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nature and limited electrochemical window 
of organic electrolytes attract ever-growing 
attentions.[1,2] As a result, all-solid-state 
LIBs (ASSLIBs) that uses solid electrolytes 
with inflammability and wide electrochem-
ical windows are believed to be an excel-
lent candidate for future energy storage 
systems.[3–6] Unfortunately, unlike conven-
tional LIBs that uses a permeable liquid 
electrolyte to soak the whole electrode, the 
uniform distribution of solid electrolytes 
within the electroactive materials is diffi-
cult to realize in ASSLIBs due to their poor 
rigid solid-solid contact, which leads to 
the presence of large interfacial resistance 
and low interfacial compatibility between 
solid electrolytes and the electrodes.[7–9] 
Therefore, despite tremendous research 
advancements in solid electrolytes, their 
practical application, however, is still in its 
infancy, mainly in terms of energy density, 
and hence effective strategies that could 
homogeneously combine suitable high-
energy-density electrodes with solid elec-
trolytes should be developed.

In this regard, metal hydrides are one of the most promising 
anodes for building high energy-density ASSLIBs due to their 
high theoretical capacity (e.g., 2032 mAh g−1 for MgH2) and 
low electrochemical potential.[10–13] Moreover, compared with all 
other conversion anodes, the lowest value of polarization has 
been ever reported for MgH2 as the anode material due to the 
facile transportation of hydrogen toward the reversible lithiation 
and delithiation of MgH2.[14–16] Among all the reported solid 
electrolytes, lithium borohydride (LiBH4) is a potential candi-
date for use as the solid electrolyte for assembling ASSLIBs 
with high energy density owing to its wide electrochemical 
stability window and the stable compatibility with MgH2-based 
anodes.[17–21] In addition, the hydrogen exchange effect between 
LiBH4 and MgH2 could facilitate H− conductivity inside the 
electrode, which is able to further promote the reversibility of 
MgH2 for Li storage performance.[22,23] The reversible Li storage 
reaction of MgH2, however, is significantly limited by the insu-
lating nature of MgH2 and the large volume change involved 
during its conversion reaction. Such issues have been solved to 
some extent by building nanostructured MgH2 anode that are 
uniformly distributed on electronic conductive carbon, which 
could simultaneously alleviate the volume change of MgH2 
anode and increase the electronic conductivity of the whole 

The low ionic and electronic conductivity between current solid electro-
lytes and high-capacity anodes limits the long-term cycling performance of 
all-solid-state lithium-ion batteries (ASSLIBs). Herein, this work reports the 
fabrication of an ultra-stable electrode-solid electrolyte composite for high-
performance ASSLIBs enabled by the homogeneous coverage of ultrathin 
Mg(BH4)2 layers on the surface of each MgH2 nanoparticle that are uniformly 
distributed on graphene. The initial discharge process of Mg(BH4)2 layers 
results in uniform coverage of MgH2 nanoparticle with both LiBH4 as the 
solid electrolyte and Li2B6 with even higher Li ion conductivity than LiBH4. 
Consequently, the Li ion conductivity of graphene-supported MgH2 nanoparti-
cles covered with ultrathin Mg(BH4)2 layers is two orders of magnitude higher 
than that without Mg(BH4)2 layers. Moreover, the thus-formed inactive Li2B6 
with strong adsorption capability toward LiBH4, acts as a stabilizing frame-
work, which, coupled with the structural support role of graphene, allevi-
ates the volume change of MgH2 nanoparticles and facilitates the intimate 
contact between LiBH4 and individual MgH2 nanoparticles, leading to the 
formation of uniform stable interfaces with high ionic and electronic conduc-
tivity on each MgH2 nanoparticles. Hence, an ultrahigh specific capacity of 
800 mAh g−1 is achieved for MgH2 at 2 A g−1 after 350 cycles.
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1. Introduction

During the extensive application of portable electronic devices 
and electric vehicles, the concerns of energy density and safety 
issues of current Li-ion batteries (LIBs) due to the combustible 
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electrode.[22,24,25] Unfortunately, the electrochemical activity of 
MgH2 still suffers from the large electrode/electrolyte interfa-
cial resistance, induced by the intrinsic poor solid-solid contact 
between MgH2 and LiBH4 due to their intrinsic nonfluidity and 
rigidity. Moreover, the volume change of MgH2 during lithia-
tion and delithiation process would accelerate the detachment 
of MgH2 from the solid-electrolyte and hence the loss of elec-
trochemical activity of MgH2, resulting in fast deterioration 
of reversible Li storage capacity. Thus, building homogeneous 
solid-state MgH2 anodes with stable interfaces that have high 
ionic and electronic conductivity poses a key challenge in  
realizing their practical applications in ASSLIBs with high 
energy density.

Herein,  we  report the construction of ionic conductive  
pathways on MgH2 nanoparticles (NPs) which are uniformly 
connected by electronic conductive graphene to trigger the elec-
trochemical activity of MgH2 with ultra-stable reversibility in 
ASSLIBs. It is realized by the uniform coverage of each MgH2 
NP with ultrathin Mg(BH4)2 layers (denoted as MH@MBH NPs)  
through in situ reaction between MgH2 NPs and diborane. The 
homogeneous distribution of MH@MBH NPs on graphene  
not only increases the interfacial electronic conductivity of the 
whole electrode but also decreases the Li ion diffusion pathways  
during reversible charge and discharge process. More impor-
tantly, the thus-formed ultrathin Mg(BH4)2 layers would be in 
situ transformed into solid electrolyte LiBH4 and Li2B6 in the 
initial discharge process, uniformly covered on the surface of 
each MgH2 NP. Interestingly, it is theoretically demonstrated 
that Li2B6 exhibits a Li ion diffusion barrier even lower than 
that of LiBH4, leading to Li ion conductivity two orders of  
magnitude higher than the sample without Mg(BH4)2 coating. 
In addition, the binding energy between Li2B6 and LiBH4 
reaches 1.48  eV, much higher than that of MgH2 (0.26  eV), 
which demonstrates the strong adsorption capability of Li2B6 
toward LiBH4. Hence, the thus-formed inactive Li2B6 could 
serve as a stable framework, which, coupled with the structural 
support role of graphene, not only alleviates the volume change 
of MgH2 NPs but also stabilizes the intimate contact between 
LiBH4 and individual MgH2 NPs, resulting in stable interfaces 
with high ionic and electronic conductivity on each MgH2 
NPs uniformly connected by graphene. As a result, a specific 
capacity of 800 mAh g−1 is achieved for MgH2 anode modi-
fied by ultrathin Mg(BH4)2 layers in ASSLIBs at a high current  
density of 2 A g−1 after 350 cycles.

2. Results and Discussion

The synthesis procedure of MgH2 NPs decorated with ultrathin 
Mg(BH4)2 layers is schematically illustrated in Figure 1. 
First, graphene-supported MgH2 NPs (denoted as MHG) are  
fabricated based on hydrogenation-induced self-assembly of 
(C4H9)2Mg, in which the facile control over the particle size of 
MgH2 NPs that are uniformly distributed on graphene with high 
purity that could be verified by Raman spectrum (Figure S1,  
Supporting Information) could be realized by changing the 
amount of solvent of (C4H9)2Mg (Figure S2, Supporting Infor-
mation).[26–28] Subsequently, taking advantage of MHG as the 
nanoreactor for in situ solid-gas reaction between MgH2 NPs 

and B2H6,[29] in which the graphene with flexible and porous 
structure not only acts as the structural support to inhibit 
the aggregation and growth of MgH2 NPs, but also provides 
facile pathways for the transportation of B2H6 to promote the  
uniform reaction with MgH2 NPs, a layer of Mg(BH4)2 shell 
could be constructed on the surface of each MgH2 NP. MgH2 
NPs homogeneously distributed on graphene with the average 
size of 47.7 (denoted as MHG-50, Figure S3, Supporting 
Information) and 11.6  nm (denoted as MHG-13, Figure S4,  
Supporting Information) are synthesized respectively for com-
parison and characterization, which results in the formation 
of MH@MBH NPs on graphene with the average size of 13 
(denoted as MHG@MBH-13) and 49.6 nm (denoted as MHG@
MBH-50), respectively. Considering the increase of the average 
particle size (Figure S5, Supporting Information), the thickness 
of the as-synthesized Mg(BH4)2 shell could be calculated to be 
≈0.7 and 1.0  nm for MHG@MBH-13 and MHG@MBH-50,  
respectively. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images validate that, owing 
to the presence of graphene as the robust structural support, 
the homogeneous distribution of MgH2 NPs on graphene are 
well preserved after this in situ solid-gas reaction (Figure 2).  
Moreover, the characteristic lattice fringes of 0.43  nm, cor-
responding to the (100) plane of Mg(BH4)2, could be clearly 
observed on the surface of MgH2 NPs that exhibit its typical  
lattice fringes of 0.23 nm of the (200) plane (Figure 2d), indi-
cating the successful coating of Mg(BH4)2 on MgH2 NPs.

Interestingly, scanning TEM (STEM) image reveal that orig-
inal MgH2 NPs break up into several smaller NPs inside of 
the layer of Mg(BH4)2 (Figure 2e,f) attributed to the Kirkendall 
effect that leads to the simultaneous formation of Mg(BH4)2 
as the shell and the porous structure of MgH2 inside.[30] The 
void spaces between MgH2 nanocrystals inside of the shell 
are capable of alleviating the volume expansion of MgH2 NPs 
during cycling charge and discharge process, while the cracked 
MgH2 NPs provide more active sites and shorter diffusion 
pathway. The elemental line-scan profile of single MH@MBH 
NPs illustrates the higher intensity of signal B in the fringe 
of MgH2 NPs than the center area (Figure  2e), indicating the 
uniform coverage of MgH2 NPs by Mg(BH4)2 layers, which 
provides additional evidence to the formation of yolk-shell-like 
structure. Elemental mapping results confirm that the distribu-
tion of Mg, B, and C elements matches well with each other, 
further demonstrating the uniform formation of the Mg(BH4)2 
shell on the surface of MgH2 NPs (Figure 2g).

Although the characteristic XRD peaks of β-MgH2 are clearly 
weakened and broadened in the as-prepared MBH@MH  
after the reaction between MgH2 and B2H6 attributed to the 
decrease of particle size of MgH2 NPs and the uniform coverage  
of Mg(BH4)2, no characteristic peaks of Mg(BH4)2 could be 
detected (Figure S6, Supporting Information), indicating its 
amorphous nature. Fortunately, the formation of Mg(BH4)2 
could be verified by the presence of its characteristic peak at 
2400 cm−1 in Raman spectra (Figure S7a,b, Supporting Informa-
tion) and the strong peaks at ≈2300 and 1175 cm−1 assigned to 
the stretching of BH bonds of Mg(BH4)2 in fourier-transform 
infrared (FTIR) spectra (Figure S7c, Supporting Information). 
The broad peaks at ≈1338 and 1600 cm−1 of all the as-synthesized 
MH@MBH in Raman spectra could be indexed to typical D 
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and G bands of graphene. The Brunauer–Emmett–Teller (BET) 
surface of MHG@MBH-13 is calculated to be 150.8 m2 g−1  
with a pore size distribution from 2 to 30 nm, which provides 
additional evidence to the mesoporous structure (Figure S7d, 

Supporting Information). The loading amount of MgH2 is 
calculated to be ≈60% for both MHG-50 (Figure S8, Supporting 
Information) and MHG-13 (Figure S9, Supporting Informa-
tion) based on their respective hydrogen desorption capacity. 

Small 2023, 19, 2207210

Figure 1. Schematic illustration of the preparation procedure of MH@MBH NPs distributed on the surface of graphene and the construction of high 
ionic and electronic conductivity on each MgH2 NP uniformly connected by graphene.

Figure 2. a,b) SEM images, c) TEM images, and the d) HRTEM images of MHG@MBH-50. e) The EDS line scan of MH@MBH nanocrystals on a 
STEM image and the corresponding element distributions of f) Mg and B. g) The STEM image and the corresponding elemental mapping of Mg, B, 
and C for MHG@MBH-50. The inset of (c) is the corresponding SAED patterns of the as-prepared MHG@MBH-50.
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In addition, in comparison to MHG-13, an obvious increase 
of hydrogen desorption capacity could be observed for  
MHG@MBH-13 due to the formation of Mg(BH4)2 with higher 
hydrogen storage capacity than MgH2 (Figure S10, Supporting 
Information). No contamination of Zn could be observed for 
the as-synthesized MHG@MBH-13 (Figure S11, Supporting 
Information).

The electrochemical performance of MH@MBH NPs with 
various particle sizes is first investigated in ASSLIBs using Li 
foils as the counter electrode at a current density of 0.2 A g−1, 
with the respective graphene-supported MgH2 NPs included for 
comparison. As shown in Figure S12, Supporting Information, 
only a specific capacity of 850 mAh g−1 could be obtained for 
pure MgH2 NPs with an average particle size of 50 nm on gra-
phene after 10 cycles while this value is significantly increased to 
1000 mAh g−1 after the uniform coating of Mg(BH4)2, indicating 
the effective role of Mg(BH4)2 in improving the electrochemical 
activity of MgH2. Particularly, upon decreasing the particle size 
of MgH2 NPs down to 13 nm, an ultrahigh specific capacity of 
1700 mAh g−1 could be achieved for MHG@MBH-13 under the 
identical condition, which is the best among all the as-synthe-
sized MH@MBH NPs. As a result, MHG@MBH-13 is selected 
for subsequent investigation in detail. It should be noted that 
the electrochemical performance of the used graphene and the 
conductive carbon was also measured under identical test con-
ditions (Figure S13, Supporting Information). It was confirmed 
that these electrodes contributed negligibly to Li+ storage  
(i.e., 20 mAh g−1 for the conductive carbon and 67 mAh g−1 for 
the graphene). The galvanostatic discharge and charge curves of 
MHG@MBH-13 indicates that an initial discharge capacity of 
2054 mAh g−1, which is comparable to the theoretical capacity 
of MgH2, could be obtained (Figure 3a). More importantly, a 
reversible charge capacity of 2015 mAh g−1 could be delivered at 
the first cycle, corresponding to an ultrahigh initial CE of 98%, 
which confirms the excellent reversibility of MHG@MBH-13. In 
contrast, an initial CE of only 84% can be obtained for MHG-13 
with an initial charge capacity of 1656 mAh g−1 (Figure S14,  
Supporting Information). In addition to the first cycle, the  
galvanostatic discharge and charge curves of MHG@MBH-13 
of initial three cycles and their differential curves are almost 
overlapped completely, providing additional evidence to the 
stable reversibility of MHG@MBH-13. In strong contrast, con-
tinuous decay of the discharge and charge peak intensity along 
with the proceeding of cycling process is observed for MHG-
13. The peak located at ≈0.45 V in the first discharge process of 
MHG@MBH-13 could be attributed to the reduction of MgH2 
with the formation of LiH as the by-product, whereas the initial 
charge peak at ≈0.55 V could be attributed to the extraction of 
Li and the regeneration of MgH2 (Figure 3b). Another pair of 
weak redox peaks at 0.85/1.16 V that has also been detected in 
previously published results[22] could be observed, which could 
be attributed to the reversible formation of solid electrolyte 
interphase. Upon the proceeding of the charge and discharge 
process, the reversible specific capacity of MHG-13 is rapidly 
decreased to only 897 mAh g−1 after 150 cycles (Figure  3c), 
whereas an ultrahigh specific capacity of 1498 mAh g−1, cor-
responding to a capacity retention of 88% to that of the tenth 
cycle, could be obtained for MBH@MH-13 under identical 
condition. Interestingly, MHG@MBH-13 without the addition 

of conductive carbon only delivered a specific capacity of  
408 mAh g−1 after 47 cycles and this value could be increased 
to 915 mAh g−1 after the addition of conductive carbon with 
a weight ratio of 30% in the electrode of MHG@MBH-13  
(Figure S15, Supporting Information). This result indicates the 
positive role of conductive carbon in enhancing the electro-
chemical performance of MHG@MBH-13, which could be 
induced by the high electrical conductivity of Ketjen black 
that is able to improve the electrical conductivity of the thus-
fabricated electrode.

Rate performance demonstrates that a reversible capacity of 
1652, 1495, 1345, 1228, and 1080 mAh g−1 could be achieved for 
MHG@MBH-13 at the current density of 0.1, 0.2, 0.5, 1, and 2 A g−1,  
respectively, much higher than that of MHG-13 (Figure  3d). 
When the current density is reduced back to 100 mA g−1, a high 
specific capacity of 1566 mAh g−1 could be retained for MHG@
MBH-13 with nearly no capacity fading, validating the strong 
tolerance of MHG@MBH-13 toward fast charge and discharge 
process. Upon cycling at 1 A g−1, a reversible specific capacity 
of 1318 mAh g−1 could be maintained for MHG@MBH-13 after 
350 cycles (Figure  3e). Impressively, upon further increasing 
the current density to 2 A g−1, MHG@MBH-13 is still able to 
deliver a reversible capacity of 800 mAh g−1 after 350 cycles 
(Figure  3f). By comparison, the specific capacity of MHG-13  
is degraded to 575 mAh g−1 after only 200 cycles. These  
results directly demonstrate the positive role of uniform coating 
of Mg(BH4)2 in improving the electrochemical activity of  
MgH2.

XRD results of MHG@MBH-13 at various states reveal the 
formation of Mg and LiH upon the discharge process with 
complete disappearance of MgH2 and reversible regeneration 
of MgH2 after the charge process (Figure 4a,b), demonstrating 
the excellent reversibility of MgH2. No signals belonging 
to Mg(BH4)2, however, could be detected during the whole 
charge and discharge process, which indicates the amorphous 
nature of thus-formed Mg(BH4)2 layers and/or its decomposed 
products. Therefore, in order to unravel the role of Mg(BH4)2 
in enhancing Li storage performance of MgH2, the electro-
chemical activity of pristine Mg(BH4)2 is investigated in detail. 
After the discharge process of Mg(BH4)2, Mg as verified by 
XRD results (Figure S16, Supporting Information) and LiBH4 
as verified by solid-state NMR results (Figure S17, Supporting 
Information) could be confirmed, which verifies the lithia-
tion reaction of Mg(BH4)2 according to the equation, that is, 
Mg(BH4)2 + 2Li → Mg + 2LiBH4, corresponding to a theoretical 
capacity of 993 mAh g−1.[29] This value, however, is much lower 
than the experimentally observed discharge capacity of bulk 
Mg(BH4)2 (i.e., 1680 mAh g−1, Figure S18, Supporting Informa-
tion). Interestingly, upon reducing the particle size of Mg(BH4)2 
down to 10  nm, graphene-supported Mg(BH4)2 NPs (denoted 
as Mg(BH4)2@G) via the gas-solid reaction between graphene-
supported MgH2 NPs and diborane delivers an ultrahigh  
discharge capacity of 2750 mAh g−1 (Figure S19, Supporting 
Information), indicating the possible formation of B from the 
lithiation of Mg(BH4)2 NPs followed by the lithiation of B as 
verified previously by the theoretical calculation (Table S1, 
Supporting Information), which contributes to the signifi-
cant increase of Li storage capacity (Figure S20, Supporting  
Information). The lithiation of amorphous B could be further 
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supported by XRD (Figure S21, Supporting Information) and 
XPS results (Figure S22, Supporting Information), which, 
however, would lead to the irreversible formation of Li2B6 after 
the initial lithiation process that remains inactive during cycling 
charge and discharge process. Moreover, obvious discharge and 
charge plateau at 0.45  V and 0.55  V that could be ascribed to 
the lithiation and delithiation reaction of MgH2, respectively, 
are clearly observed for both bulk Mg(BH4)2 and Mg(BH4)2@G 
(Figures S18 and S19, Supporting Information). Therefore, 
it could be concluded that the lithiation and delithiation reac-
tion of Mg(BH4)2 NPs results in the irreversible formation of 
LiBH4 and Li2B6 during the initial discharge process and the 
reversible conversion of MgH2 in the subsequent charge and 
discharge process. Interestingly, a stable cycling performance 
with a reversible capacity of 900 mAh g−1, corresponding well 
with the theoretical capacity of MgH2 that would be formed 
during the lithiation of Mg(BH4)2, could be well-preserved for 
Mg(BH4)2@G. This result directly demonstrates the excellent 
reversibility of MgH2 that could be achieved during the charge 
and discharge process of Mg(BH4)2@G, which provides indi-
rect evidence to the positive role of the formation of LiBH4 and 
Li2B6 in promoting reversible charge and discharge process of 
MgH2.

During the lithiation and delithiation process of  
MHG@MBH-13, the formation and irreversibility of Li2B6 
during the initial discharge process could also be verified 
by XPS results (Figure  4c,d). It reveals the disappearance of 
BH bonds of Mg(BH4)2 and the simultaneous formation of 
LiB bonds of Li2B6 and LiH bonds of LiH after the initial  
discharge process. Moreover, Li2B6 is well-preserved as the sole 
product after the reversible charge process with the almost com-
plete absence of LiH, which not only confirms in situ forma-
tion of Li2B6 and hence LiBH4 from the lithiation of Mg(BH4)2 
covered on the surface of MgH2 NPs, but also the reversible 
formation of MgH2 that mainly accounts for the charge and 
discharge process of MHG@MBH-13. HRTEM images of 
MHG@MBH-13 after complete lithiation process (Figure 4e,f) 
exhibit distinct lattice fringe of 0.39, 0.34, and 0.42 nm, corre-
sponding to the (112), (130), and (121) planes of in situ gener-
ated Li2B6 alloys, respectively. In addition, the lattice fringes of 
0.21 and 0.15 nm, corresponding to the (110) and (200) planes 
of thus-formed Mg crystals, respectively, could also be detected. 
After the reversible delithiation process, the characteristic  
lattice fringe of MgH2 could be clearly observed with the obvious 
presence of Li2B6 (Figure 4g,h), indicating the reversible forma-
tion of MgH2 and the uniform preservation of Li2B6 around 
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Figure 3. a) Galvanostatic charge–discharge profiles of MHG@MBH-13 at 200 mA g−1 and b) its corresponding derivative curves (dQ/dE). c) Cycling 
performance of MHG@MBH-13 and MHG electrodes at 200 mA g−1. d) Rate performance of MHG@MBH-13 and MHG-13 electrodes at various current 
densities from 100 mA g−1 to 2 A g−1. e,f) Cycling performance of MHG@MBH-13 and MHG-13 electrodes at 1 and 2 A g−1. g) Comparison of cycling 
charge and discharge performance of the as-prepared MHG@MBH-13 electrode and previously reported metal hydride-based anodes in all-solid-state 
batteries.
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MgH2. Based on the combination of HRTEM and XPS results, 
the initial delithiation process of MHG@MBH-13 results in in 
situ formation of Li2B6 and LiBH4 covered on the surface of 
MgH2 NPs, which, on one hand, could effectively prevent the 
agglomeration of MgH2 NPs as evidenced by SEM (Figure S22,  
Supporting Information) and TEM (Figure 4i) images. Moreover,  
the elemental line-scan profiles on the single MH@MBH NP 
illustrate Gaussian distributions across the particle for the  
elements B and Mg, which confirms the uniform distribution 
of LiBH4 and/or Li2B6 on the surfaces of MgH2 NPs. STEM 
image and its corresponding elemental mapping results of 
MHG@MBH-13 (Figure 4k) verifies that the uniform distribu-
tion of MgH2 NPs on graphene with an average particle size 
of ≈12.1 nm (Figure S24, Supporting Information) is well pre-
served at 2 A g−1 after even 200 cycles. By comparison, without 
the uniform coverage of Mg(BH4)2 layers, obvious agglomera-
tion of MgH2 NPs could be observed for MHG-13 after only  
50 cycles (Figure S23, Supporting Information).

The interfacial contact between solid-state electrolyte and 
the electrode plays an important role in the electrochemical 
performance of ASSLIBs. Hence, the interface changes of 
between the electrode and the solid electrolyte upon cycling are  
visually investigated by cross-sectional SEM measurement and 
elemental mapping, which demonstrates that interfacial contact 
between MHG-13 and the solid electrolyte is comparable to that 
of MHG@MBH-13 electrode at the initial state (Figure 5a,b). 

After 200 cycles of repeated charge and discharge process, 
obvious interspace and gap could be obviously observed at the 
interfaces between MHG-13 and the solid electrolyte owing to 
the large volume change of MgH2 and thus-generated phase 
separation. This phenomenon is aggravated upon further 
cycling and serious detachment and separation could even be 
observed at the electrode side, which results in poor interfa-
cial contact that increases the electronic and ionic conductivity 
of the whole cells. As a result, the charge transfer resistance 
(Rct) of the MHG-13 electrode is increased from 6.8 to 18.2 Ω 
after 200 cycles (Figure  5d,f). Moreover, the Li ion diffusion 
coefficient (DLi) of MHG-13 electrode obtained from potentio-
static intermittent titration technique (PITT) is calculated to be  
5.9 × 10−16 cm2 s−1 at the initial state (Figure S25, Supporting 
Information) and this value is sharped decreased down to  
8.8 × 10−17 cm2 s−1 after only 20 cycles (Figure 5g). In strong contrast,  
the compact assembly at the interface between MHG@MBH-13 
and LiBH4 could be well-preserved during 500 cycles of  
discharge and charge process without the presence of obvious 
detachment as observed in the MHG-13 electrode, which could 
attributed to the suppressed volume change and phase sepa-
ration of MgH2 induced by the uniform coating of Mg(BH4)2 
layers. More importantly, a gradual decrease of Rct from 5 Ω to 
only 2.2 Ω after 200 cycles could be achieved for the MHG@
MBH-13 electrode owing to the interface stability between 
MHG@MBH-13 electrode and the electrolyte (Figure  5c,e). 

Small 2023, 19, 2207210

Figure 4. a) Evolution of the potential (V) along with cycling time for the MHG@MBH-13 electrode at 200 mA g−1 in the first cycle. b) XRD patterns and 
high-resolution c) Li 1s and d) B 1s XPS spectra of MHG@MBH-13 at different charge and discharge states. e,f) HRTEM images of MHG@MBH-13 
collected at the first lithiation state and g,h) the delithiation state. i) TEM images and j) the EDS line scan on a STEM image of MHG@MBH-13 at the 
first delithiation state. k) STEM image and l) the elemental mapping of MHG@MBH-13 after 200 cycles at 2 A g−1.
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Impressively, the DLi of the MHG@MBH-13 electrode reaches 
1.5 × 10−15 cm2 s−1 at 0.5 V, which is two orders of magnitude 
higher than that of the MHG-13 electrode (3.65 × 10−17 cm2 s−1) 
and the DLi of MHG@MBH-13 during almost the whole charge 
and discharge steps is much higher than that of the MHG-13 
electrode. It is noticed that there is a clear decrease of DLi  
of MHG@MBH-13 electrode at ≈0.4  V during the discharge 
process. It could be attributed to the formation of B at this 
stage from the lithiation process of Mg(BH4)2, which would 
lead to the decrease of Li diffusion kinetics and then Li2B6 
with high Li ion conductivity, which would enhance the Li ion 
diffusion kinetics of MHG@MBH-13 electrode. In addition, 
the structural change of MHG@MBH-13 induced the phase 

transformation of MgH2 and Mg(BH4)2 could also lead to the 
change of Li diffusion kinetics. These results directly demon-
strate the faster Li ions diffusion kinetics of MHG@MBH-13 
electrode than that of MHG-13 electrode, which could be  
possibly attributed to the uniform formation of the LiBH4 
electrolyte on the surface of MgH2 with intimate contact 
induced by the in situ discharge process of Mg(BH4)2 layers. 
Moreover, a slight increase of DLi could be observed for the  
MHG@MBH-13 electrode after 20 cycles and the DLi is main-
tained to be 3.5 × 10−15 cm2 s−1 after 50 cycles, indicating 
that the high Li ions diffusion kinetics of MHG@MBH-13 
electrode could be well preserved, which results in its excellent 
cycling stability.

Figure 5. Cross-sectional SEM images of the interface a) between MHG@MBH-13 and the solid electrolyte and b) between MHG-13 and the solid elec-
trolyte at the initial state and after various cycles at 2 A g−1. Impedance measurement during the initial discharge and charge cycle for the as-synthesized 
c) MHG@MBH-13 and d) MHG-13 electrode. Nyquist plots of the as-synthesized e) MHG@MBH-13 and f) MHG-13 electrode during cycling. g) The 
comparison of the diffusion coefficient of MHG@MBH-13 and MHG-13 extracted from high resolution PITT characterization.
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To deeply understand the effect of Mg(BH4)2 layers in 
improving the Li ion diffusion kinetics of MgH2, theoretical 
calculations based on density functional theory (DFT) are per-
formed. Interestingly, in comparison with LiBH4 that serves as 
the solid-state electrolyte, the diffusion energy of Li in the lattice 
of Li2B6 that is in situ formed during the formation of LiBH4 
from the discharge process of Mg(BH4)2 layers is even much 
lower, indicating that Li2B6 is also a superior conductor of Li 
ions (Figure 6a,b and Figure S26, Supporting Information). In 
addition, the energy barrier for the Li diffusion on the surface 
of Li2B6 (001) is calculated to be 0.52  eV (Figure  6c,d), while 
this value reaches 0.73 eV on the surface of MgH2 (001). These 
results demonstrate that the in situ formation of both Li2B6 and 
LiBH4 that are uniformly covered on the surface of MgH2 NPs 
facilitates fast transfer of Li ions from LiBH4 electrolyte to the 
surface of the electroactive MgH2. As a result, the DLi of the 
MHG@MBH-13 electrode based on experimental observation 
is two orders of magnitude higher than that of the MHG-13 
electrode (Figure  5g), which effectively promotes the electro-
chemical activity of MgH2 NPs of MHG@MBH-13 electrode. 

Moreover, it is interesting to note that the absorption energy 
of LiBH4 molecules on the surface of Li2B6 (001) approaches 
−1.48 eV while this value on the surface of MgH2 (001) surface  
is only −0.26  eV (Figure  6e). This demonstrates strong  
capability of Li2B6 in the absorption of LiBH4, which could not 
only stabilize the uniform coverage of in situ formed LiBH4 on 
the surface of MgH2, but also preserve the uniform distribution 
of LiBH4 molecules around MgH2 NPs during repeated charge 
and discharge process. Hence, the structural stability of MHG@
MBH-13 electrode and the interface between MHG@MBH-13 
electrode and the electrolyte could be well-preserved, which 
contributes to the excellent cycling stability of MHG@MBH-13.  
Such superior electrochemical properties of MHG@MBH-13 
are among the best of MgH2-based anode materials and com-
pare favorably to the state-of-art values reported for all metal 
hydride-based anode materials (Figure 3g).

To evaluate the potential practical applications of  
MHG@MBH-13, all-solid-state full cells coupled with com-
mercial Li2S as the cathode material are assembled and tested. 
When using LiBH4 as the solid electrolyte, an operating 

Figure 6. a) The diffusion paths of Li+ inside of LiBH4 (Path I) and LiB3 between two equivalent sites and b) their corresponding energy profiles. c) The 
diffusion paths of Li+ on the surface of MgH2 (001) and LiB3 (001) and d) their corresponding energy profiles. e) The comparison of the absorption 
energy profile between LiBH4 molecular and MgH2 (001) surface and LiB3 (001) surface. f) The galvanostatic charge–discharge profiles and g) cycling 
performance of the assembled all-solid-state Li2S//LiBH4//MHG@MBH-13 full cells.
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potential of 2.3 and 0.55  V could be observed for Li2S and  
MHG@MBH-13 (Figure S27, Supporting Information), respec-
tively. As a result, the all-solid-state full cells deliver an average 
discharge voltage of ≈1.5  V (Figure  6f), delivering a discharge 
capacity of 2039.3 mA g−1 based on the mass of MgH2 inside of 
MHG@MBH-13. Cycling performance of the full cell at 0.15 C  
(1 C = 2038 mA g−1) illustrates that a reversible specific capacity of 
741 mAh g−1 could be maintained after 20 cycles (Figure  6g and 
Figure S28, Supporting Information) with a coulombic efficiency 
of 89%, which directly demonstrates the potential of MHG@
MBH-13 as the high-performance anode material for ASSLIBs.

3. Conclusion

In summary, the homogeneous construction of ionic con-
ductive pathways on single MgH2 nanoparticle uniformly 
connected by electronic conductive graphene is realized by the 
uniform coverage of each MgH2 NPs with ultrathin Mg(BH4)2 
layers to improve the electrochemical activity of MgH2 toward 
ultra-stable reversibility in ASSLIBs. The initial discharge pro-
cess of ultrathin Mg(BH4)2 layers leads to the in situ formation 
of solid electrolyte LiBH4 and Li2B6, which exhibits a Li ion dif-
fusion barrier even lower than that of LiBH4, uniformly covered 
on the surface of each MgH2 NPs. As a result, the Li ion con-
ductivity of graphene-supported MgH2 NPs covered with 
ultrathin Mg(BH4)2 layers is two orders of magnitude higher 
than that without Mg(BH4)2 layers. In addition, taking advan-
tage of the strong adsorption capability of Li2B6 toward LiBH4, 
the thus-formed inactive Li2B6 and the uniform distribution of 
graphene, acting as the structural support role, not only allevi-
ates the volume change of MgH2 NPs but also stabilizes the 
intimate contact between LiBH4 and individual MgH2 NPs 
upon cycling discharge and charge process. On the other hand, 
the uniform distribution of MgH2 NPs on graphene with high 
electronic conductivity increases the interfacial electronic con-
ductivity of the whole electrode and meanwhile decreases the 
Li ion diffusion pathways for fast lithiation and delithiation. 
Consequently, the formation of stable interfaces that have high 
ionic and electronic conductivity is realized on the surface of 
each MgH2 NPs. This proof-of-concept strategy in the rational 
design of stable interfaces with high ionic and electronic  
conductivity opens up new opportunities toward achieving the 
practical application of MgH2-based electrodes in ASSLIBs.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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