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Intermetallic Magnesium silicide (Mg2Si) is regarded as a promising electrode material for lithium-ion batteries
(LIBs), by virtue of its desirable electrochemical activity, high theoretical capacity, suitable voltage profiles, and
lightweight. Nevertheless, its practical application is still hindered by poor electrochemical kinetics and rapid
capacity fading. Herein, high-purity intermetallic Mg,Si nanocrystals (NCs) encapsulated by graphene-layer
matrix (Mg2Si@G) are designed for advanced lithium storage. The graphene-confined Mg»Si NCs, featuring
with high-purity, highly exposed (220) facets and nanopores, are fabricated via a facile hydrogen-driven silic-
ification and subsequent freeze-drying process. Combined DFT calculations and experimental studies illustrate an
anisotropic lithium storage of MgsSi, exhibiting rapid Li-ions migration path along exposed (220) facets and
highly reversible solid solution behavior. Benefiting from the desirable structure features and interactions,
Mg2Si@G ensures a spatially confined (de)lithiation with high electrochemical activity and fast electronic/ionic
transport kinetics, leading to largely enhanced lithium storage performance. The resulting Mg»Si@G electrode
delivers a high capacity (100th capacity of 831 mAh g~! at 100 mA g~!), outstanding rate capability and long-
term cycle stability (3000th capacity of 578 mAh g’1 at2 A g’l). This work presents a new perspective towards

the rational development of well-performing Mg,Si materials for lithium storage.

1. Introduction

To satisfy the ever-increasing demands on the high density of
rechargeable lithium-ion batteries (LIBs), constant efforts have been
devoted to the exploit of next generation well-performing novel elec-
trode materials in the past two decades [1-3]. In this context, a variety
of potential candidates based on metals or semiconductors compounds
(metal oxides, sulfides, carbides, nitrides, phosphides, hydrides, etc.)
have been intensively studied because of their high theoretical capac-
ities outweighing that of the commercial graphite (372 mAh g™!)
[4-12]. Among them, intermetallic compounds, which possess inter-
mediate properties between metallic and non-metallic materials, have
provided a new perspective for high-performance lithium storage.
Particularly, in the early 1990s, Huggins et al. [13] pioneeringly pro-
posed the new concept of using Si-based intermetallic (Si-M, M = Mg,
Ca, Mo, etc.) as electrode materials for LIBs. These Si-M intermetallic
materials have shown much better electrochemical performances than
silicon alone, due to the desirable thermodynamic properties, enhanced
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electronic conductivities, and the active/inactive matrix roles for buff-
ering the volumetric expansion upon lithium insertion. To this end,
various favorable Si-M intermetallic, e.g., NisSi [14-16], FeSiy [17,18],
TipSi [19,20], MoSiy [21-23] and CasSi [24,25] have sprung up for high-
performance lithium storage.

Among the myriad of metal silicide, intermetallic magnesium silicide
(Mg3Si) is regarded as one of the most attractive candidates for LIBs, by
virtue of its anti-fluorite type structure for reversible lithium storage,
high potential theoretical capacity (higher than 1398 mAh g™, 4 Li
insertion), the appropriately low and flat voltage profiles (<0.5 V vs. Li/
Li") comparable to graphite anode, and lightweight (1.99 g cm ™).
Moreover, the raw materials of magnesium and silicon resource of MgsSi
are natural abundant, eco-friendly and low cost, which could provide
great potential for industrial application. In spite of above competitive
and attractive advantages, nevertheless, the progress of Mg,Si electrode
is still largely hindered by the rapid capacity fading and poor electro-
chemical kinetics, especially in forms of the bulk state. For instance, the
discharge capacity of MgoSi electrode at 10 mA g~! decreases

Received 4 January 2021; Received in revised form 21 February 2021; Accepted 31 March 2021

Available online 7 April 2021
1385-8947,/© 2021 Elsevier B.V. All rights reserved.


mailto:yuxuebin@fudan.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2021.129660
https://doi.org/10.1016/j.cej.2021.129660
https://doi.org/10.1016/j.cej.2021.129660
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2021.129660&domain=pdf

B. Zhang et al.

dramatically from nearly 1384 mAh g~! to less than 200 mAh g ! within
ten cycles [26,27]. The inferior performances are mainly ascribed to the
poor electronic conductivity, slow Li-ions diffusion rate, and volumetric
effect upon deep cycling. Worse, Mg-Si electrode proceeds multi-steps
structural expansion-shrinkage-expansion variation solely during lith-
iation process, leading to server structural instability. The losing of
active nanograins upon cycling due to its easily self-growth and
agglomeration, would finally lead to poor reversibility and thus fast
capacity fading [28].

To address these issues, constant efforts have been made to optimize
the performance of MgsSi electrodes by favourble structural design and
fabrication, such as rational nanostructured strategies, carbon coating
and compositing, and pre-lithiation or alloying assisted [26,29-37].
Among these efforts, the nanostructure techniques have been widely
reported to be efficient strategies to enhance the electrochemical ki-
netics and alleviate the volumetric strain of electrode materials during
cycling. However, due to the inert silicon and high reactivity of Mg,Si,
the development of feasible techniques for fabricating nanostructured
Mg,Si materials with high purity and in a controlled manner remains a
great challenge [38-41]. For instance, Tamirat et al. [32] fabricated a
carbon coated Mg,Si by a thermal vapor deposition technique, which
exhibits an attractive rate performance with a 500th cycle capacity of
380 mAh g~ ! at a current density of 2 A g~1. However, the fabrication is
complex and high-energy consumable, which also brought out inevi-
table oxidation using Mg and Si as the starting materials. Besides, Liu
et al. [41] proposed a much gentle hydrogen-driven chemical reaction
technique based on metal hydrides, and the resulting Mg»Si electrodes
exhibit a high initial discharge capacity (1095 mAh g~1) with 37% ca-
pacity retains over 60 cycles. In spite of these favorable enhancements,
the lithium storage performance of Mg,Si electrodes are still far from
being satisfactory.

Besides the sizes and crystal structures, the crystallographic plane
orientation also effects the lithium storage behavior. Tailoring a
particularly exposed crystal planes is another effective way to achieve
high-rate capability for LIBs [42,43]. However, few reports have illus-
trated the characteristic surface crystal planes of Mg5,Si and its effects on
the electrochemical behavior. Inspired by these concepts, it is highly
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desirable to design rational Mg,Si materials with desirable morphol-
ogies and crystal structure with particularly highly exposure channel for
Li-ions diffusion, so as to unlock its electrochemical performances for
LIBs.

In this study, high-purified intermetallic Mg,Si NCs (an average size
of 50 nm) decorated with nanopores and highly exposed (220) facets,
have been prepared through a facile hydrogen-driven reaction strategy.
The MgsSi NCs were further encapsulated by graphene-layer matrix
through a freeze-drying process to get efficient electron conduction and
spatially confinement. Combined DFT calculation and experimental
studies illustrate the rapid Li-ions migration path along highly exposed
(220) facets and efficient solid solution behavior with high reversibility,
indicating an anisotropic surface lithium storage. Taking advantaging of
the desirable interactions between MgySi NCs and graphene, the
Mg,Si@G electrode was endowed with superior electrochemical activ-
ity, fast electronic/ionic transport kinetics, and spatially confined (de)
lithiation process, leading to largely enhanced lithium storage perfor-
mances, in terms of outstanding capacity, rate capability, and cycling
stability.

2. Results and discussions

2.1. Structure of Mg,Si@G with highly exposed (220) facets

Fig. 1a displays the synthetic process of Mg2Si@G. We introduce a
facile Silicon templated hydrogen-driven silicification for the fabrication
of Mg,Si NCs. Typically, MgaSi NCs were prepared using Silicon NCs
(Fig. 1b) and MgH, as the starting materials via a hydrogen(H)-driven
reaction: 2 MgHj (s) + Si (s) - MgsSi (s) + 2 Hj (g). The pre-activate
treatment of reactants by ball milling (Fig. 1c) and the dehydrogena-
tion process of MgH, is largely beneficial for the complete conversion
reaction at lower temperature (450 °C). The dehydrogenation of MgH,
and the lattice orientation rearrangement during silicification finally
give rise to the growth of MgsSi NCs (Fig. 1d), featured with high purity,
an average size of 50 nm with nanopores and highly exposed (220)
facets, which would be illustrated in the later paragraphs. Subsequently,
Mg,Si NCs can be well encapsulated by the flexible graphene-layer
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Fig. 1. (a) Schematic illustration of the preparation of Mg,Si NCs and Mg,Si@G. The corresponding SEM images of (b) Silicon, (c) the well dispersed Si-MgH,
mixture, (d) the obtained Mg,Si NCs, and (e) the final product of Mg,Si@G. (f) Side, (g) top, and (h) projected views of the charge density difference map of
Mg2Si@G. Skyblue and yellow regions display the isosurfaces of electron depletion and accumulation.
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matrix (Fig. 1e) based on molecular interactions during freeze drying
process, resulting in Mg,Si@G with high loading content (75.0 wt%).
Additionally, based on the density functional theory (DFT) calculations,
the Mg,Si@G shows a favorable binding energy of —0.074 eV per for-
mula of MgsSi between Mg,Si and graphene. The calculated charge
density difference map (Fig. 1f-h) displays clear electron transfer be-
tween graphene and Mg»Si. As shown, there is a positive electron
accumulation between graphene and Mg atoms, and a negative charge
region between bottom Si atoms and graphene can be found. Overall,
there are small charge isosurfaces in the Mg,Si layer resulting from the
charge redistribution between Mg,Si with graphene. The interactions
between graphene and Mg»Si assures the confinement of graphene on
Mg,Si, leading to favorable structure of Mg,Si@G for stable lithium
storage.

The crystallographic structures were identified by the powder X-ray
diffraction (PXRD). Fig. 2a shows that the active process based on ball
milling process generates no new phases. After the H-driven reaction, all
the diffraction peaks of the obtained samples (Fig. 2b) can be well
indexed to Mg2Si FCC cubic anti-fluorite-type structure (JCPDS no. 65-
2988), indicating that pure MgsSi phase can be synthesized. On the
contrary, there are always some impurity peaks related to MgO in the
commercial Mg,Si bulks as shown in the cycle of Fig. 2b. Moreover, the
peak intensity ratio I; 1 1)/I2 20y for the obtained Mg,Si NCs is calculated
to be 0.27, which is much smaller than that of commercial Mg»Si bulk
(0.38) and the reference data (0.41), indicating a preferential growth of
(220) planes. It can further be verified by the similar trends in other
I200)/1220) I311)/I220), and I(400)/1220) intensity ratios of MgZSi NCs
and the standard values (Table S1). Generally, the difference in a certain
peak intensity suggests a preferred orientation along a particular facet,
relating to the surface energy [42-44]. DFT calculations show that the
(220) planes have the lowest energy (0.0129 J m™~2) of different facets,
indicating a much stable surface. Besides, the X-ray photoelectron
spectroscopy (XPS) of Mg»Si@G (Fig. S1) further reveals the presence of
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Mg, Si and C in the surface composition. The corresponding high-
resolution XPS in Fig. 2c, d displays the characteristic peaks of Si 2p3
spectrum (103.6 eV) and Mg 2p spectrum (51.1 eV), verifying the for-
mation and interaction of MgsSi@G. The corresponding Cls spectrum
(Fig. 2e) demonstrates the characteristic peak (284.8 eV) related to the
graphene, as well as the shoulder peak at 286.8 eV, which is ascribed to
the favorable interactions between Mg,Si and graphene predicated in
the DFT calculation. Note that there is also part of MgO and Mg (OH),
detected in the sample due to the inevitable exposure of sample during
test to air.

The morphology and structure of samples were characterized by FE-
SEM and FE-TEM. According to Fig. 3a—c, Mg»Si NCs exhibits an average
particle size of 50 nm, which are in good morphology-inheritance with
the initial Silicon and the Si-MgHj intermediate sample (Fig. S2). A se-
ries of nanopores resulting from the surface diffusion and coarsening
accompanied with the dehydrogenation of MgHs during the silicifica-
tion, are uniformly dispersed on Mg,Si NCs (Inset of Fig. 3c and S3). This
consists well with the pores distribution further as verified by the
absorption-desorption test (Fig. S4), which demonstrates the type II
nitrogen isotherm with average pore volume of 1.27 nm. The nano-
crystals in the HRTEM image (Fig. 3d) clearly displays the lattice fringes
of 2.24 and 3.66 A, relating to (220) and (111) planes of MgsSi,
respectively. In addition, the EDS elemental mapping of Si and Mg shows
almost overlapped distribution with a molar ratio close to 2:1 (Fig. 3e),
further verifying the complete formation of Mg»Si. Fig. 3f~h displays the
Mg,Si NCs encapsulated by flexible graphene-layer matrix (Mg2Si@G)
after freeze-drying treatment. The HRTEM images (Fig. 3i, j) show that
the characteristic (220) and (111) planes of MgySi NCs are well
encapsulated by the graphene lattices. The corresponding cystalline
oritation was shown in the FFT pattern (Fig. 3k). In addition, the EDS
elemental mapping images of C, Mg and Si (Fig. 31) further verify the
homogeneous distribution of MgsSi NCs on graphene. The Mg»Si@G
could ensure efficient electron conduction and spatially confinement,
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Fig. 2. (a) PXRD patterns of raw materials (Silicon and MgH,), and the intermediate sample after ball milling treatment (Si-MgH,). (b) PXRD pattern of the
commercial Mg,Si sample, the as-synthesized Mg,Si NCs and Mg,Si@G samples, A = 1.5406. The cycles in the commercial Mg»Si sample are indexed to the impurity
of MgO. (c) The high-resolution XPS spectra of (¢) Mg 2p, (d) Si 2p3 and (e) C 1s for Mg,Si@G.
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Fig. 3. Morphologies of the as-synthesized Mg»Si NCs and Mg,Si@G. (a) SEM image, (b, c) TEM images, and (d) HRTEM image of Mg,Si NCs. Inset of (c) is the size of
the nanopores. Inset of (d) is the corresponding FFT pattern. (e) The elemental mapping images of Mg and Si of Mg,Si NCs and corresponding EDS spectrum. (f) SEM
image, (g) STEM image, (h) TEM image, (i-k) HRTEM images and corresponding FFT pattern of Mg,Si@G. (1) The elemental mapping images of C, Mg and Si
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which will certainly enhance the overall electrochemical activity and
improve the structural stability. As a comparison, the commercial MgsSi
exhibits bulk particles with severe aggregation even after ball milling
(Fig. S5).

2.2. Anisotropic lithium storage behavior of Mg.Si@G

To illustrate the lithium storage behavior of Mg,Si, DFT calculation
and modelling based on the high exposed (22 0) planes were carried out.
According to the Egs. ((1)-(3)), it could be deduced that Li-ions in the
electrolyte would first adsorb onto MgsSi, and then intercalate and
substitute into Mg»Si structure. Fig. 4a displays the adsorption energy
for four possible adsorption sites of Li-ions onto Mg»Si (220). It shows
that Li-ions adsorb onto Si atoms and Mg atoms are energy unfavorable
with the adsorption energy of 0.15 and 0.11 eV, respectively; while Li
preferentially adsorb onto void space above 2 Mg and 2Si with different
initial heights, forming strong chemical bonding with negative adsorp-
tion energies (—0.42 eV and —0.39 eV, respectively). Therefore, the
favorable positions for Li-ions adsorption onto Mg,Si are above voids of
(220) surface. Furthermore, calculations based on the Climbing Image
Nudged Elastic Band (CINEB) method were performed to illustrate the
energy barrier for the migration path of Li-ions. According to Fig. 4b, the
closer Li-ions approach to the Mg,Si surface, the lower energy barrier it
will be. It indicates an energy favorable diffusion path for Li-ions to
absorb onto Mg,Si surface. Fig. 4c further shows the void-to-void
diffusion of Li-ions in structure of Mg>Si, which exhibits one saddle
point with an energy barrier of 1.46 eV at a distance of round 6.3 A,
indicating an efficient Li-ions migration path along high exposed (220)
facets.

MgySi + xLit 4+ xe” < LigMgySi, 0 < x < 1 (@)
LixMgsSi + yLi™ + ye~ < LipMgSi + Mg < Li-Si Alloy + Mg, x +y > 2(2)
Mg + zLi" + ze~ < Li-Mg Alloy, z > 0 3)

Additionally, the max number of Li-ions insertion into the interstitial
sites of MgsSi was calculated, based on the solid solution behavior for
one-unit cell (xLi + 8Mg4Si — xLi8Mg4Si). According to Fig. 4d, energy
formation of xLi8Mg4Si increases as the percentage of Li-ions insertion
increases, indicating an energy unfavorable. Then the alloying reaction
of solid solution phase of LiyMg»Si tends to start a conversion reaction
after a critical number of Li-ions been diffused into the crystal structure
as in equations below. A full occupation of 4 Li could be inserted into
interstitial position, contributing to 1 lithium capacity by forming a
saturated solid solution LiMg,Si. With higher Li insertion, Mg atoms
could be further substituted or shared a mixed occupancy atomic posi-
tion, leading to structural expansion and conversion.

The structural evolution of Mg,Si@G during lithium storage was
further elucidated by in operando synchrotron PXRD. As shown in
Fig. 4e, these diffraction peaks relating to the characteristic (111),
(220),(311),(400) and (4 22) planes of Mg>Si NCs and the peaks from
Cu (current collector) can be well identified. Upon discharging, the
dominant diffraction peak (220) gradually shifts to low angle, along
with peak broadening and intensity decreasing (Fig. 4f), indicating a
solid solution behavior (Eq. (1)). During the charge process, the peaks
could recover correspondingly, suggestive of a good structural stability
of (220) planes and highly reversible Li diffusion. This solid solution
behavior is consistent well the DFT calculations aforementioned and can
also be verified by the ex-situ PXRD patterns (Fig. S6). Except from the
similar solid solution process, the diffraction peak of (111) gradually
shifts to high angle with intensity decrease when discharging to low
voltage (Fig. 4g), suggestive the further decomposition process due to
more insertion of Li-ions substitute for Mg atoms (Eq. (2)). This process
could be further verified by the transient of the new Bragg peaks at about
27.8°, which can be related to the lattice variation of intermediate
phases e.g., LioMgSi. Correspondingly, the phase variation at the Bragg
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peak of 16° represents the emerging of Mg (101) and its further Li-Mg
alloying during discharging (Eq. (3)). Note that due to the internal
strain after lithium insertion and the poor crystallinity, part of the in-
termediates is amorphous (e.g., Li-Si alloy), which can’t be detected in
the XRPD patterns. Interestingly, the crystal lattices at 16.0° and 27.8°
demonstrate enhanced intensity during the charge process, which could
be largely ascribed to the structural arrangement during Li extraction
process. As a result, part of the intermediate phases is likely to partici-
pate in the following cycling as part of the active materials. Additionally,
Mg,Si@G electrodes at different cycling stages (Fig. 4h) were subjected
to a heat treatment (100 °C) under vacuum to be better crystallized.
Fig. 4i and j show that the PXRD patterns of Mg,Si@G are at typical
voltage stages (a, B, and y), which display much better crystallization
and further confirm the reversible (de)lithiation process.

2.3. Enabled battery performance of Mg.Si@G electrode

Fig. 5a shows the cyclic voltammetry (CV) curves of Mg,Si@G. In the
first cathodic scan, the broad peak centered at 0.68 V can be related to
the irreversible formation of SEI films layer alone with the generation of
LixMgsSi solid solution (Eq. (1)). The consistent cathodic peaks range
from 0.18 V to 0.10 V correspond to the consistent insertion of Li to
substitute for Mg atoms (LioMgSi) along with the formation of Li-Si alloy
(Eq. (2)). The sharp peak at about 0.005 V relates to the further Li-Mg
alloying (Eq. (3)). It is noted that due to the complicated mechanism
of MgsSi, the above lithiation processes might be overlapped or hap-
pened in parallel. Correspondingly, there were three apparent peaks in
the anodic scan, respectively. The peak at about 0.2 V corresponds to the
de-alloying process of Li-Mg alloy, followed by the delithiaiton of
LipMgSi and Li-Si phases at 0.3 V. The broad peak centered at 0.65 V
further verifies the reformation of Mg»Si. Similar cathodic/anodic peaks
can be well detected at the same position in the following cycles. Note
that Egs. ((1)-(3)) exhibits that Mg»Si electrode suffer from a volumetric
expansion-shrinkage-expansion process during the cycling, leading to
part of evitable irreversibility. The CV profiles of Mg,Si@G are in good
consistent with the MgsSi NCs electrode, both of which show much
better electrochemical activity and stability than the commercial Mg,Si
(Fig. S7). According to Fig. 5b, the discharge-charge voltage profiles of
Mg,Si@G display pairs of discharge-charge plateaus, the voltages of
which agree well with the obtained CV results.

The galvanostatic charge/discharge performances of MgsSi@G,
Mg,Si NCs, commercial Mg,Si, and graphene were tested at a current
rate of 100 mA g~ ! for comparison. The specific capacities were tested
by the weight of active materials. As shown in Fig. 5c, the initial
discharge capacity of the commercial Mg,Si is 1980 mAh g1, but the
capacity decays fast to 475 mAh g~! and 280 mAh g~ ! after 20 and 50
cycles, respectively. In comparison, the MgsSi NCs electrode displays a
much higher initial discharge capacity of 2244 mAh g}, but it also
comes across a fast decay, with a capacity of 580 mAh g~ after 50 cy-
cles. Moreover, Mg2Si@G electrode delivers an initial discharge/charge
capacities of 2739 mAh g~! and 1624 mAh g1, respectively. The high
initial capacity can be mainly ascribed to the inevitable generation of
irreversible SEI films, the conversion-alloying lithiation process, as well
as the capacitive capacity contribution especially at the present of gra-
phene. After the 2nd and 3rd cycling, the Coulombic efficiency increased
to 90.4% and 92.8%, indicating a more stable SEI layer. It is highly
expected that with more future endeavor, the initial Coulombic effi-
ciency of this kind of materials could be further optimized for practical
application. Over 100 cycles, it still retains a high reversible capacity of
831 mAh g~ ! and displays a Coulombic efficiency of 94.4%. Note that
pure graphene electrode delivers a low discharge capacity of 300 mAh
g’1 (Fig. S8), and thus its capacity contribution on MgySi@G could be
neglected in long cycles.

Besides, Mg»Si@G electrode demonstrates outstanding rate capa-
bility. As shown in Fig. 5d, when cycled at various current densities of
100, 200, 500, 1000 and 2000 mA g~!, Mg,Si@G anode delivers high
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reversible capacities of 1515, 1130, 809, 613, and 418 mAh g_l,
respectively. As the current rate reduces to 100 mAh g™, the corre-
sponding capacity recovers to 1083 mAh g’l. Furthermore, Mg,Si@G
electrode exhibits outstanding long-time stability when cycled at a high
current rate. According to Fig. Se, a high 3000th capacity of 578 mAh
g~ still maintains when cycled at 2 A g~*, with a Coulombic efficiency
of 99.7%. Noting that the slightly increased capacity during cycling is
mainly ascribed to the activation process of Mg,Si nanocrystals caused
by the repeated (de)lithiation process and the capacitive lithium-storage
behavior at high cycling rate. To the best of our knowledge, it is the best
reported performance of Mg,Si-based materials, which largely exceeds
to that of commercial graphite electrode (372 mAh g™1) for LIBs. When
compared with these widely reported electrode materials for LIBs,
Mg,Si-based materials also outperform most of the metal-based mate-
rials and are comparable to these Mg- and Si-based electrodes (Fig. 5f)
[45-50]. The outstanding performance is largely attributed to the
unique structure of uniform Mg,Si NCs with nanopores, which not only
improve the diffusion kinetics by shorting the Li-ions/electron transport
path and promoting electrolyte transport, but also alleviate the volu-
metric effect by providing volume-containable space during cycling,
contributing to enabled lithium storage performance.

2.4. Structural superiority and interactions of Mg:Si@G

To further elucidate the electrochemical kinetics of MgsSi@G,
different CV profiles at stepped scan rates from 0.1 to 0.7 mV s~ were

tested (Fig. S9). In our case, the adjustable parameters b of the repre-
sentative peak is determined to be 0.58, indicating the co-existence of
diffusion-controlled process and capacitive behavior [47]. As shown in
Fig. 5g, Mg»Si@G electrdoe displays about 33% capacitive contribution
on capacity at a scan rate of 0.1 mV s~ suggesting that the diffusion
process dominated process. With the increase of a scan rates, the
capacitive contribution would gradually increase, mainly ascribing to
the present of large number of active sites on/near the surface areas
generated in the pore-engineered nanoarchitecture. Besides, the galva-
nostatic intermittent titration technique (GITT) was also carried out to
examine the dynamics of Li" diffusion of Mg,Si@G electrode [51]. Ac-
cording to the calculated electrodes Li" diffusion coefficient (D 1,) as
shown in Figs. 5h and S10, the order of magnitude of D 1;; for Mg,Si@G
in the discharge processes is between 10~ and 1072, which is much
higher than that of MgsSi NCs. As the result, the fast Li* transport
contributes to enhanced electrochemical performance.

In addition, electrochemical impedance spectroscopy (EIS) was
conducted to illustrate the electrical conductivity, the charge transfer
resistance, and ion diffusion kinetics at the interface of electrolyte/
electrode. As shown in Fig. S11, the Nyquist plots of MgsSi based elec-
trodes consist of a depressed semicircle at the range of medium-to-high
frequencies, and a subsequent straight line with certain slope in the
range of low frequencies. According to the equivalent circuit (inset of
Fig. S11), the obtained Rg, Rct, and W, correspond to the resistances of
SEI layer, the charge-transfer resistances, and the Warburg impedance is
related to the Li-ions diffusion, respectively. According to the fitting
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results, the corresponding Rcr values for Mg,Si@G, Mg,Si NCs, and
commercial Mg5Si electrodes are calculated to be 87.3 Q, 156.5 Q and
177.0 Q, respectively. The obtained smallest depressed semicircle of
Mg2Si@G electrode at the range of middle-high frequency indicates a
higher overall electronic conductivity and lower charge transfer resis-
tance, by virtue of the graphene coating layer and highly exposed (220)
facets.

The Li-driven structural evolution and stability of Mg>Si@G elec-
trode upon cycling was studied by TEM. After the first lithiation process
(Fig. 6a), MgsSi NCs electrode still maintains its initial stable nano-
structure characterized with the active materials encapsulated by gra-
phene. Fig. 6b displays a variety of lattice fringes ranging from 2.18 to
2.65 .7\, which can be mainly ascribed to the lattice changes of the (220)
and (111) planes of Mg5Si during the Li insertion, resulting in multiple
nanocrystalline phases. These results are also in good accordance with
the PXRD observation. Moreover, Mg>Si@G demonstrates an excellent
structural integrity even after long-term cycles at a high current rate
(Fig. S12). The corresponding STEM image as well as EDS elemental
mapping of C, Mg, and Si of Mg,Si@G electrode after cycling display a
uniform distribution (Fig. 6¢) under the confinement of graphene. On
the contrary, the pure Mg,Si NCs without graphene suffers from server
agglomeration and pulverization after cycling (Fig. S13), leading to fast
capacity fading after 20 cycles. The well-sustained structural stability of
Mg2Si@G during cycling is also largely attributed to the confinement of
graphene onto Mg»Si NCs at nanoscale (Fig. 6d), which could largely
alleviate the volumetric effect the (de)lithiation process, prevent the
pulverization and detachment of active materials, assuring a long-term
stability.
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Expect the spatially confined effect, the interactions derived between
absorbed Li-ions and Mg.Si@G (MgeSi@G + Li) are beneficial for
lithium storage behavior. According to Figs. 6e and S14, the electronic
structure of MgxSi@G + Li system analyzed by the Valence electron
localization function (VELF) shows that there are highly localized
electrons between Mg and Si atoms with maximum closer to Si atom,
suggesting an ionic bonding interactions between Mg-Si. Based on the
low VELF value between graphene layer and Mg,Si, the interfaces are
dominated by the Van der Waals interactions. It also represents the
physisorption of Li-ions on Mg»Si surface based on the VELF minimum
between Mg5Si layers and Li-ions. Moreover, the density of states (DOS)
shows that the Mg,Si@G + Li system displays a metallic feature, with a
high value of local states across the Fermi level (Fig. 6f). It can be
attributed to the hybridized orbitals of C, Mg, and Si atoms and the
charge redistribution among Mg5Si, Li, and graphene, which changes
the electron density near Fermi level though. This phenomenon could
also be illustrated by the charge density difference map of Mg»Si@G + Li
system (Fig. 6g). As shown, charges accumulate at the interface between
Li-ions and graphene, and the interface between Mg5Si slab and gra-
phene layer. Meanwhile, the regions of charge depletion appear within
Mg5Si slab and near the top of Li. This suggests that a built-in electric
field directed from Li-ions to Mg,Si could generate, resulting from the
charge flow Li to graphene and then to MgsSi layers. As an efficient
electron collector, graphene could largely enhance the electron transfer
within Mg,Si structure, which largely contributes to enhanced electro-
chemical kinetic during lithium storage process.
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Fig. 6. (a) TEM images, (b) HRTEM image of Mg,Si@G electrode after the first lithiation state. (¢) STEM image and the elemental mapping of Mg,Si@G at high
density of 200 mA g'1 over 100 cycles. (d) Schematic illustration of the (de)lithiation behavior of Mg,Si@G. (e) Top and projected views of valence electron
localization functions (VELF) of Li + Mg,Si@G. (f) The calculated Density of States (DOS) of Li + Mg,Si@G. (g) Top and side view of charge density difference map of
Li + Mg,Si @G. Skyblue and yellow regions correspond to isosurface of electron depletion and accumulation.
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3. Conclusion

In summary, we report a graphene confined Mg,Si with highly
exposed (220) facets and nanoporous structure, and its advanced
lithium storage performance. The intermetallic Mg»Si@G was fabricated
based on a facile hydrogen-driven silicification, involving the dehy-
drogenation of MgH,, the lattice orientation rearrangement, and Mg,Si
nanocrystals growth, followed by a freeze-drying process. When evalu-
ated as electrode materials for LIBs, Mg,Si@G exhibits high-capacity
utilization, fast electronic/ionic transport kinetics, and well-sustained
stability. The enhancement of electrochemical properties is mainly
attributed to the structural features of Mg,Si@G and the rapid Li-ion-
s migration path along exposed (220) facets, which assures a spatially
confined (de)lithiation process and solid solution behavior with high
reversibility. As a result, Mg,Si@G electrode delivers a high capacity of
831 mAh g ! at 100 mA g, outstanding rate capability, and excellent
long-term cycle stability with a 3000th capacity of 578 mAh g~! at 2 A
g~ 1. Overall, this work presents a rational and effective design towards
the exploration of well-performing Mg,Si electrode materials for LIBs.
Also, it is believed that the research perspective on crystallographic
planes orientation could also shed new light on rational design of Si-M
intermetallic and related nanomaterials in numerous applications.
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