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ABSTRACT: Prussian blue analogues (PBAs) are considered to be one of the most suitable sodium storage materials, especially
with the introduction of the high-entropy (HE) concept into their structure to further improve their various abilities. However,
severe agglomeration of the HEPBA particles still limits the fast charging capabilities. Here, an HEPBA (Na,(FeMnCoNiCu)-
[Fe(CN)g],[0;—,-nH,0) with a hollow stair-stepping spherical structure has been prepared through the chemical etching process of
the traditional cubic structure of HEPBA. Electrochemical characterization (sodium ion battery), kinetic analysis, and COMSOL
Multiphysics simulations reveal that the nature of the high-entropy and the hollow stair-stepping spherical structure can greatly
improve the diffusion behavior of Na* ions. Moreover, the hollow structure effectively mitigates the volume change of HEPBA
during SIBs operation, ultimately extending the lifespan. Consequently, the as-prepared HEPBA cathode exhibits excellent rate
performance (126.5 and 76.4 mAh g~' at 0.1 and 4.0 A g~', respectively) and stable long-term capability (maintaining its 75.6%
capacity after 1000 cycles) due to its unique structure. Furthermore, the waste of the etching process can easily be recycled to
prepare more HEPBA product. This processing method holds great promise for designing nanostructures of advanced high-entropy
Prussian blue analogues for sodium ion batteries.

KEYWORDS: high-entropy material, Prussian blue analogues, cathode, etching, sodium-ion battery

B INTRODUCTION

The sodium-ion battery (SIB) emerges as a promising

and low-spin states, respectively).” Because of their simple
preparation, minimal volume changes during the charge/

alternative to lithium-ion batteries for large-scale electric
energy storage (EES) systems, owing to its cost-effectiveness
and the widespread availability of sodium resources. > In
order to accommodate the high instantaneous current intensity
of input/output in large-scale EES systems, it is crucial to
develop ideal cathode materials for SIBs that exhibit excep-
tional rate performance and long cycle life." Currently, there
are four main typical cathode materials for SIBs, including
transition metal oxides,” phosphate polyanionic compounds,’
organic compounds,” and Prussian blue analogues (PBAs).®
PBAs are metal hexacyanoferrates with a general formula of
AM[Fe(CN)4],[d,_,nH,0 (0 <x <2,0 <y < 1; A, M, and
[] represent alkali metal ions, transition metal ions, and
[Fe(CN)4]*" vacancies, respectively; M and Fe are high-spin
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discharge process, adjustable components, extensive three-
dimensional ion diffusion channels, and abundant sodium
storage sites, PBAs are regarded as suitable cathode materials
for SIBs.'”'! However, the shortcomings of PBAs include the
introduced [Fe(CN),]*” vacancies in the crystallization
process, coordinated water that is difficult to remove, and
the so-called Jahn—Teller effect of Mn-based PBAs, which limit
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the rate performance and cycle stability of SIBs. Various
methods have been put forward to address these issues and
promote the practical application of PBAs, such as a
postsynthetic and in situ [Fe(CN)4]*" vacancy repairing
stlrategy,12 chelating agent-assisted regulation of the crystal-
lization process,'”'* the modification of electrolyte formula-
tions to promote the involvement of coordination water in the
formation of the solid electrolyte interphase structure,'>'® the
construction of core—shell structure to inhibit the structural
deformation caused by the Jahn—Teller effect,’” and dual-
metal incorporation strategies in the M site of PBA,'®"” etc.

Recently, the widespread discovery and reporting of high-
entropy (HE) alloys have prompted the development of a
variety of single-phase high-entropy materials (HEMs),”"*!
including high-entropy perovskite oxides,”” high-entropy
MXenes,” and high-entropy metal organic framework,”* etc.
The design of HEMs typically involves multiple components in
approximately equal proportions to achieve a uniform and
random distribution. The inherent high configurational
entropy system achieved in HEM confers structural stability
and superior performance compared with low-entropy and
medium-entropy materials. This is attributed to the high-
entropy effect and the synergistic “cocktail” effect arising from
the mixed presence of multiple cations.”> Ma and co-workers
reported a high-entropy Prussian blue analogue (HEPBA) as
an ideal cathode for SIBs,”® which not only exhibited long-term
cycling stability but also excellent rate performance as
compared to the corresponding medium-entropy PBAs
electrodes. In their follow-up study,”’ they uncovered the
rationale behind the improved sodium storage performance of
HEPBA: the entropy-mediated mitigation of structural
degradation and phase transitions became more pronounced
with increasing entropy levels. Lun and co-workers discovered
that the disordered permeation network formed by various
transition metals in high-entropy cation-disordered rock salt
can promote the diffusion of alkali metal ions in the
electrode.”® However, the performance of HEPBAs is still
confined, particularly under high current densities (>1 A g™"),
which may be caused by the severe agglomeration of large
sized HEPBA particles. This self-blocked structure will
significantly limit the contact area between the cathode and
the electrolyte, thereby inhibiting the diffusion of sodium
ions.”” For traditional single-metal PBAs, various elaborate
nanostructures (e.g., nanoflower,®® dual-textured nanocube,*!
and nanoflake®”) can be designed and constructed by
regulating the crystallization environment to address the
issue from the severe agglomeration. As for HEPBAs, however,
it remains a huge challenge to maintain nanostructures after
incorporating extra metal species.

This study introduces hollow stair-stepping spherical
HEPBA, synthesized through a chemical etching process, as
a cathode material for SIBs, showcasing remarkable high-rate
performance (126.5 and 76.4 mAh g~' at 0.1 and 4.0 A g/,
respectively) and enduring long-term stability (maintaining
75.6% capacity after 1000 cycles). The superior Na* storage
capabilities of HEPBA stem from its high-entropy composition
and unique hollow stair-stepping spherical structure, elucidated
through kinetic analyses and COMSOL Multiphysics simu-
lation. Importantly, the recyclability of the etching solution
underscores the practical potential of this synthetic approach,
allowing for the efficient production of additional HEPBA
material.

B RESULTS AND DISCUSSION

The etched HEPBA was prepared in two steps, including the
synthesis of nanocubic HEPBA (Na,(FeMnCoNiCu)[Fe-
(CN)g],[;-,nH,0) through a coprecipitation method with
five metal cations (Fe, Mn, Co, Ni, and Cu) and subsequent
alkaline corrosion process. The influence of OH™ concen-
tration on the morphology of HEPBA was first studied by
using etching solutions with varied OH™ concentrations of 0, 1,
10, and 100 mM, which were denoted as HEPBA-Etched-0,
HEPBA-Etched-1, HEPBA-Etched-10, and HEPBA-Etched-
100, respectively. Due to the insolubility of transition metal
hydroxides in an alkaline environment produced by the
chemical etching process, the presence of C4H;O,*™ species
in the etching solution, which can chelate free transition metal
ions, is crucial for preventing impurities in the HEPBA. The
schematic diagram for the chemical etching process of
HEPBA-Etched-0 is shown in Figure la, where the OH™ and

M,(CoH,0,),

Edges and
Corners

OH - CH,0

Figure 1. (a) Schematic diagram for the chemical etching process of
HEPBA-Etched-0. SEM images of (b) HEPBA-Etched-0, (c) HEPBA-
Etched-1, (d) HEPBA-Etched-10, and (e¢) HEPBA-Etched-100. TEM
images and corresponding EDS elemental mappings of (f) HEPBA-
Etched-0, (g) HEPBA-Etched-1, (h) HEPBA-Etched-10, and (i)
HEPBA-Etched-100.

C¢HsO,*" species from the etching solution can remove Fe at
low-spin state (Fe;s) and M (Fe, Mn, Co, Ni, and Cu) at high-
spin state (Myg) from the lattice of HEPBA into solution,”
causing changes in morphology of the HEPBA that were
recorded through scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images. The
HEPBA-Etched-0 particles display uniform cubic shapes with
sizes around 500 nm (Figure 1b), attributed to the plentiful
presence of sodium citrate in the synthesis process.’”* In
contrast, both HEPBA-Etched-1 (Figure 1c) and HEPBA-
Etched-10 (Figure 1d) exhibit stepped surfaces and decreased
particle sizes. As shown in Figure le, however, the three-
dimensional structure of HEPBA-Etched-100 is destroyed and
collapsed completely at a high OH™ concentration. As
compared to the solid structure of HEPBA-Etched-0 (Figure
1f), the HEPBA-Etched-1 (Figure 1g) and HEPBA-Etched-10
(Figure 1h) form cavities with hollow structures, which can be
attributed to the internal chemical etching process via the
diffused C¢H3O,°~ and OH™ species.””*® Unquestionably, the
higher OH™ concentration of HEPBA-Etched-10 leads to a
thinner wall than that of HEPBA-Etched-1. The TEM image of
HEPBA-Etched-100 confirms its collapsed and agglomerated
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Figure 2. (a) XRD patterns and (b) the corresponding enlarged view at around 24° of HEPBA-Etched-0, HEPBA-Etched-1, HEPBA-Etched-10,
and HEPBA-Etched-100. (c) Schematic diagram of crystal phase transformation in the HEPBA lattice during the etching process. (d) FTIR spectra,
(e) TGA curves from 25 to 400 °C, and (f) N, adsorption—desorption isotherms of HEPBA-Etched-0, HEPBA-Etched-1, HEPBA-Etched-10, and

HEPBA-Etched-100.

structure (Figure 1i), which is a result of the excessive etching
process under an extra-high OH™ concentration.*

The energy dispersive X-ray spectroscopy (EDS) elemental
mappings reveal uniform distributions of the five transition
metal elements (Fe, Mn, Co, Ni, and Cu) in HEPBA-Etched-0,
HEPBA-Etched-1, HEPBA-Etched-10, and HEPBA-Etched-
100 (Figure 1f—i). Although the distribution of Na element in
HEPBA-Etched-0 is uneven, the etching process results in a
more homogeneous distribution of Na element in both the
HEPBA-Etched-1 and HEPBA-Etched-10. However, the
proportion of Na in HEPBA-Etched-100 decreases significantly
(Figure 1i), which can be attributed to the loss of sodium
storage sites caused by the chemical etching process.”” X-ray
photoelectron spectroscopy (XPS) was also employed to
characterize the existence of Fe, Mn, Co, Ni, and Cu species in
HEPBA-Etched-0, HEPBA-Etched-1, HEPBA-Etched-10, and
HEPBA-Etched-100 (Figure S1), which demonstrates the
negative changes in these five elements under different etching
conditions.

Furthermore, X-ray diffraction (XRD) techniques were
carried out to observe the influence of the etching process
on the crystal structure of HEPBA. The XRD pattern of
HEPBA-Etched-0 in Figure 2a exhibits a set of characteristic
diffraction peaks typically belonging to PBA. In particular, the
peaks at 17.1, 24.2, 34.6, 38.9, 49.9, 52.9, and 55.9° correspond
to the (200), (220), (400), (420), (440), (600), and (620)
crystal planes (JCPDS No. 52-1907),* indicating its single-
phase cubic structure. While the HEPBA-Etched-1 and
HEPBA-Etched-10 exhibit similar characteristic patterns to
HEPBA-Etched-0, their (220) peaks around 24° split into two
(Figure 2b), suggesting a phase transition from cubic to
monoclinic structures.”> As for HEPBA-Etched-100, the

majority of the characteristic peaks disappear in its XRD
pattern, which originates from its completely destroyed PBA
structure under a highly concentrated OH™ solution. The
sodium storage sites in PBAs synthesized by coprecipitation
method are usually not fully occupied by sodium ions, resulting
in their cubic structure.'” However, the empty sodium storage
sites can be occupied by the sodium ions in the etching
solution gradually, leading to the generation of monoclinic
structures in HEPBA-Etched-1 and HEPBA-Etched-10."
Therefore, the crystal phase transformation process is
considered to be caused by the increased sodium content in
the PBA structure (Figure 2c¢)."' The results of inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
shown in Table S1 prove higher sodium contents of
HEPBA-Etched-1 and HEPBA-Etched-10 than that of
HEPBA-Etched-0, confirming the crystal phase transformation
process of HEPBAs.

Fourier transform infrared (FTIR) spectrometry was
employed to analyze the effect of chemical etching on the
chemical structures of the HEPBAs. As the FTIR spectra of
HEPBA-Etched-0, HEPBA-Etched-1, HEPBA-Etched-10, and
HEPBA-Etched-100 presented in Figure 2d show, the main
absorption peaks at the wavenumbers of 1617, 2074, 3548, and
3616 cm™ correspond to the O—H (interstitial water), C=N,
H—O-H (interstitial water), and O—H (absorbed water)
bonds, respectively.*® Notably, all of the HEPBA contain water
molecules, as confirmed by their FTIR spectra, and the thermal
gravimetric analysis (TGA) curves in Figure 2e provide the
differences in water contents of various HEPBAs. The weight
losses between 25 and 210 °C and 210-250 °C can be
attributed to the removal of interstitial water and absorbed

water, respectively,"”" while the subsequent weight loss after
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Figure 3. CV curves for the 1st and 40th cycles of (a) HEPBA-Etched-0, (b) HEPBA-Etched-1, and (c) HEPBA-Etched-10 cathodes at 1.0 mV s™.
The galvanostatic charge/discharge curves for the 1st and 40th cycles of (d) HEPBA-Etched-0, (e) HEPBA-Etched-1, and (f) HEPBA-Etched-10
cathodes at 0.1 A g™'. (g) Cycling performance at 1.0 A ¢! and (h) rate performance at various current densities.

250 °C can be assigned to the decomposition of HEPBA
frameworks (Figure S2).*” As a result, the water contents of
HEPBA-Etched-0, HEPBA-Etched-1, and HEPBA-Etched-10
are 19.3%, 13.5%, and 12.7%, respectively. However, the TGA
curve of HPEBA-Etched-100 shows an unrecognizable range
for the loss of water, which is due to its poor thermal stability
caused by its damaged structure.”* Based on the TGA curves
and ICP-OES results (Table S1), the molecular formulas of
HEPBA-Etched-0, HEPBA-Etched-1, and HEPBA-Etched-10
can be confirmed as Na, 335Fe(,0;Mng 197C00,199Nig 199CU0 105
[Fe(CN)glo.726000.2743-198H,0, Nay go,Feq 153Mng ;-
C00.201Nig.205Ctig.200[Fe(CN) 6] o.930[J0.070°2-515SH,0, and
Na, g16Feq.176Mng 215C00.215Nig 195Cug 196 [Fe(CN)6]o.964 Jo.036
2.443H,0, respectively, while the formula for HEPBA-Etched-
100 cannot be obtained using the same method due to the lack
of a defined crystal structure. From the formulas of HEPBA-
Etched-0, HEPBA-Etched-1, and HEPBA-Etched-10, it can be
observed that the five transition metal elements at the M site
are present in almost equal molar amounts with a gradually
increased Na content. Furthermore, the ratio of Fe g to Mg
(Fe, Mn, Co, Nj, and Cu) atoms increases slightly from 0.726

27687

in HEPBA-Etched-0 to 0.930 in HEPBA-Etched-1 and 0.964
of HEPBA-Etched-10, which is attributed to the formation of
unconventional cation vacancies due to the fact that the OH™
can remove more My than Fe s.** As shown in Figure 2f, the
Brunauer—Emmett—Teller (BET) specific surface areas of
HEPBA-Etched-0, HEPBA-Etched-1, HEPBA-Etched-10, and
HEPBA-Etched-100 were measured by nitrogen adsorption—
desorption analysis at 77 K, which are 72.3, 164.8, 194.3, and
17.7 m* g™, respectively, suggesting that the cavities formed by
the chemical etching process can increase the specific surface
area of HEPBAs significantly. It is worth noting that the low
specific surface area of HEPBA-Etched-100 originates from its
destroyed structure with abundant aggregated nanofragments
as can be seen from its TEM image (Figure 1i).*°

To investigate the effect of hollow stair-stepping spherical
morphology on the electrochemical behavior of HEPBAs,
various SIBs were assembled by using HEPBA-Etched-0,
HEPBA-Etched-1, HEPBA-Etched-10, and HEPBA-Etched-
100 as cathodes. Due to the presence of water molecules
within the HEPBA lattice (as shown in Figure 2d,e), an
electrolyte comprising fluoroethylene carbonate (1.0 M
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Figure 4. CV curves of (a) HEPBA-Etched-0 and (b) HEPBA-Etched-10 cathodes at different scan rates from 0.2 to 2.0 mV s™". (c) Na* diffusion
coefficients of HEPBA-Etched-0 and HEPBA-Etched-10 cathodes during the charge and discharge processes calculated by Randles—Sevcik method.
(d) Distributions of Na* surface concentration by COMSOL Multiphysics simulation and (e) curves of the Na* concentration inside the cubic and

hollow stair-stepping spherical models after diffusing of 0.4 ms.

NaClO, in a 1:1 vol% mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) with 5.0% fluoroethylene carbo-
nate) was selected. This choice aims to facilitate the
involvement of water molecules in the formation of a solid
electrolyte interphase (SEI) layer during subsequent electro-
chemical tests of HEPBAs.'® The cyclic voltammetry (CV)
curves of various SIBs (Figures 3a—c and S3a) illustrate that all
of the HEPBAs have two pairs of redox peaks at 3.0/3.5 and
3.7/3.9 V for their initial cycles. When scanning the 40th cycle,
the two pairs of redox peaks for HEPBA-Etched-0, HEPBA-
Etched-1, and HEPBA-Etched-10 cathodes overlap to form
only one pair of redox peaks at 3.1/3.4 V. Although the CV
curve of the 40th cycle for HEPBA-Etched-100 cathode still
exhibits several redox peaks, there is also a noticeable trend of
overlap. Moreover, their corresponding galvanostatic charge/
discharge (GCD) curves (Figures 3d—f and S3b) reveal that
the voltage plateaus at 3.0/3.5 and 3.7/3.9 V in the first cycle
are also replaced by the one at 3.1/3.4 V in the 40th cycle. The
merging of redox peaks can be explained by the energy overlap
of Mys®?* and Fe;¢**/3* couples caused by the water
extraction during the cycling.***

Furthermore, the area of the CV curve of HEPBA-Etched-10
is the largest among the four samples, which indicates its
highest specific capacity.”” In this regard, HEPBA-Etched-0,
HEPBA-Etched-1, HEPBA-Etched-10, and HEPBA-Etched-
100 deliver capacities of 102.2, 120.7, 126.5, and 43.7 mAh g/,
respectively. The HEPBA-Etched-100 almost loses its electro-
chemical energy storage property due to the excessive chemical
etching process.

The stabilities of the four cathodes were also evaluated by
cycling various batteries under a current density of 1.0 A g™
(Figures 3g and S4). As compared with the rapidly declining
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capacity of the HEPBA-Etched-0 cathode (55.8% capacity
retention after 1000 cycles), both the HEPBA-Etched-1
(71.8% capacity retention after 1000 cycles) and HEPBA-
Etched-10 cathodes (75.6% capacity retention after 1000
cycles) exhibit remarkable improvement in cycling stability. In
contrast, the capacity retention of the cell with the HEPBA-
Etched-100 cathode is only 52.3% after 500 cycles. The stable
long-term performance of HEPBA-Etched-10 can be attribute
to its low water content,”” and the volume change caused by
Na" inserting and extracting behaviors can also be alleviated by
the hollow structure significantly.***’ XPS was also conducted
on the HEPBA-Etched-0 and HEPBA-Etched-10 cathodes
after 100 cycles to evaluate their reversible performance in
energy storage (Figure SS). At the state of complete
discharging of SIBs (2.0 V), there is no Fe®* species in both
of HEPBAs. Upon charging the SIBs to 4.2 V, the weaker
peaks at 709 and 721 eV representing Fe** indicate that partial
Fe’ species are oxidized to Fe** species in both HEPBA-
Etched-0 and HEPBA-Etched-10 cathodes. However, the
almost complete transformation toward Fe®* in HEPBA-
Etched-10 cathode suggests that there are more available
energy storage sites after several cycles.*’

The rate performance of different HEPBAs-based SIBs was
evaluated under various current densities. As shown in Figures
3h and S6, the HEPBA-Etched-10 delivers diminishing specific
capacities of 126.5, 114.8, 105.9, 99.5, 95.2, 91.4, 87.7, 83.8,
and 76.4 mAh g™" at 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0
A g7, respectively, which are higher than those of HEPBA-
Etched-0 and HEPBA-Etched-1 at corresponding current
densities. When the current density recovers to 0.1 A g™/,
the capacity of HEPBA-Etched-10 can recover to 124.7 mAh
g~!, indicating its excellent rate reversibility. Furthermore, the
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capacity retention of HEPBA-Etched-10 (60.4%) at a current
density of 4.0 A ¢! is much higher than those of HEPBA-
Etched-0 (38.0%), HEPBA-Etched-1 (48.1%), and HEPBA-
Etched-100 (27.9%). The excellent rate performance observed
in HEPBA-Etched-10 underscores the effectiveness of its
hollow stair-stepping spherical structure, which offers a high
specific surface area. This feature enhances electrochemical
performance by providing ample storage sites and shortening
diffusion gathways for Na* jons, thus accelerating Na* diffusion
kinetics.”® Furthermore, the cation vacancies created via the
chemical etching process also play a beneficial role in
facilitating the extraction and insertion of Na* ions.”> The
electrochemical impedance spectroscopy (EIS) plots of
HEPBA-Etched-0, HEPBA-Etched-1, HEPBA-Etched-10, and
HEPBA-Etched-100 cathodes at 2.0 V (Figure S7) further
reveal their differences in charge-transfer resistance, where the
cell with the HEPBA-Etched-10 cathode shows the minimum
charge-transfer resistance (177 Q), followed by the cell with
the HEPBA-Etched-1 (196 Q), HEPBA-Etched-0 (209 Q),
and HEPBA Etched-100 (252 Q).

The kinetic analyses were conducted through CV curves
under different scan rates from 0.2 to 2.0 mV s™' to further
study the reaction kinetics. As depicted in Figure 4a,b, the CV
curves of HEPBA-Etched-10 exhibit fewer changes in position
as scanning rate increases when compared with the HEPBA-
Etched-0, demonstrating it suffers a milder polarization at high
current density.’® Furthermore, their diffusion coefficients of
Na* ions can be evaluated by the Randles—Sevcik method
(Figure $8).>! The diffusion coefficients of Dy,, in HEPBA-
Etched-10 cathode are 9.85 X 107 and 10.5 X 10~ cm® s~
during the charging and discharging processes (Figure 4c),
respectively, which are higher than those of HEPBA-Etched-0
(9.33 x 107 and 9.95X 107° cm? s™" during the charging and
discharging processes, respectively). The galvanostatic inter-
mittent titration technique (GITT) was also applied to
evaluate the Na® diffusion coefficients. As plotted in Figure
S9, during the charging and discharging processes, the Dy,
evolutions of the two samples show similar trends. Obviously,
the diffusion kinetic of Na* ion in HEPBA-Etched-10 cathode
is faster than that in HEPBA-Etched-0 cathode.

Additionally, the b-values are calculated based on their
multiple CV curves at different scan rates. As shown in Figure
S10, the b-values of HEPBA-Etched-0 and HEPBA-Etched-10
are located within the range of 0.5—1 and close to 1, indicating
their pseudocapacitive properties as cathodes for SIBs. The
capacitive and diffusion contributions of the HEPBA-Etched-0
and HEPBA-Etched-10 cathodes were further quantified
(Figure S11).” For the HEPBA-Etched-10 cathode, the
capacitive contribution increases from 63% at a scan rate of
0.2 mV s™' to 89% at a scan rate of 2.0 mV s/, surpassing the
values observed for the HEPBA-Etched-0 cathode (53% and
75% at 0.2 and 2.0 mV s~', respectively). The higher
proportion capacitive contributions in HEPBA-Etched-10
cathode demonstrate its faster charge/discharge tolerance,
resulting in its outstanding rate performance.

COMSOL Multiphysics simulations were conducted to
demonstrate the superiority of the hollow stair-stepping
spherical morphology of HEPBA-Etched-10. First, cubic and
hollow stair-stepping spherical models were established based
on the TEM images (Figure 1fh) with corresponding
geometric constructions shown in Figure S12, while the initial
Na* concentration (1.0 M) and diffusion coefficient of Na*
ions were the same in two models. Since the Na* ion can only

contact with the surface in the cubic model, the internal surface
in the hollow stair-stepping spherical model can provide
additional pathways for the diffusion of Na* ions. Furthermore,
the average distance for Na* diffusion can be shortened greatly
due to the thin wall of the hollow stair-stepping spherical
model. As a result, the left concentration of Na* ions in the
hollow stair-stepping spherical model (0.52 M) is lower than
that in cubic model (0.74 M) after undergoing diffusion for 0.4
ms (Figure 4d,e). Therefore, both the COMSOL simulations
and experimental results (Figure 4c) jointly suggest that the
hollow stair-stepping spherical structure can improve the
efficiency of Na* diffusion.

Interestingly, the chemical etching process would cause
serious losses of transition metal ions from the HEPBA
framework.*> Hence, the etching solution was collected and
neutralized with citric acid, which was used as a new precursor
solution to prepare the resynthesized HEPBA (RE-HEPBA).
The RE-HEPBA was also characterized through SEM image,
XRD pattern, TGA curve, GCD curves, and ICP-OES. The
SEM image of RE-HEPBA (Figure S13) also presents relatively
regular cubic shapes with a particle size of ~ 500 nm, which is
similar to the HEPBA-Etched-0. However, there are some
agglomerated cubic particles, which is due to the presence of a
high concentration of sodium citrate in the neutralized etching
solution.” The XRD pattern of RE-HEPBA also exhibits sharp
and complete PBA characteristic diffraction peaks (Figure
S14a), which indicates that the collected etching solution can
also be used for the synthesis of HEPBA. Furthermore, the
water content of RE-HEPBA is 17.8% (Figure S14b), which is
slightly lower than that of HEPBA-Etched-0 (19.3%). The
ICP-OES (Table S1) results also indicate that RE-HEPBA has
a similar chemical composition
(Nay 515Feq.20Mng 197C04,106Ni.201 Ctig. 190 [ Fe(CN)Jo 744 Jo.2s6°
2.994H,0), which leads to a consistent sodium storage
capacity (106.9 mAh g~' at 0.1 A g™') with HEPBA-Etched-
0 (102.2 mAh g' at 0.1 A g™') (Figure S15).

B CONCLUSION

In summary, we have successfully synthesized an etched high-
entropy Prussian blue analogue (HEPBA) cathode material for
sodium-ion batteries (SIBs) featuring a hollow stair-stepping
spherical morphology via a chemical etching process. Our
kinetic analyses and COMSOL simulations reveal that the
high-entropy structure, combined with the unique morphol-
ogy, not only enhances the surface area available for Na* ion
diffusion but also significantly reduces the average distance for
Na* diffusion, thereby improving the Na* diffusion kinetics.
Consequently, the HEPBA cathode demonstrates outstanding
rate performance (126.5 and 76.4 mAh g™ at current densities
of 0.1 and 4.0 A g/, respectively). Additionally, the hollow
structure alleviates the volume change of HEPBA during the
SIBs operation, leading to a stable cycling performance of the
HEPBA cathode with a capacity retention of 75.6% after 1000
cycles. This study presents a promising approach for the
structural design of high-entropy Prussian blue analogues,
offering new insights into the development of advanced SIB
cathode materials.

B EXPERIMENTAL SECTION

Materials and Chemicals. FeSO,-7H,0, MnSO,-H,0, NiSO,
6H,0, CuCl,-2H,0, Na,[Fe(CN)]-10H,0, and N-methyl-2-pyrro-
lidinone (NMP, 99.5%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (CH;CO0),Co-4H,0, NaOH,
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and C¢HNa;O0,2H,0 were purchased from Shanghai Macklin
Biochemical Co., Ltd. Sodium metal and electrolyte (1.0 M
NaClO, in ethylene carbonate (EC):dimethyl carbonate (DMC) =
1:1 vol % with 5.0% fluoroethylene carbonate) were purchased from
Guangdong Canrd New Energy Technology Co., Ltd.

Synthesis of High-Entropy Prussian Blue Analogue
(HEPBA). HEPBA was synthesized by a coprecipitation method. In
detail, 1 mmol of each of the five transition metal salts (FeSO,-7H,0,
MnSO,-H,0, (CH;C0O0),Co-4H,0, NiSO,-6H,0, and CuCl,
2H,0) and 20 mmol of sodium citrate (C4H;Na;0,-2H,0) were
dissolved into 100 mL of deionized water to prepare solution A. Then,
6 mmol of sodium ferrocyanide (Na,[Fe(CN)¢]-10H,0) and 20
mmol of sodium citrate were dissolved into 100 mL of deionized
water to prepare solution B. After that, solution A was added to
solution B under magnetic stirring slowly, and maintained for 2 h.
After being aged at room temperature for 24 h, the obtained solid
product was collected by centrifugation, washed with deionized water
and ethanol alternately, and dried in a vacuum oven at 80 °C for 24 h.

Synthesis of HEPBA Etched by Solutions with OH~
Concentrations of 0, 1, 10, and 100 mmol L~' (HEPBA-
Etched-0, HEPBA-Etched-1, HEPBA-Etched-10, and HEPBA-
Etched-100). Except for 20 mmol of sodium citrate in 100 mL of
deionized water, the etching solutions for HEPBA-Etched-0, HEPBA-
Etched-1, HEPBA-Etched-10, and HEPBA-Etched-100 also contain 0,
1, 10, and 100 mM of NaOH, respectively. Subsequently, 400 mg of
HEPBA was dispersed in 100 mL of etching solution under magnetic
stirring condition. After keeping for 20 min in the etching solution,
the remaining solid was collected by centrifugation, washed with
deionized water and ethanol alternately, and dried in a vacuum oven
at 80 °C for 24 h.

Synthesis of Resynthesized HEPBA (RE-HEPBA). Centrifuga-
tion was used to collect the remaining solution after the chemical
etching process of HEPBA-Etched-10. Moreover, the citric acid
aqueous solution (1.0 M) was added under magnetic stirring to the
above solution until it became neutral, which is named solution A.
100 mL of solution containing 6 mmol of sodium ferrocyanide and 20
mmol of sodium citrate was prepared as solution B. After that, 100
mL of solution A was added to 100 mL of solution B under magnetic
stirring slowly and maintained for 2 h. The obtained solid product was
obtained by centrifugation, washed with deionized water and ethanol
alternately, and dried in a vacuum oven at 80 °C for 24 h.

Characterizations. Scanning electron microscopy (SEM, Jeol
JSM-7610FPlus) and transmission electron microscopy (TEM, FEI
Tecnai G2 F20 X-Twin) were used to observe the morphology.
Energy dispersive spectroscopy (EDS, Oxford ULTIM MAX 40) was
used to observe the distribution of the elements. X-ray photoelectron
spectrometry (XPS, Shimadzu AXIS SUPRA+) was used to
characterize the elemental compositions in the HEPBAs. The binding
energies obtained in the XPS spectral analysis were corrected by
referencing C 1s to 284.8 eV. The crystal structures were recorded by
the Empyrean X-ray diffraction system (XRD) with radiation from a
Cu target (4 = 0.154 nm) operating at 45 kV and 40 mA. The
contents of various elements in the four HEPBAs were determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES,
Agilent 5110). The vibrational state of functional groups was analyzed
by Fourier transform infrared spectroscopy (FTIR, Bruker VERTEX
70v). The water content of HEPBA was determined by thermal
gravimetric analysis (TGA, NETZSCH STA 2500 simultaneous
thermal analyzer) in nitrogen atmosphere, with a heating rate of 10
°C min™' from 25 to 1000 °C. The specific surface areas were
measured by nitrogen adsorption—desorption analysis at 77 K and
calculated by the Brunauer—Emmett—Teller (BET) method.

Electrochemical Characterizations. Typically, the active ma-
terial, Ketjen black, and poly(vinylidene fluoride) (PVDF) were
mixed with a weight ratio of 7:2:1, by grounding them in an agate
mortar with an appropriate amount of N-methyl pyrrolidinone
(NMP). The electrode was prepared by coating slurry onto carbon
paper with the active material of ~2 mg cm ™ and drying in a vacuum
oven at 120 °C for 24 h. The CR2032-type coin cells were assembled
in an argon filled glovebox by using Whatman GF/A glass fiber as the
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separator, 1 M NaClO, in ethylene carbonate (EC):dimethyl
carbonate (DMC) = 1:1 vol % with 5.0% fluoroethylene carbonate
as the electrolyte, and sodium metal as the anode. CHI660E
electrochemical test station was used for recording the cyclic
voltammetry (CV) curves, electrochemical impedance spectroscopy
(EIS) plots, and the galvanostatic intermittent titration technique
(GITT). The galvanostatic charge/discharge (GCD) curves and rate
capability were performed by a Land CT2001A electrochemical
system.

Calculation Method of b-Value. The b-values were obtained by
fitting curve using the logarithm of the peak current densities in the
CV curves at different scan rates and the logarithm of the
corresponding scan rates, where the slope of the fitted line represents
the value of b as the following formula:>'

ip= a’
where i, and v are the peak current density (A g™") and corresponding
scan rate (mV s™'), respectively, and a and b are related to adjustable
values.

Calculation of Na* Diffusion Coefficients through CV
Curves (Randles—Sevcik Method). The diffusion coefficient
value (D) can be calculated from the following formula:>*

iy = (2.69 X 10°)n*?AD'Cv'?
where i, is the peak current density (A g™'), n is the number of
electrons per molecule during the intercalation, A is the surface area of
the cathode (cm?), C is the concentration of Na* in the electrode
(mol cm™), and v is the corresponding scan rate (V s™*).

Calculation of Na* Diffusion Coefficients through GITT
Results. The diffusion coefficient (Dgrr) value can be calculated
from the following formula:*®

Dgprp = 4/mt(mgVy,/ MgS)*(AEg/ AE,)?

where 7 is the constant current pulse time (600 s), mg, Vy, Mg, and S
are the mass, molar volume, molar mass, and electrode—electrolyte
interface area of HEPBAs, respectively, AE; is the voltage difference
during the open circuit period, and AE, is the total change of cell
voltage during a constant current pulse excluding the IR drop.

Quantitative Method of the Capacitive (k,v) and Diffusion
Contributions (k,v'?) for the Cathode. The capacitive and
diffusion contributions can be quantified from the following
formula:*>

i, = ky + kzvl/2

where i, is the peak current density (A g"), and v is the
corresponding scan rate (V s™").

COMSOL Multiphysics Simulations. As shown in Figure S12,
three-dimensional cubic and hollow stair-stepping spherical models
were established with evenly distributed and fixed Na* concentrations
(1.0 M) based on COMSOL Multiphysics software 6.1. The “tertiary
current distribution” interface was selected to describe the current and
potential distributions in the cell. The Butler—Volmer equations were
used for the reaction kinetics at the electrodes, and Fick’s law was
used for the mass transport to analyze the transport of Na* ions in the
cathode.>® Besides, the commercial direct solver (package PARDISO,
COMSOL Multiphysics) was used to track the changes in
concentration for Na* ions during their extraction.
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