
1 

 

 

MgxMn2-xB2O5 Pyroborates (
�

�
≤ � ≤

�

�
): High Capacity and High Rate 

Cathodes for Li-ion batteries 

Hugh F. J. Glass1,2, Zigeng Liu2, Paul M. Bayley2, Emmanuelle Suard3, Shou-Hang Bo4,5, Peter G. 
Khalifah4,6, Clare P. Grey2 and Siân E. Dutton1* 

1 Cavendish Laboratory, Department of Physics, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 0HE, 
U.K. 
2 Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, U.K. 
3 Institut Laue-Langevin, 71 avenue des Martyrs, 38000 Grenoble, France 
4 Department of Chemistry, State University of New York at Stony Brook, New York, 11794-3400, United States 
5 Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States  
6 Chemistry Department, Brookhaven National Laboratory, Upton, New York, 11973, United States 

 

MgMnB2O5, Mg2/3Mn4/3B2O5 and Mg4/3Mn2/3B2O5 pyroborates have been prepared via a ceramic method. On charging 
MgMnB2O5 vs Li, all of the Mg2+ can be removed, and on subsequent cycles 1.4 Li ions, corresponding to a capacity of 250 
mAhg-1, can be reversibly intercalated. This is achieved at a C/25 rate with 99.6% coulombic efficiency. Significant capacity 
is retained at high rates with 97 mAhg-1 at a rate of 2C. Continuous cycling at moderate rates gradually improves perfor-
mance leading to insertion of 1.8 Li, 314 mAhg-1 with a specific energy of 802 WhKg-1, after 1000 cycles at C/5. Ex-situ X-ray 
and neutron diffraction demonstrate the retention of the pyroborate structure on cycling vs Li and a small volume change 
(1%) between the fully lithiathed and de-lithiated structures. Mg2/3Mn4/3B2O5 and Mg4/3Mn2/3B2O5

 are also shown to revers-
ibly intercalate Li at 17.8 mAhg-1 and 188.6 mAhg-1 respectively, with Mn ions likely blocking Mg/Li transport in the 
Mg2/3Mn4/3B2O5 material. The electrochemical ion-exchange of polyanion materials with labile Mg ions could prove to be a 
route to high energy density Li-ion cathodes.

INTRODUCTION 

High capacity, long cycle life and low cost Li-ion batter-
ies (LIBs) have become the most common power source for 
consumer electronics. However, there is increasing de-
mand for materials that deliver even higher energy densi-
ties, with improved safety and at a decreased cost, to aid 
the commercialization of electric vehicles and grid-scale 
storage.1 Currently most commercial cells use transition 
metal oxides such as LiCoO2 and its Ni-, Mn- and Al- sub-
stituted variants (NMC, NCA), or LiMn2O4 as the cath-
ode,2–9 but their high cost, toxicity, instability and low en-
ergy densities mean there is significant drive to find alter-
natives.  

Polyanion materials such as LiMPO4 and LiMBO3 have 
attracted interest since they provide high theoretical ca-
pacities and tuneable voltages. The benefits of a polyanion 
framework were first shown for olivine LiFePO4, where the 

PO�
�� group significantly raises the redox potential com-

pared to oxides and fixed O2- ions providing structural sta-
bility.10 Although the electrical and ionic conductivity are 

poor, full theoretical capacity (170 mAhg-1) has been 
achieved through forming nano-sized LiFePO4-carbon 

composites.11,12  The borate (BO�
��) framework is the light-

est polyanion group and therefore gives the highest theo-
retical capacities (LiFePO4 = 170 mAhg-1, LiFeBO3 = 220 
mAhg-1). LiMBO3 where M = Mn, Co and Fe have been 
studied and although initial electrochemical performance 
was poor, subsequent research has steadily improved the 
reversible capacity to around 75% of theoretical.13–17 Good 
cycle life at high voltages, especially for the Mn and Fe bo-
rates, means there is continued interest in these systems.  

The pyroborate (M2B2O5) is another class of borate poly-
anion that contains a divalent redox active transition 
metal. The structure of the pyroborates, Figure 1, is versa-
tile with many divalent ions able to occupy the two M sites 
(e.g. M = Mg, Mn, Fe, Co, Sr, Ca) and both triclinic and 
monoclinic polymorphs have been synthesised.18–21 A fur-
ther advantage of the light weight pyroborate unit is that 
unlike pyrophosphates, where the heavier P2O�

�� group 
compromises the overall capacity22, the lighter boron atom 
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(and fewer oxygen atoms) means that a move from borates 
to pyroborates does not compromise the theoretical capac-
ity.  MgxFe2-xB2O5 has been synthesised and proposed as a 
potential Mg-ion battery cathode material as the Mg ions 
are mobile,23 however to our knowledge this family of ma-
terials has not been studied in Li-ion batteries.  

Here we study the mixed metal phase MgxMn2-xB2O5 
(where x = 2/3, 1 or 4/3) for both Mg removal and subse-
quent cycling vs Li in a LIB. Mn was chosen as the transi-
tion metal as in the LiMBO3 system, Mn provided moder-
ate rate capability and high capacity, and the ion can, in 
principle, cycle utilizing two electron couples (between 
Mn2+ and Mn4+). MgMnB2O5 has been previously synthe-
sised18 and was found to crystallise in the triclinic phase of 
Mg2B2O5 rather than the monoclinic structure adopted by 
Mn2B2O5. To study the effect of composition on perfor-
mance, three compounds across the series were prepared, 
Mg4/3Mn2/3B2O5, MgMnB2O5 and Mg2/3Mn4/3B2O5. 

For each phase manganese has an oxidation state of 2+ 
in the pristine material, and the total theoretical capacity 
of the three materials is then a function of both the total 
Mn content and the available Mg for extraction as we now 
illustrate: for x = 4/3 (Mg4/3Mn2/3B2O5) the capacity ob-
tained on oxidising all the Mn2+ to Mn4+ forming 
Mg2/3Mn2/3B2O5 corresponds to 207.9 mAhg-1.  Since the 
mass of the lithiated sample is lower, a slightly higher the-
oretical capacity is obtained on full lithiation (231 mAhg-1), 
where we have assumed reduction back to Mn2+ and the 
insertion of 2 Li ions per Mg removed to form 

Li4/3Mg2/3Mn�/�
�� B2O5.  For x = 1 the Mg:Mn ratio is optimal 

and demagnesiation to form Mn4+B2O5 gives the highest 
theoretical capacity of 296.6 mAhg-1 and 342.5 mAhg-1 for 
lithiation to form Li2Mn2+B2O5. For x = 4/3, there is insuffi-
cient Mg in the material to oxidise all the Mn2+ to Mn4+ and 

a Mn3+ compound in theory results in Mn�/�
�� B2O5, with a 

lower associated capacity of 187 mAhg-1, lithiation produc-

ing Li4/3Mn�/�
�� B2O5 with a theoretical capacity of 204.1 

mAhg-1. In the subsequent text all reported cycle rates are 
based on Mg removal capacities.  

In this study we investigate the cation ordering in the 
three synthesised materials and the change in crystal struc-
ture on cycling via X-ray and neutron diffraction. The abil-
ity to remove Mg-ions from the structure and the reversi-
bility of Li-ion insertion is assessed.  

We find that the Mn and Mg are disordered over the two 
metal sites with some preference for Mn to occupy the 
larger, more distorted, site 1, Figure 1. In the material with 
the highest theoretical capacity, MgMnB2O5, we show that 
Mg can be fully removed from the structure, and subse-
quent cycling vs a Li anode gives up to 250 mAhg-1 reversi-
ble capacity. The high Mg content Mg4/3M2/3B2O5 phase in-
tercalates 0.75 Li per formula unit, 188.6 mAhg-1 at C/25. 
However, the Li intercalation behaviour differs for the low 
Mg content Mg2/3M4/3B2O5 phase with < 20 mAhg-1 reversi-
ble capacity and a significant overpotential.   

EXPERIMENTAL SECTION 

Mixed metal pyroborates were synthesised by grinding 
stoichiometric amounts of MnC2O4.2H2O (Alfa Aesar 30% 

Mn min), MgO (Alfa Aesar 99.998%) and H3BO3 (Alfa Ae-
sar 99.99%) into a fine powder. The mixture was heated to 
400oC at 1oC min-1 and held for 10 hours under flowing ar-
gon. The powder was reground then heated to 1050oC at 
3oC min-1 and left at this temperature for 24 hours under 
flowing argon. The sample was then furnace cooled.  11B en-
riched samples prepared for neutron powder diffraction 
were synthesised from 11B-Boric acid (Aldrich 99%). 

Powder diffraction experiments (PXRD) were carried out 
on a PANalytical Empyrean Series 2 Diffractometer System 
with CuKα radiation (λ = 1.540598 Å, 1.544340 Å). Rietveld 
analysis24 was performed using the FullProf suite of pro-
grams25 over a 2θ range of 10°-70°, with step size of 2θ 
=0.0167°. Backgrounds were fitted using a linear interpola-
tion of data points. The peak shape was modelled using a 
pseudo-Voigt function and peak broadening was modelled 
using a symmetry dependent Scherrer analysis.26 This anal-
ysis uses a spherical harmonic expansion dependant on the 
Laue class of the crystal. Micro-particle size is then inferred 
by comparison with the peak widths of a crystalline silicon 
standard. 

PXRD was carried out on ex-situ samples by packing the 
cycled material into a 0.3 mm capillary and sealing with 
capillary wax. Quantitative analysis to determine the sym-
metry and lattice parameters was carried by profileless pat-
tern fitting,27 in the Fullprof suite of programs. 25 

Constant wavelength neutron diffraction data were col-
lected over a 2θ range of 10°-160°, with step size of 2θ = 
0.050018° on D2B instrument (� = 1.596 Å) at Institut Laue-
Langevin (ILL, Grenoble). Pristine and cycled samples 
were packed under inert conditions in sealed vanadium 
canisters and measured for 12 hours. As 10B has a large ab-
sorbance cross section 11B enriched samples were meas-
ured, and a corresponding neutron scattering length were 
used during analysis. Rietveld analysis24 was performed us-
ing the FullProf suite of programs25. Backgrounds were fit-
ted using a linear interpolation of data points. The peak 
shape was modelled using a pseudo-Voigt function. For cy-
cled samples profileless pattern matching27 was used in 
FullProf to calculate cell volume. 

7Li NMR spectra of the cycled materials were acquired in 
a 1.3 mm probe head on a Bruker 500 MHz and 200 MHz 
spectrometer, with Magic angle spinning (MAS) up to 50 
kHz. Li2CO3 was used as a 0 ppm reference. Data was ana-
lysed using Bruker TopSpin 3.5. 

Magnetic measurements were carried out using a Quan-
tum Design magnetic properties measurement system 
(MPMS3) superconducting quantum interference device 
(SQUID) magnetometer. The magnetization (M) was 
measured in a field of 1000 Oe as a function of temperature 
on warming from 2 to 300 K after cooling in zero field 

(ZFC). Magnetic susceptibility, � =
��

��
, was assumed to be 

linear in the small measuring field, therefore � =
�

�
.  Effec-

tive moments were calculated using a linear fit to the Cu-

rie-Weiss law, � =
�

���
 where the curie constant, � =

��

��
����

�  ≈ 8����
� , from 150-300 K.  

As carbon and PTFE make up a significant portion of the 
cathode material there is a diamagnetic contribution to the 
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measured magnetisation of ex-situ samples. This was ac-
counted for by comparing the magnetisation of the pristine 
material with the uncycled cathode material and calculat-
ing a diamagnetic contribution per gram of carbon/PTFE, 
which was then applied to the ex-situ samples. 

Electrochemical properties were investigated using an 
Arbin BT2000 potentiostat. Stainless steel CR2032 cells 
were constructed with a Li metal anode, cathode film and 
glass fibre separator soaked in LP30 electrolyte (1M LiPF6 
in 50/50 v/v ethylene carbonate and dimethyl carbonate, 
EC/DMC). Cathode films were prepared by ball milling 
MgxMn2-xB2O5 under argon for 4×5 minutes, then mixed 
with 33 wt% Ketjen Black and ball milled for a further 10 
minutes. The resultant powder had an average particle size 
of 60nm and was mixed with 10 wt% PTFE to form the 
cathode film.  

All ex-situ samples were disassembled within one hour 
of cycle completion and washed with dimethyl carbonate 
to remove electrolyte. 

RESULTS AND DISCUSSION 

Structure  

PXRD and powder neutron diffraction analysis of 
MgxMn2-xB2O5 (x = 2/3, 1, 4/3) indicated formation of phase 
pure products. Rietveld refinement showed that all three 
materials adopt the triclinic phase rather than the mono-
clinic structure found for Mn2B2O5

18,21. In the triclinic py-
roborate structure, shown in Figure 1, the B2O5

4- unit is 
formed from two corner-sharing BO3 triangles. The B2O5

4- 
groups link ribbons of edge-sharing MO6 octahedra. 
Within the ribbons there are two crystallographically dis-
tinct sites, M1 and M2. The M1 site (blue octahedra Figure 
1a) is more distorted than M2 (purple octahedra) with 
larger bond angle variance. 

For x=1 and x=4/3, combined neutron and X-ray diffrac-
tion refinements were carried out to determine the crystal 
structure. This allowed for B and O positions to be deter-
mined from the neutron data and Mg and Mn positions 
and occupancies from PXRD. For x=2/3, where only PXRD 
data was available, B and O positions from the x=1 com-
bined neutron refinement were used, with other parame-
ters refined against the PXRD data.  

The refined volumes shown in the inset of Figure 1 vary 
according to Vegard’s law, with higher Mn content increas-
ing the unit cell volume. The volume of M1 and M2 polyhe-
dra and average M-O bond distances also change system-
atically with increasing Mn content, Table 1. In all cases, 
the Mg and Mn ions are disordered over the M1 and M2 
sites, Figure 1, Table 1. This is in agreement with previous 
analysis by Utzolino and Bluhm.18 However, a slight 
preference for Mn to occupy the more distorted, but larger, 
M1 site is observed for all the mixed-metal samples. This is 
exemplified by MgMnB2O5, where total disorder would 
give occupancies of 0.5 in each site whereas a 0.65/0.35 
split is observed.  Having mixed cations on the sites could 
hinder ion diffusion by blocking channels so the presence 
of some order could be beneficial. However, higher Mg 
content on M2 may also aid Mg removal and Li insertion 
as bond valence sum calculations carried out by Bo et al.23 

suggest that the Mg ion diffusion pathway occurs via inter-
stitial sites linked with the M2 site. Full structural details 
are given in Tables S1, S2 and S3. 

 

Figure 1. a) Polyhedral model of the M2B2O5 structure. M1O6, 
M2O6 and BO3

 polyhedra are shown in purple, blue and green 
respectively. b) Neutron diffraction pattern (red dots) and fit 
(black line) of Mg4/3Mn2/3B2O5.  Allowed Bragg reflections are 
shown as blue tick marks. Inset shows the change in cell vol-
ume in MgxMn2-xB2O5 as a function of x determined from neu-
tron and powder diffraction. 
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Table 1. Summary of refined crystal structure parameters determined from PXRD and powder neutron diffraction 
at room temperature for the solid solution MgxMn2-xB2O5, formed between Mg2B2O5 and Mn2B2O5. 

MgMnB2O5 Electrochemistry 

MgMnB2O5 was first investigated as a potential cathode 
due to it having the highest theoretical capacity of the se-
ries. On first charge vs Li+ a capacity of 330 mAhg-1 was 
achieved at a rate of C/25, suggesting complete removal of 
Mg from the structure (theoretical capacity of 296.6 mAhg-

1), Figure 2. The labile nature of Mg differs from previous 
Mg containing Li-ion cathodes, such as Mg doped LiCoO2 

or LiFePO4
29,30, where Mg is thought to be electrochemi-

cally inactive, providing structural stability only. The slight 
excess of capacity on 1st charge varies with each cell and is 
therefore attributed to side reactions with the electrolyte 
rather than a deviation from a 1:1 Mg:Mn stoichiometry.  

The subsequent discharge process consists of Li+ ion in-
sertion into the de-magnesiated MnIV framework. On 1st 
discharge 220 mAhg-1 of Li+ were inserted equating to 1.2 Li 
ions per unit cell, which is smaller than the theoretical ca-
pacity calculated by assuming insertion of 2 Li+ ions for 
each Mg2+ ion (342.5 mAhg-1). The sloping nature of the 
electrochemistry profile can be attributed to Mg/Mn site 
disorder and the different local environments of Li.31  

The Li ions are then fully removed on 2nd charge (221 
mAhg-1). Over subsequent cycles the capacity gradually in-
creased reaching a maximum of 1.47 Li ions, 252 mAhg-1 af-
ter 12 cycles. The increase in capacity is accompanied by a 
change in voltage profile. The initially lower capacity is at-
tributed to de-intercalated Mg2+ ions being present in high 
enough concentration near the cathode to continue to be 
involved in cycling, and their sluggish reinsertion into the 
framework resulting in larger overpotential. As the cycle 
number increases the Mg ions diffuse into the bulk elec-
trolyte leaving a significant excess of Li ions as the main 
electro-active species. This hypothesis is supported by fig-
ure S1 which shows that no change in voltage profile occurs 
over the first 10 cycles when a new coin cell is assembled 
with washed de-magnesiated cathode and fresh Li electro-
lyte, as the residual Mg ions were removed. The reduced 
capacity is attributed to film degradation during coin cell 
disassembly and washing.  

After 100 cycles the capacity and slope of the charge and 
discharge processes stabilised at a reversible capacity of 194 
mAhg-1. Discharge to 1.5 V results in Li1.1Mn(+2.9)B2O5. Two 
subtle changes in slope are observed in the dQ/dV vs V 
plots at ~2.8 V and 4.2 V on charge, and at 2.5 V and 4.0 V 
on discharge (Figures S2 and S3), which may correspond to 
the Mn2+  ↔ Mn3+ and Mn3+ ↔ Mn4+ processes. This suggests 
relatively low overpotential for the high voltage process, 
consistent with galvanostatic intermittent titration (GITT) 
experiments, Figure 4. The 300 mV overpotential on Li re-
moval and 200 mV overpotential for Li insertion are com-
parable to overpotentials in the early stages of m-LiMnBO3 
cycling.32 However, the large increases in overpotential at  
deep charge and discharge seen in other borates, which 
limit capacity, are not observed here.  

 

Figure 2. Cycling of MgMnB2O5 at C/25. Initial charge (Mg re-
moval) - Red line. Subsequent cycling vs Li for 10 cycles - Grey 
lines). Cycling vs Li after 100 cycles - Black line. Arrows indi-
cate changes in slope, with values extracted from dQ/dV plot, 
Figure 3. 

MgxMn2-xB2O5 x = 021
 �  = 

�

�
 

x = 1 x = 
�

�
 

x = 221,28
 

Space group P1�  P1�  P1�  P1�  P1�  

χ2  2.15 3.33 11.7  

Rwp  20.1 19.7 9.88  

Vol (Å3) 189.53 185.172(9) 

 

181.365(10) 179.131(6) 171.48/171.33 

M1 occ (Mn/Mg) 1/0 0.73/0.28(10) 0.647/0.353(8) 0.403/0.597(6) 0/1 

M2 occ (Mn/Mg) 1/0 0.61/0.39(10) 0.353/0.647(8) 0.264/0.736(6) 0/1 

Average M1-O (Å) N/A 2.196(10) 2.173(5) 2.131(7) 2.1292(15) 

Average M2-O (Å) N/A 2.160(10) 2.142(5) 2.139(7) 2.0946(15) 
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Figure 3. dQ/dV plot of the 10th cycle of a MgMnB2O5 vs Li 
cell, cycled at C/25. 

 

 

Figure 4. 3rd cycle of a GITT experiment of MgMnB2O5 vs Li 
showing the equilibrium voltage for Li insertion and removal. 
Cycled at C/25 with up to 100-hour rest periods. 

At the higher rate of C/5, the Mg removal capacity is re-
duced to 177 mAhg-1, 0.6 Mg2+ ions per formula unit, as 
shown in Figure 5. This is followed by lithium insertion of 
125 mAhg-1, 56.8% of the capacity achieved at C/25. Contin-
ued cycling at C/5 for 1000 cycles shows a gradual increase 
in capacity up to 314 mAhg-1. This equates to reversible in-
sertion of 1.82 Li+ with a specific energy of 802 WhKg-1, as-
suming all the Mg2+ is removed during the 1000 cycles. In-
creased capacity with extended cycling is often ascribed to 
electrochemical grinding, however the small volume 
change (Figure 7) means this is unlikely to be the cause in 
this case. An alternative mechanism could be a change in 
cation environment caused by mobility in the disordered 
metal sites or structural rearrangement that offers more Li 
sites. Detailed structural analysis of the cycled material to 
determine the sites for Li was hindered by small particle 
size and amorphisation, as seen in the ex-situ diffraction 
patterns (Figure S2). The 7Li MAS NMR spectra of the ma-
terial acquired after one charge-discharge cycle do not 
contain sufficient resolution to determine where the Li 
ions are located.   

 

Figure 5. Cycling of MgMnB2O5 vs Li at C/5 between 1.5 and 
4.6 V. Initial charge and subsequent discharge and 2nd charge 
- red line. Cycles 1000-1025 - black lines. 

Figure 6. Rate study at C/5, C and 2C for MgMnB2O5 over the 
first 180 cycles. Left axis, charge and discharge capacity. Right 
axis, efficiency on expanded scale. 

The rate capability of MgMnB2O5 over the first 180 cycles 
is shown in Figure 6. The initial cycles at C/5 likely still in-
volve Mg2+. After 6 cycles the capacity settles at ~111 mAhg-

1 and increasing the charge rate to 2C leads to a 12 % reduc-
tion in capacity, 97.4 mAhg-1.  

Electrochemical tests were also carried out to investigate 
Li intercalation into as prepared MgMnB2O5. 0.3 Li+ (47.1 
mAg-1) can be inserted into the MgMnB2O5 electrode at 
C/25 (inset Figure 7) before de-magnesiation (i.e. discharg-
ing the cell first), which suggests the presence of Mn3+ in 
the pristine material caused by small deviations from ideal 
stoichiometry. The capacity may also arise from Li interca-
lation into carbon. However, it is believed to involve at 
least some intercalation into MgMnB2O5 as ex-situ diffrac-
tion, discussed in the following section, shows a change in 
unit cell volume and an additional peak associated with 
doubling the unit cell. 

Ex-situ Diffraction  

Ex-situ powder X-ray and neutron diffraction were car-
ried out to assess structural changes on de-magnesiation 
and lithium insertion. Figure S2 shows neutron diffraction 
data fitted with a profileless pattern matching27 refinement 
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of the de-magnesiated material MgxMnB2O5 (charged), 
LixMnB2O5 (lithium inserted after de-magnesation, charge-
discharged) and LixMgMnB2O5 (lithium insertion into 
MgMnB2O5, discharge only).  All 3 patterns have a peak at 
~18.5o which is not observed in the pristine material. This 
is characteristic of a doubling of the unit cell in the c direc-
tion. Further characterisation of the change in structure is 
not possible due to the quality of the pattern and the small 
size of the active material particles in the electrode. 

The change in volume per unit cell associated with each 
cycling stage is given in Figure 7. On removal of Mg to form 
MnB2O5 there is a 4.2% reduction in volume. Subsequent 
Li insertion increases the volume by just 1%. This is a small 
volume change for a relatively high capacity electrode ma-
terial. It is also worth noting that the polyanion framework 
is retained even after removing 50% of the cations. 

Inserting Li into the pristine MgMnB2O5 results in a 5% 
volume decrease, supporting the observation that some Li 
is inserted into the active material rather than carbon or 
reacting with electrolyte to form an SEI layer. This suggest 
the presence of a small amount of Mn3+ in the starting ma-
terial. The reduction in volume can be rationalized by the 
additional positive charge shielding the electrostatic repul-
sion between the oxygen anions, and attracting the poly-
anion blocks closer together. This has previously been ob-
served for CoO2 where Li insertion reduces the metal oxide 
layer serpation.33  

 

Figure 7. Volume change for MgMnB2O5 on cycling at C/25 
between 1.5 V and 4.6 V, determined by profileless pattern fit-
ting of neutron diffraction data. Inset shows the point of cycle 
each sample was taken from. 

7Li NMR 

The assertion that Li is inserted into the framework on 
cycling is further supported by 7Li MAS NMR spectra (Fig-
ure S3). The intensity of Li resonance from the charged-
discharged material is significantly greater than that from 
the charged sample, meaning a large amount of Li has been 
inserted into the structure. The charged sample contains 
just 3% of the Li inserted during discharge. The resonance 
of the discharged sample appears to have two components 
both with short spin-lattice (T1) and spin-spin (T2) relaxa-
tion times (T1 = 1.63 s and 20ms, and T2 = 519 ms and 804 
μs), characteristic of Li interacting with a paramagnetic 
centre. The majority of this intercalation is reversible, 

demonstrated by the decrease in Li signal on 2nd charge to 
almost that of the 1st charge.  

The spectra obtained for the discharged first sample (i.e. 
before Mg removal) shows a low intensity peak with simi-
lar resonance to that seen in the cycled samples, which is 
ascribed to a small amount of Li insertion, further support-
ing the presence of Mn3+ in the pristine material, as indi-
cated by electrochemistry and diffraction. 

Comparing the 1st discharge with the 100th discharge (fig-
ure S4) shows that in later cycles Li insertion quantities are 
~80% of those achieved on 1st discharge. This agrees with 
the electrochemistry measurement where capacities were 
greater for initial discharges than those after 100 cycles.  
The value obtained from the capacity change between 1st 
discharge and 100th is ~88%, the difference in these values 
can be attributed to cell to cell variation.    

SQUID Magnetometry 

If the Mg is removed from the structure, the remaining 
Mn should undergo oxidation to balance the loss of the 2+ 
ion. On Li insertion there should be a corresponding Mn 
reduction. Therefore, measurement of the Mn magnetic 
moment will give some indication of the redox reaction oc-
curring during cycling.34 The expected magnetic moments 
for high spin Mn2+, Mn3+, and Mn4+ are 5.9 μB, 4.9 μB and 
3.9 μB respectively, assuming no spin orbit coupling 

( ��� = ���(� + 1) ).  

Figure S5 shows the inverse magnetic susceptibility, �-1, 
for uncycled x=1 cathode material, 1st charge, subsequently 
discharged and 2nd charge ex-situ samples. The calculated 
moment for the uncycled material is 6.0 μB, equating to 
Mn2+, as expected. On charge (Mg removal) Mn oxidation 
occurs to between Mn3+ and Mn4+ (a calculated magnetic 
moment of 4.5 μB). On 1st discharge (Li insertion) the oxi-
dised Mn is reduced to between Mn2+ and Mn3+ (5.5 μB). 
The fact that Mn is not fully reduced back to Mn2+ fits with 
the electrochemical data, where 1st charge has a greater ca-
pacity than 1st discharge. On 2nd charge the Mn is oxidised 
back to between Mn3+ and Mn4+, further demonstrating re-
versible intercalation.  

The calculated moment for the discharged only sample 
is 6.2 μB, greater than the 6.0 μB of the pristine material. 
This suggests that some reduction of Mn may be occurring 
and that calculated values for all samples are slightly over-
estimated. This may be due residual magnetic interactions 
meaning fits were not in a regime where the Curie-Weiss 
analysis is valid. This has previously been observed in other 
Mn systems with large Weiss temperatures.35 Therefore, 
although the calculated value for the uncycled material is 
6.0 μB, it is possible that it contains a small amount of 
Mn3+. 

Mg4/3Mn2/3B2O5 Electrochemistry 

Cycling Mg4/3Mn2/3B2O5 at C/25 (Figure 8) gives a Mg re-
moval capacity of 161.4 mAhg-1 (0.51Mg), which is 78% of 
the theoretical capacity (187 mAhg-1).  Subsequently 130 
mAhg-1 of Li are inserted into the structure, which equates 
to 0.74 Li assuming Mg2/3Mn2/3B2O5 or 0.76 Li assuming 
Mg0.8Mn2/3B2O5 as calculated from 1st charge capacity. This 
is fully reversible with the same sloping charge and dis-
charge slopes seen in MgMnB2O5. As for MgMnB2O5, the 
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capacity increases reaching a discharge capacity of 145 
mAh g-1 after 10 cycles.   

By running at the slower rate of C/100 a slightly higher 
Mg removal capacity of 169.3 mAhg-1 (0.54 Mg) is obtained, 
81% of theoretical capacity. As with MgMnB2O5, the major-
ity of the Mg removal capacity is above 4V, with just 30 
mAhg-1 (~20%) below 4V. Li insertion capacities are also in-
creased significantly on cycling, with 166.1 mAhg-1 (0.95 Li 
assuming Mg2/3 or 0.97 Li assuming Mg0.8) on first dis-
charge, further increasing to 194.8 mAhg-1 (1.11 Li assuming 
Mg2/3 or 1.15 Li assuming Mg0.8) at the end of the 10th dis-
charge. Li insertion on the 10th discharge occurs with a 
shoulder at 4.1V and a change in slope at 3 V, higher volt-
ages than those observed for MgMnB2O5 (4.0 and 2.5 V). 
On charge there is continuous capacity from 1.5 V with no 
obvious changes in slope until around 4 V, with a shoulder 
in dQ/dV at 4.25 V, Figure 9. The higher voltage discharge 
and lower voltage charge is explained by the lower overpo-
tential (150 mV) observed in the GITT curve, figure S6.  

 

Figure 8. Cycling of Mg4/2Mn2/3B2O5 at a rate of C/25 and C/100 
vs Li. 1st cycle of Mg removal at and initial Li insertion at C/25 
in red, subsequent C/25 cycles in black, 10th cycle at C/100 in 
blue. 

 

Figure 9. dQ/dv plot of the 10th cycle of Mg4/3Mn2/3B2O5 vs Li 
at C/25. 

 

Mg2/3Mn4/3B2O5 Electrochemistry 

 

Figure 10. Cycling behaviour of Mg2/3Mn4/3B2O5  at a C/50 rate. 
Cycle 1 Mg removal and subsequent Li instertion – red curve, 
Cycles 2-10 vs Li – black curve. 

The Mn rich pyroborate Mg2/3Mn4/3B2O5 has a Mg re-
moval theoretical capacity of 187.3 mAhg-1 and insertion of 
1.33 Li into Mn4/3B2O5 would give 204.05 mAhg-1.  

Figure 10 shows that Mg2/3Mn4/3B2O5 has significantly 
lower reversible capacity than MgMnB2O5, achieving just 
17.6 mAhg-1 after 10 cycles, even at a slower rate of C/50. 
Though there is little capacity, the discharge curves still 
show two processes similar to those seen in the Mg rich 
compounds. This suggests there are real and reversible 
electrochemical reactions occurring, but that they are sig-
nificantly hindered. GITT experiments show a very large 
overpotential (>1V) associated with both Mg removal and 
Li insertion, Figure 11. This is significantly higher than the 
Mg rich compounds and indicates poor ionic and/or elec-
tronic conductivity. Mg and Li diffusion could be limited 
to the surface of the particles due to the excess of Mn 
blocking the Li/Mg diffusion pathways in the structure.23 
In addition, the change in structure that leads to a dou-
bling of the unit cell on cycling may vary the interstitial site 
potentials, resulting in diffusion being unfavourable.    

 

Figure 11. Galvanostatic Intermittent Titration experiment on 
Mg2/3Mn4/3B2O5 on 1st charge and discharge vs Li. Over 1.0 V of 
overpotential is observed on both 1st charge and discharge. 

 

CONCLUSIONS 

Three points of the solid solution MgxMn2-xB2O5 have 
been synthesised and shown to crystallise in the P1� space 
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group. Mg and Mn are disordered over the two metal sites, 
however there is a slight preference for Mn to occupy the 
more distorted, but larger, site M1.  

Electrochemical measurements vs a Li metal anode show 
that the low Mg content (x=2/3) material has very little ca-
pacity for either Mg removal or Li insertion. The higher Mg 
content (x=4/3 and 1) versions, both display significant Li 
cycling capacity between 1.5 V and 4.6 V. MgMnB2O5 has a 
maximum Li discharge capacity of ~240 mAhg-1 which set-
tles to a consistent 193 mAhg-1

, or 1.1 Li after 100 cycles. At 
high rate of C/5, capacities of >100 mAhg-1 are maintained 
over 1000 cycles and gradually increases to >300 mAhg-1. 
The cause of this increase is unknown though is suspected 
to be due to a change in particle size, crystallinity or Mn 
site migration. The x=4/3 material also shows good Li re-
versibility with ~0.75 Li inserted at C/25, increasing to 
nearly 1 Li per unit at slower rate of C/100, giving a capacity 
of 188.6 mAhg-1. 

Structural analysis from powder neutron and X-ray dif-
fraction were used to show that the pyroborate undergoes 
a volume change on both Mg removal and Li insertion.  7Li 
NMR of x=1 charged and discharged samples show that re-
versible insertion of Li into the structure. This, along with 
the oxidation and reduction of Mn calculated from the 
SQUID Magnetometry demonstrate that Mg is removed 
from the structure on charge, and replaced by Li on dis-
charge.  

The use of polyanion structures where Li can replace la-
bile Mg, without disrupting crystal structure, opens up a 
new avenue for novel Li-ion cathode material with high en-
ergy densities. Facile Mg removal in MgxMnx-1B2O5 means 
that these materials may also be of interest for Mg-ion bat-
tery systems36. 

This study shows the pyroborates are a promising family 
of materials for high capacity, high rate, Li-ion cathodes. 
The light weight borate framework leads to significantly 
higher gravimetric capacities than that observed for the 
pyrophspate polyanions. Further improvements could be 
made by understanding the origin of the capacity increases 
over 1000’s of cycles, by altering the transition metal to 
tune the voltage and capacity, as has been successfully 
demonstrated in LiMBO3

37 or by improving the ionic 
and/or electronic conductivity via optimised composite 
and film construction. 
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