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ABSTRACT

Natrium Superlonic CONductor (NASICON)-Nb,(PO,); is regarded as a potential anode for sodium-ion batteries due to its
higher storage capacity (~150 mAh g-!) stemming from two-electron Nb>"/Nb*"/Nb** redox. However, the reversibility of
Nb>*/Nb*"/Nb3* redox is limited by its structural degradation. Herein, we unveil highly reversible Nb>* /Nb**/Nb>* redox reactions
in bulk NASICON-NaNbAI(PO,), (NaNbAl) anode. The introduction of Na-ions via Al** substitution stabilizes the NASICON
framework and activates distinct Nb redox couples with Na (de)intercalation, as demonstrated via our density functional theory-
based calculations. This bulk anode delivers capacities up to 90 mAh g=! at 5C with 86% retention after 1000 cycles. More
significantly, we capture rapid sodium ion (de)intercalation in NaNbAl at high current rates using operando synchrotron X-ray
diffraction which is in agreement with the calculated low migration barriers associated with Na motion within the structure. A full
Na-ion cell (Na,V,(PO,),!INaNbALl) achieves an energy density of 201 Wh kg~! (based on cathode mass) and retains 84% capacity
over 200 cycles at 1C. This study opens new avenues for realizing reversible Nb>* /Nb**/Nb** redox in bulk NASICON anodes with

suitable chemical substitutions.

1 | Introduction

Sodium-ion batteries (SIBs) have emerged as promising next-
generation energy storage devices due to the inexpensive and
widespread availability of sodium resources [1, 2]. The first-
generation SIB prototypes utilize layered transition metal oxides
[3], Prussian blue analogues [4], and polyanionic materials [5-
7] as cathodes, whereas hard carbon remains as the leading
anode candidate. Hard carbon stores sodium ions closer to 0.1 V
versus Nat/Na® with storage capacities of 200-350 mAh g

[8]. However, it suffers from lower initial Coulombic efficiency
(ICE), the risk of sodium metal plating during rapid charging,
and limited volumetric energy density [9, 10], prompting the
exploration of alternative anode materials.

NASICON (NAtrium Superlonic CONductor)-type anodes have
been explored as potential alternatives owing to their robust
structural stability and high sodium-ion diffusivity [11-16].
NaTi,(PO,);and Na,;V,(PO,); anodes suffer from higher insertion
voltage (~2.1 V) and lower capacity (~60 mAh g'), respectively,
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leading to lower energy density SIBs [12, 17]. To address
these challenges, we previously developed a multi-electron
bulk Nb,(PO,); anode, achieving a reversible capacity of ~150
mAh g! at a lower insertion voltage (~1.4 V) [18]. Yet, the
reversibility of Nb>* /Nb*"/Nb** redox reactions in the Nb,(PO,),
anode is limited by the distortion of NbO, octahedra and
structural instability during the extensive cycling. Consequently,
it exhibited poor capacity retention (60.2% after 200 cycles).
To overcome these limitations, a “Na-filled” Na, ;V,sNb, s(PO,),
anode was subsequently developed, delivering ~140 mAh g™
with 89% capacity retention over 500 cycles [14]. Nano-scale
NASICON anodes NaVNb(PO,); [15], NaCrNb(PO,); [16] and
NaV,,sAlj,sNb, s(PO,); [19] have also been investigated, offering
capacities of 150-200 mAh g with improved cycling stability.
Nevertheless, a fundamental understanding of the reversibility
of the two-electron Nb>*/Nb* /Nb** redox process in NASICON-
type anodes remains elusive, largely due to the overlapping V and
Cr redox activities.

To this end, we design a bulk anode material, namely NASICON-
NaNbAI(PO,); (NaNbAl), wherein the incorporation of
sodium ions via electrochemically inactive AI** substitution
is expected to stabilize the anode structure during two-electron
Nb**/Nb*"/Nb** redox reactions. This strategy was inspired
by the V3t/V*/V3* redox activation in Na;VCr(PO,); and
Na,V, ;Al,s(PO,), cathodes [20, 21]. Notably, the V>*/V*+/v3*
two-electron reactions in NASICON cathodes are less reversible
due to VOg distortion [22, 23] and V>" migration [24, 25].
On the contrary, niobium cations (Nb>*, Nb*" and Nb*")
are more electropositive than their vanadium counterparts.
Therefore, they produce strong covalent bonds with oxygen and
reduce NbO, distortion and stabilize the NASICON framework
[26] as observed from X-ray absorption spectroscopy (XAS)
measurements, which are in agreement with our density
functional theory (DFT) based calculations as well. Accordingly,
the NaNbAl anode displays reversible Nb>*/Nb*"/Nb*" redox
reactions even at higher current rates, as observed by combined
electrochemical and operando XRD measurements and in
agreement with our Na* migration barriers (E,) calculated with
DFT-based nudged elastic band (NEB) calculations.

2 | Results and Discussion

We synthesized NASICON-NaNbAI(PO,); through conventional
solid-state reaction entirely in air, unlike previous Nb-based
NASICONSs that required an inert atmosphere (for details, see
Supporting Information). The X-ray diffraction (XRD) pattern of
the NaNbAl anode (Figure 1a) can be indexed with R3¢ space
group, with a minor impurity of AIPO, (~5%). Despite our efforts,
phase-pure NaNbAI could not be obtained (Figure S1). The
XRD pattern was refined, and the corresponding crystallographic
parameters (a = 8.4801(1) A; ¢ = 21.7865(0) A; V = 1356.81(6) A%)
matched well with previous reports (Table S1) [27, 28]. The crystal
structure of NaNbAL is built by lantern units composed of two
(Nb/Al)O4 and three PO, units, which are stacked along the c-
axis (inset of Figure 1a). Based on our XRD refinement, the total
sodium content in NaNbAl was estimated as 0.978, with Na(1)
and Na(2) occupancies of 0.858 and 0.04, respectively. Scanning
electron microscopy (SEM) images reveal the presence of cube-
like micron-sized bulk particles (~1-2 um) (Figure 1b) in the

NaNbAl anode. Further, the high-resolution transmission elec-
tron microscopy (HRTEM) image displays a cubic-like particle
(Figure 1c) with a lattice fringe spacing of 6.1 A, corresponding
to (012) lattice plane (Figure 1d). To assess the oxidation state
of Nb in NaNDbAl, X-ray absorption spectroscopy measurements
were performed along with Nb,O; and NbO, references. Their
corresponding normalized X-ray absorption near-edge structure
(XANES) spectra, collected at the Nb K-edge, are shown in Figure
S2a. The absorption edge position of NaNbAI closely matches
that of Nb,Os, thereby confirming the exclusive presence of
Nb** in the NASICON lattice. Moreover, X-ray photoelectron
spectroscopy (XPS) measurements also confirmed the exclusive
presence of Nb>* in the NASICON lattice (Figure S2b). The
uniform distribution of elements is confirmed by high-angle
annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) elemental mapping (Figure 1e).

The electrochemical Na-ion storage performance of NaNbAl
anode was evaluated against sodium metal at C/10 rate in
the voltage window of 3.0-0.9 V (Figure 2a). The theoretical
capacity of NaNbAl is estimated to be ~125 mAh g™! based on
Nb>*/Nb*"/Nb** two-electron reactions. The anode showed an
intriguing two-step voltage-capacity profile at ~1.8 and 1.1 V
versus Na*/Na®. Its first discharge/charge capacities are esti-
mated as 138/122 mAh g with an initial coulombic efficiency
of 87.7%, thereby accounting for a reversible insertion of 2 Na*
per formula unit (pfu) (Figure 2a). From the next cycle onwards,
the NaNbAl anode delivers reversible capacities of ~125 mAh
g™!. The corresponding dQ/dV profiles display redox peaks at
2.2 and 1.8 V (Figure 2b), attributable to the Nb>™*/Nb** couple,
whereas the sharp peaks located at 1.1 V are attributed to the
Nb*"/Nb*" redox couple, consistent with previous reports [19,
29]. The NaNbAl anode maintained a good capacity retention of
92% at 1C (Figure S3) and 86% at 5C after 200 and 1000 cycles,
respectively (Figure 2c). It also displayed excellent structural
integrity and morphology retention upon continuous cycling as
deduced from its XRD and SEM results (Figures S4 and S5). The
rate-performances of NaNbAI anode were assessed at various C-
rates. It delivered charge capacities of 125, 120, 113, 106, 98, 85, and
65 mAh g™ at C/10, C/5, C/2, 1C, 2C, 5C, and 10C, respectively
(Figure 2d and Figure S6). To investigate the Na* (de)insertion
kinetics into the NaNbAl anode material, we performed the
galvanostatic intermittent titration technique (GITT) (Figure
S7a,b). From the GITT experiment, we have obtained the Na*
diffusion coefficient (Dy,") values in the range of 107°-1071
cm? 571, which suggests good Na ion diffusivity even in the bulk
state (Figure 2e) [30-32]. AI** substitution not only lightens the
molecular weight but also stabilizes the NASICON framework,
enabling highly reversible Nb>*/Nb*/Nb** redox activity [19].

To gain a deeper understanding of Na-ion (de)intercalation into
the NaNbAI anode, we conducted operando X-ray diffraction
(XRD) measurements at a C/10 rate in a lab-scale X-ray diffrac-
tometer (Figure 3a, Figure S8). At C/10 rate, as the anode
discharged to 0.9 V, we observed a gradual shift of peaks,
including (104), (110), (113), toward lower 20 values, indicating the
formation of a complete solid solution. The c-parameter varies
minimally (Ac/c = +0.008 %), whereas the a-parameter shows
significant changes (Aa/a = +1.51%) (Figure S9). It implies that
the Na-ions get predominantly filled into Na(2) sites, leading to
the increase of a-parameter. Importantly, the anode undergoes
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FIGURE 1 | (a) Rietveld-refined XRD pattern (Green Bragg Ticks: NaNbAI(PO,)s; Pink Bragg Ticks: AIPO,); inset shows the crystal structure of
NaNbAl anode. (b) SEM, (c) low-magnification TEM, (d) high-resolution TEM (HRTEM), and (e) HAADF-STEM images with corresponding elemental

mapping of the NaNbAl anode.

smoother volume expansion of 6.2% during the Na-ion insertion.
Upon subsequent charging, these reflections reverted to their
original positions, confirming structural robustness and higher
reversibility of Nb>"/Nb*"/Nb** redox processes. Note that the
irreversible loss of Na-ions (~1.1 moles pfu) during the first cycle
is attributable to the formation of SEIL

Ex situ magic angle spinning (MAS) NMR measurements were
conducted on NaNbAl anode at different states of charge during
the first cycle. The filling of Na(1) and Na(2) sites was estimated
using deconvolution in Figure 3b and Figure S10b. At least four
different NMR signals are noticed in the range of —40 to 0 ppm
that are attributable to different Na(1) environments (Figure Slla)

[19]. The NMR peak spanning from O to 15 ppm is ascribed to
Na(2) site. The total Na content in the pristine anode is estimated
as ~0.96 moles pfu, in agreement with our XRD results. As the
NaNbALl anode is discharged to 0.9 V, we observe predominant
filling of Na(2) site, leading to ~2.7 moles of Na-ion pfu in total.
On the subsequent charge, the NMR spectrum almost recovers to
its original state, confirming the complete reversibility of the Na
(de)intercalation reaction.

To monitor the changes in the oxidation state of the Nb redox
center throughout the cycling process, we conducted X-ray
absorption spectroscopy (XAS) measurements at various states of
charge of NaNbAL The corresponding normalized ex situ XANES
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(a) Galvanostatic voltage-capacity and (b) corresponding differential capacity (dQ/dV) profiles of the NaNbAl anode recorded at a C/10

rate (1C = 122 mAh g™!). (c) Long-term cycling stability was evaluated at a high current rate of 5C. (d) Voltage-capacity profiles obtained at various

C-rates ranging from C/10 to 10C, highlighting the rate capability of the anode. (e) Galvanostatic intermittent titration technique (GITT) voltage profile
with the calculated Na* diffusion coefficient (Dy,*) plotted as a function of the number of electrons exchanged during (de)sodiation of the NaNbAl

anode.

spectra collected at the Nb edge are shown in Figure 3c and
Figure Slla. When discharged to 1.5 V, the Nb K-edge shifts
from higher to lower energy (19 003.6 to 19 000.2 V), indicating
the reduction of Nb’* to Nb** due to Na-ion intercalation.
Subsequent discharge of the NaNbAI anode to 0.9 V results in
the Nb K-edge moving to an even lower energy of 18998.5 eV,
signifying the additional reduction of Nb** to Nb** (Figure S11b).
During the subsequent charge, the Nb K-edge returns to its
original position, demonstrating the complete reversibility of
the Nb>*/Nb**/Nb** redox process during Na (de)intercalation
process [18, 28]. Additionally, ex situ XPS measurement (Figure
S12) on the pristine anode reveals the presence of Nb**, indicated
by the observation of doublet peaks for Nb 3d;, and Nb 3d;,,
at binding energies of 211.2 and 208.5 eV, respectively [33]. As
the anode discharges to 1.5 V, these peaks shift to lower binding
energies of 210.6 and 207.9 eV, suggesting a conversion to Nb**,
Further discharging to 0.9 V results in additional shifts to 209.5
and 206.7 eV for the Nb 3d;,, and Nb 3d;;, peaks, respectively,

indicating the presence of Nb**. Upon charging to 3.0 V, the core-
level Nb 3d peaks return to their original positions, illustrating
the excellent reversibility of the NaNbAl anode during Na-ion
storage.

The Fourier transform (FT) of the extended X-ray absorption
fine structure (EXAFS) oscillations, along with their theoretical
fits collected at the Nb-edge, are illustrated in Figure 3d. The
prominent peak at ~1.53 A signifies the first coordination shell,
corresponding to the (Nb/Al)O, shell. Notably, the EXAFS data
acquired at the conclusion of the discharge process exhibit a shift
toward higher R values, indicative of the expansion of the NaNbAl
anode owing to the intercalation of sodium ions into the lattice
structure. Conversely, upon subsequent charging, the spectra
revert to lower R values that closely resemble those of the pristine
state, suggesting the reversible (de)intercalation of sodium ions.
This phenomenon is attributed to the redox reversibility of
Nb>*/Nb*"/Nb**, aligning well with our electrochemical and
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FIGURE 3 | (a)Intensity contour maps of operando XRD patterns for the NaNbAl anode collected at different C-rates. (b) Ex situ 2Na MAS NMR
spectra with quantitative deconvolution of Na(1) and Na(2) sites. (c) Ex situ XANES and (d) FT-EXAFS plots of the NASICON-NaNbAl anode collected
at the Nb K-edge. (e) Schematic illustration of the Na-ion (de)intercalation mechanism in the NaNbAl anode.

in situ XRD analyses. The EXAFS fitting parameters for the
pristine, discharged, and charged electrodes are detailed in Table
S2. The EXAFS analysis of the first coordination shell for the
pristine NaNbAl anode reveals an ideal Nb/AlO4 octahedral
configuration, with all six Nb-O bonds exhibiting the same length
of ~1.97 A. In contrast, the EXAFS data for the discharged
NaNbALl electrode can be adequately fitted using a [3.2+2.8]
coordination model, resulting in an octahedral distortion charac-
terized by A ~ 9.96 x 10~* (Figure S13a). This finding suggests a
minimal Jahn-Teller distortion, which arises from the expansion
of the NASICON framework due to sodium-ion intercalation
[34-37]. Various coordination models, including [6+0], [5+1],
[4+2], and [3+3] were examined, yet the [3.2+2.8] model provided
the optimal fit (Figure S13b). Unlike the presence of shortened
vanadyl (V=0) bonds resulting from dz-p7 bonding within
VO, octahedra, which causes distortion of the VOg structure
[22, 23], no such short Nb = O bonds are observed in the
NbO, octahedra. This absence is attributed to the ineffective
or nearly impossible dz-p7 bonding between the 4d orbitals of
Nb and the 2p orbitals of O [38, 39]. Furthermore, the EXAFS

data for the charged NaNbAl anode indicate a return to the
undistorted (Nb/Al)O, configuration, thereby confirming the
excellent structural stability of the NASICON framework. This
suggests that the greater electropositivity of Nb cations and
the substitution of the electrochemically inactive and lighter
AI** ions foster the formation of robust covalent bonds with
oxygen, thereby minimizing Nb/AlO, distortion and enhancing
framework stability during Na-ion (de)intercalation [26].

Further, we followed the sodium ion (de)intercalation mecha-
nism of NaAINb anode at faster current rates using synchrotron
XRD. The contour plots of operando XRD measurements of the
NaNbAl anode at 1C and 2C rates (collected during the second
cycle) are displayed in Figure 3a and Figure S14. During the
discharge/charge, the NaNbAl anode (de)intercalates 1.85/1.77
and 1.71/1.63 sodium ions pfu at 1C and 2C, respectively, though
solid-solution formation (which is akin to C/10 rate). These obser-
vations underscore the higher rate kinetics of the bulk NaNbAl
demonstrating its ability to rapidly and reversibly (de)intercalate
sodium ions under higher current rates. Overall, the NaNbAl
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anode (de)intercalates nearly two moles of sodium ions pfu via
the reversible operation of Nb™*/Nb*" (~1.8 V) and Nb*"/Nb**
(~1.1V) across different current rates (Figure 3d).

To understand the phase behavior and electronic structure of the
NaNbAl anode as a function of Na content, we performed several
DFT calculations, with methodological details compiled in the
Supporting Information. Specifically, we calculated the pseudo-
binary convex hull with Na composition change (x) in NaNbAl at
0 K, and the corresponding Na (de)intercalation voltage profile
and plotted them in panels a and b of Figure 4. Importantly, we
observe ground state configurations at Na compositions of x = 1.5,
2, 3, and 3.5 apart from the end-member compositions of x = 1
and x = 4 (Figure 4a). Thus, at 0 K, the NaNbAl system should
exhibit two-phase equilibria across x = 1-1.5, 1.5-2, 2-3, 3-3.5,
and 3.5-4, with the corresponding voltage plateaus illustrated in
Figure 4b. However, the ground states occurring at x = 1.5 and
3.5 are ‘shallower’ compared to the ground states at x = 2 and 3,
as also indicated by the ‘small’ voltage drops at x = 1.5 and 3.5 in
Figure 4b. This suggests that under room temperature operating
conditions, there may be a solid-solution-like behavior across the
1 <x <2and 3 < x <4 composition ranges, instead of observing
the ground state configurations at x = 1.5 and 3.5, in general
agreement with the observed electrochemical voltage profiles
measured in Figure 2a. Additionally, the calculated average Na
(de)intercalation voltage, ~1.3 V versus Na (Figure 4b), is also in
good agreement with the observed average voltage during cycling
in Figure 2a.

We also examined the DFT-calculated electronic density of states
(DOS) to obtain insights into the changes in the Nb oxidation
state (and redox behavior) with Na (de)intercalation in the
NaNbAl anode, with the DOS plots compiled in Figure S15 of
the Supporting Information. Importantly, we found that the Nb
d states are completely pushed into the conduction band at the
pristine composition of NaNbAI(PO,),, indicating the presence
of the Nb>* oxidation state in the structure. Subsequently, as Na
is added into the structure, the Nb d states consistently shift
to the valence band (i.e., below the Fermi level), indicating a

gradual reduction of the Nb>* to Nb*", Nb**, and finally Nb**.
A full reduction of all Nb atoms in the NaNbAI structure also
coincides with the presence of the calculated ‘deep’ ground state
configurations (Figure 4a) at x = 2 (Nb*"), x = 3 (Nb*"), and
X = 4 (Nb?"). Thus, incorporation of Al in NaNbAl enables the
clear demarcation of Nb redox behavior with Na content, thereby
potentially improving reversible redox behavior.

Interestingly, we observe a significant drop in the calculated band
gap (E,) of the NaNbAl material, from ~2.48 to 0.08 eV, as the Na
content changes from x =1 to 1.5. This drop in E, also coincides
with the gap separating the Nb d states at x = 1.5 (Figure S15b)
instead of separating the O p states and Nb d states at x = 1 (Figure
S15a). Moreover, the calculated gap continues to remain low (E,
~0.21-0.23 V) as Nb reduces with increasing Na content, with a
final increase in E, to 0.87 eV atx = 4, corresponding to a complete
reduction of Nb** to Nb**. Thus, we observe that incorporating
Al reduces the E, in NASICON-NaNbAl, potentially enhancing
electronic transport compared to NASICON with only Nb, which
could lead to improved cycling behavior.

To further quantify the Na* diffusion kinetics in the NaNbAl
anode, we performed DFT-based NEB calculations at x = 1, 2,
and 3 compositions, and plotted the migration energy pathways
(MEPs) in panels a, b, and c, respectively, of Figure 5. We
considered the Na(1)—»Na(2) migration pathway in all our DFT-
NEB calculations, where Na(1) and Na(2) are the distinct Na sites
available in the NASICON structure. Importantly, our calculated
migration barriers (E,,) are 427, 171, and 150 meV at x = 1, 2,
and 3, respectively, highlighting facile Na motion in the NaNbAl
structure across Na compositions, which should result in better
electrochemical reversibility. Note that the Na migration process
in NaSICON structures is generally an ‘uphill’ (or ‘downhill’) tra-
jectory, with the E | largely reflecting the site energy differences
between the Na(1) and Na(2) sites [40-42]. Thus, lower site energy
differences between the Na(1) and Na(2) sites should result in
lower E,,. Indeed, the ‘low’ E,, values at x = 2 (Figure 4d) and
x = 3 (Figure 4e) can be largely attributed to the ‘low’ site energy
differences between the Na(l) and Na(2) sites, as highlighted
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by the corresponding energy values at the 0% and 100% path
distances, respectively, which can be a result of Al incorporation
within the NASICON structure. Thus, Al addition to the Nb-
based NASICON structure can cause an improvement in the Na
diffusion kinetics, thereby enabling reversible electrochemical Na
(de)intercalation at high rates.

Finally, we proceeded with the fabrication of a full Na-ion cell
by pairing NASICON-Na,V,(PO,); (Na,VP) as the cathode and
NaNbALI as the anode. To compensate for the loss of Na-ions
during the formation of SEI on the NaNbAl anode, we elec-
trochemically pre-sodiated the Na,V,(PO,); cathode to obtain
Na,V,(PO,); (Na,VP) (for details, see the Experimental details),
which was then paired with the anode to fabricate the full Na-
ion cell [19, 43-45]. Figure 6a shows the charge-discharge profiles
of the Na,VPI|INaNbAl full cell. The Na,VPIINaNbAl full cell
delivers first cycle charge and discharge capacities of 154 and 88
mAh g™, respectively, resulting in an initial coulombic efficiency

(ICE) of 57% (Figure S16). From the second cycle onward, the
full cell exhibits reversible capacities of 96 mAh g (based on
the weight of the cathode) with an average cell voltage of 2.1V,
yielding an energy density of approximately 201 Wh kg~! (based
on the weight of the cathode). The full Na-ion cell delivers charge
capacities of 96.2, 93.1, 89.3, 81.8, and 66.2 mAh g™' at rates of
C/5, C/2,1C, 2C, and 5C, respectively. When the current density
is reversed back to C/5, the full cell nearly recovers its original
discharge capacity (Figure 6b, Figure S17). Further, at 1C rate, the
Na,VPIINaNDbAI cell retains 84% of its initial capacity after 200
cycles (Figure 6¢).

3 | Conclusion
In conclusion, we demonstrated highly reversible Nb>*/Nb**/

Nb** redox reactions and good electrochemical performance in
the bulk NASICON-NaNbAI(PO,); anode, even at higher C-rates,
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in comparison to other Nb and V-based NASICON anodes
(Table S3). Our combined electrochemical and operando XRD
measurements exhibited faster Na-ion (de)intercalation Kinetics
into bulk NaNbAI(PO,); anode through solid-solution formation,
as confirmed with DFT-based calculations. We can tentatively
attribute the rapid Na-ion intercalation kinetics to the formation
of different Na(1) environments (as observed by NMR), which
have closer site energies [46] and can thereby enhance ion
mobility, in agreement with the DFT-calculated E . A full Na-ion
cell (Na, VPIINaNbAl) was also built, which retained 84% capacity
after 200 cycles. It is worth noting that a similar anode was
recently reported for good electrochemical performance, but with
carbon-coating and nano-scale particles [28]. Yet, achieving faster
Na-ion insertion kinetics in bulk NASICON electrodes opens
new possibilities of building high-energy density and high-rate
capability SIBs [47].
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