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MnP, has already been identified as a promising negative electrode for Li-ion batteries. Despite its interesting
theoretical capacity, well above that of graphite, this material was not studied further due to its poor
cyclability. MnP, was here prepared by ball milling and used as an active negative electrode material in
optimised electrode formulation. This ball milled MnP, optimised electrode shows improving cycling
performance, with a stable specific capacity of 600 mAh g~ over 60 cycles. The combination of operando

X-ray diffraction, Mn K-edge X-ray absorption spectroscopy, and 31p and “Li NMR analyses reveals a two-step

Received 15th January 2026 . . L . s " S ) .
Accepted 3rd March 2026 reversible mechanism: Li insertion in MnP4 forming amorphous “LiyMnP," which is converted into LizsP and
Mn metal at low potential. Unlike in previous studies related to MnP,4, the MnP, CMC-based electrode shows
DOI: 10.1039/d6ta00420b . . . . o . ) -
neither crystalline Li;MnP,4 formation at mid discharge, nor MnP, reformation upon charge. This modified

rsc.li/materials-a reaction pathway appears to be beneficial for long-term capacity retention.

1 Introduction

While the development of post-Li-ion batteries attracts growing
attention, the development of alternative negative electrode mate-
rials combining high capacity and low operating potential remains
essential to further boost the energy density of Li-ion batteries
(LIBs). Transition metal phosphides (MP,, where M is a transition
metal) emerged nearly two decades ago as possible negative elec-
trodes for LIBs and, more recently, for Na-ion batteries. These
compounds are cost-effective and easily synthesized, and exhibit
remarkable versatility and electrochemical performance.
Depending on their stoichiometry, the electronic properties
of MP, materials range from metallic to semiconducting. They
also exhibit a wide range of intermediate stoichiometries, as
exemplified by the Ni-P system,' including Ni-rich phosphides
(NizP, NisP,, Ni;,Ps, Ni,P, and NisP,), mono-phosphide (NiP),
and P-rich phosphides (NiP, and NiP3).>* Metal-rich MP,, such
as Mo;P and Co,P, are characterized by electron delocalization,
leading to high electrical conductivity, advantageous for high
rate cycling in batteries.*® In contrast, P-rich MPs, such as
MnP,, FeP,,” and CoP,, exhibit a semi-metallic or semi-
conducting behavior depending on their local arrangements
of MP¢ octahedra and the corresponding electronic structures.®
This compositional and electronic diversity positions transition
metal phosphides as key materials in energy storage research.
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Lithiated MP, are characterized by cubic close-packed phos-
phorus frameworks containing isolated metal-phosphorus tetra-
hedra, with lithium ions occupying both tetrahedral and
octahedral sites. These structural features make this class of
compounds particularly suitable for exploring various structure-
property relationships and ion transport properties.®

Among them, MnP, can be considered as particularly
attractive as a negative electrode for LIBs, thanks to its high
theoretical capacity (1800 mA g '). Earlier studies suggested
a mechanism based on the formation of Li,MnP, followed by
conversion into Mn and LizP.>* However, in spite of its inter-
esting capacity, MnP, showed poor cycling performance, likely
due to the lack of appropriate electrode formulation in early
investigations. Considering the significant advances achieved
in electrode formulations over the past ten years, particularly
for conversion electrode materials, MnP, deserves to be revis-
ited under optimised conditions.

In the present work, MnP, was easily synthesised by reactive
ball milling and evaluated as a negative electrode for LIBs using
an optimized formulation. The material exhibits excellent
capacity retention and rate capability, with minimal fading,
even at high cycling rates. The electrochemical mechanism was
elucidated within two potential windows by combining oper-
ando X-ray diffraction (XRD) with operando X-ray absorption
spectroscopy (XAS), and both *'P and "Li NMR spectroscopy.

2 Experimental section
2.1. Synthesis

1 g of MnP, was synthesized by ball milling as described in
a previous paper.'® Stoichiometric amounts of manganese metal
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(Mn Alfa Aesar, 325 mesh, 99.3%) and red phosphorus (P Alfa
Aesar, 100 mesh, 99%) were placed in a 45 mL stainless steel jar
with 6 balls of 10 mm diameter (4 g each ball), corresponding to
a powder-to-ball ratio of 1 : 24. A Fritsch premium pulverisette 7
was used for 150 cycles (15 minutes milling + 10 minutes rest).

2.2. X-ray diffraction (XRD)

The XRD pattern of as-synthezised pristine MnP, was recorded
on a Panalitical Empyrean diffractometer equipped with Cu Ko
radiation in the Bragg-Brentano configuration.

Ex situ and in situ XRD measurements were carried out using
a Leriche-type electrochemical cell equipped with a 250 um-
thick beryllium window in reflection mode.™

2.3. X-ray absorption spectroscopy (XAS)

In situ Mn K-edge XAS (6539 keV) measurements were carried
out in transmission mode at the ROCK beamline'* of synchro-
tron SOLEIL (France). A Si (111) channel-cut quick-XAS mono-
chromator was used. The X-ray beam intensity was measured by
using three consecutive ionisation detectors. Two in situ
electrochemical cells,** assembled under the same conditions
used in in situ XRD measurements, were placed between the
first and the second ionisation chambers on a sample holder
allowing rapid switching between them, so that their reaction
could be followed simultaneously. The cells were cycled for over
1.5 cycles (lithiation/delithiation/lithiation) in different poten-
tial ranges (between 0.4 and 1.5 V, and between 0.01 and 1.5 V,
respectively). 149 and 161 successive spectra were obtained for
the two cells, respectively, by averaging out spectra collected at
a rate of 2 Hz over periods of 10 minutes. The corresponding
electrochemical curves are shown in the SI section. The whole
operando XAS dataset was globally analysed using a chemo-
metric approach including Principal Component Analysis (PCA)
and Multivariate Curve Resolution-Alternating Least Squares
(MCR-ALS)."*** The application of such a data analysis
approach to the study of the electrochemical mechanism of
battery materials has been described in full detail elsewhere.*>”
The reconstructed pure spectral components as well as the
spectrum of pristine Mn were fitted using the Demeter software
package."® EXAFS amplitudes and phase-shifts were calculated
by FEFF7 starting from the lattice parameters of Mn, MnP, and
MnP,. Interatomic distances (R) and the Debye-Waller factors
(0®) were calculated for all paths included in the fits.

2.4. Magic angle spinning nuclear magnetic resonance
(MAS NMR)

’Li and *'P MAS NMR experiments were carried out at room
temperature on a Bruker Avance-500 spectrometer (B, = 11.75
T, Larmor frequency vo(’Li) = 194 MHz and »,(*'P) = 202.45
MHz). MAS spectra were obtained by using a Bruker MAS probe
with a cylindrical 2.5 mm o.d. zirconia rotor. Spinning
frequencies up to 25 and 30 kHz were utilized. 'Li NMR spectra
were acquired using a single sequence with a /2 pulse of 1 ps.
3P NMR spectra were acquired by making use of a single 7t/2
pulse sequence of 4 us. Recycle delays of 5 s were determined to
ensure quantitative measurements for both “Li and *'P. The

J. Mater. Chem. A

View Article Online

Paper

isotropic shifts, reported in parts per million, are relative to
external 1 M solutions of LiCl and H;PO, in water set at 0 ppm.
NMR integrated intensities were determined by spectral simu-
lation using the Dmfit software.”

2.5. Electrode formulation

For electrode formulations, Timcal C65 carbon black and
Showa Denko Carbon Fiber VGCF-H were used as conductive
additives, and carboxymethyl cellulose (CMC) (DS = 0.7, M,, =
250 000 Aldrich) was used as a binder. 63 wt% MnP,, 21 wt%
conductive carbon additives and 16 wt% CMC binder were
introduced in a 12 mL agate vial and ground for 1.5 h with
a Fritsch Pulverisette 7 planetary mill. The slurry, obtained by
adding deionized water (0.6 mL for 140 mg active material) to
the mixture, was tape cast using a manual 150 pm doctor blade
on 20 pum thick copper foil, then dried for 12 h at room
temperature and then for 2 h at 100 °C under vacuum.

Electrodes with a higher tap density were necessary for the XAS
experiments in order to optimize sample absorption and edge-
jump (around 3-4 mg cm™?). For such electrodes, 74 wt% MnP,,
13 wt% conductive carbon additives and 13 wt% CMC binder were
introduced into a 12 mL agate vial and ground for 1.5 h with
a Fritsch Pulverisette 7 planetary mill. Deionized water (1.1 mL for
300 mg active material) was added to the electrode composite
recovered after ball milling. The so-obtained slurry was tape cast
with a manual 200 pm doctor blade onto a mylar foil and dried for
12 h at room temperature. Self-supported electrode films were
punched from the cast film and dried under vacuum between two
glass plates for 2 h at 100 °C.

2.6. Electrochemical characterisation

Galvanostatic lithium insertion/extraction tests in MnP, were
carried out in two-electrode half-cell configuration vs. Li metal
(Sigma-Aldrich 99.9% ribbon) with a 1 M LiPF, in EC: PC: 3DMC
electrolyte, containing 1% VC and 5% FEC. CR2032 coin cells
were assembled in an argon filled glove box using an MTI MSK-
160 crimping machine.

3 Results

The conventional synthesis of MnP, typically requires high-
pressure conditions, or a tin-flux route.”® Here, MnP, was
synthesized for the first time by ball milling, yielding poorly
crystalline MnP, with particle sizes ranging from 0.5 to 10 um,
composed of agglomerates of smaller primary crystallites (0.1-
0.5 um, see Fig. SI 1 for details). The XRD patterns of the ball
milled powder, shown in Fig. SI 2, was refined in triclinic space
group P-1 with cell parameters a = 16.320(1) A, b = 5.8499(5) A, ¢
= 5.1053(6) A, o = 115.659(8)°, § = 95.138(1)°, and vy =
89.214(5)°, in good agreement with ICSD 16416.

The structure of MnP, is described by tetramers of edge-
shared octahedra linked to each other by P-P bridges to form
a two-dimensional network of interconnected zigzag chains, in
the (b,c) plane (Fig. SI 2). This tetramer packing forms a layered
structure with short interlayer P-P distances (2.27 A), as

This journal is © The Royal Society of Chemistry 2026
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Fig.1 Galvanostatic curves at C/2 and associated derivative curve of MnP4 vs. Li cells in the 0-1.5 V potential window (a and b) and in the limited

0.4-1.5V potential window (c and d).

extensively discussed in previous studies on ternary transition
metal pnictides.”"*

The galvanostatic discharge of MnP, is shown in the 0-1.5V
and 0.4-1.5 V potential windows (Fig. 1(a) and c respectively). In
the 0-1.5 Vwindow, a sloping potential curve is observed from 1
to 0.3 V, corresponding to the insertion of 5-7 mol of Li per mol
of MnP,, followed by a second step corresponding to the reac-
tion of more than 5 mol of Li. For the second discharge, the first
process occurs at higher potential in both potential windows,
and in the full potential window the second process is limited in
the amount of inserted Li (<2 Li). An additional cut-off cycling is
shown in Fig. SI 3, in the 0.5-1.5 V window, confirming the
same electrochemical signatures.

For both potential windows, the derivative curves of the first
discharge (Fig. 1(b-d)) show a main peak at 0.55 V, while
a second broad peak appears at 0.2 V for the full potential
window. During the first charge two oxidative peaks appear at 1
and 1.15V, in both cases.

This journal is © The Royal Society of Chemistry 2026

The second discharge curve is strongly modified, with
a derivative peak now centred at 0.8 V, and a second one at 0.2 V
in the full electrochemical window. The performance of MnP,
under both cycling conditions is summarized in Table 1.

The first charge capacities obviously depend on the applied
potential limits and are 1432, 716 and 397 mAh g~ for the 0-
1.5V, 0.4-1.5 V, and 0.55-1.5 V potential windows, respectively.
In the three situations, low initial coulombic efficiencies (ICEs)
are measured: 80, 70.2 and 73.2% for the 0-1.5V, 0.4-1.5V, and
0.55-1.5 V potential windows (cf. Fig. SI 3), likely due to the
electrolyte degradation leading to the formation of a solid
electrolyte interphase (SEI), as well as the irreversible Li"
insertion/adsorption in carbon additives.

It is worth noting that this solid electrolyte interphase (SEI)
forms on all electrode components. To determine the impact of
carbon additives, we performed an electrochemical measure-
ment on a CMC-based electrode containing only C65 and VGCF
(1:1). As illustrated in Fig. SI 4, the initial coulombic efficiency

J. Mater. Chem. A


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00420b

Open Access Article. Published on 12 March 2026. Downloaded on 4/24/2026 4:12:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

Table 1 Electrochemical performance of MnP, electrodes at C/2, dependence on the potential window

Potential Initial Coulombic 1st discharge 1st charge Charge capacity Coulombic efficiency
window efficiency (ICE) % capacity (mAh g™ ") capacity (mAh g~ ) (mAh g™ ") [eycle n°] (CE) [cycle n°]
[0-1.5 V] 80% 1788 1432 754 [15] 99.9% [15]
[0.4-1.5 V] 70.2% 1020 716 734[15] 99.7% [15]

621 [55] 100.4% [55]
[0.55-1.5 V] 73.2% 542 397 480 [15] 100% [15]

503 [55] 99.7% [55]

(ICE) of this electrode is approximately 43% (147% during the
first discharge and 63% during the first charge). This very low
ICE, comparable to that of the MnP4 electrode, will justify
future optimization by modifying these carbon additives.

The capacity retention measured at a C/2 rate in the three
potential windows is given in Fig. 2 (1C is defined as the reac-
tion of 1 mol of Li per mol of MnP, per hour, i.e., 200 mA g ").

Cycling in the 0-1.5 V potential window leads to rapid
capacity fading. Contrarily, cycling in the windows with a higher
low potential cut-off, where the low potential process is absent,
retains 100% of the first charge capacity after 15 cycles and
displays only low to negligible capacity fading upon prolonged
cycling. After 50 cycles, a capacity of 621 mAh g~ ' is still
maintained in the 0.4-1.5 V potential window, which corre-
sponds to 87% of the first charge. In the 0.55-1.5 V potential
window (see complementary details in Fig. SI 10) the total initial
charge capacity is maintained after 55 cycles, demonstrating the
high efficiency of the MnP, electrode, and all the more so when
the low potential process is avoided. The rate capability of the
MnP,/Li cell was tested in both full and limited 0.55-1.5 V
potential windows with currents ranging from C/10 to 2C
(Fig. SI 5). This shows a clear capacity decrease when the rate is
increased. During the initial cycles, within moderate cycling
rate operation, the increase in the rate to C/5 and C/2 has
a limited impact on the delivered capacity, from 1100 to 900 and
from 580 to 500 mAh g ' in the full and limited potential
windows, respectively. However, when further increasing the
cycling rate to C and 2C, the system struggles to maintain its
performance.

1800 T T T )
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Fig. 2 Charge capacity retention measured at C/2 of the MnP,4/Li cell
inthe 0-15V, 0.4-15V and 0.55-1.5 V potential windows.
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To gain insight about the two electrochemical processes
identified from the derivative curves (Fig. 1 and 2), an operando
XRD analysis was carried out on a MnP,/Li cell in both 0-1.5 V
and 0.4-1.5 V potential windows (Fig. 3 and 4). Despite the
relatively poor quality of the XRD patterns due to the low crys-
tallinity of the materials obtained by ball milling, several trends
could be identified. During the first process, associated with the
derivative peak at 0.5 V, the pristine MnP, pattern remains
unchanged, and no additional peaks are detected. No trace of
crystalline Li,MnP, (fcc, Fm3m, 00-014-0045, cf. Fig. SI 6) could
be detected, as previously observed with MnP, obtained by high
temperature synthesis.>® Contrarily, during the second step,
from 0.4 to 0 V, the two main Bragg peaks of MnP, at 32° and
33° strongly decrease in intensity, while simultaneously one
new broad peak appears at around 27°. This peak could be
assigned to hexagonal LizP (P63/mmc, 00-004-0525, cf. Fig. S16).
It is notable that the second peak at around 26° could be
mistaken for the peak of carbon fibers (cf Fig. SI 7) preventing
an unambiguous assignment. Interestingly, and in contrast
with previous studies,**** MnP, does not reappear at the end of
the following charge, while only the carbon fiber peak can be
clearly identified in the XRD pattern. Operando XRD analysis
was also performed in the limited 0.4-1.5 V potential range
(Fig. 4). In this case no modification of the XRD pattern is
observed, suggesting that Li" insertion and deinsertion take
place within the pseudo-layered structure of MnP, without
significant structural modification.

To confirm the conclusions drawn from operando XRD, ex
situ XRD measurements were also performed for selected
samples cycled in both 0-1.5 V and 0.55-1.5 V potential
windows (Fig. SI 8). For electrodes cycled in the full potential
window, the disappearance of MnP, is confirmed at 0 V, as well
as the formation of poorly crystalline LizP. At the end of charge,
at 1.5 V, no signal is observed, except the signature of VGCF. In
the 0.55-1.5 V potential window, on the other hand, no
noticeable change is detected between the XRD pattern of the
pristine electrode and of those discharged to 0.55 V or
recharged to 1.5 V, confirming the possible topotactic Li
insertion as suggested by operando XRD data.

A detailed "Li and *'P MAS NMR analysis was carried out to
further identify the lithiated phases and clarify the chronology
of their formation, Fig. 5 displays the normalized *'P MAS NMR
spectra of as-synthesised MnP,, as well as of the pristine MnP,
electrode, containing 15 wt% of conductive carbon additives.
While the signal-to-noise ratio of the spectrum of pure MnP, is
sufficient to observe several resonances ascribed to the different

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Operando XRD pattern of the MnP,/Li cell during the initial cyc
vanostatic curve.

local phosphorus environments in MnP,, the spectrum of the
electrode shows a much poorer signal-to-noise ratio even
though thrice as many scans were acquired in this case.
Normalized spectra of a pristine MnP, and a MnP, electrode are
displayed in Fig. 9(a). The signal intensity decreases by
approximatively 77.3% in the case of the electrode. As the
presence of a conductive carbon additive is the sole difference
between the two sample, we ascribe this signal loss to its
presence. The conductive carbon, homogeneously distributed
at the surface of the MnP, active material could lead to (i) an
effect similar to a skin effect*** and/or (ii) a probe detuning
effect® and thus to RF pulse dissipation, reduced excitation and
signal attenuation.

NMR experiments on the pristine material at various MAS
speeds (Fig. SI 9) allowed the identification of 2 major isotropic
resonances at 47 and 242 ppm, along with 2 additional weaker
resonances at —35 and 170 ppm. All these signals are assigned
to the different phosphorus environments in MnP,. In addition,
a minor sharp resonance at 15 ppm is attributed to a phosphate
surface impurity, commonly observed in these materials.
Although the weak resonances at 170 and -35 ppm are difficult
to detect in the electrode spectrum, the main resonances at 47
and 242 ppm provide a clear signature of the presence of MnP,
in the cycled electrodes (Fig. 5).

The relatively small chemical shifts suggest an overall
diamagnetic behaviour, consistent with the previous work by
Bekaert et al. on a series of metal phosphides. In particular, the

This journal is © The Royal Society of Chemistry 2026
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EwelV

les at x (rate) in the [0-1.5 V] potential window and the associated gal-

chemical shift range measured for MnP, (—35 to 242 ppm) closely
resembles that reported for diamagnetic FeP, (55 to 180 ppm).*

Fig. 6 displays the *'P MAS NMR spectra of cycled electrodes,
with those of the pristine electrode and as-synthesised MnP,
reported as references. The same excitation dissipation
problem is encountered in the case of the cycled electrodes, due
to the presence of the conductive carbon additives. The *'P MAS
NMR spectra of the MnP, electrode discharged to 0 V (Fig. 6,
green line) clearly shows that most of the initial MnP, has
reacted, as none of the initial MnP, resonances can be observed.
A sharp and intense signal at —270 ppm attributed to LizP is
observed, in agreement with a previous observation by Marino
et al.** The sharp resonance initially present at 15 ppm on the
spectrum of the pristine material shifted to 10 ppm, suggesting
that the surface phosphate impurity has also reacted during
lithiation upon contact with the electrolyte or participating in
the discharge process.

The spectrum obtained at the end of the following charge
(Fig. 6, blue) does not display any evidence of Li;P, indicating
that LisP formed upon discharge to 0 V is reversibly oxidised.
Nevertheless, the initial MnP, resonances do not reappear,
suggesting that the manganese phosphide species forming
upon charge are extremely disordered and quite different from
the pristine material. Only an extremely broad signal can be
seen between —50 and 200 ppm, indicating again that the
phosphorus local environments are not well-defined after the
removal of lithium.

J. Mater. Chem. A
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Fig. 4 Operando XRD pattern of the MnP,4/Li cell during the initial cycles at x (rate) in the [0.4-1.5 V] potential window and the associated

galvanostatic curve.

The *'P MAS NMR spectrum of the electrode stopped at 0.4 V
(Fig. 6, black) appears quite different from that at 0 V. The
typical resonances of pristine MnP, are clearly still visible, in
agreement with XRD analyses. Nevertheless, a very broad signal
appears near —270 ppm, possibly corresponding to phosphorus
local environments close to LizP. While it is possible that local
environments close to Li;P are forming, this does not neces-
sarily mean that crystalline LisP is already present, NMR being
a local probe that will typically give information on the chemical
vicinity within a few Angstroms only. This suggests that either
isolated and/or disordered phosphorus environments similar to
(or close to) LizP start to form at 0.4 V but a lower potential is
needed to fully achieve the formation of crystalline Li;P, as
detected by XRD. The sharp resonance at 10 ppm suggests that
the surface phosphates have already reacted with the electro-
lyte. Resonances assigned to MnP, are also clearly visible in the
*1p MAS NMR spectrum after the subsequent charge back to
1.5 V (Fig. 6, purple) and seem to be more intense compared to
in the spectrum at 0.4 V, consistent with the delithiation
process to form MnP,. Moreover, the broad signal at —270 ppm
has disappeared, confirming that it is related to phosphorus
local environments with lithium in its vicinity.

Fig. 7 displays the 'Li MAS NMR spectra of the 4 cycled
samples. All spectra show a single resonance close to 0 ppm.
The Li spectrum obtained at the end of discharge at 0 V is
clearly more intense compared to that at 0.4 V, in agreement
with the reaction with a higher amount of lithium ions. The two-
step expected reaction (MnP, + 7Li — Li,MnP,, followed by

J. Mater. Chem. A

Li;MnP, + 5Li — 4 LizP + Mn) would lead to a 7/12 (e.g., 0.58)
intensity ratio. In the present case, an intensity ratio of 0.48 is
found. While the two values are close enough and the discrep-
ancy could be ascribed to uncertainties in the “Li integrated

47[ppm
242 ppm
15 ppm
| /
I 4
170 ppm -35 ppm
| ]
Il ‘ Il |
400 300 200 100 O -100 -200

Pristine

Electrode

500 0
3 (ppm)

Fig.5 Normalized *'P MAS NMR spectra of MnP, as obtained from the
synthesis (red) and the MnP, electrode prior to cycling (orange).

1
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0.4 V (black), discharged to 0.4 V and charged to 1.5 V (purple), di-
scharged to 0 V (green), discharged to 0 V and charged to 1.5 V (blue).
The black lines indicate the initial *P MnP, resonances.

intensity connected to the formation of the SEI, NMR provides
no clear evidence of the formation of Li,MnP,. The two spectra
acquired at the end of charge (after discharge to 0 V and 0.4 V,
respectively) display almost identical integrated intensities,
suggesting that most of the SEI is already formed at 0.4 V.
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Since the “Li MAS NMR spectrum of the electrode discharged
to 0 V exhibits a slight shift with respect to that discharged at
0.4 V, spectra of the two discharged samples were acquired at
500 MHz to obtain a higher spectral resolution (Fig. 7, right).
The “Li MAS NMR spectrum of the sample discharged to 0 V
clearly shows two partially overlapping resonances, centred at
—1 and 3 ppm. The resonance centred at —1 ppm, also present
in the spectrum of the samples discharged at 0.4 V seems to
contain both lithium in the SEI and lithium that has reacted
with MnP, above 0.4 V. The second resonance is consistent with
the chemical shift of LizP,*' confirming its presence at the end
of discharge at 0 V.

Further complementary information about the electro-
chemical mechanism in MnP, was gathered by XAS in two
parallel experiments. The first cell (hereafter called cell XAS-INS,
see Fig. SI 12) was cycled in the potential range of 0.4-1.5 V in
order to verify the electrochemical mechanism in the expected
insertion region of MnP,, whereas a second cell (hereafter
called cell XAS-CON) was cycled in the range of 0.01-1.5 V (SI 15)
to probe the full conversion reaction domain of the material.

For the first experiment, the 149 spectra collected along the
whole first discharge are shown in Fig. 8. A chemometric
approach was used in order to extract the maximum informa-
tion from this whole series of operando full XAS spectra
(including both the near-edge (XANES) and the extended fine
structure (EXAFS) portions) collected during the first 1.5 cycles.

The results of PCA (Fig. SI 13) indicate the presence of 3 to 5
dominant principal components expressing more than 99.9%
of the variance of the whole dataset. The inspection of their
shape and of the evolution of their scores confirm this
assumption, with the subsequent principal components
showing mostly noise in the EXAFS region of the spectra. Five

-1 ppm
3 ppm
\ 0.4v
/ \\
40 30 20 10 0 -10 -20 -30 -40
3 (ppm)

Fig. 7 (left) Normalized “Li MAS NMR spectra acquired at 200 MHz for MnP, electrodes discharged to 0.4 V (black), discharged to 0.4 V and
charged to 1.5 V (purple), and discharged to 0 V (green), discharged to 0 V and charged to 1.5 V (blue). (right) Normalized “Li MAS NMR spectra
acquired at 500 MHz for MnP, electrodes discharged to 0.4 V (black), and discharged to 0 V (green).
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Fig. 8 Mn K-edge XAS spectra collected during the first 1.5 cycles in the potential range of 0.4-1.5V for a MnP, electrode vs. Li metal, and MCR-
ALS components and concentrations reconstructed from the analysis of the whole dataset: (a) topographic view of the XANES spectra; (b) relative
concentrations of the MCR-ALS components; (c) XANES and (d) EXAFS portions of the MCR-ALS components.

components were eventually used in the MCR-ALS analysis,
which provides “pure” spectral components expressing (by their
linear combination) the main modifications in the XAS spectra
(Fig. SI 14 and Table S1). The evolution of their respective
relative concentration along the series of spectra is shown in
Fig. 8(b), while their shape in the XANES and EXAFS region is
depicted in Fig. 8(c) and (d), respectively. Very clearly, the five
MCR-ALS components are very similar, with only minor but
significant modifications in the edge shape, and almost no
difference in the EXAFS region.

During the first discharge, the first component transforms
sequentially into component 2 and then component 3, which
represents the material at the end of the process. Along the
following charge, the reaction goes through several interme-
diate states before ending with component 4, which is different
from component 1. These observations indicate a minor and
localized irreversible rearrangement occurring during the first
lithiation, as component 1 is not fully restored upon delithia-
tion. Importantly, these changes remain very limited in

J. Mater. Chem. A

amplitude, do not involve a change in Mn oxidation state, and
do not propagate upon further cycling.

Similar observations can be made for the EXAFS spectra,
which are almost identical for all materials. This similarity is
also reflected in their FT signals (Fig. SI 14), where only a slight
change in intensity is observed in the first coordination shell. As
several sub-shells contribute to these signals, only an analytical
fit of the spectra can highlight differences in the local structure
around the Mn centres in the different MCR-ALS components.
In this case, the same model, i.e., the crystal structure of MnP,
was used to fit the five EXAFS spectra up to R = 3.6 (see detailed
fits of the EXAFS spectra in Fig. SI 14 and Table S1). This
strategy provided satisfactory fits for all components, with very
minor modifications of the coordination shells, reflecting only
minor structural modifications during Li (de)insertion in the
MnP, structure. These results show that, in this potential range,
in spite of a slight modification during the first discharge,
possibly due to an irreversible partial amorphisation of the
structure reflected in the increased Debye-Waller factors of the

This journal is © The Royal Society of Chemistry 2026
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Fig.9 Mn K-edge XAS spectra collected during the first 1.5 cycles in the potential range of 0.01-1.5V for a MnP,4 electrode vs. Li metal, and MCR-
ALS components and concentrations reconstructed from the analysis of the whole dataset: (a) topographic view of the XANES spectra; (b) relative
concentrations of the MCR-ALS components; (c) XANES and (d) EXAFS portions of the MCR-ALS components.

P neighbours beyond the first shell, the MnP, structure is
largely preserved.

The same strategy was then used to analyse the 161 spectra
collected during the first 1.5 cycles of MnP, vs. Li with a low
voltage cut-off at 0.01 V (Fig. SI 15). The results of this analysis
are shown in Fig. 9. As in the previous case, the results of PCA
(Fig. SI 16, SI 17, Table S2) indicate that 3 to 5 principal
components are necessary to interpret the whole dataset,
expressing more than 99.9% of the corresponding variance. In
this case, MCR-ALS analyses were carried out with 4 or 5 “pure”
spectral components, leading to very similar solutions. In fact,
tests using 5 components resulted only in splitting component
4 into two subcomponents with very slightly different XANES
and virtually identical EXAFS signals. For this reason, the
analysis with 4 components was retained and is shown here.

The evolution of their respective relative concentration along
the series of spectra is shown in Fig. 9(b), while their shape in
the XANES and EXAFS region is depicted in Fig. 9(c) and (d),

This journal is © The Royal Society of Chemistry 2026

respectively. In contrast to cycling above 0.4 V, major changes in
both XANES and EXAFS signals are detected when the voltage is
further decreased. While component 1 corresponds to the
pristine material and component 2 is very similar to component
3 of the previous analysis, corresponding to the material at
0.4 V, the XANES shapes of components 3 and 4 are totally
different and indicate the formation of new species, in line with
significant changes in the nature of the Mn species in the
material at low potential. While the shape is different, the edge
position of component 4, which starts forming at the beginning
of the low voltage plateau below 0.4 V, is globally similar to that
of components 1 and 2, suggesting that new Mn-containing
phosphide species are obtained, whereas the edge of compo-
nent 3, which is dominating at 0.01 V, shifts to lower energies,
very close to the edge position of Mn metal.

During the following charge, component 4, corresponding to
the new Mn phosphide species formed in the low voltage
plateau, grows rapidly and becomes largely dominant at the end
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Fig. 10 Schematical view of the lithiation/delithiation mechanism of
ball-milled MnP,.

of the process. A partial reformation of component 3 is observed
at the end of the second discharge.

The analysis of the EXAFS portions of these components (see
SI 13 and Table S2 for the detailed fits of the EXAFS spectra) was
necessary to gain insight into the nature of these species. The
first two components (1 and 2) explain the main trans-
formations observed during the high voltage plateau, and
correspond to the irreversible decrease in the intensity of the
second shell signal, indicating a slight but irreversible
amorphisation of the structure of MnP,, which is nevertheless
globally retained. The fit of component 4, which is formed along
the low voltage plateau, was carried out by assuming the
formation of a Mn-rich phosphide Mn,P. For this reason, fits
with the local structure of several phosphide species (e.g., MnP
and Mn,P) were attempted, and the best fit was obtained by
starting from the structure of Mn,P, only with a slightly lower
number of Mn neighbours. For this reason, this component is
attributed to amorphous Mn-rich Mn,P species.

The EXAFS portion of component 3, in contrast, can be fitted
by including only Mn neighbours. As only the first coordination
shell is available, it is impossible to verify whether this
component represents o-Mn or y-Mn. The reduced number of
nearest neighbours found with respect to either structure,
however, is in line with the expected formation of Mn metal at
the end of the conversion reaction. During the following charge
and discharge, amorphous Mn,P is reformed, and then partially
transforms back, even though only partially, to Mn metal.

In summary, the EXAFS analysis indicates that the MnP,
structure is preserved along the high voltage plateau, where only
a Li insertion reaction is occurring, whereas conversion to Mn-
rich amorphous Mn,P species occurs in the low voltage plateau,
eventually leading to the formation of Mn metal.

These results agree well with *'P MAS NMR analysis, which
indicates that Li5P starts forming already at 0.4 V, along the low
voltage plateau, which corresponds to the extrusion of phos-
phorus from MnP,. The combined analyses of NMR and XAS
allowed the identification of the phosphorus and manganese
species formed during successive discharges and charges. From
then on, it appears that the first process at 0.4 V corresponds
more to an insertion of lithium without a noticeable modifica-
tion of the pristine structure, which allows obtaining good
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reversibility and maintaining the capacity during long-term
cycling as shown in Fig. 2.

On the basis of the structural and chemical transformations
occurring during (de)lithiation and delithiation detected by
operando XRD, XAS, and NMR analyses, the different cycling
stabilities observed in the various potential windows can be
easily rationalised. In fact, when cycling is extended to low
potentials (0-0.4 V), the insertion process is followed by
conversion reactions involving phosphorus extrusion and the
formation of amorphous Mn-rich phosphides and Mn metal.
These conversion reactions induce significant and irreversible
local structural damage, leading to rapid capacity fading upon
cycling.

In contrast, when the low-voltage cut-off is increased above
0.4 V, the conversion process is effectively suppressed. In this
restricted potential window, MnP, undergoes predominantly
lithium insertion, accompanied only by a minor first-cycle local
structural accommodation. Once this stable insertion host is
established, subsequent cycles proceed without further struc-
tural degradation, resulting in excellent capacity retention and
a Coulombic efficiency that approaches 100%.

4 Conclusion

MnP,, easily prepared from inexpensive Mn and P precursors by
ball milling, represents a promising negative electrode material
for LIBs. Using an optimised aqueous electrode formulation
based on a CMC binder and a mixture of conductive carbon
additives, a stable capacity around 600 mAh g~ ' can be main-
tained for more than 60 cycles provided that cycling is restricted
to an appropriate potential window. Applying a low voltage cut-
off at 0.55 V suppresses the low-potential conversion reaction
into Li;P and Mn metal, thus limiting the capacity but signifi-
cantly improving the long-term capacity retention.

The electrochemical mechanism seems to be partially
different from that reported for highly crystalline MnP,, where
crystalline Li;MnP, was observed during discharge by ex situ
XRD at the end of the first plateau (0.5 V), followed by the
reformation of MnP, upon subsequent delithiation. In the
present case, as schematically represented in Fig. 10, the
mechanochemically prepared MnP, is more disordered, and
neither well-crystallized Li;MnP, nor crystalline MnP, are ob-
tained at mid discharge and at the end of the subsequent
charge, respectively. This structural disorder appears to favour
improved reversibility and electrochemical performance.

The combined operando XRD, Mn M-edge XAS and ex situ "Li
and *'P MAS NMR analyses allow a consistent mechanism to be
proposed. Above 0.4 V, MnP, undergoes reversible lithium
insertion accompanied by a slight, first-cycle local structural
rearrangement, after which a stable and highly reversible
insertion mechanism is established. The initial structural
accommodation involves a limited and localised amorphisation
detected by XAS but not by XRD, and does not affect long-term
electrochemical reversibility.

In contrast, below 0.4 V, major structural changes occur:
phosphorus extrusion leads to the formation of amorphous Mn-
rich Mn,P species, which are finally transformed into Mn metal

This journal is © The Royal Society of Chemistry 2026
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at 0 V. These conversion reactions correlate with rapid capacity
fading when the potential window is not restricted.

Future work will focus on extended full-cell cycling. A
restricted potential window will then be favored for the MnP,
electrode, where reversible lithium insertion occurs with
limited structural modification, in order to limit volume
changes and maximize cycling performance.
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