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Abstract: Li-ion cells of the industrially-relevant 21700 format were built on pilot-scale with tabs
made from (a) the electrodes’ current collecting foils (Al and Cu, “foil tabs”) in comparison with (b)
conventional tabs (Al and Ni) welded to the electrodes’ current collecting foils (“welded tabs”). Both
cell types use the same anode (graphite), cathode (NMC622), separator, electrolyte, as well as the
same tab positions. This allows a direct comparison of welded tabs and foil tabs regarding formation,
C-rate capability, cell electrical resistance, and long-term cycling stability tests. Our data reproducibly
shows 14.4% longer cycling stability and 11.2% increased total charge throughput in the case of the
cells with foil tabs until 80% SOH, which is likely due to less inhomogeneities in the case of the foil
tab design.

Keywords: lithium-ion battery; 21700 format; cell design; cell production; tab design

1. Introduction

Cylindrical Li-ion cells typically contain one coated anode and cathode for energy
storage. The electrical current transfer from the electrodes is managed by connecting the
current collecting foils by tabs to the positive and negative terminals of the cells [1]. These
tabs are typically welded to the current collecting foils in areas which are not covered
by anode and cathode material (Figure 1a). In large-scale battery cell production, these
coating-free parts are often realized by an intermitted coating process.

Tabs are likely to cause inhomogeneities in the jellyroll [2,3], since they are usually
thicker than the electrode coatings (single-sided coating thickness for anodes < 100 µm [4]).
Such inhomogeneities can lead to deformations of the jellyroll after long-term cycling,
especially at increased C-rates [2,3]. This should be different if the tabs were constructed
from the current collecting foils themselves (Figure 1d), since they lead to less disturbed
and therefore more homogeneous jellyrolls, which are closer to the mathematically ideal
shape of an Archimedean spiral [5].

Scientific literature focuses so far on simulations [1,6–8] and experimental work on
modified commercial cells, which is limited to the investigation of the tab number [9,10].
Different patents described cylindrical cell designs with continuous tabs made from the
current collecting foils (“tabless design”) in cylindrical cells [11–13]. Additionally, flat
wound jellyrolls in PHEV1 cells utilize also the uncoated border of electrodes for electronic
connection to the terminals [14]. However, the effect of tabs made from foils in comparison
with the conventionally welded tabs is to the best of our knowledge not described in
the literature, although it could potentially lead to improved cycle life due to increased
homogeneity of the jellyroll.

Therefore, in the present paper, we compare 21,700 cells built on pilot-scale where the
only modification is made to the tabs—welded or made from the current collecting foils.
The cells are tested regarding formation, C-rate capability, cell resistance, and long-term
cycling stability.
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Figure 1. (a,d) Unwound anodes and cathodes jellyrolls of 21700 cells with (a) welded and (d) foil
tabs. (b,e) X-ray CT images of 21700 cells with (b) welded and (e) foil tabs. (c,f) Photographs of
jellyrolls (c) welded and (f) foil tabs. The arrows mark the positions of the tabs.

2. Materials and Methods

Anode (graphite, active material loading 7.8 mg/cm2, total thickness: 133µm, 2.70 mAh cm−2

at 0.1C) and cathode (NMC622, active material loading 13.1 mg/cm2, total thickness:
117 µm, 2.37 mAh cm−2 at 0.1C) were double-side coated at ZSW’s pilot-lines. The current
collecting foils had thicknesses of 10 µm (Cu, anode) and 20 µm (Al, cathode). As separator,
Celgard 2325 (thickness: 25 µm) was used. The electrolyte was 1M LiPF6 in EC: EMC = 3:7
(wt.-%) + 2%VC.

All electrochemical tests were carried out by BasyTec CTS and XCTS systems in climate
chambers (Vötsch) at an ambient temperature of 25 ± 2 ◦C. In all tests, the full voltage
window of 2.7–4.2 V was applied. The formation was carried out at room temperature
(23 ± 3 ◦C) by three cycles at 0.1C. The direct current internal resistance of the cells (RiDC)
was measured by applying 10 A discharge pulse for 1 s at 100% SOC.

The C-rates in the discharge rate capability tests were 0.5C, 1C, 2C, 3C, and 5C. The
charging C-rate in discharge rate capability tests was 1C in all cases with a constant voltage
(CV) charging step until I < 0.1C. The cells rested after charging and discharging for 1 h.
The C-rates in the charge rate capability tests were 0.1C, 0.5C, 1C, 2C, and 3C in constant
current (CC) mode. The discharging C-rate in charge rate capability tests was 1C in all
cases (CC). The cells rested after charging and discharging for 3h and 1h, respectively.

The long-term cycling aging tests were conducted at rate of 1C (CC charging until U =
4.2C with CV step until I < 0.1C, CC discharging until 2.7 V).

We note that these cells are not optimized regarding either high specific energy, energy
density, or high power or low cell resistance. However, they are well suited for a direct
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comparison of either tabs made from the current collecting foil or conventionally welded
tabs, which was the main intention of the present paper.

3. Results and Discussion

The process chain described in this paper starts with the already coated electrodes.
An overview of the process steps (1–12) is given in Figure 2. Since the electrodes were
completely coated, the electrodes with welded tabs were laser cut (1a) and then subject to
laser ablation (2a) in order to mimic intermitted coating which would be the corresponding
process in a large-scale industrial electrode coating process. The tabs were subsequently
welded (3a) and covered by Kapton tape (4a).

Figure 2. Processes in the production of 21700 cells on pilot-scale showing differences in the process steps leading to welded
tabs (1a–4a) and foil tabs (1b–2b) and general steps (5–12).

In contrast, the foil tabs were made by laser cutting (1b) and ablation of the tab area
only (2b). There is no need for intermitted coating, and additionally, usage of uncoated
areas at the border of the electrode could make this step redundant.

The jellyrolls consisted of the four layers, the anode, the first separator, the cathode,
and the second separator, which were wound, resulting in a cylinder with an internal cross-
sectional structure similar to an Archimedean spiral (step 5 in Figure 2). The subsequent
steps—attaching insulators (6), insertion of the jellyroll into the cell housing (7), rolling
(8), welding of anode (9) and cathode (10), as well as electrolyte filling (11) and crimping
(12)—are the same in both cases of welded and foil tabs.

X-ray computed tomography (CT) measurements are shown in Figure 1b,e. It can be
seen that the foil tabs lead to less deformation compared to the welded tabs. Figure 1c,f
shows photographs of the jellyrolls before insertion into the cell housing.
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The discharge voltage curves for different C-rates in the range of 0.1C to 5C are shown
in Figure 3a. The voltage curves of welded and foil tabs coincide at a rate of 0.1C. As
expected, higher C-rates lead to a lower voltage level and lower capacities reached at the
end of discharge. This decrease of the voltage level and the discharge capacity is stronger
for the cell with foil tabs.

Figure 3. Comparison of cell performance of pilot-scale 21700 Li-ion cells with foil tabs vs. conventionally welded tabs.
(a) Discharge voltage curves of discharge rate capability test. (b) Discharge areal capacity for formation, discharge and
charge C-rate capability tests.

Figure 3b shows the discharge areal capacities of formation, as well as discharge and
charge C-rate tests with pilot-built 21,700 cells with foil tabs and conventionally welded
tabs. The cells of both tab designs show reasonable reproducibility. In the formation (left
hand side of Figure 3b), both tab designs show similar areal discharge capacities (except
for one outlier). For higher C-rates differences become visible (compare Figure 3a), which
is consistent with our previous direct comparisons with the same electrodes, electrolytes,
and separators of pilot-line built 18,650 and 21,700 cells [5] as well as PHEV1, pouch, and
21,700 cells [14].

For increasing discharge rates (middle part of Figure 3b), the areal discharge capacity
decreases for both welded and foil tabs. The decrease is stronger in the case of the foil tabs.
Considering the discharge capacities at 0.5C as 100%, the capacity at 3C and 5C decreases
to 94.0% and 92.9% in the case of the welded tabs and to 94.6% and 91.1% in the case of the
foil tabs.

For increasing charge rates (right hand side of Figure 3b), both cell designs show a
less stable rate capability compared to increasing discharge rates, as can be expected due
to the limited kinetics for lithiation of the graphite anodes [15]. Considering the charge
capacities at 0.1C as 100%, the capacity at 3C decreases to 64.6% in the case of the welded
tabs and to 58.2% in the case of the foil tabs.

The reason for the deviation in the C-rate tests (Figure 3a,b) is the higher internal
DC resistance RiDC of the cells with the foil tabs. Figure 4a shows the RiDC as a function
of cycle number. For the fresh cells (cycle 1), the cells with foil tabs show a resistance of
48.2 ± 0.1 mΩ which is 22% higher compared to the cells with welded tabs (39.4 ± 0.4 mΩ).
The reason is the larger cross-sectional area Atab of the welded tabs compared to the foil
tabs (see Table 1 for details). The resistances of the tabs ranging from the border of the
electrode foil to the end of the tab (length ltab, see step 4a in Figure 2) can be estimated by

Rtab = ρ
ltab
Atab

(1)
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where ρ is the specific resistance of the respective tab material. We used Equation (1) to
estimate the order of magnitude of the resistance originating from the tabs. This equation
can be used at a given temperature to calculate the resistance of an electrical conductor
with uniform cross-section. It should be noted that it is being presumed that the current is
uniform across the cross-section of the tab and the surface overpotential can be neglected.
Moulton [16] gave the first analytical solution to this problem [17]. In the following, those
parts of the tabs which exceed the anode, i.e., ltab = 15 mm beyond the electrode coating are
compared. As shown in Table 1, the calculated additional resistance of a cell with foil tabs
compared to welded tabs (R f oil

tab − Rwelded
tab ) is 6.5 mΩ. This calculated value compares well

with the measured difference for fresh cells which is 8.8 ± 0.5 mΩ.

Table 1. Resistance calculation for different types of tabs for the tab volume from the border of the
coated electrode area to the end of the tab (see step 4a in Figure 2).

Welded Tabs Foil Tabs

Anode Cathode Anode Cathode

material Ni Al Cu Al
thickness/mm 0.15 0.13 0.010 0.015

Atab/mm2 4 × 0.15 = 0.6 4 × 0.13 = 0.52 6 × 0.01 = 0.06 6 × 0.15 = 0.09
ltab/mm 15 15 15 15
ρ/µΩ cm 7 [18] 2.82 [19] 1.7 [18,19] 2.82 [19]

Rtab/mΩ 1.75 0.81 4.25 4.70

During long-term cycling aging, the difference between the cell internal resistances
of the cells with foil tabs and welded tabs maintains mostly constant and shows a similar
trend. For instance, the measured difference between the cell resistances of cells with
welded and foil tabs is still ~8 mΩ after 1200 cycles.

The resistance increase is mostly linear until cycle ~400 (R2 ≥ 0.996) and shows a
slow change in the range of ~400–600 cycles in both cases. After ~600 cycles the resistance
continues to increase again in a linear way (R2 ≥ 0.996). The slopes are similar in both
cases, suggesting a similar influence of cycling on resistance.

The RiDC resistance measured with a discharge pulse length of 1 s in this study corre-
sponds mostly to ohmic resistance with a very small part of charge transfer resistance [20].
The increase of ohmic resistance indicates film growth on the surface of the particles and
electrodes, as well as loss of particle–particle contact (due to binder aging), as well as loss
of active material [21]. The charge transfer most likely also contributes to the measured
increase; however, for further quantification impedance spectroscopy would be needed,
which is out of the scope of the present study.

While the linear fits above are useful for a direct comparison of the slopes, a fit by
a second order polynomial would be physically more meaningful [22]. In the model by
Broussely et al., the conductance of the solid electrolyte interface (SEI) decreases with its
thickness growth with a longer aging time, which decelerates aging [22]. A fit by a second
order polynomial in Figure 4a yields R2-values ≥ 0.994, indicating a good agreement with
that model for both foil and welded tabs. This suggests that the main aging mechanisms
leading to resistance increase are rather on the electrode level and similar in both cases.

Figure 4b shows a comparison of the cycling stability of the cells with foil tabs and with
conventionally welded tabs. The capacity retention is reproducible for two cells of each
tab configuration. An often used criterion for the end of cycle life is a capacity retention of
80% [23]. The cells with foil tabs show a remarkable increase of cycle number until 80%
capacity retention by 14.4%, i.e., the cells with foil tabs reach 1192 cycles compared to only
1042 cycles in the case of the conventionally welded tabs.
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Figure 4. (a) Resistance increase and (b) capacity retention during long-term cycling aging as a
function of cycles and (c) as a function of charge throughput (discharge). The black solid lines in
(a) are linear fits from cycle 1 to 400 and cycle 600 to 1300. The red dashed lines in (a) are fitted
polynomial functions of second order.

Figure 4c shows the capacity retention as a function of charge throughput. In this case
the cells with foil tabs show an increase of the accumulated charge by 11.2%.

Figure 5 shows that the discharge voltage curves as a function of normalized capacity
look very similar for both tab designs for both cycle 2 and cycle 1200, while the voltage
level is marginally lower for the cell with foil tabs due to the higher resistance. Due to the
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absence of a plateau at the beginning of discharge [24], all discharge curves in Figure 5 do
not indicate stripping of previously deposited Li metal on the anode during cycling.

Figure 5. Voltage curves of fresh (cycle 2) and aged (cycle 1200) cells with welded and foil tabs.

Even if the improved cycling stability of the cell with foil tabs in Figure 4b,c would
originate from an effectively lower depth of discharge due to reaching the cut-off voltages
earlier due to their higher resistance, the long-term performance in terms of total charge
throughput is significantly increased by the foil tabs (Figure 4c).

Another important factor that leads to the stronger capacity fading of the cells with
welded tabs is most likely the inhomogeneities in the jellyrolls induced by these tabs.

4. Conclusions

We conducted a direct comparison between Li-ion cells in the 21700 cylindrical format
with two different tab designs: (i) tabs made from the current collecting foils (“foil tabs”,
Figure 1d) and (ii) tabs conventionally welded to blank parts of the current collecting foils
(“welded tabs”, Figure 1a).

The cells were reproducibly built on pilot-scale using the same electrodes, separators,
electrolyte, and tab positions allowing a direct comparison.

The cells with foil tabs show:

- A 22% higher resistance, which can be explained by the lower cross-sections of the
foil tabs (10–15 µm) compared to the welded tabs (130–150 µm).

- A marginally lower C-rate capability for charging and discharging. The reason is most
likely the increased resistance (see Equation (1)).

- Most remarkably, an increase of cycle stability as shown by 14.4% more cycles and by
11.2% more total charge throughput until 80% capacity retention.

Impacts on the production processes are the laser-cutting process of the foil tabs
compared to intermitted coating and tab welding in the case of welded tabs. The increased
cycle stability of the cells with foil tabs furthermore reduces overall costs in applications
since cells with longer cycle life have to be replaced less often. Further experimental
investigations in this direction are underway in our labs.
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