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A new concept of “Reverse” Ragone plots (RevRg) is introduced as
opposed to the well-known “Direct” Ragone plots (DirRg). RevRg
typically addresses the question of how much energy a lithium-ion
battery (LIB) delivers according to the charging time. In contrast,
DirRg predicts the amount of energy a LIB delivers from the initial
full charge state according to the discharging time. In both RevRg
and DirRg tests, the energy during discharge converts to the
energy density E4 (W h kg™'), whereas the charging and
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discharging times convert to the power densities P. and Py
(W kg™), leading to the RevRg and DirRg plots. The constant
current-constant voltage (CCCV) charging method and a newly
developed non-linear voltammetry (NLV) charging method are
used for RevRg and DirRg tests on LIB cells. It is found that the
NLV method occasionally enables full charging as fast as in
10 minutes, achieving much higher E4 than CCCV does in the same
charging time.

Current Ragone plots address the energy output of a storage system such as batteries according to the utilisation (discharge) power. Our new concept of
“Reverse Ragone” addresses the question of how much energy can be stored according to the charging time, which is more relevant for the end user,

especially in electric vehicle applications. We found that the newly developed non-linear voltammetry charging technology (NLV) allows much higher energy

output than the conventional constant-current based technologies (CC) under a limited charging time. We tested three different commercially available
lithium-ion cells designed one for high power, the other for mid-power/energy and the last one for high energy performances with NLV and CC charging

under the same charging time set between 60 minutes and 10 minutes. For the three cells, the energy output under NLV charge is significantly higher than

that in the CC charge whatever is the charging time. Accordingly, our argument is that NLV will gradually replace the conventional CC-based charging techno-
logy, especially in battery application areas where the charging time is critical such as in electric vehicles and power tools to cite a few.

1 Introduction

Since the introduction of energy-power (E-P) Ragone plots
(DirRg) by D. V. Ragone in 1968,"” the concept has been exten-
sively used for energy storage system performance assessment,
including batteries,”® heat energy storage systems,”®'! and
supercapacitors.® !> Both theoretical®*****7*® and applied
science aspects®®'”'° of the DirRg concept were considered
in the previous studies.

One of the practical findings from DirRg when applied to
electric mobility is predicting the driving range basically from
a fully charged battery pack (energy) according to the average
driving speed (discharge power). The Reverse Ragone (RevRg)
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concept, however, addresses a different question of what the
driving range of an electric vehicle (EV) would be according to
the charging time. The charging time is becoming a critical
parameter especially in EV applications.”® When a constant
current (CC) based charging method such as constant current-
constant voltage (CCCV) and multi-stage CC (MSCC) is used to
reduce the charging time, higher currents should be
applied."®*" This may cause overheating, premature termin-
ation of charging before reaching the target state-of-charge
(SOC), risks of thermal events, and reduced battery lifespan.>’
In this work, a new charging protocol based on non-linear
voltammetry (NLV) enabling safe ultra-fast charging is
used.”*?* NLV differs from CC-based charging methods in that
no CC is applied at any time. Instead, a series of short con-
stant voltage (CV) steps are applied, separated with very short
rest periods while monitoring the current response and temp-
erature. A transition from one CV plateau to the next occurs
according to the current response. DirRg and RevRg plots are
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used here to account for LIB performance under NLV and
CCCV charging methods. Our tests on three different lithium-
ion cells clearly showed that NLV charging outperforms CC-
based charging especially when the charging time falls below
20 minutes. NLV charging should become the preferred
technology especially in electric vehicle applications where the
charging time is crucial.

2 Experimental

Three cylindrical LIB cells manufactured by Samsung SDI Co.,
Ltd, namely 30T, 40T, and 50E cells, were used in this study.
The cells feature a nominal voltage of 3.6 V and the same
21 700 cylindrical form factor, with rated capacities of 3 A h, 4
A h, and 4.9 A h for the 30T, 40T, and 50E cells, respectively.
The 30T cell is a high-power cell and the 50E cell is a high-
energy cell, while the 40T cell lies between the two. For each
cell type, three samples were tested, two for the RevRg tests
under NLV and CCCV charging and the third one for the
classic Ragone test under various discharge C-rates. For clarity,
the cells for the RevRg test under NLV charging are labeled as
30T-1, 40T-1, and 50E-1, the cells for the RevRg test under
CCCV charging are labeled as 30T-2, 40T-2, and 50E-2, and the
cells for the DirRg test are labeled as 30T-3, 40T-3, and 50E-3.

The cells were tested at a constant ambient temperature of
25 ©°C regulated by a thermal chamber ESPEC SU-642. Two
thermocouples were attached to the surface near the positive
end (PE) and negative end (NE) of the cells to monitor the
surface temperatures. The temperature data were logged using
a Measurement Computing USB-2408 data acquisition device.
A temperature safety limit of 55 °C was set during the tests.
The cells were cycled using an ITECH IT-M3902C bi-directional
power supply, with voltage and current upper limits of 32 V
and 80 A, respectively.

All fresh cells were firstly subjected to a CCCV cycle to assess
the nominal capacity. The CCCV cycle begins with CC charging
at 0.5 C-rate until the cell voltage reaches 4.2 V, followed by CV
charging at 4.2 V until the current drops below the cutoff
current of 0.05 C-rate. After charging, the cells rest for
30 minutes before being discharged at a constant current of 0.5
C-rate to the cutoff voltage of 2.6 V. The C-rate is a measure of
the constant current relative to the cell’s nominal capacity, with
1 C-rate representing a current that charges or discharges the
cell in one hour. Specifically, 1 C-rate corresponds to a constant
current of 3 A, 4 A, and 4.9 A for the 30T, 40T, and 50E cells.

2.1 RevRg test under NLV charging

A series of NLV charging tests were applied to the 30T-1, 40T-1,
and 50E-1 cells. The NLV charging tests were set for target
charging times of 60, 50, 40, 30, 20, and 15 minutes. The
30T-1 and 40T-1 cells underwent an additional NLV charging
test with a 10-minute target charging time, as they can with-
stand higher current levels based on the datasheets. The cells
were allowed to rest for 30 minutes before being discharged at
0.5 C-rate regardless of the target charging time. Since the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Communication

cells have the same voltage window based on the datasheets,
identical end conditions were set to determine the end of the
NLV charging process.

2.2 RevRg test under CCCV charging

A series of CCCV charging tests were applied to the 30T-2,
40T-2, and 50E-2 cells. The CV level was set at 4.2 V for all
CCCV tests. The CC rates were set at 1, 1.2, 1.5, 2, 3, and 4 C,
which theoretically correspond to the charging times of 60, 50,
40, 30, 20, and 15 minutes. The 30T-2 and 40T-2 cells under-
went an additional CCCV charging test with a CC rate of 6 C,
corresponding to a 10-minute charging time. This was con-
ducted to compare the performance of CCCV and NLV char-
ging in the same charging time. The settings for the rest
period and the discharging process were identical to those in
the NLV charging tests.

2.3 DirRg test under various discharge C-rates

Initially, the 30T-3, 40T-3, and 50E-3 cells underwent full
charge under 0.5 C to 4.2 V; then 4.2 V was applied until the
current dropped below 0.05 C. After 30-minute rest, the cells
were discharged at C-rates of 0.5, 1, 2, 3, 4, and 5 C to 2.6 V.
The 40T-3 cell underwent two additional CCCV cycles with dis-
charge rates of 6 and 7 C. The 30T-3 cell underwent five more
CCCV cycles with discharge rates of 6, 7, 8, 9, and 10 C.

3 Results and discussion

Since CCCV charging is widely used, its charging profiles are
not disclosed here. Fig. 1(a)-(c) illustrate the current (I),
voltage (V), and cell temperature (7') profiles during NLV char-
ging in ~20 min for the 30T-1 cell. The cell temperature
increased from about 25 °C to around 36 °C, which was below
the temperature safety limit. Similar I, V, and T profiles were
achieved during all the NLV tests, which are not reported here
to avoid redundancy. NLV was proposed by Yazami et al>*??
NLV consists of applying a series of short CV steps separated by
a very short rest time with no current injection. During each CV
step, the charging current drops nearly according to the Cottrell
equation i = k-t 2. The current profile during the CV step trans-
lates the resilience of the cell to taking more charge. During the
short rest period of about 2 s, the cell voltage drops to the
“pseudo-open-circuit voltage” (p-OCV).>* The rest time between
two CV steps allows for anode and cathode depolarization,
which is overall an endothermic process, therefore contributing
to reducing the cell’s temperature rise rate during NLV charging.
The voltage transition from one CV plateau to the next takes
place according to the current dropping rate. The completion of
NLV charging takes place when one of the following three con-
ditions is achieved: (1) the target final SOC, (2) the voltage
upper limit, and (3) the temperature safety limit.

3.1 RevRg plot

The RevRg plot is obtained by depicting the energy density Eq4
during the discharging process versus the average charge
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Fig. 1 (a) Current, (b) voltage, and (c) cell temperature profiles during
20-minute NLV charging for the 30T-1 cell near the positive (PE) and
negative electrode (NE).

power density P.. The following equations were used to calcu-
late Eq in W h kg™ and P, in W kg™*

Eq = %ﬁj Va(t) - Iadt (1)
b, — Ml. - JOC Ve(t) - I(¢)dt (2)

where M represents the mass of the cell, Vy4(¢) is the voltage
during the discharging process at a constant current of I,
V(t) and I.(¢) indicate the voltage and current during the char-
ging process, and ¢, and ¢4 represent the total charging time
and discharging time, respectively.

Fig. 2(a)-(c) show the RevRg plots for three types of cells
under NLV (30T-1, 40T-1, and 50E-1) and CCCV (30T-2, 40T-2,
and 50E-2) charging. The solid lines represent the RevRg
curves under two charging protocols. The gray dashed lines
are labeled with the target charging times in minutes. The
highest energy density under 60-minute NLV charging is about
160 W h kg™, 210 W h kg™, and 247 W h kg™ for 30T, 40T,
and 50E cells, respectively. However, when the charging time
is decreased, 30T remarkably maintains a flat energy profile at
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Fig. 2 RevRg plots under NLV and CCCV charging for (a) 30T-1 and
30T-2, (b) 40T-1 and 40-2, and (c) 50E-1 and 50E-2 cells. The solid lines
correspond to the RevRg plots, and the labels besides the gray dashed
lines represent the charging times in minutes.
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~160 W h kg™' even under 10-minute NLV charging. In con-
trast, the profiles for 40T and 50E show a negative slope,
which becomes more pronounced for the charging time below
15 and 20 minutes for 40T and 50E cells, respectively. It is
most worth noting that for the three cells, the discharge
energy output is much higher under NLV charging than under
CCCV charging in the same charging times. The only excep-
tion is the 50E cell in 15-minute charging time where the NLV
and CCCV data are quite similar. The superiority of the NLV
vs. CCCV charging protocol is obvious, since CCCV does not
allow a full charge of the cell in limited times.

Furthermore, the RevRg plots provide insights into how
to properly charge the cells in practical scenarios, ensuring
they work under favorable charging conditions. For the 40T
and 50E cells, although they show a higher energy density
than the 30T cell, their sloping profile suggests a higher
internal resistance, which impedes their ultra-fast charging
performance. The highest cell temperatures achieved during
NLV charging are 49 °C, 51 °C, and 55 °C for 30T in
10 minutes, 40T in 10 minutes, and 50E in 15 minutes,
whereas the highest cell temperatures are 40 °C, 42 °C, and
46 °C during CCCV charging in the same times. The differ-
ence in temperature is probably due to the fact that NLV
charging achieved much higher SOC than CCCV charging. It
was observed that under higher charging rates, the tempera-
ture increases steadily in the ~80-100% SOC range due to
the cell’s overpotential.

3.2 DirRg plot

For DirRg tests, the energy density was obtained using eqn (1)
and the average discharge power density was calculated using

eqn (3)

td
e ICCRACL (3)

Fig. 3 shows the DirRg plots for three fully charged cells
under various discharge C-rates. The highest energy density
under 0.5 C-rate discharge is about 160 W h kg™*, 208 W h
kg™, and 248 W h kg™* for 30T, 40T, and 50E cells, respect-
ively. At higher discharge C-rates, the energy density of the
three cells decreases at different slopes, since the cutoff
voltage of 2.6 V can be reached before the cells are fully dis-
charged. The slopes for 30T-3, 40T-3, and 50E-3 cells become
more pronounced at a discharge C-rate higher than 6 C, 5 C,
and 3 C, respectively. Performance limitations of the cells at a
high-power region are attributed to the ohmic losses associ-
ated with higher polarization effects. The DirRg plots demon-
strate that a demanding discharge pattern can result in less
energy output. Moreover, the results demonstrate that the 30T
and 40T cells are well-suited for high-power applications with
discharge C-rates around 5 C, whereas the 50E cell is preferred
in high-energy scenarios under non-intensive discharge pat-
terns with C-rates below 3 C. It is noteworthy that the 30T cell
outperforms the 40T and 50E cells above 1000 W h kg™" dis-
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Fig. 3 DirRg plots for the three cells under various discharge C-rates.
The slopes of DirRg curves exhibit changes when the discharge C-rate
exceeds 6 C, 5 C, and 3 C for 30T-3, 40T-3, and 50E-3 cells.

charge power
characteristics.

density, highlighting its high-power

4 Conclusion

In this work, the Reverse Ragone (RevRg) concept is introduced
for the first time to account for the energy output of a LIB cell
according to the charging time. RevRg provides particularly
useful data in LIB applications where the charging time is criti-
cal such as in EVs and in power tools. It is found that the NLV
ultra-fast charging method outperforms the conventional CCCV
charging method on the charging time basis. Under NLV char-
ging, the high-power density 30T cell showed a nearly constant
discharge energy density over a charging time range of 10 to
60 minutes, whereas the energy density declined steadily with
shorter charging times under CCCV charging. The 40T and 50E
cells, however, showed a declining energy density under both
NLV and CCCV charging, although the declining slope is larger
under the CCCV charging protocol. The 40T cell showed the
best tradeoff between energy and power even under 10-minute
NLV charging. Owing to its adaptive charging characteristics,
NLV outperforms CCCV charging and is anticipated to gradually
become a preferred charging method of LIB-based systems, par-
ticularly in the electric mobility space.

Data availability

All data in the manuscript referred to above are original data
generated from battery testing in our laboratories. They have
never been published elsewhere, nor have they been presented
at a public event. Data are being made available only for the
purpose of publication in EES Batteries.

The data supporting this article have been included as part
of the manuscript.
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