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ABSTRACT: Transition-metal oxides (TMOs) are promising
anode materials for safe and fast-charging batteries, but their high
operating potentials limit energy density. Here, we develop a
strategy to suppress the operating potential of the disordered rock
salt (DRS) Li;V,0 (LVO) anode by ~10% to 0.54 V via Mg
doping. Density functional theory (DFT) calculations attribute
this voltage reduction to increased site energy of Li ions because
of Mg doping, with minimal impact on Li migration barriers. Mg-
doped LVO retains over 95% of its capacity over 1000 cycles at a
rate of § C. Full cells with a LiNij¢Co,;Mn,;0, cathode
demonstrate the expected increase in cell voltage and energy
density while retaining 91% of their capacity over 250 cycles at §
C. Our findings show that Mg doping provides a promising
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pathway for designing fast-charging, long-cycle-life anode materials with enhanced energy density.

ithium-ion batteries remain the energy storage of choice
I for both vehicle and grid applications, although
significant progress has been made with next-generation
batteries. ~ Recent analysis shows that batteries with energy
densities suitable for vehicle propulsion and a long life (>5000
cycles and 30 years) would be transformational for the grid.*
Such batteries promise to enable ubiquitous vehicle to grid
(V2G) integration when coupled with the fast-charging
capabilities. This would significantly reduce the overall demand
for battery material and manufacturing capacity.*~°
In Li-ion batteries, the graphite anode dictates their fast
charging and cycle life capabilities. Graphite experiences a 10%
change in spacing between the graphene sheets during charge
and discharge, which can lead to breaking of the solid
electrolyte interface (SEI) layer’ and capacity loss.” Transition-
metal oxides (TMOs), for example, Li,Ti;O;, (LTO), Li,VO,,
and TiNb,O, (TNO), have been considered as alternatives
due to their minimal volume changes during cycling. However,
their working potentials of over 1 V vs Li lead to a reduction in
cell voltage and energy density.”~"" Therefore, it is crucial to
develop oxide materials that operate at a lower potential.
Recently, we have introduced a disordered rock salt (DRS)
anode, DRS-Li;V,0 (LVO)."” This material can be cycled
reversibly with ~2 Li intercalating/extracting at an average
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potential of 0.6 V, significantly lower than other oxides. Its
minimal, isotropic volume change during cycling (5.9%)
translates to an exceptionally long cycle life. The work motived
follow-on efforts, including improving the low-temperature rate
capability by using a chemically synthesized LVO material with
an ether-based electrolyte."> The use of fluorine-containing
additives led to further improvement in stability by promoting
the formation of LiF-rich interphases.'* To improve the LVO
material itself, a stepwise preintercalation of polyaniline and Na
ions was shown to facilitate access to charge storage sites."
One approach to further improve LVO is to lower the
operating potential, which will directly translate into higher
full-cell voltage and energy density. Inspired by elemental
doping research in layered cathode materials,'>'” this study
examines the effects of magnesium (Mg) doping on the DRS
anode material, LVO. The ionic radius of Mg** (0.72 A) is very
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Figure 1. Synthesis and characterizations of Mg-doped LVO. (A) In-situ synthesis of Mg-doped LVO via electrochemical lithiation. (B)
SXRD patterns for all materials. (C) PDF analysis for Mg0.00 and Mg0.10. (D, E) HRTEM images and FFT analysis of Mg0.00, Mg0.10. (F)
Elemental mapping of Mg0.10. (G) XPS spectra and fitting results of Li 1s and Mg 2p.

close to that of Li* (0.76 A),"®'” making it an ideal candidate
for doping into the DRS LVO structure.* ™" In layered TMO
oxides, Mg*" has been reported to be quasi-immobile inside
the lattice,” stabilizing the structure'® due to its strong
Coulombic interactions with anions and providing minimal
hindrance to Li migration.”>** Fantai et al. studied the effect of
doping on the voltage of LiMnO, and Li,MnO,.*’ Among 10
elements, they identified Mg with the greatest likelihood of
occupying the Li site thus reducing lithium extraction
potential. Sallard et al. further examined this effect by doping
LiNiy4Coy ;Mn,,;0, (NCM) with different Mg ratios,”> while
Loraine et al. investigated Li,MnOj3, confirming the decrease in
redox potential with Mg doping.”® This voltage suppression
effect is also observed in the DRS TMO cathode system.*

Unlike cathodes, a reduction in operating potential is
desirable for anodes. Through a combination of theoretical
calculations and experimental validation, our study reveals that
Mg doping successfully suppresses the LVO anode’s potential
without compromising its rate capability and cycle life. This
finding provides a new direction for designing fast-charging,
long-cycle-life anode materials.

Mg-doped LVO with a DRS structure is synthesized in two
steps. In the first step, chemical doping of Mg into V,O; using
Grignard reagents is used to form Mg-doped V,0; (Figure
S1A).”” The x value in Mg, V,0; ranges from 0.0S to 0.15, as
determined by the induction coupled plasma (ICP) method
(Figure S1B). The XRD patterns (Figure S2) show that Mg-
doped V,O; remains as the layered a-phase, which is similar to
undoped V,0; but with a peak shift to higher d-spacing. This
shift corresponds to Mg occupying interlayer sites within
V,0;.”® These sites are the same as those occupied by lithium
during subsequent lithium intercalation.”” High-resolution
scanning transmission electron microscopy (HRTEM) results
for V,05 and Mg, ,,V,O; (Figure S3A) show that both
Mg, 10V,05 and pure V,Oq retain a layered phase, consistent
with the XRD results. Energy-dispersive X-ray spectroscopy
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(EDS) mapping shows uniform distribution of Mg and V in
the Mg, ;0V,O;5 (Figure S3B). Finally, the chemical states of
the V are characterized by X-ray photoelectron spectroscopy
(XPS) in Figure S4. As Mg level increases, the average
oxidation state of V decreases, as expected.

In the second step of forming Mg-doped LVO materials, Li
is electrochemically intercalated into Mg-doped V,Oj to form
the materials in situ. Figure 1A shows the voltage profiles
during the lithiation step. Undoped V,O; exhibits the regular
a—e—35 phase transition when the Li intercalation amount (x
in Li,V,05) ranges from 0 to 1.°° Upon the introduction of
Mg, the material shows a lower average potential during Li
intercalation in the a—4 region. The higher the Mg amount,
the lower the potential. This is due to the initial oxidation state
of V decreasing from V°* with the cooperation of Mg (Figure
S4). Furthermore, the transition to the §—y plateau takes place
at a lower Li concentration, as Mg ions preoccupy the Li sites
within the structure.” Starting from the §—y plateau, the
potential profiles for different Mg doping levels become
similar. Upon further Li intercalation, all materials reach the
rocksalt @ phase, at a potential of ~1.5 V. The compositions of
the materials obtained after the discharge were analyzed by
ICP (Figure SSA), which confirmed the nominal compositions
of the four materials: Mg Li;V,05, Mg osLiy oV,05,
Mg 10Li, gV,0s, and Mg sLi, ,V,05. These materials will be
referred to as Mg0.00, Mg0.05, Mg0.10, and Mg0.1S hereafter.

Ex-situ synchrotron XRD (SXRD) and pair distribution
function (PDF) data were utilized to examine the crystal
structures. The SXRD patterns (Figure 1B) confirm that all
materials form a DRS structure within the Fn3m space group.
The supercell model of Li;V,05 shows good agreement with
the PDF data for all degrees of Mg doping (Figure 2C, Figure
S6), validating the DRS model on the local order. The distinct
peak in the residual of the PDF refinement at ~5 A can be
assigned to local cation ordering.’’ Rietveld refinement results
(Figure S7A-D) verify the DRS phase’s presence with the
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Figure 2. Observations and explanations of thermodynamics and kinetics. (A) Comparison of experimental (Mg0.00 and Mg0.15) and
computational (Mg0.00 and Mg0.125) voltage profiles calculated from the PBE+U functional. (B) Schematic of Mg substitution in the Li-
rich area. (C) Corresponding projection of site energy mapping of the supercell. (D) Comparison of diffusion coefficients calculated from
GITT measurements. (E) Comparison of NEB barriers for possible Li migration hops between 4Li and 3LilMg sites. The error bars

represent the standard deviation of the barriers.

lattice parameters for the four materials listed in Table S1. The
average value of 4.096 A is consistent with previous reports.'”
A slight expansion in d-spacing is observed in the Mg-doped
materials.

HRTEM images of both Mg0.00 and Mg0.10 (Figures 1D
and 1E) demonstrate good crystallinity consistent with the
Fn3m space group. Fast Fourier transform (FFT) analysis
reveals the (200) and (220) peaks are consistent with the cubic
rock-salt structure and the Rietveld refinement findings.
Energy-dispersive X-ray spectroscopy (EDS) mapping of the
Mg-doped materials, depicted in Figure 1F, indicates uniform
Mg doping across the sample. Notably, there is no excessive
Mg accumulation at the particle edges, and the intensity of the
Mg signal closely matches the EDS spectra in Figure SSB,
suggesting a uniform Mg distribution within the bulk structure.

XPS results (Figure 1G) confirm the presence of Mg and
reveal an increasing trend of Mg 2p intensity (relative to Li 1s)
across the four materials, consistent with the ICP results. The
valency of V plays a crucial role in the charge compensation
mechanism.'>*>** The XPS spectra for V 2p (Figure S5C)
indicate the exclusive presence of V** and V** ions in all
materials, with peaks located at 516 and S1S eV, respectively.
This results in an average valency of ~3.5+ for V. Moreover,
increasing Mg doping does not significantly alter the average
valency of V. This observation is consistent with the expected
charge balance in the nominal compositions discussed. These
results have collectively validated the successful synthesis of
Mg-doped LVO with a DRS structure.

To evaluate the performance of Mg-doped LVO as a
potential anode material, Mg-doped V,0Oj is fully lithiated by
discharging to 0.01 V with voltage profiles shown in Figure S8.
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SXRD patterns (Figure S9A) demonstrate the retention of the
DRS phase after full lithiation. Corresponding Rietveld
refinement results (Figure S9B) indicate an increase in the
d-spacing across all materials. The lattice parameters of fully
lithiated materials are summarized in Table S1. The fully
lithiated materials show an average volume expansion of ~5.7%
versus Mg-doped LVO materials formed at 1.5 V shown in
Figure 1A, with a corresponding linear change of 1.9%. This is
consistent with previous studies.” Mg-doped materials thus
exhibit limited volume change, like the undoped material,
underscoring their potential to be highly stable during cycling.

Figure 2A presents a comparison of the potential profiles for
Mg-doped and undoped systems between 0.01 and 2.0 V
obtained both experimentally and computationally. The
experimental potential profile is acquired at a low rate of
0.02 A g_1 to approximate a thermodynamic measurement.
Mg0.15 exhibits a noticeable downward shift in both the
charge and discharge voltage profiles, with an average
reduction of 0.06 V (~10%). Voltage profiles for materials
with varying Mg doping levels (Figure S10A) and correspond-
ing differential capacity (dQ/dV) vs voltage plots (Figure
S10B), consistently show a decrease in the voltage plateau as
the Mg concentration increases. However, the capacities across
all materials vary only slightly.

We next use PBE+U functional computation to understand
the lower working potential of Mg-LVO. Due to computational
constraints, it was not feasible to construct supercells with
Mg0.10 or Mg0.15 as these would require significantly larger
supercells. However, the Mg0.125 supercell provides a valuable
approximation for understanding the effect of Mg doping. The
observed changes of Li intercalation/extraction voltage (V),
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V= E(Lixlvzos) - E(LiszzOS) - (x1 - xz)E(Li)

(%, = x,)e

(1)

are linked to the Li energy in the interstitial tetrahedral sites
within the lattice (E represents the total DFT energy, e
represents the electronic charge), as detailed in the
Experimental Section. Equation 1 emphasizes the relationship
between the site energy and voltage: during Li intercalation/
extraction, a higher site energy results in a lower average
potential. This direct correlation, which aligns with the level of
difficulty of removing Li ions from the interstitial sites,
underscores the impact of lattice site energies on the
electrochemical performance of the anode material.

To directly observe the changes in site energy induced by
Mg doping, Figure 2B illustrates a special quasi-random
structure (SQS) of the DRS-LVO model superlattice
consisting of eight formula units, with the projection of a
layer of the superlattice containing the doped site. Details are
listed in Table S2. As depicted in Figure 2C, the calculated Li
site energies are subsequently mapped onto the projected layer
before and after Mg substitution (at the Li-rich area only for
clarity; the V-rich area in general has positive site energies
which are unfavorable for Li intercalation). The Mg dopant
prefers to substitute into the Li-rich area, thus transforming 4Li
tetrahedral sites to 3LilMg sites (see the Experimental
Section). As shown in Figure 2C, substituting Mg results in
an increase in the site energy (weakening Li binding energy)
for the nearby 3LilMg and 2LilMg interstitial sites. The
incorporation of the Mg at an octahedral site in the Li-rich area
reduces the level of difficulty of Li extraction at neighboring
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tetrahedral interstitial sites while maintaining a negative site
energy. This results in the observed reduction of potential of
0.06 V from x = 0 to x = 1 in Lis,, , Mg V,0;, and 2 0.08 V
drop in the voltage from x = 1 to x = 2. Cumulatively, a total
calculated average voltage reduction of 0.07 V from x = 0 to «
= 2 by PBE+U functional aligns closely with the experimental
observation of a 0.06 V drop (Figure 2A).

We next examine the kinetic effects of Mg doping. The
diffusion coefficient was determined using the Galvanostatic
Intermittent Titration Technique (GITT) method (Figure
2D). A comparison between Mg0.00 and Mg0.15 reveals that
Mg doping slightly decreases the diffusivity of Li ions,
indicating a modest reduction in kinetics. Despite this, a
noticeable decrease in the delithiation potential, as shown in
Figure 2A, is still observed, again confirming that the observed
potential reduction is a thermodynamic effect. Overall, all
materials exhibit similar Li diffusion coeflicients, varying by
only a single order of magnitude, suggesting comparable rate
capabilities when used as electrode materials.

The impact of Mg doping on Li diffusion was further
substantiated through computational analysis. Figure 2E
presents the calculated Nudged Elastic Band (NEB) barriers
for Li migration pathways (t-o-t (corner), t-o-t (oppose), t-t,
where t represents tetrahedral site and O represents octahedral
site) in two different site configurations: from 4Li-to-4Li sites
and from 4Li-to-3LilMg sites (for sites configuration, please
refer to Figure S11). Additionally, two distinct regions with
different lithium intercalation amounts (x ~ 0 and 1) are
compared (Figures S12 and S13). No significant differences
are observed in the migration barriers for Li hopping between
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tetrahedrons (t-t) and corner-shared octahedrons (t-o-t
corner) in either region. An increase in the migration barriers
is found for pathways opposing empty shared octahedrons (t-
o-t oppose) in the presence of Mg. This indicates a strong
repulsive force from Mg toward migrating Li, thereby making
the t-o-t oppose migration pathway less favorable. This
computational result correlates with the experimental finding
that Mg-doped materials demonstrate a marginally reduced
diffusion coefficient in the region where ~1 Li is intercalated.
The implications of these kinetic observations on the
uncompromised rate performance will be further discussed in
the context of half-cell tests.

Half-cell tests of the four materials against Li-metal counter-
electrodes are first used to evaluate their rate capabilities
(Figure 3A). Here, the C rate is defined assuming a capacity of
200 mAh g~ between 0.01 and 2.0 V. All four materials exhibit
excellent and similar rate capabilities, indicating that Mg
doping has a negligible impact on the kinetics. The voltage
profiles obtained under high-rate tests (5 and 10 C) are shown
in Figures 3B and 3C. To facilitate the comparison, the
capacities are normalized. A downward shift in voltage is
observed, with the Li extraction voltage (average voltage
between 0.01 and 2 V) listed in Table S3. Mg0.15 exhibits the
largest voltage difference, ~0.06 V at 5 C and ~0.07 V at 10 C.
These results are also consistent with the trends seen at low
rates (Figure S10). Moreover, Figures S14A and S14B show
the voltage profiles at different rates for Mg0.00 and Mg0.15.
Mg0.15 has comparable rate capability to Mg0.00 but exhibits
lower charge potential at all rates.

Figure 3D presents the capacity retention tested at a 5 C rate
over 1000 cycles, showing that all materials maintain over 95%
of their capacity throughout cycling. The minor capacity decay
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observed near the 1000th cycle can be attributed to the
degradation of the Li metal counter electrode under high-rate
cycling conditions.'> Figure 3E compares the Li extraction
voltage of the four materials, showing that a voltage difference
persists throughout cycling, with Mg0.15 maintaining a
potential of 0.54 V vs Li. Figure S15 compares the voltage
profiles of the four materials at the 1000th cycle, revealing that
an ~0.06 V voltage difference persists between Mg0.00 and
Mg0.15. Finally, electrode characterization for Mg0.00 and
Mg0.15, shown in Figures S16 and S17, confirms the absence
of obvious cracks after cycling. Furthermore, cross-sectional
SEM images in Figure S18 reveal no significant thickness
changes in the electrodes, further supporting the minimal
volume change of the DRS materials. These results highlight
the materials’ robust structural stability, consistent with
findings from structural analyses.

To demonstrate the practical application of the Mg-doped
materials with suppressed potential, we paired Mg0.00 and
Mg0.15 with a LiNijgMny.;Co,; 0, (NMC811) cathode at a
negative/positive electrode capacity ratio of 1.1:1. Figure 4A
shows the cycling stability at a rate of 1 A g~" in the range of 2
to 3.9 V. Both full cells exhibit a good rate capability of ~140
mAh g o4 ' With minimal capacity variation. The slight
capacity fade observed in both cells during cycling can be
attributed to degradation of the NMC cathodes under high-
rate cycling conditions.'” The voltage profiles (Figures 4B and
4C) obtained at 0.1 A g™" and 1 A g™* show a noticeable higher
voltage for the cell with the Mg0.1S anode, confirming the
translation of half-cell voltage improvements to full-cell
behavior. In addition, the energy efficiencies of both cells
(Table S4) are close to 90%, with Mg0.15 slightly higher than
Mg0.00.
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Figure 4D presents the average working potential of both
cells throughout the cycles. Mg0.15 exhibited an average
voltage of 3.21 V, around 0.06 V higher than Mg0.00. This
improvement persists over 250 cycles. There is a slight increase
in the working potential with cycling, particularly for the full
cell with the undoped LVO anode. This is consistent with the
decrease in the working potential during the initial cycles
observed in the half-cell test (Figure 3D). We posit that this is
related to stabilization of the DRS structure after being
transformed from the original layered structure under high-rate
cycling conditions. Finally, as a result of the higher working
potential, the gravimetric energy density of the cell with
Mg0.1S5 is ~4% higher than Mg0.00.

In conclusion, we explored the effects of Mg doping on the
DRS anode material, LVO, analyzing its impact on both
thermodynamics and kinetics through a combination of
experimental investigations and DFT calculations. The
introduction of Mg ions at octahedral sites increases the site
energy of nearby Li ions, reducing their binding energy and
thus facilitating Li extraction from adjacent tetrahedral sites.
This mechanism contributes to a ~ 10% reduction in the
potential plateau by ~0.06 V for the Mg0.15, relative to the
Mg0.00. As a result, this material achieves a working potential
of 0.54 V, the lowest reported among fast-charging oxide anode
materials. From a kinetic standpoint, the influence of Mg
doping on Li migration has been found to be minimal. Half-
cell experiments demonstrate that Mg doping preserves the
advantages of undoped LVO, Mg0.00, specifically its excellent
rate capability and cycling stability, while oftering the benefit of
reducing the working potential. Full-cell assessments show a
~0.06 V increase in working potential for Mg0.15 compared to
Mg0.00 when cycled at 1 A g~'. This voltage improvement,
along with a comparable capacity, translates into an enhance-
ment of the energy density by ~4%. Future research will
explore other doping elements and optimized doping
concentrations to further enhance energy density and cycling
stability. Our findings point to the potential of DRS anode
material to enable long-life batteries for V2G applications.
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