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MgH,, owing to a high theoretical capacity of 2038 mAh g1, is regarded as a promising anode mate-
rial for lithium-ion batteries (LIBs). However, the application of MgH, is still far from satisfactory due to
its poor cycling stability. Herein, nano-crystallization of MgH, as an anode is applied for all-solid-state
lithium-ion batteries (ASSLIBs) using LiBH4 as a solid-state electrolyte. The self-assembly designed MgH,
electrode on graphene could effectively alleviate the volume expansion, prevent the agglomeration of ac-
tive substances, improve the electron transfer, and enhance the electrochemical performance of the anode
material. As a result, a reversible capacity of 1214 mAh g-! after 50 cycles is obtained. Significantly en-
hanced cycle life with a notable capacity of 597 mAh g~! at a current density of 400 mA g~! is delivered
after 200 cycles. Further investigation on full cells also exhibits great application potential on ASSLIBs.

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

In the field of energy storage and conversion, lithium-ion bat-
teries (LIBs) are widely used in portable electronic devices, elec-
tric vehicles, and renewable energy storage systems due to their
good cycle life and high energy density [1-3]. The specific energy
density of LIBs as power sources, however, is only 200-300 Wh
kg1, which is much lower than that of gasoline, 12,000 Wh kg~1.
Consequently, intensive research into electrode materials has been
applied to improve their electrochemical performance [4-9]. Re-
cently, potential candidates, such as carbides [10-14], hydrides
[15-20], Si-based materials [21-25], sulfides [26-28], phosphides
[29,30], and transition-metal oxides [31-33], niobium-based ma-
terials [34,35], and vanadium-based materials [36,37] have been
deeply investigated as anode materials. Among them, metal hy-
drides have always been considered hydrogen storage materials
[38-43]. From the myriad of available materials, Oumellal et al.
[16] conceptually proposed that metal hydrides could be used as
negative electrodes, based on the conversion reaction with lithium
ions (MHx + xLit + xe~ = M + xLiH). Among various proposed
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metal hydrides, Mg hydride (MgH,) has attracted great attention
due to its high theoretical gravimetric (2038 mAh g-!) and volu-
metric capacity (2878 mAh L-1), as well as a low and safe potential
window with an average voltage of 0.5 V versus Li*/Li. However,
this conversion reaction is accompanied by inevitable volume ex-
pansion or shrinkage, which limits the application of MgH, in LIBs.
The capacity rapidly fades from 2036 mAh g~! in the first cycle to
321 mAh g1 after only 20 cycles (Figs. S1 and S2 in the Support-
ing Information).

To address these issues, various endeavors have been made to
improve the performance of MgH, electrodes [44-48]. Inspired by
recent research on silicon anodes, nanostructured materials can
provide a larger specific surface area and a shorter distance of
lithium mass diffusion and charge transport [2,49], resulting in en-
hanced cycling performance and storage capacity [50-54]. Bottom-
up preparation of MgH, nanoparticles, achieved by Oumellal et al.
[55], can alleviate the pulverization of bulk MgH, particles upon
cycling. Even so, a capacity still decayed rapidly due to MgH, ag-
glomeration. More recently, we have fabricated MgH, nanoparti-
cles on graphene and conductive polymer, respectively. With this
dispersion, a capacity of 395 mAh g~! was obtained at a high cur-
rent density of 2000 mA g~! even after 1000 cycles [56]. Accord-
ing to the two-dimensional conductive network, the MgH, elec-
trode delivers a high reversible specific capacity of 1311 mAh g-!
at 100 mA g-! and an excellent rate performance of 1025 mAh g~!
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https://doi.org/10.1016/j.jmst.2023.01.028
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2023.01.028&domain=pdf
mailto:zhangtengfei@nuaa.edu.cn
mailto:yuxuebin@fudan.edu.cn
https://doi.org/10.1016/j.jmst.2023.01.028

Y. Lv, X. Zhang, W. Chen et al.

at 2000 mA g-! [57]. However, the contact between magnesium
hydride and the liquid electrolyte is unstable, often accompanied
by the formation of an unstable SEI layer or irreversible side reac-
tions. Therefore, an efficient strategy to reduce side reactions is the
introduction of relatively stable solid-state electrolytes (SSE) [1,58-
62].

Compare with liquid electrolytes, LiBH,4, as a solid-state elec-
trolyte, has been demonstrated an appropriate electrochemical
window (0-2.5 V) and a high lithium ionic conductivity (103
S cm~1) at 390 K [63,64]. The MgH,-LiBH, composite is well-
known as a hydrogen storage material. A superior hydrogen ex-
change effect between MgH, and LiBH4 has been reported previ-
ously [65], indicating the stability of the mixture when these ma-
terials are used as a negative electrode in LIBs. Therefore, inspired
by both the superiorities of MgH,@graphene as an electrode and
LiBH4 as an electrolyte, it would accelerate the conversion reac-
tion and lead to a stable coulombic efficiency, a high specific ca-
pacity, and a favorable rate performance. In this work, we sys-
tematically investigate MgH, nanoparticles as an anode combined
with SSE(LiBH4) for all-solid-state lithium-ion batteries (ASSLIBs).
Introducing MgH, nanoparticles (MH"@"°)/MgH, nanoparticles on
graphene (GMHM"°) is an effective way to ease its expansion and
pulverization, and improve coulombic efficiency with cycle per-
formance. We also focus on the origin of the voltage hysteresis
in the conversion of MgH, after nano-crystallization and deduce
insight into the mechanism of lithium-ion diffusion during the
charge/discharge process.

2. Experimental method
2.1. Material preparation

All the starting materials were purchased from Sigma-Aldrich
and used as received. These samples were handled in the purified
argon gas-filled glove box (MIKROUNA) to avoid oxidation and wa-
ter contamination. MgH, nanoparticles and MgH, nanoparticles on
graphene (GR) with a loading ratio of 60 wt% were synthesized in-
situ via the hydrogenation of dibutyl magnesium (MgBu,) in cy-
clohexane (CgHpy) as the previous report. Prior to being used as
a solid-state electrolyte and an electric conductive agent, the com-
mercial LiBH4 and Ketjen Black were heated to 150 °C under a vac-
uum for 10 h to remove adsorbed water and impurities. The work-
ing electrode was prepared by ball-milling MgH,, LiBH4, and con-
ductive carbon (Ketjen black) in a weight ratio of 25:25:50 with no
further optimization. To prepare the full cell, the cathode compos-
ite consisted of Li,S, LiBHy4, and Ketjen black with a weight ratio of
25: 25: 50.

2.2. Material characterization

The structural characterization was conducted by powder X-ray
diffraction (XRD) measurement (Cu Ko radiation) at room temper-
ature. The sample for XRD was protected with Kapton, a polyimide
film (Du Pont-Toray Co., Ltd.) to avoid oxygen and water contam-
ination during measurement. The loading ratio of MgH, nanopar-
ticles was measured by Thermogravimetry (TG, Netzsch STA 449
F3) at a heating rate of 5 °C min~!. The morphology and structure
were carried out by a transmission electron microscope (TEM, JEOL
JEM-2011F, at an acceleration voltage of 200 kV).

2.3. Computational details

Density functional theory (DFT) calculations were carried out
using a projector-augmented wave (PAW) method as imple-
mented in the Vienna ab initio simulation package (VASP) [66-
68]. A generalized gradient approximation (GGA) of the Perdew-
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Burke-Ernzerhof (PBE) functional was employed to describe the
exchange-correlation interaction [69]. An energy cutoff of 500 eV
and 4 x 2 x 1 k-points mesh were applied to all calculations. The
DFT-D3 dispersion correction method of Grimme was used to ac-
count for van der Waals (VdW) interactions in the system [70].
To achieve the minimum lattice mismatch between each pair of
phases, the supercell consists of 32 MgH, unit cells and 24 LiBH4
unit cells. The vacuum layer is thick enough to avoid interference
from the adjacent periodic structures.

To evaluate the interphase stability, the formation energy (E)
was defined as the energy difference before and after forming the
heterojunction.

E— Etotal — EMrngz — Eijpn, (1
where Eg,, are the total energy of LiBH4/MgH,/Gr or LiBH4/MgH,
heterojunction. Eyjpy, is the energy of LiBHy. Eyg, is the energy
of MgH, with or without graphene. n is the number of MgH, unit
cells. Therefore, a lower value of E; indicates a more stable het-
erostructure.

2.4. Electrochemical measurement

The working electrode was loaded into stainless steel die with
a 15 mm inner diameter and pressed into a pellet with LiBH, as a
solid-state electrolyte at 20 MPa. Then a lithium foil was placed on
the electrolyte as the counter electrode. The 2032-coin cell assem-
bly was carried out in an Ar-filled glovebox with concentrations
of moisture and oxygen below 1 ppm. Cyclic voltammetry (CV)
with a scan rate of 0.1 mV s~! between 0.25 and 1.5 V (vs Li*/Li)
and electrochemical impedance spectroscopy (EIS) from 7 MHz to
1 Hz were measured by an electrochemical workstation (Biologic
VMP-300) at 120 °C. The cycling performance and rate efficiency
of half-cell were tested using the same workstation between 0.25
and 1.5 V (vs Lit/Li) at the current densities of 100-2000 mA g~!
at 120 °C. The specific capacity was calculated based on the weight
of active MgH, only.

Coin cells were cycled in the Potentiostatic intermittent titra-
tion technique (PITT) from 1.0 to 0.25 V using a 10 mV step size
with a current cut-off of 2 mA g1 (< C/1000) of active material.
The diffusion coefficient, D was calculated by measuring the linear
slope of the In(I) vs time (t) at each voltage step according to the
following equation:

2
d(lgt(l)) % 2)

T

where I is the current of the potential step, t is the time within
the potential step, and L is the diffusion length. According to TEM
images, we assume our samples are spherical particles. Then, the
diffusion length is approximately the radius of the spherical parti-
cles.

Di+y = —

3. Results and discussion

As shown in Fig. 1(a), a flow diagram illustrated the assem-
bly and measurement of the full cell. MgH,""° was achieved in
the same manner consistent with our previous report [56]. The
XRD patterns of the MgH,""° showed clear MgH, peaks (Fig.
S3(a)). The loading ratio of MH™"° on graphene was set at 60 wt.%
and was determined to be about 59.2 wt% by thermogravimetric
analysis, as shown in Fig. S3(b). The direct observation of MgH,
nanoparticle size and distribution on graphene was performed by
TEM investigations (Fig. 1(b, c)), which showed an average size
of pure MH™"© and GMH™" around 14 nm. The HRTEM image
and corresponding fast Fourier transform (FFT) image are shown in
Fig. 1(d). The distances of the lattice fringes corresponding to lat-
tice d spacing of MgH, (200) and (220) are 0.2257 and 0.1594 nm,
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Fig. 1. (a) Schematic illustration of the assembly and measurement of full cell. Material characterization of GMH™"° and MHM"°, (b, c) Bright-field images of MH""° and

GMHM"_ (d) HRTEM images of GMH""° and corresponding FFT image.

respectively. It was found that GMH""° has a uniform dispersion
and no obvious agglomeration, providing ample space for poten-
tial volume expansion. It also indicated a fast transport of lithium
ions and easy diffusion at interphases during the discharging and
charging processes. Meantime, graphene also provides strong sup-
port to prevent the active materials from falling off and leading to
the inactivation of the system.

DFT calculations were also performed to investigate the inter-
phase structure between LiBH,; and MgH,. For each phase, the
most stable surface is considered first. Following the principles that
the selected surface should be stoichiometric and no bonds should
be broken, the (010) plane of LiBH4 and the (110) plane of MgH,
are cleaved and are used in all calculations [71,72]. Accordingly,
the heterostructures of LiBH4/MgH, in the presence and absence
of graphene denoted as LiBH4/MgH,/Graphene and LiBH4/MgH,,
are modeled as illustrated in Fig. 2(a, b), respectively. The forma-
tion energy (Ef) was calculated to evaluate the interphase stability.
The computed E; is -2.07 eV for the LiBH4/MgH,/Graphene sys-
tem, and this value increases to —-0.56 eV in LiBH4/MgH, system.
The much lower E; of -2.07 eV indicates that the interface struc-
ture of LiBH4/MgH,/Gr is more stable. The electronic structures
of these two systems were investigated to provide further insight.
Fig. 2(c) demonstrates the charge redistribution of LiBH4/MgH,/Gr.
Charge accumulation between LiBH, and MgH, suggests that the
interphase interaction is robust, which is consistent with the fa-
vorable formation energy. The interaction between MgH, and
graphene, as indicated by significant charge accumulation between
Mg atoms and graphene, stabilizes the structure of MgH, and as-
sures the strong interphase structure of LiBH4/MgH,/Gr. The pro-
jected density of states (PDOS) plotted in Fig. 2(d, e) also sup-
ports this conclusion as well. When combined with graphene, the
H states and the Mg states become more delocalized, and they
more obviously overlap the states of Li at ~ 4 and ~ -2 eV. There-
fore, the cohesion between MgH, and LiBH4 is enhanced with the
help of graphene, which contributes to the good cycling stability
that is observed experimentally.

The Pristine MH""° composite material was used as the work-
ing electrode with the Li metal counter electrode to assemble
half-cells. The half-cells were cycled at a constant current den-
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sity of 100 mA g-! (0.05 C) at 120 °C. The cutoff voltage was
set to be 0.2-1.5 V (vs Li*/Li) to avoid the Li-Mg alloying reac-
tion (Mg + xLit + xe~ = MgLiy). Fig. 3(a) shows the galvanostatic
dis/charge curves. It is observed that the MH""-Lj cell showed an
initial discharge capacity of 1030 mAh g~! with a Coulombic effi-
ciency of 86.8%. The first 20 cycles lead to the activation of the
all-solid-state battery. Subsequently, the cycling performance re-
mains stable. The cell still retains a discharge capacity of 650 mAh
g1 with a capacity retention of 61.8% after 50 cycles (Fig. 3(f)).
Herein, differential curves based on the calculation of galvanostatic
dis/charge curves are presented in Fig. 3(b). The first cycle of the
discharging (charging) peak is located at ~ 0.30 V (0.72 V). The
peak at 0.55 V is caused by the electrode activation and size ef-
fect of MH™"°, which disappears after 3 cycles. The conversion re-
action peaks become symmetrical and move from 0.30 to 0.33 V
after 20 cycles of activation. Furthermore, the peak observed at
0.72 V becomes broad and polarized to 0.78 V and is assigned to
the reversible reaction of MgH,. A large separation of the voltage
on charge and discharge (AE = 0.45 V) implies slow kinetics of the
electrodes. The migration rate of lithium ions and electrons cannot
satisfy the reaction rate of the active domains since the massive
interfacial regions of MH™"° are derived from nano-crystallization.
As the cycling progresses, the voltage polarization is slightly in-
creased to 0.48 V (50th). Furthermore, a long-term cycling perfor-
mance has been achieved as shown in Fig. S4(a). The reversible
capacity retains 499 mAh g-! at the 137th cycle (0.05 C), with a
Coulombic efficiency close to 99.9%. However, the volume expan-
sion and agglomeration of MH™"° further lead to a significant ir-
reversible capacity and poor rate capability (Fig. 3(e)).

Fig. 3(c) presents the conversion behavior of a GMH""° elec-
trode in the galvanostatic dis/charge tests. According to the bright
field image (Fig. 1(c)) and DFT calculations, no independent
MgH,"° could be found outside the graphene substrate, indi-
cating a strong interaction and sustentation between MgH,"n°
and graphene. An initial discharge capacity of 1959 mAh g1 is
obtained with a Coulombic efficiency of 72.4%, which is close
to the theoretical capacity. Notably, a high reversible capacity of
1214 mAh g-! with a Coulombic efficiency of 98.6% has been
achieved after 50 cycles (Fig. 3(f)). Meantime, long-term cy-
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cling was performed (Fig. S4(b)). The reversible capacity retains
597 mAh g-! (400 mA g-!) at 200 cycles, with a Coulombic ef-
ficiency close to 99.9%. Fig. 3(d) presents the differential curves
according to the corresponding voltage profiles. After 20 cycles
of activation, both the reduction peak (0.36 V) and oxidation
peak (0.75 V) become symmetrical, indicating a good Coulombic
efficiency and reversible capacity. Furthermore, the average dis-
charge specific capacities of different current densities are 1404
mAh g~ (100 mA g~1), 1192 mAh g-! (200 mA g~'), 452 mAh
g1 (1000 mA g-1), and 305 mAh g~! (2000 mA g-!), respec-
tively (Fig. 3(e)). The specific capacity of the cell is 1200 mAh
g1 (100 mA g!), and the Coulombic efficiency is over 97% af-
ter high current density cycling. No Li-Mg alloy phase is observed
after long-term cycling from the XRD patterns (Fig. S5). Compared
with commercial MgH, and MH""°  self-assembled GMH""° has
superior performance in terms of specific capacity, cycle stability,
and rate performance.

Accurate characterization of potential polarization is important
in understanding the electrode kinetics and reaction pathways of
conversion materials. However, galvanostatic intermittent titration
techniques (GITT) are suitable for intercalation materials, but not
for conversion materials. PITT is a helpful method for studying
the diffusion coefficient of Lit ions. More specifically, the conver-
sion reaction, consisting of many small plateaus (Fig. 4(a, c)), can
be attributed to compositional changes with new phases form-
ing from conversions (Fig. 4(b, d)). The small region of Cottrellian
behavior observed in PITT curves can be ascribed to a localized
range of solid solution reactions, occurring at a very small volt-
age scale where the interface moves forward, and thus is funda-
mentally dependent on diffusion processes (Fig. 4(e)) [73,74]. The
lithiation/delithiation behavior of the MH""° sample is similar to
that of GMHM"°, Furthermore, it was found that MH™" had a dif-
fusion rate of 3.16 x 10720 cm? s~1 at 0.25 V and 2.73 x 10~
cm? s~ at 0.69 V, respectively. By contrast, larger values of Dy;*)
for GMH™° (892 x 1019 cm? s~! at 0.29 V and 1.69 x 10~18
cm? s~! at 0.73 V) were obtained. Importantly, the diffusion co-
efficients of GMH""° were one or two orders higher than that of
MH"™M"° It is understandable that better kinetics of lithium ion mi-
gration and reaction are due to the graphene support. In general,
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all coefficients are quite low, which implies a slow diffusion pro-
cess and reflects the intrinsic voltage hysteresis.

From the practical perspective, a further attempt of all solid-
state full cells was investigated by matching them with the com-
mercial Li,S cathode. Fig. 5 shows the cycle performance of the
full cell (GMHM"°|LiBH,4|Li,S) at 100 mA g~! for MgH,. The cath-
ode composite has a molar ratio of 30% higher than the metal
hydride anode to compensate for the lowest capacity of the for-
mer compared to the anode. In order to evaluate the performance
of the GMHM"° composite, the capacity of the full cell was ex-
pressed per g of active material in anode material. As the galvano-
static discharge curves (GMH"°) and charge (Li,S) curves shown
in Fig. 5(a, b), the main charge plateau is range from 1.8 to 2.2 V,
which is equal to the potential difference between the GMH""®
anode (lithiation 0.5 to 0.2 V), and Li,S cathode (delithiation 2.3 to
2.5 V). In contrast, suffering from extremely poor electronic/ionic
conductivity, the Li,S cathode as an insulator requires a high over-
potential for activation in its first cycle [75-78]. As a result, the
main discharge plateau consists of two parts owing to the two dis-
charge platforms of Li,S (lithiation 2.2 to 2.0 V and 1.4 to 1.2 V).
The reversible specific capacity reaches 2087 mAh g~! for the first
cycle, which suggests the complete lithiation of the MgH,. It de-
creases to 1268 mAh g~! for the fifth cycle with a coulombic ef-
ficiency of close to 97% (Fig. 5(c)). The battery capacity decline
can be explained by the inactivation of lithium sulfide occurring
on the cathode side [79,80]. The second discharge platform would
fade away due to the pulverization of lithium sulfide particles dur-
ing cycles [81-83]. The above attempts of the full cell indicate that
practical applications of hydrides still require further improvement
on the cathode side [76,78,82,83].

Overall, the electrochemical properties of the GMH""° elec-
trode exhibit better performance than those of MH"", commer-
cial MH (Table S1). However, conversion electrodes exhibit larger
polarization after nano-crystallization, which is distinct from the
behavior of intercalation electrodes. The migration rate of lithium
ions to the interfacial regions of MH"™" cannot match the rate of
lithium-ion consumption with active domains [2,71]. On the other
hand, as opposed to lithium insertion/extraction, which relies ex-
clusively on the mobility of Li*, the conversion reaction requires
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consideration of other ions, such as Mg* and H-, which should
not be simply assigned to Lit.

4. Conclusions

In summary, GMH""° shows a reversible capacity of 1214 mAh
g1 after 50 cycles. The as-prepared electrodes deliver a good
rate capability of 305 mAh g~! even at a high current density of
2000 mA g-!. Significantly enhanced cycle life with a notable ca-
pacity of 597 mAh g=! (0.2 C) is obtained even after 200 cycles.
Such a result, owing to the strong nanoparticle-graphene interac-
tions, not only improves the lithium-ion reaction rate, but also in-
creases the charge transfer rate, and finally effectively enhances
the lithium storage capacity. Besides, the full cell measurement
also shows a great utilization potential in all-solid-state lithium-
ion batteries. Further development on the cathode and anode ma-
terials will be studied to obtain the overall high performance of
the full cell.
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