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ehydration of Prussian white: from
material to aqueous processed composite
electrodes for sodium-ion battery application†

F. M. Maddar, a D. Walker, b T. W. Chamberlain, a J. Compton, a

A. S. Menon, a M. Copley a and I. Hasa *a

Prussian blue analogues (PBAs) have attracted much attention as potential cathode materials for sodium-

ion battery (SIBs) applications. The presence of water in these compounds plays a significant role on the

electrochemical behaviour, highlighting the importance of a comprehensive understanding of the

dehydration process. Herein, we investigate the properties and the dehydration effects on the structural,

morphological, and electrochemical properties of a Prussian White (PW) cathode material (Na2−xFe

[Fe(CN)6]1−y$zH2O). The use of such material as well as the water-based electrode processing method

employed matches the requirements for low toxicity, cost, and resource abundance in large-scale

applications. By combining temperature dependent in situ X-ray diffraction analysis, ex situ structural and

morphological investigation and electrochemical characterization, it is found that water removal is

a kinetically driven process that is strongly affected by the experimental conditions (e.g., temperature,

heating rate, atmosphere) and the environment of the PW system (material vs. composite electrode).

This study addresses the challenges driven by the presence of surface adsorbed and interstitial water in

PW systems and offers insights into the processability of water-based PW electrodes and their

electrochemical response under different dehydration conditions. Optimal conditions to transition from

a sodium-rich hydrated monoclinic phase toward a sodium-rich dehydrated rhombohedral phase are

identified and are found to be different when comparing data from PW material in its powder form and

PW material within a composite electrode for SIB application.
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1. Introduction

Sodium-ion batteries (SIBs) are considered the next generation,
sustainable, low cost, and efficient electrochemical energy
storage technology. Studied alongside lithium-ion batteries
(LIBs) in the 1970s, they were quickly side-lined in favour of the
more promising performance observed for LIBs. It was only
aer 2008 that this battery technology regained momentum as
demonstrated by the many research groups starting to investi-
gate SIB materials.1 Concerns about the long-term availability of
the rawmaterials employed for LIBs production,2–4 the potential
lower cost of SIBs5 as well as a renewed interest in more
sustainable energy storage systems6 has triggered the escalated
attention towards the SIB technology. This has been recently
conrmed by the growing interest of many successful compa-
nies working toward SIB commercialisation.7–13

Despite the fast-growing technological development, the
scientic challenges for a rational improvement of SIB mate-
rials lies in the lack of a comprehensive understanding of the
† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3ta02570e
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structure–property correlation in several SIB active materials
which hinders a systematic optimisation of their performance,
and the successful validation of lab-scale results in prototype
and industrially relevant scales.

Amajor challenge for the uptake of the SIB technology in real
world applications is the development of high energy density
cells while maintaining low cost and sustainability.14

Among the various cathode materials proposed for SIBs,
Prussian blue analogues (PBAs) hold great promise due to their
satisfactory theoretical capacity, low cost and easy synthesis
methods, and tuneable redox potentials achievable by using low
cost and abundant elements such as Fe and Mn.15–20 PBAs have
a general structural formula of AxM2[M1(CN)6]1−y$nH2O (with A
= alkaline metal; M1 and M2 = transition metal cations; y =

number of [M1(CN)6] vacancies). Despite the several advantages
of PBAs, vacancies and water in their structure strongly affects
the Na ion storage behaviour resulting in poor capacity, side
reactions with electrolyte and low overall performance for
practical applications. Controlling synthesis methods of PBAs
in such a way that allows high sodium content and low vacancy
and water content can enhance their structural stability and
electrochemical performance. Thus, several studies have
investigated improved synthesis methods aiming at reducing
structural defects.21–24 Goodenough et al. rstly reported the
improved electrochemical stability of PBAs through dehydra-
tion, converting a Na-rich monoclinic Na2MnFe(CN)6 into
a rhombohedral structure.25 Further recent studies conducted
by Zhou et al.26 and Chou et al.27 highlighted the negative impact
of structural water on the electrochemical performance of these
materials.

Among all PBAs, Fe-based sodium rich Na2Fe[Fe(CN)6] is
characterized by a high theoretical capacity of ∼170 mA h g−1

(two sodium ions extracted per formula unit), and a relatively
high operating voltage of ∼3.2 V.28,29 The Fe-based framework
makes it particularly desirable for large-scale applications in
terms of both cost and resource abundance. However, as for the
other PBAs, its electrochemical behaviour is strongly affected by
the presence of water. Thus, understanding its electrochemical
properties and response to dehydration is critical to advance
and accelerate its implementation in relevant cell prototypes.

Rudola et al.30 made important remarks highlighting struc-
tural conversion and stability when Fe-based PBA is thermally
dehydrated converting from monoclinic to the higher capacity
rhombohedral structure emphasising its sensitivity towards
drying pressure, gas atmosphere and working environment.
More recent study by Nielsen et al.31 investigated the effect of
water removal on a Prussian White (PW) system by using
neutron diffraction observing the co-existence of the mono-
clinic and hydrated rhombohedral structures for a single
composition of PW independently of the synthesis method
adding on to the inherent understanding of water in the
structure. While most of the research has focussed on the
understanding of the dehydration at the material level, in this
study we further push the investigation from materials to
composite electrodes processed in water. So far, the water
sensitivity of PBAs has hindered aqueous electrode processing
as demonstrated by the several studies reporting on the use of
This journal is © The Royal Society of Chemistry 2023
N-methyl pyrrolidone (NMP) during electrode manufacturing. A
more comprehensive understanding of the effect of water and
the induced degradation processes is necessary to obtain high-
performance electrode materials produced through environ-
mentally friendly aqueous processing. In this work, we investi-
gate the thermal dehydration process on a promising PW
material, Na1.80(5)Fe[Fe(CN)6]$1.84(3)H2O presenting a theoret-
ical capacity of about 160 mA h g−1 in its fully dehydrated state.
It is found that water removal is a kinetically driven process that
is strongly affected by the experimental conditions (e.g.,
temperature, heating rate, atmosphere) and the environment of
the PW system (powder vs. composite electrode). By monitoring
vacuum pressure and drying duration, we inuence the crys-
tallinity of the structure impacting the activity of the low spin
Fe2+/Fe3+ redox reaction resulting in increased overall capacity.
This study addresses the challenges driven by the presence of
surface adsorbed and interstitial water in PW systems and offers
insights into the processability of water-based PW electrodes
and their electrochemical response under different dehydration
conditions.

2. Experimental section
2.1. Material characterization

X-ray diffraction (XRD) measurements of the pristine powders
and dried PW electrode samples were carried out using a Mal-
vern PANalytical Aeris diffractometer (40 kV, 15 mA) with non-
monochromated Cu Ka radiation (l = 1.5408 Å). A Ni Cu-Kb
lter, a Soller slit (0.04 rad), a divergence slit (1/4°) and a 13 mm
X-ray mask were used on the incident beam side. An anti-scatter
(9 mm) and Soller (0.04 rad) slits were used on the diffracted
beam side. Data was collected in Bragg–Brentano mode using
a zero background Si holder while spinning, between an
angular range of 10–60° (2q) with a step size of 0.01° and time
per step of ∼200 s using a PIXcel1D-Medipix3 detector. Dried
electrodes were transferred into an argon-lled glovebox in
which they were prepared by mounting onto the zero back-
ground Si holder and covered with Kapton lm to prevent air
exposure during the measurement.

In situ XRDmeasurements as a function of temperature were
conducted on a pristine PW powder using a Rigaku Oxford
Diffraction Synergy-S diffractometer equipped with an ARC 100
detector with Mo Ka (l = 0.7114 Å). Herein, borosilicate glass
capillary tubes with Ø 0.5 mm (Capillary Tube Supplies Ltd)
were lled and sealed inside an argon lled glovebox estab-
lishing an argon atmosphere within the capillary. Temperature
was controlled using an Oxford Cryosystems Cobra Plus and
incrementally increased at a rate of 2 °C min−1 between 17 and
227 °C, with a dwell time of 10 min to hold and stabilize at the
specied temperature before each scan. The CrysAlisPro v42.x
soware was used to make fast powder scans (15 min per scan)
with an angular range of 15.5–41.5° (2q). Similar experiments
were conducted on pristine PW electrodes using an Anton Paar
XRDynamic 500 equipped with a Primux 3000 X-ray tube giving
Co Ka1,2 radiation (l = 1.7902 Å) and a Pixos 2000 1D detector.
The samples were mounted in the Anton Paar TTK 600 stage
and the chamber placed under vacuum (max vacuum pressure
J. Mater. Chem. A, 2023, 11, 15778–15791 | 15779
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reached 10−2 mbar). Temperature was incrementally increased
between 25 and 200 °C at a scan rate of 5 °C min−1 with a dwell
time of 5 min at each temperature. Each scan was recorded with
a step size of 0.01° and time per step of ∼106 s within an
angular range of 15.5–41.5° (2q). An alternative test has been
conducted by heating the stage at 170 °C and keeping the
temperature xed for 20 hours. The sample surface was aligned
at the beginning of the measurement and adjusted automati-
cally to compensate for the expansion of the stage with
temperature. Structural renements were performed using
a combination of the Pawley12 and Rietveld methods in the
GSAS-II soware package.32 The unit cell parameters from
Ojwang et al.29 and Song et al.25 were used as starting points for
the structural renements. For both, powders and electrodes,
Rietveld renements were used to obtain unit cell parameters
and then Pawley renements were carried out using the ob-
tained parameters from the Rietveld renements. Pawley
renements could not be used to accurately obtain the lattice
parameters due to the overlap of the several Bragg reections
particularly in the monoclinic phase. Scanning electron
microscopy (SEM) was used to observe morphologies of the PW
samples by using a Zeiss SUPRA FE-SEM (Zeiss, Germany). PW
samples were transferred from the glove box into the SEM using
an air-less transfer system. Analysis was carried out by applying
an acceleration voltage of 5–10 kV. Cross-sections were obtained
using a HITACHI Ion Milling System (IM4000 plus) at an
acceleration voltage of 4 kV for 1 hour.
Fig. 1 In situ XRD measurement as a function of temperature on
pristine PW powder material. Test conducted in transmission mode.
Heating rate: 2 °C min−1.
2.2. Electrode processing and electrochemical testing

PW with a nominal chemical composition of Na1.80(5)Fe
[Fe(CN)6]$1.84(3)H2O was used as received from Altris AB.
Aqueous processing was used to prepare electrodes. Active
material (PW), binder (carboxymethyl cellulose binder (CMC,
BVH8, Ashland) and styrene–butadiene rubber (SBR, BM-451B,
Zeon)) and carbon additive were mixed in a weight ratio of 93.5 :
3.0 : 3.5 using a high energy mixer (EL1, Eirich) with deionised
water as the solvent. The slurry was then allowed to degas for 1
hour at 40 mbar before being coated onto a 15 mm aluminium
foil (Avotec Steel). The resulting electrodes were calendered
(Innovative Machine Corp.) to a target density of 1.5 g cm−3

(equating to ∼30% porosity) with average loadings of 140 g m−2

(GSM). Prior to cell assembly, PW electrodes were cut into discs
(Ø 14.8 mm for CR 2032 coin cells and Ø 12 mm for Swagelok®
T-cells) and dried under dynamic vacuum using Glass Oven B-
585 (BUCHI UK Ltd) at 170 °C for different durations: 15, 24
and 48 hours. Electrochemical tests were conducted on either
two-electrode coin cell conguration, or 3 electrode T-cells
assembled in an argon-lled glove box (MBraun LABstar) with
a H2O and O2 content lower than 0.5 ppm. The cells contained
the above prepared PW electrode as the working electrode,
sodiummetal cut from sodium pieces (99.8%, Across Organics),
rolled, pressed, and punched as the counter electrode (and
reference electrode in the T-cell format). A glass bre separator
(Whatman, grade GF/A) was soaked with a 1 M sodium hexa-
uorophosphate (NaPF6) solution in either diglyme (Fluo-
rochem Ltd) or a mixture of ethylene carbonate (EC) : diethylene
15780 | J. Mater. Chem. A, 2023, 11, 15778–15791
carbonate (DEC) in a ratio of 3 : 7 (v/v%) (Fluorochem Ltd) as the
electrolyte. Cyclic voltammetry (CV) tests were conducted within
the 2.0–4.0 V (vs.Na+/Na) potential range at a scan rate of 0.1 mV
s−1. Galvanostatic cycling tests were conducted within the 2.0–
4.0 V voltage range applying a constant current of 0.1C during 5
formation cycles and 0.2C during the following cycles (1C =

140 mA g−1). Galvanostatic intermittent titration technique
(GITT) was performed aer one charge/discharge cycle in coin
cell at 0.1C, by applying a current density of 14 mA g−1 (0.1C) for
10 min followed by 60 min resting period in open circuit. Gal-
vanostatic cycling test were conducted by using a battery tester
(BCS-805, BioLogic). CV and GITT measurements were per-
formed with a multichannel potentiostat, VMP3 (BioLogic). All
electrochemical tests were carried out in a climatic chamber
(Binder oven) at 25 °C.
3. Results and discussion
3.1. Structural phase transitions and morphology
characterization of PW material

PW systems come in a variety of compositions that differ in
terms of sodium content, vacancy sites and water content which
strongly affect the Na ion storage behaviour of this class of
compounds.31,33 High sodium content, low vacancy concentra-
tion and water content are generally considered favourable
conditions for electrochemical performance.29

The material used in this work is a sodium rich, hydrated
compound (Na1.80(5)Fe[Fe(CN)6]$1.84(3)H2O) characterized by
a monoclinic structure. Three types of water can be found in
PBAs systems consisting of surface adsorbed water, interstitial
water and coordinated water. While the latter one is chemically
bonded and cannot be removed from the structure, interstitial
and adsorbed water can be removed by heat treatment as
already reported.34,35 To identify the thermal conditions needed
for the dehydration of the Na-rich hydrated PW system, in situ
This journal is © The Royal Society of Chemistry 2023
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XRD analysis as a function of temperature has been conducted
on a pristine powder and the results are reported in Fig. 1.

The test has been carried out in transmission mode by using
a capillary sealed under argon (no vacuum applied). The rst
XRD spectrum at room temperature (17 °C) can be indexed
according to the monoclinic structure (P21/n) of the pristine
material. Upon temperature increase, the typical monoclinic
double peak features centred at about 11°, 17.5° and 22.2° (2q,
Mo Ka, see regions highlighted in light blue) start to merge into
a single peak at about 147 °C resembling a shi to a rhombo-
hedral-like symmetry. Phase transition to the rhombohedral
structure does not occur since the growth of the (012)r reection
Fig. 2 Fitted powder XRD patterns of (a) pristine PW, (b) 15 hours, (c) 24 h
Black lines represent the observed data points, coloured profiles are the
tick marks represent allowed Bragg diffraction positions of monoclinic
parameters). (e)–(h) Corresponding SEM images with zoomed cracking

This journal is © The Royal Society of Chemistry 2023
is not observed.35 Upon further temperature increase, the
feature sharpens and becomes a clear single reection at 167 °
C. Interestingly the highest intensity peak of the monoclinic
phase, i.e., the (200)m reection (see region highlighted in red)
remains stable at high temperature, suggesting that the exper-
imental conditions including heating scan rate and the sealed
environment (no vacuum pressure applied) affect the kinetics of
the phase transformation. Indeed, the results indicate that
dehydration occurs upon temperature increase, however
considering the closed environment, the residual moisture in
the closed capillary hinders a full phase transition, suggesting
instead only the occurrence of a structural change toward
ours, and (d) 48 hours dried PW under dynamic vacuum (∼10−2 mbar).
fitted profiles, purple lines are the difference curves and pink and blue
and rhombohedral phases respectively (see Table 1 for refined lattice
features.

J. Mater. Chem. A, 2023, 11, 15778–15791 | 15781
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Table 1 Refined structural parameters for pristine (undried) PW and powder samples dehydrated under dynamic vacuum (∼10−2 mbar) at 170 °C
for 15, 24, and 48 hours

Sample Rwp GOF

Space group (P21/n) monoclinic Space group (R�3) rhombohedral

a (Å) b (Å) c (Å) b (°) Vol (Å3) a (Å) c (Å) Vol (Å3)

Undried 10.4543(7) 7.4441(9) 7.2864(8) 92.71(2) 566.43(1) — — —
15 h dried 1.394 2.42 10.3276(9) 7.04585 7.5946(3) 91.72(5) 552.39(1) 6.5475(5) 19.0070(8) 705.67(3)
24 h dried 1.497 2.58 10.2709(4) 6.94129 7.5621(5) 91.70(7) 538.89(3) 6.5386(1) 18.9831(5) 702.86(2)
48 h dried 1.522 2.69 10.2421(8) 6.99082 7.5015(5) 92.40(5) 536.64(7) 6.5423(2) 18.9130(2) 701.0(6)

Fig. 3 Moisture exposure test for PW powders previously dried for 15,
24 and 48 hours and subsequently exposed tomoisture in standard lab
environment and dry room condition. (a) Weight gain (water adsorp-
tion) upon time. (b) XRD patterns of sample exposed to moisture for 2,
4, 7 hours compared with pristine monoclinic powder and sample
dried for 15 hours.
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a higher symmetry rather than a phase change occurrence
highlighting further its sensitivity to the drying conditions.36

The observation is conrmed by the appearance of the mono-
clinic pristine phase upon cooling down. Indeed, the last XRD
spectrum collected at room temperature aer the heating step,
shows that moisture is re-adsorbed by the powder at 22 °C.
15782 | J. Mater. Chem. A, 2023, 11, 15778–15791
Besides, a preliminary indication obtained by the in situ XRD
experiment and in agreement with previous studies,29,37 is that
170 °C is an effective drying temperature to remove interstitial
water from the crystal structure.

Ex situ XRD has been conducted for powders dried for 15, 24
and 48 hours at 170 °C under dynamic vacuum of 10−2 mbar to
conrm the dehydration is a kinetically driven process affected
by the experimental conditions. The rened powder patterns
and the corresponding SEM images are reported in Fig. 2(a)–(h).

The XRD patterns of the pristine undried PW powder
(Fig. 2(a)) presents a monoclinic phase (space group = P21/n,
a= 10.4543(7), b= 7.4441(9), c= 7.2864(8) Å, and b= 92.71(2)°)
with no sign of impurities and lattice parameters in agreement
with previous studies.29,35 The sharp peaks indicate a high
degree of crystallinity, which upon longer drying decreases as
demonstrated by the XRD patterns for the samples dried for 15,
25 and 48 hours (see Fig. 2(b)–(d)). The dehydrated PW struc-
tures obtained at the different drying times resulted in the
appearance of the rhombohedral phase as indicated by the new
reection (r′) at ∼18.3° (2q, Cu Ka), the merging of the peaks at
24.5°, and the reduction of the monoclinic peaks (m′) and (m′′)
at ∼17° and ∼34.3°, respectively. The longer the drying time,
the more the reections associated to the rhombohedral phase
grow at the expenses of the monoclinic phase indicating water
removal from the structure.29 Aer 48 hours of drying, most of
the water was removed from the structure with a clear transition
to the rhombohedral phase. It is worth noting though, that even
aer 48 hours of drying, a complete transition to the rhombo-
hedral phase is not achieved as indicated by the presence of the
monoclinic peaks at 17.2° and 34.9° (see Fig. 1(d)). Renement
results for the XRD patterns presented in Fig. 2 are reported in
Table 1.

It is observed that upon dehydration, the unit cell volume of
the monoclinic phase decreases. A similar trend is observed
also for the rhombohedral phase. Interestingly, Ojwang et al.35

previously reported that upon moisture exposure of the rhom-
bohedral phase, the unit cell volume of the monoclinic phase
decreases implying a loss of bulk sodium, combined with an
oxidation of Fe2+ to Fe3+ due to reaction with water. Our data
appears to have an opposite trend; however, it is worth
considering the different experimental conditions (moisture
exposure vs. dehydration). Indeed, in this study, during the
dehydration process, water is removed from the interstitial sites
of the structure under dynamic vacuum conditions which does
not allow sufficient time for moisture to react and extract Na
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 In situ XRD measurement as a function of temperature on
pristine PW-based composite electrodes. Test conducted in reflection
mode (a) from room temperature (25 °C up to 200 °C, heating rate: 5 °
C min−1). (b) From room temperature up to 170 °C with holding step
for 24 hours. Both tests conducted under dynamic vacuum (10−2

mbar).
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ions from the bulk at the same time, while in the report from
Ojwang et al.,35 the unit cell volume reduction is mainly
attributed to sodium loss. Indeed, a more recent study supports
our ndings on the reduction of the unit cell upon
dehydration.31 W. R. Brant et al.29 suggested a volume collapse
of 20% relatively to the hydrated phase. In this study, the
dehydration conducted under dynamic vacuum conditions
(10−2 mbar, at 170 °C) leads to a lower volume contraction of
∼6%, which is reected in a loss of crystallinity (observed as an
increase of the FWHM of the diffraction peaks – see
Fig. 2(a)–(d)) implying structural strain. To visualise the effects
of dehydration on the PW morphology, SEM analysis was con-
ducted. Fig. 2(e) shows the typical cubic nature of the pristine
PW particles and the appearance of large open cracks on its
surface. As the powders are dried, changes in surface topog-
raphy are observed. The surface texture of the PW particles
changed signicantly when dried for 15 hours (Fig. 2(f))
resulting in a rough surface with bright deposits. Samples dried
for 24 hours, resulted in more cracks and smaller amounts of
bright deposits on its surface. As PW particles were dehydrated
for longer (48 hours), surface cracks becomemore prominent in
agreement with the unit cell volume reduction reported in Table
1.

It is worth noting that the different particle size observed in
the SEM images is not arising from the dehydration process but
rather attributable to the broad particle size distribution of the
investigated material (see SEM image reported in Fig. S1 in
ESI†). Indeed, studies reported byW. R. Brant et al.29 indicate no
signicant change in particle size distribution with particles
appearing to be slightly more broken apart upon drying. The
sensitivity of the dehydrated PW samples was then tested upon
exposure to moisture in air and in dry room conditions.
Samples were weighed before and aer drying powders for 15,
24 and 48 hours under controlled dynamic vacuum of ∼10−2

mbar at 170 °C. The mass of the dried material was then
monitored over time upon moisture exposure in ambient, room
temperature conditions. The results are reported in Fig. 3.

According to previous reports, the pristine PW material may
contain ∼10–20% of water including adsorbed, interstitial and
coordinated water.27 All dried samples exhibit a mass loss of
about ∼10% aer the dehydration process. When exposed to
moisture (see Fig. 3(a)), the changes observed in terms of mass
increase were not signicantly different between the three dried
samples, however few differences were observed. The PW dried
for 15 hours showed an initial sharper mass gain around the
rst hour relatively to the samples dried for 24 and 48 hours.
Aer ∼4–5 hours, all proles start to level off, returning to their
original weights (before dehydration) and indicating water
uptake into the structure. Interestingly, the sample exposed to
a dry room environment did not exhibit a substantial change in
mass, suggesting dry room conditions to be sufficient for the
protection of the dehydrated phases against moisture.

XRD analysis was performed to observe structural changes
occurring over time as a consequence of water uptake. The XRD
patterns reported in Fig. 3(b) show that aer exposure to air/
moisture, the structure starts to transition from a mixture of
monoclinic and rhombohedral phases towards a cubic system.
This journal is © The Royal Society of Chemistry 2023
This is most likely due to a structural change involving de-
sodiation from the bulk with concomitant oxidation of Fe2+ to
Fe3+.35 In addition to this, a small impurity peak at ∼32.5° (2q,
Cu Ka) can be seen and this can be attributed to the formation
of Na4[Fe(CN)6] on exposure to air conrming observations
from Ojwang et al.35 Aer 2 hours, a mixture of monoclinic,
rhombohedral, and cubic phases are observed, and Rietveld
renements (Fig. S2 and Table S1 in ESI†) suggest an approxi-
mate ratio of monoclinic : rhombohedral : cubic of 0.6 : 1 : 1. As
expected, the ttings indicate an expansion of the unit cell
volumes of both the monoclinic and rhombohedral phases
J. Mater. Chem. A, 2023, 11, 15778–15791 | 15783
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upon water uptake, showing an opposite trend compared to the
dehydration experiments (see Fig. 2 and Table 1). This is
consistent with re-hydration of the sample but suggests that
only partial re-hydration has occurred aer 2 hours. Aer being
exposed to atmospheric conditions for 4 hours, a complete
transition to the cubic phase has occurred. No further signi-
cant structural changes are observed aer 7 hours of exposure,
with the tted lattice parameters showing a clear unit cell
expansion of the cubic phase from 2 to 7 hours indicating an
uptake of water by the cubic phase over time.
3.2. Structural phase transitions and morphology
characterization of composite electrodes

The characterization of the PW powders and the analysis of
their dehydration behaviour allowed a comprehensive under-
standing of the experimental conditions needed for the dehy-
dration and the handling of the PW material. By using a drying
temperature of 170 °C for 48 hours under dynamic vacuum
(10−2 mbar), water was successfully removed with the obtain-
ment of powders exhibiting a dominance of the rhombohedral
phase, which is known to show more promising electro-
chemical performance in sodium-ion cells.34

In order to understand if the same experimental conditions
could be applied to water-processed PW electrodes obtained by
Fig. 5 XRD patterns of PW electrodes dried for 15, 24 and 48 hours at 17
Pseudo-quantitative analysis of monoclinic to rhombohedral transform
cross-sectional (h)–(k) SEM images of undried and dried PW electrodes

15784 | J. Mater. Chem. A, 2023, 11, 15778–15791
using the pristine (undried) PW in its monoclinic phase, in situ
XRD as a function of temperature was performed on electrode
coatings prepared using a water-based process (see Experi-
mental section) eliminating the use of NMP solvent. The results
are reported in Fig. 4.

Fig. 4(a) shows the evolution of the XRD patterns of a PW-
based electrode undergoing a heat treatment from room
temperature (25 °C) up to 200 °C under dynamic vacuum (10−2

mbar). It is shown that upon dehydration, the reection asso-
ciated to the rhombohedral phase increases at the expense of
the dominant monoclinic reection (characterising the pristine
electrode). The (101)m reection located at ∼17.47° (2q, Co Ka)
and attributed to the monoclinic phase, decreases in intensity
and disappears at about ∼110 °C. The dominant peak at
∼19.73° (200)m persists and gradually decreases in intensity
upon heating especially aer 160 °C, maintaining a lower
intensity with a slightly shied position even at the higher
dehydration temperature of 200 °C. A similar behaviour is also
observed for the (400)m reection at ∼40.22°, which decreases
in intensity and shis to a higher angle upon heating. Addi-
tionally, the monoclinic reections (−211/020)m at ∼28.17°
shi to higher angles and transition into a single rhombohedral
reection (104)r as the temperature increases. Interestingly, the
initial monoclinic feature, which is the distinct double peak
0 °C under a dynamic vacuum of (a) 10−2 mbar, and (b) 10−3 mbar. (c)
ation and relative phase ratios upon dehydration. Planar (d)–(g) and
(10−3 mbar).

This journal is © The Royal Society of Chemistry 2023
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feature in the pristine powder (see Fig. 2(a)), appears as
a convoluted broader peak for the pristine electrode, which
becomes a single broad peak at about 160 °C. Simultaneously,
as the monoclinic reections decrease in intensity, formation of
the rhombohedral phase is denoted by the appearance of the
(012)r reection at ∼140 °C with enhanced intensity as the
temperature is increased. Additional rhombohedral reections
are observed at ∼31.45° (110)r and ∼38.73° (113)r highlighting
a phase transition towards the rhombohedral phase upon
dehydration. Clearly, even by employing a higher dehydration
temperature of 200 °C, a complete dehydration of the electrode
is not achieved, as demonstrated by the presence of both
monoclinic and rhombohedral phases, conrming that the
kinetics and the experimental conditions play a crucial role in
the dehydration process. To investigate potential kinetic effects
due to the heating rate, another electrode was then heated up to
170 °C and the temperature was held for 24 hours. The XRD
pattern evolution during the hold step is reported in Fig. 4(b).
Aer 24 hours, a complete dehydration was not achieved also in
this case, suggesting that dehydration of composite electrodes
processed in water is more challenging when compared to
powders.

To facilitate water removal from the composite electrodes,
two different vacuum conditions during the dehydration
process were compared, i.e., 10−2 and 10−3 mbar at 170 °C. As
with the initial tests conducted on powders, electrodes were
Fig. 6 (a) XRD patterns of calendared and uncalendared electrodes dried
(b) Relative percentages of monoclinic and rhombohedral phases calcula
images of (c) uncalendered and (d) calendared pristine electrodes with z

This journal is © The Royal Society of Chemistry 2023
dried for 15, 24 and 48 hours. XRD patterns of the investigated
electrodes are reported in Fig. 5.

Fig. 5(a) and (b) shows that by using a vacuum pressure of
10−3 mbar during the dehydration process the monoclinic
phase decreases sharply aer only 15 hours, with a dominance
of rhombohedral phase aer 48 hours similar to the behaviour
observed for powders (see Fig. 1) using a vacuum pressure of
10−2 mbar.

A pseudo-quantitative analysis of the monoclinic to rhom-
bohedral transformation was performed by calculating the area
under the peaks of the two strongest reections between ∼17
and 19° (2q, Cu Ka) (Fig. 5(a) and (b)). Considering that the
intensity of each of the peaks has only contribution from
a single phase (monoclinic or rhombohedral),29 it is reasonable
to approximate the area of the peak with the amount of that
phase. The ratio of intensities thus obtained can be used to
track the monoclinic to rhombohedral transformation. The
calculation has been performed for the powders, and the elec-
trodes dried under two different vacuum conditions. The results
reported in Fig. 5(c), clearly indicate that the dehydration
process is more difficult for composite electrodes and that an
improved vacuum system accelerates the transition from
monoclinic to rhombohedral phase. The tted XRD patterns
and corresponding tting lattice parameters are reported in
Fig. S3 and Table S2 in the ESI.†

In addition, SEM analysis was carried out to investigate the
effect of the dehydration process on the electrode
for 15 h (170 °C, 10−3 mbar) relative to a pristine undried PW electrode.
ted for calendered and uncalendered electrodes. Cross-sectional SEM
oomed areas highlighting internal crack formation.
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microstructure. Similar morphologies were seen in the planar
SEM images for the different electrodes as shown in Fig. 5(d)–(g)
highlighting the compactness of the electrode particles.
However, the cross-section analysis, reported in Fig. 5(h)–(k)
reveals that upon dehydration cracks appear on the PW parti-
cles propagated linearly as the drying duration increased.
Consequently, the removal of water during drying resulted in
more cracks on the crystal surface. The effect, already observed
at the powder level (SEM images in Fig. 1) is more pronounced
for composite electrodes, indicating that optimal conditions for
a successful dehydration process are crucial and need to take
into account the structural stability of the electrode to avoid
delamination. It is worth mentioning, that the dehydration
conditions employed here, i.e., 170 °C at 10−3 mbar for 48 hours
might lead to deleterious effects in terms of electrode stability
especially for high loading and might depend on the
manufacturing method employed to obtain electrodes. Indeed,
an interesting effect of dehydration has been observed when
Fig. 7 (a) Selected cyclic voltammetry profiles of pristine undried (0 hour
vacuum at 10−2 mbar. Test conducted in three electrode cell using Na m
galvanostatic charge/discharge voltage profiles of the same electrodes c
the 2.0–4.0 V range. Electrolyte: 1 M NaPF6 in EC : DEC (3 : 7 v/v%).

15786 | J. Mater. Chem. A, 2023, 11, 15778–15791
comparing the dehydration process of calendered vs. unca-
lendered electrodes. It is found that calendering, hinders the
dehydration process, suggesting longer drying times or higher
temperatures are required for the successful transition toward
the rhombohedral phase.

Fig. 6(a) reports the XRD patters of calendered (30% porosity
target) and uncalendered PW-electrodes dried for 15 hours at
170 °C (10−3 mbar). It is shown that calendered electrodes
exhibits about 42% of monoclinic phase aer 15 hours of
dehydration, while uncalendered electrode present a domi-
nance of the rhombohedral phase relatively to the monoclinic
(79% vs. 21%) (see Fig. 6(b)). The more efficient dehydration
process occurring for the uncalendered electrodes is also visible
from the cross-sectional SEM images reported in Fig. 6(c) and
(d). Indeed, when water is removed more efficiently from the
bulk structure of the electrodes (lower packing density), more
visible cracks are observed within the electrode particles (see
s) and electrodes dried at 170 °C for 15, 24 and 48 hours under dynamic
etal as counter and reference electrode. Scan rate 0.1 mV s−1. (b) First
onducted in coin cell at 0.1C. Both tests are conducted at 25 °C, within

This journal is © The Royal Society of Chemistry 2023
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Fig. 6(c)), while for the calendered electrode, given the less
effective dehydration, less cracks are detected.
3.3. Evaluation of electrochemical properties of PW-based
electrodes in sodium cells

To assess the electrochemical behaviour on the investigated
PW-based electrodes, cyclic voltammetry has been performed in
three electrode cells between 2.0 and 4.0 V versus Na+/Na at
a scan of 0.1 mV s−1.

The voltammograms, reported in Fig. 7(a) shows that the
pristine undried electrode (0 hours) exhibits a broad reversible
convoluted redox process at about 3.0 V vs. Na+/Na with an
irreversible oxidative reaction occurring at potentials higher
than 3.8 V vs. Na+/Na attributable to water decomposition.27

Upon dehydration, conducted at 170 °C under dynamic vacuum
at 10−2 mbar, the voltage prole clearly changes, showing
already for the electrode dried for 15 hours a net separation of
two reversible contributes at about 3.13/3.01 V and 3.35/3.26 V
vs. Na+/Na associated to the redox activity of the high-spin Fe2+/
Fe3+ (bonding to N), and the low-spin Fe2+/Fe3+ (bonding to C),
respectively. Indeed, the presence of water in the structure
strongly inuences the activity of the low spin Fe2+/Fe3+redox
couple, which is instead activated upon dehydration.15,34,38,39
Fig. 8 (a) Cycling behaviour of PW-based electrode dried at 170 °C (10−2

curve) and 1 M NaFF6 in diglyme (red curve). (b) First cycle voltage profiles
for 15 hours at 170 °C under a dynamic vacuum of 10−2 mbar (red curve
increase in capacity relatively to the percentage of rhombohedral phas
a dynamic vacuum of 10−2 and 10−3 mbar. Tests are conducted at 25 °C

This journal is © The Royal Society of Chemistry 2023
With a longer drying process (see CV for electrodes dried for 24
and 48 hours), the shape of the voltammogram does not
dramatically change, however the overall polarization
decreases, and the second redox reaction becomes more
pronounced when compared to the contribution of the high
spin Fe2+/Fe3+. The CV results are also conrmed by galvano-
static cycling tests performed to investigate the sodium ion
storage behaviour in the different electrodes. Fig. 7(b) shows
that the pristine undried sample exhibits an initial sloping
region during the rst de-sodiation (charge) process up to about
3.1 V, followed by a sharp increase of the voltage prole up to
3.8 V, when a plateau like feature appears conrming the
presence of water and its consequent oxidative decomposition.
The material presents a charge capacity of about 75 mA h g−1

and a discharge capacity of about 84 mA h g−1, suggesting
removal of ∼1 equivalent of sodium during the rst de-
sodiation and the ability to store more sodium upon sodia-
tion (discharge). Electrodes dried for longer, show a very
different voltage prole exhibiting two distinct plateaus, a more
reversible charge/discharge process, a decreased polarization,
and a higher charge/discharge capacity of about 130 mA h g−1.
In the high voltage region, ranging from 3.3 to 4.0 V, some
differences are observed upon increasing drying time. Fig. S4†
shows an extracted enlarged view of the high voltage region. It is
mbar) in sodium half-cell using 1 M NaPF6 in EC : DEC (3 : 7 v/v%) (black
and (c) corresponding cycling behaviour of PW-based electrodes dried
) and 10−3 mbar (black curve). (d) Comparative data of the percentage
e formed upon dehydration at 170 °C for 15, 24, and 48 hours using
within the 2.0–4.0 V range.
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observed that, for the electrode dried 15 hours a sloping region
is visible above 3.8 V indicating the presence of residual water.
The electrode dried for 24 hours show a similar prole, however
the electrode dried for 48 hours clearly shows a sharper increase
of the voltage prole toward the upper cut off (4.0 V) and
a slightly larger de-sodiation capacity. Besides, upon prolonged
drying, the gain in capacity is not substantial. To investigate the
effect of dehydration upon cycling further galvanostatic cycling
test have been conducted.

Fig. 8(a) reports the cycling stability and coulombic efficiency
(CE) trend of Na half cells containing PW electrode dried at
170 °C (10−2 mbar) cycled using a carbonate-based (black curve)
and a glyme-based (red curve) electrolyte solution. The
carbonate containing cell exhibits poor cycling performance
both in terms of cycling stability and CE. The poor electro-
chemical response is attributable to the unstable Na metal/
electrolyte interphase40,41 when using carbonate-based solvents
rather than the electrode material itself. Indeed, by using
a glyme-based electrolyte, CE is strongly improved as well as the
cycling stability (92.6% capacity retention aer 45 cycles) sug-
gesting less parasitic reactions at the Na/electrolyte interface.42

Accordingly, all further results have been conducted by using
Fig. 9 Rate performance of PW electrodes dried at 170 °C for 15, 24,
and 48 hours using a dynamic vacuum of 10−2 (a) and 10−3 mbar (b).
Test conducted at 25 °C using 1 M NaPF6 in diglyme electrolyte within
the 2.0–4.0 V range. (1C = 140 mA g−1).

15788 | J. Mater. Chem. A, 2023, 11, 15778–15791
the glyme-based systems. The effect of the vacuum pressure
during the dehydration step has been investigated electro-
chemically. Voltage prole and cycling stability are reported in
Fig. 8(b) and (c), respectively. It is clearly observed that by using
the same dehydration temperature, i.e., 170 °C, higher charge/
discharge capacity of 140 mA h g−1 can be obtained when
adopting a vacuum pressure of 10−3 mbar. Both CE and cycling
stability are not strongly affected by the two different vacuum
conditions, with capacity fade upon cycling being independent
of the vacuum conditions, however with a substantial effect in
terms of delivered capacity. A comparative analysis of the
percentage gain in capacity upon dehydration has been corre-
lated to the relative amount of rhombohedral phase present in
the electrode compared to the pristine monoclinic phase.
Fig. 8(d) shows that when adopting a vacuum pressure of 10−2

mbar, an increase from 0% to 56.45%, 65.68% and 69.68% is
observed when drying electrodes for 15, 24 and 48 hours
respectively, corresponding to a percentage increase in capacity
relatively to the capacity delivered by the pristine undried (100%
monoclinic phase, 83.6 mA h g−1 ± 4.6) of 31.69%
(122.3 mA h g−1 ± 3.9), 33.45% (125.6 mA h g−1 ± 1.9) and
35.69% (130.4 mA h g−1 ± 3.5) respectively. On the other hand,
when adopting a vacuum pressure of 10−3 mbar, beside the
initial 40% increase in capacity (compared to the pristine
undried electrode), obtained aer 15 hours of drying
(139.5mA h g−1± 0.4), the increase in capacity observed aer 24
and 48 hours of drying is not substantial in agreement with the
small variation of rhombohedral phase calculated upon a pro-
longed dehydration. Given the higher efficiency of the dehy-
dration process conducted at 10−3 mbar, a lower drying
temperature has also been tested. Fig. S5† reports the voltage
prole of Na-half cells containing PW electrodes dried under
a dynamic vacuum of 10−3 mbar at 150 °C and 170 °C. Beside
the slightly different charge capacity observed for the electrode
dried at 150 °C, exhibiting a lower charge capacity and a slopy
voltage prole above 3.8 V attributable to the decomposition of
residual water, the discharge capacity delivered by the two
electrodes is rather similar, suggesting that with improved
vacuum conditions the drying temperature can also be
decreased, which might be benecial in terms of nal electrode
structural stability especially for high loading electrodes.

Overall, the results suggest that a tailored combination of
temperature, time and vacuum pressure are crucial for an effi-
cient dehydration of PW based electrodes, with vacuum pres-
sure being more inuential compared to temperature and time.

Indeed, the observation is further supported by rate capa-
bility tests performed on Na-half cells using PW-based elec-
trodes dried at 170 °C for different drying time under a dynamic
vacuum of 10−2 and 10−3 mbar.

Fig. 9 shows that when using a vacuum pressure of 10−2

mbar, the drying time inuences the delivered capacity espe-
cially at lower rate up to 2.5C, while at 4C a comparable
performance is observed with capacities dropping by almost
50% (see Fig. 9(a)). On the other hand, when adopting a vacuum
pressure of 10−3 mbar (Fig. 9(b)), an optimal capacity of about
140 mA h g−1 is obtained aer 15 hours of drying, with no
This journal is © The Royal Society of Chemistry 2023
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Fig. 10 GITT curves and corresponding calculated DNa+ upon sodiation/de-sodiation for (a) undried (b) 15 hours, (c) 24 hours and (d) 48 hours
PW electrodes dried at 170 °C under a dynamic vacuum of 10−3 mbar.
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substantial increase upon prolonged drying time at all cycling
rates.

Galvanostatic intermittent titration technique (GITT) was
performed to analyse the kinetic of the Na+ diffusion in the PW
electrodes dried for the different durations under a dynamic
vacuum of 10−3 mbar.

The method, equations and parameters used to calculate the
diffusion coefficient are reported in the ESI (see Fig. S6 and
Table S3†). The undried PW presents Na+ diffusion coefficient
(DNa+) values in the order of 10−8 cm2 s−1 both upon charge and
discharge, with sluggish kinetics at the end of the de-sodiation
and sodiation processes obtaining orders of magnitude in the
ranges of ∼10−11 cm2 s−1 and ∼10−10 cm2 s−1 respectively
(Fig. 10(a)). Interestingly, the dehydrated samples present DNa+

values in the order of 10−8 to 10−7 cm2 s−1 in the plateau regions
associated to the high spin and low spin Fe2+/Fe3+redox process,
respectively (Fig. 10(b)–(d)). It is worth noting that interstitial
water occupies the same sites of Na+ ions in the PW structure,
thus one would expect that by dehydration, Na+ ion diffusion
would be facilitated. However, it is also worth considering that
the rate capability data reported in Fig. 9 do not exhibit
substantial differences among the three electrodes, suggesting
similar diffusion kinetics. The observation can then be related
to the microstructure of the electrode. Indeed, upon dehydra-
tion, more cracks were observed on the electrode particles (see
This journal is © The Royal Society of Chemistry 2023
Fig. 5) which might hinder diffusion of Na+ ions. Hence, even if
more interstitial sites are made readily available aer dehy-
dration, the simultaneous generation of structural cracks upon
drying limits the potential enhancement in the overall diffusion
kinetics.
4. Conclusion

The presence of water in PW systems plays a crucial role in
dening the corresponding electrochemical response upon
sodium ion storage. In this study, we have carried out
a comprehensive characterisation of the structural and
morphological changes occurring upon dehydration and have
correlated the environmental conditions of the dehydration
process with the phase transitions occurring upon water
removal.

Moreover, while most of the current research has focussed
on the understanding of the dehydration at thematerial level, in
this study we further push the investigation from solely active
materials to composite electrodes processed in water. It is
found that water removal is a kinetically driven process that is
strongly affected by the experimental conditions (e.g., temper-
ature, heating rate, atmosphere) and the environment of the PW
system (powder vs. composite electrode).
J. Mater. Chem. A, 2023, 11, 15778–15791 | 15789
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The results indicate that the dehydration process is more
complex for composite electrodes compared to pristine
powders, highlighting the delayed transition from the hydrated
monoclinic to the dehydrated rhombohedral phase when a low
vacuum pressure is employed.

Beside the structural changes detected upon water
removal, dehydration is also found to have a great impact on
the electrode microstructure. Cross-section analysis reveals
that upon dehydration cracks appear on the PW particles and
propagate linearly as the drying duration increased. The
effect, also observed for powders is more pronounced for
composite electrodes especially the uncalendered ones. The
generated cracks also affect sodium ions diffusion paths as
highlighted by GITT results which do not highlight substan-
tial changes in terms of kinetics of ions diffusion upon pro-
longed drying time. Overall, it is found that when using
efficient vacuum conditions, temperatures ranging between
150 °C and 170 °C can be used to efficiently remove large part
of the adsorbed and interstitial water in 15 hours tran-
sitioning to a material with a dominance in rhombohedral
phase exhibiting capacity value of 140 mA h g−1. Further
improvement in capacity can be obtained with longer drying
times or higher temperature, however considering the high
mass loading employed in this study this could impact the
structural integrity of the electrode, which instead might not
be an issue for lower loadings.
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