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Prussian white (PW) is a promising cathode material for sodium-ion batteries (SIBs), which offers high
theoretical capacity at low cost while being composed of abundant elements. However, Fe-based PW
suffers from relatively low average voltage, and while substitution of one Fe with Mn can increase the
voltage, it introduces structural instabilities supposedly due to the Jahn-Teller distortion of Mn®*,
resulting in poor capacity retention. In this work, we investigate the effect of partial substitution of Mn by
Fe in Mn-based PW on electrochemical and stability. Two samples, Najg,Mn
[Fe(CN)glo.96:2.0H,O and NajgoMng gaFep 3glFe(CN)glpos-2.1H,O, were synthesized by coprecipitation

structural

and characterized via a multimodal approach combining laboratory and synchrotron-based techniques.
We demonstrate that partial Mn substitution by Fe does not eliminate Jahn-Teller distortion but
mitigates its negative effects by suppressing the distorted phase formation occurring near end of charge,
thereby significantly enhancing capacity retention without sacrificing overall capacity. These results
provide fundamental insight into the interplay between redox activity and structural stability in mixed-
metal PW and establish partial Mn substitution by Fe as an effective strategy to improve long-term
cyclability of PW cathodes for SIBs.

1 Introduction

The increasing demand for energy storage has led to a rise in
the use of secondary batteries, raising concerns about the
availability of several strategic and critical materials currently
used in lithium-ion batteries (LIBs), the technology that domi-
nates the energy storage landscape.* For this reason, interest in
other M-ion technologies (M = Na, K, Ca, etc.), has increased
over the last decade. Among these alternatives, sodium-ion
batteries (SIBs) have gained the most interest thanks to their
forecasted lower cost, partially due to higher availability of Na
compared to Li and the possibility to use cheaper aluminum as
the current collector instead of copper, and technological
similarity to LIBs.>™*
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Among the different cathode materials available for SIBs,
Prussian Blue Analogues (PBAs) are an interesting candidate,
due to their comparatively high theoretical capacity (ca. 170 mA
h g'), low cost and high sustainability.>” PBAs for SIBs have
a general formula of Na,_,M;[M,(CN)g];_, zH,0, with M; and
M, being any transition metal. M; is usually in the high spin
(HS) state as it is coordinated to the N-end of the CN ligands,
while M, (mostly Fe) is coordinated to the C-end of the cyanide
and usually in the low spin (LS) state. PBAs are historically
called differently depending on their alkali ion content, that
being Prussian white (PW) if the Na content is close to 2, and
Berlin green (BG) if the Na content is close to 0. The most
commonly studied PW materials for battery application are Fe-
based, meaning M; and M, are both Fe, due to its low cost and
high abundance. However, the energy density of these
compounds remains lower than those of cathode materials for
LIBs. A strategy to increase their energy density is to raise the
average voltage, by replacing Fe with Mn in the M; site.
Although this strategy was shown to increase the average
voltage,® it is obtained at the expense of a reduced capacity
retention, which is mainly attributed to Jahn-Teller distortion
of Mn*'.? To mitigate the poor performance while retaining
high average voltage, several teams have studied the partial
substitution of Mn by other transition metals. Among the most
common alternative transition metals, Ni and Cu disqualify as

This journal is © The Royal Society of Chemistry 2026
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they are redox inactive within the stability voltage window of the
CN network,*'® Co ore mining is ethically problematic and
expensive, but promising results have been previously obtained
when partially substituting Mn by Fe, in Na-ion or other M-ion
technologies.'"*® Despite this research interest, an in-depth
analysis of the mechanism of this type of mixed composition
PW for SIBs is still missing and, in particular, the impact of
partial Mn substitution by Fe on electrochemical behaviour,
capacity retention and structural stability remains unclear.

Therefore, this work aims to deepen the knowledge about
redox and structural mechanisms of Mn-Fe mixed samples in
SIBs. For this purpose, a sample without Mn substitution at the
M, site (Na;g,Mn[Fe(CN)glo.o6-2.0H,0) and a sample with
partial Mn substitution by Fe at the M; site (Na;g,Mng¢-
Feg 35[Fe(CN)¢Jo.06 2.1H,0) were synthesized by coprecipitation
method. Material properties of both pristine materials were
thoroughly investigated and differences in electrochemical
behaviour and performance were highlighted. Their reaction
mechanism was elucidated by combining complementary
operando diffraction and spectroscopic techniques to monitor
the crystal and electronic structure evolution upon the
desodiation/sodiation reaction.

2 Experimental section

2.1. Materials synthesis

A coprecipitation method was used to synthesize the two samples,
adapted from previous studies,””™ denoted as Mn-PW (no
substitution at the M; site) and MnFe-PW (partial substitution of
Mn by Fe at the M; site). Firstly, sodium ferrocyanide salt, Na,-
Fe(CN)s, was obtained by vacuum drying sodium ferrocyanide
decahydrate (Na,Fe(CN).10H,0, Sigma-Aldrich, 98%) overnight at
120 °C. Two solutions were then prepared: (1) solution A in a two-
neck round-bottom flask containing 3 mmol of Na,Fe(CN)s and
14 g of sodium chloride (NaCl, Sigma-Aldrich, 99%) in 25 mL
ethanol and 75 mL water and (2) solution B containing 6 mmol of
MnSO,.H,0 (Mn-PW) or 3 mmol of MnSO,.H,0 and 3 mmol of
FeSO,.H,O (MnFe-PW), in 100 mL water, with 15 g of sodium
citrate dihydrate (Na;C¢H;50,.2H,0, Sigma-Aldrich, 99%) added as
a chelating agent. The use of a water-ethanol mixture as the
solvent has previously been shown to decrease the reaction rate.*
A programmable pump was used to slowly transfer the solution (B)
at 1 mL min~" into the round-bottom flask containing solution A
where the reaction occurred. The suspension was aged for 20 h
without stirring to allow for decantation. The final products were
washed and collected through centrifugation, before being dried
under vacuum for 20 h at 120 °C.

2.2. Characterization methods

Quasi-simultaneous synchrotron X-ray diffraction (SXRD) at 13
keV photon energy (A = 0.95372 A) and X-ray absorption (XAS)
measurements (Fe and Mn K-edges) were conducted at the
NOTOS beamline** of the ALBA Synchrotron facility. X-ray
Absorption Near Edge Structure (XANES) spectra were
collected between 6500 and 6600 eV around the Mn K-edge and
between 7100 and 7200 eV around the Fe K-edge. Extended X-ray
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Absorption Fine Structure (EXAFS) spectra for Mn and Fe were
acquired up to k = 12 and 16.7 A%, respectively. The beam spot
was around 0.2 mm® and was monochromatized using a Si (111)
double crystal, and harmonic rejection was performed using
a collimating silicon mirror at 2.2 mrad. All XAS spectra were
collected in transmission mode employing ion chambers filled
with the appropriate mixture of inert gases to absorb around
15% of the photons in the ion chamber before the sample, and
around 80% in the ion chamber after the sample and after the
reference. An iron foil reference was measured at the same time
to ensure the energy calibration during the XAS experiments.
The EXAFS spectra were treated using Athena and fitted with
Artemis software, both part of the DEMETER package.” The
XRD patterns were refined by the Rietveld method using the
FullProf software.” Ex situ electrodes at various states of charge
(SOCQ), as well as a discharged electrode after 20 cycles, were
measured at the NOTOS beamline, enabling quasi-
simultaneous measurements of high quality XRD patterns
and XAS spectra. The electrodes were sealed in plastic pouch
bags, containing up to 16 electrodes each. The measurement of
the two XAS edges and an XRD pattern required ca. 15 minutes
per electrode. The structural integrity during the ex situ acqui-
sition, most notably against rehydration, was confirmed by
superimposing diffraction patterns at the beginning and end of
the acquisition protocol, as shown in Fig. S1.

Scanning Electron Microscopy (SEM) images were obtained
using a Quanta 200 FEG (FEI). The operating voltage and beam
current were 20 kV and 1 nA, respectively. Samples for SEM were
prepared by depositing some powder onto a carbon tape
substrate glued onto an aluminum pin-holder for the electrons
to be conducted and drained.

Transmission *’Fe Mossbauer spectra were collected at room
temperature with a triangular velocity waveform. A gas-filled
counter was used for the detection of <y-rays. A 0.5
GBq *’Co:Rh source was used. Velocity calibration was per-
formed with an o-Fe foil standard at room temperature. The
Mossbauer spectra were fitted by using the PC-Mos II computer
program with appropriate superpositions of Lorentzian lines.
To analyze the full operando Mossbauer dataset, a chemometric
approach based on principal component analysis (PCA) and
multivariate curve resolution-alternating least squares (MCR-
ALS) analysis, described in detail elsewhere,* was used. The
MCR-ALS analysis was performed with several constraints: (1)
non-negativity of the intensity of the components, (2) closure
(the sum of all components always equal to 100% of the
intensity) and (3) a single starting component. The pure Moss-
bauer spectral components obtained from MCR-ALS analysis
were then fitted as conventional Mossbauer spectra.

The amount of Na, Mn, Fe, C, H, N, and O in the targeted
compositions was determined through inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and elemental
analysis (EA) measurements, respectively. For the ICP
measurements, the sample was digested in nitric acid using an
ETHOS Easy (MILESTONE) microwave oven. The digested
samples were characterized in a 7900 ICP-MS (Agilent Tech-
nologies) spectrometer while the EA was performed on
a FlashSmart Elemental Analyser (Thermo Fisher Scientific).

J. Mater. Chem. A, 2026, 14, 7150-7161 | 7151
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Operando XRD measurements were performed on a lab-scale
XRD instrument (Bruker D8 Advance and Malvern Panalytical
Empyrean I) equipped with Cu Ko radiation (Acukoq = 1.54056 A,
Acukaz = 1.5443 A), working in the Bragg-Brentano reflection
geometry. Operando patterns were refined by the profile
matching method using the FullProf App package.*

2.3. Electrochemical testing

For the standard electrochemical testing, electrodes were
prepared by tape casting onto an aluminum current collector
using a Dr Blade with a thickness of 0.25 mm of a slurry con-
taining the active material (PW), conductive additive (carbon
C65) and binder (polyvinylidene difluoride, PVDF) with a mass
ratio of 70%:20%:10%, mixed homogeneously in 1-methyl-2-
pyrrolidinone (NMP) solvent. The cast foil was then dried
under vacuum at 80 °C overnight. Afterwards, disc electrodes of
12 mm diameter were punched and pressed under 2 tons by
using a hydraulic press. Prior to cell assembly, the electrodes
were dried for 20 h in a Buchi oven at 80 °C and under a vacuum
of 20 mbar. This drying temperature has been chosen to only
allow the removal of surface water, while interstitial and bound
water is expected to still be present in the structure.”

Electrochemical performance at C/10 was investigated with
3-electrode Swagelok cells, composed of a PW working electrode
and metallic sodium both as the counter and reference elec-
trodes, respectively. Electrochemical performance at 1C was
investigated in coin cells, composed of a PW working electrode
and metallic sodium as the counter electrode. In all cells, 1 M
NaPFg in 1 : 1 ethylene carbonate (EC): propylene carbonate (PC)
electrolyte and Whatman glass-fiber separators were used. All
cells were assembled in an Argon-filled glovebox. The cells were
galvanostatically cycled at room temperature and a current
density of C/10 or 1C between 2.0 V and 4.0 V versus Na'/Na,
where 1C corresponds to the capacity of 2 Na* exchanged per
f.u., corresponding to a theoretical capacity of 1771 mA h g~ * for
the ideal materials.

For the operando analyses, the electrodes were prepared by
mixing PW with C65 carbon and dry PTFE (poly(-
tetrafluoroethylene)) at a weight ratio of 45%:45%:10% to
produce a “self-standing” electrode. The operando experiments
were carried out using a special electrochemical cell equipped
with a Be window.>® A piece of Al foil (thickness 8 micrometers
for the XRD to maximize transmission) was placed between the
working electrode and the Be window and used as the positive
current collector. To obtain a good signal-to-noise ratio, the
mass loadings of the active material of the self-standing elec-
trodes were between 8 and 12 mg cm ™ for the operando XRD
experiments and ca. 20 mg cm > for operando Mossbauer
spectroscopy.

3 Results and discussion
3.1. Structure and chemical composition

The Rietveld refinements of the synchrotron XRD patterns of
the Mn-PW and MnFe-PW samples, as shown in Fig. 1a and c,
confirm that both compounds crystallize in the monoclinic
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system with the P2,/n space group, as expected for non-dried
powder,” and exhibit no detectable secondary phases. The
unit cell parameters determined from these Rietveld refine-
ments (see Fig. 1a, c, Tables S1 and S2), are in agreement with
those in previous studies."® The reflections observed between 16
and 19° are correlated with light-scattering atoms such as
oxygen, carbon and nitrogen, and hence can be indicative of
water content and its positions (see simulations in Fig. S2a).
Both Mn-PW and MnFe-PW compounds show similar peak
distributions in this area (see Fig. S2b), highlighting that the
Mn-substitution does not significantly impact the water content
or its distribution within the structure.

Both samples exhibit cuboid morphologies, as observed in
the SEM images (see Fig. S3), as expected following a citrate-
assisted synthesis protocol.” Additionally, to elucidate the
oxidation state of iron in the synthesized materials, room
temperature °’Fe Mossbauer spectra were measured on the
pristine samples (Fig. 1b and d). The Mossbauer spectrum of
Mn-PW exhibits a sole unresolved doublet corresponding to LS
Fe**, with no evidence of any iron oxidation (Table S3). In
addition to the doublet of LS Fe*", the spectrum of MnFe-PW
reveals the presence of HS Fe, confirming the successful
substitution of Mn by Fe at the M; (HS) site. The spectrum can
be fitted with three quadrupole doublets: an unresolved doublet
(LS Fe**) and two resolved ones, corresponding to HS Fe*" and
HS Fe*" (See Table S3). Although the HS Fe*" component only
represents around 3% of the total spectral area, this small
fraction is sufficient to explain the blue color observed for the
sample after the washing step (see Fig. S4).”?®* Combining
Mossbauer data, ICP and EA analyses (see Table S4) and refined
Na-site occupancies, the approximate compositions of the two
samples were determined as Na; g,Mn[Fe(CN)g]o.06°2.0H,O for
Mn-PW and Na, g;Mng 62Fe 35[Fe(CN)¢]o.06-2.1H,O for MnFe-
PW. Notably, the ratio of HS Mn/HS Fe deviates from the stoi-
chiometric ratio used in the precursor solution. This discrep-
ancy may be attributed to (1) an excess of Mn/Fe precursor
solution and (2) the difference of binding energy between
sodium citrate and different metals, hence releasing the metal
ions Mn>" and Fe®* at different rates. Such a phenomenon has
been previously reported for Ni-based substitutions.*

3.2. Electrochemical results

The electrochemical profiles of the two studied materials, as
well as their corresponding dQ/dV plots are presented in Fig. 2a.
First-cycle discharge capacities of 133.8 mA h g~' for Mn-PW
and 120 mA h g~ for MnFe-PW were obtained, corresponding
to 85 and 76% of the maximum theoretical capacity available
(ca. 157 mA h g for both samples prior to drying), respectively,
in line with the expected capacities for a hydrated phase.*"**%°
Mn-PW shows the typical two-plateau profile of the hydrated
monoclinic phase,'® with a first plateau at around 3.4 V vs. Na'/
Na corresponding to the Fe*"/Fe** redox reaction and a second
plateau at around 3.8 V vs. Na*/Na corresponding to the Mn>*/
Mn>" redox reaction.’®** On the other hand, MnFe-PW shows
three plateaus on charge, at 3.0, 3.4 and 3.8 V vs. Na'/Na. Mn-
PW exhibits an average voltage of 3.62 V vs. Na'/Na in charge

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Rietveld refinements of (a) Mn-PW and (c) MnFe-PW (1 = 0.95373 A), with red dots showing observed data, the black line showing the
calculated pattern, the blue line showing the difference between observed and calculated patterns and the vertical green bars showing the
expected positions of Bragg reflections, and °’Fe Mssbauer fittings of (b) Mn-PW and (d) MnFe-PW.

and of 3.34 Vvs. Na+/Na in discharge, while MnFe-PW exhibits
averages of 3.55 Vvs. Na'/Na and 3.26 Vvs. Na'/Na in charge and
discharge, respectively. In comparison, Rudola et al.** reported
an average discharge voltage of 3.03 V for monoclinic Fe-based
PBA, cycling between 2 and 3.9 V. Other studies with Fe-based
PBA report electrochemical reactions taking place mainly
below 3.2 V in discharge.**** Hence, both Mn-PW and MnFe-PW
exhibit an increased average voltage compared to Fe-based
PBAs.

The different electrochemical profiles of the two compounds
suggest different sodiation reaction mechanisms, which could
be related to a different succession of redox processes related to
the substitution of Mn by Fe as well as differences in the
structural phase transition sequences. In the following cycles,
the electrochemical curve evolves for both samples, as shown in
Fig. S5. The voltage steps between plateaus become smoother
and the plateaus begin to merge, as previously observed in Mn-
based PW and attributed to the in situ electrochemical dehy-
dration of the material."®** Hence, this gradual change of the
profile could suggest partial dehydration of the sample during
cycling.

This journal is © The Royal Society of Chemistry 2026

To elucidate the reversibility and stability of the sodiation
mechanism of the two materials, capacity retention tests were
carried out and retained discharge capacity in per cent for each
cycle, and the coulombic efficiency (CE) are shown in Fig. 2b. A
salient difference in cycling stability is observed after 50 cycles
at C/10: the partially substituted MnFe-PW shows a much
higher capacity retention of about 93% compared to pure Mn-
PW, which retains 62% of the initial discharge capacity.
MnFe-PW also shows a higher coulombic efficiency compared
to Mn-PW. Additional data at 1C (following 3 cycles at C/10) are
shown in Fig. 2¢, showing that the trends in capacity retention
and coulombic efficiency observed at C/10 are also observed at
higher C-rates. The low capacity retention of Mn-PW could be
linked to the reduced reversibility of the charge/discharge
process, and the observed differences in electrochemical
cycling behaviour and cycling stability call for deeper mecha-
nistic investigation.

3.3. Structural mechanistic study

The operando XRD patterns collected during cycling using
a laboratory diffractometer (see Experimental section) for Mn-

J. Mater. Chem. A, 2026, 14, 7150-7161 | 7153
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Fig. 2 (a) Electrochemical profile and corresponding dQ/dV plots of
Mn-PW and MnFe-PW, (b) percentual discharge capacity retention and
coulombic efficiency during the first 50 cycles at C/10 and (c) per-
centual discharge capacity retention and coulombic efficiency during
the first 3 cycles at C/10 and the following cycles at 1C.

PW are shown in Fig. 3. A clear two-phase transition from
a monoclinic to a cubic phase can be observed at the beginning
of the first plateau, in agreement with recently published
results.* When approaching the end of charge (EOC), two peaks
at 17.4° and 24.2° appear while the intensity of the two nearby
(200)¢ and (220)c reflections corresponding to the cubic phase
decreases, indicating the occurrence of a second two-phase
transition toward a new phase, which will be called C' here-
after. This could be evidence of a tetragonal phase, appearing as
a consequence of the Jahn-Teller distortion of Mn*", as re-
ported before for similar compounds.*** However, due to the
limited resolution and 26 range of the XRD patterns, it is not
possible to perform quality Rietveld refinements at this stage,
and therefore to confirm whether this new phase observed at
the end of charge is actually a tetragonal phase. At the
completion of the first discharge, the monoclinic phase is
recovered, as seen by the splitting of the cubic peak (220)¢ at
around 24°. However, the initial cell parameters are not fully
recovered, as the initial peaks associated with (200)y; and (011)y,
around 16.8°, and their second order (400),; and (022),, around
34°, appear merged at the end of the first cycle (see Fig. S6a),
while they were clearly separated in the initial pattern (Fig. S6a).
The capacity obtained at the end of the first discharge (111 mAh
g~ ") is smaller than what has been observed in the Swagelok
cell, which can be explained by differences in the cell configu-
ration and higher loading optimized for XRD pattern acquisi-
tion rather than performance.* This is likely to influence
overpotential and capacity but not the reaction pathways.

7154 | J. Mater. Chem. A, 2026, 14, 7150-7161
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Fig. 3 Operando lab-XRD measurement of Mn-PW in the angular
range of 16—35° (20cuk.) (M = monoclinic, C = cubic, C' = distorted
cubic, R = rhombohedral, and *BG = background).

As the second cycle exhibits distinct behaviour compared to
the first cycle, vide supra, the cell mechanism was followed
during two cycles. It can be observed that at the end of the
second discharge, the material undergoes a third transition to
the rhombohedral phase, highlighted by the growth of the
(012) peak at 18.1°, overlapping with the background peak
originating from the PTFE binder. The rhombohedral phase is
typically obtained in Mn-based hexacyanoferrates by removing
the interstitial and crystal water from the material,’”**** hence
suggesting that water is released from the structure upon
cycling, therefore electrochemically “dewatering” the
compound. This is consistent with the changes in the electro-
chemical profile observed earlier (vide supra).

Similar experiments were performed for MnFe-PW, as shown
in Fig. 4. The operando XRD experiment reveals that, as Mn-PW,
MnFe-PW undergoes a transition from monoclinic to cubic
upon desodiation, however following a single phase trans-
formation route. Moreover, towards the end of the charge

Beam interruption

60 ‘

EOC 12—
[Decrease of cell volume of C phasé

0 Single phase transitjon from M to C|
T T

20 25 30 35 40 17 18 24 34 35
Voltage (V vs Na*/Na) 26k (°)

Fig. 4 Operando lab-XRD measurement of MnFe-PW in the angular
range of 16-35° (20cuk,) (M = monoclinic, C = cubic, R = rhombo-
hedral, and *BG = background).

This journal is © The Royal Society of Chemistry 2026
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reaction, the material remains cubic, and no additional phase is
observed. At the end of the first discharge, similar to Mn-PW,
the monoclinic phase is recovered, although with a merging
of the peaks (011),,/(200)y and their second order (see Fig. S6b).
During the second cycle, the cubic peaks shift to higher 26
angles, suggesting a decrease in the unit cell volume. As for the
Mn-PW sample, limited capacity is obtained during the first
cycle. Due to beam interruption, the last patterns of the second
discharge cycle could not be acquired under operando condi-
tions. A final XRD pattern was hence acquired at the end of
discharge (See Fig. S6b), which clearly depicts the coexistence of
monoclinic and rhombohedral phases as for Mn-PW.

To complement the operando XRD analysis of the phase
evolution, synchrotron derived ex situ XRD patterns were
acquired at selected SOC (see Fig. 5 and 6) to provide deeper
structural insights and were refined via the Rietveld method
(Fig. S7, S8 and Tables S5-S12). As for the operando XRD
experiment, the ex situ XRD patterns confirm that Mn-PW
undergoes a transition from monoclinic to cubic to a new
phase (C') near the end of charge. The high-quality data allow us
to clearly distinguish three different peaks in the region 10-11°,
the main cubic peak (200)¢ and two peaks corresponding to the
new phase C’, confirming that this new phase is not cubic. A
first refinement of the ex situ SXRD pattern of Mn-PW atx = 0.26
using the tetragonal phase was performed, and the cell
parameters obtained are a = b = 7.1745(8)A and ¢ = 10.557(2) A,
similar to previously reported results.** As reported by two
different groups,®*** the ratio a/c = 0.680 is lower than the ideal
value of 0.707 which would be expected from the trans-
formation of a face centered cubic to a body-centered tetrag-
onal. Due to this deviation from the ideal value, it was
previously suggested that this phase is actually not tetragonal
but a monoclinic phase with a 8 angle close to 90°.>* However,
the Rietveld refinement of the ex situ SXRD pattern of Mn-PW at
0.26 with the monoclinic phase does not definitively
confirm whether this distorted phase C' at EOC is actually
a tetragonal or a monoclinic phase, as both provide similar fit
quality (see Fig. S7b and S9). In both cases, whether it being

X =
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Intensities (a.u.)
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T T T 0
30 20 25 30 35 40

Voltage (V vs Na*/Na)

26 ()

Fig. 5 Ex situ SXRD measurement of Mn-PW and first charge-
discharge curve (M = monoclinic, C = cubic, C' = distorted cubic and
R = rhombohedral; *bg within the grey area indicates background
peaks).
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Fig. 6 Ex situ SXRD measurement of MnFe-PW and the first charge—
discharge curve (M = monoclinic, C = cubic, and R = rhombohedral;
*bg within the grey area indicates background peaks).

a distorted tetragonal phase or a monoclinic phase, this trans-
formation from an ideal cubic structure to a distorted phase at
EOC is consistent with the hypothesis of a Jahn-Teller effect.
For clarity, this EOC phase will be referred to as a distorted
cubic phase throughout the manuscript.

In the case of MnFe-PW, the ex situ SXRD patterns also
confirm the observation made from the operando XRD of
a transition from monoclinic to cubic at an early stage of charge,
and then preserving the cubic phase until the end of the charge
process with no transition toward a distorted phase near the
end of charge. At the EOD, the ex situ SXRD patterns of both
samples exhibit a mixture of monoclinic and rhombohedral
phases. This is quite surprising, as in the operando XRD
measurement discussed earlier, the rhombohedral phase
appeared only during the second discharge. This is most likely
due to the difference in the first discharge capacity between the
operando and ex situ experiments, although an additional
relaxation effect on the ex situ sample cannot be excluded.
Interestingly, Mn-PW and MnFe-PW present different rhom-
bohedral phase fractions at EOD, as Mn-PW contains a majority
of the rhombohedral phase (53%), while MnFe-PW only
contains 30%. This suggests that removal of water is more
difficult in MnFe-PW than in Mn-PW, possibly due to the
different evolution of the unit cell volume per formula unit
during charge, as Mn-PW shows expansion of the lattice, which
might facilitate the removal of water, while MnFe-PW shows the
opposite trend (see Table S13).

Additionally, after 20 cycles, the discharged electrodes of
both samples still exhibit a coexistence of monoclinic and
rhombohedral phases, though with a higher relative amount of
rhombohedral phase compared to the end of the first cycle (see
Fig. S10), which indicates a continuous electrochemical dew-
atering of the crystal lattice upon cycling.

The refinements of ex situ SXRD measurements were used as
a base to calculate the volume changes in both samples during
charge from the operando data presented in Fig. 3 and 4, which
are shown in Fig. 7. Interestingly, Mn-PW alternates between
expansion of the lattice during the transition from monoclinic
to cubic and shrinking of the lattice during the transformation
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Fig. 7 Evolution of the volume per formula unit observed during the
second cycle of the operando experiment for (left) Mn-PW and (right)
MnFe-PW (M = monoclinic, C = cubic and C’' = distorted cubic).

from cubic into the distorted cubic phase. In particular, this
later transition, near the end of charge, induces the coexistence
of two phases with almost a 10% volumetric difference. This
likely induces stress to the structure at the interfaces between
the phases, which may accelerate the deterioration of the crys-
talline structure. The fact that this volumetric change, together
with the appearance of the distorted cubic phase, occurs near
the end of charge suggests that the Mn** — Mn®" transition
occurs only at that point rather than throughout the entire
charging process, as this behaviour is likely related to the Jahn-
Teller distortion at Mn>*'. In contrast, MnFe-PW does not
undergo significant volume changes during the charging
process, which is likely contributing to its improved cyclability.
This is possibly related to the lower concentration of Mn** near
the end of charge, as a consequence of the partial substitution
of Mn by Fe compared to Mn-PW.

The formation of the distorted cubic phase is usually
attributed to the collective Jahn-Teller distortion of the Mn**
centres upon charge.*’ To determine if we observe a Jahn-Teller
distortion during charge, the local structure of both samples
was studied through EXAFS measurements, acquired quasi-
simultaneously with the ex situ SXRD patterns previously
described. Fitting details are provided in Table S14 and Fig. S11.
The local structure of Mn undergoes severe distortion in both
samples upon desodiation, shown mainly by the splitting of the

(a) 1,0
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Mn K-edge —_EOC
0,8 ——EOD
R
< 0,6
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i“,x Mn-N
044
L
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0,0 T T
0 2 4 6

Radial distance (A)
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first coordination shell (Mn-N) in two distinct shells, as shown
in Fig. 8. This highlights the transition from an octahedral
structure with 6 equi-distant Mn-N bonds to a distorted struc-
ture with two sets of bond lengths, in agreement with the
occurrence of the Jahn-Teller effect. Interestingly, the coordi-
nation numbers of the two shells Mn-N(1) and Mn-N(2) are
found to be 3 and 3 for both samples, hence deviating from the
conventional Jahn-Teller distortion. It should be noted that
a classical Jahn-Teller distortion (i.e. 4 compressed equatorial
bonds and 2 elongated axial bonds) could only be achieved for
MnFe-PW when different Debye-Waller parameters (varying by
a factor up to 10) are permitted (see Table S15 and Fig. S12). For
Mn-PW, attempts to fit with classical Jahn-Teller were unsuc-
cessful. Such pseudo Jahn-Teller distortion has been previously
observed for Li,MnPO, battery materials.** In the case of PW
materials, the presence of water in the structure and interstitial
sites could possibly explain this deviation from the expected
configuration. Indeed, it was previously observed that the
removal of water strongly impacts the Mn K-edge in Mn-PW,
showing that the presence of water plays a major role in the
local environment of Mn and could therefore impact the
accommodation of the distortion."”

Contrary to Mn, the local structure of the Fe absorber shows
little variation upon charge for Mn-PW (see Fig. S13a), which is
due to the strong m-acceptor properties of the cyanide ligand
which lead the LS Fe (bonded to C) to retain its local environ-
ment. In detail, the first two shells, attributed to Fe-C and Fe-
C-N bonds, remain unchanged during the cycling process.
Merely small changes are observed at radial distances higher
than 3 A. For MnFe-PW on the other hand, stronger modifica-
tions of the local Fe environment are observed upon des-
odiation (see Fig. S13b). This is not unexpected since part of the
Fe in this sample, bonded to the N-end of the cyanide, is in HS
configuration. In this case, changes in the oxidation state
strongly impact the local environment of HS Fe, compared to LS
Fe," and larger average variations are observed compared to
Mn-PW.

The combination of long- and short-range structural analysis
reveals strong local distortion around the Mn absorber in both

(b) 1,2
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Fig. 8 FT EXAFS of the Mn K-edge for (a) Mn-PW and (b) MnFe-PW. Not phase shift corrected.
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Fig. 9 XANES K-edge of ex situ samples at selected SOC for Mn-PW at (a) Mn and (b) Fe K-edges, and MnFe-PW at (c) Mn and (d) Fe K-edges.

samples, independent of the Mn content. However, in Mn-PW it
appears that this pseudo Jahn-Teller effect results in stronger
structural crystalline distortions than in mixed MnFe-PW, as
evidenced by operando and ex situ XRD data. The partial
substitution of Mn by Fe does not prevent the Jahn-Teller effect,
but it seems to mitigate its detrimental impact on the structure,
with the suppression of the transition to the distorted cubic
phase in MnFe-PW, enabling enhanced structural stability and
thereby improved cycle life.

3.4. Redox mechanistic study

To further investigate the observed difference in the redox
reaction mechanism, Mdssbauer spectroscopy and XAS were
employed in a complementary manner. First, ex situ XAS spectra
(Fig. 9) were acquired for both samples, along with the XRD
patterns presented in Fig. 5 and 6. The Mn K-edge XANES
spectra of Mn-PW remain unchanged along the first plateau and
show an oxidative shift of the absorption edge only above 3.8 V.
The EOC spectrum exhibits a strong change in edge shape, i.e.,
a reduction of the white line intensity and the appearance of an
additional peak at higher energy. This modification of the
absorption edge is in line with the strong modification of the
Mn local environment ascribed to the Jahn-Teller effect, as di-
scussed in the previous section. Hence, the change in shape and
shift between 3.8 V and EOC highlights the formation of Mn**

This journal is © The Royal Society of Chemistry 2026

Jahn-Teller active species in this voltage range, which is driving
the previously observed transformation from the cubic to the
distorted cubic phase. At EOC, the content of Mn>" is estimated
to be 45%, meaning that nearly one in two HS sites exhibits
a Jahn-Teller distortion. The Fe K-edge XANES spectra (Fig. 9b)
show a strong shift between OCV and 3.8 V, whereas only
a minor shift and increase in the intensity of the white line are
observed above this potential. These results are not surprising,
as the shift of the absorption edge for LS Fe in hexacyanoferrate
on going from Fe?" to Fe** is known to be comparatively small in
magnitude,*** due to the strong -acceptor properties of the
cyanide ligand and the high covalency of the Fe-CN bonds (vide
supra). From these results, the previously reported sequence of
redox activity (vide supra) is confirmed: (1) the oxidation of Fe**
to Fe*" occurs during the low voltage plateau and (2) the
oxidation of Mn”* to Mn®" during the high voltage plateau.
For MnFe-PW, no evident shift is observed in the Mn K-edge
XANES spectra (Fig. 9¢) before 3.7 V, suggesting that Mn*" is
mainly oxidized above 3.7 V, near the end of charge. At the EOC,
a distortion of the Mn environment occurs, similar to Mn-PW,
confirming the occurrence of the Jahn-Teller effect. The
content of Mn** at EOC is estimated to be 41%, hence slightly
less than in the case of Mn-PW. However, in this case, as the
sample initially contains about 62% of Mn in the HS site, this
means that about one in four HS sites exhibits a Jahn-Teller
distortion, therefore close to two times less than in the case of
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the mean oxidation state of Fe based on operando Mdssbauer spec-
troscopy data and (b) the corresponding cycling curve of MnFe-PW.

Mn-PW. This is likely to contribute to less perturbation of the
long-range structure. On the other hand, the Fe K-edge XANES
spectra of MnFe-PW (Fig. 9d) show a salient shift from OCV up
to 3.3 V, whereas only a minor shift is observed between 3.3 and
4V (EOC). This confirms that the main redox activity of the HS
Fe is occurring in the low voltage plateau. Moreover, as the edge
shift upon oxidation of LS Fe** to LS Fe*" is expected to be
smaller compared to that of the HS configuration, the small
shift observed above 3.3 V could correspond to the oxidation of
LS Fe. Beyond 3.7 V, no major shift of the Fe is observed.

To further elucidate the contributions of LS and HS Fe in the
electrochemical mechanism of MnFe-PW, operando Mossbauer
spectra were acquired during two electrochemical cycles
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(Fig. S14). PCA applied on the full operando Mdssbauer spec-
trum dataset (Fig. S15) indicates that three distinct spectral
components are needed to describe the whole set of data. These
components, reconstructed using the MCR-ALS algorithm, as
well as the evolution of their relative concentration during
cycling are shown in Fig. S16. The results of their fittings are
shown in Fig. S17 and Table S16. Based on the fitted compo-
nents and the computed concentrations shown in Fig. S16, the
evolution of the LS and HS Fe can be monitored separately,
along with the overall mean Fe oxidation state (Fig. 10a, solid
and hollow markers, respectively).

This analysis reveals a clear spin state dependence of the
iron redox activity. It is salient that HS Fe only reacts during the
first plateau upon charge (until ~3.3 V) while LS Fe shows
a continuous evolution during the entire desodiation process.
LS iron redox shows a less steep slope implying slower kinetics
than HS Fe. Based on these observations, the first plateau can
be mainly ascribed to the reaction HS Fe** — HS Fe*', as
previously reported for K-ion batteries." Between 3.3 and 4 V,
the concentration of LS Fe*" is continuously evolving, while only
a small shift of the absorption edge was observed between 3.7
and 4 V in the XANES spectra, owing to the high covalency of LS
Fe in both oxidation states.

By combining the complementary insights from operando
Mossbauer spectroscopy, ex situ XAS and operando XRD,
a comprehensive picture of the sodiation mechanism can be
established for Mn-PW and MnFe-PW which is summarized in
Fig. 11a and b, respectively. For Mn-PW, the lower voltage
plateau is attributed to the oxidation reaction Fe** — Fe®",
during which a two-phase transition from monoclinic to cubic
is occurring. The higher voltage plateau is attributed to the
oxidation reaction Mn>* — Mn®*", inducing pronounced Jahn-
Teller effects in nearly half of the HS sites, which drives the two-
phase transition from cubic to the distorted cubic C’ phase. For
MnFe-PW, the iron redox reaction is clearly subdivided. First,
the oxidation of HS Fe*" occurs up to 3.3 V, accompanied by
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Fig. 11 Synchronized mapping of the different techniques used to unravel the complete sodiation mechanism for (@) Mn-PW and (b) MnFe-PW.
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a single-phase transition from monoclinic to cubic, completed
after the voltage jump. Beyond this voltage it is overtaken by the
oxidation of LS Fe*" which blends into the oxidation of Mn**
taking over the main redox contribution above 3.7 V. The Mn
oxidation occurs along with a decrease in the cubic unit cell
volume. Analogous to Mn-PW, the formation of Mn®" species
during this highest reaction plateau induces a Jahn-Teller
distortion. However, unlike Mn-PW, the partial substitution of
Mn by Fe in MnFe-PW results in about twice less Jahn-Teller
active HS sites, stabilizing the structure and mitigating its
detrimental effect.

4 Conclusions

In this study, two different PW electrode materials were
synthesized and investigated: one containing Mn at the N-
coordinated site and another with partial substitution of Mn
by Fe. The introduction of Fe at the Mn site was found to
markedly improve capacity retention during prolonged cycling,
while preserving the initial capacity. A multimodal character-
ization approach combining lab-scale and synchrotron-based
techniques, with operando and ex situ analyses, revealed the
occurrence of a Jahn-Teller distortion of Mn*" in both mate-
rials. This distortion arises at the final stage of the charge
process, in agreement with the established sequence of redox
reactions. Although similar local distortions around Mn are
observed in both Mn-PW and MnFe-PW, the latter exhibits a less
pronounced impact on the long-range crystal structure, as evi-
denced by the suppression of the transition towards a distorted
cubic phase involving detrimental lattice strain. The compre-
hensive structural and redox analysis clarifies the role of Mn-to-
Fe substitution in SIBs, revealing it as an effective strategy to
mitigate the Jahn-Teller induced distortions and thereby
stabilize electrochemical cycling, while preserving the high
initial performance of the material. Given the cycling stability
improvement, further optimization of the Mn-to-Fe ratio is of
high interest. The sample studied in this work offers a good
compromise between high voltage due to Mn, and enhanced
stability provided by the Fe. Increasing the Fe content would
most likely result in lower average voltage, hence reducing the
energy density of the cell and diminishing the advantage of
using Mn. A slightly higher Mn content might be interesting,
but the effects on cycling stability need further investigation.
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