilitate the
subsequent discharge process of MgH,. Conversely, Mg,Ni
alloys would be oxidized to form Mg,NiH, after the charge
process of Mg, and hence, it could also act as the electronic
conductor to facilitate the reversible charge process of Mg.
In addition to the role of Mg,NiH, and Nd,Hjy in enhancing
the electronic conductivity of the MgH, electrode, the energy
barrier of Li diffusion on the surface of Nd,Hg (111) and
Mg,NiH, (001) is calculated to be as low as 0.29 eV (Figure
4e) and 0.34 eV (Figure 4f), respectively. Both of them are
much lower than the energy barrier for the Li diffusion on the
surface of MgH, (110) (Figure 4g), demonstrating that the
homogeneous distribution of Mg,NiH, and Nd,Hj also plays a
key role in improving the Li-ion diffusion kinetics of the MgH,
electrode induced by in situ hydrogenation of single-phase
Nd,MggoNi; alloys. Interestingly, the energy barrier of Li
diffusion on the surface of Mg (0001) and Mg,Ni (010) that
are formed after the lithiation process is calculated to be as low
as 0.03 and 0.24 eV, respectively (Figure S7), and the energy
barrier of Li diffusion on the surface of LiH (001) as verified
by our previous publication is determined to be as low as 0.04
eV.’" These results directly demonstrate that, in comparison
with a high Li diffusion barrier, as observed in the delithiation
process, the reversible lithiation process of Mg and Mg,Ni is
kinetically favored. Electrochemical impedance spectroscopy
(EIS) is further conducted to experimentally understand the
Li-ion conductivity of the Nd,MggNigH, electrode. The
semicircle in the medium- and high-frequency region is
attributed to the charge transfer resistance between the
cathode (Nd,MggNigH,)/anode (Li) and the solid electrolyte
(LiBH,), and the slope line in the low-frequency region is a
typical Warburg behavior, corresponding to the Li-ion
diffusion kinetics of the electrode. As shown in Figure Sa,
the initial semicircle of the Nd,MggNigH, electrode is
obviously smaller than that of the MgH, electrode, indicating
a low electron transfer resistance at the electrode/electrolyte
interface of the former electrode. In addition, the slope of the
line at the frequency region for the Nd,Mgg,NigH,, electrode is
larger than that of the MgH, electrode, indicating a higher
lithium-ion diffusion rate of Nd,MggNigH, electrode. The Li
ion diffusion coefficient (Dy;) of the Nd,Mgg,NigH, electrode
(Figure Sb) at its open potential state is calculated to be 1.83 X
107 cm? s7Y, almost S orders of magnitude higher than that of
the MgH, electrode (2.48 X 10™'* cm? s7'), which directly
demonstrates the significant enhancement of Li-ion diffusion
kinetics due to the uniform distribution of Mg,NiH, and
Nd,H; with a Li-ion diffusion barrier lower than that of MgH,,
corresponding well with the theoretical calculation results.
Interestingly, the uniform distribution of Mg,NiH, and MgH,
is well-maintained after repeated Li storage performance of the
Nd,MggNigH, electrode, which could be attributed to the
positive role of the inactive Nd,H; for Li storage upon cycling
in preserving the structural stability of the whole electrode
(Figure 3b—f). It could effectively stabilize the effect of Nd,H;
and Mg,NiH; in promoting the electron and Li-ion
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conductivity of the whole electrode and hence effectively
improve the reversibility of the MgH, electrode with high
specific capacity. In addition, it is noticed that, in addition to
the superior electron and Li-ion conductivity of Mg,NiH,
compared to those of MgH, (Figure 4a,c,d,f,g), which could
kinetically facilitate the Li storage performance of Mg,NiH,,
the average length of Mg—H bonds in Mg,NiH, reaches 2.02
A (Figure S8a,b), which is much larger than that of MgH, (i.e.,
1.71 A). It indicates the much weaker Mg—H bonds of
Mg,NiH, compared those of MgH, due to the thermodynamic
destabilization effect,®"** which could further thermodynami-
cally promote the reversible Li storage performance of
Mg,NiH,. Induced by this thermodynamic and kinetic
enhancement, a high reversible capacity of 652 mAh g'
could be achieved for Mg,NiH, at 0.5C (1C = 960 mA g~')
after 75 cycles with a capacity retention as high as 92% (Figure
S9a). Moreover, even at a high current density of 1C,
Mg,NiH, is still capable of delivering a high reversible capacity
of 602 mAh g~' after 100 cycles with a capacity retention of
85% (Figure S9a), indicating the excellent cycling stability of
Mg,NiH,, which could be further supported by homogeneous
distribution of Mg,NiH, after 50 cycles at 1C (Figure S9b,c).
Therefore, the relatively stable structure of Mg,NiH, could
also contribute to suppressing the phase separation of MgH,
during the cycling charge and discharge process. By
comparison, clear aggregation of Mg could be observed for
the pure MgH, electrode after the initial discharge process in
the elemental mapping results (Figure 3gh), which indirectly
confirms the obvious phase separation between Mg and LiH,
leading to the rapid capacity degradation of the MgH,
electrode (Figure 3i).

In addition, it is interesting to note that the MgH, electrode
with the introduction of both Mg,NiH, and Nd,H; delivers a
discharge capacity of 621 and 430 mAh ¢! at 1 and 1.5C,
respectively, which is 51 and 75% higher than that of the MgH,
electrode with the introduction of Mg,NiH, only (Figure SSb).
This result provides further evidence for the effective role of
Nd,H; with high electron and Li-ion conductivity in enhancing
the Li storage performance of MgH,, especially at high current
densities. However, the difference between the MgH, electrode
modified by both Mg,NiH, and Nd,H; and the MgH,
electrode modified by Mg,NiH, only is actually small at a
low current density of 0.5C. Therefore, in addition to
considering the role of the electron and Li-ion conductivity
of Nd,H;, the catalytic effect of Mg,NiH, and Nd,H; in
enhancing the electrochemical property of MgH, is evaluated.
Theoretical calculations based on density functional theory
(DFT) demonstrate that two Mg—H bonds of the pristine
MgH, monomer have an equal length of 1.71 A. By
comparison, the average length of Mg—H bonds in the
MgH, on the surface of Nd,Hs and Mg,NiH, is increased to
1.86 and 1.94 A, respectively (Figure S8c,d). This result
indicates that both Nd,Hs; and Mg,NiH, are capable of
weakening Mg—H bonds of MgH,, and Mg,NiH, is more
effective in weakening Mg—H bonds. This result could be
further supported by their corresponding H, desorption tests
(Figure S8e), which demonstrate that the H, desorption
temperature of MgH, is significantly reduced under the
catalysis of both Mg,NiH, and Nd,H;. Particularly, the onset
temperature for the H, desorption from MgH, reaches
approximately 360 °C. In strong contrast, the onset temper-
ature for the H, desorption of MgH, under the catalysis of
Mg,NiH, and Nd,Hj is significantly reduced to 196 and 290
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°C, respectively, which is 164 and 70 °C lower than that of
pure MgH,. These results directly demonstrate the catalytic
role of Mg,NiH, and Nd,H; in effectively weakening of Mg—
H bonds, which hence could promote reversible Li storage
performance of MgH,. Considering the comparable mecha-
nism of H, desorption and absorption of MgH, with its
lithiation and delithiation process,'”** the catalytic role of
either Mg,NiH, or Nd,H; could kinetically promote the
lithiation and delithiation performance of MgH,, resulting in
an excellent electrochemical performance.

To our best knowledge, since Li ions and electrons are
transported entirely in the solid phase of the ASSLIBs, the
interfacial contact between solid-state electrolyte and electro-
des is one of the primary factors that affects the electro-
chemical performance of all-solid-state batteries.”*™® There-
fore, the cross-sectional SEM images of Nd,MggNigH,[LiBH,
and MgH,ILiBH, at their initial state and after cycling are
detected, which illustrates that the interfacial contact between
the MgH, electrode and the solid electrolyte at the initial state
(Figure Sf) is comparable to that of Nd,Mgg,NigH, electrode
(Figure Sc). The continuous appearance of pores and cracks,
however, could be clearly observed at the interfacial area
between MgH, and LiBH, and inside the cathode upon the
proceeding of the cycling process (Figure Sgh), which could
be attributed to the large volume change of MgH, and thus-
induced phase separation during repeated lithiation and
delithiation processes, leading to poor interfacial contact that
hinders the electronic and Li-ion conductivity (Figure 3i). As a
result, the charge transfer resistance (R,) and the SEI
resistance (Rgg;) in the MgH, anode is significantly increased
to 24.66 and 26.18 Q, respectively, after only one cycle of the
charge and discharge process according to the EIS profiles,
which contributes to the significant capacity degradation of the
MgH, electrode. By comparison, taking advantage of the role
of the inactive Nd,Hg with uniform distribution on a molecular
level in preserving the structural stability of the whole electrode
(Figure 3i), both the structure of the Nd,MggNigH,, electrode
and the interfacial contact between the Nd,MggNigH,
electrode and the solid electrolyte are well-preserved after 20
cycles at 1C (Figure Se,d). Moreover, the surface of the
Nd,MggNig electrode is still smooth without any obvious
cracks after cycling (Figure S10a,b), whereas clear holes and
cracks could be observed on the surface of the MgH, electrode
(Figure S10c,d). This result indirectly demonstrates that the
homogeneous distribution of Nd,H; frameworks could serve as
a robust host to restrain the volume change effectively of
MgH, and Mg,NiH, during the cycling, which leads to a
significantly improved cycling performance. As a result, both
R, and Rgg; are well-preserved and are even lowered to some
extent due to the structural activation process during the first
cycle of the charge and discharge process, which provides
additional evidence for the stable interfacial stability of the
Nd, Mg NigH, electrode. In addition, owing to the well-
preserved structural integrity induced by the uniform space-
confinement role of Nd,H; frameworks with high Li-ion and
electron conductivity, the Li-ion diffusion coefficient of the
Nd,MggNigH, electrode remains approximately S orders of
magnitude higher than that of the MgH, electrode upon
cycling, leading to excellent cycling stability.

CONCLUSION

In conclusion, we report the fabrication of space-confined
MgH, and Mg,NiH, by the uniformly distributed Nd,H;
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frameworks with high Li-ion and electron conductivity through
the facile hydrogenation of single-phase Nd,Mgg,Nis alloys.
The in situ formation of MgH, and Mg,NiH, nanocrystals
could not only shorten Li-ion and electron diffusion pathways
of the whole electrode but also relieve the thus-induced stress
from the large volume change of metal hydrides. The
homogeneous distribution of inactive Nd,H; frameworks
based on a molecular level, on the other hand, could act as a
structural host that could effectively alleviate the large volume
expansion and suppress the phase separation of thus-confined
MgH, and Mg,NiH,. More importantly, the uniform
distribution of Nd,Hs, which is theoretically and experimen-
tally demonstrated to be an electronic conductor with a Li-ion
diffusion barrier that is much lower than that of MgH, and
Mg,NiH,, is capable of effectively facilitating the electron and
Li-ion transfer of MgH, and Mg,NiH,. Moreover, both Nd,H;
and Mg,NiH, are capable of catalytically weakening Mg—H
bonds of MgH,, which hence kinetically promote the reversible
lithiation and delithiation reaction of MgH,. As a result, the
space-confined MgH, and Mg,NiH, into inactive Nd,H;
frameworks deliver a reversible capacity of 997 mAh g~!
after 100 cycles at a high current density of 2038 mA g~ '.
This work provides a promising strategy to improve the Li
storage performance of various metal hydrides by building Li-
ion and electron conductive frameworks, and it stimulates the
interest in realizing high-performance metal-hydride-based
ASSLIBs for practical applications.

MATERIALS AND METHODS

Synthesis of Nd;MggNigH,. The single-phase Nd,Mgg,Ni,
alloys were synthesized using a medium-frequency induction furnace
with blocks of Nd (Sigma, >99.99 wt %), Mg (Sigma, >99.99 wt %),
and Ni (Sigma, >99.99 wt %) as starting materials. After being ground
three times, the Nd,Mgg,Niz powder was annealed at 400 °C for 2
days, followed by quenching in ice—water. The as-synthesized
Nd,Mgg,Nig alloys were heated to 350 °C for 2 h under 47 bar of
H, toward the activation and hydrogenation.

Synthesis of Nd,H; Powder. Nd,H; was fabricated via the
hydrogenation of commercial Nd powders (500 mg, Sigma, >99.99
wt %). Typically, Nd powders were heated to 300 °C for 2 h under a
hydrogen pressure of 60 bar to obtain Nd,H; powders.

Synthesis of Mg,NiH, Powder. In a typical process, the
commercial Mg and Ni powders with a molar ratio of 2:1 were
mixed by ball milling at 300 rpm for 3 h under an Ar atmosphere.
Subsequently, the thus-milled composite was heated to 400 °C for 2 h
under a hydrogen pressure of 70 bar to obtain Mg,NiH, powders.

Cell Assembly. The schematic illustration of the preparation of
the electrode and the operating cell is shown in Figure S13. The
working electrode was prepared by ball milling of the metal hydrides,
LiBH, (Acros, >95%), and conductive carbon (Super P) with a mass
ratio of 1:1:2 using a planetary ball mill (QM-3SP4, Nanjing) at 400
rpm for 12 h. First, 72 mg of LiBH, powder was pressed at 400 MPa,
followed by the addition of 4 mg of the electrode material, to obtain a
cathode/electrolyte bilayer pellet. A Li foil disk of 9 mm diameter was
added on the bottom of the solid electrolyte to serve as the anode. All
of the cells were fabricated using homemade test cells, in which the
battery components were placed into a polyetheretherketone (PEEK)
cylinder and pressed between two stainless steel pistons serving as
electrical contacts, and all sample handling and cell assembly were
performed in a glovebox (Mikrouna, Shanghai) under an Ar
atmosphere (H,O and O, <1 ppm).

Material Characterization. The phase structure of all of the
samples was investigated by X-ray diffraction (D8 Advance, Bruker
AXS Corporation) with Cu Ka radiation (1 = 1.5418 A). The
morphology of samples was observed by field emission scanning
electron microscopy (JEOL 7500FA, Tokyo, Japan) and transmission
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electron microscopy (JEOL 2011F) coupled with energy-dispersive
spectrometry.

Electrochemical Measurements. All electrochemical tests were
measured at 130 °C. The ASSLIBs with Nd,MggNigH, as the
electrode material were galvanostatically charged and discharged in a
potential range from 0.3 to 1.0 V vs Li*/Li at 0.1C (1C = 2038 mA
g”') using Neware battery test systems (CT-3008W-5 V20A-S4,
Shenzhen, China). The lower-limit cyclic potential of 0.3 V was
selected to avoid the irreversible formation of Li—Mg alloys below 0.3
V, which would result in significant capacity degradation during
cycling.>*” The specific capacities of the electrode were measured
based on the mass of Nd,Mgg,NigH,. Cyclic voltammetry curves were
measured at a scan rate of 0.025 mV s™" in the potential range of 0.3—
1.0 V (vs Li*/Li), and electrochemical impedance spectroscopy curves
were measured in a frequency range from 100 kHz to 100 mHz. In the
chronoamperometry (CA) measurement, 100 mg of electrode
composite powder was added into the PEEK cylinder, followed by
pressing with a pressure of 400 MPa. Thereafter, stainless steel sheets
were used on both sides of the pellet as electrodes. The measurement
was conducted with a constant voltage of 10 mV. The resistance and
the conductivity were obtained by the following equations:

\%4
R=7T 3)
_ 4
=R (4)

where I is the current obtained by CA, d is the thickness, and A is the
area of the electrolyte pellet. CV and CA measurements were
performed using a CHI-660E electrochemistry workstation. Galvano-
static intermittent titration technique (GITT) measurements were
carried out with a negative current pulse at 0.1C for 1800 s, followed
by relaxation for 1800 s. This sequence of discharge pulse followed by
a relaxation time was repeated until the potential reached 0.3 V.

Computational Methods. Density functional theory calculations
were carried out using projector-augmented wave (PAW) method as
implemented in Vienna ab initio simulation package (VASP).**~** A
generalized gradient approximation (GGA) of the Perdew—Burke—
Ernzerhof (PBE) functional was employed to describe the exchange-
correlation interaction.*' The DFT-D3 method was also adopted to
evaluate the van der Waals interactions.*” In all calculations, the
energy cutoff was set as 500 eV, and I'-centered k-point mesh with
mesh point spacing less than 0.05 A™' was applied. The structures
were relaxed until the forces and total energy on all atoms were
converged to less than 0.05 eV A™' and 1 X 107° eV. To obtain the
energy curves of the lithiation processes, the formation energy (Ej)
was calculated as follows:

E = Z EPmduCt - Z E cactant (5)

where Ep gyt a0d Eeqcrane are the total energy of every product and
reactant in the lithiation reaction formula, respectively. A reaction
with lower E; is more likely to occur thermodynamically. The
diffusion of Li on the surface of MgH,, Mg,NiH,, and Nd,Hj is
simulated using the climbing-image nudged elastic band (CI-NEB)
method.***

Hydrogen Storage Measurements. Temperature-programmed
desorption (TPD), isothermal dehydrogenation tests, and the
corresponding hydrogenation process of the as-prepared samples
were conducted on a home-built high-pressure gas sorption apparatus,
which was carefully calibrated by adopting LaNis as a reference
sample in terms of hydrogen storage capacity and guaranteed an
accuracy of +1%. Approximately 20 mg of as-prepared sample was
used for each test. Temperature-programmed desorption tests were
performed at a heating rate of § °C min™". Both TPD and isothermal
dehydrogenation processes were conducted under an initial pressure
of <0.001 MPa.
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