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Theoretical capacity achieved in a LiMn0.5Fe0.4Mg0.1BO3 cathode by 
using topological disorder 

Jae Chul Kim,
a
 Dong-Hwa Seo,

a
 and Gerbrand Ceder

a 

Simple borates are attractive cathodes for lithium-ion batteries for two main reasons: covalently 

bonded anions offer operating stability through suppressed oxygen loss, and the borate group (BO3) 

possesses the highest theoretical specific capacity for one-electron polyanion systems. In this work, we 

demonstrate an electrochemically superior lithium borate (LiMn0.5Fe0.4Mg0.1BO3) that delivers near 

theoretical capacity (98%) of 201 mAh g-1 at C/50, improved rate capability of 120 mAh g-1 at 1C, and 

good capacity retention. Using ab initio modeling, the superior Li intercalation activity is explained by 

both stabilization of the delithiated state and increased topological cation disorder, which counter-

intuitively facilitates Li transport. Our results indicate that through engineering of defect chemistry, the 

basic mechanism can be modified from one-dimensional to three-dimensional conduction, thereby 

improving kinetics. Combined with the inherent stability of the borate group, the enhanced 

electrochemical properties should reinvigorate searching in the borate chemistry for new safe and 

high-energy cathode materials. 

Introduction 

The electrical energy stored as chemical energy in electrodes of 

Li-ion batteries has enabled our everyday life to be more 

efficient and effective by powering state-of-the-art smart and 

mobile electronics.
1-5

 Yet, its technological advance, especially 

for emerging large-scale applications, still requires higher safety 

than is currently available from Li-ion cells with oxide cathode.
4, 

5
 Thus, designing cathode compounds that warrant safer 

operation without compromising the energy density remains an 

ongoing challenge to battery scientists and engineers.
4, 5

 

Materials with a polyanionic framework are advantageous as 

covalently bonded anions provide definite stability against 

oxygen loss during charging.
6-8

 However, a critical obstacle for 

their successful application lies in the low charge to mass/volume 

ratio of the polyanion that often leads to lower achievable 

capacity than for oxides. Simple borates (BO3) may give a 

reasonable capacity/safety tradeoff as it is one of the lightest 

polyanions, leading to the highest theoretical capacity among the 

polyanionic cathodes assuming a one-electron reaction.
9, 10

 In 

particular, lithium manganese borate (LiMnBO3) has generated 

growing interests due to the high theoretical capacity of 222 

mAh g
-1

.
10-15

  

However, the electrochemical performance of LiMnBO3 

needs major improvement to become a practical cathode 

material.
10-15

 The hexagonal polymorph of LiMnBO3 does not 

exhibit meaningful Li intercalation capacity unless its particle 

size is carefully controlled below 20 nm and intensive carbon 

coating is applied.
10, 15, 16

 This kinetic limitation of the hexagonal 

compound is consistent with the high activation barriers 

predicted for Li hopping of 723 meV in this structure.
11

 The 

electrochemical properties of monoclinic LiMnBO3 depend on 

synthesis conditions and carbon additives, but half of the 

theoretical capacity remains unachievable at C/20 or higher rates 

within a reasonable voltage window.
11-14

  

A reasonable strategy to improve the performance of 

monoclinic LiMnBO3 is to substitute Mn by some Fe and Mg: 

LiFeBO3 and LiMgBO3 exist in the monoclinic form,
10, 17

 making 

substitution likely.
18, 19

 Many Fe
2+

-based polyanionic cathodes 

tend to outperform their Mn
2+

-counterparts in terms of capacity, 

rate capability, and cyclability.
19-26

 Moreover, in our previous 

work, we found that Mg substitution enhances the capacity 

retention of LiMnBO3 and largely stabilizes the delithiated 

structure.
27

  

In this paper, we report and analyze the effect of partial Fe 

and Mg substitution on the electrochemical properties of 

monoclinic LiMnBO3 by a computational and experimental 

investigation. We target the composition of 

LiMn0.5Fe0.4Mg0.1BO3 with theoretical capacity of 205 mAh g
-1

. 

Although Fe substitution can help to increase the achievable 

capacity, it lowers the average potential as shown in 

Supplementary Information, Figure S1, and reported in the 

literature.
19, 28, 29

 While Mg incorporation stabilizes the 

structure,
27

 its content needs to be limited so as not to 

compromise theoretical capacity too much. As investigated 

previously,
27

 10% Mg substitution is chosen as a reasonable 

trade-off between cyclability and achievable capacity. As we 
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present results related to monoclinic LiMn0.5Fe0.4Mg0.1BO3 only, 

the compound will hereafter be noted without indicating its 

crystal structure. 

2. Methods 

Computation. In our computational study, the designated 

LiMn0.5Fe0.4Mg0.1BO3 composition is approximated by 

LiMn0.5Fe0.375Mg0.125BO3 with a 2a × b × c supercell. Ab initio 

calculations on Li1-xMn0.5Fe0.375Mg0.125BO3 (x = 0, 0.375, 0.625, 

and 0.875) were performed using density functional theory 

(DFT) in the generalized gradient approximation with Hubbard 

U corrections (GGA + U, U = 3.9 eV for Mn and 4.0 eV for 

Fe).
30

 All computations were performed with plane-augmented 

wave pseudopotentials, as implemented in the Vienna Ab initio 

Simulation Package.
31, 32

  

Total energies for LiMn0.5Fe0.375Mg0.125BO3 were computed 

by substituting 3/8 and 1/8 of Mn with Fe and Mg, respectively, 

in the monoclinic LiMnBO3 supercell referenced in the inorganic 

crystal structure database (ICSD, No. 200535).
33, 34

 A large 

number of structural orderings were created by using the 

enumeration technique reported by Hart et al.
35

 and the 100 

Mn/Fe/Mg arrangements with the lowest electrostatic energy 

were calculated with DFT.
36

 The same enumeration and 

electrostatic ranking approach
37

 was used to generate Li/Vacancy 

ordering in the cell with the lowest energy cation configuration. 

Thirty Li/Vacancy arrangements were calculated with DFT at 

each composition, x = 0.375, 0.625, and 0.875 in Li1-

xMn0.5Fe0.375Mg0.125BO3.  

The Li migration barrier in LiMn0.5Fe0.375Mg0.125BO3 was 

calculated by the nudged elastic band (NEB) method.
38

 To avoid 

the charge ordering issue in GGA + U, standard GGA was 

employed to compute the elastic band on supercells containing a 

single vacancy out of 16 Li sites. The lattice parameters were 

constrained at the optimized GGA + U values of 

LiMn0.5Fe0.375Mg0.125BO3.  

 
Experimental procedure. To produce the LiMn0.5Fe0.4Mg0.1BO3 

compound, a stoichiometric batch of Li2CO3 (Alfa Aesar, 

99.99%), MnC2O4·2H2O (Alfa Aesar, 99.995%), FeC2O4·2H2O 

(Alfa Aesar, 99.999%), MgC2O4·2H2O (Alfa Aesar, 99.9%), and 

H3BO3 (Alfa Aesar, 99.8%) were dispersed into C3H6O (Sigma 

Aldrich, 99%) and ballmilled at 300 rpm for 72 h. The mixed 

precursor was completely dried and then calcined at 350
o
C for 10 

h under flowing argon. After intermediate grinding, the powder 

specimen was formed into a disc-shaped pellet and isostatically 

pressed in a cold oil bath by 55 MPa to ensure homogeneous and 

firm contact between powders. The green-body was fired at 

550
o
C for 10 h under argon atmosphere, resulting in the target 

phase. To carbon coat the LiMn0.5Fe0.4Mg0.1BO3 powder, 10 wt% 

sucrose (EMD, 99%) were blended and ground by planetary 

ballmilling at 350 rpm for 5 h and annealed at 525
o
C for 20 h 

under argon atmosphere. High resolution transmission electron 

microscopy (HRTEM) in Figure S2 confirms formation of the 

coating (3-4 nm thick).  

X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) were performed to investigate the crystal structure, and 

particle size distribution, respectively. The X-ray diffraction 

patterns were collected on a Rigaku RU300 diffractometer using 

Cu-Kα radiation, and Rietveld refinement of the powder 

diffraction data was performed with X’pert HighScorePlus 

software. SEM images were taken in a Helios Nanolab 600 and 

processed by the ImageJ software to extract information about 

particle size distribution.
39

  

Battery cathodes were fabricated with 80 wt% active 

material, 15 wt% carbon black (Timcal, Super P), and 5 wt% 

polytetrafluoroethylene (PTFE) (Dupont, Teflon 8A). The active 

material was blended with carbon black by planetary ballmilling 

for 30 min and then mixed manually with PTFE in an argon-

filled glovebox. A customized Swagelok cell was assembled 

inside the glovebox with a Li metal foil anode, polymer 

separator, and carbon-coated LiMn0.5Fe0.4Mg0.1BO3 

(LiMn0.5Fe0.4Mg0.1BO3/C) cathode film (200 μm-thick and 7.94 

mm in diameter) soaked in 1 M of LiPF6 in ethylene carbonate 

(EC):dimethyl carbonate (DMC) (1:1 by volume) electrolyte. 

The cell was tested on Maccor 2200 and Solarton 1470E at RT. 

The loading density of the cathode was approximately 2.5 mg 

cm
-2

, and the cell was cycled galvanostatically at different C-

rates (1 C = 205 mA g
-1

) within 4.5 – 1.5 V. The (discharge) rate 

capability was estimated by charging at a C/50 rate, holding at 

4.5 V, and discharging to 1.5 V at various C-rates ranging from 

C/50 to 1C. 

In situ XRD patterns were collected on Bruker D8-Advance 

Da Vinci diffractometer using Mo-Kα (λ = 0.71074 Å) radiation 

for LiMn0.5Fe0.4Mg0.1BO3/C. The cathode was galvanostatically 

charged and discharged at a C/80 rate on a Solartron SI 1287 

tester. During the electrochemical cycle, 39 scanning jobs were 

periodically performed from 8.5
o
 to 19.5

o
 2-theta with a 0.01

o
 

resolution. Prior to the in situ experiment, the cell was cycled 

once within 4.5 – 1.5 V galvanostatically at a C/20 rate, held at 

1.5 V for 1 h, and relaxed for 10 h to ensure a fully discharged 

state.  

Results 

Computation. Ab initio computation predicts that Fe and Mg 

will form a solid solution with Mn at the synthesis temperature of 

550
o
C (Supplementary Information). Figures 1a and b show the 

unit cells of the most stable lithiated configurations (Li = 1) and 

its delithiated form (Li = 0.125). However, given the very small 

positive formation energies of the Mn/Fe/Mg ordered states 

(Figure S3), it is likely that at the synthesis temperature of 550
o
C 

the cation arrangement will be disordered. By removing Li from 

the lattice, the a-axis expands from 5.221 to 5.535 Å, the b-axis 

remains almost unchanged at around 9.00 Å, but the c-axis 

contracts from 10.433 to 9.938 Å. A potential Li diffusion path 

in Figure 1c, visualized by the bond valence sum (BVS) method, 

indicates one-dimensional (1-D) transport along the c-axis 

through the LiMn0.5Fe0.375Mg0.125BO3 framework. This Li 

pathway is identical to that of LiMnBO3 and LiFeBO3 in the 

ordered states.
9, 26

 The migration barrier of Li in 

LiMn0.5Fe0.375Mg0.125BO3 depends on local arrangement of Mn, 

Fe, and Mg around the pathway, as shown in Figures 1d-g. The 

highest calculated barrier is 530 meV when Li migrates from the 

site marked by a red triangle in Figure 1d to the site in Figure 1e 

along c-axis. This value is comparable to LiMnBO3 (491-509 

meV) but higher than in LiFeBO3 (437 meV).
11, 28
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Table 1 summarizes the relative energies (ΔE) of Li1-

xMn0.5Fe0.375Mg0.125BO3 (0 ≤ x ≤ 0.875) with respect to the 

ground states generated by the convex-hull construction.
40

 The 

energy value scales with instability, indicating how energetically 

far the given phase is from the ground states. Increasing ΔE 

values with respect to x suggest that the structure destabilizes 

upon Li removal. Even so, the values for Li1-

xMn0.5Fe0.375Mg0.125BO3 are distinguishably smaller than those for 

Li1-xMnBO3 at the same Li contents.
27

 Ground states for each 

composition of Li1-xMn0.5Fe0.375Mg0.125BO3 are listed in the 

Supplementary Information, Table S1. 

 

Table 1. The calculated unit cell parameters and relative 

energies (ΔE) of the most stable configurations of Li1-

xMn0.5Fe0.375Mg0.125BO3 (x = 0, 0.375, 0.625, and 0.875). For 

reference, The ΔE values of Li1-xMnBO3 and Li1-xFeBO3 (x = 0, 

0.375, 0.625, 0.875, 1)27 are also listed.  

 

x 

Li1-xMBO3 

M = Mn0.5Fe0.375Mg0.125 M = Mn27 M = Fe27 

ΔE (meV) ΔE (meV) ΔE (meV) 

0 1.5 4 0 

0.375 48.6 60 35 

0.625 91.1 107 58 

0.875 113.3 130* 59 

1 N/A 140 54 

*The value is interpolated. 

 

Formation of solid solution. Figure 2a shows the XRD pattern 

and Rietveld-refined profile obtained from the as-synthesized 

LiMn0.5Fe0.4Mg0.1BO3 powder. All major peaks for the 

monoclinic structure are indexed, indicating that both Fe and Mg 

have incorporated into the LiMnBO3 host phase. The lattice 

parameters (a = 5.169 Å, b = 8.899 Å, and c = 10.2277 Å) also 

suggests formation of a complete solid solution as they are in 

good agreement with the expected lattice parameters that can be 

estimated from those of LiMnBO3, LiFeBO3, and LiMgBO3 by 

Vegard’s rule, as well as with the computed ones (a = 5.211 Å, b 

= 9.00 Å, and c = 10.433 Å).
10, 11, 17, 41

 Given the overestimation 

of lattice constants with GGA + U, the small difference between 

calculated and experimental lattice parameters is to be expected. 

Peaks for Mn3(BO3)2 are observed, but its amount is estimated to 

be about 0.4%. Elemental analysis obtained from direct current 

plasma emission spectroscopy in Table S2 confirms the target 

stoichiometry, leading us to conclude that Fe and Mg substitute a 

portion of Mn in the monoclinic host, and a highly pure 

LiMn0.5Fe0.4Mg0.1BO3 compound is obtained.  

Compounds synthesized by a solid-state method tend to have 

a fair amount of disorder.
28, 42

 The local polyhedral environments 

of Li and transition metal (M) have similar coordination number 

and size,
10, 11, 43

 making disorder between Li and M likely. We 

refer to these antisites as LiM for Li in the transition metal site 

and MLi for transition metal in the Li site. Refining the XRD 

pattern with partial Mn, Fe, and Mg occupancies in Li the sites 

leads to 2% MnLi and 9.6% FeLi (and therefore 2% LiMn and 9.6% 

LiFe). The MgLi occupancy cannot be refined. It should be 

emphasized that the simulated pattern based on a structural 

model without the antisite occupancies does not fit to the 

observed one, showing substantial peak intensity mismatch, as 

shown in Figure S4. The detailed refinement procedure is 

described in the Supplementary Information, and the results are 

summarized in Table S3. 

 

Particle morphology and size distribution. Figure 2b shows 

the morphology of the LiMn0.5Fe0.4Mg0.1BO3/C particles as 

observed with SEM. The material forms well-defined primary 

particles ranging in size from 50 to 250 nm. Figure 2c plots the 

particle size distribution of LiMn0.5Fe0.4Mg0.1BO3/C as measured 

from the SEM. Fitting to a Gaussian distribution suggests that the 

mean particle size is 106 nm.  

 

Formation of antisite disorder. We calculate the antisite energy 

in the Fe and Mg substituted LiMnBO3 structure to give further 

support to the formation of LiM − MLi pairs. From the most stable 

configuration of LiMn0.5Fe0.375Mg0.125BO3, 1/16 of Li in the 

supercell was exchanged with the surrounding Mn, Fe, and Mg, 

one at a time, to obtain formation energies of LiMn − MnLi, LiFe − 

FeLi, and LiMg − MgLi antisite pairs, respectively. We define the 

smallest total energy difference between 

LiMn0.5Fe0.375Mg0.125BO3 with and without the antisite pair as the 

antisite formation energy.  

Figures 3a-g shows the calculated antisite formation energies 

of LiMn0.5Fe0.375Mg0.125BO3. Figure 3a gives the antisite energy 

in LiMnBO3 for comparison. Each square, circle, and triangle 

represents the antisite energy when M switches its position with 

the nearest, the second nearest, and the third nearest Li, 

respectively. The antisite formation energy varies with the 

distance between the LiM and MLi and is the lowest when the Li – 

M distance is the smallest. By comparing with the antisite 

energies of LiMn – MnLi pair in LiMnBO3 in Figure 3a,
28

 it is 

clear that partial Fe and Mg substitution of Mn lowers the LiM − 

MLi antisite energy and will induce more antisite disorder in the 

structure than in the unsubstituted end member. The lowest 

antisite energy at 1/16 concentration is 464 meV for the LiFe − 

FeLi pair in Figure 3c. However, it should be emphasized that the 

second and third lowest antisite energies of the LiFe − FeLi pair 

are 493 and 508 meV, which are in a similar scale with the 

lowest energy.  
Fixing the lowest energy antisite pair in the structure, the 

same calculation is performed at an antisite concentration of 1/8 

(i.e., 1/16 LiFe – FeLi + 1/16 LiM – MLi) to investigate the 

preferred geometrical relation of antisites, and the results are 

shown in Figure 3e-g. This concentration is close to the 

experimentally obtained total antisite occupancies (11.6%). The 

lowest energy antisite configuration at 1/8 concentration is 856 

meV for two LiFe − FeLi pairs. Note that formation of the other 

LiFe – FeLi + LiM − MLi pairs also have similar energies to the 

lowest one. The results imply that many of the possible antisite 

configurations can occur with almost equal preference 

throughout the LiMn0.5Fe0.375Mg0.125BO3 lattice at elevated 

temperatures. 

 

Electrochemical performance. Figure 4a shows the second 

charge and discharge curves for LiMn0.5Fe0.4Mg0.1BO3/C at two 

different rates. Voltage profiles of the first three cycles for each 

rate are shown in Figure S5. A capacity of 192 mAh g
-1

 is 

achieved at both charge and discharge at a C/50 rate. The 
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plateau-like features at 3.7 V and 3 V in charging and 2.9 V and 

2.3 V in discharging can be respectively assigned to the 

reversible Mn
2+

/Mn
3+

 and Fe
2+

/Fe
3+

 redox reactions
9, 11

 with the 

corresponding capacities of 113 and 79 mAh g
-1

 in charging and 

117 and 75 mAh g
-1

 in discharging. The capacity at C/20 cycling 

is 169 mAh g
-1

. From observing the charge profile, the capacity 

reduction from the rate increase is mainly due to charging above 

3.7 V. Note that the voltage profiles in Figure 4a show an 

additional feature at ~2 V. Bo et al. discussed that the Fe
2+

/Fe
3+

 

redox couple when in the Li sites (i.e., FeLi) is responsible for the 

2 V reaction.
44

 Since LiMn0.5Fe0.4Mg0.1BO3 in this study includes 

an amount of FeLi antisites (9.6%), as estimated by Rietveld 

refinement in Figure 2a, the low voltage intercalation may be 

related to the Fe redox reaction in the Li sites.  

The results obtained with LiMn0.5Fe0.4Mg0.1BO3/C are in stark 

contrast to the capacity of LiMnBO3/C obtained at a C/20 rate as 

shown in Figure 4a and in the literature
11-14

. Given that generally 

achievable capacities in LiMnBO3/C range from 80 to 120 mAh 

g
-1

 with similar Mn
2+

/Mn
3+

 redox potentials at comparable rates, 

a large portion of the inactive Mn
2+

/Mn
3+

 reaction is effectively 

replaced by the active Fe
2+

/Fe
3+

 reaction, leading to significant 

charge and discharge capacities in our mixed compound. 

Moreover, it should be emphasized that the voltage profile of 

LiMnBO3/C exhibits a leveling-off below 1.8 V and the 

associated discharge capacity surpasses the charge one. This 

implies a conversion-type reaction in LiMnBO3/C, which does 

not occur in LiMn0.5Fe0.4Mg0.1BO3/C. 

The capacity retention of LiMn0.5Fe0.4Mg0.1BO3/C 

corresponding to the C/20 rate is plotted in Figure 4b. Note that 

the charge capacity in the first cycle is smaller than that of 

following discharge (also shown in Figure S5), which can be 

related to oxidation of Fe
2+

 at the surface in the pristine powder, 

as similarly observed in LiFeBO3 cathodes.
9, 45

 This phenomenon 

disappears in the subsequent cycles, and the cell operates in a 

reversible manner. Unlike the plain LiMnBO3 case,
27

 

discoloration of the Li anode due to Mn deposition after cycling 

was not observed with the LiMn0.5Fe0.4Mg0.1BO3/C cathode, 

implying that Mg substitution minimizes Mn dissolution, as 

already demonstrated in our previous study.
25

 The average 

measured on the discharge capacity fading rate is 1.6% per cycle 

for 20 cycles at a C/20 rate. 

Figures 4c and d show discharge curves of LiMnBO3/C and 

LiMn0.5Fe0.4Mg0.1BO3/C at RT for different discharge rates. The 

obtained discharge energy density and specific power for 

LiMnBO3/C and LiMn0.5Fe0.4Mg0.1BO3/C are also plotted in the 

inset of Figure 4c and d. Note that we use 1.5 V voltage cutoff 

for LiMn0.5Fe0.4Mg0.1BO3/C to fully activate the all Fe
2+/3+

 redox 

reaction while 2.0 V for LiMnBO3/C to avoid a conversion-type 

reaction, as discussed in Supplementary Information (Figure 

S6). Charged by a constant current (C/50) followed by constant 

voltage (4.5 V for 2 h) (CCCV-mode), the discharge capacity of 

LiMnBO3/C cathode at C/50 is 120 mAh g
-1

. However, at higher 

rates, the capacity drops rapidly, and only 19 mAh g
-1

 is achieved 

at a 1C rate. In contrast, partial Fe and Mg substitution 

significantly improves the rate capability: the 

LiMn0.5Fe0.4Mg0.1BO3/C cathode at C/50 reaches 201 mAh g
-1

, 

which is 98% of the theoretical value. To the best of our 

knowledge, this is the largest discharge capacity reported in the 

monoclinic borate system at RT. Although the obtained capacity 

decreases as the rate increases, the LiMn0.5Fe0.4Mg0.1BO3/C 

cathode maintains respectable rate capability. At a 1C rate, it is 

still capable of delivering 120 mAh g
-1

.  
 

In situ XRD. The structural evolution of LiMn0.5Fe0.4Mg0.1BO3/C 

upon Li extraction and insertion was analyzed with in situ XRD. 

As shown in the full patterns in Figure 5a, the monoclinic 

structure does not undergo any major phase decomposition or 

conversion during charging (192 mAh g
-1

) or discharging (180 

mAh g
-1

) within a 4.5 – 1.5 V window. Rather, the topmost 

position of a peak that lumps together the reflections of (200), 

(130), and (004), shown in Figure 5b, shifts to the higher angle 

upon charging, which is a typical indication of Li deintercalation 

in the LiMBO3 system.
9, 11, 41

 The diffraction peak reverts to its 

original position upon lithiation. In addition, the width of the 

peak in Figure 5b broadens while the intensity decreases upon 

charging. This shape change is also recovered in the discharging 

process. Therefore, the result of in-situ XRD provides strong 

evidence that Li intercalation in LiMn0.5Fe0.4Mg0.1BO3/C occurs 

topotactically and reversibly.  

Discussion 

Effects of substitution on phase stability. We investigate which 

factors may be contributing to the improved performance of the 

Fe and Mg substituted borates. Table 1 shows that the substituted 

composition has a lower driving force for decomposition as 

compared to LiMnBO3, indicating improved stability upon 

delithiation. We consider that the superior stability of Fe
3+

 in 

trigonal bipyramidal sites and the presence of electrochemically 

inert Mg in the framework likely help to stabilize the delithiated 

structure.
27

 A substantial amount of conversion-type reaction is 

often involved in the discharge process below 1.8 V for 

LiMnBO3 and LiFeBO3.
13, 41, 45

 However, our voltage-capacity 

profiles in Figure 4a and in situ XRD results in Figure 5 give no 

indication of such a conversion reaction for 

LiMn0.5Fe0.4Mg0.1BO3/C, implying that Mg substitution 

contributes to the enhanced stability in the 4.5 – 1.5 V window.  

 

Effects of substitution on Li migration. According to 

computational results shown in Figure S7 and reported in the 

literature,
28

 LiMnBO3 can be regarded as an electronic insulator 

due to a large bandgap (3.15 eV – computed ), which may be 

responsible for poor rate capability. However, given that the 

calculated bandgap of LiMn0.5Fe0.375Mg0.125BO3 (3.05 eV) is 

similar to that of LiMnBO3, differences in electronic structure 

between the two materials are small and not likely to be the 

reason for the improved electrochemical performance.  

Fe and Mg substitution do not alter the fundamental diffusion 

characteristics of LiMnBO3 such as the 1-D pathway and the 

average migration barrier of ~500 meV since they are largely 

controlled by the cation and anion topology of the monoclinic 

framework. However, the substitution induces a significant 

amount of antisite disorder, 11.6% as estimated by Rietveld 

refinement and supported by ab initio computation. Typically, 

MLi antisites can impede 1-D Li diffusion by blocking its 

pathway, leading to substantial degradation of Li intercalation 

capacity, especially when the particle size is larger than 100 

nm.
40

 The presence of LiMn – MnLi disorder has been used to 
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rationalize the limited capacity of LiMnBO3/C.
46

 In the context, 

the improved electrochemical performance of 

LiMn0.5Fe0.4Mg0.1BO3/C is surprising given the very significant 

antisite concentration, which is twice as large as in 

LiMnBO3/C.
46

 This contradicts the intuitive expectation for 1-D 

diffusion, and leads us to conclude that the Li transport 

mechanism in Fe and Mg substituted LiMnBO3 may be different 

from the unsubstituted LiMnBO3.  

 

Geometrical configuration of antisite disorder. To understand 

why almost theoretical capacity can be achieved in 

LiMn0.5Fe0.4Mg0.1BO3/C, we analyze how the antisite 

configuration and concentration affects the overall performance. 

Figures 6a and b depict the Li trajectory nearby the LiM – MLi 

pair in two distinct arrangements. The actual trajectories are 

obtained from the NEB calculation, but visualized by the BVS 

method. Figure 6a corresponds to the second lowest and 6b to the 

lowest energy configurations. For comparison, the antisite-free 

configuration is shown in Figure 6c. In Figure 6a, the MLi 

antisite blocks a 1-D channel. Although the LiM antisite 

facilitates crossover between different Li channels, Li in the 

blocked channel cannot crossover through LiM as MLi directly 

sits in the crossover pathway: instead, LiM connects two 

unblocked channels. As a result, MLi locally blocks this Li 

diffusion, impeding further intercalation.  

MLi in the lowest energy antisite configuration shown in 

Figure 6b also blocks a 1-D channel. However, it may not trap Li 

in the channel but forward it to the neighboring channels as the 

associated LiM in this defect configuration provides a bridging 

site for crossover into other channels. Figure 7a displays 

detailed possible crossover paths and their activation barriers for 

this LiMn – MnLi configuration. Depending on the particular 

detour taken, the crossover can have migration barrier of 268 

(green-blue, path 0-6-12
L
) or 634 (green-red, path 0-6-12

H
) meV. 

The crossover for the equivalent LiFe – FeLi configuration in 

Figure 7b follows almost identical paths due to the geometrical 

similarity of cation arrangement but has different 540 (green-

blue, path 0-6-12
L
) and 658 meV (green-red, path 0-6-12

H
) 

barriers due to different surrounding cations. For LiMg – MgLi 

configuration shown in Figure 7c, the activation barriers are 560 

(green-red, path 0-6-12
H
) and 313 meV (green-blue, path 0-6-

12
L
). Note that lower barrier crossover through LiMg occurs in a 

different direction from the LiMn and LiFe. In all cases, Li can 

rather easily crossover from the blocked channel via the lower 

barrier path and continue 1-D migration in the unblocked 

channel. Therefore, this particular antisite configuration, 

regardless of the kind of cation, M, can redirect Li migration, 

and therefore does not limit capacity.  

 

Overall concentration of antisite disorder. Since the lowest 

and the other antisite configurations shown in Figures 3b-g are 

energetically very close, it is likely that various antisite 

configurations occur in the actually synthesized 

LiMn0.5Fe0.4Mg0.1BO3 compound. As the configuration and 

distribution of the antisite pairs become random, the Li-trapping 

(second lowest energy) and Li-redirecting (lowest energy) 

antisites should both exist. Assuming a dilute antisite 

concentration, the disorder will deteriorate Li mobility in 

LiMBO3 compared to the antisite-free case due to the isolated Li-

trapping antisites shown in Figure 6a. The diffusion limitation in 

LiMnBO3 can be understood as caused by this dilute antisite 

concentration (~5.5%).
46

  

In contrast, when a substantial amount of antisites is present, 

the low barrier paths in Figures 6b and 7 can percolate, which 

enables the channel-to-channel crossover to become the 

dominant diffusion mechanism. This allows facile Li transport 

that can bypass the 1-D transport along the c-axis, making the 

material essentially a three-dimensional (3-D) diffuser. A Total 

of 11.6% disorder in LiMn0.5Fe0.4Mg0.1BO3/C may be enough to 

form a 3-D percolating low barrier path, similar to what has been 

demonstrated in the disordered rocksalt Li2MoO3-LiCrO2 system 

and LixV2O5 cathode.
47, 48

 Hence, the large Li activity in 

LiMn0.5Fe0.4Mg0.1BO3 can be understood in relation to the 

topological effect of the substitution in edge-sharing MnO5 

chains and the resulting antisite disorder, which enables feasible 

Li transport. This is a refreshing perspective on how the 

concentration of antisite disorder affects the 1-D Li intercalation. 

Counter to intuition, channel blockage by the antisites is not 

always detrimental in 1-D materials if low-barrier crossover 

pathways between the channels can percolate. Thus, our model 

may provide hints to enhance the electrochemical performance of 

other LiMBO3 cathodes, such as LiCoBO3,
49-51

 which have 

similar 1-D Li diffusion and suffer from kinetic limitations. 

Conclusions 

In summary, our work stands out as developing one of the 

highest-capacity polyanionic cathodes. By a targeted substitution 

strategy, we have achieved almost full theoretical capacity, 

enhanced rate capability, and reasonable capacity retention in the 

monoclinic LiMBO3 system. The improved Li activities are 

understood in relation to triggering Mn and Fe redox elements, 

stabilizing the framework, and modifying the Li transport 

mechanism by partial substitution. Yet, the capacity loss at 

higher rate requires further improvement. Given that the rate-

dependency of achievable capacity likely occurs above 3.7 V 

upon charging, which corresponds to the Mn
2+

/Mn
3+

 redox 

reaction, it will be important to understand the interaction 

between Mn
2+

 oxidation and poor Li
+
 transport as has also been 

observed in other compounds such as LiMnPO4.
52, 53

 Reducing 

particle size further with innovative synthesis methods may lead 

to even better rate performance. Still, our new composition 

shows much progress towards obtaining a large reversible 

capacity in borates, suggesting that this partially substituted 

LiMnBO3-based cathode can combine high stability and high 

capacity. We consider that, although the current properties may 

not be satisfactory for commercialization yet, the scientific 

advance made in this study can guide the direction of future 

research that can lead to commercial attention to the borate 

compounds. 
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Figure 1. Predicted LiMn0.5Fe0.375Mg0.125BO3 unit cell. (a) Lithiated (Li = 1) and (b) delithiated (Li = 0.125) unit cells showing different c-
lattice parameter (Green: Li, Blue: Mn, Navy: Fe, Purple: Mg, Grey: B in oxygen polyhedra). (c) Li trajectory visualized by a bond valence 
sum (BVS) method in the lithiated state. (d-g) Local arrangement of Mn, Fe, and Mg around Li at different positions along the c-axis. Red 
triangles form the 1-D migration channel along c-axis. 
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Figure 2. Monoclinic structure and particle morphology. (a) Profile matching of the XRD pattern by Rietveld refinement, (b) SEM image 
and (c) particle size distribution obtained from LiMn0.5Fe0.4Mg0.1BO3. 
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Figure 3. Antisite formation energies. (a) Li – Mn antisite formation energy in unsubstituted LiMnBO3 and (b-g) antisite formation energies 
in LiMn0.5Fe0.375Mg0.125BO3 with respect to antisite types: (b) Li – Mn, (c) Li – Fe, and (d) Li – Mg at 1/16 concentration, and (e) Li – Mn, (f) Li 
– Fe, and (g) Li – Mg at 1/16 concentration on top of the 1/16 lowest energy Li – Fe configuration. (h-k) Geometrical configurations of 
antisite pairs. The nearest neighbor (Li) is denoted as NN. 
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Figure 4. Electrochemical performance. (a) Representative (second) charge and discharge curves for LiMn0.5Fe0.4Mg0.1BO3/C at C/50 
and C/20 rates (RT), and for LiMnBO3/C at C/20 (RT) and (b) capacity retention of LiMn0.5Fe0.4Mg0.1BO3/C cycled at a C/20 rate (RT). 
Discharge capacities of (c) LiMnBO3/C and (d) LiMn0.5Fe0.4Mg0.1BO3/C  at RT achieved at different rates. The cell was charged at C/50, 
held at 4.5 V for 2 h, and then discharged at designated rates ranging from C/50 to 1C. 
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Figure 5. In situ XRD. In situ XRD patterns of LiMn0.5Fe0.4Mg0.1BO3/C during charging and discharging at a C/80 rate. (a) 20 whole 
patterns with 5% resolution in Li contents for charging and 19 patterns for discharging (39 individual patterns), (b) diffraction 
around a lumped peak of (200), (130), and (004) and the corresponding voltage profile 
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Figure 6. Local Li trajectories in various LiM – MLi (M=Mn, Fe, Mg) antisite configurations in LiMn0.5Fe0.375Mg0.125BO3. (a) The second 
lowest energy (Li-trapping), (b) the lowest energy antisite (Li-redirecting), and (c) antisite-free configurations (1-D Li). In each case, 
the Li channel direction is along the c-axis, so the figure shows whether there is cross-channel diffusion. 
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3  
Figure 7. Local Li trajectories around the lowest energy LiM-MLi configurations and associated activation barriers for crossover. M 
= (a) Mn, (b) Fe, and (c) Mg.   
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Broader context 

Li intercalation materials framed with polyanion groups can offer high stability against oxygen loss, thereby enhancing safety over 
common oxide cathode materials.  However, the specific capacity of most polyanionic cathodes is limited due to the large formula 
weight of the polyanions. A simple borate (BO3) is the lightest possible polyanion group with low mass to negative charge ratio. As a 
result, lithium transition metal borates can have both high theoretical capacity and high operating safety. However, despite these 
promising motivations, borates remain relatively unexplored as a cathode material for lithium ion batteries. In this work, we 
develop a new composition within the borate framework that achieves a near theoretical capacity, improved rate capability, and 
reasonable capacity retention. We believe that the superior electrochemical properties demonstrated in this study will bring more 
attention to the borate chemistry as a potential alternative to current Li-ion battery cathodes.  
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