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Abstract 16 

For this contribution, two generations of uncompressed pouch cells are investigated in cyclic 17 

aging tests. The results are evaluated opposing both cell generation and highlighting the 18 

differences to compressed cells reported in literature. The cells are evaluated with respect to 19 

pulse resistance, anode overhang, dV/dQ-analysis, capacity difference analysis, homogeneity 20 

of lithium distribution (HLD) and irreversible capacity losses. It is shown, that uncompressed 21 



cells reveal, in contrast to compressed cells, a higher HLD, which is demonstrated in the 22 

missing dV/dQ flattening over aging. The trends of peak heights in dV/dQ depends mainly on 23 

the graphite voltage and expansion characteristics and is therefore different for both cell 24 

generations due to different degree of utilization of the anode. The trends are comparable to 25 

calendric aging test results. The irreversible losses for uncompressed cycled cells increase 26 

with cell potential while compressed cells show higher losses to lower and higher SOCs 27 

caused by low HLD. Thus, in compressed cells there is a higher risk for lithium plating for 28 

inhomogeneous distributed active lithium in accelerated aging tests. Comparing both cell 29 

generations, the lifetimes show strong deviations and the largest impact is associated to n/p 30 

ratio of the anode to the cathode.   31 
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Abbreviations 36 

FCE:  full cycle equivalents 37 

DVA:  differential voltage analysis 38 

PMA: Post-mortem-analysis 39 

DOD:  depth-of-discharge 40 

SOC: state-of-charge 41 



1. Introduction 42 

Today, rechargeable lithium-ion cells are used in a wide spectrum from mobile to stationary 43 

applications. The cell housing varies from pouch bag, over cylindrical to prismatic. The 44 

housing influences the utilization of space in a battery pack but they also lead to a different 45 

compression of the jelly roll or the stack.  46 

There are several publications dealing with volume work of cells. The volume change arises 47 

on one hand from contraction and expansion in the order of 12% [1] of mainly the graphite 48 

anode during cycling [2]–[4] and on the other hand from swelling that occurs during aging 49 

[5]–[7].  50 

The volume expansion leads to pressure on the jelly roll/stack, in case the housing limits the 51 

expansion or the cell is externally compressed [8]. In some publication certain pressure is 52 

regarded to have positive influence on cell performance [3],[8]–[10] and in others, to have 53 

negative influence [11], especially applying very high pressure [12]. In case of 54 

inhomogeneously distributed pressure on the electrode, lithium metal deposition occurs very 55 

likely due to local overcharge [13]–[16]. To understand the difference of the presence and 56 

absence of pressure, a short excursus with respect to the impact of compression on cells is 57 

given in the following. 58 

Pressure on the stack or jelly roll compresses the active materials and the usually soft 59 

polyolefin separator [12]. Both current collectors are not considered to be compressible under 60 

reasonable pressure (<1 MPa [1]). The coated active materials are nowadays calendered with 61 

very high pressure of 10 to 30 MPa (100-300 kg/cm³) [17] to increase the volumetric energy 62 

density [18] resulting in porosities in the range of 10-40%. It is very unlikely that reasonable 63 

external compressions of 222-742 kPa [3] will destroy previously calendered active material 64 

particles. Thus, loss of active material is not significantly caused by reasonable external 65 

compression. However, loss of active material takes place especially under cycling induced 66 

volume change. 67 

Looking closer, the coating is composed not only of active material but as well of a binder / 68 

conductive additive composition, which has a certain elasticity. Therefore, pressure leads, on 69 

one side, to a decrease of porosity, and on the other side, to a decrease in electrode distance 70 

and a more compact electrode with improved electrical contact. Assuming an insufficient 71 

adhesion of the coating on the current collector, reasonable pressure guarantees electrical 72 



contact. The separator itself is very porous and very compressible. An increase of external 73 

compression will lead on one hand to a lower thickness of the separator but on the other hand 74 

to blocked pores. Latter decreases the ionic conductivity between anode and cathode. For e.g. 75 

graphite with large spherical particles, it is very likely that pressure will block the separator 76 

only locally on the curvature of the outermost particles while the interstitial space remains 77 

uncompressed, and with this, the separator remains mainly unblocked. Under extreme 78 

pressure, the separator behaves plastic and the pores close, impeding lithium-ion exchange 79 

[19]. To sum up, pressure can lead to a performance improvement, but eventually also to a 80 

deterioration depending on the actual cell setup and the properties of the cell components. 81 

Assuming that external pressure improves performance, locally higher pressure leads to faster 82 

charging of this electrode area compared to the residual electrode. In [9] it was reported that a 83 

locally higher pressure, caused by thick covering layer, combined with full cycles leads to a 84 

charge accumulation, and with this, to a self-acceleration of lowering homogeneity of lithium 85 

distribution (HLD). HLD is a measure for the distribution of SOC over the electrode. HLD is 86 

measured by evaluating characteristic peaks of the graphite anode in differential voltage 87 

analysis (DVA) [10]. Sharp peaks, i.e. increased peak heights, are associated with high HLD 88 

and a flattening of the peak with a lower HLD. In [10],[20] it was shown that shallow cycling 89 

of cells with limited space show higher capacity losses towards lower and higher SOC (u-90 

shape) and in [10],[21] additionally a reduction of HLD was presented. In [22], it was shown 91 

that a large portion of capacity and HLD is recoverable by storing the cell for more than 92 

100 days at 20 °C. Thus, this is proof for the reversibility of HLD and the influence of a low 93 

HLD on extractable capacity. Epding et al. [23] presented in their work that test pauses in 94 

accelerated cycling tests for compressed prismatic cells have a strong impact on aging and 95 

during pauses extractable capacity increases. Grandjean et al. [24] observed in a cyclic aging 96 

test strong capacity recovery during test pauses for an 18650 cell with limited space while no 97 

such recovery is measured for uncompressed pouch cells. They further state that all tested 98 

cells are stopped and started at exactly the same time. All these results support the findings 99 

presented before. Generally, HLD reduction is directly associated to cycling as no flattening 100 

of peaks in DVA is reported for calendric aging [3],[13],[25],[26]. 101 

As already mentioned, the compression of the cells is crucial for their performance and cycle 102 

life. In order to better understand and evaluate the impact of compression, it is important to 103 

know, how a cell without compression is behaving. Käbitz et al. [27] investigated an 104 

unconstrained pouch cell with shallow cycling at different average SOCs. The irreversible 105 



capacity loss (neglecting anode overhang effect [3]) increases with average SOC. 106 

Unfortunately, the DVA, and with this, HLD were not investigated in this publication. 107 

To best of our knowledge, a focus of the comparison between compressed and uncompressed 108 

cells for shallow cycling, including anode overhang effect and homogeneity of lithium 109 

distribution (HLD), is missing in literature. In this publication, a theory for uncompressed 110 

cells under cyclic aging is given and compared to results of compressed cells reported in 111 

literature. Therefore, for different SOCs shallow cyclic aging tests are evaluated for this work 112 

for an uncompressed pouch cell in a standard setup (generation 1/ GEN-1) and in an improved 113 

cell setup (generation 2/ GEN-2) with lower n/p ratio, less anode overhang and higher energy 114 

density. In section 4.1 the extractable capacity and resistance is presented. Thereafter, results 115 

are correlated in sections 4.2 and 4.3 with capacity difference analysis (CDA) and the DVA 116 

series and peak heights to determine HLD. Finally, in section 4.4 the irreversible aging is 117 

assessed by linear regression of the last part of capacity trend and the two cell designs are 118 

compared to each other.  119 



2. Experimental 120 

2.1 Electrical characterization 121 

In this contribution, 24 stacked NMC|Graphite lithium-ion pouch cells are investigated in a 122 

cyclic aging test. All cells are produced and provided by the German/Canadian manufacturer 123 

Litarion (bankcrupt in 2018). The first 12 cells represent the GEN-1 cell (LITACELL LC-40) 124 

of Litarion and the last 12 cells are the GEN-2 version (LITACELL LC-44) of the cell. For 125 

the GEN-2 version the energy density is increased, the anode overhang is decreased and the 126 

anode is utilized at a higher degree (n/p ratio see ANNEX). The voltage (SOC) before test is 127 

the voltage the cell was delivered and cannot be defined by the authors. The SOC is measured 128 

thereafter in a 1C discharge. The specific information for both cell generations are given in 129 

Table 1. Further results of the post-mortem-analysis and preliminary tests according to the 130 

cells will be given in section 3. 131 

All tests are conducted at 1C 6% DOD around an average SOC specified in Table 2 on the 132 

two left columns. The GEN-1 design is tested at a defined OCV voltage while the GEN-2 cell 133 

design is tested at defined SOC with respect to the anode voltage characteristics. 134 

Consequently, the test SOC is measured in each check-up and the test SOC is adjusted with 135 

aging. However, as the irreversible capacity loss is very low in this cycling test, the deviation 136 

of both SOC definitions are therefore negligible. The principle is presented in [3],[10] in-137 

depth. 138 

The dV/dQ curves of a discharge are depicted in Figure 1 a) for the GEN-1 and b) for the 139 

GEN-2 cell design. The corresponding average SOC is included in both figures.  140 

The aging tests are interrupted by check-up tests. During a check-up, 1C and 0.1C capacity 141 

tests and a pulse test are included. The check-up and aging temperature is 20 °C. For capacity 142 

tests, the cells are charged CCCV to 4.2 V until a current of 0.02C is reached. After a 10 min 143 



rest, the cell is discharged in a CC mode down to 3.0 V. The pulse tests are evaluated at 50% 144 

SOC at 1C discharge after 10 s. A more detailed description of the check-ups is ruled out in 145 

[3]. 146 

Table 1  Specifications of the used battery  147 

 GEN-1 GEN-2 

Type LITACELL LC-40 LITACELL LC-44 

Cathode NMC, 1:1:1 

Anode Graphite 

Separator ceramic 

Charge cut-off voltage 4.2 V 

3.0 V Discharge cut-off voltage 

Nom. Capacity @ 0.5C 40 Ah 44 Ah 

Energy density 152 Wh/kg 162 Wh/kg 

Full anode overhang 8.6% 6.1% 

Near anode overhang  5.5% 3.3% 

Voltage (SOC) before test  3.66 V (40%) 3.64 V (35%) 

n/p ratio 1.56 1.39 

 148 

Table 2  Testmatrix: The cells are cycled around the five named average SOCs / voltages 149 

with a C-rate of 1C and a DOD of 6%. In the two right columns, the average 150 

SOC with respect to the anode capacity is given resulting from the n/p ratio.  151 

Average SOC (cell) Average SOC (Anode) 

GEN-1 GEN-2 GEN-1 GEN-2 

76% (3.88 V) 80% 52% 65% 

61% (3.74 V) 68% 41% 56% 

41% (3.63 V) 45% 28% 34% 

18% (3.51 V) 22% 13% 16% 



5% (3.34 V) 10% 8% 8% 

2.2 Preliminary characterization 152 

Preliminary tests and characterization are conducted for both cell types. The cells are 153 

dismantled in an Ar-filled glovebox. The stoichiometry is investigated using Varian ICP-OES 154 

(Inductively Coupled Plasma- Optical Emission Spectrometer). The porosity of the coating is 155 

measured with an Hg-porosimeter up to 400 MPa (Thermo Fisher Pascal 140/440). The 156 

morphology of the coating is investigated using Keyence VK-9710 lasermicroscope. The 157 

layer thickness of the coating was measured with a micrometer screw with an accuracy of +/-1 158 

µm. For electrochemical investigation, punched out discs with 16 mm diameter of anode and 159 

cathode are inserted in coin cells vs. lithium metal (half-cells). The half-cells are cycled at 160 

C/10. The cell expansion and contraction for both cells are measured by an Extramess 2000 161 

inductive dial comparator of the company Mahr. The resolution is 1 µm and a span of error of 162 

0.6 µm. 163 

 164 



3. Preliminary characterization 165 

3.1 Post mortem analysis   166 

The geometries of the cells are given in Figure 2 for GEN-1 (a) and GEN-2 (b) to obtain the 167 

anode overhang and the corresponding distances to the active anode. The anode overhang 168 

ratio is defined by the coated area of the anode divided by the coated area of the cathode ( 169 

active anode area) according to [3]. GEN-2 shows a lower anode overhang by smaller 170 

oversize of the anode. In an arbitrary definition, the near part of the anode overhang includes 171 

only the oversized anode facing the cathode, while the full anode overhang includes as well 172 

the two outer double-coated anode with no opposed cathode (Table 1). The stacking strategy 173 

and the parts of the anode overhang are additionally sketched in c). Besides active materials, 174 

the energy density is increased from GEN-1 to GEN-2 by smaller anode overhang and lower 175 

n/p ratio. The total capacity is further increased by additional three sheets of anode and 176 

cathode (Table 1).   177 

The stoichiometry of the cathode of a 1:1:1 NMC is confirmed by ICP measurements for both 178 

cell types. The results of porosimeter measurements including additional parameters are 179 

summarized in Table 3. The results of the coating morphology of pristine electrodes using 180 

lasermicroscope are presented in Figure 3 for a) the anode and c) the cathode of the GEN-1 181 

and for b) the anode and d) the cathode of the GEN-2 cell design. The morphology of anode 182 

and cathode for both cell designs is comparable. Only on the anode of GEN-1, some 183 

additional smaller particles are detected. The results of the layer thickness of the coating, 184 

given in Table 3, support the assumption of a higher n/p ratio of the GEN-1 cell design. While 185 

the cathodes have more or less the same thickness, the anode of the GEN-1 cell is 186 

significantly thicker.  187 



The discharge curves of half-cells for anode and cathode and their derivatives are given in 188 

Figure 4. Comparing the results with full cell characteristics in Figure 1, the minima are 189 

clearly attributed to the anode (Figure 4a) while the slope change at high voltages is assigned 190 

to the cathode (Figure 4b). For the GEN-2 cell design, the voltage characteristics of the anode 191 

are typical for graphite reported in literature [3],[13],[28]. The purity or crystallinity of 192 

graphite in the GEN-2 cells seems to be higher than for the GEN-1 cells. Thus, it is likely that 193 

in the GEN-1 cells some amorphous fraction of hard carbons might be included [29]. The 194 

theory of a composite material is further supported by the fact that the peak at stage 2 appears 195 

at more than 50% lithiation [30]. For the cathode the voltage trends fit very well to the 196 

standard 1:1:1 [3] as it is supported by ICP-OES results.   197 

Table 3  Porosities, particle diameter, inner surface, skeleton density and layer thickness 198 

of the coating of the examined cells 199 

  GEN-1 GEN-2 

Anode  porosity 23% 23% 

 avg. diameter 0.2 µm 0.6 µm 

 Inner surface 2.2 m²/g 0.7 m²/g 

 Skeleton density 1.98 g/cm³ 2.00 g/cm³ 

 Layer thickness 66 µm 58 µm 

Cathode porosity 24% 20% 

 avg. diameter 0.5 µm 1 µm 

 Inner surface 1.1 m²/g 0.5 m²/g 

 Skeleton density 2.90 g/cm³ 2.83 g/cm³ 

 Layer thickness 57 µm 56 µm 

 200 



3.2 Volume work of the cell 201 

The displacement for a discharge is shown in Figure 5a for two measurement positions (solid: 202 

position 1, dashed: position 2). For both cell types, a strong increase of 120 µm and 150 µm is 203 

measured at low SOC, followed by an only slightly increasing part. In the last part the slope 204 

of displacement increases again. This is mainly assigned to the expansion characteristics of 205 

the graphite anode. Especially the last part of the slope increase appears to be very small and 206 

less pronounced for the GEN-1 cell design. This is another indicator for a lower crystallinity 207 

of the graphite and additional amorphous hard carbons. For the GEN-1 cell design, the 208 

expansion is less pronounced with 175 µm compared to the GEN-2 cell design with 250 µm. 209 

This matches to the peak characteristics of the full cell DVA attributed to the anode in Figure 210 

5b and the higher n/p ratio of the GEN-1 cell design.  211 

 212 



4. Results and discussion 213 

The test results are presented for the two types of uncompressed cells. In section 4.1 the 214 

capacity and resistance trends are given and the share of anode overhang on the extractable 215 

capacity is outlined. In sections 4.2 and 4.3, the trend of homogeneity of lithium distribution 216 

and their influence on extractable capacity is discussed. Finally, the irreversible losses 217 

excluding reversible effects are focused in section 4.4.   218 

The tests results are compared on one side to results reported for compressed cells in literature 219 

and on the other side both optimization strategies (GEN-1 and GEN-2) are opposed to each 220 

other.   221 

4.1 Capacity and resistance trends over aging 222 

The capacity tests and the internal resistance for the GEN-1 and the GEN-2 cell design are 223 

presented in Figure 6.   224 

The results of the capacity tests Figure 6a and b show for both cells an increase of extractable 225 

capacity loss with increasing test SOC. At significantly lower SOCs compared to the delivery 226 

SOC (GEN-1: 40% / GEN-2: 35%), the extractable capacity rises above 100%. For 227 

significantly higher SOCs compared to the delivery SOC, the extractable capacity shows an 228 

initial drop within the first 500 FCE. At around 40% SOC (blue curves) the linear 229 

extrapolation of the trend to 0 FCE is close to 100% capacity. This is the case for the GEN-1 230 

as well as for the GEN-2 cell design.  231 

The internal resistance in Figure 6c and d exhibits for both cells only a small increase of less 232 

than 20% over aging. Considering both cell designs, no correlation of internal resistance to 233 

the test SOC is observable. For clarification, in Figure 6c at 1200 FCE and in Figure 6d at 234 

1500 FCE the resistance measurement is clearly erroneous as they showed extreme low values 235 

that do not follow the overall trend and are therefore deleted from the graph. 236 



Qualitatively, the results for the capacity trend are in line with the theory about the anode 237 

overhang [3],[31],[32]. In case the SOC during test is higher than the delivery SOC, lithium-238 

ions move from the active anode to the anode overhang. Within the 10 h discharge, the 239 

lithium-ions in the anode overhang are not available anymore as path length for the lithium-240 

ions increases from µm between active anode and cathode to mm or cm range between anode 241 

overhang and cathode. In case the test SOC and the delivery SOC are equal, no lithium-ion 242 

flow from or to the anode overhang is triggered. Is the average test SOC lower than the 243 

delivery SOC, lithium-ions move from the anode overhang to the active anode. In that case, 244 

the active lithium from the anode overhang becomes cycable within the 10 h discharge and 245 

the extractable capacity rises beyond 100% with respect to the initial capacity. Thus, the 246 

behavior of the capacity trend within the first 500 FCE is dominated by the influence of the 247 

anode overhang, as it was reported before for cylindrical [31], pouch [33] and prismatic cells 248 

[3],[10].  249 

As presented before, the anode overhang is separated by arbitrary definition in a near part of 250 

the anode overhang and the full anode overhang including the far part (see experimental). The 251 

near part is represented by the oversized sheets in the order of mm to the active anode. The 252 

full anode overhang includes additionally the back side of the very outer anode sheets and has 253 

a distance of cm to the active part. The theoretical calculated lithium-ions moved to the anode 254 

overhang for the near and the full anode overhang are given in Table 4 and Table 5. They are 255 

calculated according to [3]: 256 

 
Δ𝐶𝑡𝑒𝑠𝑡

𝑐𝑎𝑙𝑐 = (SOC𝑡=0 − SOCtest) ⋅ (
𝐴𝐴𝑛𝑜𝑑𝑒
𝐴𝐶𝑎𝑡ℎ𝑜𝑑𝑒

− 100%) 

 

(1) 

Under the assumption that the regular aging is near-linear, the extrapolation to the y-axis 257 

exhibits the share of lithium-ions that is moved from or to the anode overhang (graphical 258 

method) [3]. In Table 4 and Table 5, the results are given for the GEN-1 and the GEN-2 cell 259 

design. For both cell types, the correlation with the near part of the anode overhang is best. 260 



Consequently, one can conclude that the far part contributes hardly to the lithium-ion 261 

movement or has extreme long time constants. This is in line with the findings of Warnecke 262 

[34] who showed optically for a 20 Ah pouch cell that only a frame of 2 cm of the outer anode 263 

sheets is fully lithiated while the residual parts are only partly lithiated (ICP measurement). 264 

This implies that a smaller fraction of the anode overhang in equation (1) is fully usable in a 265 

reasonable test time. 266 

The comparison of the theoretical calculated near part of the anode overhang and the 267 

graphical obtained lithium-ion movement are shown in Figure 7 as a function of the test SOC. 268 

Considering the blue curve, a linear relationship is observable and the values for both cell 269 

types are in the same order. As both cell types have a different anode overhang size but nearly 270 

the same interface, considering active anode and anode overhang, the size of the anode 271 

overhang seems to have less influence compared to the interface. Thus, it is assumed that a 272 

part of the near anode overhang is cycled during a discharge and does not appear as an 273 

overhang but as active anode.  274 

Table 4  Comparison of the expected lithium-ion movement from and to the anode 275 

overhang for the GEN-1 cell design.  276 

Test SOC Measured 

movement 

Expected  

near Anode ovg 

Expected  

full Anode ovg 

Lasermicroscope 

identified ratio of 

Anode overhang 

76%  -0,5% -2,0% -3,1% -0,5% 

61%  -0,3% -1,2% -1,8% -0,3% 

41%  0,2% -0,1% -0,1% 0,0% 

18%  0,7% 1,2% 1,9% 0,3% 

5%  0,9% 1,9% 3,0% 0,5% 

 277 

Additionally, the lasermicroscope images are evaluated to determine the used anode 278 

overhang. Comparing the photographs and lasermicroscope images of the far anode overhang 279 



of a pristine (formatted) cell with aged cells, one observes that the aged cells especially on the 280 

anode overhang are covered with a dense µm-thick covering layer. Due to the ICP-OES 281 

measurements, the lithium concentration on the far anode overhang is lowest in the center part 282 

while a frame closer to the active part reveals higher concentrations. The covering layer 283 

consist according to ICP of electrolyte components while no higher content of Mn is 284 

measurable. Agubra et al. [35] wrote already, that EC out of the electrolyte is highly reactive 285 

and results in a growing anode surface layer. Smith et al. [36] discovered, that cells cycled at 286 

lower rates have a larger capacity loss than cells cycled at higher rates. Another reason could 287 

be that during formation no defined conditions in the anode overhang part are achieved as it is 288 

the case for the active anode, which would result in a worse quality of the SEI after formation 289 

in the anode overhang area. 290 

The presence of covering layer increases the internal resistance by additional barriers of the 291 

covering layer and by less available electrolyte. The covering layer further will impede Li-ion 292 

exchange in certain crystallites, so that active material is partly deactivated. Therefore, only a 293 

part of the anode overhang is actively usable.  294 

Table 5  Comparison of the expected lithium-ion movement from and to the anode 295 

overhang for the GEN-2 cell design.  296 

Test SOC Measured 

movement 

Expected  

near Anode ovg 

Expected  

full Anode ovg 

Lasermicroscope 

identified ratio of 

Anode overhang 

80% -0,6% -1,5% -2,7% -0,9% 

68% -0,3% -1,1% -2,0% -0,7% 

45% 0,0% -0,3% -0,6% -0,2% 

22% 0,4% 0,4% 0,8% 0,3% 

10% 0,6% 0,8% 1,5% 0,5% 

 297 



For a quantitative analysis, the ratio of the covered area of the overhang was determined for 298 

the 5% SOC cell for GEN-1 and 80% SOC cell for GEN-2 exemplarily. If just the areas 299 

without a cover layer are taken into account for the usable overhang calculation, the overhang 300 

is estimated to about 1.5%±0.3% for GEN-1 (see Table 4) and to about  2%±0.3% for GEN-2 301 

(see Table 5). This optically determined usable anode overhang fits better to the Li-ion 302 

movement measured with linear extrapolation (graphical method).   303 

This is further supported by the findings evaluating the capacity differences in the following 304 

section. 305 

4.2 Capacity difference analysis 306 

For the capacity difference analysis (CDA) the difference of the discharge capacities 307 

measured at 1C and at 0.1C is evaluated. The results are shown in Figure 9a for the GEN-1 308 

and in Figure 9b for the GEN-2 cell design. Contrary to findings in [3],[10],[37], the capacity 309 

difference remains constant or even rises within the first 1000 FCE. Only for SOCs higher 310 

than 60%, the capacity difference shows a slow decline. Despite, the results of the calendric 311 

aging tests, shown in an upcoming publication, lead to a decline of capacity difference for all 312 

cells. Finally, all cells in all test conditions reach the corridor sketched with a grey bar in 313 

Figure 9. 314 

The results of capacity difference of a compressed prismatic cell during cyclic aging tests give 315 

a different picture [10]. They show a reduction and intend to reach the grey part after about 316 

500 FCE under comparable aging conditions and with a comparable cathode stoichiometry. 317 

However, up to 400 FCE the capacity difference starts rising or settles at a lower value. Thus, 318 

the pressure seems to have a lucid influence as in [37] comparable observations are reported 319 

for a cylindrical cell. In [37], the decline was associated to the successively deteriorated 320 

lateral transport of lithium ions from and to the anode overhang. Following this theory, the 321 

lateral transport for the examined unconstrained pouch cell is not affected. This would match 322 



to the findings, considering the unexpectedly low relative lithium-ion movement values, 323 

dedicated to the anode overhang.  324 

As the capacity difference of the cells in Figure 9 are not continuously rising, this is an 325 

indicator for a high homogeneity of lithium distribution (HLD). The HLD is further discussed 326 

in the following section.  327 

4.3 Differential voltage analysis (DVA) 328 

The DVA is shown in Figure 10 for the GEN-1 and in Figure 11 for the GEN-2 cell. In each 329 

diagram, the DVA series over the aging are plotted for each check-up at a specific average 330 

SOC. The color of the curves is linked to the capacity fade according to a linear interpolation 331 

excluding the anode overhang effect (see section 4.4). For all average SOCs and for the 332 

GEN-1 and the GEN-2 cell design, the shape of the DVA is not significantly changing over 333 

aging. The slight shape change is visible only in Figure 11a) from the 2
nd

 to the 5
th

 check-up 334 

where a small minimum develops and successively disappears. This is not a cyclic-induced 335 

effect as a comparable behavior is observed for calendric aging (submitted soon). This was 336 

found in [10] to be caused by the anode overhang that induces an inhomogeneous SOC 337 

distribution at the edges of the active anode. Combined with the flat voltage curve in stage 338 

1+2 of the graphite [30], this leads to a very slow compensation velocity of different SOCs on 339 

the anode.  340 

Capacity loss of the anode active material is not noticeable, since the distance in x-direction 341 

between the characteristic peaks of the anode is not decreasing. Moreover, loss of cathode 342 

material is not observable as this would lead to a slope change increasing from 20 Ah on. 343 

Thus, it is concluded that the main aging mechanism for both cell types is loss of active 344 

lithium. 345 



The observation that the shape of the DVA remains constant is a completely different result 346 

compared to  reported findings for shallow cycling for compressed cells [10] and cells with 347 

limited space (cylindrical) [20] with as well NMC(1:1:1) and graphite electrodes. In [10] it 348 

was discussed that cycling of compressed cells leads to a further broadening of the SOC 349 

distribution and with this a lowering of HLD. As no such effect is observed in the here 350 

presented test results, the impact of the presence of and absence of compression on a cells on 351 

SOC distribution needs to show different results.  352 

In an uncompressed cell, the compression is not counteracting the compensation currents 353 

caused by different SOCs within the electrodes. Thus, the inhomogeneities in distribution of 354 

active lithium caused during cycling is faster homogenized compared to a compressed cell, 355 

shown in [22]. Inhomogeneities caused by anode overhang effect is especially observable in 356 

[22] during and after cyclic aging and in [3] during calendric aging tests for average SOCs 357 

that are already in the last plateau of the graphite anode. Combining Figure 6 and Figure 11 358 

one can deduce that it takes 90 d at 20°C to recover peak shape, while in [3] it takes 250 d at 359 

50°C in a calendric aging test. As the compensation velocity between electrode parts increases 360 

besides voltage difference with increasing temperature, this is a clear evidence for faster 361 

compensation in uncompressed cells. Furthermore, in [22] the homogenization was measured 362 

for a compressed cell at 20°C after cycling. However, in that case the DVA shape hardly 363 

changed over 200 d keeping the same storage potential. Only changing to SOC with a higher 364 

slope on the anode speeds-up this process.    365 

A more detailed view on HLD is obtained by evaluating the peak height at stage 2 (For 366 

GEN-1 at 35 Ah in Figure 10 and for GEN-2 at 30 Ah in Figure 11) [10],[13],[22]. The 367 

behavior of the GEN-1 cells is given in Figure 12a. A systematic error seems to have occurred 368 

on the last two check-ups as the second last data point is very high and is not following the 369 

overall trend. Unfortunately, the author have no answer to the origin of this error.  370 



The peak heights for the GEN-2 are presented in Figure 12b. They deviate from the trends of 371 

the GEN-1 cell design in Figure 12a) on the first view. For both cell types, each curve of peak 372 

heights is associated to the corresponding full cell test SOC. However, associating the SOC 373 

related to the anode electrode (Table 2 right), the SOC values are shifted to each other and can 374 

be regrouped. According to their anode lithiation, the aging conditions are grouped by roman 375 

numbers from I to IV. I are SOCs lower than the first characteristic minimum of the graphite; 376 

II are SOCs between characteristic minima of the anode; III are SOCs directly at the 377 

minimum of the graphite at high SOC (stage 2); IV are SOCs on the last voltage plateau 378 

beyond stage 2. Grouping according to the graphite lithiation, the trends fit better to each 379 

other. As the anode-related SOC of GEN-1 is always lower than stage 2, the different 380 

behavior of the GEN-2 cell design at 68% and 80% SOC is not observed for GEN-1. 381 

Consequently, the peak height is depending mainly on the anode lithiation and not on the full 382 

cell SOC.   383 

The anode for the GEN-2 cell is utilized to a higher degree (n/p ratio). Therefore, lithiation 384 

until stage 2 and beyond are measured only for GEN-2 cells (Figure 12b). At 80% SOC, the 385 

peak height initially reduces and increases smoothly thereafter. The test around 68% SOC has 386 

an extraordinary trend, as it is not decreasing but rising. At 45% SOC, the peak height 387 

remains constant for 300-400 cycles and increases thereafter. In [3],[10] it was claimed that 388 

the beginning of the constant increase in the last phase at around 300-500 FCE is an indicator 389 

for the end of the anode overhang effect with minimal contributions. This is in accordance to 390 

the trends found for capacity trend in the previous section. 391 

A similar trend is observed for calendrically aged, compressed cell with comparable active 392 

materials [3]. Only the behavior at around 68% SOC is less dominant for the unconstrained 393 

pouch cell. The extraordinary behavior was correlated to the pressure gradient change and the 394 

voltage change at the same time [3]. However, the effect in an uncompressed cell is expected 395 

to be significantly weaker as compression of the stack is expected to have more impact as 396 

dilation of only the graphite anode. 397 



4.4 Irreversible Aging 398 

In the previous sections, the reversible effects on extractable capacity are discussed in-depth 399 

with respect to compression. In the following, the irreversible aging excluding reversible 400 

effects are presented and compared to compressed cells.  401 

The reversible impact of the anode overhang on extractable capacity becomes negligible (after 402 

ca. 500 FCE) [3]. In the first order, the slope of the following near-linear part represents the 403 

aging rate of the cell type [22]. The influence on the slope by HLD is considered low as the 404 

peak height only for GEN-2, cycled around 80% SOC, is slightly lower than the initial one. 405 

For all other cells, the peak height is increased compared to the beginning. Kato et al. [26] 406 

showed that the increasing peak height above the initial value at about 50% SOC is not caused 407 

by further homogeneity increasing the amount of extractable capacity. They propose that 408 

instead the sharpening is not observable during charge and therefore this considered as no real 409 

gain in homogeneity. Thus, the impact on extractable capacity is regarded to be small. A good 410 

explanation for this phenomenon is obtained considering the previous charge period. In the 411 

last plateau after passing by stage 2, there is hardly any voltage difference (<1mV) that can 412 

compensate the inhomogeneities in the lithium distribution occurring in the charge phase. 413 

Assuming slippage of anode and cathode caused by only loss of active lithium, the time the 414 

cell is charged beyond stage 2 decreases. With this, the duration of dephasing the lithium 415 

distribution during charging reduces. In that case, the peak height is increasing with slippage 416 

and slippage is increasing with loss of active lithium. This is assumed the main reason for 417 

increasing peak height over aging during discharge. During charge no such change in peak 418 

height occurs as the voltage slope of graphite at the end of discharge is high. Only the 419 

anomalous increase of peak height measured for cell kept at stage 2 [3] is not satisfactorily 420 

explainable with this theory, so far. 421 



The slopes to the aging rates from 500 FCE on are given in Figure 13. The shape of the trends 422 

reminds of an e-function and the aging rates reach their maximum at highest SOC. This is 423 

comparable to results reported for calendric aging tests for compressed prismatic cells [3], 424 

where the DVA shape is mainly preserved. In other publications like [20],[27],[28],[38], 425 

comparable results are reported. However, as the influence of the anode overhang effect is not 426 

considered, an explicit proof is hardly possible. 427 

The results deviate significantly from the previously discussed compressed prismatic cells 428 

where the shape of the aging trend is more or less a u-shape and increases for higher and 429 

lower SOCs while the DVA strongly flattens [10]. The flattening of the DVA, and with this, 430 

the lower HLD decreases the extractable capacity leading to the u-shape. However, the low 431 

HLD is reversible and after relaxation, a comparable trend as for the uncompressed pouch 432 

cells appears [22]. The u-shape has been observed as well for a cylindrical cell by Ecker et al 433 

[20],[34]. Consequently, the uncompressed cells seem to be less affected by increasing 434 

inhomogeneities compared to compressed cells. Certainly, increasing currents and decreasing 435 

temperature will lead for all cell types and compressions to inhomogeneities and lithium 436 

plating [6],[16]. However, at moderate cyclic aging conditions, the HLD is hardly changing. 437 

In [6],[34] it is reported that for pouch cells lithium metal deposition takes place close to the 438 

edge of the sheets where the aluminum pouch foil is welded. This matches to the theory, as 439 

the expansion during cycling is limited towards the edges making this area more prone to 440 

lithium metal deposition. However, the uncompressed cells might accept less current density 441 

compared to a compressed cell. This means that in case lithium plating occurs, it takes place 442 

on a larger area simultaneously.   443 

Comparing the GEN-1 and the GEN-2 cell design the aging for GEN-1 is lower. This is 444 

assumed to be caused by the higher n/p ratio of the GEN-1 compared to the GEN-2 leading to 445 

a lower current density on the anode and a lower local risk of lithium metal deposition. 446 



Furthermore, the proposed admixture of hard carbons to the anode of the GEN-1 cell design 447 

increases the power capability of the electrode and decreases as well the risk of lithium metal 448 

deposition. A smaller anode overhang is not considered to reduce lifetime. In contrast, the 449 

smaller anode overhang reduces the amount of active lithium lost in SEI especially during 450 

formation (not considered here). 451 

In order to understand the optimization strategy between the two generations, the FCE are 452 

estimated for the arbitrary end-of-life criterion of 80% SOH in Figure 14. For that case, the 453 

cycle time for the corresponding cell has been calculated. Both cell designs reach at 20°C 454 

cycle lives of more than 7,799 FCE and minimum 2.6 years equivalent test time (ETT). For 455 

every test condition, GEN-1 is always above and GEN-2 always below 20,000 FCE. 456 

Supposing one full cycle per day, 20,000 FCE correspond to a lifetime of roughly 55 years. 457 

This is far beyond the targeted lifetime in automotive industries of 10-20 years. Therefore, it 458 

seems that it was the strategy of the company Litarion to manufacture cells with lower cycle 459 

life to increase energy density and reduce potentially costs, as the cyclic stability is not 460 

necessary for many applications. 461 

 462 

 463 



Conclusions 464 

In this paper, 24 uncompressed pouch bag cells are investigated during 6% DOD cycle tests at 465 

five different test SOCs. They are subdivided in a GEN-1 and a GEN-2 cell design. The 466 

GEN-2 has a lower amount of anode overhang, a lower n/p ratio and a higher energy density. 467 

For both cell designs, it was shown that compressed cells have a very different behavior 468 

compared to uncompressed pouch cells. While shallow cycling of compressed cells 469 

accumulates inhomogeneities, the cycling induced inhomogeneities in uncompressed pouch 470 

cells are not measurable under comparable test conditions. The homogeneity of lithium 471 

distribution (HLD) is measured by evaluation of DVA characteristics. The results in DVA 472 

shape, and with this, in HLD are comparable to calendric aging tests independent of the 473 

external compression. As the two examined cell designs have a different n/p ratio, it was 474 

shown that the peak heights dependent mainly on the degree of anode lithiation. 475 

The contribution of the anode overhang is lower than expected and only the near part is usable 476 

in a reasonable time. As the capacity difference over aging is not declining, it is assumed that 477 

near parts of the anode overhang are actively charge- and dischargeable within a 0.1C cycle. 478 

For compressed cells, the capacity difference reduces in the same way for all cell designs. 479 

Therefore, it was concluded that for compressed cells the lithium-ion movement at the 480 

interface anode overhang-active anode becomes slower over aging until finally no significant 481 

contribution over one cycle takes place. 482 

The irreversible capacity loss, measured by the linear slope of the last part of capacity trend, 483 

is clearly lower for the GEN-1 cell design. On one side, this was attributed to the positive 484 

influence of the higher n/p ratio and on the other side to the admixture of hard carbons in the 485 

anode for the GEN-1 cell design. For both cell designs, the aging increases with SOC or cell 486 

voltage. Only at very low SOCs, higher aging rates are measured.   487 
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 572 



Annex 573 

The n/p ratio is defined as follows: It cannot be simply calculated as the cathode is only partly 574 

delithiated. Thus, the usable capacity after formation is defined as cathode capacity Ccathode 575 

(although even more capacity can be charged and discharged). The anode capacity Canode is 576 

defined by peak at stage 2 (MinHi) multiplied with 2 as this is the point where graphite is 577 

lithiated by 50% [30].  578 

 

𝐶𝑎𝑛𝑜𝑑𝑒
𝐶𝑐𝑎𝑡ℎ𝑜𝑑𝑒
⁄ =

(𝐶𝑁𝑜𝑚 −𝑀𝑖𝑛𝐻𝑖) ⋅ 2

𝐶𝑁𝑜𝑚
 

 

(2) 

The n/p ratio is only defined to give the reader a fast impression of the overdimensioning of 579 

the anode compared to the cathode for the GEN-1 and the GEN-2 cell design.  580 

 581 

 582 

Figure Captions: 583 

Figure 1  Average SOCs at the begin of test depicted in a) the 0.1C discharge curve, b) the 584 

corresponding DVA and c) the corresponding potentials of graphite vs. lithium 585 

metal half-cell measurement correlated to the full cell via DVA. The homogeneity 586 

will be measured according to the height evolution during aging of MinHi at 587 

stage 2 of the graphite according to b). 588 

Figure 2 Comparison of geometrical areas of the anode and the cathode for a) GEN-1 and 589 

b) GEN-2. The anode overhang and the stacking is shown generally in c).  590 

Figure 3 Lasermicroscope images of the pristine a) anode and c) cathode of the GEN-1 and 591 

the b) anode and d) cathode of the GEN-2 cell design. 592 

Figure 4  Voltage characteristics of the half-cell (HC) curves (solid line) and their 593 

derivatives (dashed line). In a) is the anode and in b) the cathode of the GEN-1 594 

(blue) and the GEN-2 (red) cell design. 595 



Figure 5  Displacement measurement during a 0.1C discharge at two positions (solid and 596 

dashed line) for a) the GEN-1 (blue) and for the GEN-2 (red) cell design. Further, 597 

in b) the displacement is compared to the corresponding DVA.  598 

Figure 6  Extractable capacity and internal resistance over FCE for a)+c) the GEN-1 and 599 

for b)+d) the GEN-2 cell design. The cells are aged at 1C and 6% DOD around 600 

specific average SOC. The capacity is measured at 0.1C.  601 

Figure 7  Comparison of lithium-ion migration between the calculated near anode 602 

overhang and the results obtained from the linear extrapolation a) for the GEN-1 603 

and b) for the GEN-2 cell design. 604 

Figure 8: Lasermicroscope images of the overhang of a pristine, a GEN-1 and a GEN-2 cell 605 

of the  first electrode sheet; outer and inner side 606 

Figure 9  Capacity difference C0.1C-C1C for all five SOCs over aging for a) the GEN-1 and 607 

b) for the GEN-2 cell design. The grey bar represents the corridor that is reached 608 

in the end by all calendric aging tests. 609 

Figure 10  Series of DVA for five SOC over aging for the GEN-1 cell design. The color-610 

coding of the color bar links the extractable capacity to the corresponding DVA.   611 

Figure 11  Series of DVA for five SOC over aging for the GEN-2 cell design. The color-612 

coding of the color bar links the extractable capacity to the corresponding DVA.   613 

Figure 12  Peak height of the minimum at high SOC for all five SOCs over aging for a) the 614 

GEN-1 and b) for the GEN-2 cell design. In roman numbers the SOC are 615 

grouped according to the graphite lithiation. 616 

Figure 13  Slopes of the linear fitted part of capacity trend are plotted for all five SOCs over 617 

test SOC of the full cell for the GEN-1 and for the GEN-2 cell design.   618 

Figure 14  Left axis: FCE until the SOH of 80% is reached. Right axis: the equivalent test 619 

time (ETT) until the SOH of 80% is reached.   620 
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