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Abstract

This paper presents a performance evaluation of next-generation sodium-ion cells employ-
ing Sodium Iron Pyrophosphate (NFPP) chemistry, which is now commercially available.
Building on prior research into early-generation SiB technologies, the study investigates
NEFPP cells under varied operating conditions, including high and low temperatures, ex-
treme C-rate discharge, and zero-volt storage. Results indicate that NFPP cells deliver
exceptional high-power capability, sustaining continuous discharge rates up to 30C without
degradation, and they exhibit strong thermal stability at elevated temperatures. While
safety features such as zero-volt tolerance remain intact, low-temperature operation contin-
ues to pose challenges, particularly for charging, with irreversible capacity loss observed
when exceeding manufacturer specifications. Despite a relatively low energy density
(~79.75 Wh/kg), NFPP cells demonstrate significant potential for high-power applications
requiring reliability and safety in harsh environments. These findings position NFPP
chemistry as a critical step toward advancing sodium-ion technology for specialised energy
storage solutions.
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1. Introduction

The growing global demand for sustainable and cost-effective energy storage technolo-
gies has accelerated research into sodium-ion batteries (SiBs) as promising alternatives to
conventional lithium-ion technologies. Driven by concerns over lithium resource scarcity,
uneven geographical distribution, and high production costs, sodium-based chemistries
leverage the natural abundance and low cost of sodium, offering an environmentally and
economically viable pathway toward large-scale electrification [1,2].

Our previous study on SiBs provided insights into the capabilities and limitations
of early-generation cells (using layered oxide cathode structures) backed by real-world
laboratory testing in our temperature-controlled test chambers [3]. Our research demon-
strated that SiBs offer compelling advantages over lithium-ion batteries (LiBs) in terms
of cost, sustainability, and safety, primarily due to the abundance of sodium and the use
of aluminium current collectors. Advantages include zero-volt storage and reduced risks
associated with dendrite formation and thermal runaway.

Our performance testing revealed that SiBs can tolerate high ambient temperatures and
achieve cycle efficiencies of up to 98%, making them suitable for harsh environments such
as renewable energy zones. However, the study also highlighted key challenges: initial-
production SiB cells exhibited lower energy density compared to LiBs; wide operating
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voltage ranges; and poor charging performance at low temperatures with permanent
capacity losses of approximately 20% after high-rate discharges below 0 °C [3].

A widely circulated belief within industry and popular media is that SiBs exhibit supe-
rior low-temperature performance compared to LiBs. While an improvement is noted, SiBs
also require strict charge protocols and safety mechanisms to prevent capacity degradation
when operating in low-temperature environments. The International Renewable Energy
Agency (IRENA) technology brief highlights potential advantages of SiBs for electric vehi-
cles and stationary storage, noting their suitability for diverse environments and implying
improved cold-weather performance [4]. However, our experimental results contradict this
perception: SiBs tested under controlled sub-zero conditions exhibited significant capacity
degradation and increased impedance, indicating that the assumed low-temperature re-
silience lacks empirical support. This discrepancy underscores the importance of validating
promotional claims through rigorous scientific evaluation before widespread adoption.

Building on these findings, this paper reviews recent developments in sodium battery
technologies and conducts an experimental evaluation of next-generation sodium-ion
cells based on Sodium Iron Pyrophosphate (NFPP) chemistry that are now commercially
available. NFPP cells promise enhanced power density, improved structural stability, and
better low-temperature performance, addressing some of the shortcomings identified in
our previous work testing layered oxide SiB cells. NFPP SiB cells have been likened to
LFP (Lithium Ferro Phosphate or Lithium Iron Phosphate) in LiBs and exhibit similar
characteristics [5].

This study aims to assess the real-world performance of commercially available NFPP
cells under varied operating conditions, benchmark them against earlier SiB generations,
and determine their suitability for applications requiring high reliability in harsh environ-
mental conditions. It is not in the scope of this study to perform long-term cycle life studies
of the NFPP cells.

2. Literature Review

Like LiB cells, SiB cells consist of the following essential components: anode, cathode,
electrolyte, separator and current collector. Each of these components has been the focus
of researchers around the world to achieve the theoretical performance of SiB cells while
reducing manufacturing costs at production scales.

2.1. NFPP SIB55150140 Cell

In this study, the SIB55150140 NFPP cell, manufactured by Paragonage in Wuxi, China,
was used for evaluation. The cell has a nominal capacity and voltage of 5.5 Ah and
3.0 V respectively. It weighs 200 g, which results in an energy density of approximately
79.75 Wh/kg which is relatively low compared to other SiB chemistries of between 120 and
150 Wh/kg, as tested in our previous study [3]. The basic specifications are provided
in Table 1.

Table 1. NFPP SiB cell basic specifications.

No. Parameter Specification Remarks
1 Nominal Capacity 5.5 Ah 0.5C charge and discharge @ 25 °C
2 Nominal Energy 16.5 Wh -
3 Nominal Voltage 3.0V -
4 Charge Cut-off Voltage 34V Charge cut-off current is 0.05C
5 Discharge Cut-off Voltage 15V -
6 Impedance (1 kHz) <2mQ AC Impedance 1 kHz
7 Weight 200 g -
8 Dimensions (W x H x T) 150 £ 1 mm x 140 + 2 mm x 5.5 + 0.2 mm -
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The cell construction given by the manufacturer’s datasheet [6] is:

Cathode: NFPP

Anode material: hard carbon

Electrolyte + solvent: NaPF6 + carbonate blend
Separator: Polyolefin (PE/PP) microporous separator
Current collector: aluminium foil

Binder and conductive additive: Polyvinylidene Fluoride (PVDF), Carboxymethyl
Cellulose (CMC)/Styrene-Butadiene Rubber (SBR), or water-based binders; carbon
black/graphene/Super P as a conductive additive

The complex temperature charge specifications are shown in Table 2. The low charge
rates at low temperatures, such as 0.05C at 15 °C, are impractical for most applications.

Table 2. NFPP SiB cell charge specifications.

Parameter Temperature Capacity
—20~—-15°C 0.05C
—15~-10°C 0.1C
—10~-5°C 0.15C
—5~0°C 0.2C
Continuous Charge Current 0~10°C 0.33C
10~20 °C 0.5C
20~35°C 5C
35~45°C 2C
45~60 °C 1C

Table 3 shows the impressive discharge specifications. The cell can discharge at very
high rates (30C continuous and 100C pulsed), thus lending itself to applications which have
high-load events. However, these high instantaneous discharge rates are only specified at
temperatures between 0-45 °C and drop significantly as temperatures fall below 0 °C.

Table 3. NFPP SiB cell discharge specifications.

Parameter Temperature Capacity
—40~-30°C 3C
—30~—-20°C 5C
—20~—-10°C 10C
Continuous Discharge Current —10~0 °C 15C
0~10°C 20C
10~45 °C 30C
45~—60 °C 20C
Maximum Instantaneous Discharge Current (3 s) 0~45°C 100C

2.2. The NFPP Cathode

Sodium Iron Pyrophosphate (NFPP), or NagFe3(PO4),(P,0y7), is a type of polyanionic
cathode material known for its high thermal stability, excellent safety, and long cycle
life [7]. NFPP SiB cells can be seen as having similar properties to LFP chemistries in LiBs.
NFPP has an additional pyrophosphate, resulting in increased performance, stability and
safety [7].

Cation doping is being investigated to improve the performance of standard NFPP
cathodes. A 2023 study found that replacing a portion of iron (Fe) with manganese
(Mn) improved electronic conductivity, with a high capacity retention of 84.8% even after
3000 cycles at high current rates (10C) [8].
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2.3. The NFPP Hard-Carbon Anode

Hard carbon (HC) is currently the most commercially viable anode material in SiBs
due to its structure, which intercalates Na* more effectively than graphite, and is widely
used in commercial Na-ion pouch cells. It can be synthesised from renewable sources,
which reduces raw material costs compared to lithium-ion anodes [5].

SiBs using HC anodes exhibit superior thermal stability and wider operating tempera-
ture ranges (—30 °C to 60 °C). The expanded interlayer spacing of HC prevents the dendrite
formation often seen in graphite/lithium systems, enhancing safety [9]. HC anodes can be
used to increase the cell’s energy density to be closer to that of LiBs [10].

2.4. Electrolyte: NaPF6 + Carbonate Blend

The electrolyte is formed by dissolving sodium salt (NaPF¢) in organic carbonate
solvents. The exact solvent used was not specified by the manufacturer, but is deduced
from the SEM analysis discussed later in this paper. NaPF6 dissolved in binary carbonate
solvents typically exhibits the highest bulk ionic conductivity compared to other common
sodium salts, such as NaClO,4 or NaTFSI [10]. The use of NaPF6 also reduces corrosion
at high operation voltages due to the formation of a protective AlF;/AlOy layer, which
prevents corrosion at high operating voltages.

The NFPP is coated on both sides of an aluminium sheet, which is wrapped in a Poly-
olefin (PE/PP) microporous separator. The cathode layer sits between the anode wrapping.

3. Methodology and Test Setup

The cell temperature tests were performed in a programmable temperature-controlled
environmental test chamber, shown in Figure 1b, allowing us to accurately record and
characterise the cell’s discharge and charge performance over a wide range of temperatures.
The cycle tests were only started once the internal temperature of the test chamber had
stabilised at the setpoint.

NFPP Cell 3
High-C Test £

r " Picolog DAQ

ITECH 18kW Bi-dir.
Programmable Supply

(a)

(b)

Figure 1. (a) Test setup for high-C discharge tests; (b) environmental test chamber with active

temperature control.

In addition, high-C-rate tests were performed using the ITECH bi-directional pro-
grammable DC power supply, depicted in Figure 1a, in ambient air conditioned to approxi-
mately 23 °C. These tests are useful in determining maximum power output, identifying
defects like poor welds, evaluating cell safety under load, and predicting performance
degradation after high-C discharges over repeated cycles.
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Deep discharge tests were also performed. Verification at deep discharge is important,
as a key characteristic of SiB technology is the ability to be discharged fully or close to 0 V
without damaging the cell or reducing its capacity.

Cycle tests for long-term performance and capacity retention were not performed as
they are beyond the scope of this evaluation.

Test Equipment

e  Temperature-controlled environmental test chamber (range of —65 °C to 85 °C);

e PicoLog data acquisition device to log temperature using LM35 sensors;

e  EBCAA40L Battery Cell Tester for cell-level, up to 40 A;

e ITEC IT6018-300-225, 18 kW regenerative bidirectional programmable DC power
supply unit for charge/discharge cell and battery tests, cycle testing and high-current
(high-C-rate) testing.

4. Test Results and Discussion
4.1. Nominal Testing at Room Temperature

With the temperature being controlled to a nominal 20 °C, the NFPP cell was charged
and discharged at 1C (5.5 A), with the data captured and plotted below in Figure 2. Similar

to the previously tested SiB cells, the charge temperature is higher than the discharge
temperature. The charge-discharge curve is close to a capacitive waveform.

SiB NFPP 5.5 Ah: 1C (5.5 A) at +20°C

T p—y. SiB and NFPP 1C Disharge Curve at 22°C I

Voltage First Gen SiB [V]
= = Voltage NFPP [V]

Temperature SiB [°C] 50
= = Temperature NFPP [°C]

[Necal 1.03
[Ahgen) 5.66

s
8

Cell Voltage [V]
w
8
Temperature [°C]

520

Ampere

Ah CHG [Ah] 5.6867
Ah DCH [Ah] 5.6574
Ah EFf [%] 99.5886

Volumetric - Energy Density CHG [W/kg] 85.1599
CHG [W/1] 147.4631 DCH [W/kg] 8@.1697 Time [h]
DCH [W/1] 138.822 Wh EFf [%] 94.1482

0.8 1 1.2

04

06
Time [h]

I . .
Specific - Energy Density 1 0

(@) (b)

Figure 2. (a) NFPP cell cycle test at 1C (20 °C); (b) comparison of NFPP and previous SiB cell discharge
curve at 1C (22 °C).

4.2. Voltage Curve of NFPP Cell

Figure 2b compares the voltage discharge curve of the NFPP cell to the previously
tested SiB cells. The NFPP cells show a characteristically smooth discharge curve, with
lower voltage variation. Approximately 80% of the usable capacity is available between
31Vand26V.

Similar to LFP chemistries in LIBs, NFPP SiB cells have a relatively flat curve across
the cell’s usable capacity and a lower overall voltage range compared to non-phosphate
chemistries. The narrower voltage range of the NFPP cells make them more adaptable for
implementation in modern power conversion systems.

4.3. High Temperature Performance

The 1C discharge tests at 60 °C, shown in Figure 3, confirm the excellent performance
of NFPP cells at high temperatures, similar to previously tested SiB cells. This confirms
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SiB NFPP 0.5C Charge Degradation at 0°C

the manufacturer’s claims of improved high-temperature performance. Multiple tests also
confirmed a slight capacity improvement at higher temperatures.

SiB NFPP 5.5 Ah: 1C Charge/Discharge at 60°C
100 - 4r
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Figure 3. Plot of high-temperature NFPP cell cycle test at 1C (60 °C).

4.4. Low-Temperature Performance

Manufacturers have claimed performance improvements in NFPP cells when oper-
ating at lower temperatures. To test these claims, 0.5C-rate tests were performed at 0 °C.
The supplied NFPP datasheets specify high discharge rates of 20C at low temperatures
(between 0 and 10 °C) but poor charging rates of 0.33C. Previously tested SiBs exhibited
both poor charge and poor discharge performance at low temperatures [3].

Exceeding the specified charge rate specifications causes permanent damage to the
cell. Charging at 0.5C at 0 °C (2.75 A, slightly outside of the allowed charge rate of 0.33C
or 1.82 A) causes the cell to get damaged, leading to a loss in capacity that is illustrated in
Figure 4a. In only two cycles at 0.5C, the capacity loss was 7%. A peculiar temperature rise
at the end of the second cycle is also noted.

SiB NFPP 5.5 Ah: 5C (27.5 A) Charge +20°C / Discharge -20°C
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Figure 4. (a) Low temperature 0.5C NFPP cycle test at 0 °C; (b) 5C discharge at —20 °C and 5C charge
at +20 °C.

In the next sub-zero temperature tests, the cell was discharged at high C rates at —20 °C
but was first heated to 20 °C before charging at 5C. As shown in Figure 4b, adopting this
protocol allowed for no degradation to occur.

An 5iB pouch cell, which was purposefully degraded by exceeding cold-temperature
charge currents, was disassembled and analysed. An Energy-Dispersive X-ray Spectroscopy
(EDS) (shown in Figure 5a) and Scanning Electron Microscopy (SEM) analysis (shown in
Figure 5b) were performed on the cathode. The elements are identified as C, S, Fe, P, Al

https://doi.org/10.3390/engproc2026140021
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and Na. The identified sulfur (S) likely points to sulfur doping to improve electrochemical
properties and long-term stability, as seen in the literature [11].

EDS Layered Image 2 Electron Image 8

<[lelalalE o] -

—
= Togm 2500

(a) (b)
Figure 5. Degraded cathode analysis: (a) EDS analysis; (b) SEM analysis on the degraded cathode.

Spectrum 43 in Figure 5b highlights an anomalous area believed to have suffered
damage. Both the SEM and EDS methods show a high aluminium concentration and much
lower concentrations of Fe, P and S on the anomaly.

The anomaly is theorised to have been caused by heat spots that occurred on the
cathode when charging at cold temperatures at high currents. The electrolyte and heated
aluminium current collector reacted with the aluminium solution passing through the
cathode, quickly solidifying when it reached the colder surface temperature. Thus, the
cracks (and in some cases, potholes) were visible due to gassing. This is called plating in
some literature [12].

A similar effect is known to occur in lithium cells. Low temperatures, high state-of-
charge (SOC), high charge current, high cell voltage and insufficient electrochemically
active surface area can all cause lithium plating [12].

4.5. High-C-Rate Testing

NEFPP cell manufacturers claim extreme performance without any degradation. To ver-
ify this claim, a 30C (165 A) discharge test was successfully conducted at room temperature
(22 °C), as shown in Figure 6a, without any noticeable degradation.

SiB Poly 8C Deep Discharge at 22°C

30
Voltage [V] [—— Voltage [V] P ~.,
= Current [A] —=-—- Temperature [C] / ~ 28
Temperature [°C] 1 s e
Capacity [Ah] --43.02 Whikg . 4
[s] 82.00
[Ah] 3.81 +-100 2
s 2
z 3 :
~150 § S 2
~164.99 A £ g §
o g g
—200 1 -
50
L L I | L I —300 (
0 10 20 30 40 50 60 70 80 %0 100
Time [s] Time [h]
@) (b)

Figure 6. (a) NFPP cell discharge at 30C (165 A) at 22 °C; (b) deep discharge test of NFPP cell.
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4.6. Deep Discharge Test

A cell was discharged down to 0.8 V without any known damage, as shown in
Figure 6b. The temperature showed an increased slope when the cell transitioned to the
lower voltages. Upon disconnecting the load, the cell voltage jumped back to 2.2 V.

The large gap between the bottom of the dip and the recovery voltage indicates high
internal resistance at the end of the discharge. However, the fact that it recovered to >2.0 V
shows that the cell chemistry did not collapse; it remained stable despite being pulled
down to less than 1 V.

5. Conclusions

The characterisation of Sodium Iron Pyrophosphate (NFPP) cells presented in this
study provides a clear operational profile for the cell chemistry: NFPP cells trail in power
density when compared to previous SiB chemistries (120-150 Wh/kg compared to around
80 Wh/kg), but this limitation is offset by exceptionally high C-rate performance. Much
like LFP in LiBs, NFPP positions itself not as a high-energy-density solution but as a robust
candidate for power-intensive applications.

Operational testing validated the manufacturer’s claims regarding extreme discharge
capabilities, with cells successfully sustaining a 30C continuous discharge rate without
degradation. This performance is supported by a stable, flat discharge curve that simplifies
voltage regulation, though it necessitates advanced Battery Management System (BMS) al-
gorithms for accurate state-of-charge (SOC) estimation due to the reduced voltage gradient.
Furthermore, the chemistry exhibits a high safety profile, evidenced by its tolerance for its
ability to handle deep discharges without capacity reduction.

The cells demonstrate excellent stability and capacity retention at high temperatures
(45 °C to 60 °C), confirming their viability for harsh, high-heat environmental conditions.
However, low-temperature operation requires careful thermal management despite general
claims of cold-weather resilience, as our data indicates measurable capacity loss (7% after
two cycles) when charging rates are exceeded at sub-zero temperatures.

Ultimately, NFPP chemistry is well-suited for stationary storage applications where
safety, thermal stability, and rapid response times take precedence over gravimetric energy
density. These characteristics make NFPP a compelling technology for grid stabilisation,
renewable energy integration, and systems requiring a high cycle life under aggressive
load profiles.
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