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Journal Name

Deciphering the Origin of the High Capacities Seen in
Magnesium Borate Polyanion Cathodes

Camilla Tacconis,∗a Sunita Deyb,c, Carson D. McLaughlina, Debashis Tripathyb, Heather F.
Greerb, Shaoliang Guana, Iuliia Mikulskad , Israel Tempranob, Clare P. Greyb and Siân E.
Duttona

Recent reviews have highlighted borate polyanion systems as promising high-voltage cathode can-
didates for rechargeable Mg-ion batteries (RMBs) [Coordination Chemistry Reviews, 427, 213551
(2021)]. However, evaluating the electrochemical performance of cathodes for Mg-ion batteries is
challenging, with many reports relying on an observed electrochemical capacity rather than demon-
strating Mg-ion (de)intercalation. To address these two points, we study three classes of borate
polyanions: orthoborates M3(BO3)2, ludwigites M3BO5, and pyroborates M2B2O5 and use a suite of
experimental techniques to investigate de-magnesiation on charging vs Li metal with a Li electrolyte.
We select five representative materials Mg2Mn(BO3)2, Mg2Ni(BO3)2, Mg2FeBO5, MgFeB2O5 and
MgFe0.5Mn0.5B2O5. Whilst promising first charge capacities up to 200 mAh g−1 are observed for
ball-milled cathodes cycled at 55◦C in a Li containing electrolyte, extensive post-cycling analysis using
ex-situ X-ray Photoelectron Spectroscopy (XPS) and ex-situ Synchrotron Powder X-ray Diffraction
(SXRD), combined with operando X-ray Absorption Spectroscopy (XAS) and operando Online Elec-
trochemical Mass Spectrometry (OEMS), show that the capacities obtained are not associated with
Mg2+ mobility in the cathodes, de-magnesiation or transition-metal redox. The observed capacity
originates from a process enhanced by ball-milling, which is common to all borate polyanions inves-
tigated in this work. This process is in part attributed to the irreversible reaction of an amorphous
surface layer on the polycrystalline particle, rich in carbonate and glassy borate phases. Here we
present the first systematic study of the viability of transition-metal borate polyanions as intercala-
tion cathode materials for RMBs and conclude that, despite the promising electrochemistry, these
materials do not de-magnesiate under our tested conditions.

1 Introduction
The demand for batteries is rapidly increasing, whether to address
the Battery Electric Vehicle (BEV) market, as a method to sup-
port the intermittency of renewable energy sources, or to power
portable electronics1–3. Each battery application requires specific
system characteristics, prioritising lower weight, high power or
high energy density to different extents. Currently, lithium-ion
batteries (LIBs) dominate the rechargeable battery market, but
the sharp peak in lithium carbonate (Li2CO3) prices—over 350%
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† Supplementary Information available: [details of any supplementary information
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between 2017 and 20224,5—has highlighted concerns about the
scalability of LIB production, and the ability of Li resources to
match the growing battery demands6.

Given the diverse requirements for battery performance across
their many applications, there is substantial scope for alterna-
tive battery technologies that do not rely on Li as the charge-
transporting ion. There has been considerable research focus
on next-generation rechargeable batteries, which may provide
longer lifetimes, cost-effectiveness, sustainability, and the use of
more abundant raw materials7.

In this attempt to diversify the battery market, there is growing
interest in multivalent batteries, which utilise ions transferring
more than one electron per ion8. Among the most studied are
magnesium (Mg2+), zinc (Zn2+), calcium (Ca2+) and aluminium
(Al3+). Within these technologies, Mg ions hold the greatest
promise, providing the second most competitive redox voltage -
2.37 V vs SHE9,10, additionally being cheaper and more naturally
abundant than lithium.
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The first rechargeable Mg-ion battery (RMB) capable of re-
versible Mg2+ intercalation was demonstrated in 2000 by Aur-
bach et al. employing the Chevrel phase Mo6S8 as the cathode
material11. To date, Mo6S8 is the best-performing intercalation
cathode for reversible Mg2+ storage, delivering a reversible ca-
pacity of 100 mAh g−1 over 2000 cycles in the range 0.5-2 V12–14.
Despite this promising performance, the commercial viability of
RMBs faces multiple challenges, including the lack of sufficiently
high-voltage cathode materials and stable electrolytes compatible
with high-voltage cathode candidates15,16. These issues must be
addressed for RMBs to deliver commercially competitive energy
densities and achieve commercial feasibility17. This study aims
to investigate novel high-voltage cathode materials for RMBs.

1.1 Polyanion Cathode Materials

This work draws inspiration from the Li polyanion LiFePO4
18, a

cathode material experiencing increasing commercial success and
gaining attention for its potential to enhance safety in future LIBs.
The analogue Li borate polyanion LiFeBO3 was first reported in
200019, demonstrating the extraction of only 0.04 Li, attributed
to the material’s low ionic and electronic conductivity. However,
by 2010, Yamada et al. achieved full capacity by optimising syn-
thesis methods, particle size, and morphology20. Lithium tran-
sition metal borates, LiMBO3, have since attracted considerable
attention for their high operating voltages (>4 V) and substantial
capacities (>200 mAh g−1), depending on the transition metal
(TM) incorporated21.

Building on the success of polyanions in Li battery technolo-
gies22–24, here we explore magnesium borate polyanions as po-
tential high-voltage cathode materials for RMBs. The polyanion
inductive effect should offer high operating voltages while the low
atomic mass of boron maximises gravimetric capacity25,26. We se-
lect materials formed with the borate BO 3–

3 framework, which is
the lightest polyanion group. Three distinct polyanion structures
were investigated in this work: orthoborates M3(BO3)2, ludwig-
ites M3BO5, and pyroborates M2B2O5. Table 1 summarises the key
structural differences between the borates studied, which will be
discussed in detail below. Here we adopt a useful notation to
characterise polyanion compounds, where ∆ is used to represent
BO 3–

3 trigonal planar units, which are the anionic borate groups
used as building blocks for the polyanions in this study. These ∆

units can coordinate individually to metal cations (n = 0), or form
polymeric chains with adjacent ∆ units by sharing n oxygen atoms
(n = 1−3)27.

1.1.1 Orthoborates M3(BO3)2

Magnesium orthoborates, Mg2M(BO3)2 (M = Ni, Mn), crystallise
in the orthorhombic Pnnm space group, where the trigonal-planar
(BO3)3– units (∆0) form layered structures (Fig. S2). The unit
cell is comprised of two distorted octahedral sites, M1 (blue) and
M2 (pink), Fig. 1a, which are occupied by a disordered arrange-
ment of magnesium and transition metal ions. Prior work used
bond valence sum calculations to infer the presence of a feasible
intercalation pathway for divalent ions28. While naturally occur-
ring orthoborates were identified in the late 17th century, synthetic
mixed-metal orthoborates were first reported in the late 20th cen-
tury29. However, the use of orthoborate polyanions as potential
cathode materials for magnesium-ion batteries to our knowledge
has not yet been reported. In this study we evaluate two orthob-
orate systems Mg2Mn(BO3)2 and Mg2Ni(BO3)2, with theoretical
capacities of 242.3 mAh g−1 and 238.3 mAh g−1, respectively,
corresponding to the removal of 1 Mg per formula unit and the
oxidation of Mn/Ni from 2+ to 4+. A comparison of these the-
oretical capacities to the current benchmark set by Mo6S8, 129
mAh g−1 30, positions orthoborates as promising cathode materi-
als for RMBs.

1.1.2 Ludwigites M3BO5

Ludwigites, represented by the formula M3BO5, are a large
family of materials named after the natural mineral ludwigite,
Mg2FeBO5, containing Fe2+/3+ and Mg2+ ions. Ludwigite materi-
als typically contain a mixed-valence composition with 2M2+ and
1M3+ and present an orthorhombic unit cell with space group
Pbam, illustrated in Fig. 1b. Zig-zag chains of edge-sharing MO6
octahedra are connected by BO3 trigonal planar units (∆0) and
extend along the c-axis31,32, Fig. S5. Ludwigite materials have
four distinct metal sites, with disordered metal distribution across
the four sites for hetero-metallic samples. A preferential occupa-
tion of sites M3 and M4 by divalent ions, with higher valence ions
generally occupying sites M1 and/or M2, was observed by Perkins
and Attfield33.

While ludwigites have been studied for their magnetic prop-
erties34, only one study explores their application as cathodes
for Li-ion batteries, showing scarce ion intercalation at low re-
dox potentials35. In this study, we focus on the mixed-metal
system, Mg2FeBO5, as a candidate for magnesium-ion batteries.
Mg2FeBO5 contains redox active Fe3+, expected to undergo a re-
dox transition of Fe from 3+ to 4+, yielding the theoretical ca-
pacity of 137.3 mAh g−1 .

Table 1 Summary of the borate structures studied in this work. ∆n represents (BO3)
3– trigonal planar units, with the n subscript denoting the number

of oxygens shared with other borate units. All the structures studied are characterised by a disordered occupation of Mg and the transition metals on
the M sites. The theoretical capacities reported in this table are calculated differently for each material, dependent on the transition metal redox state
reached during charge, the reader is referred to the main text in section 1.1 for a detailed discussion.

Borate Class Composition Borate Number of Transition metal Compounds in Theoretical
Connectivity M sites Oxidation state this study Capacity (mAh g−1)

Orthoborate M3(BO3)2 ∆0 2 2+ Mg2Mn(BO3)2 242.3
Mg2Ni(BO3)2 238.3

Ludwigite M3BO5 ∆0 4 2+/3+ Mg2FeBO5 137.3

Pyroborate M2B2O5 ∆1 2 2+ MgFeB2O5 147.5
MgFe0.5Mn0.5B2O5 147.8
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Fig. 1 Unit cells obtained from Rietveld refinement (SI Fig. S2-S3) for the borate polyanions investigated in this study: (a) orthoborate M3(BO3)2,
(b) ludwigite M3BO5, and (c) pyroborate M2B2O5.

1.1.3 Pyroborates M2B2O5

Pyroborates, with the general formula M2B2O5, where M rep-
resents one or more divalent ions, exhibit two principal crystal
structures: triclinic polymorph (P1) and heteromorphous mono-
clinic (P21/c)36,37. The pyroborates synthesised in this study crys-
tallised in the triclinic P1 structure, characterised by 2D ribbons
formed by four edge-sharing MO6 octahedra extending along the
a-axis, Fig. S4. These are linked together by the B2O 4–

5 polyanion
framework units, composed of two corner-sharing BO3 triangles
(∆1). A characteristic of the crystal structure is a 1:1 ratio of the
distinct metal sites M1 (blue) and M2 (pink), with M1 being larger
and more distorted and M2 having a larger bond angle variance,
seen in Fig. 1c. Similarly to the other borates, these systems are
characterised by a disordered occupation of the metals in the M1
and M2 sites.

A study from Strauss et al. studied pyroborate materials as
cathodes for Li-ion batteries, showing limited electrochemical
reactivity38. In a recent report from our group, Bo et al. were
the first to explore the use of these materials in magnesium-ion
batteries. Through bond valence sum maps, potential Mg2+

ionic diffusion pathways within the MgxFe2–xB2O5 (x = 2/3,4/3)
pyroborate framework were identified, and detailed structural
analysis used to show demagnesiation from the compounds at
high temperatures obtained by thermogravimetric analysis39.
Polyanion pyroborates MgxMn2–xB2O5 (x = 2/3,4/3) were studied
as novel high-energy density cathodes for Li-ion batteries,
with Mg removal demonstrated through minimal post cycling
analysis40. A first study by our group on MgFeB2O5 demon-
strated no electrochemical capacity from the cathode material,
with the first charge capacity attributed to a Fe metal impurity
deriving from synthesis41. In this study, we evaluate phase pure
MgFeB2O5 and MgFe0.5Mn0.5B2O5 as a further possible class of
Mg borate cathode materials. These materials are expected to
yield theoretical capacities of 147.45 mAh g−1 and 147.8 mAh
g−1, respectively, as we primarily anticipate activating the 2+ to

3+ oxidation couple within the voltage range investigated in this
work. This process would result in the removal of 0.5 Mg per
formula unit. If the 2+ to 4+ redox transition were activated,
the theoretical capacities could increase to 294.9 mAh g−1 and
295.6 mAh g−1, leading to full de-magnesiation of the cathode
materials.

1.1.4 Scope of this Study

The primary objective of this work was to evaluate the feasibility
of Mg2+ removal from the host polyanion cathode structures. In
this study, a wide range of polyanion materials were studied as
Mg cathode materials for RMBs. Five different compositions from
three polyanion groups were synthesised in phase pure form;
Mg2M(BO3)2 (M= Ni, Mn), MgMB2O5 (M= Fe, Mn0.5Fe0.5), and
Mg2FeBO5, (Fig. S2-3). The possibility of Mg2+ deintercalation
from these cathode structures was investigated through electro-
chemical studies and a wide range of post-cycling analysis tech-
niques.

Among the key challenges for the commercial application
of RMBs is the lack of stable Mg electrolytes compatible with
oxygen-containing, high-voltage cathodes42. To address this is-
sue, the cathode materials were tested in half cells using lithium
metal as the reference electrode and LP30 electrolyte (1 M
LiPF6 in 50/50 v/v ethylene carbonate and dimethyl carbonate,
EC/DMC), a system that is well-understood and electrochemi-
cally stable in the voltage ranges used for this study. The first
charge behaviour of the cathodes was then investigated in depth
to evaluate whether de-magnesiation had occurred from the cath-
ode materials.

To our surprise, the trend observed in the borate polyanions
studied in this work was similar for all the materials investigated.
Therefore, we discuss Mg2Mn(BO3)2 as a representative exam-
ple, presenting a detailed post-cycling analysis of this system. We
then identify possible mechanisms that could explain the simi-
lar behaviour of all the polyanions presented in this work. We
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Fig. 2 (a) Comparison of the electrochemistry of Mg2Mn(BO3)2 for different investigated temperatures and particle morphologies. (b) Electrochemistry
of Mg2Mn(BO3)2 charged to 4.6 V at a rate of C/50 in a 55◦C, and held at 4.6 V until the current decayed to C/200, then discharged to 1.5 V. The
number of moles of Mg extracted was calculated based on a theoretical capacity of 242.3 mAh g−1. The coloured dots indicate the key points in the
charge profile at which post-cycling analysis was performed.

hypothesise that the first charge irreversible capacity can be at-
tributed to the irreversible reaction of an amorphous carbonate
and borate glass surface layer on the cathode particles. Insights
into the performance of the multiple borate polyanions as cath-
ode materials for RMBs are derived through these comprehensive
experimental studies.

2 Mg2Mn(BO3)2 Case Study

2.1 Evaluation of Electrochemical Behaviour

The theoretical capacity of Mg2Mn(BO3)2 was calculated to be
242.3 mAh g−1, corresponding to the removal of one Mg ion
per formula unit, accompanied by a Mn2+ → Mn4+ redox pro-
cess. Initial electrochemical testing, performed in coin cells at
room temperature, yielded capacities of approximately 27 mAh
g−1 during the first charge, seen in blue in Fig. 2a. To improve
Mg-ion diffusion, the cells were cycled at an elevated temperature
of 55◦C. This is common practice in Mg-ion battery research due
to the sluggish (de)intercalation of Mg2+ ions at room tempera-
ture, caused by their strong electrostatic interactions with anionic
moieties43. The extraction of 195.8 mAh g−1 from Mg2Mn(BO3)2
cycled at 55◦C can be seen in green in Fig. 2a, in addition to the
significantly enhanced capacity, a sloping feature below 3.6 V is
observed.

Polyanion electrodes are known to be more ionically insulat-
ing than layered metal oxides, with previous studies demonstrat-
ing that ball milling can significantly enhance capacity23. By re-
ducing the particle size through ball milling, the surface area is
increased, exposing more electrochemically active sites, while si-
multaneously shortening the ion diffusion pathways, facilitating
the reversible (de)insertion of ions. Thus, Mg2Mn(BO3)2 poly-
crystalline powders were ball milled for 30 minutes in an inert
Ar atmosphere using a planetary ball mill. Scanning electron mi-
croscopy (SEM) and synchrotron X-ray diffraction (SXRD) con-
firmed a reduction in particle size from an average of 10 µm to 5

µm post-milling (see SI section S4). The ball-milled (BM) cath-
odes, when cycled at 55◦C, demonstrated further improvements
in capacity as seen in black in Fig. 2a. Notably, ball milling ex-
tended the range of the chemical process associated with the 3.6 V
plateau. In hand-ground samples, this plateau spanned less than
30 mAh g−1, whereas, in the ball-milled materials, this range was
extended to approximately 60 mAh g−1 (equivalent to 0.25 mol
of Mg removed per formula unit).

The promising capacity achieved by the BM Mg2Mn(BO3)2
cathode during the first charge, alongside the extension of volt-
age plateaus, suggests the material’s potential as a viable cathode
candidate for Mg-ion batteries. Four distinct stages of the first
charge-discharge cycle in the BM Mg2Mn(BO3)2 were identified;
uncharged cathode samples (blue), samples charged up to 3.6 V
(purple), fully charged to 4.6 V (pink) and discharged down to
1.5 V after the first charge (grey), Fig. 2b. These underwent
post-cycling analysis to investigate whether the observed capac-
ity could be attributed to Mg-ion de-intercalation and transition
metal redox in the Mg2Mn(BO3)2 cathode structure.

2.2 Post-cycling Analysis
Ex-situ SXRD was conducted at the four key stages during cycling
(Fig. 3a). Rietveld refinements of the diffraction data indicated
no significant change in the unit cell volume across these states
(see SI section S2 for refinement details). This lack of volumetric
change aligns with the known stability of polyanion frameworks,
which typically exhibit minimal structural distortions during ion
(de)insertion as observed in earlier studies44–46. As such, the
absence of volume changes in the unit cell after the first cycle
does not rule out the occurrence of de-magnesiation.

To further probe the possibility of Mg extraction, operando X-
ray absorption near-edge structure (XANES) spectroscopy was
employed. This technique was used to indirectly investigate the
possibility of de-magnesiation, by probing changes in the oxida-
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Fig. 3 (a) Normalised SXRD patterns and (b) normalised Mn K-edge operando XANES spectra of BM Mg2Mn(BO3)2 cathode collected at various
states of charge; uncharged (blue), post 3.6 V plateau (purple), end of charge at 4 V (pink), charged and discharged to 1.5 V (grey). (Inset) derivative
of corresponding XANES spectra.

tion state of Mn during charge. Mg2Mn(BO3)2 operando cells
were cycled at room temperature at charge rates of C/20, with
XANES data collected at the Mn K-edge (Fig. 3b). For all states
of charge, the spectral data revealed minimal changes in the Mn
K-edge XANES profiles. In particular, a shift in the edge posi-
tion would be expected with a change in the oxidation state of
Mn47. As shown in the derivative plot inset, the energy posi-
tion of the absorption edge remains stationary, indicating that
de-magnesiation from the cathode structure, accompanied by Mn
oxidation, is not the source of the observed first-charge capacity.

Energy-dispersive X-ray spectroscopy (EDS) mapping was per-
formed on ex-situ cycled cathode samples to assess changes in Mg

content at the particle surface, Fig. 4. A comparison of pristine
BM Mg2Mn(BO3)2 particles with ones charged to 4.6 V showed
that the Mg:Mn ratio increased from 2.04(15):1 to 2.23(12):1
upon charging. This finding supports the hypothesis that Mg re-
moval from the surface is unlikely, with the possibility that a mi-
nor amount of manganese dissolution into the electrolyte may
occur. Transition metal dissolution is a well-documented phe-
nomenon in TM oxide cathodes, with Mn known to be particu-
larly prone to doing so48–50.

The case study presented above on the ball-milled orthoborate
system Mg2Mn(BO3)2 demonstrates that despite the large capac-
ity reached on the first charge, magnesium deintercalation from

Fig. 4 Secondary electron SEM image with overlay of EDS maps for (a) BM Mg2Mn(BO3)2 uncharged cathode material and (b) charged to 4.6 V.
Here the green colour-map represents Mn and the red represents Mg.
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Fig. 5 Electrochemical profiles of ball-milled borates charged to 4.6 V
at a rate of C/50 at 55◦C, followed by a voltage hold at 4.6 V until
the current decayed to C/200. This figure focuses on the similar voltage
plateau between 3.3–3.5 V for district borate groups and transition metals
(Fe, Mn and Ni), with full electrochemical data shown in Fig. S9.

the bulk cathode phase is not occurring.

3 Behaviour of Other Borate Polyanions

3.1 Electrochemical Inactivity of Crystalline Phase
Each borate was synthesised in phase pure form, ball milled and
cycled vs Li metal anode in LP30 electrolyte at 55◦C, following
the optimised procedure developed for Mg2Mn(BO3)2. The first
charge electrochemical behaviour of the borates can be seen in
Fig. 5, and the full first cycle charge-discharge curves are indi-
vidually shown in Fig. S9. In a similar manner to Mg2Mn(BO3)2,
each cathode exhibited promising first-charge capacities (>130
mAh g−1), with compounds behaving similarly independently of
the TM (Fe, Mn or Ni). XANES, SEM-EDS and SXRD analyses
conducted at various states of charge (SI sections S7, S12 and
S3, respectively) confirm that, for all the borates studied, the ob-
served first-charge capacities are not accompanied by bulk struc-
tural changes, transition metal oxidation, or de-magnesiation.

3.2 Similar Electrochemical Behaviour
Despite the verified lack of de-magnesiation, the borates in this
study demonstrate promising first-charge capacities. Additionally,
the initial charge profiles for all materials exhibit a common fea-

ture: a plateau appearing between 3.2-3.6 V, hereafter termed
the ’first charge plateau’ (Fig. 5). This behaviour is observed
irrespective of the specific TM or polyanion group involved, a
finding which is unexpected given that the varying TMs (Fe, Mn
and Ni) would typically result in different half-cell potentials for
de-magnesiation. We also note that this plateau differs from the
lower-potential feature (<3 V) observed in MgFeB2O5 samples
containing significant Fe metal impurities, which we ascribed to
the oxidation of Fe(0)41.

To investigate this phenomenon further, Mg3(BO3)2, which
lacks redox-active ions, was synthesised, ball milled, and cycled
vs Li metal following the same protocol. Despite the lack of TMs
in Mg3(BO3)2, we observe a similar capacity and voltage profile
(Fig. 5), suggesting that this common feature in the first-charge
capacity involves neither TM dissolution nor TM redox activity.

These observations suggest that a shared electrochemical pro-
cess underpins the first-charge behaviour across the borate
polyanions. A further effort was put into identifying the possible
origin of this first charge capacity common to the borate polyan-
ion systems studied in this work.

3.3 Amorphous Surface Layer

SXRD studies of the cathode materials confirm that the capac-
ity does not arise from any crystalline impurities, in contrast to
our previous study of non-phase-pure MgFeB2O5

41. The common
presence of the first-charge plateau in non-BM cathode materials
cycled at 55◦C (Fig. 2a), which becomes more pronounced upon
ball milling, suggests that the electrochemical process involves a
surface component already present in the as-synthesised materi-
als. The increase in surface area induced by ball milling is likely to
enhance the contribution of this surface component to the overall
capacity.

High-resolution transmission electron microscopy (HR-TEM)
was utilised to image the amorphous surface layer; however,
results were inconclusive. Although evidence of an amorphous
layer was observed (Fig. S14), the sensitivity of the cathode sur-
face to beam exposure (Fig. S15), combined with the polycrys-
tallinity of the bulk cathode materials, complicated the interpre-
tation of the data.

We therefore shifted the investigation to determining the chem-
ical composition of the possibly electrochemically active surface
by performing X-ray photoelectron spectroscopy (XPS) on as-
synthesised (non-BM) materials. Elemental quantification from

Table 2 Elemental quantification obtained from XPS Survey spectra, collected for the pristine (non-BM) borate polyanions in this study. Clearly
illustrating the non-stoichiometric surface composition, with the excess boron and carbon. Based on the XPS penetration depth, this is assumed to
represent the atomic composition of the top ≈10 nm of the particle surface. Here, the TM row can correspond to a combination of Fe 2p3/2, Mn
2p3/2 and Ni 2p based on the chemical composition of each polyanion.

Element MgFeB2O5 MgFe0.5Mn0.5B2O5 Mg3(BO3)2 Mg2Ni(BO3)2 Mg2Mn(BO3)2

At% At% At% At% At%
O (1s) 44.4 39.0 55.7 54.9 55.3
C (1s) 25.3 35.3 13.4 18.1 15.2
B (1s) 25.2 20.4 22.9 20.5 18.6
Mg (1s) 1.4 1.6 7.9 4.0 4.9
TM (2p) 3.8 3.7 – 2.5 6.0
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Fig. 6 Comparison of (orange) as-synthesised and (blue) ball-milled orthoborate Mg2Mn(BO3)2 particles. (a) XPS C 1s, showing the presence of
surface carbonates, the numbers in grey correspond to the relative percentage of each fit component to the C 1s spectra, full details can be found in
Table S8. (b) FTIR Spectra, where the region between 1500-1400 cm−1, seen to increase with ball milling, is characteristic of C-O bonds, as evidenced
by the MgCO3 spectra (grey-dashed) placed as a reference (not to scale).

the XPS survey scans is summarised in Table 2. This revealed
that the first ≈ 10 nm of surface depth consisted of boron, car-
bon, and oxygen, with minimal Mg or TMs detected. The values
in Table 2 can be used to estimate the excess boron present on
the surface of the particle, with ≈ 15− 20 At% in excess of the
expected stoichiometric ratios (full calculation in SI section S10).
The presence of excess boron cannot be attributed to environ-
mental reactions and is therefore considered direct evidence of
an amorphous surface layer on the particles. Furthermore, the
observed boron-to-oxygen ratio suggests that this surface layer
may be composed of B2O3. This composition is well-documented
to form glassy phases in natural systems, which are known to be
thermodynamically stable51–53. Beyond this, significant amounts
of carbon are detected on the surface. The Carbon 1s spectra
show that the C environments in the as-synthesised samples con-
tain C-O bonds associated with the presence of carbonate species,
as exemplified in Fig. 6a for as-synthesised Mg2Mn(BO3)2 (or-
ange). These XPS results suggest the presence of a carbon- and
boron-rich amorphous layer over the crystalline cathode surface,
undetectable by SXRD, which may contribute to the first-charge
capacity.

An XPS study on the changes in particle surface as a function
of ball-milling time was conducted on orthoborates Mg2Ni(BO3)2
and Mg2Mn(BO3)2. No significant changes in the elemental com-
position or transition metal oxidation of the orthoborates were ob-
served compared to as-synthesised samples, even with extended
6-hour ball milling of Mg2Ni(BO3)2 (Section S10). The key re-
sult from this investigation is highlighted in Fig. 6a, where the C
1s spectra of Mg2Mn(BO3)2 show the marked increase with ball
milling of C-O (286.4 eV) and O-C=O (288.6 eV) bonds, as com-
pared to the C-C (284.8 eV) bonds.

Fourier Transform Infrared (FT-IR) spectroscopy was employed
to further examine the effects of ball milling (Section S9). A com-
parison of FT-IR spectra for Mg2Mn(BO3)2 before and after ball
milling is presented in Fig. 6b. The spectra reveal an increased

shoulder at 1500–1400 cm−1, which corresponds to asymmetric
ν3 CO 2–

3 vibrations54–57. This observation qualitatively supports
the results observed in XPS and suggests an increase in the frac-
tion of C-O bonds (increase in carbonates) on the amorphous sur-
face layer. Fig. 7 shows the C 1s spectra of all the BM polyanion
materials cycled in this work; it is clear that the carbonate bonds
are a common surface characteristic across all borates.

Ex-situ XPS was performed on charged cathode samples of or-
thoborates Mg2Mn(BO3)2 and Mg3(BO3)2, as well as pyroborate
MgFeB2O5, to track changes in the surface amorphous layer fol-
lowing the first charge. However, identifying specific chemical
changes on the surface of our borate particles from the XPS spec-
tra proved challenging. The key spectra, which were important
for tracking the reactions of the amorphous surface, namely the
B 1s and C 1s, became difficult to analyse. The C 1s spectra
increased in complexity, with additional C environments com-
ing from the conductive carbon, binder and electrolyte residues
present at the particle surface at the end of the first charge, mak-
ing it difficult to isolate the cathode-specific components (Fig.
S24 a-c). The B 1s analysis is hindered by the overlap with P
2s peaks, where the P is introduced from the electrolyte salt (Fig.
S25 a-c).

Despite these challenges, some general trends are observed for
all three charged borates analysed with XPS (full discussion in
SI section S10). The O 1s spectra exhibited similar changes for
all samples upon charging, with the appearance on charge of a
second fit component (534 eV) for Mg3(BO3)2 and MgFeB2O5,
and an increase in % contribution from the same fit component
for Mg2Mn(BO3)2 (Fig. S25 d-f). Additionally, the surface of the
samples after charging showed significant variations in the Mg
1s spectra (Fig. S23 and S24 d-f), with an increase in the fit
contribution of the 1305 eV peak across all samples. The changes
occurring in the O and Mg 1s spectra suggest modifications in
the local surface environments, supporting the hypothesis that
the amorphous layer undergoes chemical changes during the first
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Fig. 7 (a) XPS C 1s Spectra of the cathode materials investigated in
this work, showing the presence of surface carbonates (SI Table S8)

charge. However, due to the complexity of the surface and the
unique chemical environments of each borate material, assigning
specific bonding environments to XPS peaks was not possible, and
no universal reaction mechanism could be identified.

To assess whether the carbonates identified via XPS and FT-IR
contribute to the electrochemical activity, online electrochemical
mass spectrometry (OEMS) was conducted on ball-milled orthob-
orate Mg2Ni(BO3)2, Fig. 8. Upon charging above 3.3 V, H2 evolu-
tion was detected at the onset of the first charge plateau, which
is attributed to the reduction at the anode of protons originating
from the cathode; these protons could arise from a combination
of surface physisorbed H2O, chemisorbed protons or H2O in the
amorphous layer, released as part of an oxidation reaction involv-
ing the amorphous surface layer or electrolyte reactions with the
metastable surface layer. The total H2 evolved over this plateau
corresponds to 0.867 µmol. Assuming a 2 e–/H2 reduction reac-
tion (see SI for the relevant calculations), this would only account
for 11.56 mAh g−1 (≈ 29.5%) of the capacity observed below 3.6
V (39.19 mAh g−1). Thus there must be another electrochemical
reaction that accompanies the proton/water release at the cath-
ode. Subsequent thermogravimetric analysis coupled with mass
spectrometry (TGA-MS) results showed no significant water loss
from the cathode material until the onset of the PVDF decompo-
sition reaction (SI section S14), discounting physisorbed water as
the likely protic source. Thus, the origin and underlying mecha-
nisms for H2 evolution below 3.6 V remain unclear, and a more

detailed investigation of this phenomenon is necessary.
Above 3.6 V both CO2 and H2 were released. The release of

CO2 can be attributed to the electrochemical oxidation of surface
carbonates. CO2 release reactions have been shown to induce fur-
ther knock-on degradation processes in other systems58–60. The
further H2 release observed above 3.6 V may be related to the
CO2 release.

The total amount of CO2 and H2 detected by OEMS amounted
to 0.185 µmol and 0.837 µmol respectively, which would account
for 26.3% of the capacity above 3.6 V (53.13 mAh g−1), assuming
a 2 e–/CO2 and 2 e–/H2 stoichiometries (equations in SI section
S13)61. The capacity measured above 3.6 V is, at least in part,
attributable to parasitic reactions associated with the evolution
of CO2, which are likely linked to the decomposition of surface
carbonate species (and possibly coupled electrolyte degradation
processes). Consequently, such capacity contributions should not
be directly interpreted as arising from Mg deintercalation from
the active cathode phase, as has occasionally been assumed in
prior studies on novel RMB cathode materials.

4 Discussion
The main scope of this study was to evaluate the possibility of de-
magnesiation from borate polyanions. We have concluded that
the crystalline bulk of the borates is electrochemically inactive
under the conditions used in this work. This finding is particularly
significant given the chemical diversity of the three borate classes
examined, as summarised in Table 1.

In most polyanionic systems, electrochemical activity is known
to depend on the structural polymorph present. For instance, a
sodium polyanion analogous to the borate systems studied here
NaFePO4, crystallizes in either the maricite or triphylite poly-
morphs62, with the former electrochemically inactive and the lat-
ter active63,64. For triphylite polymorphs, activity is attributed to
the connectivity of the polyanion groups and the presence of Na
diffusion channels, which are absent in the maricite phase63,65.

In contrast to the maricite NaFePO4 example, in this work we
investigate three distinct classes of borate materials with varying
structures, metal site configurations, and polyanion connectivi-
ties. This systematic study demonstrates that the lack of Mg mo-
bility in these borates is not solely dictated by specific polyanion
connectivity or the presence of ionic diffusion pathways, as seen
in NaFePO4, but rather represents a more general phenomenon
in this class of materials.

Beyond this result, further effort was employed to decipher the
origin of the high capacities seen in the first charge and common
to all the borate cathode materials. A combination of analytical
techniques was employed in an attempt to detect the presence
and track the changes of an amorphous layer on the surface of
our particles, believed to be the source of the potentially promis-
ing capacity. Due to the very thin nature of this surface layer,
its low volume contribution compared to the crystalline bulk of
the particles, its sensitivity to beam exposure (in an electron mi-
croscope) and its amorphous nature, efforts to study it proved
challenging. Nonetheless, XPS analysis revealed a ≈ 15−20 At%
excess of B at all borate surfaces, which cannot be attributed to
atmospheric contamination. This was regarded as evidence for
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Fig. 8 OEMS data of ball-milled orthoborate Mg2Ni(BO3)2 (a-b) showing evolution of H2, CO2 and CO corresponding to m/z= 2, 44 and 28,
respectively (a) as a function of time, with the cell voltage trace shown in (a). (c) Evolution of CO2 and CO during the charging process plotted vs.
voltage.

the presence of a boron-rich amorphous layer approximately 10
nm in thickness at the particle surface.

In support of this observation, we underline that the solid-state
synthesis approach employed in this work proceeded via crystalli-
sation from an intermediate borate melt phase. Pure anhydrous
B2O3 is known to form a melt phase at low-temperatures66 and
not crystallise under ambient pressure conditions51–53. It is there-
fore widely recognised as an excellent glass former, and due to its
high solubility and low viscosity, forms a broad range of stable
glasses when combined with other oxides67. These character-
istics make it highly plausible that a residual amorphous borate
layer persists on the particle surfaces after the final crystallisation
synthesis steps. Supporting this hypothesis, a recent XPS study
on Mg2B2O5 nanorods also reported a non-stoichiometric, amor-
phous surface layer on the borate material68, corroborating our
conclusion that an amorphous phase forms during the synthesis
of this class of materials.

Given the presence of this surface layer, we suggest that the
capacity-enhancing effect of ball milling can be attributed to two
main mechanisms: i) the observed increase in carbonates on the
particle surface after ball milling and ii) an increase in the amor-
phous surface area exposed to the electrolyte. Since XPS analysis
revealed no significant changes in the elemental composition fol-
lowing ball milling, we propose that the crystalline surfaces ex-
posed upon particle fracture undergo further amorphisation dur-
ing the milling process, likely driven by the high localised tem-
peratures reached in the process.

We further rule out that the capacity-enhancing effect of ball
milling is purely capacitive, as electrochemical profiles of ball-
milled samples at room temperature exhibited poor capacities of

less than 30 mAh g−1, on the same order as non-ball-milled sam-
ples, Fig S38. Furthermore, online electrochemical mass spec-
trometry (OEMS) indicates that the at least some of the capacity
above 3.6 V can be associated with gas-producing reactions.

Recent studies have demonstrated that surface layer reactions
and ball milling can induce significant capacity in cathode mate-
rials otherwise considered electrochemically inactive. Berlanga et
al. showed that ball milling maricite NaFePO4 led to the formation
of an electrochemically active amorphous surface layer, which ac-
counted for the majority of the reversible capacity beyond the
first charge69, a finding that strongly parallels the behaviour ob-
served in our borate systems. Similarly, Xu et al. attributed the
enhanced capacity of ball-milled Li2MnO3 to the formation of sur-
face Li2CO3, with decomposition of this carbonate layer contribut-
ing significantly to the first-charge capacity70. While amorphous
Li2CO3 surface layers have previously been reported to form via
exposure to ambient air or moisture71–73, such pathways are un-
likely in our case as all synthesis steps were conducted under
flowing Ar, and subsequent storage, handling and ball milling
were performed under an inert Ar atmosphere. Instead, we pro-
pose that the majority of carbon surface species originate from
carbon-containing TM oxalate used during the melt-phase syn-
thesis.

Taken together, our XPS, OEMS, and FT-IR analyses, along with
the supporting literature, indicate that the high irreversible ca-
pacity observed in these polyanion materials arises from a combi-
nation of carbonate degradation and side reactions mediated by
a disordered, electrochemically active borate-rich surface layer.
Due to the thin and amorphous nature of this layer, efforts to con-
clusively identify an electrochemical reaction mechanism proved
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inconclusive; nonetheless, through OEMS, we have demonstrated
that the capacity above 3.6 V is associated with parasitic reactions
evolving H2 and CO2 indicating the possible degradation of sur-
face carbonates, some containing bound water.

The capacity observed below 3.6 V is also associated with H2
evolution, although this alone accounts for only a small fraction of
the capacity (≈ 12.5% for ball-milled orthoborate Mg2Ni(BO3)2.
The hydrogen evolution observed with the onset of the plateau is
attributed to proton release from the cathode and hints at an elec-
trochemical process involving the particle surface. Borate glasses
have been studied for a wide variety of applications74,75 and
shown to take part in electrochemical conversion reactions35,75,76

exhibiting good ionic conductivities77. Thus, the possibility of
a surface-mediated reaction involving a conversion of the amor-
phous borate layer, and its reaction with the electrolyte, could
plausibly contribute to the first charge capacity below 3.6 V. Im-
portantly, the combined capacity calculated from the evolved H2
and CO2 only accounts for ≈ 27.22% of the observed first charge
capacity, indicating the presence of significant additional surface-
mediated reactions, the nature of which remains to be investi-
gated.

Crucially, in none of the above-mentioned experimental inves-
tigations did we observe demagnesiation from the cathode ma-
terial surface, underlining that the promising capacity cannot be
attributed to demagnesiation of the bulk nor the surface layer.

Finally, the role of corrosion, electrolyte decomposition and
surface degradation should not be overlooked in these systems,
given the high operational temperatures and voltages of the
cells48. We suggest a combination of the above-mentioned pro-
cesses to be the most likely source of the high capacities and the
common first-charge plateau observed across all the polyanions
in this work.

5 Conclusions
Five cathode compositions from three chemically and structurally
distinct borate polyanion groups - Mg2M(BO3)2 (M= Ni, Mn),
MgMB2O5 (M= Fe, Mn0.5Fe0.5), and Mg2FeBO5 - were studied as
candidate cathode materials for high voltage rechargeable Mg-ion
batteries. At room temperature, less than 15 % of the theoretical
capacity was achieved. For ball-milled samples cycled at 55 ◦C,
despite the large capacities on first charge and promising electro-
chemistry, XANES and SXRD studies revealed magnesium dein-
tercalation was not occurring. Together, these results showed that
under the tested conditions, none of the investigated magnesium
polyanions showed promise as Mg (de)intercalation cathodes.

These findings have broad implications, indicating that the lack
of de-magnesiation in these materials is not solely attributed to
the absence of viable diffusion pathways or structural connectivity
within a single borate composition. Instead, this suggests a more
fundamental limitation which could apply to borate polyanions
as a whole; the insulating nature of the polyanion systems, the
presence of highly ionic oxygen and the one-dimensional chan-
nels for (de)intercalation, seem to be a barrier to Mg mobility
and diffusion out of the crystal structure. Although unlikely, the
authors do not wish to exclude the possibility that different syn-
thesis procedures, nanosizing, alternate electrolyte selections, or

surface coatings could positively affect the Mg mobility in these
materials.

Beyond this result, significant effort was devoted to under-
standing the origin of the promising first-charge capacities,
marked by a common feature across all borate polyanion cath-
odes: a substantial, irreversible capacity arising from a plateau
below 3.6 V. This is likely linked to gas evolving reactions in-
volving an amorphous layer of approximately 10 nm thickness at
the surface of the particles. This work suggests a potential novel
source of capacity that could arise in a wide class of borate mate-
rials. Importantly, this study contributes to the narrative of the ef-
fects of surface reactions and ball milling in increasing the capac-
ity of electrochemically inactive cathode materials69,78. As with
the previous studies in the literature, we underline the need to
better understand surface amorphisation and instabilities caused
by ball milling, which could give rise to the observed capacities.

Finally, this comprehensive study highlights a broader chal-
lenge across multivalent systems: electrochemical capacity and
structural evolution alone are insufficient indicators of reversible
ion intercalation. As highlighted by Johnson et al., ambiguities
in the Mg battery literature often stem from inadequate char-
acterisation protocols, which typically rely solely on these met-
rics79. Mg’s divalent nature introduces significant kinetic barri-
ers, and promising electrochemical profiles can arise from com-
peting processes involving side reactions rather than true Mg
(de)intercalation, as exemplified in this work. These insights ex-
tend beyond Mg batteries to all multivalent ion battery systems.
Given that multivalent ion battery chemistry is far less developed
than its Li-ion counterpart, we emphasise the importance of rigor-
ous and standardised post-cycling protocols for advancing these
technologies. Our work underscores the complexity of cathode
material behaviour in RMBs and highlights the critical role of
comprehensive post-cycling characterisation in unravelling these
mechanisms and understanding Mg deintercalation in novel com-
pounds.

6 Experimental
All cathode materials were produced via solid-state synthesis.
Powdered reactants were weighed in stoichiometric amounts and
hand-ground with a mortar and pestle, and subsequently mechan-
ically ball-milled before being pressed into a 13 mm diameter pel-
let. The ground and pelletised mixtures were placed in alumina
crucibles and slowly heated (≤ 3°C/min) to high temperatures in
a resistance tube furnace under flowing Ar. Cu foils were added in
the tube furnace to minimise reaction of the materials with trace
amounts of oxygen and stabilise the transition metals. Due to the
difficulty in synthesising these materials, multiple heating steps
were necessary to obtain the desired purity and crystallinity. A
summary of the steps and precursors used to synthesise each ma-
terial can be found in the SI.

A 30-minute ball-milling procedure was performed on all the
as-synthesised cathode materials. A Fritsch Pulverisette 6’ plan-
etary mono mill was used. ≈ 200 mg of cathode samples were
mixed in a 1:10 mass ratio with 3 mm zirconium dioxide balls
and placed in a ball-milling container, which was sealed in an
Ar glovebox and then transferred to the machine. The powders
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were milled at 550 rpm for 30 minutes (5 minutes on, 5 min-
utes off, 6 repetitions to avoid overheating). The container was
then returned to the glovebox, where the ball-milled material was
retrieved and stored.

Synchrotron Powder X-ray Diffraction (SXRD) was collected on
samples at the Diamond Light Source I11 beamline (λ = 0.824110
Å ) using the Mythen-2 position-sensitive detector at room tem-
perature. Samples were packed into a 0.5 mm diameter capillary
and sealed with Araldite Adhesive Bicomponent epoxy under a
controlled Ar atmosphere. TOPAS v580 was used to perform Ri-
etveld Refinement81 on the resulting SXRD data over a 2θ range
of 10-80◦. The peak shapes for Rietveld analysis were modelled
using a pseudo-Voigt function82, and the background was mod-
elled using a Chebyshev polynomial with 17 terms.

After phase purity was confirmed, CR2032 coin cells were
constructed to measure electrochemical performance. From the
point of synthesis onwards, all cathode materials were stored
and handled in an Ar atmosphere for cell assembly, cycling, and
post-cycling analysis to minimise contamination and degradation.
Cathodes were prepared by grinding the borates using a mortar
and pestle for 10 minutes with Ketjen Black Carbon and PVDF
binder (Kynar Flex® 2801-00) in a 60:30:10 mass ratio. Each
cell used 5-6 mg of powder placed on the coin cell base, com-
bined with a Whatman glass fibre separator (GF/B 55 mm diam-
eter) soaked in 120 µL of LP30 electrolyte (Sigma-Aldrich) (1 M
LiPF6 in 50/50 v/v ethylene carbonate and dimethyl carbonate,
EC/DMC) vs Li metal anode. A Belleville spring provided the nec-
essary pressure in the cell. The spacers, springs, and casings were
grade 316 stainless steel.

Electrochemical testing was performed by galvanostatic cycling
on a Landt CT3001A device between 1.5 V and 4.6 V. Before
charging, cells were rested for 6 hours while the open circuit volt-
age was measured. A charge rate of C/50 and constant oven tem-
perature of (55◦C) were used to enhance notoriously slow Mg ion
diffusion. Once cycled, ex-situ cathode samples were obtained by
disassembling coin cells in an Ar atmosphere glovebox and wash-
ing collected powders in DMC to remove residual electrolyte and
salts.

Mn and Fe K-edge X-ray Absorption Near Edge Spectroscopy
(XANES) spectra were collected at the B18 beamline83,84 of Dia-
mond Light Source, UK. Ex-situ samples were prepared by hand
milling extracted cathode samples with 10 mg of dried cellu-
lose and pressing into 6 mm diameter pellets. Operando spectra
for orthoborate Mg2Mn(BO3)2 were collected using customised
operando cells vs Li metal. An X-ray beam was vertically col-
limated using a Pt coated mirror before passing through the
Si(111) double crystal monochromator. High-order harmonics
in an incident beam were eliminated by using two dedicated Pt-
coated mirrors operating at an 8 mrad incidence angle. Energy
calibration was achieved by the simultaneous measurement of
5 µm-thick Fe, Ni or Mn metal foils for the corresponding ab-
sorption edges. In-house operando cells were cycled at a rate of
C/20 at ambient temperature, and XANES spectra were intermit-
tently recorded at 10-minute intervals in transmission mode using
a quick extended X-ray absorption fine structure technique. The
room-temperature operando cycling reproduced the electrochem-

ical behaviour observed in our laboratory-based coin cells, albeit
reaching a reduced capacity than that achieved at 55◦C, a phe-
nomenon we attribute to the slower kinetics at lower operational
temperatures, as seen in Fig. S10.

Ex-situ Scanning Electron Microscopy Energy Dispersive X-ray
Spectroscopy (SEM-EDS) maps and spectra were acquired using
an Oxford Instruments X-maxN 80 EDS system on a TESCAN
MIRA3 FEG-SEM operated at 10 kV. Samples were transferred
from the glovebox to the SEM chamber using an air-tight Kamm-
rath and Weiss transfer module.

Fourier-transform infrared (FTIR) spectroscopy was performed
on the pristine cathode materials directly in an Ar glovebox using
an Agilent Technologies FTIR spectrometer (Cary 630) in the mid-
IR range (3500–400 cm−1).

A Thermo Scientific Talos F200X G2 operating at 200 kV was
utilised for TEM analysis. TEM images were acquired using a
Ceta 4k x 4k CMOS camera. The sample was prepared on a lacey
carbon-coated 300 mesh Cu grid (EM Resolutions).

X-ray photoelectron spectroscopy analysis was performed using
a Thermo Scientific Escalab 250Xi fitted with a monochromated
Al kα X-ray source (1486.7 eV). All data were recorded with an
X-ray beam size of 650 µm, a pass energy of 20 eV at a step size
of 0.1 eV. Electronic charge neutralisation was achieved using an
ion source. Ion gun current = 100 µA. Ion gun voltage = 40 V.
All sample data were recorded at a pressure below 10−8 Torr and
a room temperature of 294 K. Data were analysed using CasaXPS
v2.3.26rev1.0N. Samples were transferred from the glovebox us-
ing an air-tight transfer holder to avoid exposure to air.

Online electrochemical mass spectrometry (OEMS) measure-
ments were conducted using a Pfeifer Thermostar quadruple
mass spectrometer in a continuous flow setup, which carries the
evolved gas from the cell headspace to the spectrometer60,85–87.
The OEMS cell consists of a coin cell (0.23 mm hole on the top
case) housed inside a 1-inch Swagelok-type cell. The cell was
assembled in a glovebox by dropping a mixture of active mate-
rial, carbon and binder powder on a spacer against a Li metal
chip with two layers of separator (polypropylene and glass fibre)
and 100 µl of the LP30 electrolyte. It was then attached to the
setup via quick connects, avoiding exposure to the air. The cell
was charged to 4.5 V and discharged to 1.5 V at C/50 with rest
periods before and after cycling at open circuit voltage (OCV) to
ensure sufficient background and avoid any signal drift.
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