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1. Introduction

Lithium-ion batteries are a key technology for replacing fossil
fuels in energy storage applications.[1] To penetrate markets
besides consumer electronics, the application-specific require-
ments for the battery cell as a product must be met. For electro-
mobility, energy density and rate capability are crucial
performance criteria.[2] However, optimizing both properties
independently is challenging and intrinsically limited.[3] High-
loaded electrodes ensure a high energy density and hence a long
driving range, while the rate capability is low for those kinds of
electrodes.[4] Structuring is a promising approach to increase the
rate capability of high-loaded electrodes without influencing the
energy density. With this electrode treatment, the diffusion

limitation of lithium-ions in the electrolyte
liquid is tackled and hence the intrinsic
limit for rate capability is shifted.[5] Thus,
higher power densities can be achieved
without sacrificing the energy density.
Alternatively, by increasing the electrode
loading and compensating for the
accompanying losses in power density
by structuring, the energy density can also
be increased. Furthermore, postmortem
measurements indicated less lithium plat-
ing of structured electrodes.[6–8] Lithium
plating can lead to an internal short circuit
and thermal runaway of the cell. With
operational safety as a strict criterion in
battery cell quality, structured electrodes
show a high potential for implementation
in the industry. This advantageous elec-

trode treatment was already patented in 2012, giving different
proposals for creating the structures. These include crack
formation by targeted drying, additive manufacturing by 3D
printing, laser ablation, and mechanical structuring with
an embossing roller.[9] Part of these proposals have been
examined in the literature such as 3D printing[10] and laser
structuring.[11–17] Additionally, further alternative methods
for creating structured electrodes, such as micromilling,[18]

screen printing,[19] or pore forming via a foaming agent,[20] were
described. However, the structuring methods investigated so
far either cannot directly control the structure geometry or suf-
fer from low throughput. Laser ablation is the most widely used
method for creating structured electrodes in the literature. The
reason for its low throughput is that the laser beam must be
directed individually to each hole position via a scanner.
Approaches such as parallelization of multiple laser systems
or polygon scanners significantly increase the throughput,
but could not achieve the web speeds necessary for industrial
mass production so far.[21] For the mass production of lith-
ium-ion battery cells, the challenge is to find scalable
and robust solutions rather than high flexibility in process
design.[22]

To do so for high-power density cells, in this work, a method
for mechanically structuring lithium-ion battery electrodes in a
roll-to-roll process is investigated. A concept for the additional
process is elaborated and different integration options are
discussed. A proof of concept is provided by structuring lithium-
ion battery electrodes with a hand-operated embossing
device. These structured electrodes are investigated in a rate
capability test.
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Highly performing lithium-ion batteries are essential for the electrification of the
transport sector. However, the two performance criteria, high power density and
high energy density, inversely correlate with each other via the mass loading of
the electrodes. To achieve high charging and discharging rates at high energy
densities, structuring of electrodes is a proven method. Currently, structures are
mostly realized by laser ablation, which comes along with material loss and low
process rates. Herein, a concept for electrode structuring through mechanical
embossing in a high-throughput roll-to-roll process is elaborated. Different
integration options are described and the challenges are discussed. To provide a
proof of concept, a hand-operated embossing device is built and used to structure
graphite anodes. In a rate capability test, an increase in discharge capacity at
medium C-rates by up to 14.3% is observed.
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2. Concept Section

2.1. Description of the Process Concept

The concept comprises two rollers arranged vertically above each
other. The upper roller is provided with a negative structure and
hence can introduce structures into the coating of an electrode
passed between the two rollers, as illustrated in Figure 1.
The mating roller may, in the case of double-side coated electro-
des, also exhibit a negative structure. Its vertical position is fixed
while the position of the upper roller can be adjusted according to
the requirements for the structuring process. The applied pres-
sure of the upper roller in combination with an adjustable stop
defines the maximum penetration depth of the negative structures
into the electrode. The circulation speed of both rollers is precisely
matched to the web speed of the electrode. As electrode defects can
bemitigated by elevated temperatures,[23,24] the rollers may also be
heated. Additional elements such as deflection rollers, drawing
rollers, and web edge guide control stabilize the process.

2.2. Integration into the Process Chain of Electrode Production

Figure 1 shows a schematic drawing of the investigated process
in the case of single-side coated electrodes as well as possible
integration options into the conventional process chain of
electrode production. Comparable to laser structuring, there
are several integration options.[25] Integration is possible as a
subprocess directly into an existing roll-to-roll process step of
the electrode production such as coating or calendering (options
A to D). Alternatively, the additional process can also be operated
in a standalone system (options B to D).

Since electrode slurries may adhere to the embossing roller in
a nondried state, mechanical insertion of the structures is only
possible after sufficient predrying. Therefore, the structuring
process can only be integrated from the drying process onward.

However, semidry conditions are assumed to be advanta-
geous, as electrode deformation is easier in this state.
Structuring should be carried out after the film shrinkage
step, during which the particles of the electrode approach each
other. After this drying step, the electrode structure does not
change anymore as the active material particles are fixed by adja-
cent particles.[26] Thus, the implementation as a subprocess
could be realized by splitting up the drying line and inserting
the embossing roller in between (see option A). However, this
comes with a loss in flexibility, since the required degree of
drying has to be reached within the first part of the drying line.
Several coating properties such as solid content, wet film thick-
ness, web speed, etc. influence the degree of drying and may have
to be adjusted according to the position of the integrated roller.

Another option is to introduce the structures in the fully dried
state (see option B). This allows greater flexibility for different pro-
duction scenarios. In the case of inline integration, the structuring
process can either be added after the drying section or before the
calendering process. However, structuring prior to calendering
may lead to clogging of the structures in the calendering step.

This leads to the third option of integration after calendering
(c.f. option D), avoiding clogging of the structures. However, it is
expected that high line loads are required to insert structures into
already compacted electrodes, which can lead to higher wear and
a more complex plant design.

Since with this option, the electrode surface is no longer
adjustable in downstream process steps, problems can arise if
the negative structures only partially penetrate. As a result, mate-
rial can also be displaced toward the electrode’s surface, creating
edge protrusions around the introduced structures.

A fourth option is to combine structuring and calendering in
one process step (see option C). In this case, full penetration of
the negative structures is necessary. Thus, the base surface from
which the negative structures protrude must be perfectly flat, as
this determines the final electrode surface. Irregularities at the
surface of the anode can lead to local overpotentials, causing lith-
ium plating.[27] Furthermore, the flexibility of this process option
is limited. If the electrode design is changed, it is mandatory to
change the roller as well, since the depth of the negative structure
must match the final thickness of the electrode. However, the
combination of calendering and structuring in one process is
most advantageous from a cost perspective.

Generally, the alternative process can be readily integrated
into the process chain, as it is very similar to the existing process
of calendering.

2.3. Roller Contamination and Wear

Although anode and cathode production lines are often operated
separately in industrial battery cell factories and therefore cross-
contamination is excluded, deposits on the negative structure
must be strictly avoided. Residues on the embossing roller
can lead to irregular structures and agglomerates on the elec-
trode. Additionally, the penetration depth will be impacted by
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Figure 1. Schematic drawing of the concept for mechanically structuring
single-side coated electrodes using an embossing roller. The conventional
process chain of electrode production and four different integration
options for the embossing process are depicted: A) During drying,
B) after drying/before calendering, C) during calendering, and after
D) calendering. Depending on the option, structuring is integrated either
as a standalone process step or inline as a subprocess in the conventional
process chain.
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residues on the embossing roller as the upper roller will be lifted
if additional material enters the gap. This punctuated local stress
on the roller might even lead to damage to the negative structure
of the roller.

To avoid deposits, a special design of the surface of the
structures may be chosen or a mechanism for inline cleaning
of the roller must be implemented. Options to clean the roller
are compressed air and brushes, both in combination with a suc-
tion system. Laser cleaning is an alternative as it is especially
suited for small particles. Depending on the material properties,
laser cleaning can selectively remove deposits without affecting
the surface underneath.[28]

Another challenge is roller wear, which is a well-known phe-
nomenon in calendering, especially in the case of cathodes due to
the rigid particles. Having fine negative structures on its surface,
wear is a particularly critical challenge of an embossing roller.
To avoid downtime, it is important to track this gradual change
of the negative structures. In addition, it must be known when to
change the roller to avoid unacceptable losses in electrode quality.

Especially for embossing rollers, quality assurance is difficult
as the relation between the monitoring surface size and the
defect size is large. It is difficult to estimate the lifetime of an
embossing roller without validation within a destructive long-
time experiment.

2.4. Influence on the Throughput

The integration of the additional process step into an existing
roll-to-roll process influences the throughput in different ways.
First of all, an additional process leads to more effort in deter-
mining the process parameters and increases the ramp-up time.
Maintenance may have to be carried out more frequently and is
more time-consuming if an additional step is added to the
process chain. Furthermore, the increased complexity due to
additional interdependencies within the process chain increases
the susceptibility to errors. All these factors may increase the
downtime of the production line.

However, higher electrode loadings can be chosen, since the
corresponding losses in rate capability are compensated by struc-
turing. Thus, throughput in terms of produced energy storage
capacity (MWhCell h

�1) is increased for most of the process steps,
being one of the greatest levers for cost reduction.[29]

Additionally, reduced wetting times in the electrolyte filling step
were reported for cells with structured electrodes.[30–32] It can be
assumed that mechanical structuring using embossing rollers
can reach higher throughputs in comparison to other structuring
techniques such as laser ablation.

3. Experimental Section

3.1. Electrode Preparation

For anode slurry preparation, distilled water was mixed with a
thickener (Na-CMC; Mw= 250 000 gmol�1; Merck) in a
disperser (Dispermat FM 10; VMA-Getzmann) at 2000 rpm
(tangential speed vtang ¼ 6.8m s�1) until a homogeneous binder
solution was obtained. Graphite (SMG-A5; Showa Denko) and
conductive additive (C-Nergy Super C65; Imerys) were dry mixed

at 1400 rpm for 1min in a rotary revolution mixer (Speedmixer
DAC 1100.2 VAC-P; Hauschild) and added to the binder solu-
tion. After 45min of mixing with 1500 rpm, a rubber binder
(SBR BM-451-B; Zeon) was added and mixed with the blend
for another 15min at a speed of 250 rpm (vtang ¼ 0.85m s�1).
The solid content of the anode slurry was estimated to 52 wt%.

To prepare the cathode slurry, N-Methyl-2-pyrrolidone (NMP;
anhydrous; 99.5%; Merck) was mixed with polyvinylidene fluo-
ride (PVDF Solef 5130; Solvay) in the disperser at 2000 rpm
(vtang ¼ 6.8m s�1) until a homogeneous binder solution was
obtained. NCM (HED NCM-622 DT011; BASF), conductive addi-
tive (C-Nergy Super C65; Imerys), and conductive graphite (C-
Nergy SFG6L; Imerys) were mixed at 1400 rpm for 1min in
the rotary revolution mixer and added to the binder solution.
The mixture was stirred for 60min at 1500 rpm. The solid con-
tent of the cathode slurry was estimated to 78 wt%. The temper-
ature during mixing in the disperser was kept below 25 °C by
cooling for both slurries. After mixing, a degassing step was per-
formed in the rotary revolution mixer for 5 min at 600 rpm and
250mbar for both slurries.

The anode slurry and cathode slurry were coated onto a copper
current collector foil (12 μm; Cu-PHC; Schlenk) and aluminum
current collector foil (15 μm; Al-8079; Korff ), respectively, using
a tape casting lab coater (MSK-AFA-III; MTI). Drying was per-
formed in a ventilated oven (Mehrzweck-Heissluftofen;
Bartscher) at 50 °C for at least 30min. The composition and
the properties of the resulting electrodes are listed in Table 1.

3.2. Structuring and Calendering

A hand-operated embossing device was built in-house at the iwb
to structure electrodes (see Figure 2). The device consisted of two
vertically arranged rollers Ⓐ and Ⓑ. A manually operated spin-
dle adjustment Ⓒ allowed one to manipulate the load of the
upper roller on the mating roller. It pressed a cover plateⒹ onto
two springs Ⓔ. The force was transferred to the bearings Ⓕ of
the upper roller pressing it onto the mating roller. The applied

Table 1. Composition and properties of single-side coated electrodes.

anode cathode

material weight
percent

material weight
percent

co
m
po

si
tio

n

active material graphite 94% NMC622 95.5%

binder SBR 3% PVDF 1.5%

thickener/binder CMC 2% – –

conductive additive C65 1% C65 2.25%

conductive graphite – – SFG6L 0.75%

pr
op

er
tie

s

porosity 30% 30%

mass loading (coating) 18.0 mg cm�2 30.9 mg cm�2

areal capacity 6.0 mA h cm�2 5.0 mA h cm�2

electrode diameter 15mm 14mm

current collector thickness 12 μm 15 μm

current collector material copper aluminum
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line load was determined via the compression of the springs and
the spring constant.

To vary the roller gap, adjustable wedges Ⓖ were located
between the bearings of the upper and mating rollers. The posi-
tion of the wedges can be manipulated by two hand-operated
spindle adjustments Ⓗ, thus determining the distance between
the upper and mating rollers. The rotary motion was generated
by a hand crankⒾ and transmitted to the mating roller via a gear
mechanism Ⓙ. A Schmidt offset coupling Ⓚ ensured constant
angle-synchronous transmission at different levels of the upper
roller. Linear guides Ⓛ ensured that the position of the upper
roller could only be varied in the vertical direction.

The upper roller exhibited a negative structure that is represen-
tatively shown in Figure 3. The topography data was recorded with
a laser scanning microscope (VK 9710; Keyence). As the original
roller did not fit into the measurement device due to geometrical
limitations, a smaller roller, which was manufactured identically,
was investigated. The pyramid-like (four-sided) structures were in
a squared arrangement with a spacing of 220 μm. The height of
the negative structures of the measured specimen was 100 μm.

To provide a proof of concept for integration option B as a
stand-alone process (c.f. Figure 1), anodes were structured using
the hand-operated embossing device with a line load of
64 Nmm�1. The gap was set to the corresponding thickness
of the current collector (12 μm) to ensure that the full load
was transferred to the electrode. The thickness of the anodes
was reduced from (198� 4) to (171� 3) μm leading to a porosity
of �41%. No mass loss due to structuring was observed.

All electrodes were punched out (handheld punch; NOGAMI)
and further compressed in a uniaxial hydraulic press
(MP250D; Maassen) to a porosity of 30%.

3.3. Cell Assembly

Full cells (coin cells; 2032-type) were manufactured in an argon-
filled glovebox (oxygen and water content <1 ppm; GS MEGA
E-LINE; GS Glovebox). Anode (diameter 15mm) and cathode
(diameter 14mm) were separated by two glass fiber separators
(diameter 16mm; Type 691; VWR). Additionally, two metal
spacers with a total thickness of 1.5mm were placed in the cell.
140 μL of electrolyte (LP572; 1 M LiPF6 in EC:EMC 3:7 (wt:wt)
þ2% VC; BASF) was used per cell. Before assembling, all cell
components were dried at 60 °C in the heatable exchange chamber
of the glovebox. The electrodes and glass fiber separators were
dried in a drying oven (B-585; Büchi) at 120 °C. All drying steps
were executed under vacuum at an absolute pressure of�50mbar.

3.4. Formation and Cell Testing

Cell testing was performed in a temperature-controlled chamber
(ED-115; Binder) at 25 °C with a battery testing system (CTS;
BaSyTec). After a wetting time of �3 h, the formation was exe-
cuted. Three charge and discharge cycles were performed at a
constant current (CC) of 0.1 C between 2.9 and 4.2 V. The third
charging cycle was followed by a constant voltage phase. One set
of cells underwent a discharge rate capability test. Herein, the
cells were charged at CC to the upper cutoff voltage of 4.2 V, fol-
lowed by a constant voltage (CV) phase until the current dropped
below 0.02 C. The cells were discharged at CC rates varying
between 0.1 and 5 C until a minimum voltage of 2.9 V was
reached. The testing procedure is described in detail in Table A1.

Another set of coin cells underwent a long-time cycling test
after formation. For 12 times, a check-up cycle (both directions
CCCV with 0.1 C) followed by 49 cycles (both directions CC with
0.5 C) was performed. The procedure is shown in detail in
Table A2 in the appendix. All C-rates were calculated using
the theoretical specific capacity of the cathode active material
(qspec,NMC= 170mA h g�1).

Figure 2. Illustration of the hand-operated embossing device used for
manual electrode structuring. Key components are the upper roller pos-
sessing a negative structure Ⓐ, the mating roller Ⓑ, the spindle adjust-
ment Ⓒ, the cover plate Ⓓ, the springs Ⓔ for pressure regulation, the
bearingsⒻ, adjustable wedgesⒼ, spindle adjustmentsⒽ for gap control,
a hand crank Ⓘ, a gear mechanism Ⓙ, a Schmidt offset coupling Ⓚ, and
linear guides Ⓛ.

Figure 3. Topography of the negative structure of a roller processed iden-
tically to the upper roller of the embossing device. The structures are of
pyramid-like shape (four-sided) in squared arrangement with a distance of
220 μm. Each structure element has a height of �100 μm.
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4. Results

4.1. Electrode Morphology and Structure Analysis

The anodes were investigated using laser scanning microscopy
after structuring and again after calendering. In Figure 4, the
obtained 2D images of the anode topography are shown.
Additionally, cross sections through the topography of the
respective electrodes are shown. The embossing roller process
provides a regular pattern in a square arrangement with a spac-
ing of 220 μm. The introduced structures exhibit a depth of
100 μm (58% of electrode coating thickness), indicating a full
penetration of the negative structures. This is in accordance with
the observed decrease in thickness due to structuring and shows
that a replacement of the calendering process (see integration
option C in Figure 1) is possible if appropriate pressures are
applied. After electrode compression, the structures are hardly
recognizable as superficial clogging of the structures significantly
reduced their width and depth.

4.2. Electrochemical Analysis

Additionally, the electrodes were investigated in a discharge rate
capability test. In Figure 5 the resulting discharge capacities over
the cycle number are shown. At low C-rates (0.1–0.2 C), no sig-
nificant differences in the discharge capacities were observed as
Li-ion transport phenomena are not limiting at these C-rates. At
medium C-rates, significant increases (þ8.7% and þ14.3% for 1
and 2 C, respectively) in the rate capability were achieved by
anode structuring. The increase was calculated based on the last
cycle of each C-rate as this cycle was affected the least by previous
cycles at different C-rates. The results are in accordance with
comparable works using laser ablation[5,6,11,12,15] albeit the
increase in discharge capacity is smaller due to the clogging
of the structures. At high C-rates (here 3–5 C), structuring does

not affect the discharge capacity, which was also observed in
simulations in literature.[12] This effect is assigned to the high
overpotential, which rapidly drives the cell into the cutoff voltage
before significant lithium-ion transport via diffusion can occur.
The origin of the high overpotential is due to lithium salt deple-
tion in the electrolyte in the cathode close to the current collector
which drastically slows down charge transfer kinetics. As a
result, changing the transport properties in the electrode
bulk material by structuring has hardly any influence at high
C-rates.[33]

The results of the long-time cycling test, comparing structured
anodes to pristine anodes in full cells, are shown in Figure 6.
Both anode types show a rapid decay in capacity. A reduced
capacity retention can originate in loss of active material, loss
of lithium inventory, or in increased internal cell resistances.
The latter does not appear at lower C-rates where overpoten-
tials are low, independent of the internal cell resistance.
Hence, the capacity decay is caused by irreversible side reac-
tions and lithium plating. The 80% state of health (SOH) limit
is hit after 179 and 413 cycles for the reference cells and the
cells with structured anodes respectively. The values were
obtained by interpolating the mean capacity retention of the
check-up cycles. Overall, the results show that structuring
has no negative influence on long-time cycling. This is in
accordance with literature that shows a positive impact on life-
time due to structuring.[8]

5. Conclusion

An alternative process concept for structuring lithium-ion bat-
tery electrodes using an embossing roller was presented.
Possible integration options into the conventional process chain
for the production of lithium-ion battery electrodes were

Figure 4. Topography data of the structured anode before calendering
(top) and after calendering (bottom). On the right, the 2D image recorded
with a laser scanning microscope is shown. The orange line marks the
position of the cross section shown on the left.

Figure 5. Discharge capacities during charging rate capability test for full
cells with structured anodes compared to pristine anodes. The according
C-rates are given in the graph. At the medium C-rate range, an increase in
discharge capacity of the structured electrodes was observed. Error bars
represent the standard deviation of five identical cells.
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discussed. The process represents a cost-effective alternative to
laser structuring with high throughput as it can be used as a roll-
to-roll process. Therefore, it has the potential to be used on an
industrial scale for mass production. In most lithium-ion cell
manufacturing process steps, structuring may enable higher
throughput in MWhCell h

�1 because a higher electrode loading
can be selected without sacrificing the power density. The asso-
ciated losses in cell performance are compensated by structur-
ing. The alternative process technology can allow for the mass
production of batteries with both, high energy density and high
power density. As these kinds of batteries are necessary for the
automotive sector, the technology can contribute to the aim of
replacing fossil fuels.

A proof of concept was provided by using a hand-operated
embossing device to structure-dried electrodes. The structuring
process simultaneously reduced the electrode thickness, indi-
cating that both process steps, structuring and calendering,
can be combined if larger line loads compared to this study
are applied. The introduced structures were clogged by the sub-
sequent calendering process. Nevertheless, an increase in dis-
charge capacity at a C-rate of 2 C by 14.4% was achieved by
structuring.

Further work is needed to enable the process for industrial
application. In particular, the quality of the structured electrodes
must be ensured in sustained continuous operation. Hence,
questions concerning wear and deposits on the rollers must
be clarified. Suitable measures may be roller cleaning, for exam-
ple, with a laser. Optical analysis for example with push broom
scanners can help to detect wear and deposits. In addition, a
recurring analysis of the hole geometry in the electrodes would
allow observing the roller degradation. If the challenges can be
addressed, the industrial use of the alternative process can be
economically advantageous.

Appendix A

Table A1. Cell testing procedure for discharge rate capability test including
formation (CC= constant current, CV= constant voltage). Given voltages
represent full cell voltage. C-rates are defined according to the theoretical
capacity of the cathode.

repetitions mode of operation value limit

2
charge (CC) I= 0.1 C U= 4.2 V

discharge (CC) I= 0.1 C U= 2.9 V

2

charge (CC) I= 0.1 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge(CC) I= 0.1 C U= 2.9 V

3

charge (CC) I= 0.2 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 0.2 C U= 2.9 V

3

charge (CC) I= 0.5 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 0.5 C U= 2.9 V

5

charge (CC) I= 0.5 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 1 C U= 2.9 V

5

charge (CC) I= 0.5 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 2 C U= 2.9 V

5

charge (CC) I= 0.5 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 3 C U= 2.9 V

5

charge (CC) I= 0.5 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 4 C U= 2.9 V

5

charge (CC) I= 0.5 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge (CC) I= 5 C U= 2.9 V

Figure 6. Discharge capacities during long-time cycling for full cells with
structured anodes compared to pristine anodes. Charging and discharging
were performed at a rate of 0.5 C. Every 50 cycles a 0.1 C check-up cycle
was performed. The gray line marks the 80% SOH limit. Error bars repre-
sent the standard deviation of five identical cells.

Table A2. Cell testing procedure for long-time cycling test including
formation (CC= constant current, CV= constant voltage). Given
voltages represent full cell voltage. C-rates are defined according to the
theoretical capacity of the cathode.

repetitions mode of operation value limit

fo
rm

at
io
n

2
charge (CC) I= 0.1 C U= 4.2 V

discharge (CC) I= 0.1 C U= 2.9 V

1

charge (CC) I= 0.1 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge(CC) I= 0.1 C U= 2.9 V
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Table A2. Continued.

repetitions mode of operation value limit

cy
cl
in
gð
12
�Þ 1

charge (CC) I= 0.1 C U= 4.2 V

charge (CV) U= 4.2 V jIj < 0.02 C

discharge(CC) I= 0.1 C U= 2.9 V

discharge(CV) U= 2.9 V jIj < 0.02 C

49
charge (CC) I= 0.5 C U= 4.2 V

discharge (CC) I= 0.5 C U= 2.9 V
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