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ABSTRACT: The increasing demand to efficiently store and utilize the electricity from renewable energy resources in a sus-
tainable way has boosted the request for sodium-ion battery technology due to the high abundance of sodium source world-
wide. Na superionic conductor (NASICON)-structured cathodes with robust polyanionic framework have been intriguing be-
cause of their open 3D structure and superior thermal stability. The ever-increasing demand for higher energy densities with
NASICON-structured cathodes motivates us to activate multi-electron reactions, thus utilizing the third sodium ion toward
higher voltage and larger capacity, both of which have been the bottlenecks for commercializing sodium-ion batteries. A dop-
ing strategy with Cr inspired by first-principal calculations enables the activation of multi-electron redox reactions of the
redox couples V2+/V3+ V3+/V4 and V4 /V>+ resulting in remarkably improved energy density even compared to the layer
structured oxides and Prussian blue analogues. This work also comprehensively clarifies the role of the Cr dopant during
sodium storage and the valence electron transition process of both V and Cr. Our findings highlight the importance of broadly
applicable doping strategy for achieving multi-electron reaction of NASICON-type cathodes with higher energy densities in
sodium-ion batteries.

1. Introduction lithium availability and unevenly distributed nature of lith-
ium resources remain critical against the urgent demand of
battery systems for large-scale, cost-effective energy stor-
age systems (EESs).3* Sodium-ion batteries (SIBs) are con-
sidered as the promising candidate for grid-scale energy
storage because of their high abundance and worldwide
availability.>¢ In order to achieve competitive performance
of SIBs, however, tremendous efforts are still in demand for
developing more robust and higher energy electrodes,”-

The practical application of renewable energy sources
such as solar and wind energy strongly has boosted a rap-
idly increasing demand for high performance electrochem-
ical energy storage and conversion devices.»? Although lith-
ium-ion batteries (LIBs) have achieved tremendous success
in commercially viable electric vehicles (EVs) and portable
devices with its satisfactory energy densities, the limited



especially the cathodes, based on comprehensive under-
standing of the sodium storage mechanisms involved.1011

Various types of cathodes have been investigated till
now, including layered sodium transition-metal oxides812-14
polyanions?>1? and alkali-metal hexacyanometalates.20-23
Among them, the polyanionic materials are considered as
one of the most important candidates in recent years with
extensive investigations for practical applications.>?425 The
transition-metal phosphate with the sodium super ionic
conductor (NASICON) structures play decisive roles in the
polyanionic families since they possess robust three-dimen-
sional (3D) frameworks, small volume change during cy-
cling and high reversible capacity.?426 Moreover, its open
structure can provide 3D Na* diffusion pathways,?” which is
an important factor for realizing high-rate performance,
and their inherently strong inductive effect between the
phosphates and transition metals can supply relatively
higher working potentials vs. Na*/Na than that of other
cathodes with similar redox couples.?8-3° Besides, most of
the NASICON-type electrodes rarely undergo complex
phase transition reaction during sodium storage, resulting
in satisfactory cycling stability, which is an important factor
for large-scale EESs.2831-3¢* Among them, Na3V2(P0O4)3 can be
regarded as the prevalent representative material, since it
possesses relatively high working voltage of around 3.4 V
and a theoretical capacity of 117 mAh g1 with excellent rate
performance despite its relatively low electrical conductiv-
ity.35-37

Another important parameter for EESs is the energy
density, which is mainly subjected to two electrochemical
properties of cathodes, the working potential and specific
capacity.3® Increasing the number of participating electrons
in the overall reaction is one of the effective approaches for
improving the reversible specific capacity.? Considering the
benefits that the NASICON-structured NaszV:(PO4)s pos-
sesses, it is of great importance to activate more than two
electrons in the overall redox reaction, since vanadium is
known to have at least four stable oxidation states (2+, 3+,
4+ and 5+).3942 This route is also related to the accessibility
of the third sodium ion in the Na3zV2(P04)s structure, which
has been commonly considered to transform into a thermo-
dynamically unstable phase within typically used electro-
lytes.? Interestingly, Jin et al. recently discovered that a
proper amount of transition metal of Cr doped into the VOs
octahedra can activate the V4*/V5* redox couple in a non-
aqueous electrolyte.#? Their pioneering findings have shed
light upon the new approach for pursuing higher energy
densities. Mai et al.3° and Ceder et al.#? also have reached the
three-electron reaction by using Mn as the redox centre;
however, their cycling stabilities are sacrificed since the
John-Teller effect of Mn seems inevitable during the whole
reaction.** Therefore, V-based NASICON-type cathodes
looks most promising because of its satisfactory cycling sta-
bility. It has been confirmed that proper amount of Cr dop-
ing in V-based oxides is effective to activate the third so-
dium ion;* however, the real reason why the Cr dopant in
VOs octahedra can trigger higher redox potentials of vana-
dium still remains elusive, and we believe this kind of strat-
egy can be expanded to other structures as well. This in-
spired us to undertake a deeper exploration of vanadium
oxidation at higher voltage.

Here in this work, we have comprehensively and
systemically investigated how Cr-doping in NASICON-type
cathodes can fully activate the three-electron reaction of
vanadium in non-aqueous electrolyte. The fast and stable
electrochemical performance is achieved at various current
densities with the help of uniformly coated carbon layer on
micro/nano particles. In the wide voltage window of 4.2-1.0
V, the overall energy density has been successfully
improved at all C-rates compared to the pristine electrode.
By employing advanced characterization techniques, we
have also determined that a unique solid-solution reaction
occurs during sodium storage, which can render more
smooth sodium diffusion process. This discovery is also
verified by ab initio calculations. Cr as the electrochemically
inactive dopant in the NASICON structure can contribute to
a decreased forbidden band gap, and the unpaired electron
of Cr in its 3d orbital is a key for successfully triggering the
higher voltage reaction with the V4/V5* redox couple. Our
findings offer unprecedented insights into the development
of highly performing sodium ion systems, and we believe
that this inactive dopant strategy also can be applied in
other types of materials for activating potentially higher
energy densities as well.

2. Results and discussion

A sol-gel method was adopted for synthesizing the pro-
posed Na3Vis5Cros(PO4)3 NASICON-type cathode by annealing
the gel precursor in Ar atmosphere for 24 h with an intermedi-
ate grinding. Figure 1a shows the synchrotron powder diffrac-
tion pattern (A = 0.687665 A) of Na3V15Cros(P0O4)s with good
weighted profile R factor (wRp = 6.124 %). All the observed
peaks agree with the pattern of typical NASICON structure (Fig-
ure 1b) with a rhombohedral R-3c space group (a = b =
8.7124(6) A, ¢ = 21.8147(9) A), yielding a volume V =
1434.045(2) A3 per unit cell. The smaller value of a is con-
sistent with the smaller ionic radius of Cr3+ (0.615 A) relative
to that of V3+ (0.64 A). No other phase was found, indicating the
phase purity of NasVisCros(PO4)s. The doped Cr atoms are
found to be randomly distributed in the original V octahedra
site by the Rietveld refinement results. In its open 3-dimen-
sional (3D) framework, the POs tetrahedra is connected with
three CrOs/VOs octahedra by sharing the O atom, therefore suf-
ficient sodium diffusion channels can be created. Detailed crys-
tallographic data from the Rietveld refinement are provided in
Table S1. Besides, in order to fully understand why Cr-doping
can activate V4+/V5+ redox couple, we also synthesized the un-
doped Na3V2(P04)3, and its Rietveld refinement results and de-
tailed crystallographic data are provided in Figure S1 and Ta-
ble S2, which will be discussed in details later on. Thermograv-
imetric (TG) analysis for both Na3V1.5Cros(P0O4)3 and its precur-
sor are shown in Figure S2. Almost no weight loss can be ob-

served after 600 °C in Ar atmosphere, and its carbon content is
determined to be 5.55 % of the final product.

The surface information regarding the valence of V and Cr
are preliminarily detected by X-ray photoelectron spectros-
copy (XPS), which is displayed in Figure 1c and d. The 2p1/2 and
2p2y3 orbitals of both Cr and V can be observed and deconvo-
luted, and their corresponding bonding energies are all close to
the theoretical values for Cr3+ and V3+. The full XPS survey is
shown in Figure S3a with all the identified elements, and the C
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Figure 1 Structural analysis of as-prepared Na3V1.5Cro.5(P04)3. (a) Synchrotron powder diffraction pattern of Na3V1.5Cros(P04)3
with Rietveld refinement results. (b) Schematic representation of the refinement results. X-ray photoelectron spectroscopy (XPS)
spectra of (c) Cr 2p and (d) V 2p and the corresponding deconvolution curves of NazV15Cros(P0O4)s3. (e) High angle annular dark field
(HAADF) image of Na3V15Cro.5(PO4)s. (f) The corresponding SAED pattern collected from the region marked by the red circle in (e).
(g) The bright field (BF) image of Na3zV15Cro.5(P04)3. (h) High resolution image of Na3V1.5Cro.5(P04)3. (i) Enlarged HAADF image with
the crystal structure as inset. (j) Energy dispersive spectroscopy (EDS) mapping results for the detected elements Na, V, Cr, P, O and

C.

1s spectra can be deconvoluted into three main peaks, indicat-
ing the typical m-bonding graphite-like carbon peaks for delo-
calized electrons (Figure S3b).35 The Raman spectra of
Na3V15Cros(P04)s is shown in Figure S4a. The observed peaks
at 362.7 cm-! and 427.8 cm-! can be assigned to the stretching
vibrations and bending motions of PO4 tetrahedra, while the
peaks located at 628.3 cm-! is the stretching vibrations of
Cr06/VOs octahedra.*> Also the intensity ratio of D band to G
band is observed at 1.03, which indicates the superior electrical
conductivity by amorphous carbon on Na3zV1.5Cros(P0O4)3 parti-
cle surface since defects, edges, and structural disorders were
created based on the sp? carbon layers as well as more bonding
sites.#6 Similar stretching vibrations and bending motions also
can be detected in the Fourier transform infrared (FT-IR) spec-
tra (Figure S4b). Both symmetric and asymmetric bend-
ing/stretching vibrations are clearly observed for PO4 tetrahe-
dra and CrOe/VOs octahedra, which indicates the vibrational
mode of this material is typical of polyanionic-type materials in
the low wavenumber range.*?

We employed both the scanning electron microscopy
(SEM) and scanning transmission electron microscope (STEM)
in order to observe the morphology of the obtained material.
Figure S5a-c shows the SEM images of the Na3V15Cros(P04)3
cathode, and the SEM-EDS mapping results preliminarily re-
veal the uniform distribution of the detected elements (Figure
S$5d and e). From the Nz isotherms as shown in Figure S6a, its
specific surface area as calculated by the Brunauer-Emmett-
Teller (BET) model is 6.89 m? g1, and its pore size is mainly
distributed in the 3-5 nm range. Figure 1e shows the high-angle

angular dark-field (HAADF) image of Na3V15Cros5(P04)3, and
the corresponding selected-area electron diffraction (SAED)
are displayed in Figure 1f. The SAED pattern can be indexed
with the observation axis of [00-1], which confirms the high
crystallinity of the obtained Na3V15Cro.5(P04)3 with rhombohe-
dral symmetry (R-3c) after annealing in Ar atmosphere. More
detailed structural information can be seen in Figure 1g to i. In
Figure 1h, the carbon layer is observed to be 4 nm thick, and
the typical HAADF images exhibit an atomic-level structure
viewed along specific crystallographic directions (Figure 1i),
and the corresponding schematic illustration is also presented
as insets. Positions of Na, V, Cr and P heavy atomic columns can
be clearly identified since their individual intensity is propor-
tional to the atomic number (Z).#® High-resolution STEM-EDS
mapping results further verify that all the elements of Na, V, Cr,
P, O, C coexist and are uniformly distributed in the
Na3V15Cro.s5(P0a4)s particle, which is in good agreement with the
refined powder diffraction results. For the following compari-
son, we also obtained the SEM and EDS results of pristine
Na3V2(PO4)3 particle, which is shown in Figure S7. The
Na3V2(P04)3 material also possesses similar morphology with
the uniform distribution of all detected elements consistent
with the refined powder diffraction results shown in Figure S1.

To fully explicate the multi-electron reaction of V in the Cr-
doped Na3V1s5Cros(P0O4)3 material, galvanostatic charge-dis-
charge tests were conducted with the half cells using Na metal
as anodes. It should be noted that other Cr-doping amounts in
V sites also can trigger the higher voltage redox; however, only
the 25 % Cr-doped sample shows stable structure and decent
electrochemical performance without any additional
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Figure 2 Electrochemical profiles of as-prepared Na3V1.5Cro.5(P04)3. (a) Cyclic voltammetry (CV) curves for the first 2 cycles of
Na3V1.5Cros(P0a4)s electrode (scan rate 0.1 mV s-1). (b) Rate performance from 0.1 Cto 10 C (1 C= 150 mA g-1). The inset is the cycling
stability at low current density (0.1 C). (c¢) Charge-discharge curves at different rates for the Na3zV1.5Cro.5(P04)3 electrode. (d) Long-
term cycling stability of the Na3V1.5Cro5(P04)3 electrode at 1 C (at room temperature and at -20 "C) and 5 C. (e) Comparison of the
energy density of both the Na3zV15Cros(P0a4)s electrode and the Na3Vz(P04)3 electrode at different C-rates and current densities as
half cell and as full cell. (f) Galvanostatic intermittent titration technique (GITT) curves of Na3zV15Cro5(P04)3 for both the charge and
discharge process. (g) Chemical diffusion coefficient of Na* ions as a function of voltage calculated from the GITT profile in (f). (h)
The calculated contribution capacitance shown as the shaded area within the CV curve of the Na3zV1.5Cro5(P04)3 electrode at a scan

rate of 0.3 mV s-1.

atoms/sites rearrangements detected after electrochemical ac-
tivation. The relevant data can be found in Figure S8 to Figure
$10. As for our optimum compound NasV15Cros(P04)3, three
distinctive oxidation/reduction peaks at 1.6 V,3.4 Vand 4.1 V
can be clearly observed in the Cyclic voltammetry (CV) curves
during the initial 2 cycles, as shown in Figure 2a. These three
peaks can be initially assigned to V2+/V3+, V3+/V4+ and V4+/V5+,
respectively, and detailed analysis will be discussed later. In
the voltage window of 4.2 - 1.0 V, the Na3zV15Cros5(P04)3 elec-
trode can exhibit a high reversible specific capacity of 163. 2
mAh g-tat 0.1 C (1 C =150 mA g1). Excellent rate performance

initial capacity at 0.1 C for 270 cycles, demonstrating that the
robust framework of this Cr-doped polyanionic homologue un-
derwent the leastelectrochemical degradation. Only small elec-
trochemical polarizations can be observed while increasing C-
rates, and the high voltage plateau at 4.1 V is well maintained
at all current densities, as illustrated in Figure 2c. In addition,
the Cr-doped one, Na3V15Cros(P04)s3, also exhibits excellent
long-term cycling stability. Figure 2d demonstrates the cycling
performance at 1 C and 5 C for 1000 cycles and 2650 cycles,
respectively, and the corresponding capacity retentions each
reach 87.5 % and 72.1 % of the initial capacities. There were no

is also observed while high Coulombic efficiency of nearly 100%  obvious cracks of the electrodes to be found after 2650 cycles

is maintained for each cycle (Figure 2b). The inset of Figure 2b
displays its superb cycling stability retaining 96.3 % of the
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Figure 3 Sodium-storage mechanism study. (a) Two-dimensional contour plots and (b) stacked line plots of synchrotron-based
operando XRD patterns of the as-prepared NasV1.5Cros(P04)3 material with the corresponding 1st charge/discharge profile. HAADF
images of the material at a state of charge of (¢) 4.20V, (d) 4.05V, (e) 3.39 V and (f) 1.50 V. Insets: show the fast Fourier transform
(FFT) patterns. Variations of crystal parameters of (g) a, (h) c and (i) volume change per cell.

(Figure S11), and the characteristic partial spectra of C, Cr and
V were also well maintained even after this huge number of cy-
cles (Figure S12). Besides, we also tested its low-temperature
performance, and the capacity of 97.5 mAh g-! can be obtained

at 1 C under -20 °C, as well as attaining a capacity retention of

90.2 % after 860 cycles. Also we compared the integrated total
energy density values of pristine NasV2(P0O4)3 and Cr-doped
Na3V15Cro.5(P04)3, and it is found that thanks to the higher volt-
age plateau that the V4+/V5+ couple provides, the energy densi-
ties of NazV1.5Cro.s(P0a4)s are all slightly higher at various cur-
rent densities than that of pristine Na3V2(P0O4)3 (Figure Ze; the
relevant electrochemical profiles of Na3V2(PO4)3 are shown in
Figure S13). Besides, we also fabricated full cells using hard

carbon as the anode (Figure S14). The energy densities of
Na3V15Cros(P04)s//Hard carbon full cell are also higher than
that of NasV2(P04)3//Hard carbon full cell at various current
densities (25 mA g1, 50 mA gt and 100 mA g1, respectively,
Figure S15 and Figure 2e). Therefore, it is very meaningful to
fully explore and understand the mechanism for the activation
of higher voltage redox couple by doping proper amount of Cr,
which possesses great potential for pursuing higher energy
densities of SIBs.

The Na diffusion kinetics of Na3V1.5Cro.s(P04)3 was investi-
gated by means of the galvanostatic intermittent titration tech-
nique (GITT) after 30 cycles when it reached its thermal



equilibrium state (Figure 2f). A solid-solution reaction mecha-
nism is observed during the whole process. The theoretical ca-
pacity (168 mAh g-1) is calculated based on a three-electron
overall reaction, so the sodium diffusion coefficient is a little
fluctuated during the continuous de-/insertion procedure. As
shown in Figure 2g, the sodium diffusion coefficients are in the
range from 10-13 to 10-10 cm? s-1 within the voltage window of
1.0- 4.2V, and there are small coefficient drops at each voltage
plateau, which is mainly due to the delayed de-/insertion pro-
cess at the two-phase regions. The detailed calculation proce-
dure is summarized in Figure S$16. In addition, the contribu-
tion of the capacitance is determined via various scan rates
from 0.1 mV s-1 to 0.4 mV s, as shown in Figure S17a. It pro-
vides convincing evidence that both the faradic and non-faradic
processes always coexist during the charge/discharge process
and that they both have positive effects on the overall electro-
chemical performance. The b value was calculated to be around
0.55 for all observed six peaks (Figure S17b), and the non-fa-
radic process (pseudocapacitance behavior) was calculated to
be 20.9 % of the total current at 0.3 mV s-1 (Figure 2h). This
pseudocapacitive behaviour can be regarded as one of the crit-
ical factors behind the outstanding electrochemical properties
of the Cr-doped homologue, NazV15Cros(P04)3.49
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peaks are displayed in Figure 3b. The main peaks of (102),
(104), (113), (024), (116) and (300) are clearly observed and
indexed. It can be seen that all the peaks changed reversibly
during the 1st charge and discharge process, indicating that the
sturdy polyanionic framework can be well maintained. It
should be noted that during the experiment, there were two
short periods without beam; however, it does not affect the
overall observations and structural analysis. All the observed
peaks gradually moved to higher 268 values during the charge
process, and then gradually returned to lower 26 values upon
one more additional sodium insertion compared to the pristine
formula (NasV1sCros(POs)s to NasVisCros(P0O4)s). During the
fourth sodium ion insertion, there is no obvious angle shift at
the end of discharge, indicating the fourth sodium ion insertion
does not have much effects on the volume of unit cell. No asym-
metric shifts are observed, indicating that there is no crystal
distortion or cation migration during sodium de-/insertion
process. Both the (104) lattice plane and (110) lattice plane
were observed to be shifted to higher angles during sodium ex-
traction, while the (211) peak almost vanished at the end of
charge and moved to lower angle during the sodium insertion
process. This phenomenon tells us that for the deep sodium in-
sertion/extraction (at the end of charge/discharge), a two-
phase sodium storage mechanism is evident.50 However, unlike
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Figure 4 Valence variation characterization of Na3V1.5Cro.5(P04)3. (a) Operando XANES spectra and 2D contour plot at the Cr K-
edge of the Na3V1.5Cros5(P04)3 electrode for the first cycle. (b) Operando XANES spectra and 2D contour plot at the V K-edge of the
Na3V15Cro.s5(P04)s electrode for the first cycle. (¢) k%-weighted Fourier transform magnitudes of V K-edge EXAFS spectra. (d) Ex-situ
EELS spectra of V-Lz3, 0-K and Cr-Lz 3 edge at different states of charge.

In order to fully understand the phase transition and other
structural changes of the Cr-doped NaszVi15Cros(P04)s having
the rhombohedral symmetry, the operando synchrotron-based
powder diffraction analyses were conducted at DESY Synchro-
tron, Germany. The whole pattern covering the entire range is
shown in Figure $18. A whole 3D side view pattern is displayed
in Figure 3a, and the magnified patterns of selected indexed

the un-doped Na3V2z(PO4)3, which possesses an obvious two-
phase reaction as previously reported, the major sodium stor-
age of NazV1.5Cro.5(P04)3 undergoes a one-phase process (solid
solution reaction) at high voltage plateaus of 3.4 V and 4.1 V.
This solid solution reaction is beneficial for both fast sodium
diffusion and electrochemical reversibility since there is no
phase separation stemming from thermodynamic phase
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Figure 5 DFT calculation results of possible Na+ ion diffusion pathways, and the corresponding migration energy barriers
and formation energies in a single unit cell. (a) [llustration of the crystal structure of Na3zV15Cro5(P04)3 with four different types
of Na ions. (b) All of the four types of Na ions in a unit cell. (¢) Formation energy (convex hull) of NaxV15Cros5P04)3 (x=0, 0.5, 1, 1.5,
2, 2.5, 3, 3.5 and 4) from the DFT study. The inset is the calculated voltage profiles for NaxV15Cros5P04)3 (x =0, 1, 2, 3, and 4). (d)
Calculated Na+ ion diffusion pathways of the A-to-B type (Nal to Na9), A-to-C type (Nal to NaZ20), D-to-C type (Na3 to NaZ20) and the
D-to-B type (Na6 to Na9). (e) Corresponding migration energy barriers within the different Na+ ion groups as illustrated in (d).

instability. Therefore, through the operando Synchrotron-
based XRD, it is confirmed that both two-phase and solid-solu-
tion reactions are involved as the sodium storage mechanism
in different states of charge of the Cr-doped homologue. In ad-
dition, we also obtained the HAADF images at various states of
charge (4.20V,4.05V,3.39V, 1.50 V), as shown in Figure 3c to
f. Lattice fringes for the (104), (202), (2-10), (3-11), (2-13)
and (20-4) planes are clearly observed and identified, indicat-
ing the high structural crystallinity of the Na3V15Cros(P04)3
during all stages of the electrochemical reactions. The remain-
ing sodium ions (around 34 %) in the unit cell can be regarded
as the binding pillars for stabilizing the overall crystal structure.
In Figure 3g and h, we have carefully calculated the cell param-
eters based on the selected peaks during reversible lattice
changes. Both the lattice parameter a (= b) and ¢ changed grad-
ually during the charge and discharge process, and the overall
change of @ and c are 5.6 % and 1.9 %, respectively. Also the

unit cell parameter change (7.2 %) is illustrated in Figure 3i. In
general, the well-maintained structure and small lattice param-
eter variations are key factors for the stable long-term cycling
stability.

In order to further investigate the valence change as well
as redox mechanism of this Cr-doped Na3V15Cro5(P04)3, both
the operando X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) analyses
were conducted. The XANES spectra at Cr K-edge region are
shown in Figure 4a. During the whole 1st charge and discharge
process, no significant shifts can be observed for the Cr K-edge
XANES spectra, indicating that the doped Cr in
Na3V15Cros5(P04)3 is not involved in the electrochemical reac-
tion and remains at +3 (6007.2 eV) during the whole reaction.
Also the peak intensities of both edge and pre-edge regions re-
main the same, meaning that the CrO¢ octahedra are robust and



did not participate in the charge compensation process. By con-
trast, the V K-edge spectra shift towards the high-energy side
during sodium extraction, which indicates an increase in the
oxidation state of V (Figure 4b). The peak intensities in the V K-
edge region decreased at the end of charge, which is possibly
due to electron loss in the VOs octahedra as well as the short-
ening of V-0 bonds. Hence, the V K-edge spectra moved back to

the lower energy region during the following discharge process.

At the end of discharge, the pre-edge region is observed to
emerge with an obvious pre-peak, suggestive of strong V-0 hy-
bridization. According to the galvanostatic charge-discharge
curve in the operando measurement, the discharge capacity is
much larger than the charge capacity, and thus more Na ions
are intercalated into the structure after discharge, leading to
VZ+/V3+ redox. These extra Na ions, together with the reduction
of V3* to V2* may significantly distort VOs octahedra or even
change the octahedral symmetry into a tetrahedral symmetry,
characterized by the strong V-0 hybridization.

We also obtained the operando Fourier-transformed (FT)
magnitude plot of the V K-edge EXAFS spectra. As shown in Fig-
ure 4c, two main peaks are observed with radius of around 1.4
A and 2.5 A, which can be assigned to the V-0 bond and the V-
P/0/V bond. It should be noted that these distances are not the
actual bond lengths because these FT
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Figure 6 Various analyses disclosing the difference
between the pristine and Cr-doped samples. Calculated
density of states (DOS) and the corresponding partial density
of states (PDOS) diagram of (a) NasVisCros(PO4)s and (b)
Na3V2(P04)s. (c) The ionic conductivity of both samples. (d)
Electron paramagnetic resonance (EPR) spectra of both
samples. (e} Solid-state  23Na  nuclear = magnetic
resonance (NMR) spectra for both samples. (f) The
comparative electronic spin states for both samples.

spectra were not phase-corrected. There is no obvious V-0
bond change during cycling, indicating that the octahedral sym-
metry was well maintained during the first cycle. However, the
peak intensities have undergone a perceptible variation. The
peak intensities of both V-0 bond and V-P/0/V bond increased
at the end of the charge process, which can be ascribed to the
shortened atom distance and higher electrostatic repulsion
upon deep sodium extraction. In addition, the EXAFS spectrum
after one cycle is well overlapped with that of the pristine sam-
ple, which means there is almost no V local structural change
even with deep sodium insertion. This is consistent with the op-
erando XRD results mentioned above. Furthermore, we also
employed electron energy-loss spectroscopy (EELS) to verify
the valence change as discussed above. The selected areas for
collecting the EELS spectra are displayed in Figure $19. From
Figure 4d, it can be seen that Cr Lz3 edge of the pristine
Na3V15Cros(P0a4)s electrode is located at 580.1 eV, and there is
no shift at different states of charge. The V Lz3 edge changed
reversibly from a high energy region to a low energy region, as
marked by the dotted line near 519 eV. The same tendency is
also observed in the ex-situ XPS spectra (Figure S20). There-
fore, based on the experimental results, it is fully clarified that
the Cr dopant in NasV1.5Cros(P04)s3 is totally electrochemically
inactive during the charge/discharge process, even if the Cr do-
pant could successfully activate the high voltage redox couple
of V4+/V5+ as well as trigger an alternate combined solid-solu-
tion reaction.

For fully understanding the superior kinetics and dynam-
ics of the NasV15Cros(P04)3 as well as its intrinsic properties
with rhombohedral structure, a density functional theory (DFT)
study was conducted. It is found that all the Na* ions in a single
unit cell can be classified to four different types based on their
individual binding energies, as illustrated in Figure 5a and b,
and they are marked as red, blue, yellow and green, respec-
tively. The detailed calculated information is displayed in Table
$3. Using the same fully relaxed model, the formation energies
that can further delineate the structural change during sodium
extraction is illustrated in Figure 5c. The equation of Eform = ENax
- 0.3334(x-1)Enas - 0.3334(4-x)Ena1 is employed to perform
the convex hull-like phase diagram per formula unit (Eform)
with the end member having compositions of
Na4V15Cros(P04)s and NaoVis5Cros(P04)3.4344 The calculation
step size of x was set at 0.5, and the detailed calculated data are
shown in Table S4. The result said that the Naz5V1.5Cros(P04)3
is the most thermodynamically stable phase according to the
calculated results, and the intermediate phases from x=1to 4
are all metastable phases that can be electrochemically
achieved below the convex hull value of zero, which indicates
the multi-electron reaction nature of this NASICON-type mate-
rial. From the lowest energy structures, the sequential reac-
tions based on each metastable phase is also predicted to occur
at 4.15 V for V4+/V5+ 3.64 V for V3+/V4+ and 1.67 V for V2+/V3+,
as shown in the inset image of Figure 5c¢, and they are all very
close to the experimental values. From Figure 5d, the crystal
structural images of Na3V15Cro.5(PO4)3 illustrate the four differ-
ent types of Na* ions migrating from various typical sodium
sites (including A-to-B type, A-to-C type, D-to-C type and D-to-
B type). The corresponding energy barriers are displayed in
Figure 5e. The well-connected 3D sodium diffusion pathways
possess comparatively low energy barriers with the maximum
value of 0.311 eV, which is lower than that of the undoped
Na3V2(P0a4)s3, evidencing the superior sodium diffusion kinetics
after proper amount of Cr doping. (The energy barriers of the
pristine Na3Vz(P04)3 based on similar calculation method are
shown in Figure $21).5152 This can be considered as one of the



key reasons for the Cr-doped NasV15Cros(P0O4)s to trigger the
high voltage V4+/V5+ redox couple as well as realize higher en-
ergy densities even at high current densities.

The NASICON structure is capable of boosting fast ion
transportation and accommodating various types of transition
metal cations with rich chemical space and tunable electro-
chemical performance, which is very promising to be the ideal
cathode candidate for SIBs. The proper amount of Cr doping
can activate the higher redox couple of V4+/V5+, and we have
carefully demonstrated its unique properties as above. There-
fore, it is of great importance to further explore the in-depth
reason of how Cr activates the V4+/5+ couple. We first employed
DFT to investigate the intrinsic material properties of
Na3V15Cros(P04)3s and NasVz(PO4)3 based on their electronic
band structures, which are shown in Figure $22. For both ma-
terials, the conduction band (bottom) and the valence band
(top) can be assigned to the same I' point in the irreducible Bril-
louin zone. It is found that the band gap of Cr-doped sample is
smaller (2.312 eV) than that of the pristine sample (2.664 eV)
demonstrating the Cr doping-induced improved capability for
carrying both electrons and ions. Besides, the band structure
can be divided into two paired lines, which correspond to the
+1/2 spin quantum number (up and down for +1/2 and -
1/2).53 The two paired lines in Na3V2(P0O4)3 are well overlapped
while in NasVisCros(PO4)s, some lines are not. This
phenomenon indicates that a weak magnetic property of
Na3V15Cros(P04)3 is introduced by Cr doping.

In addition, the calculated density of states (DOS) and the
corresponding partial density of states (PDOS) diagram are il-
lustrated in Figure 6a and b. The valence bands for both sam-
ples consist of the hybridized V 3d, P 2p, Na 3s,and O 1p orbitals,
and the Cr 3d orbital is also observed in Na3V15Cros(PO4)3 (Fig-
ure 6a). Interestingly, the forbidden band gap in
Na3V1.5Cros(P0O4)s decreased to 1.98 eV compared to the un-
doped NazV2(P04)3 (2.34 eV). The decreased band/energy gaps
are attributed to the hybridized Cr 3d orbitals, which can be
clearly observed in Figure 6a. The Cr dopant ([Ar]3d54st) has
one more valence electron compared to V ([Ar]3d34s?), so the
unpaired electron can contribute to making the electrical con-
ductivity higher at various temperatures in the local structure
(Figure 6c, the corresponding measuring method is illustrated
in Figure S23), which can be regarded as one of the key rea-
sons for the activated high voltage redox couple V4+/V5+. In or-
der to verify our hypothesis, we conducted dual-mode electron
paramagnetic resonance (EPR) spectroscopy on both samples.
EPR is a powerful tool to precisely probe the unpaired electron
in the structure.5* The results are shown in Figure 6d. It can be
seen that there is no detectable signal response from 0 to 1000
mT of the pristine Nas3V2(PO4)s (VI ions with tzg0eg0, S = 0),
while a featureless differential signal is clearly observed at
around 320 mT of Cr-doped NasV15Cro.s(P04)s, and it can be as-
signed to the Cr!ll ions with tzgleg? electron configuration (S =
1/2). The EPR result has provided a solid evidence for our hy-
pothesis. Besides, as shown in Figure 6e, the 23Na magic angle
spinning (MAS) solid-state nuclear magnetic resonance (NMR)
signal of Cr-doped NasV15Cros(P0O4)3 sample shifts downfield
from 97.34 ppm to 143.95 ppm (undoped NazVz(P04)3). The
observed signal can be assigned to Na(2) and its dipole moment
is strongly affected by the surrounding VOs or CrOs octahedra.
The downfield shift of the 23Na signal indicates a higher spin-
ning polarization caused by the unpaired 3d electron.555¢ Sim-
ilar tendency of upper field shift is also observed in the Raman
spectra (higher vibration energy, Figure S24), and the inten-
sity ratio of V-L3 edge to V-L2 edge of both samples in the EELS

spectra (0.971 for Na3V2(P04)3 and 1.162 for Na3V1.5Cro.5(P04)3)
indicates an increased spinning polarization of 3d element of V
after Cr doping as well (Figure $25). In addition, the electronic
spin states comparison extracted from DFT calculation results
(Figure 6f) further indicates that the unpaired electron of Cr!l!
ions in Cr-doped Na3V15Cros(P04)3 results in asymmetric spin
configurations compared to the undoped one, and the variation
of spin magnetic moment in the 3d orbitals of VOs and CrOe oc-
tahedra activates last remaining valence electron to enable to
access the high voltage redox couple V4+/5+, All aforementioned
characterization results indicate that the unpaired 3d orbital
electrons in the electrochemically inactive transition metals
can have strong influence on the adjacent sodium ion diffusion
as well as the distribution of density of states. We believe that
other 3d transition metal dopant such as Cu and Mo can also
trigger the V4+/V5+ redox couple of other polyanionic struc-
tures within the current voltage window for higher energy den-
sities.

3. Conclusions

In summary, a comprehensive investigation on the struc-
tural and electrochemical properties of Cr-doped
Na3V15Cros(P0O4)s has been carried out. Using the advanced
characterization techniques and systematic investigations, we
successfully clarified the role of Cr in the rhombohedral struc-
ture with clearly activated V4+/V5+ redox couple at higher volt-
age region, resulting in improved energy densities at various C-
rates compared to the undoped one. Excellent cycling stability
was achieved at a wide voltage window of 4.2-1.0 V (retention
of 72.1% after 2650 cycles at 5 C). A reversible solid-solution
sodium storage mechanism was observed by operando XRD
with reduced volume change (~7.2 %), and the Cr dopant re-
mains electrochemically inactive during cycling, as demon-
strated by both operando XANES and ex-situ EELS spectra. Fur-
thermore, the DFT calculation results indicate lowered sodium
diffusion barriers in the characteristic well-connected 3D so-
dium diffusion pathways of NASICON structure through Cr
doping. We also disclosed that Cr doping can contribute to the
decreased forbidden band gap, and the unpaired electron of Cr
in the 3d orbital also can have strong influence on the diffusion
of adjacent sodium ions, leading to improved ionic conductivity.
Our research highlights the importance of broadly applicable
doping strategy for achieving multi-electron reaction of poly-
anionic cathodes in sodium-ion batteries.
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Multi-electron reaction of NASICON-type cathode is synthesized and its multi-electron property
is systemically investigated as well as role of dopant during sodium storage and valence electrons
transition process towards higher energy density sodium-ion batteries.
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