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Prussian white (PW) is among the most promising cathode materials for sodium-ion batteries due to its high theoretical specific
capacity and cost-effective synthesis routes. To maintain cost advantages compared with lithium-ion batteries, water-based elec-
trode processing is desirable; however, the strong water affinity of PW introduces significant challenges. Here, we systematically
investigate the influence of thermal pre-treatment of PW on particle morphology during aqueous processing and on the electro-
chemical performance and evaluate how binder selection affects electrode stability. Repeated dehydration and rehydration during
pre-treatment and subsequent water-based processing trigger phase transformations, leading to surface cracking and porosity. In
addition, direct contact with water can promote partial dissolution of Na+ and [Fe(CN)6]4− and generate vacancies within the
crystal framework. Although N-methyl-2-pyrrolidone-based processing yields unwarped electrodes, high bulk and interfacial resis-
tances limit rate capability at C/2. In contrast, the water-processed electrode delivers higher specific discharge capacity despite
inward warping. An additional step of thermal pre-treatment can be beneficial for capacity retention. Overall, these findings reveal
a trade-off between particle integrity and long-term electrochemical cyclability of PW electrodes and suggest that binder selection
should be a key consideration in further optimization.
© 2026 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited.
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The rapid growth of global energy demand and the expansion of
renewable energy technologies have intensified the need for scalable
and low-cost energy storage solutions. While lithium-ion batteries
(LIB) have the highest market share, concerns regarding the limited
availability of lithium resources, rising material costs, and associated
supply chain risks have accelerated research into supplemented tech-
nologies.1,2 Among the different possibilities, sodium ion batteries
(SIB) garnered significant attention due to the high abundance and
low cost of sodium.

Prussian blue analogs (PBA) are among the most promising cath-
ode materials for SIB as they combine high theoretical capacity and
a cost-effective and simple synthesis route.1,2 A particularly interest-
ing material is Prussian white (PW), the fully sodiated form of PBA,
offering high capacities and structural channels in the crystal lattice,
which favor sodium transport. Despite these advantages, further cost
reduction is essential for SIB to remain competitive with lithium-ion
batteries,3 especially considering that cathode materials for lithium-
ion batteries such as lithium iron phosphate (LFP) can be processed
in water-based systems. Electrode manufacturing based on organic
solvents like N-methyl-2-pyrrolidone (NMP) is a cost driver due to
high costs of explosion protection and solvent recovery and would
reduce the cost advantage of SIB in comparison.4,5 However, water-
based processing of PW electrodes poses some critical challenges,
which will be explored in this work.

One major challenge related to water-based processing is the
interaction between water and the active material (AM). Both lay-
ered transition metal oxide and PBA used in SIB have been reported
to react with humid air and form sodium hydroxide.6,7 This process
may reduce the amount of electrochemically available Na+ ions. In
addition, the generated sodium hydroxide can dissolve in the aqueous
phase during water-based processing and increase the slurry pH. At
sufficiently high pH, the native protective oxide layer of aluminum
can dissolve, resulting in aluminum corrosion and gas formation.8–10

zE-mail: xuebin.wu@kit.edu

In the case of PW, additional challenges arise due to its strong
affinity to water. Residue water can be classified into three types
according to its binding mechanism: (1) surface-adsorbed, (2) inter-
stitial and (3) coordinated water, with the latter two incorporated in
the crystal lattice.11 Depending on synthesis and drying conditions,
PW can contain different amounts of residue water of up to 18 wt.-%
according to the chemical compositions or thermogravimetric analy-
sis (TGA) results reported in multiple papers.12–17 Residue water is
generally undesirable as it can lead to side reactions during charge
and discharge and affects the cycling stability adversely.18 The han-
dling of this water during electrode manufacturing raises questions
about humidity management and its presence poses possibility of
phase changes alongside the processing. The uptake of water into
the interstitial sites or its removal induces phase transitions between
monoclinic and rhombohedral lattice configuration,14,19 leading to
volume change and cracks. Therefore, correct choice of binder is
essential as it strongly determines electrode stability during and after
aqueous processing.

This work therefore explores both the influence of different
binder systems on the quality of the final electrodes, as well as the
impact of active material pre-treatment and the corresponding cell
performance.

Experimental

Synthesis of Prussian white.—The Prussian white used in this
work was synthesized as described by Büchele et al.20 based on co-
precipitation method in an aqueous medium. The reaction to obtain
a fully sodiated Mn-PW can be expressed as:

Na4
[
Fe
(
CN

)
6

]
+ MnSO4 → Na2Mn

[
Fe
(
CN

)
6

]
+ Na2SO4.

The newly synthesized material was placed into a vacuum fur-
nace (60 ◦C, ∼50 hPa) for at least 2 d for water evaporation and
then the obtained PW powder was transferred into an argon-filled
glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm). For one representa-
tive batch, the composition was quantified as Na1.75Mn[Fe(CN)6]0.92
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Table I. Drying conditions regarding impact of multiple phase
transitions on the cathode active material.

Process step Drying conditions

Pre-Treatment 150 ◦C 15 h <10−3 hPa

Dispersion Drying 60 ◦C 15 h ∼1.5 hPa

Post-Drying 130 ◦C 15 h <10−3 hPa

· 2.4H2O using inductively coupled plasma optical emission spec-
troscopy (ICP-OES, see Table AI) as well as TGA (see Fig. A·1).
The morphology of the as-received PW particles is shown in Fig.
A·2.

Influence of drying steps on PW material.—A typical process
chain for wet electrode manufacturing involves multiple drying steps
along the sequence of slurry mixing, coating, drying, calendaring and
post-drying. As a special feature, an additional pre-treatment drying
is performed in this investigation on the PW prior to slurry prepa-
ration. This sample is hereinafter referred to as D-PW, whilst the
original material, without this pre-treatment, is designated H-PW.
Here D and H stands for the state of PW (dehydrated and hydrated,
respectively) before mixing with water, regardless of the following
processing steps including dispersion drying and post-drying. The
repeated hydration or drying steps will enforce various phase transi-
tions in the PW.14,18,19,21 This will be further discussed in Results and
Discussion (see Surface change and phase transitions of Prussian
white during water-based processing). To investigate these phase
changes during the three drying steps during processing, the follow-
ing drying conditions were defined and are going to be addressed
accordingly in the results, see Table I.

The pre-treatment aims at removal of the interstitial water remain-
ing from the synthesis process. To ensure that the crystal lattice water
is removed from the sample, harsh drying conditions must be applied.
The PW was therefore heated to 150 ◦C in a high vacuum (<10−3

hPa) created by a rotary vane pump (DUO 10 M, Pfeiffer Vacuum,
Germany), as suggested by Maddar et al. and Büchele et al.20,21

Dispersion drying was performed under moderate conditions with a
reduced temperature and a lower vacuum (60 ◦C, 1.5 hPa). Finally,
the impact of post-drying, intended to prevent water from enter-
ing the cells, is reproduced at 130 ◦C and high vacuum (<10−3

hPa) for 15 h. A slightly lower temperature is set compared to the
pre-treatment step, as the electrodes usually contain additives with
limited temperature stability.

For the dispersion investigation, a simplified composition was
used, only mimicking a slurry step. The PW was dispersed in
water with a PW/water mass ratio of 58:100 by means of a speed
mixer (DAC 150, Hauschild Engineering, Germany) at 2000 rpm for
15 min without further additives and stored at 20 ◦C for 6 h.

Electrode manufacturing.—For comparison, electrodes were
manufactured via water-based or NMP-based slurry routes. Slurries
were prepared by using a disc agitator (Dispermat CA60, VMA
Getzmann, Germany) with a 40 mm toothed disk as a stirrer and a
stainless-steel dispersion container with an inner diameter of 6.5 cm
and an internal height of 8.5 cm (250 ml). The rotational speed varied
from 1000 rpm when carbon additives were added to up to 2000 rpm
when dispersing the active material. To ensure a defined composi-
tion, Prussian white containing a defined amount of crystal water
was weighed in the argon-filled glovebox before being added into
the slurry. Binders used throughout this study are summarized in
Table II. The pH values of the corresponding aqueous slurries are
also recorded and presented in Table AII.

For the electrochemical investigations, a composition of 88.0 wt.-
% PW, 3.9 wt.-% carbon black (CB, C-NERGY, Super C65, Imerys
Graphite & Carbon, Switzerland), 2.0 wt.-% VGCF (vapor-grown

carbon fiber, Resonac Corporation, Japan), 0.1 wt.-% SWCNT
(single-walled carbon nanotube, TUBALL BATT, suspension in
H2O or in NMP, OCSiAl EUROPE, Luxembourg), and 6.0 wt.-% of
a blend with binders from Table II was prepared. In case of an NMP-
based slurry, 5.9 wt.-% PVDF + 0.1 wt.-% PAA was used as binder
system. PAA is added to this slurry to partially neutralize the basicity
of PW and slow down gelation of the PVDF because basic conditions
favor defluorination of the binder.22 Water-based slurries contain
2.0 wt.-% CMC (2000 PA, IFF Speciality Products, Germany) and
4.0 wt.-% of another water-soluble binder species. All cathode slur-
ries had a solid content of 35 wt.-%. Coated electrodes are going to
be referred to depending on the binder used. Finally, slurries were
coated onto a 16 µm thick aluminum foil (TOB-A16, TOB NEW
ENERGY, China for investigations on binder selection and Batte-
Foil-0004 W, Pi-Kem, UK for electrochemical tests) using a doctor
blade on a roll-to-roll coating line (KTFS, Mathis AG, Switzerland).
The web speed of the coater was set at 0.2 m min−1, with the areal
loading of the electrodes set at 1.12 mAh cm−2 ± 0.05 mAh cm−2

using 160 mAh g−1 as specific capacity of the Prussian white. All
cathodes were calendered to a density of 1.10 g cm−3 ± 0.05 g cm−3

(GLK200, Saueressig, Germany).
For the trials on the mechanical properties to substitute TRD by

other water-based binders, the slurry consisted of 90.0 wt.-% PW (as
received without pre-treatment), 4.0 wt.-% CB (C-NERGY, Super
C65, Imerys Graphite & Carbon, Switzerland), 2.0 wt.-% of an alter-
native CMC (Sunrose MAC500LC, Nippon Paper Ltd. Japan) and
4.0 wt.-% of a second polymeric binder, see Table II. For the binder
study, no carbon fibers or carbon nanotubes were used to stress the
system regarding its cohesion and susceptibility for cracks depending
on the binder used.

Cell assembly.—All cathodes and anodes were dried in a vacuum
furnace attached to the glovebox (130 ◦C, 15 h, < 10−3 hPa), before
being placed directly into an argon-filled glovebox (O2 < 0.5 ppm,
H2O < 0.5 ppm) for cell assembly. Both cathodes and anodes were
cut into discs with a diameter of 16 mm in the glovebox. A N/P ratio
of 1.2 was used to prepare full cells. Anodes required for full cell
investigations were prepared with the formulation of 93.0 wt % hard
carbon (Kuranode Type II, 9 µm, Kuraray, Japan), 1.4 wt % C65
(Super C65, Imerys Graphite & Carbon, Switzerland), 1.87 wt%
CMC (Sunrose MAC500LC, Nippon Paper Ltd. Japan), 3.73 wt%
SBR (BM-4xx, Zeon Europe, Germany), as described in the work
of Stüble et al.,23 with a set areal loading of 1.37 mAh cm−2 ±
0.01 mAh cm−2. A glass fiber separator (Whatman GF/C) and an
electrolyte composed of 1 M NaPF6 in EC and PC (w/w = 1:1) was
used.

Material characterization.—X-ray diffraction (XRD): The pow-
der sample was placed onto a Si wafer in an air-tight sample holder
(Bruker, USA) inside an Ar-filled glovebox (O2 < 0.5 ppm, H2O <
0.5 ppm). To ensure a flat surface, anhydrous DMC was added to
the Si wafer and mixed with the sample. After DMC evaporation,
the lid of the sample holder was closed and tightened. XRD was
then performed on a Bruker D2 Bragg-Bretano diffractometer with
Cu–Kα radiation. The reflection data were collected between 10◦

and 70◦ (2θ) at a scan speed of 0.02◦ s−1.
TGA: TGA was conducted on a STA 449 F3 Jupiter (Netzsch

Gerätebau, Germany) in an argon atmosphere. The temperature
ranged from 25 ◦C to 1000 ◦C with a heating rate of 5 ◦C min−1.

ICP-OES: Chemical composition was determined by means of
an inductively coupled plasma optical emission spectrometer (iCAP
7600 Duo, Thermo Fisher Scientific, USA). For the measurements
of the solid sample PW, it was dissolved first in 25 ml hydrochloric
acid at 80 ◦C for 4 h in a graphite oven (EasyDigest, Analab, France).

Specific surface area measurement: Before measurement, each
powder sample was placed into a glass vial, which was then con-
nected to a sample degas system (VacPrep 061, Micromeritics
Instrument Corporation, USA) for vacuum drying at 120 ◦C and
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Table II. Summary of the different binders used in the cathodes. Abbreviations of binders are going to be used as reference for the
electrodes which were prepared using said binder.

Abbreviation Binder Details

TRD Fluorine acrylic hybrid latex TRD202A, Eneos, Belgium

PAA Polyacryclic acid PAA (Mv ∼ 450 k), Sigma Aldrich, United States

LA132 Ternary copolymer made of acrylamide,
lithium methacrylate, and acrylonitrile

Viscosity ⩾4800 mPa·s (15 wt.-% aqueous dispersion,
40 ◦C), Xiamen TOB New Energy Technology, China

LA133 Ternary copolymer made of acrylamide,
lithium methacrylate, and acrylonitrile

Viscosity 7300–9300 mPa·s (15 wt.-% aqueous dispersion,
40 ◦C), Xiamen TOB New Energy Technology, China

CMC Carboxymethyl cellulose Type 1: 2000 PA, IFF Speciality Products, Germany
Type 2: Sunrose MAC500LC, Nippon Paper Ltd. Japan

PVDF Polyvinylidene fluoride Solef5130, Solvay, France

200 mTorr (0.27 hPa) for roughly 15 h. The specific surface
area was measured by a surface area analyzer (Gemini VII2390a,
Micromeritics Instrument Corporation, USA) and calculated based
on Brunauer–Emmett–Teller (BET) theory.

Scanning electron microscopy (SEM): SEM micrographs were
obtained by means of a Zeiss Supra 55 with an acceleration voltage
of 3 kV. PW powder samples were adhered to a conductive tape and
sputtered with a 2 nm gold layer onto the particles to improve the
electric conductivity and reduce static charge of the sample.

Electrode characterization.—Resistivity Measurement: Bulk and
interfacial resistance of the cathodes was determined using a mul-
tipoint measurement (RM2610 Electrode Resistance Measurement
System, Hioki E.E. Corp., Japan). For each electrode at least five
measurements were conducted, and the average value was reported.

Adhesion test: The adhesion strength of the electrode coating was
measured using a 90 ◦ peel test conducted with a universal testing
machine (Ametek LS 1). The coating was cut into three samples,
each 30 mm wide, and adhered (coating side down) to a metal plate
previously covered with double-sided adhesive tape. The samples
were then rolled once with a 10-kg roller to ensure uniform contact.
The adhesion force was measured using a 10-N load cell at a peel
rate of 10 mm s−1. The linear force (in N m−1) was calculated based
on the average adhesion force relative to the sample width.

Bending test: As the measurement of the adhesion test is per-
formed in humid ambient conditions, an additional bending test was
used to investigate the electrodes under dry conditions in an Ar-
filled glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm). The calendered
electrode samples were transferred into the glovebox without further
drying and cut into 1 cm in width and then bent around cylinders with
diameters of 15 mm, 7 mm, and 3 mm to evaluate their mechanical
flexibility and structural stability. After the test, the samples were
visually inspected: if no visible cracks or defects appeared, the sam-
ple was rated as “Level 1”; if visible cracks were observed, it was
rated as “Level 2”; and if delamination of the electrode coating from
the substrate occurred, the sample was rated as “Level 3”.

Electrochemical tests.—Galvanostatic tests: Cells were charged
using a constant-charge-constant-voltage (CCCV) protocol and dis-
charged under constant-current (CC) conditions between 2.0 and
4.0 V on BT2000 Battery Cycler (Arbin Instruments, USA) in a
temperature-controlled chamber at 23 ◦C. After two formation cycles
at C/20, the cells were tested at C/2 for 300 cycles with 2 cycles of
C/20 employed after 50 cycles each to assess the degradation of the
cathode active material. In the constant-voltage (CV) charging stage,
the current was limited to C/50 for C/20 charging and to C/20 for
C/2 charging. For each electrode, three cells were assembled, and the
average capacity along with the corresponding standard deviation is
reported in the results.

Electrochemical impedance spectroscopy (EIS): Impedance mea-
surements were performed on full cells at the fully discharged

state (2.0 V) on the MPG-200 Potentiostat (BioLogic, France) in
a temperature-controlled chamber of 23 ◦C over a frequency range
from 100 kHz to 10 mHz with an AC amplitude of 5 mV. One cell
was used for each sample. After two formation cycles at C/20, the
cells were cycled at C/2 for 100 cycles, followed by another 2 cycles
of C/20 and 100 cycles at C/2. The impedance spectra were collected
directly after formation, after 100 cycles at C/2 and after 200 cycles
at C/2 and fitted by means of RelaxIS3 software.

Results and Discussion

Surface change and phase transitions of Prussian white during
water-based processing.—As Prussian white is usually synthesized
in an aqueous medium, water is naturally present in its crystal lat-
tice, as pointed out by numerous studies.12–15,18,19,24 Clavelin et al.14

and Wang et al.19 also reported the quick absorption of water by
pre-dried PW after exposure to humid atmosphere. Therefore, it is
essential to investigate the possible influences of water on PW dur-
ing hydration and dehydration, which provides a firm grounding for
further research in water-based electrode processing. Studies were
performed with plain PW powder by mimicking comparable con-
ditions as used in a typical water-based electrode processing route.
Note that the coating and calendering steps were skipped due to their
infeasibility with a powder sample.

First, the hydrated PW (H-PW) powder sample was dispersed in
water without any pre-treatment step. In this case, moderate slurry
drying conditions do not lead to a significant change of the parti-
cle morphology, see Fig. 1. The slight decrease in specific surface
area from 1.75 m2 g−1 to 1.36 m2 g−1 is possibly due to partial
dissolution of smaller PW particles and recrystallization on bigger
particles. After the post-drying step, however, formation of cracks
and an increase of the specific surface area by approximately a factor
of four are observed.

If an additional pre-treatment step is applied, dehydrated PW
(D-PW) is obtained with the specific surface area rising more than
fourfold from 1.75 m2 g−1 to 7.25 m2 g−1 and initial cracks are
already visible at the particle surface after this drying step, see Fig. 2.
Despite moderate conditions, the subsequent drying of the dispersed
particles now also leads to massive rise in the specific surface area,
reaching approximately four times its previous value. At this stage,
the particles have many cracks, and the surface structure changes sig-
nificantly. These particles are so porous that the specific surface area
does not grow further in the final post-drying step. It becomes clearly
apparent that such repeated drying and hydration lead to cumula-
tive structural damage of the PW. Please note that artefacts in the
specific surface area measurement cannot be fully ruled out, since
it requires vacuum drying for sample preparation that may induce
additional influence. However, these artefacts are unlikely to alter
the interpretation set out above. Its contribution to the measured
specific surface area is expected to be small, because the vacuum
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Figure 1. SEM micrographs with respective surface area of H-PW powder (a) as received, (b) slurry-dried, (c) post-dried.

Figure 2. SEM micrographs with respective specific surface area of D-PW powder (a) as received (b) pre-treated (c) slurry-dried (d) post-dried.

level used for sample preparation was relatively low (0.27 hPa) com-
pared with that applied during powder pre-treatment or post-drying
(< 10−3 hPa).

Since the as-received material contains 12.4 wt.-% of water
(see Fig. A·1) originating from the aqueous synthesis route, the
mechanical disintegration of the particles is mainly attributed to the
stress induced by drying the particle to remove remaining crystal
lattice water. These results are further supported by XRD analy-
sis, which confirms that the uptake and release of water in the PW
crystal lattice (see Figs. A·3 and A·4) during water-based process-
ing is accompanied by phase transitions between monoclinic and
rhombohedral and possible structural damage.21,25

With an additional pre-treatment step that induces subsequent
phase transitions, a change in surface morphology becomes signifi-
cantly visible. Therefore, the water in which both the D-PW and as
received H-PW have been submerged for 6 h was filtered off and
investigated via ICP-OES and pH-meter, see Table III. The PW-to-
water mass ratio (58:100) was identical to that used in the actual
slurry preparation. The remaining undissolved solid was also char-
acterized via ICP-OES (see Table AI) and TGA (see Fig. A·5) and
the resulting compositions are listed in Table III.

The D-PW powder shows more dissolution of transition metals
as well as a higher pH value in comparison to H-PW. Both powders
show a molar ratio of around 4: 1 of Na to Fe, which could indicate

that the main material getting dissolved could be Na4Fe(CN)6. The
dissolution of Mn is relatively small compared to the other two ele-
ments. The partial dissolution of Na4[Fe(CN)6] can be expressed as:

Na2Mn
[
Fe
(
CN

)
6

]
⇆Na2−4kMn

[
Fe
(
CN

)
6

]
1−k

+ kNa4
[
Fe

(
CN

)
6

]
.

This could lead to additional vacancies in the PW lattice and create
more defects, further increasing the surface area, while in parallel
leading to the change in surface morphology observed in Fig. 2c.
Next, the amount of dissolved material is higher for D-PW than
for H-PW, which might suggest that the increased dissolution of
Na4[Fe(CN)]6 is due to more PW surface being contacted by water.
Here it should also be noted that the dissolution is not well reflected
in the composition of the remaining solid presented in Table III.
Independent of the pre-treatment, the composition of PW barely
changes after contact with water at the investigated solid to liquid
ratio because the dissolved substance accounts for only a very small
portion of the pristine PW.

Impact of pre-treatment step on electrochemical properties.—
To reveal the influence of the morphological changes of the PW
particles, electrochemical characterization was performed with cells
made from as-received PW (H-PW) and pre-treated PW (D-PW).
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Table III. ICP-OES results of Na, Mn and Fe in water which submerged both H-PW and D-PW, pH values of the corresponding
aqueous phase and composition of the undissolved solid phase determined by ICP-OES.

Sample

Elemental concentration in ppm

pH Composition of undissolved solidNa Mn Fe

D-PW 2740 ± 75 8.12 ± 0.24 1590 ± 38 9.3 Na1.76Mn[Fe(CN)6]0.92 · 2.5H2O

H-PW 483 ± 13 16.6 ± 0.5 301 ± 7 8.1 Na1.77Mn[Fe(CN)6]0.93 · 2.2H2O

Figure 3. Electrochemical performance of electrode D and H in full cells: (a) long term cycling performance; (b) charge and discharge curves of electrode D at
Cycle 5, 57, 109, 161, 213 and 265; (c) charge and discharge curves of electrode H at Cycle 5, 57, 109, 161, 213 and 265; (d) comparison between electrode H
and electrode D in terms of charge and discharge at C/2 at Cycle 5 and Cycle 265, respectively. Note: The data from one representative cell of each electrode
were selected for the charge and discharge curves presented in (b)–(d).

Electrodes prepared from H-PW and D-PW are denoted as electrode
H and electrode D, respectively, while the corresponding full cells
assembled after post-drying are referred to as cell H and cell D.
The labels H and D refer exclusively to the state of the PW powder
before slurry preparation and do not indicate the hydration state of
PW after slurry mixing, coating, or drying. As presented in Fig. A·6,
both electrode D and electrode H obtained after coating and slurry
drying contain hydrated PW (monoclinic phase). Following a proper
post-drying step in a vacuum furnace, PW in both electrodes trans-
forms into the dehydrated rhombohedral phase, thereby reducing the
risk of parasitic reactions induced by the residue water in the full
cells. The electrodes were manufactured via the aqueous processing
route using a binder blend of 2.0 wt.-% CMC + 4.0 wt.-% of TRD.
Drying conditions are specified as in Table I. Figure 3 represents
the electrochemical performance of the electrodes fabricated using
either as-received or pre-treated PW.

Figure 3a presents the galvanostatic performance of electrode D
and electrode H. Both electrodes deliver a comparable high initial
specific discharge capacity at 0.05 C, namely 128 ± 4 mAh g−1

for electrode H and 132 ± 6 mAh g−1 for electrode D, corre-
sponding to roughly 80% of the theoretical capacity. This initial
capacity loss is likely associated with SEI formation on the anode
side. During the first 40 charge–discharge cycles at 0.5 C, electrode
H made from as-received AM exhibits a slightly higher specific dis-
charge capacity, which is in good agreement with its lower bulk
resistivity and interfacial resistance (see Fig. A·7). A possible expla-
nation for the slightly lower capacity of electrode D during the first
40 cycles is the higher dissolution of D-PW in H2O in the form
of Na4[Fe(CN)]6, as displayed in Table III. This possibly promotes
mechanical destabilization associated with newly created surface and
impairs electrochemical performance, as the theoretical capacity of
Na4[Fe(CN)]6 is significantly lower (88.2 mAh g−1) and it shows
poor electronic conductivity, which could hinder electron transport
if it accumulates at the surface of the material.26,27 Another fac-
tor to be taken into account is the slurry pH (see Table AII). The
slurry prepared from D-PW (pH = 9.9) is more basic than that
prepared from H-PW (pH= 7.9). The higher pH may promote corro-
sion of the aluminum current collector and thereby contribute to the
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overall impedance of the resulting electrode. These resistive effects
are expected to be less significant at a low current density, such as
C/20.

As cycling proceeds further, electrode H shows a substantially
faster capacity fade at 0.5 C compared to electrode D, which was
produced with pre-dried PW, while the capacity difference at 0.05 C
remains nearly constant. The difference in capacity retention at 0.5 C
may be attributed to variations in the particle surface characteristics.
As observed in the dispersion experiments mentioned above, mul-
tiple phase transformations take place during water-based electrode
fabrication. The active material particles in electrode D experience
three phase transitions (namely: monoclinic → rhombohedral →
monoclinic→ rhombohedral, see Fig. A·3) during processing, which
leads to more pronounced cracking and an approximately fourfold
increase in specific surface area. This cracking due to electrode fabri-
cation is less significant in electrode H, in which PW only undergoes
one phase transition, i.e. monoclinic→ rhombohedral (see Fig. A·4).
The presence of cracks prior to galvanostatic cycling could be bene-
ficial by providing internal buffering space, which has been observed
for other porous battery materials such as nickel-manganese-cobalt
layered oxides28 or silicon.29 This is particularly important for Mn-
containing PW, which undergoes significant volume changes during
oxidation and reduction due to Jahn Teller effect.30–32 Post-mortem
SEM analysis (see Fig. A·8) supports this hypothesis. While elec-
trode D with pre-treated PW shows no noticeable change in particle
surface morphology after cycling, electrode H exhibits a higher den-
sity of pores and cracks formed during galvanostatic cycling after
more than 300 cycles. The formation of new cracks during cycling
is associated with the phase transitions during charge and discharge
between rhombohedral and tetragonal phases,11,18 which could cause
the degradation of the AM upon cycling. Electrode D contains many
short cracks on the particle surface before cycling and most of them
have a length of less than 0.5 µm (see Fig. A·8a). In comparison,
fewer but longer cracks (in the order of magnitude of 1–2 µm) are
observed in electrode H before cycling (see Fig. A·8c). The dif-
ference in size may result in the difference in crack propagation
according to Griffith’s crack theory. The critical flaw size is, how-
ever, difficult to calculate due to unavailable mechanical properties
of PW such as the fracture toughness or Young’s modulus.

The cracking behavior is also reflected in the charge–discharge
profiles. Figures 3b and 3c exhibit the development of charge and
discharge curves of electrode D and electrode H in a full cell, respec-
tively. At early cycles such as the 5th cycle, no significant difference
between two cells is visible, in spite of a slightly lower overpotential
and higher specific capacity of cell H. As cycling proceeds, cracking
takes place so that the overpotential of both cells increase, but the
increase is more pronounced for electrode H. To compare the evolu-
tion of overpotentials of both cells, the charge and discharge curves
of both cells in Cycle 5 and 265 are plotted together in one graph
(Fig. 3d). Whereas electrode D maintains a relatively flat plateau
even after 265 cycles, the plateau of charging and discharging of
cell H becomes significantly more sloped at the 265th cycle com-
pared to that at the 5th cycle. The higher overpotential in cell H than
cell D is also reflected by a markedly longer CV step of cell H.

To investigate the influence of cracking on electrode impedance,
EIS measurements were performed. Figures. A9 and A10 display
the results of impedance measurements on full cells in Nyquist and
Bode plots, respectively, at fully discharged state (2.0 V). It should be
noted that initial sample refers to the cell undergoing two formation
cycles prior to the long cycling stability tests.

To determine the most appropriate equivalent circuit model, dis-
tribution of relaxation time (DRT) analysis was performed on the EIS
data and presented in Figs. A·11a and A·11b. Since cell D and cell H
differ only in the positive electrode (PW), a comparison between the
impedance of the full cells could provide some information about
the change of PW. Nevertheless, because the measurements were
performed on full cells, the individual contributions of the positive
and negative electrodes cannot be completely separated.

For cell D with positive electrode D and hard carbon negative
electrode, a small peak at the high frequency range (>1000 Hz)
is observed and associated with the formation of surface film.33–35

Directly after formation cycles at C/20, this cell exhibits a shoulder
between 3 and 100 Hz (corresponding to charge transfer34) and a
broad peak related to diffusion behavior at a lower frequency range.
After cycling at C/2 for 100 or 200 cycles, a separate broader peak
is observed at the medium-low frequency range between 0.2 and
100 Hz is observed instead of just one shoulder, together with a peak
ascribed to diffusion below 0.1 Hz.35 For cell H, a small peak at the
medium-high frequency range (>300 Hz) linked with formation of
the surface film is observed and diffusion behavior corresponds to
the peak at the low frequency range (<1 Hz). Similar to cell D,
the cell H shows a shoulder between 3 and 100 Hz, while a peak
between 1 and 100 Hz after the cell is cycled for 100 or 200 cycles
at C/2. It is also noteworthy that the low-frequency region below
approximately 1 Hz does not exhibit the typical 45◦ line expected for
ideal semi-infinite diffusion in the Nyquist plots. Instead, the spectra
progressively approach a more horizontal response with decreas-
ing frequency, particularly after 100 and 200 cycles. Consistently,
the magnitude of the low-frequency phase angle in the Bode plots
decreases from approximately 30◦ to approximately 10◦ after long-
term cycling. The reason could be an overlap of different diffusional
processes such as the diffusion in the porous electrode, the diffusion
in separator as well as the diffusion in the active part, as discussed by
Talian et al.35 A reliable representative equivalent circuit to simulate
this process is difficult to find and hence the low-frequency region is
excluded to achieve better fitting (<1 Hz for both cells). To simplify
the contribution of diffusion to the impedance at medium and high
frequency range between 1 Hz and 100 kHz, a standard Warburg
element is still used. To summarize, an equivalent circuit is selected
consisting of one resistor for bulk resistance of the battery such as
electrode and electrolyte, two circuits with a resistor and a constant
phase element in parallel (R/CPE) for surface film and charge trans-
fer, respectively, and a Warburg element for the diffusion (see Fig.
A·11c). The CPE exponent α is fixed after the first fitting step for
each cell to reduce the fitting error of CPE parameterQ. The resulting
fitting parameters are listed in Table AIII.

As is illustrated by Nyquist plots in Fig. A·9, cell H has a smaller
Ohmic resistance (3.7 Ω) than cell D (9.3 Ω), which agrees quite
well with the resistivity measurement presented in Fig. A·7. The
mild decrease of Ohmic resistance in both cells with charge and
discharge could be due to improved electrolyte wetting or internal
contact. The small depressed semicircle at high frequency range pro-
vides the information of surface change in both electrodes in the two
cells. Cell D has a surface film resistance RSF of 2.0 Ω before long-
term cycling and this value decreases after 100 cycles (1.7 Ω). Cell
H shows a similar trend with RSF of 1.5 Ω initially and of 1.2 Ω after
100 cycles at C/2. This may be related to surface film formation and
stabilization at early stages of cycling. When the two cells are fur-
ther cycled at C/2, an increase of 29% in the resistance of surface
film in cell D, while the RSF of cell H nearly triples. This is consis-
tent with the post-mortem SEM analysis exhibited in Fig. A·8. As
cycling proceeds, repeated volume changes in the positive electrode
may promote crack formation and propagation and expose fresh par-
ticle surfaces. This takes place more mildly in cell D probably due
to the influence of pre-exisiting small cracks as discussed above.
The second depressed semicircle, which is located in the medium
frequency region, exhibits the reaction kinetics. Cell D has a low
initial Rct of 14.7 Ω, which can be associated with the high porosity
of PW particles in electrode D shown in Fig. A·8a. The resistance
of charge transfer grows drastically as cycling proceeds (94 Ω after
100 cycles at C/2 and 123 Ω after 200 cycles at C/2), indicating
progressively slower reaction kinetics after charge and discharge. In
comparison, cell H possesses a high initial Rct of 162 Ω owing to
much less initial surface area. It drops moderately with cycling to
127 Ω after 100 cycles and remains relatively stable between 100 and
200 cycles at C/2 (132 Ω). This trend is in good agreement with the
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Figure 4. Warping directions of PW electrode of NMP-processed and water-
processed electrodes. Gray represents the aluminum substrate. Dark green
indicates PW is rhombohedral, while light green indicates PW is monoclinic.

crack formation observed Fig. A·8d, as the newly generated surfaces
may temporarily increase the electrochemically accessible area and
thereby facilitate charge transfer. Overall, cell H has a higher Rct than
cell D over the investigated cycling period, accounting for its higher
polarization and faster capacity decay at C/2 observed in Fig. 3a. It
should again be emphasized that the impedance measurements were
performed at the full-cell level. The interpretation therefore assumes
that the other cell components, including the electrolyte and the hard-
carbon negative electrode, undergo comparable changes in both cells,
such that the observed impedance differences arise predominantly
from the positive electrodes.

In summary, cracks introduced during slurry mixing of PW before
cycling may contribute to a longer cycle life by accommodating
cycling-induced strain. On the other hand, the higher specific surface
can also increase the dissolution and result in higher ohmic resistance
and possible deterioration of reaction kinetics.

Electrode manufacturing using pre-treated PW powder.—The
previous study has shown that pre-drying step has a beneficial effect
on the service life of aqueous-processed Prussian white full cells.
The results are compared with NMP-based electrode samples using
the same mass loading and processing conditions below.

Electrode bending: A significant difference, depending on the
medium used for electrode manufacturing, can be seen in Fig. 4 for
the warping behavior of the electrodes at various processing steps.
When pre-dried PW is processed in a conventional way with PVDF
in NMP into an electrode, the freshly coated and dried electrode
starts absorbing moisture from the atmosphere due to the hygro-
scopic nature of PW. The water absorption into the crystal lattice
leads to a phase transition from rhombohedral to monoclinic, dur-
ing which the crystal expands by + 23%, calculated on the basis of
the experimental crystallographic data reported by Song et al.11 The
PW particles at the bottom layer are firmly adhered to the aluminum
foil via the binder, thereby limiting their deformation. This accounts
for outward warping (arched away from the current collector) of the
NMP-processed electrode. The curvature can be flattened by subse-
quent post-drying step, where a volume contraction takes place due
to phase transition from monoclinic to rhombohedral.

In contrast, in the aqueously processed electrode, the PW exists
mainly in its monoclinic (hydrated) form because of exposure to
water during dispersion in water. After drying at room temperature
directly following coating, the interstitial water remains in the struc-
ture. During post-drying step at 130 ◦C under vacuum, this type
of water starts to diffuse out of the crystal, resulting in a volume
shrinkage.12,18,21 This explains the inward warping (arched toward
the current collector) of water-processed electrodes.

While inward warping of water-processed PW electrodes upon
post-drying is induced by water removal, this effect is not universal
for water-processed electrodes and depends on the active material.
For comparison, an LFP electrode with comparable mass loading
prepared from a water-based formulation remained flat before and
after post-drying (see Fig. A·12. The distinctive behavior of PW,
however, arises from its intrinsic changes of the crystal structure.

Compared to LFP, which theoretically has no crystal water (for TGA
results, see Fig. A·1), Prussian white contains a large amount of
water inside the crystal.14,18,24,36 This indicates that active material
also contributes to electrode warping upon post-drying. At proper
drying conditions (130 ◦C, 15 h, 10−3 bar) as used in this study,
the interstitial water can be removed, during which a volume shrink-
age of approximately 19% due to phase transition from monoclinic
(hydrated) to rhombohedral (dehydrated) takes place.7 The phase
transition and the correlated decrease in volume stress the coating
and lead to warping of the overall electrode.

Resistivity: Apart from warping directions, a clear difference lies
in bulk resistivity and interfacial resistance (see Figs. 5a and 5b).
Electrodes obtained by NMP-based processing have a lower bulk
resistivity (4.3 ± 0.2 Ω·cm) before post-drying than those by water-
based processing (12.2 ± 0.3 Ω·cm). In contrast, the interfacial
resistance shows the opposite trend with 2.8 ± 0.4 Ω·cm2 for the
NMP-based electrode and 0.38 ± 0.03 Ω·cm2 for the water-based.
The lower bulk resistivity of the NMP-processed electrode can be
explained by the solubility of both binders (PVDF and PAA) in the
processing medium, favoring their interaction with conductive addi-
tives to form a conductive network. The hydrophobic binder PVDF
has more affinity to conductive additives, favoring the formation of
conductive carbon binder domains, as observed by Weber et al.,37

who investigated the surface free energy of different components in
electrodes. In contrast, the water-based latex binder TRD is insol-
uble and thus less effective in forming the carbon binder domains.
The relatively high interface resistance of the NMP-based electrode
is likely to be attributed to the insufficient contact between electrode
layer and aluminum foil, as NMP-based electrode shows a lower
adhesion strength (see Fig. 5c, 5.3 ± 2.1 N·m−1) than the water-
based counterpart (9.3 ± 1.2 N·m−1). Another factor contributing
to the higher bulk resistivity and interfacial resistance of the water-
processed electrode is the dissolved substances from PW into water,
for example, Na4Fe(CN)6 as discussed above as well as possible
hydroxide as suggested by Ojwang et al.7

The comparison of NMP-and water-based systems, as well as the
influence of post-drying are shown in Figs. 5a and 5b. A growth
in both types of resistivity is observed in both electrodes: while the
NMP-processed electrode delivers a bulk resistivity of 18.9 ± 1.2
Ω·cm and an interfacial resistance of 6.6 ± 1.4 Ω·cm2 after post-
drying, the aqueously processed electrode shows 14.1 ± 1.5 Ω·cm
and 0.72 ± 0.13 Ω·cm2, respectively. The increase is attributed to
shrinkage of polymeric binders due to further solvent removal. The
shrinkage might cause local loss of contact between different com-
ponents of the electrode and result in a rise in resistance. However,
a larger increase is observed in the NMP-processed electrode, par-
ticularly in interfacial resistance, despite the same conditions for
post-drying. A possible explanation is the possible creep behav-
ior of PVDF at the high temperature during post-drying (130 ◦C),
as suggested by Huttner et al. during their investigation in post-
drying of nickel-cobalt-manganese-oxide electrode with PVDF at
120 ◦C.38 They claim that the creeping of PVDF might cause rear-
rangement of the carbon black particles, therefore damaging the
integrity of carbon-binder domains. Another possible explanation
is that the elevated temperature accelerates the defluorination and
crosslinking of PVDF molecules. PW, especially dehydrated PW,
shows a higher basicity (see Table III), which might catalyze the
crosslinking of PVDF according to the reaction mechanism men-
tioned by Roberts et al.22 Consistent with this, in our first attempt
to fabricate slurry with only PVDF, gelation occurred immediately
after stirring stopped. PAA was therefore added in a subsequent
trial to partially mitigate the basic condition, extending the coat-
ing window to approximately 30 min before gelation occurs within
the slurry residue. The temperature increase during post-drying may
enable further crosslinking of PVDF. The elimination of the flu-
oro group during crosslinking weakens the adhesion of electrode
on the aluminum foil, since the dipole-dipole interaction between
F atoms in the chain backbone and H atoms on the surface of the
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Figure 5. (a) Interfacial resistance and (b) bulk resistivity of NMP-and water-processed electrodes before and after post-drying, (c) adhesion of NMP-and
water-processed electrodes before post-drying. Adhesion of both electrodes after post-drying was not measured due to difficulty of sample preparation without
creating cracks.

Figure 6. Electrochemical performance of NMP and water-based PW electrodes in full cells: (a) long-term cycling, (b) charge and discharge curve at the 5th
cycle (C/2). Note: The data from one representative cell of each electrode were selected for the charge and discharge curves presented in (b).

current collector or active material is crucial to the bonding effect
of PVDF.39 At the same time, PW loses surface-adsorbed water dur-
ing post-drying, lessening the interaction between PW and PVDF,
as hydrogen associated with surface-adsorbed water on the active
material is no longer available. Therefore, both bulk resistivity and
interfacial resistance rise after post-drying.

Electrochemical performance: To further evaluate the change
in electric resistivity, coin cells were built with NMP-processed
electrodes after post-drying for electrochemical characterization
and compared to water-processed electrodes. Figure 6a shows the
long-term cyclability of NMP-processed and water-processed PW
electrodes at C/2. Whereas no significant difference in specific dis-
charge capacity at C/20 can be observed (130.7 ± 0.6 mAh g−1 for
NMP-based and 132± 6 mAh g−1 for water-based in the first cycle),
a difference of roughly 20 mAh g−1 is visible when the C-rates
increases from C/20 to C/2 (104.9± 0.6 mAh g−1 for NMP-based vs.
122.7 ± 0.2 mAh g−1 for water-based in the third cycle), indicating
higher resistance of the NMP-processed electrode than the water-
processed counterpart. On the charge and discharge curve (Fig. 6b),
a bigger overpotential can be detected between the charge and dis-
charge plateaus, especially at the beginning of charge or discharge,
when a difference of 0.2–0.3 V in voltage is observed between the
NMP-and water-based electrode. This agrees well with the resistivity
results presented in Fig. 5, since a higher bulk resistivity and inter-
facial resistance in the electrode produced in NMP adds to a larger
overpotential. In addition, PVDF degradation may contribute to the
impedance increase, as suggested by Goswami et al. They reported
that PVDF degradation could occur during electrode fabrication
and continue after electrolyte wetting and cycling, accompanied
by the formation of an unstable and resistive cathode–electrolyte
interphase.40

It is also evident from Fig. 6a that at a low C-rate such as C/20,
the NMP-processed electrode shows a lower degree of degradation.
The average specific discharge capacity of the NMP-processed elec-
trodes is 100.4 ± 0.2 mAh g−1 while that of the water-processed
electrodes is 97 ± 4 mAh g−1. This suggests that the reduced capac-
ity of NMP-processed electrode at C/2 is not primarily because of
material degradation but rather dominated by polarization effects.
The slightly lower capacity of the water-processed electrodes at the
314th cycle is possibly related to dissolution of transition metals (Mn
and Fe) induced by contact with water as presented in Table III. The
dissolved transition metal ions remain in the electrode after pro-
cessing and can migrate to the anode side, as has been reported by
Büchele et al. in their investigations on PW/hard carbon full cells.20

This migration results in a loss of redox-active centers and reduction
in specific capacity.

Challenge of substituting PVDF with water-based binders.—
The results presented above have demonstrated the possible adverse
influence of drying history and exposure to water on the AM parti-
cle integrity, which can further influence the mechanical stability of
the resulting electrodes. This emphasizes the significance of proper
binder selection in the water-based production of PW electrode, as
the binder system has a strong influence on electrode integrity. As
next step, various combinations of CMC and a second binder such as
TRD, PAA, LA132, and LA133 are investigated in order to possibly
reduce the amount of fluorinated binder. Adhesion and resistance
measurements were carried out for the resulting electrodes, see Figs.
7a–7c. While all freshly prepared PW electrodes momentarily exhib-
ited flat surfaces without curvature (see Fig. A·12), the electrode
using PAA as a secondary binder developed many cracks during
coating and drying. As a result, it was not possible to prepare a
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Figure 7. (a) Adhesion strength, (b) interfacial resistance and (c) bulk resistivity of electrodes with different water-based binder combinations using CMC and
either TRD, PAA, LA132 or LA133 as a second binder. The adhesion strength of PAA blended electrodes was not measurable due to crack formation and
therefore excluded.

defect-free sample for adhesion test. This behavior is possibly related
to the strong water-uptake capacity of PAA (see Table AIV). Upon
drying at room temperature directly after coating, water can be par-
tially removed from the swollen macromolecular network, causing
the network to shrink.41,42 Therefore, this sample was excluded from
adhesion test, while resistance measurement was performed in a
defect-free zone of the coating, not affected by partially occurring
delamination and crack formation that made the sample CMC/PAA
unsuitable for adhesion strength measurement and further electrode
processing.

Adhesion: Measurable electrodes show an adhesion strength of
4.0 ± 0.1 N·m−1 for TRD-based electrodes, 7.7 ± 0.5 N·m−1 for
LA132-based and 8.8 ± 0.1 N·m−1 for LA133-based, ranked from
lowest to highest, and are all mechanically stable enough for further
investigations. The adhesion strength increases by using LA132 and
LA133. A plausible reason is the difference in the structure and
polarity of the latex binders. When comparing the different binders,
TRD is a fluorinated acrylic hybrid latex containing ester groups,
whereas the LA binders contain not only carboxylate but also amide
and nitrile groups. These additional polar functional groups are there-
fore regarded to be responsible for the enhanced particle-substrate
adhesion observed in the two LA-based electrodes.37,43–47 This dif-
ference in polarity is also reflected in their ability to absorb water
when exposed to humidity (dew point 25 ◦C), see Table AIV: the
TRD-based carbon-binder coating exhibits a water content of 15 ·
103 ppm, while LA132-based and LA133-based coating can absorb
20 · 103 ppm and 22 · 103 ppm of water, respectively.

Resistivity: When comparing this to the interfacial resistance
and bulk resistivity of the electrodes, there are multiple differences
between the various binder systems. For the interfacial resistance,
electrodes prepared with TRD and LA132 show comparable results
with 0.26 ± 0.02 Ω cm2 and 0.27 ± 0.04 Ω cm2, respectively. In
comparison, the electrode using LA133 exhibits a lower interfacial
resistance with 0.18 ± 0.05 Ω cm2, while the electrode containing
PAA delivers the lowest value at 0.12 ± 0.03 Ω cm2. When observ-
ing the bulk resistivity, electrodes using LA132 show the highest
result with 34 ± 5 Ω cm, which drops to 28 ± 2 Ω cm for TRD and
26 ± 7 Ω cm for LA133, followed by PAA with 18 ± 5 Ω cm. The
TRD-based electrode shows bulk resistivity and interfacial resistance
between those of LA132-and LA133-based electrodes, owing to its
different intrinsic electrical resistance. In the case of PAA, its solubil-
ity plays a key role. The binder molecules are more homogeneously
distributed in the electrode composite and therefore more likely to
be adsorbed on CB, compared to insoluble latex particles such as
TRD. This helps disperse and stabilize the conductive additives and
contributes to the formation of carbon-binder domains. The acidity
of PAA could also play a role in removing hydroxides present on the
particle surface7 and hence lower the contribution of these species
to the overall resistance. In contrast, the other three co-binders exist
as suspension in water and contribute barely to the dispersion of
conductive additives. This explains the higher bulk resistivity.

Figure 8. Schematic of bending test over a 90 ◦ angle. The diameter
indicated by the orange arrow varied from 3 mm to 15 mm.

Bending test: The results described above underline that post-
drying causes a pronounced change in the mechanical properties of
PW electrodes. Therefore, it is reasonable to further evaluate the
mechanical behavior of the electrodes after post-drying at 130 ◦C
for 15 h under vacuum by using the bending test. A schematic of
the bending test and the subsequent results are summarized in Fig.
8 and Table IV.

All tested electrodes before post-drying withstand bending around
cylinders of 15 mm and 7 mm in diameter. As the diameter decreases
to 3 mm, TRD-based electrodes delaminate, whereas electrodes with
LA-based binders survive bending with only a limited number of
cracks. This observation is consistent with the adhesion test results,
confirming a correlation between the two mechanical evaluations. In
comparison, the results for the mechanical stability provided by the
bending test change after post-drying for LA132 and LA133. The
mechanical integrity for both binders decreases and electrodes show
defects, whereas TRD-based electrodes show the same properties,
which can be associated with their ability to retain water presented
in Table IV. This leads to the proposal that PW-based electrodes
under ambient conditions regarding their mechanical strength are
not representable to the PW electrodes used in the battery, as the
mechanical integrity is drastically impacted by the post-drying.

Electrochemical performance: In addition to mechanical tests,
electrochemical analyses were also carried out on electrodes con-
taining TRD, LA132 and LA133, respectively, in full cells with
hard carbon. As noted above, the latter two electrodes developed
cracks after post-drying and artefacts arising from electrode dam-
age cannot be fully excluded in spite of careful handling during cell
assembly. Considering the possible disadvantages associated with
the lower content of conductive additives, the discharge cutoff volt-
age was lowered to 1.5 V so that the cells could complete discharge.
The results of galvanostatic cycling are illustrated in Fig. A·13. As
exhibited in Fig. A·13a, all three electrodes show similar initial spe-
cific discharge capacities: 136.2 ± 0.4 mAh g−1 for the TRD-based,
135.5± 0.6 mAh g−1 for the LA132-based and 135± 1 mAh g−1 for
the LA133-based in the first cycle. As soon as the C-rate increases
from C/20 to C/2, the behavior of the electrodes with LA132 and
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Table IV. Comparison of flexibility of electrodes with combinations of CMC and different binders before and after
post-drying (Level 1: no visible cracks or defects appear. Level 2; cracks are observed. Level 3: delamination of the
electrode occurs).

Second binder

Before post-drying After post-drying

15 mm 7 mm 3 mm 15 mm 7 mm 3 mm

TRD 1 1 3 1 1 3

LA132 1 1 2 2 2 3

LA133 1 1 2 2 2 3

Table V. Summary of the mechanical, electrical, and electrochemical performance of electrodes prepared with different conditions.

(a) Pre-treeatment

Pre-treatment Electrical resistivity Initial discharge capacity (C/20) Cycling stability (C/2)

Yes + + + + + +

No + + + + + + +

(b) NMP vs water

Dispersing medium Adhesion before PD Electrical resistivity after PD Initial discharge capacity (C/20) Cycling stability (C/2)

NMP + + + + + + +

Water + + + + + + + + + +

(c) Different aqueous binders

Binder combinations Adhesion before PD Flexibility after PD Electrical resistivity Initial discharge capacity (C/20) Cycling stability (C/2)

CMC/TRD + + + + + + + + + + +

CMC/PAA + n.m. + + + n.m. n.m.

CMC/LA132 + + + + + + + + +

CMC/LA133 + + + + + + + + + +

LA133 changes drastically and both witness a significant capac-
ity loss within the first 10 cycles after the increase of the C-rate,
amounting to 21.4% and 23.8%, respectively. In contrast, the TRD-
based electrode still delivers a specific discharge capacity of more
than 123 mAh g−1 during the first 10 cycles at C/2 before a more
pronounced capacity decline takes place in the later cycles. After
being cycled at C/2 for 50 cycles, the TRD-based electrode also
shows capacity fading, retaining only 66% of its initial capacity at
C/2 (127.7 ± 0.1 mAh g−1 in Cycle 3). In the 53rd cycle, the C/20-
checkup cycle after C/2 cycling, the electrode containing TRD still
gives a specific discharge capacity of 123.0± 0.9 mAh g−1, whereas
the cells with LA132-and LA133-based electrodes reach only 89 ±
4 mAh g−1 and 85± 3 mAh g−1, indicating that LA-based electrodes
might have undergone more severe irreversible Na inventory loss,
while this effect appears to be much less pronounced for TRD-based
electrode.

A closer inspection of the charge–discharge curves in the
first few cycles provides further insight into the different elec-
trochemical behaviors of the TRD-and LA-binder-based electrodes
(Figs. A·13b–A·13d). Compared with the TRD-based electrode, the
electrodes containing LA-binders not only show a higher overpoten-
tial, but also an additional plateau at roughly 3.45 V, which may be
associated with formation of an intermediate phase. This plateau dis-
appears from Cycle 7 onward for both LA-binder-based electrodes,
accompanied by a dramatic loss of specific discharge capacity. No
such plateau is observed in the electrode with TRD, pointing to a
possible contribution of LA132 and LA133 to side reactions. As dis-
cussed above, both LA132 and LA133 possess additional functional
groups such as amide and nitrile and are capable of retaining water
after post-drying. These characteristics may promote side reactions
in the first few cycles and therefore account for the faster capacity
decay of the electrodes with LA132 or LA133 in the early cycles
than the TRD-based electrode. The capacity decay of TRD-based

electrodes has been discussed in a previous chapter (see Impact of
pre-treatment step on electrochemical properties) with respect to
Electrode H. Since the TRD-based electrode used here contains even
lower amount of conductive additives, it is even more susceptible to
overpotential due to its higher resistance.

To summarize, despite good mechanical stability provided by
LA-binders directly after electrode processing, they cannot maintain
sufficient adhesion and cohesion after post-drying and lead to side
reactions during charge and discharge. Therefore, the initial choice
of TRD-binder proves to be superior to LA-binders. For further
optimization of the formulation, not only the mechanical properties
during electrode coating and drying and calendering but also the sta-
bility after post drying and the resulting electrochemical performance
must be kept in mind.

Conclusions

In this work, we have demonstrated several challenges of fab-
ricating PW electrodes in an aqueous medium and studied the
selection of binders and pre-treatment of the AM and their impact
on the resulting electrodes. A qualitative comparison of the effects
of PW pre-treatment, dispersing medium, and aqueous binder selec-
tion on the mechanical, electrical, and electrochemical properties of
the resulting electrodes is provided in Table V. Firstly, as-prepared
Prussian white (PW) contains approximately 12 wt.-% water in the
crystal structure and the removal of water induces phase transfor-
mation and volume shrinkage. Pre-treatment of PW and subsequent
water-based processing leads to substantial surface change and crack
formation as repeated vacuum drying and exposure to water trigger
back-and-forth phase transformations when crystal water is incorpo-
rated and removed from the lattice. At the same time, direct contact
with water promotes partial dissolution of lattice ions, primarily Na+

and [Fe(CN)6]4−, generating vacancies within the crystal structure.
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Secondly, when pre-treatment of PW by vacuum drying is omitted
and the as-received material is directly used for slurry preparation,
the change of the surface particle is less pronounced; however, the
resulting electrodes after post-drying exhibit faster degradation and
a shorter cycle life, likely because the more compact and less porous
particle morphology provides only limited buffering effect. Thirdly,
although conventional NMP-based processing results in flat elec-
trodes after post-drying, the resulting electrodes exhibit high bulk
resistivity and interfacial resistances. This leads to increased over-
potentials and limits its application for cycling at higher C rates. In
contrast, despite inward warping of water-processed electrodes after
post-drying and possible concerns about its mechanical integrity,
the electrode delivers superior specific discharge capacity over the
NMP-processed counterparts. Last but not least, while water-based
processing offers advantages in the electrochemical performance
of the resulting electrodes, switching from NMP-based to water-
based processing requires proper binder selection to ensure sufficient
mechanical stability of PW electrodes after post-drying. Among the
four investigated binder combinations, CMC/TRD provides the best
balance in terms of electrode flexibility, structural integrity as well
as electrochemical performance. Overall, these findings highlight
a trade-off between maintaining mechanical stability of AM parti-
cles as well as electrodes and achieving long-term electrochemical
cyclability in water-processed PW electrodes.
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Appendix

Table A·I. ICP-OES results of as-received PW and PW washed with water (undissolved part).

Sample

Mass percentage (wt.-%) Molar ratio to Mn

Na Mn Fe Na Mn Fe

as-received 11.8 ± 0.3 16.1 ± 0.5 15.0 ± 0.3 1.75 1 0.92

H-PW washed with water 13.5 ± 0.4 18.2 ± 0.5 17.2 ± 0.4 1.77 1 0.93

D-PW washed with water 13.4 ± 0.4 18.2 ± 0.5 17.0 ± 0.4 1.76 1 0.92

Table A·II. Slurry.

Formulation

pHActive material Conductive additives CMC Second binder

88 wt.-% D-PW 6 wt.-% 2 wt.-% 4 wt.-% TRD 9.9

88 wt.-% H-PW 6 wt.-% 2 wt.-% 4 wt.-% TRD 7.9

90 wt.-% H-PW 4 wt.-% 2 wt.-% 4 wt.-% TRD 7.3

90 wt.-% H-PW 4 wt.-% 2 wt.-% 4 wt.-% PAA 6.4

90 wt.-% H-PW 4 wt.-% 2 wt.-% 4 wt.-% LA132 7.8

90 wt.-% H-PW 4 wt.-% 2 wt.-% 4 wt.-% LA133 7.1

90 wt.-% LFP 4 wt.-% 2 wt.-% 4 wt.-% LA133 9.2

Note: The conductive additives and CMC are not specified in this table. The information can be found
in the part Experimental.

Table A·III. Fitting parameters of full cells based on the data obtained from impedance measurements.

Sample

Cell D Cell H

Initial 100 cycles 200 cycles Initial 100 cycles 200 cycles

RΩ (Ω) 9.25 ± 0.01 7.60 ± 0.04 7.21 ± 0.04 3.74 ± 0.01 3.59 ± 0.02 3.55 ± 0.01

RSF (Ω) 1.90 ± 0.02 1.26 ± 0.05 1.75 ± 0.05 1.54 ± 0.01 1.17 ± 0.02 3.45 ± 0.03

Q1 (10−4 Ω−1sα1) 4.1 ± 0.1 1.3 ± 0.1 2.0 ± 0.2 4.7 ± 0.1 1.4 ± 0.1 2.30 ± 0.03

α1 0.700 0.789 0.735 0.713 0.815 0.761

Rct (Ω) 14.7 ± 0.6 94 ± 1 123 ± 2 162 ± 2 127 ± 1 132 ± 1

Q2 (10−4 Ω−1sα2) 4.1 ± 0.5 7.06 ± 0.01 10.0 ± 0.1 5.75 ± 0.01 7.53 ± 0.03 1.3 ± 0.1

α2 0.897 0.762 0.701 0.820 0.760 0.722

δW (Ω s−1/2) 425 ± 1 125 ± 3 83 ± 5 545 ± 3 16 ± 3 17 ± 2

Table A·IV. Comparison of electrodes composed
of C65, CMC and a second binder without active
material.

Second binder
Water content
(103 ppm)

TRD 15

PAA 98

LA132 20

LA133 22

The coating was made with the mass ratio of conductive additive to polymeric binders of 4:6 and stored 24 h in humid air (100% relative
humidity, 25 ◦C) before the water content was determined by means of Karl Fischer titration on a coulometric titration device (Titrator
Compact C30SD, Mettler-Toledo).
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Figure A·1. TGA results of as received PW and LFP for a temperature of 25 ◦C to 1000 ◦C with a heating rate of 5 K min−1. The loss of water for PW
sample is indicated and results in a relative weight loss of 12.4 wt.-%.

Figure A·2. SEM micrographs of as-received PW.

Figure A·3. XRD results of D-PW at different time-frames in the manufacturing procedure: (a) as received (b) pre-treated (c) rehydrated & dried (d) post-dried.
(reflections of rhombohedral and monoclinic phases between 10◦ and 40◦ are marked with orange and blue, respectively, according to the XRD pattern reported
by Song et al. 11).
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Figure A·4. XRD results of H-PW at different time-frames in the manufacturing procedure: (a) as received (b) hydrated & dried (c) post-dried. (reflections of
rhombohedral and monoclinic phases between 10◦ and 40 ◦ are marked with orange and blue, respectively, according to the XRD pattern reported by Song
et al.11).

Figure A·5. TGA results of water-washed H-PW and D-PW measured between 25 ◦C and 1000 ◦C with a heating rate of 5 K min−1. The loss of water is
indicated and results in a relative weight loss of 11.8 wt.-% (H-PW washed with water) and 12.9 wt.-% (D-PW washed with water), respectively.
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Figure A·6. XRD results of electrode D and electrode H before and after post-drying (reflections of rhombohedral and monoclinic phases between 10◦ and
40 ◦ are marked with orange and blue, respectively, according to the XRD pattern reported by Song et al.11). Due to presence of aluminum foil, a reflection is
detected at a 2θ = 65◦ according to Xu et al.48

Figure A·7. Comparison between electrode D and H in terms of (a) interfacial resistance and (b) bulk resistivity measured after post-drying.
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Figure A·8. SEM micrographs of PW electrodes: (a) electrode D, before cycling; (b) electrode D, after cycling; (c) electrode H, before cycling; (d) electrode
H, after cycling.

Figure A·9. Impedance measurements of (a) cell D and (b) cell H after formation cycles and after cycling at C/2 presented in Nyquist plots. Fitting is conducted
according to the equivalent circuit presented in Fig. A·11c between 1 Hz and 100 kHz.
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Figure A·10. Impedance measurements of cell D and cell H after formation cycles and after cycling at C/2 presented in Bode plots: (a) cell D after two
formation cycles at C/20, (b) cell D after cycling at C/2 for 100 cycles, (c) cell D after cycling at C/2 for 200 cycles, (d) cell H after two formation cycles
at C/20, (e) cell H after cycling at C/2 for 100 cycles, (f) cell H after cycling at C/2 for 200 cycles. Fitting is conducted according to the equivalent circuit
presented in Fig. A·11c between 1 Hz and 100 kHz.

Figure A·11. DRT analysis of (a) cell D and (b) cell H as well as (c) their corresponding equivalent circuit.
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Figure A·12. Comparison of electrodes (16 mm in diameter) composed of PW or LFP with conductive additive C65 and various binder combinations before
and after post-drying: (a) CMC/TRD, before post drying; (b) CMC/TRD, after post drying; (c) CMC/PAA, before post drying; (d) CMC/PAA, after post
drying; (e) CMC/LA132, before post drying; (f) CMC/LA132, after post drying; (g) CMC/LA133, before post drying; (h) CMC/LA133, after post drying; (i)
CMC/LA132, before post drying and (j) CMC/LA132, after post drying. The active material for electrode a–h is PW and the active material for electrodes i
and j is LFP.
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Figure A·13. Electrochemical performance of electrodes with TRD, LA132 or LA133 (for trials of optimizing mechanical properties) in the first 120 cycles:
(a) long term cycling performance; (b) charge and discharge curves of TRD-based electrode between Cycle 3 and 9; (c) charge and discharge curves of
LA132-based electrode between Cycle 3 and 9; (d) charge and discharge curves of LA133-based electrode between Cycle 3 and 9. Note: The data from one
representative cell of each electrode were selected for the charge and discharge curves presented in (b)–(d). The additional plateau at around 3.45 V is circled
in (c) and (d).
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