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A Disordered Rock Salt Anode for Long-Lived All-Vanadium
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Wei Tang, Junlin Wu, Zheng Chen, Karena W. Chapman,* Shyue Ping Ong,*

and Ping Liu*

Rechargeable batteries wherein both the cathode and the anode are
vanadium-based phases are promising grid-energy storage candidates,
offering long cycle life and easy recycling. However, their system-level energy
density must be improved to lower their footprint and operating costs. In this
work, an all-vanadium sodium-ion battery that uses a new disordered rock salt
(DRS) anode, Na,;V,0; (DRS-NVO), is proposed. For DRS-NVO, ~2 Na* ions
can be reversibly cycled at 0.7 V versus Na/Na*. Structural characterization
by X-ray diffraction and pair distribution function (PDF) analysis reveal
increased local distortions during Na™ insertion but the overall DRS structure
is maintained. The material shows exceptional stability and rate capability,
achieving 10 000 cycles in half-cell tests at rates of up to 20 C. Molecular
dynamics simulations produce voltage profiles and ion diffusivities in good
agreement with experimental results. Pairing the DRS-NVO anode with a
Na,V,(PO,); (NVP) cathode yields a cell (NVO|NVP) voltage of 2.7 V, with
symmetric voltage profiles and an energy efficiency >93%. This all-vanadium
sodium-ion battery exhibits excellent cycling stability, retaining 80% of its
capacity after 3 000 cycles. Levelized cost-of-storage (LCOS) evaluations
based on a cell design model confirm the cost-effectiveness, positioning
NVOINVP as a competitive grid-scale energy storage solution.

integration (hours to days).?l A wide va-
riety of cell chemistries has been explored
to address these different needs.**] De-
spite the dominance of lithium-ion batter-
ies, the need for long service life (>30 years)
and concerns for supply chain and resource
accessibility have led to the consideration
of several aqueous batteries, flow batteries,
and sodium-ion batteries.*® Vanadium is
a versatile redox-active transition metal with
promising applications in energy storage.[*]
Vanadium is more abundant in the Earth’s
crust than nickel (Ni), copper (Cu), and zinc
(Zn), and its broad range of oxidation states,
from +5 to 0, makes it suitable for energy
storage devices that operate with redox reac-
tions involving the same metal element in
both the anode and the cathode.'*13] Cur-
rently, vanadium is primarily used as an ad-
ditive in the steel industry.['*!
All-vanadium redox flow battery (VFB)
is the best-known example of vanadium’s
use in energy storage.'>®! This technol-
ogy utilizes V redox couples (V**/V* and
V2*/V3*) on both the cathode and the

1. Introduction

Energy storage systems designed for the electric grid need to
work at diverse time scales and durations, from short-term grid
stability (seconds to minutes) to long-duration renewable energy

anode, yielding a theoretical voltage of 1.26 V. The practical en-
ergy density of VFB is ~20 Wh kg1, largely limited by the solu-
bility of the salts.[!*] The large system footprint and the need to
manage the large volume of electrolytes during operation trans-
late into increased operating costs.[!?]
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Figure 1. Structural and compositional characterization of DRS-NVO. A) Le Bail refinement of synchrotron PXRD for DRS-NVO. B) PDF data fit with a
two-phase model composed of a crystalline DRS and a distorted DRS structure. C) HRTEM images and FFT analysis of DRS-NVO showing a rock-salt
structure. D) STEM-EDS elemental mapping showing uniform Na, V, and O distribution within the DRS-NVO particle.

In the past few years, searches for vanadium-based energy stor-
age solutions have focused on developing systems that offer in-
creased cell voltage and higher energy and power densities than
VFBs.[2%1 One promising option is the all-vanadium sodium-ion
battery, leveraging the abundance and low cost of Na.l?!l A notable
example is the Na,;V,(PO,); (NVP, a NASICON material) sym-
metric sodium-ion battery, which uses NVP as both the anode
(V2*/V3* at 1.6 V vs Na/Na*) and the cathode (V**/V* at 3.3V
vs Na/Na*).[22-26] This configuration has demonstrated good cy-
cling stability and rate capability. The elevated potential of the
NVP anode, as compared to the commonly used hard carbon with
aplateau at <0.1'V, is also expected to mitigate the risk of Na metal
plating during fast charging events, thus improving safety.?”8
While NVP exhibits high stability as an anode, its high working
potential results in a low cell voltage and much-reduced energy
density. This limitation is similar to that of Li, TisO,, (LTO) as an
anode in lithium-ion batteries, which is also highly stable and of-
fers good rate capability but suffers from a high potential (1.5 V
vs Li metal).I?! Consequently, the working potential of NVP|NVP
is 1.7 V, which is relatively modest for a nonaqueous electrolyte
system.

In 2020, we reported a disordered rock salt (DRS) anode for Li-
ion batteries, DRS-Li;V,05 (DRS-LVO).2% DRS-LVO can be cy-
cled reversibly with ~2 Li intercalating/extracting at an average
potential of 0.6 V, significantly lower than other oxides.2%3132] Tt
also exhibits excellent rate capability and long cycle life. We have
thus been intrigued by two questions: 1) Can a sodium analog
of the DRS structure be formed by intercalating Na* into V,0?
2) Would this sodium-based material share the same working
mechanism and properties as DRS-LVO since Na* (1.02 A) is
much bigger than Li* (0.76 A)?

Here, we report the in situ formation of DRS-Na;V,0; (DRS-
NVO) during electrochemical Na* insertion. The material can re-
versibly accommodate ~2 additional Na* at an average voltage
of ~0.7 V. By combining theoretical calculations and X-ray to-
tal scattering experiments, we found that DRS-NVO undergoes
a reversible structural transformation involving the formation of
structurally distorted local domains which offers a contrast to
DRS-LVO for which the DRS is retained throughout. This results
in a voltage-capacity profile that is substantially linear without any
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discernable plateaus. DRS-NVO is capable of cycling 10 000 cy-
cles at rates of up to 20 C in half-cell tests with minor capacity
loss. Pairing it with NVP yields an all-vanadium sodium-ion bat-
tery, NVO|INVP, with an operating voltage of 2.7 V, a projected
energy density of 103 Wh kg~!, along with stability for 3000 cy-
cles, and an energy efficiency of over 93%. These attributes make
NVO|NVP a promising candidate for grid-storage applications.

2. Formation and Structure of DRS-NVO

DRS-NVO is synthesized via an in situ electrochemical method
by directly discharging V,0O; to 0.01 V, during which x5 Na*
ions are intercalated, followed by charging up to 1.4 V, removing
~2 Na* ions, as shown in Figure S1 (Supporting Information).
We observed the formation of a disordered rock salt structure
(Fm3m, a = 4.642(1) A). The cubic lattice dimension was deter-
mined by Le Bail refinement of synchrotron PXRD data (Figure
1A). Interestingly, if V,Os is intercalated with only 3 Na*, with-
out further intercalation up to 5 Na* and subsequent charging, a
mixed-phase state is observed, consisting of both layered and rock
salt structures (Figure S2, Supporting Information). This behav-
ior contrasts with the Li version (DRS-LVO), where V, O, directly
transforms into the w-phase (rock salt phase) upon the insertion
of ~3 Li* ions.3%33]

The crystalline DRS model effectively describes the long-range
features of the PDF data, however residual peaks at r < 5 A
suggest the presence of local structural distortions that deviate
from this average model (Figure S3, Supporting Information).
To model these local distortions, we constructed a DRS supercell
(NaysV,40,,, denoted DRS-Na3125) and relaxed this structure us-
ing DFT calculations (Figure S4, Supporting Information), which
minimizes the total energy and allows atoms to deviate from their
high symmetry positions. The radial distribution function (RDF)
of the DRS-Na3125 model was calculated to help interpret the
experimental data (Figure S5, Supporting Information). In the
low-r region, peaks at ~2.0, ~2.3, ~3.0 and ~3.2 A correspond
to V=0, Na—0, O—O0 and V/Na-V/Na interatomic distances. Ulti-
mately, the best fit to the experimental PDF (Ry,, = 0.47) was ob-
tained with a 2-phase model comprising the regular DRS struc-
ture and the locally distorted “DRS-Na3125” phase (Figure 1B).

© 2025 Wiley-VCH GmbH

85U8017 SUOWWOD SA a1 3deoldde au Ad peusenob a1 sajole YO ‘8SN JO So|Ni oy Akeiqi8UIIUO AB]IA UO (SUOIPUOD-PUB-SWR)ALI0O" A8 | 1M ARed 1[ul[UO//SANL) SUOBIPUOD Pue SWLB | 8u1 89S *[6202/20/02] Uo Akeiqi8uliuo A8]iIM 1uioieD JO AiseAIUN AQ £rTE0SZ0Z eWPe/Z00T OT/I0p/ALco" A3 1M Al 1jul JUO"peoLADe//SdNY WO J pepeo|umod ‘0 ‘G60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A B
1.4
\ ——— Charge
—~1.24 ——— Discharge
b \ - - = MD calculated
*m 1.0
P \
S084----
»
: 064  _ N/
2 0.02Ag'
g 0.4 4

S
>0.2

0-0 T T
0.0 0.5 1.0 1.5 2.0
x in Na,,,V,05

www.advmat.de

Figure 2. Thermodynamics of the DRS-NVO electrode reaction. A) Voltage profile of DRS-NVO cycled at a low rate (0.02 A g~') to approximate ther-
modynamic equilibrium. The calculated voltage at 3 different x values is included for comparison. B) Supercell models with highly distorted structural
features at different Na contents. The Steinhardt’s order parameter, D values are shown below. Higher values indicate a greater degree of disorder.

This suggests that while DRS-NVO retains an overall rock salt
framework, localized distorted regions emerge to accommodate
additional Na*.

High-Resolution  Transmission  Electron  Microscopy
(HRTEM) provides detailed insights into the local structure
of DRS-NVO. As shown in Figure 1C, DRS-NVO exhibits
consistent crystallinity in the local regions, with fast Fourier
transform (FFT) results showing clear (200) and (220) peaks,
consistent with the cubic rock salt structure. The atomic distance
distribution along the [1 0 0] direction (Figure S6, Supporting
Information) shows a d-spacing of ~4.6 A, which is consistent
with the result from powder diffraction analysis.

The morphology of the DRS-NVO particles, characterized
by Field Emission Scanning Electron Microscopy (FESEM), is
shown in Figure S7 (Supporting Information). This reveals a
primary particle size of ~#1 pm. Elemental mapping of a single
DRS-NVO particle, presented in Figure 1D, was performed us-
ing STEM-EDS (Scanning Transmission Electron Microscopy —
Energy Dispersive X-ray Spectroscopy), which confirmed the uni-
form distribution of Na, V, and O throughout the particle. The
Na/V ratio of DRS-NVO was further confirmed through induc-
tively coupled plasma optical emission spectrometry (ICP-OES,
bulk analysis, Figure S8, Supporting Information) and compared
with values obtained from analysis by FESEM-EDS (localized
analysis, Figure S9, Supporting Information) and STEM-EDS
(single-particle analysis, Figure S10, Supporting Information).l*!
The results, summarized in Table S1 (Supporting Information),
indicate a nominal composition of Na,V,0Oc

3. Thermodynamics of the DRS-NVO Electrode
Reaction

To demonstrate the application of DRS-NVO as an anode for Na-
ion batteries, we investigated the thermodynamics of Na* inser-
tion. The in situ formed DRS-NVO was fully discharged to 0.01 V
and cycled between 0.01 and 1.4 V atalow current of 0.02 A g~' to
approximate a thermodynamic equilibrium (Figure 2A). Approx-
imately 2 Na* ions were reversibly inserted and extracted during
the cycle. Elemental characterization (Figures S8-S10, Support-
ing Information) results of fully discharged DRS-NVO at 0.01 V
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are summarized in Table S1 (Supporting Information) and com-
pared with DRS-NVO, confirming a ~2 Na* difference before
and after full discharge, consistent with the discharge capacity
observed in the voltage profile.

Interestingly, the voltage-composition profile is substantially
linear with an average potential of ~0.7 V and no noticeable hys-
teresis. This contrasts with the case of DRS-LVO, which features a
distinct plateau at ~0.6 V versus Li. A comparison of their voltage
and dQ/dV profiles is provided in Figure S11 (Supporting Infor-
mation). This difference suggests a distinct cation storage mecha-
nism in DRS-NVO compared to DRS-LVO.B% At first glance, this
sloping voltage profile might suggest pseudo-capacitive behavior,
similar to that observed in high surface area anode materials for
sodium-ion batteries.[>>*¢] However, the large reversible capacity
and modest surface area prompted us to consider bulk insertion-
storage mechanisms.

One hypothesis is the formation of distorted regions within
the DRS structure. The larger ionic radius of Na* compared to Li
makes it less favorable for the inserted Na* ions to occupy tetra-
hedral interstices within the DRS lattice,[*3®] as occurs for Li*
ions in DRS-LVO.B3% The formation of highly distorted (or near
amorphous) local domains with lower symmetry offers a plausi-
ble mechanism for accommodating additional Na*.[3%]

DFT calculations provide insights into this structural distor-
tion that occurs at high Na loadings. Following a similar ap-
proach to DRS-LVO, % we introduced excess Na into the struc-
ture by populating tetrahedral sites to construct a Na-rich model
of Na,V,0, wherenis 3.5, 4, or 4.5. Figure S12 (Supporting Infor-
mation) illustrates the structural evolution before and after DFT
relaxation, confirming distortion at the tetrahedral sites, which
leads to the formation of locally distorted regions. Figure S13
(Supporting Information) shows the result of the representative
DFT-relaxed DRS-Na4 structure, which reveals distorted features
in Na-rich regions, contrasting with V-rich regions, which retain
some regular DRS local structure. These findings highlight the
divergent structural characteristics of Na- and Li-based DRS sys-
tems at extreme Li* /Na* loadings.

To further evaluate the structural distortion in the DRS, we per-
formed molecular dynamics (MD) simulations using a universal
machine learning interatomic potential (uMLIP, see Methods)

© 2025 Wiley-VCH GmbH
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Figure 3. Reversible structural transformation of DRS-NVO during cycling. A) ex situ synchrotron PXRD patterns of DRS-NVO at 1.4 and 0.01 V during
sequential cycling at a consistent low current of 0.02 A g~'. Residual peaks at ~4.6° and ~5.3° originate from Cu powder introduced during the electrode-
scratching process. B) PDFs at different voltages fitted with the two-phase composite model. A typical Rwp value is 0.47 as in the case of the fit for NVO.
C) HRTEM images and FFT analysis of DRS-NVO at a fully discharged state (0.01V vs Na). The distorted region in the fully discharged state is highlighted.

trained using a highly accurate MatPES dataset and an equivari-
ant TensorNet architecture.[*2] A melt-quench-anneal process
is applied onto a ~700-atom supercell of the DFT-relaxed DRS
structure at three Na contents: Na, sV, 05 (A-Na3.5), Na,V,O; (A-
Na4), and Na,V,0; (A-Na4.5). Figure 2B illustrates those three
supercell models, each ball in the supercell model representing
an individual atom (Na, V, or O atom) in the structure, with the
color intensity (dark to light) indicating the degree of local dis-
tortion. The averaged Steinhardt’s order parameter DI*! of ~2
for A-Na3.5, A-Na4, and A-Na4.5 are comparable with the previ-
ous report, suggesting the highly distorted state.[** The approxi-
mate voltage profile computed from the highly distorted sodiated
structures (Figure 2A) using the TensorNet uMLIP is also in good
agreement with the experimental voltage profile. This structural
distortion behavior is further corroborated by direct chemical so-
diation using Sodium Naphthalenide (Naph-Na).[*] V,O, was re-
acted with Naph-Na at two different mole ratios, 1:3 and 1:3.5.
As shown in Figure S14 (Supporting Information), XRD patterns
confirmed the formation of a rock-salt structure at a ratio of 1:3.
In contrast, for the material synthesized at a ratio of 1:3.5, no
distinct peaks were observed across the spectrum, indicating the
presence of highly distorted structure in the as-synthesized mate-
rial. Chemically formed DRS-NVO is thus similar to that formed
by electrochemical sodiation.

4. Structural Analysis of DRS-NVO During Cycling

To examine the structural changes after cycling, a series of syn-
chrotron total scattering measurements were carried out on the
anode material recovered following consecutive cycles. As shown

Adv. Mater. 2025, 2503143

2503143 (4 of 8)

in Figure S15 (Supporting Information), in situ formed DRS-
NVO was cycled at a low rate of 0.02 A g1, discharged to 0.01 V,
charged back to 1.4 V, and then re-discharged to 0.01 V, with
ex situ data collected at these four points. The discharge voltage
curves had near identical shape, reflecting the reversibility of the
process.

As shown in Figure 3A, when DRS-NVO was first discharged
to 0.01 V, a series of broad diffuse features were observed at
higher angles (i.e., smaller d-spacings) near the high-intensity
DRS-NVO XRD peaks (200, 220) at 4.3° and 6.0°, suggesting the
formation of a highly distorted structural component. Upon sub-
sequent charging to 1.4 V, these broad diffuse features disappear,
indicating a reversible restoration of the ordered state. These
changes were repeated in the following cycles, demonstrating the
reversible nature of the structure transition during cycling.

As shown in Figure 3B, PDFs of the recovered electrode
were effectively fit using a two-phase model. The retention of
long-range structural features after the insertion and extraction
of two additional Na* ions suggests that the average rock salt
structure remains intact throughout cycling. However, signifi-
cant changes in the short-range structure are evident. Differen-
tial PDFs, which isolate structural changes following Na* inser-
tion/extraction (Figure S16, Supporting Information), were well-
modeled by the DRS-Na3125 model, where atomic positions de-
viate from the average long-range positions. This indicates the
formation and elimination of distorted domains within the rock
salt lattice during cycling.

HRTEM again provides additional insights into the local struc-
ture of DRS-NVO at the full discharge state (0.01 V). In Figure 3C,
we can see that while some local regions retain the rock salt

© 2025 Wiley-VCH GmbH
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Figure 4. Charge compensation mechanism and kinetics of DRS-NVO. A) Experimental V L-edge XANES spectra at different states of (dis)charge, with
V oxides of varying oxidation states measured as references. B) Voltage profile from GITT measurement and comparison of D, values obtained from

GITT and MD.

structure, distorted regions are distributed among these crys-
talline areas. This observation is consistent with the diffuse fea-
tures observed in the synchrotron PXRD patterns. Additionally,
FESEM images of fully discharged DRS-NVO within the elec-
trode (Figure S17, Supporting Information) show no significant
morphological changes compared to the DRS-NVO powder, con-
firming the structural stability of the material during cycling.
Cross-sectional images of DRS-NVO and discharged DRS-NVO
are compared in Figure S18 (Supporting Information), with no
obvious thickness differences. Furthermore, the PXRD patterns
of the material after 50, 100, and 500 cycles at 5C (Figure S19,
Supporting Information) confirm that the DRS peaks remain sta-
ble. The diffusion features near the main peaks become broader
and shift slightly toward higher angles, which may be attributed
to the growing local distortion and formation of local domains
with shorter bonding distances (e.g., V-O ~2.0 A), leading to
smaller d-spacing.

5. Charge Compensation and Reaction Kinetics of
DRS-NVO

The charge compensation mechanism of DRS-NVO was ex-
amined using normalized V L-edge X-ray absorption near-edge
structure (XANES) spectra (Figure 4A). The V L, and L, edges
appear as two characteristic peaks in the spectra, located at 517—
520 eV and 524-526 eV, respectively. The spectra reveal that V un-
dergoes a reversible redox process during cycling, as evidenced by
reversible peak shifts and shape changes. To compare the valence
states of V at different charge states in DRS-NVO, standard ref-
erence powders of V,05 (V>*), V,0, (V*), and V,0, (V**) were
used. The valency of V in DRS-NVO at different charge states is
derived from the V L, peaks. As shown in Figure S20 (Support-
ing Information), V undergoes a reversible redox process during
cycling. Finally, for the V L, edge, a broader peak is observed in
the discharged materials, indicating a more complex local envi-
ronment due to the increased Na content.
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2503143 (5 of 8)

The kinetics of DRS-NVO were evaluated using the Galvano-
static Intermittent Titration Technique (GITT). As shown in
Figure 4B, both charge and discharge voltage profiles exhibit a
single slope, consistent with previous thermodynamics observa-
tions. Diffusion coefficients (D,; ) show only slight variations
throughout the cycle, on the order of 10~ cm? s!. These findings
are further corroborated by the D,y values in the A-Na3.5, A-Na4,
and A-Na4.5 structures obtained from MD simulations with the
UuMLIP (see details in Method Section, Supporting Information).
The experimental and computational results are in the same or-
der of magnitude. Additionally, both GITT and MD calculations
reveal that higher Na content contributes to slightly higher D,
This trend can be explained by the highly disordered nature of
the material, where an increased number of activated cations en-
hances the formation of more effective percolation channels.[*/]
These findings confirm the favorable kinetics of DRS-NVO, and
its related rate performance will be further discussed in the sub-
sequent half-cell tests.

6. Electrochemical Performance of DRS-NVO

The electrochemical performance of DRS-NVO was first eval-
uated in a half-cell configuration using a Na metal foil as the
counter electrode. Figure 5A presents the cycling stability un-
der various rates (5 C, 10 C, and 20 C). The C rate is defined
assuming a capacity of 200 mAh g=' between 0.01 and 1.4 V.
Corresponding voltage profiles are shown in Figure 5B. DRS-
NVO demonstrated remarkable stability, maintaining ~80% ca-
pacity after 10 000 cycles. Voltage profiles at different rates for
the 1000, 5000, and 10 000 cycles, shown in Figure S21 (Sup-
porting Information), feature consistent shapes. This remarkably
stable electrochemical performance is likely related to the robust
rock salt framework and the reversible localized structural dis-
tortion. Additionally, coin cells cycled for 10 000 cycles were dis-
assembled to examine internal changes. The optical images are
shown in Figure S22 (Supporting Information). The electrodes
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Figure 5. Electrochemical performance of DRS-NVO. A) Cycling stability of half-cells at various charge—discharge rates (5 C, 10 C, and 20 C, with 1C
=200 mA g~) within a voltage window of 0.01-1.4 V. B) Voltage profiles of half-cells under different rates. C) Cycling stability of all-vanadium Na-ion
battery (NVO|NVP) at 10 C and 20 C where 1 C_,,040 = 100 mA g=1. D) Voltage profiles of the full cell at 0.5 C, 10 C, and 20 C within a voltage window

of 1.5-3.5V.

remained intact after cycling, and the unchanged color of the sep-
arator suggests no dissolution of vanadium species occurred dur-
ing the prolonged cycling. Note that expanding the cycling volt-
age range to 0.01-2 V yields a capacity of over 300 mAh g=' by
removing more sodium on charging, however, the cycling stabil-
ity is compromised likely related to a loss of the DRS structure
which is favors a Na to V ratio of >3:2 (Figure S23, Supporting
Information).

To demonstrate an all-vanadium sodium-ion battery, NVP was
selected as the cathode to pair with DRS-NVO. The negative-to-
positive electrode capacity ratio was set at 1.05:1, with the capacity
calculated based on the cathode loading. The representative volt-
age profile, shown in Figure S24 (Supporting Information), re-
flects the combined contributions of the anode and cathode and
demonstrates a cell working potential of 2.7 V. The cycling stabil-
ity of NVO|NVP full cells under elevated rates (10C and 20C) is
shown in Figure 5C. Here, the Crate is defined based on the nom-
inal capacity of the cathode (100 mAh g='). Full cells operated at
both rates maintained a capacity of over 80% after 3000 cycles. We
note that our NVP electrode was not optimized (Figures S25 and
S26, Supporting Information). Further improvement is expected
to fully realize the intrinsic stability of NVO to exceed 10 000
cycles. Voltage profiles at different rates, shown in Figure 5D,
are highly symmetric, demonstrating an energy efficiency of over
93% at 0.5 C and 90% at 10 C. The first-cycle coulombic efficiency
exceeds 90% (Figure S27, Supporting Information). A compari-
son between two all-vanadium sodium-ion batteries, NVO|NVP
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and NVP|NVDP, is presented in the Ragone plots (Figure S28, Sup-
porting Information). For a fair evaluation, all the specific power
and energy values are calculated based on the active material
weight only. NVO|NVP demonstrates a clear advantage in spe-
cific energy, largely due to its higher working potential (2.7 V)
compared to NVP|NVP (1.7 V).

To evaluate the potential of NVO|NVP as a candidate for grid
energy storage, we performed a cell design exercise for NVO|NVP
and NVOI|NVP (Table S2, Supporting Information). Assuming
an areal capacity of 3 mAh cm™2, the respective projected en-
ergy densities based on the weight of the active stack (not in-
cluding tabs and packaging) were 103 Wh kg~! for NVO|NVP
and 54 Wh kg~! for NVP|NVP. Based on this projected cell per-
formance data, we further estimated the LCOS and compared it
with VFBs. The LCOS (dollars per kWh per cycle) here, was cal-
culated assuming a vanadium price of $25 kg=1,1*] and 10000
charge—discharge cycles. As shown in Table S3 (Supporting In-
formation), the LCOS values for VFB, NVP|NVP, and NVO|NVP
were 0.125, 0.045, and 0.024, respectively. These results empha-
size the potential of NVO|NVP as a cost-effective solution for grid
storage.

7. Conclusion

In summary, we have discovered a disordered rock salt anode ma-
terial, DRS-NVO, for Na-ion batteries. The material is formed
in situ by electrochemically inserting Na* down to a potential

© 2025 Wiley-VCH GmbH
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of near 0 V versus Na and charging it to a potential of
1.4 V. The material exhibits a distinct mechanism compared
to its Li-ion counterpart, DRS-LVO, to accommodate the larger
Na*. Rather than intercalating Na* into tetrahedral sites, DRS-
NVO forms additional highly distorted domains while retain-
ing the overall DRS structure. This process results in a sub-
stantially linear voltage profile. Approximately 2 Na* can re-
versibly intercalate and extract, yielding an average potential of
~0.7 V. Both the working potential and the reversible struc-
tural transformation process are corroborated with DFT and
MD simulation results. In kinetic studies, both GITT mea-
surements and MD simulations show the Na* diffusion coeffi-
cient is largely independent of Na* concentration in the struc-
ture, highlighting exceptional Na* transport properties. DRS-
NVO demonstrated remarkable long-term cycling stability, main-
taining performance for up to 10000 cycles at 5 C, 10 C, and
20 C. DRS-NVO is paired with NVP to form an all-vanadium
sodium-ion battery (NVO|NVP). The battery operates at a work-
ing potential of 2.7 V with a highly symmetric profile, stabil-
ity of over 3000 cycles at elevated rates (10 C and 20 C), and
high energy efficiency (~93%). Furthermore, a cell design study
shows NVO|NVP with a projected energy density of about 2x
of NVP|NVP and estimated LCOS is 5x lower than VFBs. The
performance metrics of DRS-NVO also position it as a promis-
ing complement to common anode materials (e.g., hard car-
bon, alloy) for high-power and long-life applications (Figure S29,
Supporting Information).

Future research will focus on more in-depth structural charac-
terization using advanced in situ techniques. In addition, efforts
will aim to improve electrode and cell engineering for optimizing
overall cell performance. We hope this work inspires continued
exploration of disordered rock salt materials as stable and robust
anodes for sodium-ion batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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