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Sodium-ion batteries (SIBs) are a promising solution for large-scale energy storage, but their
development is hindered by the limited performance of cathode materials. NASICON (Na superionic
conductor)-type compounds offer fast Na* diffusion and structural robustness, yet still suffer from low
specific capacities (<120 mA h g~?), poor cycling stability, and large volume changes — even after con-
ventional doping. High-entropy (HE) engineering, a strategy that enhances structural and functional
stability via multiple equimolar dopants, has shown great promise in layered oxides, but its application in
NASICONs has been fundamentally challenging due to rigid polyanionic frameworks, dopant
incompatibility, and redox mismatch. Here we report an entropy-stabilized NASICON cathode,
Naz,V15Crg1Mng 1Feq 1Alp1Mgo 1(PO4)s (HE-V), synthesized by compositionally complex doping at the
12c Wyckoff site. The HE strategy enables the development of a single-phase material with enhanced
redox flexibility and suppressed lattice strain. HE-V delivers a high reversible capacity of 170 mA h g%,
enabled by multi-electron V5*/V**/V3*/V2* redox reactions, and demonstrates exceptional rate

Received 14th February 2025, performance and cycling stability—maintaining performance over 10 000 cycles at 50C. Operando and
Accepted 5th June 2025 ex situ characterization reveals a nearly zero-strain structure, low defect formation, and enhanced local
DOI: 10.1039/d5ee00877h bonding. Theoretical calculations further confirm bandgap narrowing and improved charge transport.

This work establishes a new class of high-entropy polyanionic cathodes, overcoming long-standing
rsc.li/ees limitations in NASICON chemistry and offering a viable path toward durable, high-energy SIBs.

Broader context

The shift toward sustainable energy requires advanced, cost-effective, and scalable battery technologies. While lithium-ion batteries (LIBs) dominate the
market, concerns over lithium’s supply constraints and high costs have driven interest in alternatives like sodium-ion batteries (SIBs), which benefit from
sodium’s abundance and lower cost. NASICON-type materials are promising SIB cathodes due to their fast Na* diffusion and structural stability. However,
challenges such as limited energy density and capacity fading hinder their commercialization. High-entropy (HE) engineering, originally developed in
metallurgy, offers a novel strategy to enhance battery materials by incorporating multiple principal elements, thus improving stability and electrochemical
performance. While HE strategies have succeeded in layered oxide cathodes, their application in NASICON materials remains underexplored. This study
leverages HE engineering to improve NASICON cathodes, addressing key performance limitations and paving the way for long-lasting, energy-dense SIBs
suitable for grid storage and electric vehicles.
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Introduction

The development of high-performance, cost-effective energy
storage systems is essential to meet global decarbonization
goals."” While lithium-ion batteries (LIBs) dominate today’s
market, concerns over critical material scarcity and rising costs
are driving a rapid pivot toward alternatives such as sodium-ion
batteries (SIBs).>® SIBs offer compelling advantages—low raw
material cost, wide geographic availability of sodium, and com-
patibility with existing LIB manufacturing infrastructure.'®"
However, unlocking their full potential requires breakthroughs
in cathode materials that combine high energy density with long-
term cycling stability under fast charge/discharge conditions.'**?

Among candidate SIB cathodes, sodium superionic conductor
(NASICON)-type materials (Na,MeMe'(PO,);, where Me/Me’ are
transition metals) have received tremendous interest by virtue of
the fast Na' conductivity, three-dimensional open framework,
and tunable voltage/capacity profiles enabled by compositional
diversity."*" The [MeOg]/[Me’Og] octahedra within NASICON
structures are key to their electrochemical performance, influ-
encing charging compensation during cycling and stabilizing
the framework. In this regard, one can anticipate that rational
compositional design in Me/Me’ sites (i.e., the redox center) is
capable of achieving multi-electron redox reactions, structure
modulation and output voltage. Early studies on unitary NASI-
CON, such as NazV,(PO,); (NVP), demonstrated a capacity of
108.5 mA h g~ * and a moderate voltage platform of 3.4 V (versus
Na‘/Na) from the V**/V*" redox couple, despite a significant
volumetric change of 8.26%.'°

To address concerns about cost-effectiveness and energy
density, Goodenough et al. in 2016 reported binary NASICON
materials like Na,MnV(PO,); by substituting vanadium with
manganese, a lower-cost element.’” This cathode delivered a
comparable capacity of ~110 mA h g~' and successfully acti-
vated a higher voltage plateau at 3.6 V based on a Mn>*/Mn>*"
redox couple, thereby improving the energy density. Since then,
a plethora of binary NASICON materials have been reported,
such as NazFeV(PO,);,"” NasMnTi(PO,);,"® Na,MnCr(PO,);, "
Na;MnZr(PO,);,”* Na,TiV(PO4);,>* NasCry sV 5(PO,)s,>* Na,MnAl-
(PO,)s,> etc., very much enriching the NASICON cathode family
with diverse voltage plateaus, electrochemical properties, and
structural evolution. Subsequently, Hu et al. presented a pio-
neering report on a ternary NASICON, Na,VMn, sFeg 5(PO,)s,
which combined the advantages of Na,MnV(PO,); and
NayFeV(PO,4); with good battery performance.”® Despite these
advances, challenges still remain, including unsatisfactory long-
term cycling at high current rates, structural instability, limited
capacities (e.g,, <120 mA h g~ '), and low electronic conductiv-
ity. These limitations are symptomatic of a deeper design
constraint: the intrinsic trade-off between structural stability
and redox activity in polyanionic systems. Therefore, it is a must
but challenging to identify an efficient method to increase the
competence of NASICONs (e.g., thousands of cycles without
noticeable capacity fading, fast-charging capability within the
minute time level, and high capacities of >160 mA h g )
compared with the LiFePO, counterpart in LIBs.
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To overcome this, a radically different approach is needed—
one that can introduce new functional complexity without desta-
bilizing the structure. High-entropy (HE) engineering, originally
developed in the field of metallic alloys, has recently emerged as a
promising approach to enhance the properties of materials by
incorporating multi-principal elements within a single phase in
catalysis,”” batteries,”®™° capacitors,*" etc. This strategy increases
the configurational entropy, improving the solubility of different
components and optimizing target properties.*® As far as practi-
cality is concerned, configurational entropy engineering would
alleviate the reliance on any single metal source (e.g., Co and Ni)
for corresponding industries if incorporating more abundant
metal elements, which could reduce the manufacturing cost.>®
This concept was initially applied in SIB layered oxide cathodes
by Hu et al. in 2020, which enhanced phase transition (O3 to P3)
reversibility and improved cycling stability.*> The same group in
2022 further developed a new HE oxide -NaNij ,5Mg 05CUg 1-
Fey ,Mn,;Tip 1SN 10, — with suppressed Jahn-Teller distortion,
lattice parameter changes, and vacancy/Na' ordering, thereby
enhancing electrochemical performance and thermal safety.*?
Very recently, they pointed out that the structural stability of
the high-entropy oxides is significantly influenced by how well
the constituent elements within the transition metal layers are
compatible with each other; even one different dopant (from Sn**
to Ti**) contributes to much suppressed planar strain and thus to
the inhibited elemental segregation and crack formation upon
battery operation.>* In general, most studies of the HE strategy in
SIBs are mainly in the field of layered oxide cathodes and
achieved fascinating results,?>?%35:3

Despite this success, extending the HE strategy to NASICON-
type cathodes has remained elusive, and for good reason. The
NASICON structure is governed by a rigid polyanionic lattice,
where PO,>” tetrahedra and MeOg octahedra form a tightly
interconnected framework. Unlike layered oxides that tolerate
cation mixing and planar disorder, NASICONS require precise site
occupancy and local symmetry to maintain Na“ mobility and
structural integrity. Introducing multiple transition metals into
the 12c Wyckoff site’”*® creates a high risk of phase separation,
cation site distortion, or redox incompatibility, any of which can
degrade capacity or induce irreversible structural evolution.

Additionally, the very premise of entropy stabilization -
disorder - runs counter to the ordered framework required for
efficient Na" conduction in NASICONS. There is also a common
pitfall: many HE cathodes suffer from low capacities due to the
inclusion of redox-inactive elements, which dilute the electro-
chemically active centers. As such, the challenge is not only how
to stabilize a NASICON phase with multiple cations, but also
how to do so while preserving - or even enhancing - its energy
density and rate capability.

Herein, in response to the problems of NASICON-type
materials with an undesirable lattice change, an inferior capacity
retention (especially at high current rates), and a low capacity
from the inactive V**/V*>* redox couple (Fig. 1a), we applied a
configurational entropy engineering strategy via compositionally
complex doping at the 12c Wyckoff site®” in improving the
NASICON (i.e., Naz,V; 5Crg1Mng ;Feg 1Al ;Mg 1(PO,);) material
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Fig. 1 Composition design principle and theoretical studies of physicochemical properties. (a) Prototype composition design principle. (b) Na™ ion
diffusion pathways (blue isosurface) in HE-V from the BV calculation. (c) Integral ICOHP values of all V-O bonds in HE-V and NVP. (d) Illustrations of
crystalline structures and transition metal compositions in HE-V. (e) Calculated voltage profile.

(HE-V) that demonstrated high energy-density Na' storage cap-
abilities and “low-strain” properties. Thanks to this configura-
tional entropy tuning method, HE-V is able to present a record-
breaking cycling performance to stably run 10 000 cycles even at
an ultrahigh current rate of 50C with negligible capacity fading,
which remarkably promotes the application of NASICONSs. Also, it
delivered a much-improved specific capacity of 170 mA h g~ *

7280 | Energy Environ. Sci., 2025, 18, 7278-7290

(close to the theoretical value) compared to the above-mentioned
normal value (<120 mA h g ') of NASICONs, based on a
successive multi-electron reaction from the V>*/v**, v**/v**, and
V¥ /V** redox couples identified by synchrotron-based X-ray
absorption spectroscopy and X-ray photoelectron spectroscopy.
Structural evolution was disclosed to have a nearly zero
volumetric change throughout a wide electrochemical window

This journal is © The Royal Society of Chemistry 2025
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by operando X-ray diffraction, bringing about significantly
decreased lattice defects and local strain-induced cracks by
the aberration-corrected transmission electron microscope and
the finite element method simulation. Density functional the-
ory studies showed a reduced forbidden-band gap and a
strengthened neighbor chemical bonding around the redox
center, which benefits an excellent rate performance up to 50C.

This work demonstrates that configurational entropy can be
harnessed not just to stabilize complex NASICON structures, but
also to unlock redox richness and rate robustness previously
unattainable in this class of cathodes. It offers a new blueprint
for polyanionic cathode design, bridging the gap between high
structural order and high compositional complexity.

Results and discussion
Material design and theoretical studies

One big challenge to apply the HE concepts in NASICONS lies in
how to select suitable metal dopant elements and to constrain
their concentration and the design principal needs to be
elaborately proposed. Furthermore, HE compounds are always
composed of inactive redox centers (usually >5),>**° which
definitely reduce the specific capacity to some extent. In order
to demonstrate the effectiveness of the HE concept, the NASI-
CON cathode material was rationally designed as shown in
Fig. 1a: (i) the pristine NazV,(PO,); (denoted as NVP) serves as
the baseline sample; (ii) considering the availability, economic
concerns, and lattice match constraints, Mg, Al, Ti, V, Cr, Fe,
Ni, Cu, Zn, and Mn from the periodic table are selected by Wu
et al.;*° furthermore, the high-voltage platform of the V" /v**
redox couple in NazV,(PO,)s, according to previous reports, can
be electrochemically activated by specific activators/dopants
such as Cr’*,* mMn*" "' Fe**** AP*",** and Mg*>",** which
is conducive to a “three-electron reaction” with a much-
boosted specific capacity (e.g., from 108.5 mA h g~* in NVP'®
t0 163.2 mA h g ' in NasV, 5Cr, 5(PO,4);"*°) and thus improves the
overall energy density; (iii) goodenough et al.,*® Okada et al.,**
and Liang et al.*® have shown that the doped NASICON
Na;V,(PO,); with a ratio of V to dopants (1.5:0.5 per formula
unit) exhibited an optimal performance and a pure phase with-
out compromising capacities significantly, and an equal ratio of
all dopants can help enhance the configurational entropy of the
compound®® to further stabilize the crystal structure and thus
each dopant shares 0.1 per formula unit; (iv) the content of Na is
controlled by the charge balance mechanism (i.e., v cr*', Mn*,
Fe**, A**, Mg?*, and PO,*"). Therefore, the doped Na;V,(PO,); was
designed as Naj,V; 5Crg1Mng ;Feg 1Al ;Mg 1(PO,); (denoted as
HE-V), in which the equal molar dopants of Cr, Mn, Fe, Al, and
Mg are anticipated to share the same Wyckoff 12c sites with V
(Fig. 1d and Fig. S1, ESIY).

Firstly, density functional theory (DFT) calculations were
performed to provide additional theoretical insights into the
intrinsic physicochemical features. Calculations of bond
valence (BV) and nudged elastic band (NEB) were used to
theoretically investigate the behaviors of Na* diffusion within

This journal is © The Royal Society of Chemistry 2025
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Naj ,V; 5Cro1Mng ;Feg 1ALy 1Mgo.1(PO,4);. An empirical method
that is widely used to identify Na* diffusion channels is the BV
method (the isosurface value is 0.5 e A~3).*” Since the lowest
energy locations in HE-V are well-connected,®*® 3D Na* diffusion
channels may be found in Fig. 1b and Fig. S2 (ESIt) (NVP). Twelve
routes for Na' diffusion from the Na* local habitats in HE-V were
found by the NEB investigation. Low energy barriers of 0.162-
0.425 eV could be detected, which are comparable to/less than
NVP (Fig. S3, ESIt) and other NASICON materials,>****%*> as
illustrated in Fig. S4 (ESIt). As seen in Fig. S5 (ESIt), galvanostatic
intermittent titration technique (GITT) measurements were con-
ducted to evaluate Na' diffusion coefficients across the voltage
range. The HE-V sample exhibited consistently higher diffusion
coefficients compared to NVP, indicating enhanced ionic con-
ductivity and more efficient Na* transport kinetics. Cyclic vol-
tammetry (CV) curves of NVP and HE-V in Fig. S6 (ESIt) at a scan
rate of 0.1 mV s~ ' were analyzed to evaluate redox kinetics and
Na" diffusion behavior. HE-V exhibits a markedly higher
response current, a larger peak area, and a narrower potential
gap between cathodic and anodic peaks, indicating superior
redox kinetics and enhanced Na' diffusion compared to NVP.

Furthermore, we employed a theoretical framework to ana-
lyze the local bonding environment around vanadium atoms.
Crystal orbital Hamilton population (COHP) analysis, increasingly
recognized as a reliable tool for visualizing chemical bonding in
battery materials,”>' was used to probe the electronic interac-
tions. By projecting the Kohn-Sham states onto atomic orbitals, we
examined the bonding characteristics through orbital overlap
populations. To obtain a statistically robust and physically mean-
ingful assessment, we re-evaluated the V-O coordination by con-
sidering all vanadium-centered octahedra within the HE-V unit
cell, rather than relying on a representative subset. Given the
presence of three crystallographically distinct V sites (Fig. S7,
ESIt), we performed integrated COHP (ICOHP) calculations for
each site, enabling a comprehensive evaluation of entropy-induced
lattice distortions and their effect on local bonding.

Fig. 1c and Fig. S8-5S13 and Tables S1-S6 (ESIt) display the
COHP and ICOHP (integrated COHP) results based on the six O
atoms that surround a particular V atom. According to reports,
the modulus of COHP relates to the covalency degree between
O and V; the zero point of COHP indicates a pure ionic bond or
non-interacting bonds, and the negative value of COHP of V-O
implies constructive (i.e., bonding) interference of atomic orbi-
tals. The true ICOHP value is found at the junction of the
ICOHP curve and Fermi level in each pattern shown in Fig. S8-
S13 (ESIt). According to Fig. 1c, HE-V has an accumulated
ICOHP value of 6.8 eV, which is greater than NVP’s 6 eV (all V-O
pairings, including spin-down and spin-up orientations). This
finding suggests that, in the local scope, this configurational
entropy engineering strategy increases the V-O bonds’ overall
chemical stability, which is favorable for stabilizing structures
and thus prolonging cycling stability.*!

To evaluate the capacity contribution of the vanadium redox
couples in HE-V, we calculated the theoretical capacity based
on the full utilization of the V**/V*", v**/v**, and V**/V** redox
transitions, assuming a three-electron transfer per formula
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unit. This yields a theoretical capacity of 176.2 mA h g '. As
shown in Fig. 1e, the experimental capacity obtained from GITT
measurements reaches approximately 170 mA h g ', which is in
excellent agreement with the theoretical prediction. This close
match confirms the effective activation of all three vanadium
redox couples during cycling. Additionally, the observed voltage
plateaus in the GITT profile closely align with the calculated
redox potentials, indicating low polarization and high reversi-
bility. The minimal discrepancy between theoretical and experi-
mental values suggests that capacity loss from electrochemically
inactive dopants or structural limitations is negligible, under-
scoring the success of the high-entropy design in preserving
redox activity while enhancing structural robustness.

Fig. S14 (ESIt) depicting the structural evolution during
cycling was created using a convex-hull phase diagram in terms
of formation energies and various Na' concentrations in
Na,V; 5Cro1Mng ;Feg 1ALy ;Mg 1 (PO,);.*” The most thermodynami-
cally stable structure is Naj,V;5Cro1Mng Feq1Aly1Mgo1(POy)s,
and the metastable phases of NagV;5Cry;Mng Feq1Aly 1 Mg 1-
(PO4)s to NayV; 5Cro;1Mng 1Fey 1Al ;Mg 1(PO,); can be achieved
electrochemically, as shown by negative formation energy values
that support the multi-electron redox reactions.

From a kinetics standpoint, it offers compelling evidence for
the good Na" diffusion capability. In addition, density of state
(DOS) diagrams showing the presence of hybridized orbitals in
the valence bands of all elements are shown in Fig. S15 (ESIT).
Compared to NazV,(PO,)s;, a significantly smaller forbidden
band gap can be achieved, leading to a better electronic
conductivity.*> This echoes the EIS results in Fig. S16 (ESIT).
Thus, one can anticipate an improved rate performance of
Naj ,V1.5Cro.1Mng 1Feq 1Al 1Mo 1(POy4)3.

Materials characterization

In this section, the designed materials were prepared by a sol-
gel method and systematically characterized. In Fig. S17a
(ESIt), X-ray diffraction (XRD) determined that HE-V and NVP
were indexed to the pure rhombohedral phase (JCPDS#96-222-
5133; space group: R3c). Both the structural details and the
comprehensive atomic occupation were obtained by Rietveld
refinement (Fig. 2a and Fig. S17b and Tables S7 and S8, ESIt).
In Fig. 2a, HE-V featured a NASICON structure by a low Ry,
value of 3.41% (atomic occupation and lattice properties are
presented in Table S7, ESIf). The fundamental “lantern”
[V1.5Cro1Mng 1Feg 1ALy ;Mg 1(PO4);] units are made up of
[PO,] tetrahedra and [MeOg] octahedra through corner-
sharing, as illustrated in Fig. 1d. V/Cr/Mn/Fe/Al/Mg atoms
occupy the same 12c¢ positions at random. As a result, a 3D
open-framework structure with high Na® conductivity was
created, which is advantageous for high-rate performances.
Because of the lower bonding force between Na2 cations and
0, it is easier to extract Na2 with eight coordination or insert
Na*."” With a high theoretical capacity of 176.2 mA h g, which
exceeds that of other NASICONSs, one can expect that three
sodium ions can insert/take up to/from Na;,V; 5Cro,Mng -
Feo.1Aly 1Mg, 1(PO,4); hinged on V**/V*, v*/V** and v**/v**
redox processes."”

7282 | Energy Environ. Sci., 2025, 18, 7278-7290
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The site occupancy of the dopant elements in the HE-V
framework was carefully considered to understand their role in
structural stability and electrochemical behavior. All five
dopants (Cr**,*® Mn”*,*! Fe**,*> AI**,** and Mg>" (ref. 44)) were
intentionally introduced to substitute vanadium at the 12c
Wyckoff position, which corresponds to the octahedrally coor-
dinated transition metal site in the NASICON structure. Riet-
veld refinement of the XRD data was performed using a
structural model that assigns all dopants to the 12c¢ site. The
refined model achieved excellent agreement with the experi-
mental pattern (R, = 3.41%), and no significant residuals or
misfits were observed, indicating that the assumption of exclu-
sive dopant occupation at the 12c site is well supported.
Furthermore, the ionic radii and coordination preferences of
the dopants are consistent with the six-fold octahedral environ-
ment of the 12c site; substitution at non-transition-metal sites
(e.g., Na or P positions) would likely lead to phase instability or
symmetry disruption, which was not observed. This assignment
is further supported by previous reports on individually doped
NVP systems, in which Cr**® Mn*>"*' Fe*",*> A’",** and
Mg>*(ref. 44) have all been experimentally verified to occupy
the vanadium site (12c). Taken together, these findings support
the conclusion that the dopants are incorporated exclusively at
the 12c transition metal site in the HE-V structure.

To further observe the morphologies, transmission electron
microscopy (TEM) was used. Both samples shown in Fig. 2b
and c and Fig. S18a (ESIT) had a thin film of amorphous carbon
covering them (5 nm in thickness). This is explained by the
pyrolysis of organic molecules during the calcination process,
which is advantageous to improve electronic conductivities.
Additionally, a lattice fringe of 0.38 nm is indexed to the HE-
V lattice plane (213) (Fig. 2¢). To understand the sodium storage
mechanism, aberration-corrected STEM, in Fig. 2d-h, was used
to acquire a direct image of the atomic-scale arrangement in
the crystal structure of HE-V. Since the atomic displacements in
a single direction are readily missed and the separated columns
of Na, P, O, and V/Cr/Mn/Fe/Al/Mg ions are aligned in various
crystal directions, several projections were used for observa-
tion. V and Cr/Mn/Fe/Al/Mg are almost indistinguishable in
STEM images because they have the same location in HE-V.
Since the atomic number affects the intensity of STEM images,
heavy elements (Cr/Mn/Fe/Al/Mg and P) dominate the image
contrast. Due to the comparatively low atomic number, the
contrast between Na and O in STEM is much weaker and not
very visible in most projections. As presented in Fig. 2d-h, it is
evident that the framework structure has void space for Na*
migration along various directions in the atomic alignment.
Na' transportation channels are clearly visible in all four
directions, and because the channel’s dimension is greater
than the Na" ion’s diameter, Na* ions can move through these
channels quickly, which enables rapid rate performance and
is in good agreement with NASICON’s characteristics. Fig. 2f
(HE-V) and Fig. S18b (ESIt) (NVP) show the homogeneous
elemental distribution of V (Cr, Mn, Fe, Al, and Mg) Na, O, C,
and P in both samples, according to energy dispersive spectro-
metry (EDS) mapping results. The chemical formula was

This journal is © The Royal Society of Chemistry 2025
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images viewed from the (d) [110], (e) [221], (g) [142], and (h) [121] crystallographic directions. (f) EDS mapping images (scale bar: 50 hm).

further determined by ICP-OES findings. The atomic ratios
were determined to be Na(3.154), V(1.453), Cr(0.103),
Mn(0.101), Fe(0.099), Al(0.098), Mg(0.100), and P(2.960) for
HE-V, as shown in Fig. S20 (ESIt), which is very consistent
with the designed ratio of Na;,V;5Cry1Mng Feq 1Al -
Mgo.1(POy)3.

The thermal gravimetric analysis (TGA) results indicate that
the amount of carbon was calculated to be 9.6% for HE-V and
9.4% for NVP, as shown in Fig. S21 (ESIt). The results from
X-ray photoelectron spectroscopy (XPS) show that V**>* (Cr**,>?
Mn>*,>* Fe**/Fe** >>°® AI***” and Mg*" (ref. 58)) and C-C/C-O/
O-C=0 are present in HE-V (Fig. S22, ESIt) and NVP (Fig. $23,
ESIT). Furthermore, the virtually similar Fourier transform
infrared (FT-IR) spectra are presented in Fig. S24 (ESIf). At
approximately 620 and 1000 cm ™', symmetric and asymmetric
stretching/bending vibration signals of [MeOg] octahedra and
[PO,] tetrahedra were detected.*®>>*® All evidence demon-
strates the successful preparation of both samples.

This journal is © The Royal Society of Chemistry 2025

Electrochemical performance

HE-V/NVP was then coupled with Na anodes to assemble the
CR2032 coin cell for performance measurements. Three appar-
ent voltage platforms were shown by HE-V in Fig. 3a and b:
1.67 V (V**/v*), 3.43 vV (V*'/V*"), and 4.03 V (V*'/V*). As a
result, at 0.2C, a high capacity of 170 mA h g~" (almost the
theoretical value) was produced, surpassing that of the majority
of NASICON cathodes.'618:22:26:41,61,62 pyrthermore, this veri-
fies that HE-V’s three-electron redox reactions were triggered.
Three apparent reduction/oxidation peaks of HE-V are identi-
fied by the dQ/dV curves in Fig. 3b, indicating good kinetics and
consecutive transformations of Na;,V, 5CrgMng,Feg,Aly1-
Mgyo.1(PO4); <> Na,Vq5Cro Mg 1Feg 1Al Mg 1(PO,); <> Nago-
V1.5Cro1Mng 1Fe 1Al 1Mgo1(POL); <> Nay ,Vy 5Cro1Mng 1Feo 5-
Aly Mg, 1(PO,);, which will be described in depth later. In
addition, the HE-V’s enhanced electronic conductivity and short
Na' diffusion length enhanced the redox kinetics, which resulted
in more symmetric dQ/dV profiles (Fig. 3b). On the other hand, a
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Cycling capabilities at (g) 0.2C and (h) 50C, respectively. (i) Voltage curves of the HC anode and the HE-V cathode. (j) Cycling stability of the HC|HE-

V full cell at 1C.

lower capacity of 155.2 mA h g~ ' with greater potential differ-
ences of dQ/dV peaks was produced in NVP due to the absence of
the high-voltage platform of V>*/V*" (Fig. 3a and b). Moreover,
capacities within different voltage areas in Fig. 3c revealed that
mid (3-3.6 V) to high (>3.6 V) voltage ranges showed higher
capacities and larger capacity fractions in total for HE-V in
contrast to NVP. It verified higher output voltage and increased
capacity resulting from this strategy’s activation of the V>*/V**
redox pair. Fig. 3d also shows that HE-V has a higher energy
density than other polyanionic compounds.'®8?>26:41,61,62

As shown in Fig. 3e-g and Fig. S26 (ESIt), HE-V demon-
strates noticeably improved rate capability (up to 50C) and

7284 | Energy Environ. Sci., 2025, 18, 7278-7290

cycling performance (at 0.2C). Remarkably, as demonstrated
in Fig. 3h, HE-V obtained record-breaking cycling stability
at an ultrahigh current density of 50C: a high capacity retention
of 95.2% over the first 5000 cycles and a capacity retention
of 93.3% for the latter 5000 cycles (i.e., 88.8% throughout
10000 cycles), surpassing the earlier works (Fig. S27,
ESIt).17:2172441:43,60 por example, notably, in our previous
contribution,”* our group employed a hybrid strategy by Cr**
doping (from NazV,(PO,); to NasCr, 5Vy.5(PO,);) and reduced
graphene oxide coating to modify the V-based NASICON with
improved battery performance, but it only realized a limited cycling
capability (~62% capacity retention after 1000 cycles at 20C).

This journal is © The Royal Society of Chemistry 2025
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This demonstrated once more how effective this configurational
entropy engineering strategy is in making these materials
(Fig. 3f).

To assess the practical potential of HE-V, the HE-V cathode
was coupled with a commercial hard carbon (HC) anode to
assemble full cells (HC|HE-V). The HC electrodes were initially
pre-cycled against Na metal anodes at 25 mA g~ ' (Fig. $28, ESIY)
to prevent the cathode’s Na" loss from the SEI layer formation,
consistent with previous studies.>*®*®* The pre-sodiated HC
was disassembled at the discharge state following five cycles.
With respect to Na‘/Na, HC delivered a reversible capacity of
~300 mA h ¢~ ' and a low voltage platform of ~0.1 V (Fig. S28,
ESIt). Fig. S29a (ESIt) displays the galvanostatic charge-dis-
charge patterns of HC|HE-V at 0.2C within the voltage window
of 1.5-4.1 V. As a result, there were three unique, characteristic
voltage platforms with a high initial capacity of 170.8 mAh g™ ™.
Consequently, a high energy density of 485.9 W h kg~" was
reached. Furthermore, good rate capabilities from 0.2C to 5C
and an exceptional cycling stability at 1C were obtained (Fig. 3j
and Fig. S29b, ESIt). The above described full-cell properties
provided additional evidence for the superiority of this
technique.

Structural evolution and charge compensation analysis

Operando XRD was carried out at 0.1C to further elucidate Na*
storage mechanisms and structural alterations (left side of Fig. 4a
and b; Fig. 4c). The robust structure and highly reversible
electrochemical performance are demonstrated by the main
reflections of (102), (104), (210), (213), (006), (204), (311), (216),
and (108), all of which had extremely reversible evolution
during cycling. At first, a rhombohedral Na;,V; 5Cry,Mng ;-
Fey1Aly 1M, 1(PO4)s phase with the space group R3¢ was used
to index all peaks. All reflections progressively shifted positively
after the initial charge, indicating a solid-solution reaction and
structural contraction, with the exception of (204), (311), (216),
and (108), which disappeared after additional charging. A bipha-
sic reaction was determined by the peak vanishment, per earlier
research.'”>>%%% gimilar behavior was observed in the symme-
trical discharge procedure that follows. Lower potentials caused
all reflections moving to smaller angles and the (216) peak
reappearance, consistent with a coupled biphasic and monopha-
sic process. The good structural reversibility was confirmed by
the reflections shifting back to their original positions (Fig. 4c).
As a result, these findings showed that HE-V cycles through
mixed biphasic and monophasic (solid-solution) mechanisms;
solid-solution reactions seem to control the entire process,*>*®
which is advantageous for the quick diffusion of Na" and good
electrochemical reversibility.

To further aid in understanding the structure alterations,
the changes in lattice parameters were gathered and are pre-
sented in Fig. S30 (ESIY). It is evident that throughout the first
charging process, the a (=b)-axis and the c-axis decreased,
leading to a declining trend in v (volume). The a-axis grew
when discharging, but the c-axis barely changed. As a result, the
c-axis showed an increasing tendency that was similar to the
a-axis. Consequently, HE-V showed a minor volume change of

This journal is © The Royal Society of Chemistry 2025
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2.2%, which is significantly less than those of common NASI-
CON materials for SIBs (Fig. 4d).°*®® The robust NASICON
framework structure is one of the reasons for HE-V’s excep-
tional cyclabilities. The structural evolution of HE-V can be
summed up as follows based on the discussions above: the
initial two Na' ions were extracted, and the pristine state
changed to Naj ,V; 5Cro,Mng Feg;Aly 1Mgg1(PO,)s; three Na*
ions were inserted during the next cycling to create
Nay ,V; 5Cro 1Mng 1Feg 1ALy 1Mgo 1(POy4)3, which is consistent
with the multi-electron electrochemical characteristics.

Next, XPS was used to investigate the HE-V’s charge com-
pensation mechanisms at different voltages (Fig. S31, ESIT). It
is assumed that the changes in valence states of V occur with
the transitions of Naj,V; 5Cro1Mng Feq 1Al 1Mgo 1(PO4); —
Na; ,V;.5Cr.1Mng 1 Feg 1Alg ;Mg 1(POs); and  Na;,V, 5Cro 4-
Mny 1Feg 1Al ;Mg 1(PO4); <> Na, ,V; 5Cro 1M, ;Feg 1Aly Mg -
(PO4); <> Naj,Vy5Cro 1M, 1Feg 1Al ;Mg 1(PO4); <> Nay,Vy s
Cro1Mny 1Fey 1ALy 1Mgp 1(PO,);. The initial peak of V 2p3,, was at
516.8 eV (V*%), as shown in Fig. S31b (ESI).”” It had a positive
shift to 517.08 eV (V**) when charged to 3.72 V.**® Subse-
quently, the peak of V 2p;, developed to 517.40 eV (V*>*) when
charged to 4.1 V.°” The valence states of V shift to +2 when
discharged to 1.5 V, with the peak of V 2p;, appearing at
516.50 eV.*® In Fig. S32 (ESIf), the XPS spectra demonstrate
that the oxidation states of Cr, Al, Fe, and Mg remain essentially
unchanged during cycling, confirming their electrochemical
inactivity throughout the charge/discharge process. A slight shift
in the Mn signal suggests a potential minor oxidation from Mn>*
to Mn*"/Mn*"; however, given the low doping concentration, its
contribution to capacity is negligible. These results support the
conclusion that the dopants primarily serve to enhance the
structural robustness and configurational entropy of the NASI-
CON framework rather than acting as active redox centers. This
finding further reinforces the entropy-engineering strategy by
confirming that capacity is predominantly delivered by vana-
dium redox reactions.

Furthermore, X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) investiga-
tions were carried out to look more closely at the charge
compensation mechanisms of HE-V. Fig. 4f and Fig. S33 (ESI{)
display the XANES spectra in the V K-edge region. During de-
sodiation, the V K-edge spectra shift toward the high-energy
side, indicating an increase in the oxidation state of V. Peak
intensities in the V K-edge region shrank toward the end of
charge, which might be attributed to both the shortening of V-O
bonds and electron loss in the VOg octahedra.”® As a result,
during the subsequent discharge operation, the V K-edge spec-
tra returned to the lower energy area. The strong V-O hybridiza-
tion is suggested by the pre-edge region’s apparent pre-peaks.
The discharge capacity is significantly more than the charge
capacity, as indicated by the galvanostatic charge-discharge
curve in the left of Fig. 4e. As a result, more Na' ions are
intercalated into the structure upon discharge, resulting in V>*/
V3" redox reactions.*®*> The reduction of V** to V** and the
additional Na* ions may cause VO, octahedra to be severely
distorted, or they may even transform the octahedral symmetry
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Fig. 4 Structural evolution and charge compensation analysis. (a)—(c) /n situ XRD patterns of HE-V. (d) A volumetric change comparison of HE-V and
reported NASICON cathodes upon battery operation. (e) The galvanostatic charge—discharge curve and (f) XANES spectra at different charging states as a
function of the V K-edge of the HE-V electrode (2D contour plot) and (g) corresponding k?-weighted Fourier transform magnitudes of HE-V.

into a tetrahedral symmetry that is distinguished by strong V-O
hybridization.

The V K-edge EXAFS spectra’s Fourier-transformed (FT)
magnitude plot was also acquired. With radii of approximately
1.4 and 2.5 A, two prominent peaks are shown in the right of
Fig. 4g, which correspond to the V-O bond and the V-P/O/V
bond, respectively. It should be mentioned that because these FT
spectra were not phase-corrected, these distances do not corre-
spond to the real bond lengths. The absence of a noticeable
alteration in the V-O bond throughout cycling suggests that the

7286 | Energy Environ. Sci., 2025, 18, 7278-7290

octahedral symmetry was effectively preserved in the initial cycle.
Still, there has been a noticeable change in the peak intensities.
Due to the shorter atom distance and enhanced electrostatic
repulsion during deep sodium extraction, the peak strengths of
the V-O bond and the V-P/O/V bond rose at the final part of the
charge process. Furthermore, even with deep sodium insertion,
there is essentially no V local structural change, as evidenced by
the excellent overlap between the EXAFS spectra after one cycle
and that of the pristine sample. This agrees with the operando
XRD findings that were previously presented.

This journal is © The Royal Society of Chemistry 2025
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COMSOL simulation and postmortem analysis

Based on the variation in the ionic diffusion coefficient and the
diffusion barrier and volumetric change upon cycling, a multi-
physical simulation was run to visualize the Na" ion concentration
and the associated stress field for both electrodes. Even at a highly
desodiated state (90%), partial Na* ions were still retained on the
cathode surface, exhibiting a clearly heterogeneous concentration
distribution in NVP (Fig. 5a). This could be explained by the

Initial state
HE-V -

View Article Online

Energy & Environmental Science

limited Na'-ion mass transfer resulting from the intrinsic inferior
ionic diffusion coefficient. However, the enhanced diffusion
kinetics, particularly in 90% SOC, nearly non-disparity inside
particles, and the surface allowed for HE-V to obtain a uniform
Na' ion concentration (Fig. 5a). As seen in Fig. 5b, the homo-
genous Na'-ion concentration field would balance the stress field’s
distribution and reduce strain formation. We then performed
postmortem analysis on the cycled HE-V cathode.

; Low mmm

B High

Sodium ion concentration 4

Low IS

N Von-Mises Stress o

DS High ;

Fig. 5 COMSOL simulation and postmortem analysis. (a) Na* distribution and (b) stress field analysis at different depths of discharge (DOD) states based
on the COMSOL platform. Postmortem analysis of the cycled HE-V: (c) TEM, (d) HRTEM, (e) FFT, and (f) aberration-corrected STEM image. (g) EDS

mapping images.

This journal is © The Royal Society of Chemistry 2025
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The TEM image in Fig. 5c shows that HE-V has maintained
its intact morphology after cycling and Fig. 5d confirms a thin film
of amorphous carbon covering it with a thickness of 5 nm.
Additionally, a lattice fringe of 0.37 nm is indexed to the HE-V
lattice plane (213). (412), (204), and (219) planes can be clearly
identified in Fig. 5e as well. Atomic scale HRTEM images in Fig. 5f
further confirmed the good crystallinities of HE-V even after
cycling. Fig. 5g shows the homogeneous elemental distribution
of V, Cr, Mn, Fe, Al, Mg, Na, O, C, and P in HE-V, according to EDS
mapping results. In sharp contrast, after cycling, many cracks and
nonuniform elemental distribution can be clearly found in the
NVP particles (Fig. S34, ESIT) due to the large local lattice strain
and lattice defects. The above results further confirm the merits of
this configurational entropy engineering strategy for NASICONS.

Conclusions

In summatry, in response to the issues of NASICONs with low
capacity, poor capacity retention at high current densities, and
noticeable volumetric variation, this work proposed a configura-
tional entropy engineering strategy by introducing five other
dopants at the 12c site for improving the NASICON material (HE-
V) that demonstrated high energy-density Na* storage capabilities
and “low-strain” characteristics. It delivered a specific capacity of
170 mA h g™, based on a multi-electron reaction from V*>*/V**, v**/
V**) and V**/V** redox couples. Benefiting from the synergistical
effect of all dopants, an almost zero volumetric change was
revealed with the dominant solid-solution reaction mechanism
and a strengthened neighbor chemical bonding around the redox
center was also identified, which led to reduced lattice defects and
local strain-induced cracks. A significantly reduced energy gap
contributed to an improved electronic conductivity. Consequently,
HE-V could stably run 10 000 cycles at 50C, which greatly facilitates
the application of NASICONs. This work provides a novel strategy
for boosting the structural stability of NASICON cathodes for
energy-dense and long-lasting sodium-ion batteries.
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