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Abstract

Intermittent renewable energy sources can mitigate climate change, but they require high-performance,
reliable batteries. The widely used lithium-ion batteries contain Li, Co, and Ni, and the growing demand
for these elements, together with their relatively few sources, has raised concerns about their supply chain
stability. Sodium-ion batteries have become an economical alternative. Sodium vanadium phosphate,
NazV2(POs); (NVP), is a compelling candidate with high stability and ionic conductivity due to its
polyanionic sodium superionic conductor (NASICON) structure. However, NVP suffers from poor
electronic conductivity and requires hierarchical morphology to allow facile ion and electron transfer.
Spray-drying has been used to achieve hierarchical secondary particle structures, but the foremost
reported NVP syntheses rely on either flammable/toxic organic solvents or expensive nanocarbon
additives. In this study, we spray-dry an aqueous suspension without using expensive carbon additives.
The obtained NVP sodium-ion half cells showed very high reversible capacity (114.7 mAh g at 0.2C),
high rate capability (80.8% capacity retention at 30C), and stable cycling performance (96.7% capacity
retention after 1,500 cycles at 10C). This superior performance demonstrates the great promise for NVP

batteries as an alternative energy storage option to traditional lithium-ion batteries.

Introduction

Worldwide electricity demand, mostly satistied through coal and natural gas combustion, is expected
to double by the middle of the century.! Renewable energy sources are becoming increasingly crucial as
climate change presents more urgent challenges. However, their inherent variability necessitates reliable,
long-lasting energy storage. Due to their energy density and longevity, lithium-ion batteries (LIBs) have
become the industry standard, but the depletion of sources of lithium and associated cathode materials,
such as cobalt and nickel, has led to higher costs and greater environmental production concerns.”™
Sodium-ion batteries (NIBs) are a promising alternative because the abundance of sodium and associated

cathode materials results in lower cost and less environmental impact.”® NIBs particularly excel in grid-
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scale energy storage, because stationary storage prioritizes cheap and long-lasting batteries over the high
energy density provided by lithium-ion batteries. However, improvements are still needed before NIBs
can be widely adopted or considered a competitive alternative to LIBs, and cathode active materials
particularly limit performance.” Among the three major choices, layered metal oxides (LMOs), despite

the high specific capacity,!*!!

still need to prove their electrochemical longevity and air stability in a cost-
effective manner.'?> Prussian Blue Analogues (PBAs), while enjoying the cost advantage,'* need to
demonstrate precision control of vacancies and interstitial water that undermine cycle life significantly.'*"
1% Polyanion cathode materials have demonstrated excellent cycle life owing to their intrinsically stable
crystal structures, which potentially lowers the service-life cost to a more competitive level than other
choices.'??

Sodium vanadium phosphate (NVP, Na3V2(POs)3) is one of the most promising polyanionic NIB
cathode materials with a rhombohedral sodium superionic conductor (NASICON) structure that provides
rapid Na" ion conductivity while maintaining a stable intercalation framework. It offers a theoretical
capacity of 118 mAh g'! and high thermal stability.?! However, NVP has a low electronic conductivity
(1.63 x 10 S cm™) which can limit electrochemical performance.?>** This limitation can be alleviated
by carbon coating, through in-situ or post-synthesis techniques, while maintaining a porous and stable
material.?* Unfortunately, common synthesis routes that produce high-performance powders face
challenges.? For example, when the sol-gel and hydrothermal methods are combined, a slurry or gel of
precursor salts is prepared under hydrothermal conditions, dried to obtain the precursor powder, and
finally calcinated.?®?° These methods have precise control of reaction conditions and yield inherently
small primary particles, allowing for precise control over particle morphology. However, the sol-gel
method is complex and costly while the hydrothermal step has a low yield, making them difficult to scale-
up.’®*! Similarly, electrospinning a viscous slurry of NVP precursors allows for precise morphology

control but is difficult to scale due to a low flow rate through a fine needle.>3* Solid-state synthesis

methods have been demonstrated, in which precursor salts are directly combined and milled, then
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calcinated.*>* This method is easily scalable and similar techniques have been used in industrial settings,
but undesirable morphology and the presence of impurity phases make it unattractive.!

Alternatively, the spray-drying method is widely used in the battery materials production industry. For
NVP synthesis, a precursor suspension is spray-dried to obtain spherical secondary particles, followed by
calcination to obtain the final NVP product.’’ The particle sizes, thickness of the carbon coating, and
overall morphology are easily tuned through manipulation of concentration, temperature, and carbon
additives. It is also a quick process performed at moderate temperatures that yields uniform precursor
powders, thus is easily scalable.’! However, the most successful NVP spray-drying results have either

required flammable organic solvents such as methanol*®

which then require a sophisticated inert-gas spray
dryer, or used expensive nanocarbon additives such as graphene or carbon nanotubes,**** both of which
significantly increase production costs. For scaled-up synthesis, it is highly preferable to avoid expensive
additives and hazardous solvents that impose high safety risks or high processing costs.*!

Herein, we have developed a one-pot aqueous spray-drying process to replace traditional methods of
synthesizing carbon-coated NVP (NVP-C). The process is easily scaled for industrial applications, and
the synthesized samples demonstrate high-rate performance, near-theoretical capacity, and a long working

lifespan. This study highlights the very high potential for NVP-C as a cathode material for sustainable,

reliable, and cost-efficient batteries.
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Figure 1. Schematic of the one-pot NVP-C synthesis, consisting of ball milling, spray-drying, and
calcination.



Experimental Materials and Methods

Synthesis

NVP-C microspheres were synthesized through ball milling, spray-drying, and subsequent calcination.
As shown in Figure 1, 22.46g of NaH2POy4, 8.72g of V20s, and 4.67g of CsHgOs were added to 200 mL
of de-ionized water, and then ball milled with zirconium balls for 4 hours, alternating 5 minutes of milling
with 5 minutes of rest. The resulting opaque turquoise suspension was rested overnight, then diluted with
100 mL of water to reduce clogging during spraying. The constantly mixed suspension was spray-dried
at either 150°C (NVP-150R) to reduce the energy consumption of the process, or 210°C (NVP-210R) for
comparison with previous reports.*®3° Another sample was diluted and sprayed at 150°C immediately
after ball milling without resting overnight (NVP-150). The collected powder was calcinated at 800°C in
an argon atmosphere at a heating rate of 5°C min™! and a soaking time of 8 hours, before the final NVP-
C product was obtained. Based on the initial precursor mass, the final product yields were between 75%
and 80% due to particles bonding to the wall of the main spray-dryer chamber.

Material Characterization

X-ray diffraction (XRD) was performed with a Bruker D8 Advance powder diffraction system. A
Thermofisher Quattro S ESEM microscope was used for scanning electron microscopy.
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q5000 Automatic Sample
Processor under an air atmosphere to determine the final carbon content of the powder. Raman
spectroscopy was performed using a Renishaw inVia Raman microscope with an excitation wavelength
of 532nm. Brunauer-Emmett-Teller (BET) surface area analysis was completed on a Quantachrome Nova
2000e after degassing the sample overnight at 300°C.

Electrochemical Performance

The electrochemical performance of the obtained NVP-C microspheres was determined with Na-ion
half-cells using CR2025 coin cell cases. Low-loading NVP-C cathodes were made using a traditional

slurry composed of 80 wt.% NVP powder, 10 wt.% HSV900 PVDF binder (MTI), and 10 wt.%
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Ketjenblack EC-300J (Fuelcell Store) or EC-600JD (MSE supplies) in sufficient N-methyl-2-pyrrolidone
(NMP) solvent. The slurry was mixed in a vortex mixer and coated onto aluminum foil before being dried
in a convection oven at 80°C. Electrodes were cut into 8mm diameter circles and vacuum dried at 120°C
overnight. Active material loading was maintained between 0.5 - 1 mg cm?. High-loading NVP-C
cathodes (active material loading 13.50 mg cm™) were made with 80 wt.% NVP powder, 15 wt.%
HSV900 PVDF binder (MTI), and 5 wt.% Ketjenblack EC-600JD (MSE supplies). Na-ion half-cells were
constructed with NVP-C as the cathode, a PP-PE-PP trilayer separator (Celgard), and a sodium metal
counter electrode. The electrolyte was 1M NaPFg in diglyme. A LAND CT2001A battery testing system
was used to evaluate the constant-current electrochemical cycling performance of the cells. Cyclic
voltammetry was performed using a Gamry 600+ potentiostat.

Results and Discussion

This procedure demonstrates a quick, sustainable one-pot method for synthesizing NVP-C using water
as a solvent. In this method, L-ascorbic acid chemically reduces the vanadium pentoxide in the precursor
slurry, increasing its solubility and milling efficiency, resulting in a turquoise spray-dried product (Fig.
1). Thus, L-ascorbic acid simultaneously ensures the formation of a homogeneous precursor powder from
an aqueous slurry while providing a simple inexpensive carbon source for the final calcinated product.
Three NVP-C products were synthesized. For two syntheses, the ball-milled slurry was allowed to rest
overnight before dilution and spray-drying. The first product was spray-dried at 210°C (NVP-210R),
while another was spray-dried at 150°C to reduce energy consumption (NVP-150R). The final material
was diluted immediately after ball milling to determine the effect of resting the slurry before dilution
(NVP-150). The spray-drying synthesis created small droplets of colloidal suspension that dried quickly,

yielding spherical particles between 3 and 30 um in diameter as shown in Figure 2(a-f). The addition of



L-ascorbic acid did not impede the formation of highly porous hierarchical particles and gave high yields

from an aqueous slurry.
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Figure 2. SEM images of the final NVP-C calcinated product (a,b) NVP-210R; (c,d) NVP- 150R; (e.f)
NVP-150. (g) Nitrogen adsorption-desorption isotherms and (h) corresponding surface area pore size
distributions of the three NVP-C materials.

Figure 2(g) shows isotherms of the three NVP-C materials. BET analysis indicates specific surface
areas of 19.45 m’g!, 21.09 m?g!, and 39.55 m?g’! for NVP-210R, NVP-150R, and NVP-150,
respectively. Although SEM images of NVP-150 appear less porous than the other materials, it is
important to note the difference in scale between the micron-sized pores visible in SEM and the mesopores
analyzed by BET which are under 50 nm. Repeatable BET tests indicate that NVP-150 has roughly double
the specific surface area of the other materials, much of which is attributed to larger pores between 10-30
nm in diameter (Fig. 2(h)). Contrarily, most of the surface area of NVP-210R and NVP-150R is localized
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to pores ~3.7 nm in diameter. We hypothesize that resting the slurry overnight allows for the formation
of discrete vanadium-rich phases, resulting in larger primary particles and an overall lower porosity. Thus,
diluting the slurry immediately maintains a homogeneous precursor, resulting in small primary particles
with a wider pore size distribution and higher specific surface area. The tap densities of NVP-210R, NVP-

150R, and NVP-150 and were estimated as 0.71 g/cm?, 0.64 g/cm?, and 0.67 g/cm?, respectively.
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Figure 3. Physical characterization of the NVP-C samples. (a) TGA curves under an air atmosphere,
providing approximate carbon contents. (b) Raman spectroscopy, with D and G bands labeled. (¢) XRD
patterns and Bragg positions from PDF card #00-062-0345 (ICDD).

As shown in Figure 3(c), XRD patterns for all samples demonstrate sharp peaks that are well-indexed
to the rhombohedral PDF card #00-062-0345 (ICDD), indicating a highly crystalline lattice. As shown in
Figure 3(b), the Raman spectra of all samples exhibit two characteristic bands centered at ~1345 cm™ and
~1595 cm™!, ascribed to the D-band (disordered) and G-band (graphitized) carbon. The intensity ratios of
the peaks (Ip/lg) are 0.93, 0.96, and 0.99 for NVP-150, NVP-150R, and NVP-210R, respectively,

indicating that approximately half of the residual carbon was graphitized.



Figure 3(a) shows weight loss curves for TGA performed in a dry air atmosphere. The maximum weight
losses, taken as the approximate carbon weight percentage, were 2.41 wt.% for NVP-210R, 0.57 wt.% for
NVP-150R, and 1.75 wt.% for NVP-150. It should be noted that NVP has been demonstrated to oxidize
under an air atmosphere above 500°C.** Thus, we attribute the fluctuations in the weight loss curves to
the simultaneous combustion of the carbon coating and oxidation of the NVP lattice, which occur at
different stages depending on the morphology of the sample. Combustion of the carbon coating dominates
up to 450°C resulting in weight loss, followed by simultaneous oxidation of the NVP lattice causing the
sample weight to increase. Admittedly, the obtained carbon percentages are approximate, but NVP-210R
shows the highest carbon content, NVP-150 shows an intermediate carbon content, and NVP-150R shows
the lowest carbon content.

To investigate the effect of the NVP-C carbon content on electrochemical kinetics, cathodes were cast
with 10 wt.% of either Ketjenblack EC-300J or the more conductive EC-600JD and tested in half-cells.*
The CV curves in Figure 4(a,d) were used to perform Randles-Sevcik analysis and extract apparent
diffusion coefficients, Dapp, using the following equation**:

i, = 2.69 X 105n3/2ACyq+ Dypp'/*v1/2. Eq. (1)

app
Here, i, is the observed current response, 7 is the number of electrons transferred (two in this case), 4
is the electrode area, Cy,+ is the concentration of Na'ions in the NVP-C material (6.92 x 10~ mol cm™,

based on two mobile Na" ions), Dapp is the apparent diffusion coefficient of Na”in NVP-C, and v is the

scan rate. For this study, Dapp values (Table 1) were calculated using both the geometric area of the
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Figure 4. Electrochemical characterization of the prepared NVP-C materials in Na-ion half-cells.
Cathodes were mixed with 10 wt.% Ketjenblack EC-300J (top) or EC-600JD (bottom). (a,d)
Cyclic voltammetry curves at 0.1 mv s, 0.6 mv s, and 1 mv s™. Insets show the relationship of
i, and v2. (b,e) Discharge specific capacity of all materials and (c,f) galvanostatic discharge
profiles of NVP-210R during ramp tests at C rates of 0.2C, 1C, 2C, 5C, 10C, 20C, and 30C.

electrode (Ageo) as well as the surface area determined from BET testing (4get). Intuitively, Ager should
be used in Eq. (1), as it more accurately represents the interfacial area between the active material and the

electrolyte. However, studies on intercalation porous electrodes have demonstrated that not all particles

45-49

or interfacial areas react concurrently. Instead, an in-plane particle-by-particle process and cross-

50-54

plane layer-by-layer process are observed, making Ageo a more reasonable choice to yield diffusion

coefficients closer to density functional theory (DFT)*. Therefore, diffusion coefficients based on Ager
inevitably underestimate the true kinetics and must be used with caution as the lower limit. Likewise,
those based on Ageo should be taken as upper limits. More accurate diffusion coefficients should be

determined using an experimental setup where the actual active interfacial area can be determined.
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Table 1. Apparent diffusion coefficients Dapp in cm? s for the three NVP-C materials mixed with
Ketjenblack EC-300J or EC-600JD. Values were calculated using both the geometric area, Ageo, and the
BET determined surface area, Apgr.

NVP-150R NVP-150 NVP-210R
Ketjenblack  Area

Charge Discharge Charge Discharge Charge Discharge

Ageo 1.30x 10" 1.03 x 101 3.52x 10! 3.01 x 101! 558 x 10! 5.78 x 107!

EC-300J
ABET  4.92x10'° 391x10"'¢ 3.85x107' 3.29x10" 3.00x10"5 3.11x 10"
Ageo 476 x 101 478 x 1011 3.55x 10" 323 x 10 3.16 x 10! 3.10 x 107!
EC-600JD
ABET 271 %105 272x 10 6.74x 107 6.13x10" 311 x 10" 3.06 x 103

When mixed with Ketjenblack EC-300J, Dapp values (calculated using Ageo) increase with carbon

NVP-150R <D NVP-150 <D NVP-210R

app . The shape of the CV curves also improves

content, as Dy, app
with increasing carbon content, demonstrating narrower and more symmetric peaks. Conversely, cathodes
mixed with the more conductive Ketjenblack EC-600JD show the reverse trend, with Dap, values
decreasing with increasing carbon content. The corresponding CV curves all demonstrate narrow peaks
and high symmetry. These results suggest that the high porosity of the samples allows for intimate contact
with the electrolyte and enables facile ionic transport, while the low carbon content of the NVP-C
materials creates an electronic limitation. When mixed with the less conductive Ketjenblack EC-300J,
this electronic limitation is exacerbated; thus, increasing the carbon content of the NVP-C secondary
particles alleviates this limitation and results in higher Dapp values. When mixed with the more conductive
Ketjenblack EC-600JD, this electronic limitation is removed and ionic transport through the carbon

coating becomes the limiting kinetic factor, and samples with higher carbon contents demonstrate lower

Dapp values.

Discharge capacities during constant current ramp tests shown in Figure 4(b,e) corroborate this claim.

All cells initially demonstrate a specific capacity close to the theoretical value of 118 mAh g™ at 0.2C and
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retain their capacity after cycling at high C-rates, indicating a robust material. A small but notable increase
in specific capacity was observed across many cells during early cycling, which is attributed to the
improved wetting of the porous cathode structure to achieve complete electrochemical activation in the
first few cycles. This phenomenon was more pronounced for the samples with smaller pores (i.e. NVP-
210R and NVP-150R) than for NVP-150 which has a wider pore-size distribution (Fig. 2h) that allows
facile wetting of the cathode. When mixed with Ketjenblack EC-300J, NVP-150R demonstrates a lower
specific capacity at high C-rates than NVP-210R. However, when mixed with Ketjenblack EC-600JD,
the materials perform similarly, with NVP-150R showing a slightly better rate performance up to 20C.
As a result of its broad pore size distribution and high surface area, NVP-150 shows the highest capacity
at rates greater than 10C regardless of the conductive additive. There is clearly a tradeoff between ionic
and electronic transport limitations in the NVP-C material, demonstrated by the discharge profiles of
NVP-210R in Figure 4(c,f). When mixed with Ketjenblack EC-300J, discharge plateaus (vs. Na/Na")
decrease from 3.35 V at 1C to 3.00 V at 30C. When mixed with Ketjenblack EC-600JD, the higher
electronic conductivity reduces the overpotential and yields a discharge plateau at 3.23 V vs. Na/Na" at
30C. We can thus infer that although this material has the highest carbon content, electronic conductivity
is still a limiting factor at high C-rates.

Figure 5 demonstrates the longevity of the NVP-C materials cycled at 10C between 2.5 V and 3.8 V vs.
Na/Na’. When cathodes are mixed with Ketjenblack EC-300J (Fig. 5(a,b)), NVP-210R clearly
outperforms the other two samples because of its high carbon content, retaining 96.7% of its initial
capacity after 1500 cycles while maintaining a coulombic efficiency near 100%. NVP-150 retains 88.7%
of its initial capacity, while NVP-150R degrades quickly, with a final retention of 34.8%. Galvanostatic
potential profiles during cycles 1, 1000, and 1500 also reflect this performance trend. During cycling, the
overpotential for NVP-210R increases from 30 to 84 mV. On the other hand, the overpotential for NVP-
150 increases from 95 to 189 mV, while NVP-150R shows the most dramatic increase, from 115 to 229

mV.
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Figure 5. Long-term cycling of the three NVP-C materials at 10C mixed with Ketjenblack EC-300J (a,b)
and Ketjenblack EC-600JD (e¢,d). (a,c) Discharge capacities and coulombic efficiencies and (b,d)
galvanostatic potential profiles of the 1%, 1000™, and 1500 cycles.

Changing the electronic conductivity additive to Ketjenblack EC-600JD improves the performance of
all three samples (Fig. 5(c,d)). NVP-150R demonstrates the most dramatic improvement, retaining 91.1%
of its initial capacity, while overpotential increases from 75 to 155 mV. NVP-150 also shows significant
improvement, with a final retention of 92.7% and an overpotential increase from 55 to 113 mV. Finally,
NVP-210R demonstrates the highest retention of 98.7%, with a minimal overpotential increase from 55
mV to 73 mV. These low-loading cells can continue cycling at a similar degradation rate and easily
complete thousands of cycles, demonstrating the ultimate electrochemical stability of the cathode material.

To demonstrate the efficacy of the NVP-C material in a more realistic setting, high-loading half-cells

were constructed using NVP-210R. Figure 6(c,d) shows cycling data from a cell with an areal capacity of
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1.33 mAh cm (active material loading of 13.50 mg cm2) cycled at 0.5C. The cell had an initial discharge
capacity of 91.5 mAh g!, which showed no degradation and increased to 98.8 mAh g! after 400 cycles
while maintaining high coulombic efficiency. The low initial value and increase in specific capacity are
attributed to the wetting of the cathode as cycling progresses, a phenomenon that is exacerbated in the
high-loading cathodes. To further implement this material, high-loading slurry casting must be optimized
to allow for full use of the active material. However, the voltage profiles of the high-capacity half-cell
demonstrate an initial overpotential of 27.1 mV that barely increases to 31.6 mV. Such a small
overpotential and stable cycling curves suggest that the NVP-210R material is not only suitable for small

scale testing in coin cells but can also be used in realistic battery storage applications.
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Figure 6. Cycling stability of high-loading NVP cathode (a) Discharge capacity and coulombic

efficiency, and (b) voltage profiles of NVP-210R high-loading cathodes at 0.5C. Active material loading
was 13.50 mg cm™.
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Conclusions

An efficient and sustainable method for synthesizing porous NVP-C hierarchical particles with tunable
carbon contents, without the use of organic solvents or expensive nanocarbon additives, was developed.
The addition of L-ascorbic acid to an aqueous precursor slurry allowed for impressive yields, even at low
spray-drying temperatures, of a high-performance material that exhibits near-theoretical capacity, high
rate capability, and longevity. Low carbon content samples were shown to be limited by electronic
conductivity, which may be alleviated by the addition of better conductive additives. In the future, the
synthesis may be improved to further reduce its energy consumption and yield a more precise carbon
content. This study has highlighted NVP-C as a viable inexpensive alternative to lithium-based batteries,

particularly for large-scale stationary energy storage systems.
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