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BROADER CONTEXT

We observe that commercial Na-ion batteries (NIBs) tested so far perform very differently at low
temperatures than commercial Li-ion batteries (LIBs). Surprisingly, the charge capacity is ~207%
higher than the discharge capacity, a new behavior we term as a “greedy battery”. To the best of
our knowledge, this behavior of an increased charge capacity well above the rated value has not
been reported in any battery. This behavior is one that potentially opens new opportunities for the
usage of COTS NIBs. This work motivates additional studies regarding the implications of greedy
battery operation, including its effects on battery stability, safety, efficiency and potential practical
applications.
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ABSTRACT

We report on a surprising low-temperature phenomenon that is unique to commercial-off-the-shelf
(COTS) Na-ion batteries (NIBs) tested in this work, where the capacity hysteresis ratio, defined as
charge capacity divided by discharge capacity, exceeds unity. Specifically, we compare
degradation behaviors between LIBs (Molicel) and COTS NIBs (Hakadi, Na,NiMnFeO,|hard
carbon|~57% carbonate electrolyte abbreviated as NMF[HC|SC57) at -20°C, 0°C, and 20°C with
similar charge/discharge rates at each temperature. At -20°C, the measured capacity hysteresis
ratio is ~207% higher for NIBs; at 0°C, it is ~60% higher than LIBs. Differential capacity analysis
reveals no voltage shifts as a function of temperature in these NIBs unlike LIBs, suggesting
unusual kinetics. This behavior exists even under slow cycling, indicating it is not rate limited. To
better understand the origins of this behavior, we characterized the positive electrode, negative
electrode, and electrolyte components which revealed sodium metal deposition and stable SEI
formation on the negative electrode along with excess electrolyte within the battery can. These
insights along with the anomalous hysteresis suggests that new physics is needed to fully explain
the low-temperature behavior of commercial NIBs.

BROADER CONTEXT

We observe that commercial Na-ion batteries (NIBs) tested so far perform very differently at low
temperatures than commercial Li-ion batteries (LIBs). Surprisingly, the charge capacity is ~207%
higher than the discharge capacity, a new behavior we term as a “greedy battery”. To the best of
our knowledge, this behavior of an increased charge capacity well above the rated value has not
been reported in any battery. This behavior is one that potentially opens new opportunities for the
usage of COTS NIBs. This work motivates additional studies regarding the implications of greedy
battery operation, including its effects on battery stability, safety, efficiency and potential practical
applications.
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INTRODUCTION

The development of rechargeable batteries has enabled a range of applications, from consumer
electronics to electric vehicles (EVs). While LIBs have dominated the market due to their high
energy density, NIBs are gaining attention due to their significantly higher abundance and lower
costs!. NIBs are being explored as a potential solution to address the growing demand for
sustainable energy storage in electric vehicles (EVs) and grid-scale energy storage
applications??. However, NIBs are still more nascent in terms of manufacturing technology
compared to LIBs. Due to the limited manufacturing capabilities, many fundamental properties
are still not well-characterized for COTS NIBs, including cycle life, rate capability, long-term
degradation mechanisms and low-temperature performance*>.

Low temperatures lead to increased internal resistance, slower ion transport, and altered electrode-
electrolyte interface reactions, ultimately reducing battery efficiency and lifespan®. This issue is
particularly problematic for EVs, where cold weather can reduce driving range as seen in consumer
reports from regions such as Chicago’. Recent studies have shown that forming a stable solid-
electrolyte interphase (SEI) layer at low temperatures is critical for maintaining the long-term
stability of LIBs®. However, many LIBs experience poor SEI formation at these temperatures,
resulting in irreversible capacity loss and decreased performance over time®. Moreover, at low
temperatures, reduced ionic conductivity and slower charge transfer kinetics lead to the formation
of lithium metal on the negative electrode, which further accelerates capacity fade and increases
the risk of short circuits'®!!. Breakthroughs in electrolyte chemistry have shown promise in
addressing some of these low-temperature performance issues. Researchers have developed novel
electrolyte formulations to improve ionic conductivity and SEI stability at low temperatures'?. For
example, small-scale studies have demonstrated the effectiveness of low-temperature electrolytes
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While significant progress has been made in understanding low-temperature behavior in LIBs,
considerably fewer studies have explored the performance of commercial NIBs under similar
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conditions!”-'8, Despite the importance of low-temperature performance, there is surprisingly little
data to answer some basic yet fundamental questions, such as “How does the low-temperature
performance of existing commercial NIBs compare to LIBs?” This study offers a comparative
study of essential performance benchmarks at low temperature between commercial NIBs and
LIBs. We focus specifically on fundamental performance metrics such as discharge capacities,
charge capacities, differential capacity curves, and material properties of the electrodes and
electrolyte. We report on a new phenomenon in low-temperature NIB operation, in which the low-
temperature charge capacity significantly exceeds the discharge capacity. This observation is
explored both phenomenologically and through a mechanistic lens. This work broadly highlights
the need for further research to better understand the degradation mechanisms of both LIBs and
NIBs at extreme temperatures, particularly in COTS batteries'®.
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2.1 Battery Parameters

All batteries for this work were cylindrical cells with a format of 18650 or 21700. For battery
testing and analysis, we selected one variant for each LIB and NIB. For the LIBs, we selected
Molicel INR-21700-P42A°with a nominal capacity of 4200mAh. These cells used a nickel-rich
NMC positive electrode and a graphite negative electrode with a rated voltage of 3.6V. The
specified cut-off voltage is 4.2V for charge and 2.5V for discharge. For NIBs, we selected the most
easily obtainable manufacturer, Hakadi 18650-3V?! from Selian Energy, with a nominal capacity
of 1530mAh and a nominal voltage of 3V, and cut-off voltages of 4.1V for charge and 1.5V for
discharge. The parameters of these cells are shown below in Table S1.

2.2 Battery Testing

The batteries for this study were cycled using a Biologic BCS 800 Series battery cycler shown in
Fig. S1. Independent channels of BCS-815 with a maximum current of £15A per channel and two
BCS-810s that include eight independent channels with a maximum current of £1.5A per channel
were used for this study. An Associated Environmental Systems SD-508-ATP Environmental Test
Chamber was used for the low-temperature degradation experiments. The batteries were connected
to the Biologic in a 4-wire configuration where separate leads were used for the current-carrying
terminals and the voltage-sensing terminals. This ensures that there is no current passing through
the voltage-sensing leads, or connectors, cables, or connection interfaces with the potentiostat,
avoiding any potential IR drops or noise. Battery tabbing was performed using a spot welder under
controlled conditions (voltage >5V, delay of 15 seconds, and power of 5W), ensuring strong and
reliable connections between the battery terminals and the alligator clips. Both LIBs and NIBs
were cycled under controlled environmental conditions using a Biologic battery cycling system at
-20°C, 0°C and 20°C.

The first set of experiments compared the behavior of commercial LIBs and NIBs at extreme low
temperature, -20°C and 20°C, focusing on the capacity curves. We followed a test protocol as
outlined in Table S2. The procedure began with an initial 10-second rest period to record the Open
Circuit Voltage (OCV), followed by Potentiostatic Electrochemical Impedance Spectroscopy
(PEIS) at a voltage amplitude of 10mV, then another 10-second rest period was maintained to note
the OCV. The battery was then charged using Constant Current (CC) until the voltage limit was
reached, followed by Constant Voltage (CV) charging. A 15-minute rest period was introduced
afterward to ensure stability, after which PEIS was performed again. Following this, another 15-
minute rest period was maintained, and the battery was discharged using Constant Current (CC)
to the cutoff voltage. A final 15-minute rest period was then introduced for stabilization before
looping the test protocol from Step 1. Note that the PEIS data included in this work were analyzed
solely for evaluating resistance, whereas the cycling and electrochemical data was reported and
analyzed elsewhere??.

The second set of experiments studied battery performance at 0°C, a more realistic low-
temperature operational condition since many COTS batteries are not rated to be charged at -20°C.
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We initially performed Reference Performance Tests (RPTs) for both the cells at room temperature
with charge/discharge rates as 0.05C/0.2C for the initial capacity check?’. All cells were tested
using the standard protocol of Constant Current (CC) charge, Constant Voltage (CV) charge, and
Constant Current (CC) discharge, as outlined in Table 1, for comparative analysis across different
temperatures. The test protocol began with an initial rest period of 10 seconds to stabilize the cell,
followed by a Constant Current (CC) charge to the cut-off voltage. Then the cells were charged
using Constant Voltage (CV) until the current dropped to the specified limit. Finally, the cells were
discharged using Constant Current (CC) discharge to their respective cut-off voltages and the test
routine is repeated in a loop. There was no rest period between the charge and discharge steps, and
the full charge/discharge routine was looped continuously for cycling analysis.

Table 1: Test configuration for the second set of experiments at 0°C

Step Controls
0 Rest
1 Constant Current (CC) Charge
2 Constant Voltage (CV) Charge
3 Constant Current (CC) Discharge
4 Loop to step 1 for > 100 cycles

2.3 Battery Characterization
2.3.1 Differential Capacity

To understand the electrochemical behavior and performance degradation of LIBs and NIBs

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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differential capacity analysis (ﬁ)z“’25 calculations were performed. The ﬁ curves were obtained

by differentiating the incremental capacity (Q ) with respect to voltage (V') for both charge and
discharge as shown in Eq. (1). This method can be used to indirectly study different phase
transitions and chemical changes from ion movement while charging and discharging.
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aQ _ 1Qk—Qxk-1l
( av -’k T |Ex—Ex_4| Eq' (1)
In Eq. (1), Qk and E}, are the capacity and voltage measured at a given time ‘k’, while Q,_; and
Ey_, are the values from previous time step. This analysis allowed us to analyze the shift in peak
positions, voltage, or width and provide insights into kinetic limitations, thermodynamic
properties, and degradation mechanisms.

2.3.2 Electrochemical Impedance Spectroscopy (EIS)

EIS was analyzed to understand how bulk resistance (Ry,), solid electrolyte interface resistance
(SEI) (Rsg) and charge transfer resistance (R.) affect the performance of commercial LIBs and
NIBs. Spectra were recorded at selected temperatures and states of charge as outlined in Table S2.
The Nyquist plots were fitted in EC Lab (BioLogic)?¢ using an equivalent circuit?’, which is a bulk
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resistance Ry, in series with two parallel resistor-non ideal capacitor (R-CPE) branches, Rsg; || Qcpe
and Ry || Qcpg , with a low frequency Warburg element for ion diffusion. Initial parameters were
estimated from the high frequency intercept and arc diameters, refined by non-linear least-squares
fitting. The extracted Ry, Rggr and R values were then compared across temperature for LIBs and
NIBs tested.

2.3.3 Gas Chromatography Mass Spectroscopy (GC-MS)?®

Electrolyte samples from NIBs were analyzed to understand their chemical composition using GC-
MS (Shimadzu GCMS-QP2050). The analysis focused on the neat (undiluted) electrolyte extracted
from the battery. The GC-MS was operated in scan mode over a mass-to-charge (m/z) range of
35-500, with data collected from 1 to 29 minutes. Key instrument parameters included an injection
port temperature of 250°C, a split injection ratio of 1: 50 and helium (He) as the carrier gas with a
constant linear velocity of 40 cm/s. The oven was program began at 40°C, held for 3 minutes,
increased at a rate of 10°C/min, and was held at 250°C for 5 minutes. The ion source temperature
was maintained at 200°C, and the interface was set to 230°C. Compounds were identified using
the Wiley/NIST 2023 mass spectral library with a match threshold of 75% or greater. This setup
allowed for the detection of salts, organic solvents and potential additives present in the COTS
NIBs.

RESULTS AND DISCUSSION

3.1 Characterization of Cyclability at -20°C

To understand the low-temperature behavior of COTS batteries, we first compared the extent of
capacity fade from charge and discharge profiles at -20°C and 20°C. LIBs and NIBs with current
rates of 0.375C/0.375C and 1C/1C, respectively, were used in this experiment to probe slower and
faster cycling rates. Multiple cells were studied to verify the reproducibility across cycles. As
expected, both LIBs and NIBs exhibited a decrease in capacity at -20°C due to slow kinetics at
low temperatures, a common trend in literature®.

LIBs showed a ~33% decrease in discharge capacity compared to their rated value (4200 mAh),
with an initial measurement of 2790 + 24.4 mAh. We observed an interesting behavior of a small
but repeatable initial increase in discharge capacity over the first five cycles (Fig. 1a). We attribute
this to an activation effect comprising the following phenomena: (i) initial stabilization of ion
transport pathways with lower resistance, (ii) progressive electrolyte wetting and infiltration of the
porous electrodes and (iii) minor relaxation of the electrode and interphase structures 3°. A decline
was observed over the following 15 cycles, reaching the average discharge capacity 2220 + 14.9
mAh by cycle 20 (Fig. 1b). Upon returning to 20°C, LIBs exhibited partial capacity recovery to
~79% of the rated value of 3310 + 37.4 mAh as shown in Table 2. NIBs had a mostly similar
initial capacity retention at -20°C with a ~28% decrease relative to the rated value (1530 mAh),
measured at 1100 + 44.3 mAh (Fig. 1¢). However, rather than stabilizing, a steady decline was
observed over the first 10 cycles with the average discharge capacity decreasing to 761 = 23.5mAh
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by the 20 cycle (Fig. 1d). Similarly, NIBs also showed an ~78% recovery in capacity of 1180 =
3.97 mAh. But we did not observe the initial capacity rise as seen in LIBs.

LIBs NIBs
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Fig 1. Capacity curves of LIBs and NIBs cycled at -20°C followed by 20°C: a) LIBs for five
cycles b) NIBs for five cycles ¢) LIBs for 20 cycles d) NIBs for 20 cycles. Capacity hysteresis
between charge and discharge cycles is observed for NIBs in b) & d). Red dashed line represents
the nominal capacities according to the manufacturers.

Furthermore, comparing the charge capacities, we observe an anomalous phenomenon. LIBs
followed the expected behavior, where the discharge capacity was slightly lower than the charge
capacity, and their ratios are close to unity. In case of NIBs, however, the charge capacity at -20°C
is ~300% higher than the charge capacity at 20°C. This result was consistent across four
independently tested cells, suggesting the phenomenon is reproducible, i.e., not due to a defective
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NIB cell. All the results from this dataset were also analyzed in the same way, so the anomaly
cannot be due to inconsistencies in data processing methods. We further verified that the
experiment was free of test errors. Altogether, we believe this anomalous result represents a
physical phenomenon unique to the NIB chemistry. This result was unexpected since the cell
capacity should decrease monotonically with decreasing temperatures due to kinetic limitations
(i.e., ion mobility and charge transfer processes both become hindered at low temperatures). Thus,
standard kinetic theories cannot explain this result’!'-32,

Table 2: Average discharge capacity of LIB (0.375C/0.375C) and NIB (1C/1C) tested at -
20°C and then 20°C.

Rated .. After 5 After 20
Battery Capacit Initial (- cycles ( cycles ( Recovery at
Y - y -
20°C, mAh 20°C (mAh
(mAh) >MAD 5 00C. mAR)  20°C, mAh) (mAh)
Li 4200 2790 +£24.4 2885+ 11.6 2220+149 3310+374
Na 1530 1100+443 937+359  761+£235 1180+3.97

3.2 Capacity hysteresis: a phenomenon in NIBs at low temperature

Next, we conducted a second set of experiments at 0°C under maximum charge/discharge C-rates
as specified in their datasheets?®?!. Again, we observed a large capacity hysteresis of more than
60%, which was not present in the LIBs.

To further quantify the anomalous behavior of charge capacity higher than discharge, we define a
capacity hysteresis ratio metric as the average charge capacity divided by the average discharge capacity:

Capacity Hysteresis ratio = Avg (chs}i:i ZZZZZS; y) Eq. (3)
To systematically analyze capacity hysteresis ratios, we jointly analyzed the datasets across all
tested temperatures, using the first set of experiments for 20°C and -20°C and the second set for
0°C. The results, shown in Fig. 2a, revealed that the capacity hysteresis in NIBs is a temperature-
dependent phenomenon; the hysteresis ratio grows larger with decreasing temperatures.
Specifically, at 20°C, the hysteresis ratio is close to unity, as expected. However, at 0°C this ratio
grows to 1.6 £0.08 and further to 3.37 £ 1.2 by -20°C during cycle 1. With continued cycling, the
hysteresis further increases by 80% state of health (SoH), the hysteresis ratios reach 2.00 + 0.06 at
0°C and 4.30 £ 2.2 at -20°C. In contrast, LIBs showed much lower capacity hysteresis ratios, with
values close to unity across all temperatures and cycles of 1.10 = 0.00 at -20°C, 1.00 + 0.00 at 0°C,
and 1.00 +0.00 at 20°C. LIB capacity hysteresis ratios also did not significantly change after aging,
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maintaining their values close to unity even at 80% SoH. The temperature-dependent capacity
hysteresis phenomenon thus occurs exclusively in the NIB chemistry.
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8 We next evaluated the effect of charge and discharge C-rates on the capacity hysteresis ratios in
é NIBs. Specifically, cells were cycled at -20°C using a range of lower cycling rates of 0.5C/0.5C,
g 0.25C/0.25C and 0.1C/0.1C charge/discharge rates. In all cases, the capacity hysteresis ratio far
§ exceeded unity, showing a similar trend observed in Fig. 1. Even with the reduced C-rates, which
= typically allow for more ion transport and less kinetic limitations, the capacity hysteresis remained
5 . ) . . .
§ in a relatively comparable range (Fig. 2b). The presence of the large capacity hysteresis ratios even
2 at lower C-rates suggests that the anomalous charge capacity may have a thermodynamic origin
< rather than being a purely kinetic effect.
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Fig 2. Capacity hysteresis ratios for: a) LIBs and NIBs measured at -20°C, 0°C and 20°C
o during the first cycle and at 80% SoH. The data highlights the low-temperature dependence on
= capacity hysteresis for NIBs. b) NIBs at -20°C for different C-rates.

3.3 Differential Capacity Analysis of LIBs and NIBs

We performed differential capacity analysis (3_3) of LIBs and NIBs, comparing trends across

cycles and across temperatures. First, considering different cycles with temperature held at 20°C,
LIBs exhibited sharp, symmetric, and distinct peaks while charging and discharging for the voltage
range ~(3.4 - 4.2)V (Fig. 3a). These features are a characteristic of stable and reversible
intercalation/deintercalation processes in LIBs with NMC positive electrode and graphite negative

. d .
electrodes. The cathodic (ﬁ) corresponds to phase transitions between hexagonal structures to

monoclinic (Hl<> M <H2« H3) in the layered NMC corresponding at each peak. On the
graphite side, peaks correspond to staging transition mechanism such as LiCg <> LiC;,3373. In
contrast, NIBs exhibited broad and less defined peaks, with peaks observed during charging within
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the voltage range of ~(2.5 - 4)V and during discharging within ~(2.4 - 2.7)V!¢ (Fig. 3d). This
asymmetry in NIBs is not surprising based on the different electrodes used and suggests distinct
reaction mechanisms. The NMF  positive electrode likely  undergoes Na*
intercalation/deintercalation through multiple transition metal redox. Specifically, the main sharp
peaks (1) are attributed to Ni*?/Ni*3 redox couple interacting with hard carbon, while the broader
peaks (2) correspond to Ni*3/Ni** and Fe*?/Fe*3 redox activity?”-3. These redox processes are also
typically accompanied by structural changes in layered oxide positive electrodes such as O3<>P3
phase transitions during cycling®®. The repeatability of the peak features across tens of cycles
confirms that these features are indeed related to ion insertion and extraction.

As the operating temperature is successively lowered from room temperature to 0°C and then to -
20°C, the asymmetry in differential capacity features becomes amplified (Fig. 3b,3c,3e,3f).
During charging, the peaks are pushed towards higher voltages, and during discharging, the peaks
are pushed towards lower voltages. This low-temperature peak separation occurs for both LIBs
and NIBs, though the effect is more pronounced for NIBs. For NIBs, although detailed studies of
the specific chemistry at low temperatures remain limited, the unusually sharp peak ~(3 - 4)V and
the loop observed at -20°C (Fig. 3e & 3f) are not commonly reported. One possible explanation is
the nucleation of a new intermediate phase and atypical reaction pathway involving the hard carbon

negative electrode, which could be contributing to the anomalous storage observed*3. The

voltage profiles in (Fig. S2) also support the trends observed in (‘;—3) analysis. At room temperature,

both LIBs (Fig. S2a) and NIBs (Fig. S2b) show stable charge-discharge behavior with minimal
voltage hysteresis. However, as the temperature drops to 0°C and -20°C, a clear voltage gap
between the end of discharge and the start of charge emerges, particularly for NIBs (Fig. S2e &
S2f), suggesting the system does not fully equilibrate. This behavior might be due in part to the
lack of a rest period between charge and discharge.
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Fig 3. Differential capacity curves across different cycles and temperatures: a) LIB at 20°C,
b) LIB at 0°C, ¢) LIB at -20°C, d) NIBs at 20°C, e) NIB at 0°C, f) NIB at -20°C. a) & d)
illustrates the reversibility of voltage and capacity profiles as a function of cycle number, with
LIBs showing distinct peaks for ion insertion while charging and discharging at the same
voltages with cycling. This effect is less pronounced in NIBs due to the different electrode
chemistry. b), ¢), e) & f) highlight the evolution of specific voltage regions at low temperatures.

To further study the effect of different temperatures on the peak shifts and charge capacity, we
overlay the differential capacity curves from cycle 1. During charging, LIBs (Fig. 4a) exhibit peak
shifts towards higher voltages as the temperature is lowered, an expected result considering the
increased resistance at lower temperatures. However, for NIBs (Fig. 4¢), the peaks remain largely
unchanged. Instead, a sharp phase appears at the voltage range of ~3V when charging at lower
temperatures. This peak grows in prominence with decreasing temperatures. During discharge, this
feature is not observed; instead, peaks 1, 2, and 3 at 20°C, 0°C, and -20°C, respectively, shift to
lower voltages. This shift is consistent with EIS measurements (Table S3) that show a much higher
Rsgr and R at lower temperatures. Under these conditions, NIBs show ~153x higher R.; and ~69x
higher Rgg; than LIBs. Moreover, NIBs exhibit ~31x higher Rgg; and ~3x higher R, during
discharge than charge. This suggests that Na® must overcome a thick, resistive SEI which can be
a potential contributor to the observed capacity hysteresis and will be discussed later in more
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detail**. Hence, both differential capacity analysis and EIS measurements reveal the expected
resistance trends for LIBs. That is, LIBs exhibit peak shifts corresponding to temperature-
dependent kinetics during charging and discharging, features which are not observed in NIBs.

The differential capacity curves were then analyzed to verify the anomalous capacity hysteresis
ratio trends reported earlier using cycling data. Here, for LIBs (Fig. 4b), the integrated areas under

d . . . .
the d—g curves decrease with lowering temperature, with the charge area reducing by ~40% and the

discharge area by ~30% from 20°C to -20°C. In contrast, for NIBs (Fig. 4d), the area under the
charge curve is larger than that under the discharge curve across all temperatures, with this
difference becoming more pronounced as temperature decreases. Specifically, the charge
integrated area increases by ~120% and the discharge integrated area decreases by ~20% from
20°C to -20°C. These computed areas under the curve are consistent with the anomalously large
capacity hysteresis ratios previously observed for NIBs at low temperatures.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00185d

Page 13 of 24

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 10:03:28 AM.

(cc)

EES Batteries
View Article Online
DOI: 10.1039/D5EB00185D
T T T ] 1.0 T T T
B
a) shifts towards higher voltages ! b)
] - 2 14
g’ @ il
= 3 qfi\\e!"’:?".v.-i i <
G ‘e L -“\j i Hn =
w B ! '\1.,4 st ANIN R8s .
| ; ki o
@ 8 Cyclet, 0.375C/0.375C | i g
— B gl o BT i sonl B
:% 2 h‘__-f'_-'_'_‘;‘_“‘—‘_'—;-‘-‘_:-.r "_‘\ ! -/7 ‘g
= P, e & N, j 2
= SO WY ST £
= I R ) 06
R N =7 T
= 0°C | gpi i
s 5075 srﬂﬂs towards lower voltagesei i o Charge
-2 T T o —a— Discharge
25 40 36 40 200 oc 200
Voltage(V) Temperature(°C)
' Tomg i ' ' 24 ' ' ]
© £Hi 0
s | ! | 3] 2.2 e
S 2 gl % 41
< g ! l"\'\_“_\, " '.‘\. If 22.0 - .
z g !-{ ' e £ 184 ]
% o [ A Py ! @
o B Cycle1,1C/1C = 1 j e sl f j% 1.6 .
an] 8 ,-/'iil S DIl T 44 ]
Z 5, o LA
E Yhmmamn T P T (O o91.2 -
<] =g -\-‘_\._.-'-\_ pr2 ,,_ 4 \_ o £
& \1'9 & ,’ﬁ\_-f—’t:":‘ - = 104 A
=} [ Vs By
20°C W G "0 shifts to low voltages 0.8+ o
_.—. g°C l!@-\f -— —e— Charge
== 220°C| 0] —e— Dischargé|
-2 T T T
L Y h T ’ -20C oc 20C
15 20 25 30 35 40 ’
Temperature(°C)
Voltage(V)
Fig 4. Comparing the capacity curves of LIBs and NIBs at 20°C, 0°C and -20°C: a) No prominent
voltage shifts are observed in LIBs. b) The graph shows nearly constant changes in charge and
discharge unlike NIBs. ¢)The peak shifts were more prominent for NIBs while discharging than
charging. d) The graph illustrates that the area under the charge curve is more than the discharge
curve, further suggesting the capacity hysteresis effect.

3.4 Comparing different manufacturers of NIBs
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We investigated whether the capacity hysteresis behavior is universal across NIBs or specific to a
particular manufacturer. To do this, we evaluated another commercially available NIB, Sriko
18650% (Na,NiMnFeO,|hard carbon|~93% carbonate electrolyte abbreviated as NMF|HC|SC93),
with a nominal capacity of 1200mAh and voltage of 3V and cut-off voltages of 4V for charge and
2V for discharge. Both cells were tested under identical conditions of 1C/1C charge/discharge, and
performance metrics were studied using the same protocols across various temperatures. In terms
of capacity hysteresis, Sriko cells measured at cycle 1 showed ratios of 2.05 + 0.00 at -20°C, 1.3
+ 0.19 at 0°C, and 1.00 £+ 0.00 at 20°C. Unlike Hakadi cells, whose hysteresis increased with
cycling, Sriko cells showed a decline reaching 1.73 £ 0.00 at -20°C and 1.1 £ 0.09 at 0°C (Fig. 5)
by 80% SoH. In addition, we evaluated NaFR cells from another manufacturer with a nominal
capacity of 1300mAh and cut-off voltages of 3.95V for charge and 2V for discharge. Using the
same 1C/1C protocol at -20°C, these cells showed a similar phenomenon (Fig. S3). Overall, we
confirmed that the large capacity hysteresis ratios are present for multiple NIB cell manufacturers,
although the extent to which it exists varies. This observation provides further evidence that this
anomalous phenomenon is a characteristic of the NIB chemistry rather than that of a particular
NIB manufacturer. Similar temperature-dependent trends, with the ratio increasing at lower
temperatures, also suggest a shared underlying mechanism across different NIB cell types.

' g ! @ Sriko at cycle "
O Sriko at 80% SoH
6 - ® Hakadiatcycle1 -
S O Hakadi at 80% SoH
8, 1
@
7 4
o [}
% 4 .
(7]
>
I <]
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(1]
T
O 2 L ] o i
| @ § .
1 8 -
20 0 20
Temperature(°C)
Fig 5. Capacity hysteresis ratio for Sriko and Hakadi measured at -20°C, 0°C and 20°C during
the first cycle and at 80% SoH.

3.5 Post-mortem analysis

To identify the mechanism behind the anomalously large capacity hysteresis ratios in NIBs, we
disassembled the cycled batteries to directly observe the electrodes. During fresh cell disassembly,
no electrolyte was observed in LIBs (Fig. S4a), whereas a noticeably larger volume of electrolyte
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was present in NIBs (Fig. S4b). This excess amount of electrolyte may help explain the additional
sodium supply during cycling at low temperatures and contribute to capacity hysteresis in NIBs.
Furthermore, in cycled NIBs (80% SoH) at -20°C, a striking difference was observed between the
negative electrode surfaces (Fig. 6¢ & 6g). The Hakadi negative electrode showed clear evidence
of a change in surface color to gray. We attribute this surface color change to sodium metal
deposition since the material was soluble in dimethyl carbonate and reacted readily with water
(Fig. S5). In addition, traces of leftover electrolyte were observed inside the battery can (Fig. S6a).
Comparatively, the Sriko negative electrode did not show the same extent of sodium metal
deposition even after cycling at -20°C and nor did it show traces of electrolyte residue (Fig. S6b).
This indicates that severe degradation mechanisms at the positive electrode, such as extensive
oxygen loss or phase collapse, are unlikely to be the dominant source of the excess charge capacity
under our cycling conditions*®4’. However, no changes were observed on the positive electrode
surfaces for either battery (Fig. S7). It is clear that if the negative electrode undergoes sodium
metal deposition, the positive electrode must simultaneously undergo reactions beyond its normal
intercalation/deintercalation. In fact, we observed clear evidence of corrosion on the inner surface
of the battery can (Fig. S8).
The reaction pathway based on these observations is the following:

Na metal formation at negative electrode side: Na* + e~ — Na°

Fe corrosion at can: Fe — Fe?t + 2e™ ; Fe?* - Fe3t + e~

In this case, electrons are generated through parasitic oxidation at the battery can on the positive
electrode side *¥4° which are consumed at the negative electrode side through the formation of Na
metal. In addition to our observations, other reports have shown that battery can corrosion are
commonly observed under low temperature and strong polarization conditions>’. Moreover, ICP-
MS and Raman Spectroscopy was used to confirm that positive electrode and negative electrode
compositions of both cells were nominally identical as Na,NiMnFeO, (NMF) (Fig. S9a) and hard
carbon (HC), respectively (Fig. S9b). Additionally, Scanning Electron Microscope (SEM) of the
negative electrode surface clearly highlighted morphological differences between the two negative
electrodes (Fig. S10). However, after cycling, the Hakadi anode (Fig. 6d) did not show significant
surface deposition like Fig. 6b, suggesting that the sodium metal deposition was mainly occurring
within the pores of the hard carbon as a uniform layer, rather than on the surface. Consistent with
this, EDS shows a clear increase in Na and O contents after cycling (Fig. S11). We also note that
a Na signal is present on the fresh hard carbon electrodes, which we attribute to residual NaPFg
salt from the electrolyte which is discussed in detail in the later section.
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Fig 6. Optical and SEM images of negative electrode surfaces before (100% SoH) and after
(80% SoH) cycling at -20°C: a) Optical image of Fresh Hakadi, b) SEM image of Fresh Hakadi,
¢) Optical image of -20°C Hakadi, d) SEM image of -20°C Hakadi, e) Optical image of Fresh
Sriko, f) SEM image of Fresh Sriko, g) Optical image of -20°C Sriko, h) SEM image of -20°C
Sriko.

3.6 Proposed mechanism of large low-temperature capacity hysteresis ratio

Based on the observations from cycle testing, differential capacity analysis, and post-mortem
analysis, we propose that the anomalously large charge capacities measured at low temperatures
can be primarily attributed to sodium metal deposition on the hard carbon negative electrode
surface. At least two factors influence this deposition process:

(1) Diffusion kinetics of Na at the hard carbon interface and within its pores

As shown schematically in Fig. 7a-d, at lower temperatures Na* does not always intercalate
efficiently into the hard carbon structure*®#23!. Instead, some Na* intercalates as expected, while
a portion is adsorbed and forms a thin, metallic homogenous layer. We speculate that this is
because of the slower diffusion of Na* in the electrolyte at such low temperatures3?->4. Na*
transport across the interface proceeds in three main steps, 1. Na™ in electrolyte is solvated by the
solvent, 2. Solvated Na* then de-solvates at the electrode surface, and 3. Na* diffuses into the hard
carbon. If any one of these steps is not fast enough, the de-solvated Na* may fail to intercalate into
the hard carbon. In that case, it can absorb an electron and be reduced to Na°, leading to sodium
metal deposition within the pores of the disordered hard carbon’>. Thus, a fraction of this deposited
sodium likely becomes electrochemically inactive which is consistent with the increased Rgg; and
R, observed in EIS (Table S3). We therefore hypothesize that the large capacity hysteresis
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observed (Fig. 1b & 1d) arises from the combined effect of partial adsorption and incomplete
intercalation with hard carbon, along with side reactions at the interface. Furthermore, the early-
stage nature of deposits observed after only five cycles (Fig. S12) suggests that this sodium metal
accumulation does not require battery aging but shows up from the very beginning of cycling.

This interpretation is supported by the differential capacity analysis from Section 3.3, where we
observed the distinct growth of a new 3—8 peak between (3 - 4)V, but only while charging. Sodium

metal deposition could explain this peak, a process that becomes more pronounced at lower
temperatures, with larger intensity. The attribution of this peak to sodium metal deposition also
implies a thermodynamic window in which this deposition is favorable in NIBs. Unlike lithium-
ion systems, where lithium plating is largely driven by graphite saturation, sodium metal
deposition can occur earlier due to sluggish Na* kinetics.

We also hypothesize that differences in capacity hysteresis ratios between different NIB
manufacturers are due in part to material structure differences in the hard carbon negative
electrode, such as the degree of structural disorder. More specifically, the hard carbon negative
electrode in Hakadi may undergo greater structural disorder under low temperature cycling. To
test this hypothesis, Raman Spectroscopy measurements were made to quantify Ip/Ig ratios>!-33-,
a measure of structural disorder in carbon where ratios greater than one corresponds to increased
disorder. Hakadi negative electrodes showed a marked increase from 1.07 (fresh) to 1.40 at -20°C.
In contrast, Sriko showed a smaller change from 1.24 (fresh) to 1.26 at -20°C. This further suggests
that Hakadi hard carbon is allowing more adsorption and intercalation**42, consistent with the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

observed larger capacity hysteresis ratio.
(2) Differences in electrolyte composition and quantity

We characterized NIB electrolytes using GC-MS technique®’3, observed the presence of
Phosphoryl Fluoride (OPF;) (Table S4), a known product of NaPF, salt decomposition followed
by hydrolysis®®. This confirms that both cells use the same NaPF salt. However, the electrolyte
compositions differ significantly: Hakadi contains a much lower amount of standard carbonates
(SC) (~57%) (NMFHC|SC57) compared to Sriko (~93%) (NMF|HC|SC93). While both cells
shared a  non-standard  additive, Thiolane-3,4-dicarbonitrile,2,5-di-tert-butyl-3,4-bis
(trifluoromethyl), it is present in a higher amount for Hakadi (14.71 area %) compared to Sriko

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 10:03:28 AM.

(cc)

(7.07 area %). In addition, Hakadi’s electrolyte includes two uncommon additives: 1,2-
Oxathilane,2,2-dioxide and 1,3-Dioxolan-2-one,4-methyl. Based on this, we speculate that, despite
the greater tendency for sodium metal to adsorb in hard carbon pores, the larger additive with
lower carbonate concentration and larger electrolyte volume (Fig. S6a) is playing a key role in
formation of a stable SEI layer. This could explain why Hakadi cells, though having higher
capacity hysteresis ratios, still maintain a gradual capacity decline. In contrast, the electrolyte
quantity (Fig. S6b) and formulation in Sriko may not be well suited to support stable cycling at
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low temperatures, resulting in capacity hysteresis during early cycles but leading to faster failure
(Fig.8).
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Fig 7. Proposed mechanism demonstrating sodium diffusion limitations with hard carbon and the
influence of electrolyte composition. a) Hakadi at cycle 1, shows sodium metal deposition within
the hard carbon due to sluggish Na* kinetics at low temperatures, b) After more than 5 cycles,
Hakadi develops a stable SEI that regulates the interface, allowing sodium metal deposition to
remain partially reversible and supporting extended cycling, attributed to its additive rich
electrolyte, ¢) Sriko at cycle 1 showing minimal sodium deposition (less visible in Optical and SEM
images), despite the same NMF||HC chemistry, attributed to differences in surface chemistry, d)
Sriko showing rapid capacity fade and failing faster due to unstable SEI formation, linked to its
carbonate rich electrolyte with fewer stabilizing additives.
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Taken together, these results suggest a hypothesis of kinetics of sodium metal on hard carbon at
low-temperature, stable SEI formation, excess electrolyte volume and its non-standard electrolyte
composition with fewer carbonates and more additives, all contributing to high charge capacity in
Hakadi NIBs.

CONCLUSION

Our work demonstrates that current COTS NIBs exhibit distinct electrochemical behaviors at 0°C
and below compared to LIBs. Features such as capacity hysteresis and voltage shifts are influenced
by temperature-dependent and C-rate specific kinetic limitations. Importantly, this behavior
appears to be a feature of commercial NIBs tested so far, with its extent determined by factors such
as electrolyte composition and the degree of disorder in the hard carbon. Ongoing research is being
conducted to study coin cell testing using electrodes harvested from Hakadi and Sriko cells but
paired with different electrolyte compositions at various temperatures. We are also testing
additional manufacturers and building a comparative database to understand the different trends.
In parallel, we are working to understand the mechanisms behind capacity hysteresis in the lab by
constructing NIBs with controlled combinations of negative electrode, positive electrode, and
electrolyte. The goal is to guide future improvements in electrolyte and electrode design and help
determine the appropriate chemistry behind this anomalous behavior. Several opportunities remain
to better understand and optimize NIB performance under extremely low temperature conditions.
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