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ABSTRACT: Prussian blue analogs (PBAs) represent promising cathode materials for
sodium-ion batteries (SIBs) due to their high theoretical capacity, open framework
structure, and use of earth-abundant elements. However, the high-temperature
structural evolution, water content effects, and thermal safety of PBAs, particularly in
charged states, remain poorly understood, hindering their practical deployment. Here,
we investigate Na2Fe[Fe(CN)6]·2H2O using thermogravimetric analysis (TGA), ex situ
and in situ temperature-dependent X-ray absorption spectroscopy (XAS), and
accelerated rate calorimetry (ARC). TGA and ex situ XAS confirm water loss between
150 and 200 °C, resulting in Fe2+ oxidation, enhanced local symmetry, and uniform
redox behavior that improves electrochemical performance. In situ XAS reveals irreversible structural changes above 240 °C,
including ligand loss, Fe site distortion, and increased disorder, while ARC on charged electrodes shows minimal self-heating rates
(<0.1 °C/min) up to 300 °C, indicating exceptional thermal stability without lattice oxygen release. These insights elucidate PBA
thermal dynamics, demonstrating improved electrochemical performance of water-deficient PBAs and informing future material
design and safety assessment for SIB applications.

1. INTRODUCTION
Lithium-ion batteries (LIBs) have been pivotal in advancing
global electrification through applications in grid energy
storage and electric vehicles. However, escalating global energy
demands necessitate alternative electrochemical storage
solutions to reduce the reliance on scarce lithium and other
critical metals. Sodium-ion batteries (SIBs) have emerged as a
promising complement to LIBs, leveraging the abundant
availability of sodium and electrode materials derived from
earth-abundant elements such as carbon, manganese, and
iron.1 SIB cathode materials primarily include layered oxides,
polyanions, and Prussian blue analogs (PBAs).2 Among these,
PBAs are attractive due to their high theoretical specific
capacity, open framework structure, and straightforward
synthesis.3,4 Notably, iron-based, vacancy-free, sodium-con-
taining PBAs, such as Na2−xFe[Fe(CN)6]·zH2O, offer a
theoretical capacity of 171 mAh g−1 (for x, z = 0).5

The most common way to synthesize PBAs is aqueous
precipitation routes,6,7 which lead to a high amount of
interstitial and absorbed water in the open framework with a
large interstitial space of PBAs. However, the presence of
crystal water that incorporated during PBA synthesis can
trigger detrimental side reactions, including electrolyte
decomposition (e.g., forming HF via reaction with PF6

−

anions8), electrode corrosion, and capacity fade. Heat
treatment at elevated temperatures to remove water from

pristine PBAs is critical for optimizing electrochemical
performance.9,10 Recent reports9−12 investigated the impor-
tance of removing water from the PBA structure using
techniques such as ex- and in situ X-ray diffraction (XRD),
thermal gravimetric analysis (TGA), and ex-situ X-ray
absorption spectroscopy (XAS) to explore the effect of
structural changes on PBA electrochemical performance. For
example, Wang et al. reported the crystal structure changes of
Na1.76Fe[Fe(CN)6]·2.6H2O from trigonal to coexisiting phases
in the range 150−300 °C and the final transformation to cubic
phase after 300 °C leveraging high-temperature in situ XRD.9

They emphasized that the redox reaction of low Fe2+/Fe3+ is
activated after heat treatment with improvement of the
electrochemical performance. At the same time according to
Xie et al. water molecules can be deintercalated from the
structure as Na(OH2)+ within the first cycle leading to low
capacity and generation of HF.13,14 While prior studies have
explored water removal’s impact on PBA electrochemical
properties and phase transitions, the local structural evolution
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as a function of temperature remains underexplored. Similarly,
the behavior of charged PBAs at elevated temperatures, critical
for battery safety, has received limited attention. Despite PBAs’
oxygen-free structures and strong cyanide−transition-metal
coordination conferring thermal stability,15 potential cyanide
group evolution at high temperatures may pose safety risks
through reactions with electrolytes.
To address these knowledge gaps, this study utilizes

Na2Fe[Fe(CN)6]·2H2O as a model PBA cathode material,
employing XAS and accelerated rate calorimetry (ARC) to
probe the high-temperature behavior of pristine and charged
states, respectively. XAS was used to monitor temperature-
induced changes in the oxidation state and the local
coordination environment of iron, providing insights into the
structural transformations associated with water loss and
thermal activation. Complementarily, ARC was applied to
evaluate the thermal reactivity of the charged cathode in
electrolyte-containing environments, assessing its propensity
for exothermic reactions and thermal runaway. Together, these
methods offer a comprehensive understanding of both
structural stability and thermal safety, guiding the rational
design of PBA cathodes with improved performance and safety
profiles for next-generation SIBs.

2. RESULTS AND DISCUSSION
Commercially available sodium-rich Na2Fe[Fe(CN)6]·2H2O
was procured from a supplier, ensuring scalability for SIB
applications. The long-range structure of pristine Na2Fe[Fe-
(CN)6]·2H2O powder was characterized via XRD, as shown in
Figure 1A. The XRD patterns confirm a single-phase
rhombohedral structure of R3 space group (lattice parameters:
a = 7.4654 Å, c = 17.5887 Å, V = 848.94 Å3, Table S1), with
sharp diffraction peaks indicating high crystallinity and
minimal [Fe(CN)6]4− defects in the framework, consistent
with prior reports.11 The split diffraction peaks of the (220)
planes near 24° reflect reduced symmetry due to increased Na+
content per formula unit.11,16 SEM images (Figure 1B) reveal
uniform microcubes (3−10 μm) of the Na2Fe[Fe(CN)6]·
2H2O samples, confirming consistent morphology.
Several studies have reported that absorbed and interstitial

water in PBA cathodes for SIBs impairs electrochemical
performance by reacting with electrolytes, triggering undesir-
able side reactions.9,10 Consequently, heat treatment to remove
water is a critical processing step for PBA cathodes including
the sodium-rich Na2Fe[Fe(CN)6]·2H2O material studied here.
According to a previous report9 heat treatment of pristine
Na2Fe[Fe(CN)6]·2H2O between 150 and 300 °C corresponds
to a mixed trigonal-cubic coexisting phase, which can be easily
rehydrated by air moisture due to the open framework of the

Figure 1. Characterizations of Na2Fe[Fe(CN)6]·2H2O material: (A) Rietveld refinement of X-ray diffraction pattern; (B) scanning electron
microscopy of pristine material; cycle profiles for (C) nonheat-treated and (D) heat-treated (180 °C under vacuum for 48h) electrodes; (E)
specific discharge capacity vs cycle number for Na2Fe[Fe(CN)6]·2H2O/Na half-cells cycled with 1m NaPF6 in tetraglyme at 25 °C.
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material. To evaluate the impact of water content on the
electrochemical performance of Na2Fe[Fe(CN)6]·2H2O ma-
terial, galvanostatic charge−discharge curves were obtained for
pristine and heat-treated Na2Fe[Fe(CN)6]·2H2O samples
within a 2.0−3.8 V vs Na/Na+ potential window (Figure
1C−D). Both samples were cycled three times at 0.1 C (1 C =
150 mA g−1) at 25 °C. The heat-treated sample achieved a
specific capacity of ∼ 145 mAh g−1 (Figure 1D), whereas the
pristine sample exhibited a lower capacity of ∼ 125 mAh g−1 in
the first cycle, followed by rapid capacity decay (Figure 1C). In
Figure 1D, two plateaus are shown for the heat treated sample:
2.9−3.1 V corresponds to a high-spin (HS) Fe2−N Fe2+/Fe3+
reaction, and 3.3−3.5 V corresponds to a low-spin (LS) Fe1−
C Fe2+/Fe3+ reaction.16,17 However, due to high amount of
water in the structure, the nonheat treated sample does not
have an activated LS Fe1−C Fe2+/Fe3+ redox reaction, which
tremendously decreases the specific capacity of the electrode
(Figure 1C). Nevertheless, we can clearly see another plateau
at 2.2 V vs Na+/Na during discharge of nonheat treated sample
(Figure 1C). Based on previous studies,9,13 this suggests
extraction of water or Na(OH2)+ during the initial cycles.
Furthermore, the disappearance of this plateau after the second
cycle indicates that water extraction occurs at ∼ 2.2 V vs Na+/
Na. During long-term cycling at C/5 at 25 °C (Figure 1E), the
heat-treated sample retained >70% capacity after 140 cycles,
while the pristine sample showed significant capacity loss after
three cycles, likely due to water reacting with the electrolyte,
forming HF, and degrading cell performance.8

Differential capacity (dQ/dV) analysis was performed to
evaluate the redox behavior of the Na2Fe[Fe(CN)6]·2H2O/Na
half-cells during cycling. The PBA framework comprises LS
Fe1−C and HS Fe2−N octahedra connected by Fe1−C�N−
Fe2 bonds.9,16,17 In dQ/dV profiles (Figure S1), the HS Fe2−
N redox peak occurs at 2.9−3.1 V, and the LS Fe1−C peak is
at 3.5−3.7 V. Over cycling, the HS Fe2−N peak in both
pristine and heat-treated samples exhibits significant attenu-
ation and voltage shift, indicating increased resistance and
slower ion kinetics.16 The LS Fe1−C peak remains stable in
the heat-treated sample but gradually intensifies in the pristine
sample, suggesting initial inactivity due to interstitial water in
the nonheat treated sample.
Heat treatment is essential for removing water from PBA

cathodes, significantly enhancing their electrochemical per-
formance. To elucidate the influence of heat treatment on the
electronic structure of iron ions during electrochemical cycling
(Figure S2), normalized X-ray absorption near-edge structure
(XANES) spectra at the Fe K-edge were analyzed (Figure 2A-
B). The Fe K-edge reveals distinct effects of heat treatment on
the oxidation state and the local structural uniformity of
transition metals. Key XANES regions include pre-edge peaks
(7111−7120 eV), attributed to 1s → 3d transitions, and the
main peak (7126−7132 eV), corresponding to 1s → 4p
transitions.18,19 In fresh cathodes, heat-treated Na2Fe[Fe-
(CN)6]·2H2O exhibits predominantly Fe3+ with the main
peak at 7132 eV, while nonheat treated Na2Fe[Fe(CN)6]·
2H2O shows mixed Fe2+/Fe3+ states with the main peak at
7126 eV. The main peak shift in the heat-treated Na2Fe[Fe-

Figure 2. XANES of ex-situ XAS of Fe K-edge: (A) nonheat treated and (B) heat treated Na2Fe[Fe(CN)6]·2H2O material.

Figure 3. High-temperature experiments of pristine Na2Fe[Fe(CN)6]·2H2O: (A) TGA result; (B) in situ XANES of Fe K-edge as a function of
temperature from 30 to 450 °C.
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(CN)6]·2H2O sample results from water removal, which alters
the iron oxidation state. Quantifying the removed water is
challenging due to the high air sensitivity of PBA, which readily
absorbs environmental moisture. Nevertheless, qualitative
results of ex-situ XAS represent the successful drying process
of Na2Fe[Fe(CN)6]·2H2O. Pre-edge peak intensity variations
indicate ligand environment perturbations, with nonheat
treated Na2Fe[Fe(CN)6]·2H2O displaying lower Fe oxidation
and reduced centrosymmetry compared to heat-treated
Na2Fe[Fe(CN)6]·2H2O.18,19 These features show that the
extraction of H2O molecules from the structure leads to the
oxidation of Fe to maintain the neutrality of the com-
pound.12,20 Charged heat-treated Na2Fe[Fe(CN)6]·2H2O
shows a main peak shift to ∼ 7127−7130 eV with splitting
into two peaks, reflecting nonuniform redox behavior,12,20−22

which resolves after one cycle, indicating structural stabiliza-
tion20,21 (Figure 2B). In contrast, charged pristine Na2Fe[Fe-
(CN)6]·2H2O exhibits persistent edge splitting and structural
inhomogeneity, likely due to interstitial water-induced Fe2+/
Fe3+ phase-separated domains21 (Figure 2A). At 2.0 V
discharge, both samples display a dominant Fe2+ state, with
enhanced pre-edge intensity (increased 3d−4p mixing) and a
single main peak at 7126.5 eV, consistent with a symmetric
FeN6 environment.20−22

To investigate the temperature-dependent local structural
changes in Na2Fe[Fe(CN)6]·2H2O cathodes, TGA coupled to
temperature-dependent XAS was employed. TGA (Figure 3A),
conducted under a nitrogen atmosphere, revealed three
distinct weight-loss stages, consistent with previous reports.23

Pristine Na2Fe[Fe(CN)6]·2H2O exhibits a 9−10 wt % mass
loss between 150 and 200 °C, attributed to the removal of
adsorbed and interstitial water.17 Mass loss continues at a
similar rate from 200 to 400 °C, accelerating above 400 °C,
likely due to the decomposition of Fe−C�N−Fe bonds,
releasing CN− groups as HCN and (CN)2 gas.

24

Temperature-dependent XAS of Na2Fe[Fe(CN)6]·2H2O
reveals the thermal evolution of its local structure and Fe
valence states (Figure 3B). From 30 to 180 °C, XANES spectra
remain largely unchanged, with minor variations emerging at
200−220 °C. Irreversible structural changes occur above 240−
260 °C, marked by significant XAS spectral shifts. At ∼ 7113−
7114 eV, the pre-edge peak intensity increases, indicating 4p−
3d orbital mixing and local Fe site distortion, likely reflecting
Fe2+ coordination changes due to ligand loss along a
centrosymmetric axis.18−20,22,25 At ∼ 7118−7119 eV, pre-
edge peak intensity rises from 250 °C, peaking at 320 °C,
suggesting Fe2+ oxidation to Fe3+ with octahedral distortion,
possibly due to interstitial water removal.19 Above 320 °C, this
intensity decreases, indicating an intermediate phase with
altered Fe−C�N bond lengths and potential Na+ or H2O
displacement, followed by structural degradation and loss of
Fe−C�N−Fe bonds, potentially forming Fe oxides or
carbides.20−22,26 At ∼ 7120−7124 eV, the loss of fine structure
reflects increased disorder and a less symmetric local
environment.20 At ∼ 7126−7132 eV, the main edge peak
intensity decreases with temperature, suggesting fewer
available Fe 4p states, indicative of increased disorder, while
a main edge shift from ∼ 7126 to ∼ 7130 eV points to Fe2+
oxidation to Fe3+ or Fe−ligand bond shortening due to
dehydration.12,20−22,26 Extended X-ray absorption fine struc-
ture (EXAFS) was Fourier transformed to analyze temper-
ature-dependent changes in the crystal structure of Na2Fe[Fe-
(CN)6]·2H2O (Figure S3). The first shell peak (1.95−2.00 Å)

corresponds to Fe1−C.26,27 Loss of Fe1−C�N integrity
begins after 220−240 °C and may indicate partial decom-
position of cyanide ligands,28 increased thermal disorder, and
reforming of Fe1−C�N bonds. The second shell peak (2.35−
2.40 Å), associated with the Fe2−N�C−Fe1 bridge, exhibits
disordering at 300−320 °C, likely due to water loss and partial
CN− dissociation.12,26,28 The peak at 4.50−4.70 Å, represent-
ing the Fe1···Fe2 distance via the cyanide bridge, decreases at
120 °C, indicating weakened long-range coherence from
interstitial water removal.21 This peak stabilizes until 210 °C,
possibly due to framework reorganization, but degrades
significantly above 320 °C, reflecting framework collapse,
Fe1−C�N−Fe2 bridge breakdown, or formation of disor-
dered phases (e.g., Fe oxides or carbides).28

In-situ XAS of Na2Fe[Fe(CN)6]·2H2O at increasing
temperatures reveals thermally induced charge redistribution,
local structural distortion, and increased disorder in the PBA
framework, potentially accompanied by decomposition of CN−

into gaseous HCN or (CN)2. This raises concerns about CN−

reactions with electrolytes at elevated temperatures, which
could influence self-heating rates (SHRs) and exacerbate
thermal runaway risks, critical for SIB safety. To address these
concerns, the thermal reactivity of charged Na2Fe[Fe(CN)6]·
2H2O cathodes in the presence of an electrolyte was evaluated
using ARC at elevated temperatures. Na2Fe[Fe(CN)6]·2H2O
was preheat-treated to ensure optimal electrochemical
performance and charged to 3.8 V vs Na/Na+ in 1 m
NaPF6/tetraglyme electrolyte. To ensure consistent compar-
isons, the electrode material in each ARC tube was
standardized to a capacity of ∼ 10 mAh. Figure 4 shows the

SHR of the Na2Fe[Fe(CN)6]·2H2O cathode at 3.8 V vs Na/
Na+ as a function of temperature. Notably, only minor
exothermic activity was observed between 50 and 350 °C, with
a maximum SHR of ∼0.1 °C/min. This decreased thermal
response is likely attributable to the absence of entire lattice
oxygen release, suggesting that Na2Fe[Fe(CN)6]·2H2O
cathodes pose a low risk of thermal runaway, enhancing their
safety for SIB applications. However, the potential formation of
toxic HCN or (CN)2 during the thermal reaction process
warrants careful consideration and requires a further detailed
investigation.

Figure 4. SHR vs temperature for reactions between charged
Na2Fe[Fe(CN)6]·2H2O with electrolyte at elevated temperatures.
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3. CONCLUSIONS
In this study, Na2Fe[Fe(CN)6]·2H2O was employed as a
model PBA cathode material to investigate its high-temper-
ature behavior from two perspectives. First, to elucidate the
role of water removal in enhancing Na2Fe[Fe(CN)6]·2H2O
electrochemical performance, ex-situ XAS results revealed that
water removal leads to oxidation of Fe2+ to Fe3+, showing the
enhancement of local structural symmetry, and more uniform
redox behavior during cycling. TGA analysis showed the drop
in weight (9−10 wt %) from 150 to 200 °C, resulting in the
removal of absorbed and interstitial water. In-situ XAS was
used to probe the local structure and Fe valence evolution as a
function of temperature. Upon heating, temperature-depend-
ent XAS showed progressive ligand loss, Fe site distortion, and
increased disorder with irreversible structural decomposition
above 240 °C, highlighting the electronic structural changes
that underpin the enhanced stability and performance of the
heat-treated cathode. Second, ARC tests demonstrated that
charged Na2Fe[Fe(CN)6]·2H2O cathode exhibits minimal
SHR, attributed to the absence of lattice oxygen release during
electrolyte reactions at elevated temperatures up to 300 °C.
These findings illustrate the importance the high-temperature
behavior of Fe-based PBA cathode, demonstrating that low-
water-content or water-free PBA materials enhance electro-
chemical performance and improve the safety of commercial
SIBs by mitigating thermal runaway risks.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03083.

Further experimental details, extended X-ray absorption
fine structure and electrochemical data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Lin Ma − Department of Mechanical Engineering and
Engineering Science, The University of North Carolina at
Charlotte, Charlotte, North Carolina 28223, United States;
Battery Complexity, Autonomous Vehicle and Electrification
(BATT CAVE) Research Center, The University of North
Carolina at Charlotte, Charlotte, North Carolina 28223,
United States; Department of Applied Physical Sciences,
University of North Carolina, Chapel Hill, North Carolina
27514, United States; orcid.org/0000-0003-1183-1347;
Email: l.ma@unc.edu

Authors
Vadim Shipitsyn − Department of Mechanical Engineering
and Engineering Science, The University of North Carolina at
Charlotte, Charlotte, North Carolina 28223, United States;
Battery Complexity, Autonomous Vehicle and Electrification
(BATT CAVE) Research Center, The University of North
Carolina at Charlotte, Charlotte, North Carolina 28223,
United States; Department of Applied Physical Sciences,
University of North Carolina, Chapel Hill, North Carolina
27514, United States; orcid.org/0009-0008-6521-0216

Wenhua Zuo − Chemical Sciences and Engineering Division,
Argonne National Laboratory, Lemont, Illinois 60439,
United States; orcid.org/0000-0003-1977-2775

Thanh-Nhan Tran − Energy and Environment Directorate,
Pacific Northwest National Laboratory, Richland,
Washington 99352, United States

Tianyi Li − X-ray Science Division, Argonne National
Laboratory, Lemont, Illinois 60439, United States;
orcid.org/0000-0002-6234-6096

Sungsik Lee − X-ray Science Division, Argonne National
Laboratory, Lemont, Illinois 60439, United States;
orcid.org/0000-0002-1425-9852

Chanmonirath Michael Chak − Department of Mechanical
Engineering and Engineering Science, The University of North
Carolina at Charlotte, Charlotte, North Carolina 28223,
United States; Battery Complexity, Autonomous Vehicle and
Electrification (BATT CAVE) Research Center, The
University of North Carolina at Charlotte, Charlotte, North
Carolina 28223, United States; Department of Applied
Physical Sciences, University of North Carolina, Chapel Hill,
North Carolina 27514, United States

Phung ML Le − Energy and Environment Directorate, Pacific
Northwest National Laboratory, Richland, Washington
99352, United States; orcid.org/0000-0003-1055-3672

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.5c03083

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Dr. L.M. acknowledges the support by the US National
Science Foundation Award No. 2301719 and ORAU Ralph E.
Powe Junior Faculty Enhancement Award. Use of the
Advanced Photon Source (APS, 12-BM) was supported by
the US Department of Energy, Office of Science and Office of
Basic Energy Sciences, under contract no. DE-AC02-
06CH11357. This research used beamline 7-BM of the
National Synchrotron Light Source II, a US DOE Office of
Science user facility operated for the DOE Office of Science by
Brookhaven National Laboratory under contract no. DE-
SC0012704. This work has been supported by the Assistant
Secretary for Energy Efficiency and Renewable Energy, Vehicle
Technologies Office, of the U.S. Department of Energy
(DOE), through the LENS consortium under contract number
DE-AC05-76RL01830.

■ REFERENCES
(1) Gao, Y.; Zhang, H.; Peng, J.; Li, L.; Xiao, Y.; Li, L.; Liu, Y.; Qiao,
Y.; Chou, S. A 30-year Overview of Sodium-ion Batteries. Carbon
Energy 2024, 6 (6), No. e464.
(2) He, M.; Liu, S.; Wu, J.; Zhu, J. Review of Cathode Materials for
Sodium-Ion Batteries. Prog. Solid State Chem. 2024, 74, 100452.
(3) Simonov, A.; De Baerdemaeker, T.; Boström, H. L. B.; Ríos
Gómez, M. L.; Gray, H. J.; Chernyshov, D.; Bosak, A.; Bürgi, H.-B.;
Goodwin, A. L. Hidden Diversity of Vacancy Networks in Prussian
Blue Analogues. Nature 2020, 578 (7794), 256−260.
(4) Qian, J.; Wu, C.; Cao, Y.; Ma, Z.; Huang, Y.; Ai, X.; Yang, H.
Prussian Blue Cathode Materials for Sodium-Ion Batteries and Other
Ion Batteries. Adv. Energy Mater. 2018, 8 (17), No. 1702619,
DOI: 10.1002/aenm.201702619.
(5) Gao, X.; Liu, H.; Deng, W.; Tian, Y.; Zou, G.; Hou, H.; Ji, X.
Iron-Based Layered Cathodes for Sodium-Ion Batteries. Batteries &
Supercaps 2021, 4 (11), 1657−1679.
(6) Shen, Z.; Guo, S.; Liu, C.; Sun, Y.; Chen, Z.; Tu, J.; Liu, S.;
Cheng, J.; Xie, J.; Cao, G.; Zhao, X. Na-Rich Prussian White Cathodes

Energy & Fuels pubs.acs.org/EF Communication

https://doi.org/10.1021/acs.energyfuels.5c03083
Energy Fuels 2025, 39, 19054−19059

19058

https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03083?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.5c03083/suppl_file/ef5c03083_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1183-1347
mailto:l.ma@unc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vadim+Shipitsyn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-6521-0216
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhua+Zuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1977-2775
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanh-Nhan+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6234-6096
https://orcid.org/0000-0002-6234-6096
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungsik+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1425-9852
https://orcid.org/0000-0002-1425-9852
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chanmonirath+Michael+Chak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Phung+ML+Le"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1055-3672
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03083?ref=pdf
https://doi.org/10.1002/cey2.464
https://doi.org/10.1016/j.progsolidstchem.2024.100452
https://doi.org/10.1016/j.progsolidstchem.2024.100452
https://doi.org/10.1038/s41586-020-1980-y
https://doi.org/10.1038/s41586-020-1980-y
https://doi.org/10.1002/aenm.201702619
https://doi.org/10.1002/aenm.201702619
https://doi.org/10.1002/aenm.201702619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/batt.202100108
https://doi.org/10.1021/acssuschemeng.8b02758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.5c03083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for Long-Life Sodium-Ion Batteries. ACS Sustainable Chem. Eng.
2018, 6 (12), 16121−16129.
(7) Bie, X.; Kubota, K.; Hosaka, T.; Chihara, K.; Komaba, S.
Synthesis and Electrochemical Properties of Na-Rich Prussian Blue
Analogues Containing Mn, Fe, Co, and Fe for Na-Ion Batteries. J.
Power Sources 2018, 378, 322−330.
(8) Barnes, P.; Smith, K.; Parrish, R.; Jones, C.; Skinner, P.; Storch,
E.; White, Q.; Deng, C.; Karsann, D.; Lau, M. L.; Dumais, J. J.; Dufek,
E. J.; Xiong, H. A Non-Aqueous Sodium Hexafluorophosphate-Based
Electrolyte Degradation Study: Formation and Mitigation of Hydro-
fluoric Acid. J. Power Sources 2020, 447, 227363.
(9) Wang, W.; Gang, Y.; Peng, J.; Hu, Z.; Yan, Z.; Lai, W.; Zhu, Y.;
Appadoo, D.; Ye, M.; Cao, Y.; Gu, Q.; Liu, H.; Dou, S.; Chou, S.
Effect of Eliminating Water in Prussian Blue Cathode for Sodium-Ion
Batteries. Adv. Funct Materials 2022, 32 (25), 2111727.
(10) Sada, K.; Greene, S. M.; Kmiec, S.; Siegel, D. J.; Manthiram, A.
Unveiling the Influence of Water Molecules on the Structural
Dynamics of Prussian Blue Analogues. Small 2024, 20 (50), 2406853.
(11) Wang, W.; Gang, Y.; Hu, Z.; Yan, Z.; Li, W.; Li, Y.; Gu, Q.-F.;
Wang, Z.; Chou, S.-L.; Liu, H.-K.; Dou, S.-X. Reversible Structural
Evolution of Sodium-Rich Rhombohedral Prussian Blue for Sodium-
Ion Batteries. Nat. Commun. 2020, 11 (1), 980.
(12) Adak, S.; Hartl, M.; Daemen, L.; Fohtung, E.; Nakotte, H.
Study of Oxidation States of the Transition Metals in a Series of
Prussian Blue Analogs Using X-Ray Absorption near Edge Structure
(XANES) Spectroscopy. J. Electron Spectrosc. Relat. Phenom. 2017,
214, 8−19.
(13) Xie, B.; Zuo, P.; Wang, L.; Wang, J.; Huo, H.; He, M.; Shu, J.;
Li, H.; Lou, S.; Yin, G. Achieving Long-Life Prussian Blue Analogue
Cathode for Na-Ion Batteries via Triple-Cation Lattice Substitution
and Coordinated Water Capture. Nano Energy 2019, 61, 201−210.
(14) Xie, B.; Wang, L.; Shu, J.; Zhou, X.; Yu, Z.; Huo, H.; Ma, Y.;
Cheng, X.; Yin, G.; Zuo, P. Understanding the Structural Evolution
and Lattice Water Movement for Rhombohedral Nickel Hexacyano-
ferrate upon Sodium Migration. ACS Appl. Mater. Interfaces 2019, 11
(50), 46705−46713.
(15) Yang, Y.; Brownell, C.; Sadrieh, N.; May, J.; Del Grosso, A.;
Place, D.; Leutzinger, E.; Duffy, E.; He, R.; Houn, F.; Lyon, R.;
Faustino, P. Quantitative Measurement of Cyanide Released from
Prussian Blue. Clinical Toxicology 2007, 45 (7), 776−781.
(16) Zhang, H.; Li, J.; Liu, J.; Gao, Y.; Fan, Y.; Liu, X.; Guo, C.; Liu,
H.; Chen, X.; Wu, X.; Liu, Y.; Gu, Q.; Li, L.; Wang, J.; Chou, S.-L.
Understanding Capacity Fading from Structural Degradation in
Prussian Blue Analogues for Wide-Temperature Sodium-Ion Cylin-
drical Battery. Nat. Commun. 2025, 16 (1), 2520.
(17) Wang, L.; Song, J.; Qiao, R.; Wray, L. A.; Hossain, M. A.;
Chuang, Y.-D.; Yang, W.; Lu, Y.; Evans, D.; Lee, J.-J.; Vail, S.; Zhao,
X.; Nishijima, M.; Kakimoto, S.; Goodenough, J. B. Rhombohedral
Prussian White as Cathode for Rechargeable Sodium-Ion Batteries. J.
Am. Chem. Soc. 2015, 137 (7), 2548−2554.
(18) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. A Multiplet Analysis of Fe K-Edge 1s
→ 3d Pre-Edge Features of Iron Complexes. J. Am. Chem. Soc. 1997,
119 (27), 6297−6314.
(19) Wilke, M.; Farges, F.; Petit, P.-E.; Brown, G. E.; Martin, F.
Oxidation State and Coordination of Fe in Minerals: An Fe K-
XANES Spectroscopic Study. Am. Mineral. 2001, 86 (5−6), 714−730.
(20) Gervais, C.; Languille, M.-A.; Réguer, S.; Gillet, M.; Pelletier,
S.; Garnier, C.; Vicenzi, E. P.; Bertrand, L. Why Does Prussian Blue
Fade? Understanding the Role(s) of the Substrate. J. Anal. At.
Spectrom. 2013, 28 (10), 1600.
(21) Sottmann, J.; Bernal, F. L. M.; Yusenko, K. V.; Herrmann, M.;
Emerich, H.; Wragg, D. S.; Margadonna, S. In Operando Synchrotron
XRD/XAS Investigation of Sodium Insertion into the Prussian Blue
Analogue Cathode Material Na1.32Mn[Fe(CN)6]0.83·zH2O. Electro-
chim. Acta 2016, 200, 305−313.
(22) Mullaliu, A.; Aquilanti, G.; Stievano, L.; Conti, P.; Plaisier, J. R.;
Cristol, S.; Giorgetti, M. Beyond the Oxygen Redox Strategy in
Designing Cathode Material for Batteries: Dynamics of a Prussian

Blue-like Cathode Revealed by Operando X-Ray Diffraction and X-
Ray Absorption Fine Structure and by a Theoretical Approach. J. Phys.
Chem. C 2019, 123 (14), 8588−8598.
(23) Li, Z.; Dadsetan, M.; Gao, J.; Zhang, S.; Cai, L.; Naseri, A.;
Jimenez-Castaneda, M. E.; Filley, T.; Miller, J. T.; Thomson, M. J.;
Pol, V. G. Revealing the Thermal Safety of Prussian Blue Cathode for
Safer Nonaqueous Batteries. Adv. Energy Mater. 2021, 11 (42),
2101764.
(24) Aparicio, C.; Filip, J.; Machala, L. From Prussian Blue to Iron
Carbides: High-Temperature XRD Monitoring of Thermal Trans-
formation under Inert Gases. Powder Diffr. 2017, 32 (S1), S207−
S212.
(25) Henderson, G. S.; De Groot, F. M. F.; Moulton, B. J. A. X-Ray
Absorption Near-Edge Structure (XANES) Spectroscopy. Reviews in
Mineralogy and Geochemistry 2014, 78 (1), 75−138.
(26) Mullaliu, A.; Conti, P.; Aquilanti, G.; Plaisier, J. R.; Stievano, L.;
Giorgetti, M. Operando XAFS and XRD Study of a Prussian Blue
Analogue Cathode Material: Iron Hexacyanocobaltate. Condensed
Matter 2018, 3 (4), 36.
(27) Maroni, F.; Li, M.; Dongmo, S.; Gauckler, C.; Wohlfahrt-
Mehrens, M.; Giorgetti, M.; Marinaro, M. Sodium Insertion into
Fe[Fe(CN)6] Framework Prepared by Microwave-Assisted Co-
Precipitation. ChemElectroChem. 2023, 10 (8), No. e202201070.
(28) Bordage, A.; Trannoy, V.; Proux, O.; Vitoux, H.; Moulin, R.;
Bleuzen, A. In Situ Site-Selective Transition Metal K-Edge XAS: A
Powerful Probe of the Transformation of Mixed-Valence Compounds.
Phys. Chem. Chem. Phys. 2015, 17 (26), 17260−17265.

Energy & Fuels pubs.acs.org/EF Communication

https://doi.org/10.1021/acs.energyfuels.5c03083
Energy Fuels 2025, 39, 19054−19059

19059

https://doi.org/10.1021/acssuschemeng.8b02758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2017.12.052
https://doi.org/10.1016/j.jpowsour.2017.12.052
https://doi.org/10.1016/j.jpowsour.2019.227363
https://doi.org/10.1016/j.jpowsour.2019.227363
https://doi.org/10.1016/j.jpowsour.2019.227363
https://doi.org/10.1002/adfm.202111727
https://doi.org/10.1002/adfm.202111727
https://doi.org/10.1002/smll.202406853
https://doi.org/10.1002/smll.202406853
https://doi.org/10.1038/s41467-020-14444-4
https://doi.org/10.1038/s41467-020-14444-4
https://doi.org/10.1038/s41467-020-14444-4
https://doi.org/10.1016/j.elspec.2016.11.011
https://doi.org/10.1016/j.elspec.2016.11.011
https://doi.org/10.1016/j.elspec.2016.11.011
https://doi.org/10.1016/j.nanoen.2019.04.059
https://doi.org/10.1016/j.nanoen.2019.04.059
https://doi.org/10.1016/j.nanoen.2019.04.059
https://doi.org/10.1021/acsami.9b15073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15563650601181562
https://doi.org/10.1080/15563650601181562
https://doi.org/10.1038/s41467-025-57663-3
https://doi.org/10.1038/s41467-025-57663-3
https://doi.org/10.1038/s41467-025-57663-3
https://doi.org/10.1021/ja510347s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510347s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja964352a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja964352a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2138/am-2001-5-612
https://doi.org/10.2138/am-2001-5-612
https://doi.org/10.1039/c3ja50025j
https://doi.org/10.1039/c3ja50025j
https://doi.org/10.1016/j.electacta.2016.03.131
https://doi.org/10.1016/j.electacta.2016.03.131
https://doi.org/10.1016/j.electacta.2016.03.131
https://doi.org/10.1021/acs.jpcc.8b12116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b12116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b12116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b12116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.202101764
https://doi.org/10.1002/aenm.202101764
https://doi.org/10.1017/S0885715617000471
https://doi.org/10.1017/S0885715617000471
https://doi.org/10.1017/S0885715617000471
https://doi.org/10.2138/rmg.2014.78.3
https://doi.org/10.2138/rmg.2014.78.3
https://doi.org/10.3390/condmat3040036
https://doi.org/10.3390/condmat3040036
https://doi.org/10.1002/celc.202201070
https://doi.org/10.1002/celc.202201070
https://doi.org/10.1002/celc.202201070
https://doi.org/10.1039/C5CP02591E
https://doi.org/10.1039/C5CP02591E
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.5c03083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

