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ABSTRACT: Rechargeable magnesium ion batteries (RMBs) have drawn
extensive attention due to their high theoretical volumetric capacity and low
safety hazards. However, divalent Mg ions suffer sluggish mobility in cathodes
owing to the high charge density and slow insertion/extraction kinetics. . A .
Herein, it is shown that an ultrafast nonequilibrium high-temperature shock
(HTS) method with a high heating/quenching rate can instantly introduce
oxygen vacancies into the olivine-structured MgFeSiO, cathode (MgFeSiO,-
HTS) in seconds. As a proof of concept, the MgFeSiO,-HTS exhibits a higher
electrochemical property and fast insertion/extraction kinetics in comparison
to those prepared from the conventional sintering method. The MgFeSiO,- " """ °°
HTS displays remarkable long-term cycling lifespan properties with a
reversible capacity of 85.65 and 54.43 mAh g~' over 500 and 1600 cycles at MeFeSiOTEA material
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2 and S5 C, respectively. Additionally, by combining the electrochemical
experiments and density functional theory calculations, oxygen vacancies can weaken the interaction and energy barrier between the

Mg** ions and the cathode, enhancing the Mg** diffusion kinetics.

KEYWORDS: Rechargeable magnesium ion batteries, Olivine-structured MgFeSiO,, High-temperature shock technology,

Defect engineering, Mg>* and MgCI" cointercalation

Rechargeable magnesium ion batteries (RMBs) have been
extensively considered as next-generation energy storage
technology beyond lithium-ion batteries (LIBs) due to the
abundant Mg natural abundance, the high theoretical
volumetric capacity (3833 mAh cm™), and the relatively low
reduction potential (—2.37 V versus the standard hydrogen
electrode)."™ Moreover, Mg metal as the anode has a
dendrite-free deposition at normal current densities in most
RMBs electrolytes.”® The intrinsic feature suggests that RMBs
are safer than LIBs. However, the charge density of Mg** is
much higher than that of Li* (120 vs 52 C mm™). Divalent
Mg** ions suffer severe electrostatic interactions during
migration and diffusion in the hosts, which raise more
stringent demands on the cathodes.””"" Hence, recent progress
is devoted to searchin§ for appropriate cathodes for reversible
magnesium storage.lz’ ?

Polyanionic compounds with tetrahedral and polyhedral 3D
network structures are promising and have received extensive
focus due to the remarkable advantages of diverse species, high
voltage, stable structure, and strong induction between
polyanions, which allow fast ion diffusion.'”"> Compared
with phosphates, silicates exhibit a more stable and faster
framework for Mg** storage and migration owing to the
inherent lattice stability provided by the tight SiO,
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tetrahedra.'®™"® Particularly, olivine-structured MgFeSiO, is
favored as RMBs cathode due to its environmental benignity,
high theoretical capacity (310 mAh g™'), and theoretical redox
potential (~2.4 V vs Mg)."” Islam et al. via molecular dynamics
(MD) and density functional theory (DFT) calculations reveal
that MgFeSiO, material has an Mg** diffusion coefficient of
10™° em? s7! and a low migration activation energy of 0.6 eV,
indicating advantageous Mg*" intercalation kinetics in the
MgFeSiO,.”" Besides, Orikasa et al. found that the ion-
exchanged MgFeSiO, cathode can achieve an outstanding
specific capacity of over 300 mAh g' at 6.62 mA g~' at S5
°C."” However, MgFeSiO, material is confronted with low
intrinsic conductivity and lacks the 1D diffusion channels for
Mg?** ions, which causes inferior actual test capacity.'”'” As a
result, more studies should concentrate on increasing the ion
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Figure 1. Schematic illustration of the formation process of MgFeSiO,-HTS and the MgFeSiO,-TFA material.

mobility while decreasing the Mg** diffusion and migration
barriers in MgFeSiO,.

Numerous methods have been proposed to promote the
diffusion kinetics of cathode materials, such as constructing
nanocrystalline structures,'®'® introducing carbonaceous ma-
terials,"**' and doping alien ions.”” Beyond these strategies,
defect engineering has attracted extensive attention. Creating
defects (i.e., dislocations, vacancies, and point defects) in the
hosts is crucial in manipulating the properties.”* > In
particular, introducing oxygen vacancies (OVs) into the
cathodes can enhance ion diffusion kinetics and provide
additional active sites to participate in redox charge storage.”’
Bai et al. proved that the diffusion coefficient of Zn>* can be
elevated 2 orders of magnitude (from 107" to 10™® cm™ s7')
after OVs introduced in CuyV,0,(OH),2H,0, thereby
enhancing the reaction kinetics and electrochemical perform-
ance.”® Wang et al. indicate that the Mg?* conductivity in TiO,
is dependent on the oxygen concentration. When incorporat-
ing OVs on the surface of TiO,, the Mg** conductivity can
reach up to 107" S cm™, owing to the OVs can capture the
[BH,]™ anion and accelerate the Mg** fast migration on the
solid/solid interface.”® Zhu et al. discussed the OVs’ formation
energy in the Pnma-Li,FeSiO, via the DFT calculation and
found that it relates to the experimental conditions. Moreover,
OVs play the role of n-type dopant elevating the electronic
conductivity of Li,FeSiO,.”* To date, research on OVs mainly
focuses on traditional equilibrium heating processes, while it is
more liable to generation in nonequilibrium reactions. Hence,
regulating OVs in host materials during nonequilibrium
processes and constructing the relationship between the
capability and structure can help us further comprehend the
role of OVs.

Herein, we put forward a strategy to introduce moderate
OVs to the MgFeSiO, cathode (MgFeSiO,-HTS) through
ultrafast nonequilibrium high-temperature shock technology
(HTS). The nonequilibrium process can get to the nucleation
temperature in seconds within a fast heating rate (~10> K
s71).°7% As a result, a number of OVs are produced and
retained in the following short-run calcination and quenching
process. In comparison, MgFeSiO, prepared in the conven-
tional tube furnace annealing (MgFeSiO,-TFA) exhibits fewer
defects and the whole process is in equilibrium, along with a
slow heating/cooling process (2 K min™') and long-term
calcination (Figure 1). We find that the OVs weaken the
interaction and energy barrier between the Mg** and
MgFeSiO,-HTS cathode, accelerating the Mg** diffusion
kinetics. Furthermore, the as-obtained MgFeSiO,-HTS cath-
ode shows remarkable cycling properties with a reversible
capacity of 85.65 and 54.43 mAh g™' after S00 and 1600 cycles
at 2 and S C, respectively, exceeding the silicate-based RMBs
cathodes previously reported. This work can provide a new
idea for preparing polyanionic compounds to expand their
application in advanced RMBs.

To clarify the crystal phase of the obtained MgFeSiO,-HTS
and MgFeSiO,-TFA cathodes, we utilized X-ray diffraction
(XRD) measurements to investigate the crystal structures. The
results shown in Figure Sla display that the diffraction peaks
are well consistent with the standard structure indexed by
PDF#76-0853 with no impurities.'” Furthermore, the specific
structural information is obtained through the Rietveld
refinement method, and the refinement details are demon-
strated in Figure S1b, Slc, and Table S1. The results illustrate
that both MgFeSiO, materials have an orthorhombic structure
with a space group of Pbnm (62). For MgFeSiO,-HTS, the
refined lattice parameters are a = 4.783 A, b = 10.309 A, ¢ =
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Figure 2. Structural characterization of the MgFeSiO,-HTS. (a) SEM; (b) TEM; (c) HRTEM; (d) SAED patterns; (e) HADDF image and

elemental mapping.

6.026 A, and V = 297.1 A3, which are slightly different from
those of the MgFeSiO,-TFA (a = 4795 A, b = 10.338 A, ¢ =
6.041 A, and V = 299.5 A®). Subsequently, scanning electron
microscopy (SEM) images indicate that the MgFeSiO,-HTS
and MgFeSiO,-TFA cathodes exhibit a similar granular
micromorphology (Figure 2a, S2a). Combined with the
transmission electron microscope (TEM) image in Figure
2b, the MgFeSiO,-HTS has a range of 200—300 nm random
shape particles. By contrast, the size of the MgFeSiO,-TFA
material is 300—500 nm (Figure S2b). The relatively small
grain sizes of the MgFeSiO,-HTS cathode can be attributed to
the nonequilibrium process enabling the atoms in the
precursor to migrate rapidly and the ultrashorter heating/
quenching times availably suppress the particle growth.**™*° As
revealed in high-resolution TEM (HRTEM) images (Figure
2c), three sets of lattice fringes of 0.245, 0.221, and 0.376 nm
in the MgFeSiO,-HTS particles are matched well with (112),
(211), and (101) crystal plane (Figure 2cl, 2¢2, and 2c4)."”
Besides, a number of dislocations exist in MgFeSiO,-HTS via
the inverse fast Fourier transform (IFFT) image (Figure 2c3),
which is signed with “I”. And Figure 2d presents that the
diffraction spot is in good agreement with the atomic
arrangement of MgFeSiO,-HTS with the space group along
the [101] direction. As to MgFeSiO,-TFA material, the lattice
spacing of 0.253, 0.21S5, and 0.249 nm can well correspond to
the interplanar distance of (131), (211), and (112) (Figure
S2cl, S2¢3, and S2c4). And the diffraction spot fine matches
the space group along the [310] direction (Figure S 2d).
Moreover, elemental mapping images indicate that Mg, Fe, Si,
and O elements in MgFeSiO,-HTS and MgFeSiO,-TFA are
uniformly dispersed, suggesting that both materials are pure

phases (Figure 2e, S2e). To accurately understand the
differences in specific surface area and the porosity character-
istics between MgFeSiO,-HTS and MgFeSiO,-TFA, Bruna-
uer—Emmett—Teller (BET) measurements are conducted
(Figure S3). It can be observed that MgFeSiO,-HTS has a
specific surface area of 12.59 m* g™', along with a pore size of
35.74nm and a pore volume of 0.12 cm® g~'. Such
mesoporous structure can facilitate fast Mg>* diffusion,
resulting in remarkable cycling performance.” The MgFe-
SiO,-TFA possesses a mesoporous structure similar to that of
MgFeSiO,-HTS.

The corresponding X-ray photoelectron spectroscopy (XPS)
spectra are further used to demonstrate the chemical
composition of the prepared MgFeSiO,-HTS and MgFeSiO,-
TFA materials (Figure S4a, S4b). In the MgFeSiO,-HTS
material, the XPS spectra for Fe 2p show that the Fe 2p peaks
can be separated into Fe 2p3/2 at around 710.80 eV and Fe
2p1/2 at around 724.20 eV accompanied by the corresponding
satellite peaks at around 714.76 and 728.56 eV, respectively
(Figure S4c).”~* Similarly, the Fe 2p peaks with bonding
energies of 710.51 and 724.09 eV in the MgFeSiO,-TFA can
correspond to Fe 2p3/2 and Fe 2pl1/2, with satellite peaks at
724.09 and 728.84 eV (Figure S 4d).** The results suggest that
the Fe valence is +2 in both MgFeSiO, cathodes, further
proving that the as-prepared materials are pure phases, which
can be well matched with XRD results. As shown in Figure 3a,
the three peaks with bonding energies of 531.03, 531.84, and
533.13 eV in the O 1s spectra of the MgFeSiO,-HTS cathode,
assigned to metal oxides, oxygen vacancies (OVs), and surface-
adsorbed oxygen (Os), respectively."""*> For the MgFeSiO,-
TFA cathode, the corresponding peaks of the O 1s spectrum
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Figure 3. Structural characterization of the MgFeSiO, materials. (a) O 1s XPS spectra of MgFeSiO,-HTS; (b) EPR curves; (c) Normalized Fe K-
edge XANES spectra of MgFeSiO,-HTS and MgFeSiO,-TFA; (d) Fe K-edge EXAFS (points) and curve fit (line) for MgFeSiO,-HTS, shown in R-
space (FT magnitude and imaginary component). The data are k*-weighted and not phase-corrected; (e) Fe K-edge EXAFS (points) and curve fit
(line) for MgFeSiO,-TFA, shown in R-space (FT magnitude and imaginary component). The data are k’-weighted and not phase-corrected; (f)
PDF spectra with peaks corresponding to interatomic distances of Si—O and Fe—O are highlighted with dashed lines.

are located at 530.76, 531.39, and 532.83 eV (Figure S4e).
Meanwhile, the OVs’ contents in MgFeSiO,-HTS and
MgFeSiO,-TFA are 37.5% and 20.1%, respectively. Addition-
ally, electron paramagnetic resonance (EPR) szpectroscopy is
an effective way to reveal the existence of OVs.”® As shown in
Figure 3b, MgFeSiO,-TFA indicates a weak signal at g = 2.004
(a representative signal for OVs), while MgFeSiO,-HTS has an
intense symmetry peak. The data suggest that the ultrafast
nonequilibrium reaction can contribute to generating and
reserving the OVs. Analyzing the Si 2p and Mg 1s high-
resolution spectrum of the MgFeSiO,-HTS and MgFeSiO,-
TFA, they reveal similar characteristic peaks, respectively
(Figure S 4£-54i).*>** For better comprehension of the local
structures of both MgFeSiO, materials, the X-ray absorption
spectroscopy (XAS) measurements of Fe atoms are collected
through X-ray absorption near-edge spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS). The
similar peaks of MgFeSiO,-HTS and MgFeSiO,-TFA in Figure
3c suggest an analogous Fe oxidation state in both materials.
Meanwhile, the pre-edge is present at feature A because of a 1s
to 3d electron transition.”” The high pre-edge features
intensity of the MgFeSiO,-HTS reveals a larger deviation
from centrosymmetric distortion around Fe.** Moreover, the
Fourier transformation of EXAFS spectra further identifies the
bond length and coordination number in MgFeSiO,-HTS and
MgFeSiO,-TFA (Figure 3d, 3e). The structural information
derived from the EXAFS curve fitting is listed in detail in Table
S2. Notably, the coordination shells of MgFeSiO,-HTS and
MgFeSiO,-TFA can be matched well with Fe—O and Fe—Si
bonds.””** Qualitatively, the relatively low intensity of the first
main peak in MgFeSiO,-HTS can be related to the

comparatively lower crystallinity or the increase of OVs.
According to the given, it can be known that the shorter
distance between the absorber and the two nearest-neighbor
atoms in MgFeSiO,-HTS is consistent with the crystal
structure obtained from the XRD pattern.*”** Furthermore,
the pair distribution function (PDF) measurement is
performed to gain insight into the local structuring of Si, Fe,
O, and Mg atoms (Figure 3f). For the MgFeSiO,-HTS
cathode, the peaks are centered at 1.62 corresponding to the
Si—O pair and 2.21 for the Fe—O atomic pair, separately. And
similar peaks are located at 1.60 and 2.20 A in the MgFeSiO,-
TFA.>">* Figure SSa indicates the Raman spectra to explore
the surface information on both MgFeSiO, materials, where
the range from 400 to 700 cm™' belongs to the Fe—O
vibrations while those in the 800—1000 cm™ are owing to
symmetrically stretched SiO, vibration.””>* Moreover, Fourier
transform infrared spectroscopy (FTIR) also explains the
similar surface structural features to the above Raman results
(Figure SSb).5>%¢

The electrochemical behaviors of MgFeSiO,-HTS and
MgFeSiO,-TFA are determined to interpret the role of OVs.
The cyclic voltammetry (CV) curves of both cathodes are
demonstrated to research the electrochemical reaction process
at a scan rate of 0.1 mV s™' in Figure 4a and S6a. During the
initial discharge cycle, the MgFeSiO,-HTS and MgFeSiO,-
TFA cathodes exhibit strong cathodic peaks at 0.75 and 0.82 V,
respectively, revealing irreversible solid electrolyte interphase
generation and irreversible insertion of Mg** into the cathodes.
In the following cycling processes, the reduction peaks are
stabilized at about 1.0 V, illustrating the insertion of Mg2+ and
the reduction of Fe** to Fe?" in both cathodes. Correspond-
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Figure 4. Electrochemical performance of MgFeSiO,-HTS and MgFeSiO,-TFA. (a) CV at the scan rate of 0.1 mV s™' of MgFeSiO,-HTS; (b)
Cycling performance at 0.5 C; (c) 2nd charging/discharging profiles at 0.5 C; (d) Rate performance at various current densities of 0.2, 0.5, 1, 2, 3,
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cathodes; (g) The Mg?* diffusion coefficient and (h) reaction resistance of the MgFeSiO,-HTS and MgFeSiO,-TFA cathodes via the GITT

technique during magnesiation and demagnesiation processes.

ingly, the MgFeSiO,-HTS and MgFeSiO,-TFA have a weak
anodic peak recorded at 1.25 V, associating with the Fe®"
oxidation and the Mg** extraction.'” Figure 4b shows the
cycling performance of the MgFeSiO,-TFA and MgFeSiO,-
HTS cathodes at a current density of 0.5 C (1 C = 156 mA
g "). It can be seen that the MgFeSiO,-HTS cathode has a
reversible capacity of 123.93 mAh g~! over 100 cycles with a
Coulombic efficiency (CE) of ~100.0%, while the specific
capacity of the MgFeSiO,-TFA cathode is 68.31 mAh g~". The
decrease in specific capacity at the initial stage can be ascribed
to optimization of the interface between the electrolyte and
electrode material.”>”*® Simultaneously, according to the
comparison of the second galvanostatic charge—discharge
(GCD) profiles at 0.5 C (Figure 4c), the MgFeSiO,-HTS and
MgFeSiO,-TFA respectively show a specific capacity of 447.35
and 209.25 mAh ¢! and reveal a similar charge and discharge
platform at around 1.3 and 1.1 V. The rate performances are
recorded at different current densities from 0.2 to 5 C. As
expected, the MgFeSiO,-HTS cathode has an outperform rate
capability owing to the rich OVs. And the MgFeSiO,-HTS can
achieve the specific capacities of 494.1, 172.4, 135.7, 118.4,
102.7, 94.1, and 86.7 mAh g ' at 0.2,0.5,0.7, 1, 2, 3, and S C.
As a comparison, the MgFeSiO,-TFA cathode shows the
discharge-specific capacities of 244.9, 84.5, 70.3, 64.2, 55.7,

51.5, and 48.1 mAh g_1 (Figure 4d, S6b and Sé6c). Besides,
Figure S6d and Figure 4e disclose the long-term cycling
stability of the MgFeSiO,-HTS and MgFeSiO,-TFA at 2 and S
C. Impressively, the reversible capacity of MgFeSiO,-HTS is
85.7 mAh g ! after 500 cycles at 2 C and even can be
maintained at 54.4 mAh g~' under 5 C over 1600 cycles. By
contrast, the MgFeSiO,-TFA cathode has a lower reversible
capacity (43.8 mAh g™! after S00 cycles at 2 C and 31.4 mAh
g~! after 1600 cycles at S C). These results indicate that the
introduction of OVs enables improvement in the reversible
kinetics of Mg®" insertion and extraction, leading to a superior
electrochemical performance. Moreover, the MgFeSiO,-HTS
also shows ascendant cycling stability and rate capability than
those of other previously reported silicate polyanionic
compound materials cathodes in RMBs (Figure 4f,
S6e) 2313542

To explore the nature of the outstanding rate capability and
long cycling lifespan in MgFeSiO,-HTS materials, the
electrochemical kinetic analysis is conducted based on the
CV tests under various sweeping rates from 0.1 to 1.0 mV s
(Figure S7a). Notably, the curves have analogous shapes as the
scanning rate increases, manifesting good reversibility of the
MgFeSiO,-HTS materials.””®" Similar phenomena are ob-
served in the CV testing with different scanning rates for
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MgFeSiO,-TFA (Figure S7b). Then the b-values are calculated
according to eqs 1 and 2 to probe the contribution of
capacitance-controlled and diffusion capacities. As computed
in Figure S7c and S7d, the b-values of the two redox peaks for
MgFeSiO,-HTS are 0.61 and 0.86, while for MgFeSiO,-TFA
are 0.57 and 0.67. It indicates that the pseudocapacitive effect
dominates the Mg>" storage mechanisms of both MgFeSiO,
materials.®’®> Meanwhile, it further certifies that the
capacitance contribution of both cathodes calculated via eq 3
is greater than the diffusion contribution along with increasing
the sweep rates (Figure S7e, S7f). Promisingly, the
pseudocapacitive contribution ratios of MgFeSiO,-HTS
(54%, 67%, 72%, 76%, and 79% at 0.1, 0.3, 0.5, 0.7, and 1.0
mV s, respectively) outperform MgFeSiO,-TFA (44%, 64%,
67%, 69%, and 72%, respectively). This is mainly attributed to
the abundant OVs can offer more active sites and improve
reaction kinetics, thereby being conducive to facilitating the
electrochemical property for Mg** storage.””** Then, electro-
chemical impedance (EIS) is adopted to understand the
reaction kinetic variation and conductivity of the materials at
the 30th cycle (Figure S8a). It concludes that the MgFeSiO,-
HTS holds lower charge-transfer resistance than MgFeSiO,-
TFA, identifying the faster Mg®" diffusion kinetics and more
efficient charge transfer in the MgFeSiO,-HTS cathode.®
Meanwhile, the Mg** diffusion coefficient (Dy,**) of the

MgFeSiO,-HTS calculated based on eq 4 and eq S is 1.13X
107 c¢m? s, which is 2 orders of magnitude higher than that
of MgFeSiO,-TFA (8.35x 107'¢ cm? s7") (Figure S8b). This
result confirms that the OVs are conducive to elevating the
electronic conductivity and charge diffusivity. The galvano-
static intermittent titration (GITT) testing is performed to
further affirm the charge transport dynamics of the electrodes
during cycling (Figure S9). Figure 4g and Figure 4h illustrate
the calculated Dy, ** and corresponding reaction resistances of
MgFeSiO,-HTS and MgFeSiO,-TFA during the cycling.
Remarkably, the Dy;,** values (107" - 107* em® s7*) for the
MgFeSiO,-HTS are larger than MgFeSiO,-TFA (107" - 107
cm? s7'), and the reaction resistances for the MgFeSiO,-HTS
are less than MgFeSiO,-TFA, indicating that the OVs enable a
decrease in the energy barrier of Mg** and prompt diffusion
kinetics 35616465

To clarify the Mg storage mechanism of the MgFeSiO,-
HTS material as a cathode in RMBs, ex situ XRD and ex situ
XPS spectra characterizations are carried out at selected
charging/discharging states in the initial and second cycles
(Figure Sa). As shown in Figure Sb and Sc, the sets of peaks at
~32.2°, ~35.6° ~36.4°, and ~52.0° are well-corresponded to
(130), (131), (112), and (222) plane, respectively.'” When
first charging to 2.8 V (from pristine to i state), the mainly
strong peaks slightly shift to a lower angle because of the Mg>*
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extraction.”” Then, these peaks are moved to a higher angle as
discharge from i to iii state, which may be due to the inserted
Mg** ions coordinating with the lattice oxygen, causing the
layer spacing reduction.® Notably, a phenomenon similar to
that presented above also occurs in the second cycling (from
the iv to vii state). Simultaneously, only the shift of peak
positions appeared without the new peak presence during the
cycling, verifying no new phase generation.’”” Besides, the
peaks located at ~21.4°, ~24.1°, and ~26.7° are well-matched
to the precipitated MgCl, (JCPDS card no. 01-070-2746) and
the conductive agent (JCPDS card no. 00-026-1076),
respectively.’® In addition, ex situ XPS spectra of Fe 2p and
Mg 1s at various charge—discharge depths are shown in Figure
5d and Se. As charging up to i state, the Fe 2p spectrum of the
MgFeSiO,-HTS can be separated into three peaks at around
709.86, 711.79, and 723.66 eV, corresponding to Fe?*, Fe®*,
and their satellite peaks.”” In this stage, the Fe>*/ Fe?* ratio is
1.83, showing that Fe** is the dominant oxidation state of iron,
accompanied by Mg** extraction. When discharged to state ii
and further to state iii, the Fe’* signals are gradually weak,
while the Fe?* peaks are distinctly intensified. Meanwhile, the
Fe’*/ Fe** ratio progressively decreases to 0.93 and 0.42,
illustrating the charge transfer during the Mg®" insertion
process. As expected, the Fe 2p spectra also follow the given
change pattern in the second charge (iv and v states) and
discharge (vi and vii states) process. From the Mg 1s spectrum
of the MgFeSiO,-HTS cathode at various cutoff voltage states
(Figure Se), only a Mg 1s signal emerges at 1303.9 eV for the
pristine material, implying only Mg** existence before cycling.
Interestingly, the Mg 1s spectrum in the cycling processes can
be deconvoluted into another peak centered at 1304.7 eV,
which can be well-matched with MgClJ’.é8 Therefore, it
demonstrates a cointercalation/extraction behavior of Mg>*
and MgCIl" in the MgFeSiO,-HTS during the repetitive
cycling.””

The superbly elevated Mg** diffusion kinetics and electro-
chemical performance of the MgFeSiO,-HTS, compared with
conventional MgFeSiO,-TFA, are noticed to be closely
associated with the OVs. Then, DFT calculations are employed
to analyze the diffusion process in the MgFeSiO,-HTS and
MgFeSiO,-TFA cathodes based on the OVs as variables.
Figure S10 shows the OVs structure schematic diagrams of
both of the MgFeSiO, materials. As Figure Slla and S11b
explained, the projected density of states (PDOS) values at the
Fermi level of MgFeSiO,-TFA and MgFeSiO,-HTS are 30.76
and 35.72 eV, respectively, indicating the higher electronic
conductivity in MgFeSiO,-HTS."* To verify the effect of OVs
on the diffusion of Mg** and MgCI" in MgFeSiO,-TFA and
MgFeSiO,-HTS, the corresponding adsorption models are
displayed in Figure S12. According to Figure S13, it can be
found that the total adsorption energy of Mg2+/ MgCl* in
MgFeSiO-HTS is lower than that in MgFeSiO,-TFA,
declaring a weaker interaction between the Mg2+/ MgCl* and
the MgFeSiO,-HTS. Subsequently, the calculated diffusion
energy barriers and the corresponding diffusion paths of Mg**/
MgCI" in MgFeSiO,-TFA and MgFeSiO,-HTS are disclosed in
Figure S14—S16. As expected, the MgFeSiO,-TFA has a higher
Mg**/MgCl* diffusion energy barrier than MgFeSiO,-HTS,
revealing that due to the abundant OVs in MgFeSiO,-HTS, it
has an electrostatic repulsion against the inserted ions, thereby
weakening the electrostatic interactions between ions and the
MgFeSiO,-HTS electrode.’”** Consequently, when OVs exist
in the material, the diffusion kinetics of Mg>* can be efficiently

facilitated to achieve diffusion regulation, further enhancing the
electrochemical performance.

In summary, the appropriate number of OVs has been
successfully introduced into the olivine-type MgFeSiO,-HTS
cathode via the ultrafast nonequilibrium HTS technique. The
product shows an electrochemical property higher than that
prepared by the conventional sintering method. Impressively,
the MgFeSiO,-HTS displays a reversible capacity of 85.65 and
54.43 mAh g™ after 500 and 1600 cycles at 2 and S C,
respectively. By integration of experimental evidence and
kinetic analysis, it can be concluded that the OVs effectively
weaken the interaction and energy barrier between the Mg**
ions and the MgFeSiO,-HTS cathode. In addition, the
MgFeSiO,-HTS cathode indicates superb electrochemical
properties and long-term cycling lifespans compared to other
silicate-based RMBs cathodes previously reported.
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