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Prussian white (PW), Na,_,Fe[Fe(CN)gl, is an attractive cathode material for sodium-ion batteries due to its
porous framework enabling fast sodium-ion extraction and insertion, environmentally safe elements,
scalable synthesis, and performance comparable to current lithium-ion technologies. However, PW
suffers from large volume changes between rhombohedral and cubic phases during cycling which is
suggested to be detrimental over time because of structural degradation and increased ion insertion
resistance. In particular, studies on PW hard carbon full cells revealed that most of the capacity is lost
from the lower potential plateau, where this phase transition occurs. It is proposed that cycling in
a restricted potential range, where the phase transition is avoided, could benefit the cycle lifetime and
capacity retention. Here, we show an operando X-ray diffraction study aiming at determining how the
structure evolves after prolonged cycling in different restricted potential ranges and how this impacts the
cycling stability and capacity fade in PW. No signs of structural degradation were observed
independently of the pre-cycling conditions used. In addition, more of the rhombohedral phase and
capacity were recovered in the discharged state when a more restricted potential range had been
applied. Thus, it was shown that the phase transition and corresponding volume changes have little

impact on the capacity fade. Instead, the main source for capacity fade was proved to be sodium
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Accepted 10th June 2024 inventory loss, especially during the initial cycles, in combination with, to a lesser extent, polarization.

This study gives a new perspective on PW-based batteries in that neither volume changes nor phase
DOI: 10.1039/d4ta02325k . ] . .
transitions are detrimental to battery performance. These results aid the development of improved

rsc.li/materials-a cycling protocols and battery systems comprised of PW where the lifetime of the material is prolonged.

competitive to the well-known lithium-ion cathode material
LiFePO,.* Besides large material quantities, another criterion

1 Introduction

Sodium-ion batteries have become extremely important for
beyond lithium-ion battery technologies due to the possibility
of cheaper, more abundant elements with fewer environmental
concerns. In particular, Prussian blue analogues (PBAs) are
interesting electrode materials for sodium-ion batteries because
of their porous framework, environmental friendliness, and
performance.”” In addition, the simple, low-cost, and scalable
synthesis makes PBAs particularly attractive for energy storage
applications where large quantities of material are required.
Prussian white (PW), Na,_,Fe[Fe(CN)¢], is a sodium-rich hex-
acyanoferrate with a theoretical capacity of 171 mAh g~* and
a working potential of ~3.2 V vs. Na/Na® (x = 0) making it
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for stationary energy storage is that the batteries must last for
many years and many thousands of cycles.* Even though PBAs
have been shown to enable reversible sodium extraction and
insertion for up to 8000 cycles, this is only possible if the
capacity is limited to about half of the theoretical
(~80 mAh g~ ').5 Halving the capacity corresponds to a limited
amount of sodium that can be extracted and inserted within 1 =
x = 2 in Na,_ ,M[Fe(CN)g]. For iron-based PBAs, this composi-
tion corresponds to a solid solution reaction of a face-centered
cubic structure (space group Fm3m) where minimal volume
changes occur during cycling. Going beyond a critical sodium
content (x ~ 0.8), a phase transition to a rhombohedral struc-
ture (space group R3)) is observed.® The phase transition to the
higher density rhombohedral structure includes a reduction in
the volume by ~17%.” Cycling through this phase transition
over time is suggested to be detrimental to the material due to
structural degradation and increased resistance for sodium-ion
insertion which leads to capacity fade.? In fact, our recent work
demonstrated a capacity fade of 16% on the lower voltage
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plateau (1.3 to 2.9 Vwhere the phase transition takes place) after
65 cycles.? In contrast, much less capacity fade (<1%) is
observed from the upper voltage plateau (2.9 to 3.5 V) implying
that the structure must be preserved. Thus, there might be
a correlation between the loss of capacity from the lower voltage
plateau and the phase transition in PW-based electrodes.

A way of investigating the structural changes happening in
a material during electrochemical cycling is to do operando X-
ray diffraction (XRD). In addition, the formation of electro-
chemically inactive phases during cycling can also be detected if
they are crystalline. For PW, it is generally accepted that the
material undergoes a phase transition from an R3 phase to an
Fm3m phase during charge which is reversible upon discharge.
However, some studies have reported the existence of a tetrag-
onal phase at the end of charge.”'® A phase transformation from
cubic to tetragonal symmetry would involve distortions acti-
vated by e.g. Jahn-Teller active elements such as manganese."
Indeed, this is observed for iron- and manganese-based PBAs
during cycling," however, it would be very unlikely to be expe-
rienced in the pure iron-based PBAs. Studies of the long-term
cycling of PW show that the R3 to Fm3m phase transition still
exists but with a wider two-phase region relative to the initial
cycles.>* The two-phase region exists at all times during cycling
except for at the end of charge where a single Fm3m phase
exists. Thus, the structural evolution during long-term cycling
suggests that the R3 phase becomes inaccessible possibly due to
structural degradation.

Despite the extensive research on PW as a cathode material
in sodium-ion batteries, only a few operando XRD studies exist
for PW where even fewer of them include refinements of
a model to the XRD data. For example, refining the phase
fractions of the two phases present can reveal important
information that can be linked to the material performance.
Here, we show operando synchrotron XRD (SXRD) data of PW-
based batteries pre-cycled using different potential ranges for
up to 106 and 730 cycles to understand how cycling in different
potential ranges impacts the cycling stability and capacity fade
in PW. The potential ranges used for the pre-cycling were
selected to isolate different regions where the phase transition
occurs Le. cycling only in the Fm3m phase region, cycling
through the phase transition, and intermediates in between
these endpoints (Fig. 1a). In doing so, it is possible to
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investigate the impact of repeated cycling through the phase
transition or if completely avoiding the phase transition is more
or less beneficial. The impact of cycling through the phase
transition or avoiding it was quantified from the extracted
phase fractions and related to the electrochemical performance
to pin down the origin of capacity fade in PW-based batteries. In
addition, two different electrolyte systems were investigated.
Through this study and a detailed understanding of phase
transitions as a function of the potential, new cycling protocols
can be developed, which will prolong the lifetime of the
material.

2 Methods

2.1 Electrode preparation

The sodium-ion full cells under investigation comprise
commercially available Prussian white (Fennac®, Altris AB) and
hard carbon (KURANODE®, Kuraray Co., Ltd). Electrode fabri-
cation was undertaken by LiFeSiZE AB on a pilot coating line in
which a water-based slurry was coated onto a 15 pm thick
aluminum current collector. The slurry was composed of the
active materials sodium carboxymethyl cellulose, styrene buta-
diene rubber, and carbon black. The acquired Prussian white
(~12 mg cm™?) and hard carbon (~7 mg cm~?) electrode sheets
were either laser cut into circular discs with a diameter of 20
and 21 mm (BOB cells), respectively, or punched into circular
discs with a diameter of 13 mm (S cells). Pouch cells were
assembled in an argon-containing glovebox (O, and H,O < 1
ppm) utilizing Dreamweaver Gold™ separator (23 pm thick-
ness, Ahlstrom-Munks;j6). The S cells were injected with 100 pl
of 1 M NaPF (Stella 99%) in ethylene carbonate and diethyl
carbonate in a 1:1 v/v (Gotion, dried over molecular sieves and
filtered through a 0.2 um polypropylene syringe filter). The BOB
cells were injected with 150 pl of saturated sodium bis(oxalato)
borate in triethyl phosphate (>99.8%, Merck, dried over
molecular sieves and filtered through a 0.2 um polypropylene
syringe filter). Sodium bis(oxalato)borate was synthesized
according to Zavalij et al.'* with oxalic acid dihydrate (>99%,
Sigma), boric acid (>99.5%, Sigma), and sodium hydroxide
(>98%, Alfa Aesar) in a molar ratio of 2:1:1. The synthesized
white powder underwent purification through recrystallization
in hot acetonitrile followed by an additional recrystallization
process in trimethyl phosphate as outlined by Mogensen et al.*®

Cell name Formation

cycles

Pre-cycles | Pre-cycle range | Beamtime cycling

S1 3 94 29-36V 1.3-3.6 V, 2:C/5
S2 3 84 275-3.6V 1.3-3.6V, 2:C/5
S3 3 82 26-3.6V 1.3-3.6 V, 2:C/5
S4 3 75 23-36V 1.3-3.6V, 2:C/5
S6 3 102 1.7-3.6V 1.3-3.6V, 2:C/5
s7 3 106 1.3-36V 1.3-36V, 2:C/5
S8 3 96 1.3-3.6V 1.3-3.6 V
1-:C/10+1-C/3
$10 0 0 1.3-3.6V, 2:C/5
S$11 2 0 1.3-3.8V 1.3-3.6 V, 2:C/5
BOB3 3 730 2.3-3.5V 1.3-3.5V,2:C/5
BOB6 3 605 1.7-3.5V 1.3-3.5V, 2:C/5
0

BOB7 0 1.3-3.5V,2:C/5

(a) The different pre-cycling ranges used in this study. All cells have the upper limit of 3.6 V (3.5 V for the BOB cells), while the lower

potential limit was varied. The grey area marks where the two-phase region is. (b) Overview of all cells included in this study including the cell
name, the number of formation and pre-cycles, pre-cycling range, and the beamtime cycling.
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The resulting electrolyte salt was vacuum dried at 100 °C for 48
hours in an argon-containing glovebox before use.

2.2 Electrochemical cycling

Galvanostatic cycling was conducted on a Neware BTS4000
cycler with a uniform formation protocol of three cycles at C/10
between 1.3 and 3.8 V. Following formation, each cell was
charged and discharged using a C/3 current rate (C/5 for the
BOB cells) within varying potential windows namely 3.6 V (3.5 V
for the BOB cells) to 1.3, 1.7, 2.3, 2.6, 2.75 and 2.9 V, respectively
(Fig. S1f). For the S cells, intermittent lower-rate cycles (C/5)
were used every 107 cycle to assess whether there are signifi-
cant capacity losses from kinetic effects (Fig. S2t). The current
was calculated assuming 150 mAh g~ practical capacity of the
Prussian white electrode® with an active material content of
93%. A rudimentary stack pressure was applied. Fig. 1a presents
an overview of potential ranges used for the pre-cycling. In this
study, the word “pre-cycling” refers to the non-formation cycles
conducted before the cycling at the beamline (Fig. 1b).

All cells were charged to 3.0 V before being taken off the
cycling equipment and transported to the beamline. At the
beamline, all cells were cycled galvanostatically using a Bio-
Logic potentiostat in the potential window 1.3 to 3.6 V (3.5 V for
the BOB cells) using a current of C/5 except for cell S8, where
a current of C/10 was used (Fig. S37). Fig. 1b presents an over-
view of all the cells used in this study.

2.3 Operando X-ray diffraction

In-house operando XRD was performed using a STOE Stadi P
diffractometer operating in transmission mode using mono-
chromated Cu Ka, radiation (45 kV, 40 mA). The pouch cell was
mounted on a holder in flat cell geometry." A multi Dectris
Mythen detector was used covering a 26 range from 0° to 55°
with an angular resolution of 0.015° 26. The collection time for
each pattern was 15 minutes, which was running continuously
until stopped manually.

Operando synchrotron X-ray diffraction was performed at the
DanMAX beamline at MaxIV in Lund, Sweden. The pouch cells
were mounted in a pouch cell holder'” optimized to hold up to
six pouch cells simultaneously. No stack pressure was applied to
the cells while measuring operando SXRD data (other than that
imposed by the vacuum seal on the pouch cells). A Dectris
Pilatus3 2 M CdTe detector was used to collect data in trans-
mission mode with data collected every two minutes for each
pouch cell. The wavelength was determined to be A = 0.35424 A
from measurements of a LaB, standard.

All Pawley fits and peak fitting were performed using the
TOPAS Academic V6 software.*®

2.4 Calculation of phase fractions

As it was not possible to do Rietveld refinements of a model to
the XRD data due to the data quality and low scattering power of
the PW active material relative to the aluminium from the
pouch, information about phase fractions of the two phases
present during cycling was obtained via intensity ratios of the

This journal is © The Royal Society of Chemistry 2024
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200 and 102 reflections in theFm3m and R3 phases,
respectively.

XRD patterns of the two-phase region were calculated using
the TOPAS Academic V6 software'® by fixing the sodium content
to 1.2 (Fm3m) and 1.8 (R3) sodium-ions per formula unit (f.u.)
for the two phases according to where the two-phase region is
predicted to exist for iron- and sodium-based PBAs.*** The
isotropic atomic displacement factors (ADPs) were set to 0.5 A
for all atoms. Phase fractions for the two-phase region were
obtained by relating the scale factors of each phase to each
other in a linear relation

Scaleg,3, = 1 — scalegs

and fixing the scale factor for the R3 phase to a specific value.
The value of the scale factor was varied between 0.00 and 1.00 in
steps of 0.01 to obtain phase fractions for the Fm3m phase
ranging from 0 to 100%. The calculated XRD patterns were
fitted using a pseudo-Voigt function where the peak position,
intensity, and the Lorentzian fraction and peak width were
refined. The background was fixed by straight-line segments to
avoid variation in the background, which would affect the
calculated intensities of the two reflections. The experimental
data were fitted similarly to obtain experimental intensity
ratios. Knowing the calculated intensity ratios, calculated phase
fractions, and the experimental intensity ratios, the experi-
mental phase fractions were determined using linear interpo-
lation in Python.

2.5 Scanning electron microscopy

The high resolution scanning electron microscopy (HR-SEM)
images were obtained using a Merlin Zeiss HR-SEM instru-
ment working with an accelerating voltage of 3 kv and
a working distance of about 6.7 mm using both in-lens and high
efficiency secondary electron (HE-SE) detectors. Sample prepa-
ration was performed in an argon-containing glovebox (O, and
H,O0 < 1 ppm), where the electrodes were extracted from the
pouch cells, washed with dimethyl carbonate, and loaded onto
the SEM stubs in an inert atmosphere sample transfer device
(Semilab). The Semilab device was used to ensure a controlled
inert sample transfer from the glovebox to the HR-SEM.

3 Results

The cycling curve of PW shows two distinct plateaus at 3.0 Vand
3.2 V (vs. Na/Na') corresponding to the redox activity of the
high-spin Fey and low-spin Fec sites, respectively.® As
mentioned in the introduction, PW undergoes a transition
between Fm3m and R3 phases during charge and discharge (i.e.
sodium extraction and insertion), which takes place during the
lower voltage plateau at 3.0 V.* On the upper voltage plateau,
there is no phase transition but only a solid solution reaction.
Thus, it is expected to have 100% Fm3m phase at the end of
charge and 100% R3 phase at the end of discharge. The two-
phase region occurring during cycling is very narrow® and
exists only for sodium contents between 1.2 and 1.8 sodium-
ions per fu. (ie. 0.2 = x = 0.8 in Na, ,Fe[Fe(CN)g]).®
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However, for all cells in this study (both pristine and aged cells),
the two-phase region extends over a wider range (Fig. S41) and
only 100% Fm3m phase is observed at the end of charge in line
with previous long-term studies of PW.** The fact that 100% R3
phase is never observed at the end of discharge questions the
accessibility of the R3 phase during charging and discharging.
Therefore, information about the amount of the Fm3m and R3
phases at different states of charge is important for under-
standing the structural changes and linking it to the material
performance.

The discharge capacity from the first discharge done at the
beamtime and the phase fraction at that specific point in time
were extracted (Fig. 2a) and plotted in Fig. 2b for all cells. It can
be seen that a narrower pre-cycling range results in more
capacity recovered as well as a lower amount of the Fm3m phase
present. All the cells follow the same trend despite differences
in the electrolyte used and the number of pre-cycles done before
the beamtime cycling (e.g. S4 with 75 pre-cycles relative to BOB3
with 730 pre-cycles using the same pre-cycling conditions).
Noticeably, BOB7 lies outside this trend. This is due to high
polarization, which the NaBOB electrolyte is well-known to
cause.” Therefore, within the potential range of 1.3 to 3.5 V
applied, the PW electrode is not fully charged resulting in a low
capacity (also evident in Fig. 4 below). A trend line was fitted to
the data points (excluding cell BOB7) giving the equation

DChgCap = —1.32mAh g ' %' x [% Fm3m] + 168.3 mAh g~

Interestingly, the intersection is close to the theoretical
capacity of 171 mAh g~ for Na,Fe[Fe(CN),]. Thus, the propor-
tion of the Fm3m phase from XRD can give indications about
the capacity from the PW electrode in PW/hard carbon full cells
and vice versa.

3.1 Phase evolution during cycling

To investigate at what full cell potential the phase transition
takes place, the Fm3m phase fraction was plotted as a function
of the full cell potential for all cells. The ideal behavior is shown
in Fig. 3 together with the results from the pristine cell S10. The
two-phase region is expected to take place during the lower
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Fig. 2 (a) Contour map of the SXRD data for cell S1 with the corre-
sponding electrochemical cycling. The dashed red line indicates
where the phase fraction and discharge capacity plotted in (b) come
from. (b) The discharge capacity after the first discharge at the
beamtime (corresponding to the red line in (a)) as a function of the
Fm3m phase fraction for each cell.

17416 | J. Mater. Chem. A, 2024, 12, 17413-17421

View Article Online

Paper

plateau (Fig. 3a), where low-spin Fey is redox active. Thus, there
will be an increase in the Fm3m phase fraction until it reaches
100% at ~2.8 V (Fig. 3b). Thereafter, the Fm3m phase fraction is
constant at 100%. For cell S10, which is a pristine cell with no
formation or pre-cycling, the Fm3m phase fraction is almost
zero initially as expected (Fig. 3c). The deviation from zero
Fm3m phase fraction might be due to slight oxidation of the PW
powder during electrode processing. The Fm3m phase fraction
remains at this value until ~3.3 V, where a rapid increase is
observed. The increase continues until 100% Fm3m phase is
reached at 3.42 V after which it remains at 100%. Thus, the
observed evolution of the Fm3m phase fraction as a function of
the potential does not follow the ideal behavior as shown in
Fig. 3b. Instead, the phase transition occurs on the upper
plateau (Fig. 3d). During discharge, the Fm3m phase fraction
decreases over a range of potentials until it reaches 25% at 1.3 V.
The fact that the potential at which the phase transition occurs
is shifted to 3.3 V during charge and occurs over a range of
potentials during discharge indicates polarization and inho-
mogeneous sodiation of the material. The second charge starts
from 25% Fm3m phase fraction and shows similar behavior as
during the first charge. This indicates that already after the first
cycle, some capacity is lost since not all sodium has been
inserted back into the structure of PW, which would have
resulted in no Fm3m phase present in the SXRD data in the
discharged state. This is also reflected in the electrochemical
performance, where the first discharge capacity is 136 mAh g~*
(~88% of the initial charge capacity of 155 mAh g *). This initial
capacity fade is most likely due to solid electrolyte interphase
(SEI) formation and/or side reactions.

Fig. 4 shows the calculated Fm3m phase fractions plotted
against the potential for the first discharge and second charge
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Fig. 3 (a) Theoretical full cell cycling curve for a PW/hard carbon cell
with the two-phase region marked with orange. Initially, PW has
a rhombohedral structure which during charging converts to a cubic
structure. The phase transition is reversible upon discharge. The crystal
structures were generated using CrystalMaker®?° (b) the ideal evolu-
tion of the Fm3m phase fraction as a function of the potential. The
orange line marks the two-phase region. (c) The Fm3m phase fraction
as a function of the potential for cell S10 (a pristine cell). (d) The cycling
curve for cell S10 with the two-phase region from (c) marked with
cyan.
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of the beamtime cycling for all cells. Similarly to cell S10, there
is a rapid increase in the Fm3m phase fraction at ~3.3 V until
100% is reached for all cells. Likewise, on discharge, the
conversion occurs over a wider potential range for all cells. The
cell BOB7 only reaches ~60% Fm3m phase fraction during the
second charge, which is reflected in the low reversible capacity
(Fig. S3t) illustrating the high polarization in the cell in the
potential range applied. The cell S11 had undergone two
formation cycles before the beamtime, thus, the two cycles at
the beamtime correspond to cycles three and four relative to cell
S10. The amount of the Fm3m phase fraction remaining at the
end of the fourth discharge is 42% suggesting a rapid decrease
of the R3 phase fraction during the first few cycles of the PW
material, which over multiple cycles slows down (60% increase
in the Fm3m phase fraction going from 2™ (S10) to 4™ (511)
cycle vs. 59% increase going from 4™ (S11) to 111%™ (S7) cycle).
We propose here that the capacity fade is either due to struc-
tural degradation, polarization, sodium inventory loss, particle
orphaning (covering both delamination and/or particle
cracking), or a combination of these.

The effect of the pre-cycling conditions is illustrated by the
cells S1 to S7, which have been pre-cycled with a narrow to
broad potential range, respectively, and subsequently cycled in
the full potential range of 1.3 to 3.6 V at the beamtime. Cell S1
has the lowest Fm3m phase fraction of 31% (i.e. the highest
amount of the R3 phase present), while cell S7 reaches 72%
Fm3m phase present at the end of the first discharge. Thus,
with increasing pre-cycling potential range, the amount of the
Fm3m phase fraction increases in the discharged state meaning
that less of the R3 phase is accessible since less material is
sodiated during discharge. This is consistent with a lower
discharge capacity for cell S7 (70 mAh g™ ) compared to cell S1
(121 mAh g™ ). Cells S1 to S4 have quite similar amounts of the
Fm3m phase fraction at the end of discharge (31% to 39%),

View Article Online

Journal of Materials Chemistry A

while cells S6 and S7 have significantly higher amounts (60%
and 72%, respectively) suggesting a pre-cycling range from 2.3
to 3.6 V is the best range to use for long-term cycling without
losing too much capacity.

To investigate the effect of polarization, two cells (S7 and S8)
were pre-cycled under similar conditions (potential range 1.3 to
3.6 V), but the current was varied at the beamtime cycling (C/5
for cell S7 and C/10 for cell S8). By reducing the current, the
amount of the Fm3m phase fraction at the end of discharge is
reduced and more capacity is recovered (96 mAh g~ for cell S8
vs. 70 mAh g for cell S7). Thus, a lower current reduces the
overpotential and generally results in a more homogeneous
sodiation. This result also indicates that the structure is not
necessarily degraded to a state where sodiation is not possible,
but that it might be other features, such as sodium inventory
loss or particle orphaning, that play a role in the loss of capacity
in combination with polarization. A mechanism for the
observed polarization is not attributed and this may well be due
to e.g. electronic resistance increase from volume changes on
either the cathode or anode side. A rudimentary estimation of
the overpotential for the beamtime cycles of the S cells is pre-
sented in Fig. S5.1 The relatively minor difference in the over-
potential suggests that kinetic limitations are similar despite
the different pre-cycling conditions, except for cell S7 which
shows a slightly higher overpotential. Particle orphaning seems
unlikely based on the SXRD data since it would be expected to
have a distribution of particles isolated in both the Fm3m and
R3 phases meaning that there should not be 100% Fm3m phase
at the end of charge. The jump in the Fm3m phase fraction from
~90% to 100% observed for all cells is due to fitting uncer-
tainties. When the intensity of the R3 102 reflection becomes
too low to fit, it was assumed to be non-existent resulting in the
small jump in the Fm3m phase fraction. SEM images of some of
the PW electrodes of the cells also suggest that no severe
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particle cracking or isolation of particles is present (Fig. S67).
However, the particles in S1 are very porous compared to the
particles in cells S11 and S7. Despite the porous particles in cell
S1, this cell recovered the most capacity upon discharge when
cycled in the full potential range at the beamtime. It is hard to
say whether it is the extended cycling in the narrow potential
range (the potential range where no phase transitions take
place), the subsequent cycling in the full potential range (where
the phase transition takes place), or other factors, such as
dissolution by the electrolyte, that have affected the porosity of
the particles and why they perform better than the particles that
are similar to the pristine material. It might be that the
increased porosity increases the sodium-ion diffusion within
the particles. In addition, there is no significant peak broad-
ening observed for all cells (Fig. S71) or signs of the formation of
additional phases in the SXRD data (Fig. S81). Thus, the data
indicate that the capacity loss is mainly due to sodium inventory
loss and some polarization. The effect of the electrolyte used
does not appear to have an impact on the long-term cycling (see
discussion in ESIY).

3.2 Changes in lattice parameters

The changes in lattice parameters of the Fm3m phase give
information about the degree of sodiation and desodiation in
the material. The data were fitted with an Fm3m and an R3
phase (as well as an aluminium phase and single peaks for the
separator used in the pouch cells) using the Pawley method to
follow the changes in the lattice parameters during cycling
(Fig. S87).

The refined lattice parameters for the Fm3m phase as
a function of the potential for the first discharge and second

10.35

View Article Online
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charge of the beamtime cycling are shown in Fig. 5. The Fm3m
lattice parameter increased more rapidly at ~3.2 V and
decreased similarly upon discharge. The dashed grey line
indicates at which potential the material has reached 100%
Fm3m phase based on the above calculated Fm3m phase frac-
tions. The fact that the lattice parameters and the phase frac-
tions change simultaneously (to the left of the grey line)
indicates an inhomogeneous distribution of material state of
charge through the porous electrode during charging and
discharging.

Comparing the two pristine cells, S10 and BOB7, the Fm3m
lattice parameter is generally lower for cell BOB7 meaning that
there is a larger contraction of the Fm3m unit cell upon
sodiation. This is consistent with the lower Fm3m phase frac-
tion at the end of discharge for BOB7 relative to S10 (16% vs.
25%, respectively). The higher degree of contraction is due to
increased electrostatic interactions and backbonding effect
when sodium is inserted into the structure and iron is reduced
from Fe** to Fe>*. The Fm3m lattice parameter is generally lower
for the cells pre-cycled in a narrow potential range indicating
a higher degree of contraction of the Fm3m unit cell consistent
with the calculated Fm3m phase fractions at the end of
discharge presented above i.e. the lower the amount of the
Fm3m phase present, the higher degree of sodiation and thus
more contraction of the Fm3m unit cell. Thus, a higher degree
of sodiation is occurring in the cells pre-cycled in a narrow
potential range. When the current is reduced (cells S7 vs. S8),
there is a larger contraction of the Fm3m unit cell also in line
with the calculated phase fractions. The S cells and BOB cells
generally show similar Fm3m lattice parameters despite
differences in the electrolyte system used and the number of
pre-cycling cycles.
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arrows are present to help guide the direction of the curves. The grey dotted lines indicate at which potential 100% Fm3m phase is reached
(based on Fig. 4). The shaded area between the data points represents the error bars for the refined lattice parameters. The insets show the pre-
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4 Discussion

Based on the above SXRD analysis, an evaluation of the possible
degradation mechanisms that can lead to capacity fade is given.
Since no additional phases are formed during cycling and no
significant peak broadening is observed (Fig. S7 and S87), it
appears that the structure is preserved. In addition, when the
current is reduced or a narrower pre-cycling potential range is
used, it is possible to obtain more of the R3 phase during
discharge (i.e. sodiation). This indicates that the structure of
PW is not degraded. Therefore, the observed capacity fade
during long-term cycling is thought to be mainly due to any
combination of polarization, particle orphaning (covering both
delamination and cracking), and/or sodium inventory loss (i.e.
the sodium is inaccessible for reversible reactions due to e.g.
prolonged SEI formation, SEI dissolution, and/or trapping of
sodium in the hard carbon anode). Sodium inventory loss is
evident in Fig. 4 since there is only a contraction along the y-axis
in one direction (the Fm3m phase fraction always reaches 100%
but never 0%). Therefore, it is more likely that the R3 phase is
inaccessible because there is not enough sodium in the system
that can be inserted into the structure and thus convert all of
the particles to the R3 phase. This is also illustrated in the first
two cycles (cells S10 and S11), where a greater percentage of the
R3 phase fraction is lost possibly due to the formation of SEI on
the hard carbon anode and side reactions during the formation
cycles. The loss of sodium inventory to SEI formation and side
reactions results in less sodium available in the system to be
inserted into the structure of PW leading to less of the R3 phase
present at the end of discharge. Noticeably, a previous study
using X-ray absorption spectroscopy of PW electrodes at
different states of charge suggested that there is a reduced use
of the high-spin Fey*"/high-spin Fey®" redox pair (correspond-
ing to the lower voltage plateau where the phase transition takes
place).? This result hints towards sodium inventory loss since
sodium-ions need to be inserted into the structure to reduce
Fen®" to Fen®" during discharge. In addition, particle orphaning
was not observed in either the SXRD data or from SEM. Thus,
once the material is dehydrated prior to electrochemically
cycling (which involves an increased strain in the material®**), it
stays intact even after undergoing multiple volume changes
during cycling (Fig. S6t). The effect of polarization, tested by
applying different currents, was found to play a role in the
sodiation and desodiation process, but to a lesser extent than
sodium inventory loss. Previous work on PW sodium metal half
cells shows a reduction of ~14 mAh g~ " in the capacity after 50
cycles originating from polarization in the cell when excess
sodium is available.?

To investigate the hypothesis about sodium inventory loss,
an in-house operando XRD experiment was performed. A 3-
electrode cell consisting of a PW working electrode, a hard
carbon counter electrode, and a Na metal reference electrode
(NaPF, in EC: DEC 1: 1 v/v) was assembled. The pouch cell was
mounted in a holder (without any stack pressure applied) and
was cycled for 2.5 hours with constant current corresponding to
C/25 followed by a 2 hour rest (to obtain good XRD data when

This journal is © The Royal Society of Chemistry 2024
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the cell is at equilibrium) for 10 cycles on charge and 7 cycles on
discharge. The cycling curve is shown in Fig. 6a and S9a.f
Sodium inventory loss is evident from the rapid increase of the
hard carbon electrode potential upon discharge. In contrast, the
PW electrode is still on the lower voltage plateau, when the full
cell potential rapidly drops to 1.3 V resulting in a discharge
capacity of 118 mAh g '. The difference between the initial
charge capacity of 168 mAh g~ " and the discharge capacity of
118 mAh g~ is also affected by SEI formation and side reac-
tions. The XRD data in Fig. 6b shows the conversion to the
Fm3m phase during charge (noticeable, the pure Fm3m phase
is not obtained until at the end of the charge similarly to the
SXRD data), while there is a phase mixture of Fm3m and R3
phases at the end of the discharge (51% Fm3m phase present).
The hard carbon counter electrode was sodiated overnight
using the Na metal reference electrode (Fig. S9bf) and
continued discharging while collecting XRD data the day after
(Fig. 6b and S9ct). An additional 32 mAh g~' was achieved
resulting in a total discharge capacity of 150 mAh g~' and
a Fm3m phase fraction calculated to be 7.0%. Thus, by sodiat-
ing the hard carbon counter electrode, it was possible to obtain
a higher degree of the R3 phase during discharge proving that it
is possible to insert sodium into the structure and that the
structure is not degraded. The obtained discharge capacities
and Fm3m phase fractions at the end of discharge also follow
the same trend as observed from the SXRD data (Fig. S10ct).
The slight deviation might be due to the low data quality of the
in-house XRD data giving a higher uncertainty in the calculation
of the Fm3m phase fractions. The capacity difference between
the initial charge capacity of 168 mAh g~" and the discharge
capacity of 150 mAh g~ might be due to side reactions, inactive
material, and/or polarization since the full cell potential has
passed the lower plateau of the PW electrode (Fig. S9ct).

As the capacity fade is mainly from sodium inventory loss
according to these data, strategies to reduce the capacity loss
and improve the long-term cycling of PW could therefore be to
sodiate the hard carbon anode before cell assembly either
chemically or electrochemically, optimize the SEI formation to
not consume as much sodium, or introduce additional sodium
through the electrolyte such as sacrificial sodium salts. Elec-
trochemical or chemical sodiation of hard carbon both have

a) 4.0 168 mAhig § | ©) [End of continued discharge
b N
3.5 ——c/ End of 1% discharge
¢ AN
3.0 -
= 5 o
§ 2.5 s // \
s M~
Baor” AN
(%)
9]
g1o] N
. = [ AN
1o I st Nai
051 E;!tc:y"cr:(enna‘ 118 mAhig § 150 mAh/g e
. . H [ N
0.0 Continued discharge ° ° 2006mam 10245
0 20 40 60 80 100 120 140 160 17 18 19

Capacity (mAh/g) 20 (°)A=1.54 A

Fig. 6 (a) The cycling curve for the 3-electrode cell (blue) and the
continued discharge curve (light blue) after sodiation of the hard
carbon electrode. The colored dots correspond to the XRD pattern in
(b) which shows a zoom of the Fm3m 200 and R3 102 reflections,
respectively.
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disadvantages such as cell reassembly, which consumes time
and is more complicated, and safety issues regarding the
handling of chemically sodiated hard carbon. However, the idea
of having sodiated hard carbon, an optimized SEI formation
process, or more sodium in the electrolyte from sacrificial
sodium salts would ensure that there is more sodium in the
system that can be used for insertion into the structure of PW to
gain additional capacity over multiple cycles (relative to non-
sodiated hard carbon, non-optimized SEI formation, or no
addition of sacrificial sodium salts). These data also suggest
that sodium is not stuck in the structure of PW (since 100%
Fm3m phase is always observed at the end of charge), but it
might be elsewhere in the system e.g. in the hard carbon anode
(after SEI formation). Thus, more research into the sodium
storage mechanism in PW/hard carbon systems during long-
term cycling is needed together with the impact of the anode
on battery performance.

When it comes to cycling conditions, the data presented indi-
cate that the capacity retention is enhanced when cycling above 2.3
to 3.6 V. However, further studies are needed to draw further
conclusions and provide a deeper understanding of the underlying
mechanisms. Even though a cap on the maximum capacity is
introduced when cycling in a restricted potential range, it is valu-
able to keep the cycling within a certain range over multiple cycles
when comparing the energy density passed through the cell rela-
tive to a cell cycled in the full potential range. The presence of both
phases does not seem to affect the performance. For example, cell
S1 has an extended two-phase region but still performs relatively
well compared to the initial capacity of a fresh cell (Fig. 2 and 4).
This is also illustrated by the fact that the pre-cycling range within
2.3 to 3.6 V enhances the capacity retention the most, which is
where the two-phase region occurs (Fig. 1a). Instead, it becomes
a matter of having enough sodium in the system to gain the full
discharge capacity of the cell (Fig. 6), which also proves that the
large volume changes are not necessarily disadvantageous for cycle
life. This has also been proposed previously in a theoretical study
of Na,Mn[Fe(CN)e], where a maximum volume change of 27% was
observed despite excellent cyclability.”” Therefore, it might not be
relevant to consider if the two-phase region can be skipped by
manipulating the cycling protocol since it seems to be an inevitable
feature of how PW-based batteries work. Additionally, one could
optimize the cycling protocols to include a higher current during
the high voltage plateau and/or a lower current during the lower
voltage plateau to decrease the cycling time used for long-term
cycling. Furthermore, the appliance of stack pressure would
increase the electronic conductivity during the cycling of the cells
and this could further be improved for the operando SXRD multi
pouch cell holder.

5 Conclusion

As PW suffers from capacity fade during long-term cycling, it is
desired to find and understand the origin of this capacity fade.
In this study, the role of phase transitions on capacity fade
during long-term cycling of PW hard carbon full cells was
explored using operando X-ray diffraction. Contrary to earlier
hypotheses, there was no evidence of structural degradation
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during extended cycling. Rather, the main contributor to
capacity fade during long-term cycling was found to be sodium
inventory loss in combination with polarization. Thus, the long-
standing argument that structural degradation due to large
volume changes is the cause of capacity fade was disproved.
This study sheds light on the fact that phase transitions and
volume changes are not detrimental to battery performance in
PW hard carbon full cells. In addition, it was found that pre-
cycling between 2.3 and 3.6 V is best for long-term cycling.
This work provides vital insight into the structural changes
during long-term cycling of PW and the origin of capacity fade,
and proposes new topics within this cell system that need to be
investigated further to mitigate the loss of capacity and improve
the lifetime of sodium-ion batteries comprised of PW.
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