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Abstract

:

In lithium-ion battery manufacturing, wetting of active materials is a time-critical process. Consequently, the impact of possible process chain extensions such as lamination needs to be explored to potentially improve the efficiency of the electrode and separator stacking process in battery cell manufacturing. This paper addresses the research gap of the unexplored effects of lamination on the wetting rate of electrode-separator assemblies in pouch cells. Based on the triangulation of three measurement techniques (gravimetric, optical, electrochemical), a correlation between lamination and wettability of electrode-separator assemblies is experimentally demonstrated, thus providing an important research contribution.
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1. Introduction


In the light of increasing CO2 emissions and their impact on the global climate, battery technology in particular, as a short-term alternative to the internal combustion engine in the automotive industry, plays a central role in climate-neutral production. The demand for battery cells, and in particular lithium-ion batteries, has been rising for years, and a further increase is forecast for the next several years [1]. These increasing demands are contrasted by various challenges on the battery cell production side: High energy and power density, low process times, reliable safety concepts, high quality, and low costs [2]. Within the process chain of battery production, these challenges can be addressed at different stages. Promising process steps to reduce process time and production costs are electrolyte filling and wetting [3]. These are quality-critical process steps since without sufficient wetting of all cell components, optimal performance of the cell is not achieved by formation, and, in the worst case, cell failure occurs [4]. In practice, this aspect leads to long storage times during the wetting process to ensure complete wetting and to avoid quality degradation during formation. Typically, storage times could take up to 24 h [3]. This is in contrast to upstream processes with high throughput, such as electrode coating at 25 to 50 m per minute, calendering at 30 to 100 m per minute, or stacking at 15 compartments per minute [2].



In order to investigate and better understand these property relationships of the wetting process, different measurement methods have been developed. On the one hand, the wetting properties of battery materials can be determined in detail as measured by optical capillary rise test in the flat plane [5] and for horizontal samples [6] or by wetting balance tests [7,8]. On the other hand, wetting can also be assessed in the cell compound. For this purpose, radiographic methods such as neutron radiography [9,10], X-rays [11], or infrared thermography [12] are used. In addition, there are first promising applications for the use of ultrasound as an inline wetting measurement method [13]. Besides, electrochemical methods provide access to investigations of the electrolyte wetting process. Above all, the measurement of the cell resistance as a function of the wetting time can provide a wide range of information about the wetting behavior of battery cells. Here, electrochemical impedance spectroscopy (EIS) can be used to determine this quantity [14,15]. The electrochemical methods can not only be used to study the influence of various cell components on electrolyte wetting, but also be for standardized inline investigations of individual battery cells within the production process. This way, storage times that occur before the cell formation can be significantly reduced, thus saving production costs. Another benefit of the electrochemical methods is that they allow the detection of microscopic wetting. Thus, the electrolyte inflow into the electrode pores can also be investigated [15]. The knowledge gained serves as a starting point for new processes [16] or material improvements [17,18,19] to accelerate wetting without having to accept quality losses.



The duration of wetting is subject to a complex relationship of different process-structure-property relationships. Although the wettability depends particularly on the material properties of the electrodes, the separator, and the electrolyte [12], other parameters such as the type of cell stack assembly (stack vs. jelly roll), which affects the diffusion path and distance, or the geometric dimensions of the electrodes can also influence the duration of wetting [20]. Likewise, process parameters of electrolyte filling, such as evacuation pressure, also influence the wetting time. In addition to material-related influences or process-related influences from the electrolyte filling process, process steps that precede electrolyte filling can also have an impact on the wettability of the cell components or the cell assembly. The process step lamination, in which the electrode and the separator suitable for lamination are joined together by applying temperature and pressure, represents such a process step. The material bond between the electrode and the separator creates an electrode-separator composite with advantageous mechanical properties such as increased bending stiffness or fixed individual components [21], advantageous electrochemical properties such as improved fast-charging properties in the cell assembly [22], and promising properties with regard to electrolyte wetting. Due to the material bond between separator and electrode, dead volume in which electrolyte accumulates can be avoided between these two layers. Additionally, due to the connection of separator and electrodes and the resulting interface between them, capillary effects can occur, which accelerate the wetting process.



While there are numerous studies on the material-specific wetting properties, the authors are not aware of any publications on the wetting properties of electrode-separator laminates. This leads to the central question for this research contribution, namely whether and to what extent lamination influences the wetting properties of the cell composite. For this purpose, various measurement methods were applied, and their results were compared with each other in order to compare the significance of the methods with regard to wetting.




2. Materials and Methods


2.1. Materials


The identical electrode material manufactured by CustomCell was used for all experiments. The cathode consisted of 95.5% NMC-622 with 3% conductive additive and 1.5% PVDF as a binder, each with a 60 µm thick active material on a double-sided coated 15 µm thick aluminum conductor. The anode was composed of 94% SMGMK1C graphite, 2%CMC, 3% SBR, and 1% C65 and had a thickness of 73 µm per layer on a 10 µm thick copper conductor. The separator was a P.E monolayer with a ceramic and PVDF coating and a total thickness of 24 µm. The additional PVDF coating on the separator surface enables lamination. The used electrolyte LP572 is a composition of 1 M LiPF6 in 30 wt.% E.C and 70 wt.% EMC with an additional 2 wt.% V.C.




2.2. Methods


With the goal of obtaining meaningful results that are as holistic as possible, data were triangulated using three different measurement methods (gravimetric, optical, and electrochemical) to determine the wetting rate of laminated electrode-separator assemblies for pouch cells. The gravimetric experiments in test series 1 (VR1) determine the wetting rate effects via the mass increase in the sample material, whereas the optical method (VR2) visually records the rise in height and the electrochemical experiments (VR3) measure the change in resistance to infer the wetting rate effects of lamination.



VR1 and VR2 were measured simultaneously with the same sample, but with different methods, whereby the electrolyte always remains at a temperature of 20 °C. Each of the experimental data points listed below was repeated three times with punched out samples of 20 mm × 40 mm in size under uniform conditions in the drying room (dew point −40 °C, 20 °C ambient temperature):




	(i)

	
cathode—separator (non-laminated)




	(ii)

	
cathode—separator (laminated at 120 °C, contact pressure of 5.5 Nmm−2)




	(iii)

	
cathode—separator (laminated at 80 °C, contact pressure of 5.5 Nmm−2)




	(iv)

	
anode—separator (non-laminated)




	(v)

	
anode—separator (laminated at 120 °C, contact pressure of 5.5 Nmm−2)




	(vi)

	
anode—separator—cathode as a compartment (non-laminated)




	(vii)

	
anode—separator—cathode (laminated at 130 °C, contact pressure of 5.5 Nmm−2)









The electrode-separator laminates used in VR1 and VR2 were all laminated using the SDL 50 pro lamination system from company Polatek SL-Laminiertechnik GmbH at a feed rate of 1 mm/min by pressing the electrode and the separator with two heated rollers together to form a material bond between them.



2.2.1. Gravimetric Measurement (VR1)


The DCAT25 tensiometer from DataPhysics Instruments GmbH was used for the gravimetric measurement. As shown in Figure 1, the measuring device consists of an electronic balance with a retainer for positioning samples (i)–(vii) and a height-adjustable sample repository for the electrolyte so that the sample material is immersed in the liquid after the sample repository has moved. From the moment of immersion, the balance located at the top measures the electrolyte mass absorbed by the capillary forces in the porous cell stack material.



Using the modified Lucas-Washburn Equation, which describes the mass increase in porous media due to an infiltrated liquid by means of a root function (3), the penetration rate K can be determined experimentally.



With the use of the modified Lucas-Washburn differential Equation (1), which describes the increase in porous media by an infiltrated liquid, the time course of the rise time of the liquid can be described by a root function. A quantitative comparison can be made via the parameter wetting rate k (mm/s0.5). Experimentally, this is determined via the mass increase according to Equation (3). The parameter K (g/s0.5), directly determinable here, is called penetration rate. This is composed of the material-specific parameters of the solid sample, the effective capillary radius reff, porosity P, cross-sectional area A, the material-specific parameters of the liquid samples, surface tension σ, viscosity η, density ρ, and the contact angle θ, which depends on the interaction between the solid and liquid sample.


    d h   d t   =      r  e f f    ¯  · σ · cos  ( θ )    4 η h    



(1)






  h = k ·  t  ,     k =      r  e f f    ¯  · cos  ( θ )  ·  σ  2 η      



(2)






  m =  h  ρ · A · P   = K ·  t  ,     K = k · A · P · ρ =      r  e f f    ¯  ·  A 2  ·  P 2  · cos  ( θ )  ·    ρ 2  · σ   2 η      



(3)







For the experiment, a self-developed, 3D-printed sample holder was used, which allows multilayer material combinations to be measured simultaneously (Figure 1). For this purpose, two plastic parts were printed, which fixed the respective samples with six magnets and a force of 750 mbar on a glass plate with a large-area recess. The force thus applied corresponds to the regular differential pressure of the pouch cell to its ambient pressure after filling and sealing.




2.2.2. Optical Measurement (VR2)


The optical measurement runs simultaneously to VR1, accordingly it uses the identical tensiometer test setup, but extends it to include a camera installation for optical sensing of the dispersion of the electrolyte in the sample material. The camera was mounted laterally in such a way that it focused perpendicularly on the glass surface of the sample holder on the separator side since, consequently, the substrate of the underlying active material could be photographed in sharp focus. The only very slight loss of visibility due to the plastic holder of the self-manufactured sample holder enables precise recording of the geometric distribution of the electrolyte over the entire glass surface. In this process, the camera (monochrome camera from company IDS Imaging Development Systems GmbH) registered one image per second, and the exposure of the tensiometer was sufficient. Subsequently, both qualitative and quantitative evaluation of the optically determined rise height as a function of time was performed, which can be averaged according to the centroid of the wetted surface and thus provides optical conclusions about the wetting rate in the lamination process. Quantitatively, the evaluation was based on the grayscale values of the photos, which were then set in relation to the visible sample area, while qualitatively, the wetting front was additionally categorized on the basis of the criteria straight-/v-/u-shaped as well as left/right-heavy.



The evaluation of the average height over the centroid of the area is done by summing the wetted pixels nwetted, multiplying the number of pixels by the pixel size APixel, (here: (0.08467 mm)2) to then divide the resulting wetted area by the sample width w (20 mm) (see Equation (4)).



In the case of the non-laminated compound, the separator and the cathode have different wetting rates; yet, for the evaluation in the compound, the determination of a common averaged rise height havg (as a purely theoretical quantity) is necessary. This value is calculated by mathematically averaging the pore volume fraction of the materials (electrode ele and separator sep) relative to the total pore volume, where the pore volume is the product of porosity P, sample height h, and sample cross-area A of the sample in the sample holder (Equation (5)). The common pore volume Pavg is calculated relative to the proportion of the entire area Aavg (Equation (6)).


  h =    A  P i x e l   ·   ∑   i = w e t t e d    n i   w   



(4)






   h  a v g   =  1   A  a v g   ·  P  a v g       ∑   i = e l e , s e p    h i  ·  A i  ·  P i   



(5)






   P  a v g   =     ∑   i = e l e , s e p    A i  ·  P i     A  a v g     ,      A  a v g   =   ∑   i = e l e , s e p    A i   



(6)








2.2.3. Electrochemical Measurement (VR3)


The third series of experiments had a different experimental setup from VR1 and VR2: For the electrochemical measurement, entire cathode sheets with separators were prepared in BLB1-format (cathode 45 × 65 mm2, anode 50 × 70 mm2) and laminated at a contact pressure of 5.5 Nmm−2 at 80 °C and at 120 °C. These cathode-separator compounds were then assembled with an anode to form single-layer pouch cells. Again, three cells were measured per experimental data point:




	(i)

	
cathode—separator (non-laminated)




	(ii)

	
cathode—separator (laminated at 80 °C, contact pressure of 5.5 Nmm−2)




	(iii)

	
cathode—separator (laminated at 120 °C, contact pressure of 5.5 Nmm−2)









The cells had a special design with one unsealed edge. This way, the samples could be connected to a potentiostat (SP 150 from Biologic SAS) before the electrolyte filling. The electrochemical investigations were performed inside a glovebox with an argon atmosphere. Following preliminary investigations, the electrolyte was added to the outmost position of the cells. For each cell, 1 mL LP572 was used. The electrolyte was filled using a cannula, which was inserted to the lower edge of the cells (cf. Figure 2).



Simultaneously with the electrolyte filling, electrochemical impedance measurements were started to investigate the wetting progress. The impedance of the cells was measured in the potentiostatic mode every 30 s within a frequency range of 10 kHz down to 1 Hz. The various frequencies were logarithmically spaced and six points per decade were recorded. Each frequency was measured twice and averaged to suppress experimental noise. As an early formation of the cells must be avoided, a low excitation amplitude of 5 mV was applied. The investigations were carried out at ambient temperature.






3. Results


3.1. Gravimetric Measurement


The left part of Figure 3 illustrates the m2-t diagram of the tensiometer measurement for the cathode tests i–iii with the associated standard deviations. All data points show the typical degressive behavior of a root function and thus the expected curve of the experiment. In the right picture, the m-t0.5 graph is shown, which was linearized by the transformation of the m2-t graph using a root function. The slope of the graphs was evaluated in the time interval of 10–15 s0.5 to determine the penetration rate K.



Qualitatively, it can be seen from the left graph (the bigger increase in the measured electrolyte mass) and quantitatively from the right graph (higher slope of the graphs) that the wetting for the experimental points ii and iii of the laminated samples is stronger than the wetting of the non-laminated sample (i). The quantitative results of the evaluation are shown in Table 1. Both samples with a lamination temperature of 80 °C as well as with a lamination temperature of 120 °C led to an increase in the penetration rate. This increase shows a significant difference (5% significance level). No differences can be detected between the lamination temperatures with respect to the penetration rate K, which is converted into the wetting rate k by means of Equation (3). The latter indicates the experimentally determined height of rise from the gravimetric measurement and serves as a comparative value to the measurement result of the optical test VR1.



As expected, the same qualitative test results with regard to the penetration rate were obtained for the test series of the anode (iv–v) and the compartment (vi–vii), see Appendix A Figure A1 and Figure A2. The laminated samples wetted significantly better than the non-laminated samples. The reason for the improved wetting is assumed to arise from the interconnection between the cellular materials. Wetting between the materials is more distinct via the pronounced PVDF bridges (trans-material wetting). The formation of thin channels/pore systems is also possible, which serve as new wetting pathways in the way of a new wetting layer.




3.2. Optical Measurement


Figure 4 shows the h-t graph of the optically determined rise height. The evaluation was performed for the laminated samples (ii and iii) for one wetting front. For the non-laminated sample, the two materials were wetted at different rates, so both wetting fronts (separator and cathode) were evaluated separately. The mean wetting front of the non-laminated compound was calculated according to Equation (5). In some cases, a digressively decreasing behavior can be observed in the measurement graphs.



The h-t0.5 graph is shown in the right image of Figure 4. Here, in the same way as with the gravimetric measurement, the wetting rate k [mm/s0.5] can be determined in the linear range (10–20 s0.5). The quantitative evaluation with the wetting rate k as well as with the mean heights at different times is plotted in Table 2. The materials of the non-laminated sample show different wetting rates, with the separator always wetting faster than the cathode. A comparison of the averaged non-laminated sample riser height with the two laminated samples again indicates that the laminated samples have a superior wetting rate. Thus, also based on the results of the optical observation, it can be concluded that lamination has a positive effect on the wetting property of the samples. Between the different lamination variants, a significantly higher wetting rate is shown at a temperature of 80 °C compared to the samples laminated at 120 °C.



Figure 5 illustrates for five concise time points the images taken by the camera showing the wetting fronts. For the non-laminated sample, the different wetting fronts for the separator and cathode are drawn. While only a light gray tone was visible with the separator wetting, a deep gray tone was seen with additional wetting of the cathode. A distinction between the two wetting fronts could not be determined for the laminated samples. However, the samples with a lamination temperature of 80 °C showed uneven wetting between separator/cathode areas over the entire surface. Despite a similar wetting rate k, the sample laminated at 80 °C shows a significantly higher absolute slope height than the sample laminated at 120 °C. Thus, the sample laminated at 120 °C shows a higher absolute slope height. This is due in particular to the wetting within the 100 s. In particular, the u- or v-shape of the wetting front stands out in the images. At the side edges of the specimen holder, where the glass plates and electrode-separator assemblies come into contact with the sample holder, the wetting front is particularly pronounced. This can be observed with all sample specimens. In the narrow gap between the sample holder and the glass plates, an additional wetting front is formed due to the capillary forces. Because of the small gap, this force is significantly greater than the wetting by the materials themselves, which is why there is a tendency for lateral wetting results. However, since across all experiments the measurements were performed under identical conditions, the lateral wetting tendency does not affect the validity of the inferred results regarding the positive effect of lamination on wetting. As expected, the same qualitative test results with regard to the wetting fronts were obtained for the test series of the anode (iv–v) and the compartment (vi–vii), see Appendix A Figure A3 and Figure A4.




3.3. Electrochemical Measurement


For each cell, similar impedance spectra could be measured. Figure 6a exemplarily shows the impedance outcome for one of the investigated cells (laminated compound at 120 °C) in the Nyquist representation and for varying wetting times. All plots initially show a slight increase in the imaginary part with an increasing real part resulting in a slope of around 45°. However, this area does not appear to rise in a purely linear fashion but rather is characterized by a broad semicircle. For lower frequencies, a steep linear increase can be found.



The single plots shift to lower impedance values on the real axis with increasing wetting time. At the same time, the imaginary part is decreasing. These effects are the more pronounced the smaller the wetting time. Thus, a regressive decrease can be found for the real and the imaginary part. In order to graphically represent this behavior, an equivalent circuit fitting of all individual spectra can be conducted. The extracted quantities of this proceeding can then be depicted as a direct function of the wetting time. In other works, the zero-crossing of the real axis within the Nyquist plot is considered [15].



In this work, however, such a proceeding is omitted to avoid possible errors within the fitting or the data processing influence the final analysis. Instead, the measured impedance data are considered directly. For this purpose, the modulus    | Z |    of the impedance is analyzed as the time-dependent variable. Examining the modulus is advantageous because this quantity combines both the real part   Re  ( Z )    and the imaginary part   Im  ( Z )    of the impedance:


   | Z |  =   Re    ( Z )   2  + Im    ( Z )   2     



(7)







Here, we concentrate on the modulus measured at a frequency of 1 Hz solely. This frequency point is highlighted in Figure 6a for one of the impedance measurements as an orange dot. By choosing the investigated frequency to be 1 Hz, the main impedance features of the investigated cells are covered within the investigation of wetting times. The highest frequencies reflect mainly pure ohmic resistances (shift of the spectra along the abscissa, nearly no imaginary shares). The change in impedance values at these frequencies with increasing wetting time can thus be attributed to the wetting of the separator. For lower frequencies, on the other hand, the impedance spectra are governed by increasing real and imaginary impedance values. This impedance behavior is due to the electrochemical performance of the electrodes. Hence, any shift for these values with increasing wetting times is related to the wetting of the porous electrodes. However, any change within the processes occurring at higher frequencies also directly affects the impedance values at 1 Hz. Consequently, we use the impedance results measured at 1 Hz to monitor the wetting of both the separator and the electrodes. Nevertheless, the remaining frequencies may contain further information to investigate the wetting process in more detail.



In Figure 6b, the averaged impedance modulus    | Z |   (1 Hz) for the three different samples is shown as a function of the wetting time. All curves show a similar behavior—with increasing wetting time,    | Z |   (1 Hz) exponentially decreases. Besides, all data sets show low standard deviations for the entire investigation time. Nevertheless, the curves differ in the magnitude of their initial and final values. Therefore, a comparison of the data among each other is impeded even though the samples, which were laminated at 120 °C and at a contact pressure of 5.5 Nmm−2, seem to show a faster decay.



A clearer representation of the data is possible by standardization. For this purpose, first, the lowest      | Z |    low     and the highest value      | Z |    high     of the time-dependent impedance modulus    | Z |   ( t )    are determined and subtracted from each other. The resulting range      | Z |    high   −    | Z |    low     is subsequently used as a scaling factor, and each data set is individually divided by this value. Additionally, the offset alongside the ordinate is cleared by subtracting      | Z |    low    :


     | Z |    Norm   =    | Z |   ( t )  −    | Z |    low        | Z |    high   −    | Z |    low      



(8)







In Figure 7a, the average of      | Z |    Norm     is shown for the three test cells with compounds lamination at 120 °C. The exponential decline of the data is still obvious. Similar to previous works [14,15], we assume a completed wetting of the cell components when the measured impedance values only show negligibly small variations over time. Therefore, the first numerical derivation of      | Z |    Norm     is calculated to monitor the degree of variation as a function of the wetting time. Figure 7b exemplarily depicts the absolute value of the respective derivation for one of the samples of Figure 7a. The resulting curve, again, shows an exponential decay. In addition, the data is superimposed by noise. Hence, an analytical fitting of the data is required for further interpretation of the results (cf. Figure 7b). Finally, the completion of the wetting process can be assumed when the fitting results fall below a threshold value. This limit is defined to be   Δ    | Z |    lim   = 0.01   and is depicted in Figure 7b as a violet horizontal line.



The used standardization is mandatory for comparing the results of diverse samples. At the same time, however, this procedure bears the risk that the standardization itself falsifies the outcome. Especially because the value      | Z |    high     is included in Equation (8), the values determined are susceptible to fluctuations. It can be assumed that the starting time of the electrochemical measurements in relation to the electrolyte filling has a considerable impact on the calculations in Equation (8), as      | Z |    high     explicitly varies at the beginning of the investigations. Therefore, the impact of different starting times of the impedance measurements was tested. For this purpose, the raw experimental datasets had been gradually truncated. In each case, the first  n  time-dependent values were artificially removed from the impedance output. The number of neglected data points was varied between 0 and 9, and for each resulting dataset, the previously shown procedure for determining the wetting time was performed. The averaged wetting time results for all samples in dependence on the number  n  are shown in Figure 8a. The samples with compounds laminated at 80 °C show stable values when at least the first two data points are omitted. The samples without any lamination, on the contrary, show a steep increase in the determined wetting time when the early data points are neglected. However, the wetting time becomes stable if at least the first   n = 5   data points are not taken into account. The samples with compounds laminated at 120 °C show stable values between   n = 2   and   n = 5  , and their wetting time is smaller than for the other samples regardless of  n . The standard deviation for the sample with non-laminated compounds and the sample with compounds laminated at 120 °C increases with higher  n  values. Therefore, the comparison of the samples is assumed to be optimal for   n = 5  , as for this value, stable wetting times in combination with low standard deviations can be obtained.



Figure 8b consequently depicts the averaged wetting times for all samples, calculated by neglecting the first 5 data points for all data sets. The lamination at 80 °C shows only slightly decreased wetting times (9.7 min) compared to the non-laminated reference (10 min). Considering the standard deviations, nearly no difference can be assumed for this comparison. The lamination at 120 °C, on the contrary, clearly decreased the average wetting time of the investigated cells down to 7.7 min. Overall, the standard deviations are quite small for all samples, which underlines the validity of the results.





4. Discussion


Results from the gravimetric and optical measurements both show an increase in wettability due to the process step of lamination. The gravimetric measurement provides a holistic parameter that sums up the individual wetting properties. Consequently, the influence of lamination can be demonstrated with this method as a result of all the cell materials investigated. On the other hand, neither the homogeneity of the wetting depth nor the uniformity of the surface can be determined by this measurement method. The optical measurement allows the wetting capabilities of the individual materials of an electrode-separator-assembly to be determined. Thus, the influence of the separator in wetting can be deduced. Similarly, the nature or homogeneity of wetting on the surface can be replicated. Although the wetting ability of the electrode-separator laminates is influenced and increased by the clamping between the glass plates, since the interfaces between the glass and the sample material provide a further gap for wetting by means of capillary forces. Nevertheless, the sample holder applies constant pressure on the laminates and thereby reproduces a practical operating environment as it exists inside a vacuum-sealed pouch cell during wetting. Similarly, the formation of liquid reservoirs in the form of droplets on the sample surface above the concave liquid meniscus is prevented and, therefore, you achieve a more repeatable measurement of the actual rising height.



The comparison of the two methods shows qualitatively that the wetting ability is increased by lamination, yet the measured wetting rates differ significantly. The values evaluated for the optical measurement are greater by more than a factor of 10. A possible explanation for this could be the one-sided lamination. Thus, the separator electrode-separator laminate was applied to one side of the sample and only the active material of the double-sided coated electrode was applied to the other side of the glass plate. If the wetting of the front side occurred at a higher wetting rate, this might have been overestimated since—in contrast to the gravimetric measurement—only the side facing the camera was taken into account for the calculation of the area-weighted rise height.



Another possible explanation is that only the wetting of the surface is detected in the optical measurement. This may be a driver of sample wetting due to the high capillary forces between the surface and the glass plate. The wetting in the depth of the sample materials, especially of the electrodes, could cause an uneven distribution of the wetting as a result of local, slower wetting rates (cf. Figure 9). The shape of the function shown in Figure 9 is an idealized representation. On the one hand, the real function shows a much less smooth profile due to the locally different pore sizes and the resulting tortuosities. The three different functions indicate possible curves over the laminate thickness. The exact course of this function is the subject of further investigations.



In contrast to the other used methods, absolute wetting times were determined within the electrochemical investigations. Nevertheless, these results can be compared with the outcome of the remaining methods. The impedance analysis showed comparable wetting times for the non-laminated material and the compounds laminated at 80 °C. This result is in contradiction to the findings of the optical and gravimetric investigations. The latter two methods showed a significantly increased wetting rate for all laminated samples. Thus, shorter wetting times can be expected as a result of the lamination. However, reduced wetting times can only be found for the electrochemical investigation of the samples laminated at 120 °C. Here, the lamination causes differences in the wetting time of more than 20 %.



The discrepancy between the results can be explained by the fact that the electrochemical measurement does not only consider a macroscopic distribution of the electrolyte in the separator material. Instead, the electrolyte wetting in the pore volume of the electrodes also influences the electrochemical measurement results. These microscopic processes can show divergent wetting rates from the macroscopic wetting processes [15]. The similar wetting times for the non-laminated samples and the samples with lamination at 80 °C could be explained by considering the wetting in the porous volume as the rate-determining step for the decreasing impedance values. In particular, the lamination at 80 °C could thus provide an accelerated macroscopic wetting, while the penetration of the electrolyte into the pore volume is not affected. For the lamination at 120 °C, on the other hand, a lowered wetting time can be found for both the macroscopic (optical and gravimetrical measurements) and the microscopic scale (electrochemical measurements). This effect could be explained by the increased number of interconnections between the separator and electrode surface, which is prominent for the higher lamination temperature.



These points show that a more systematic consideration of the influence of the lamination process parameters such as temperature or contact pressure on the wetting rate is necessary. In addition, the influence of cell materials also needs investigation. In particular, the use of other laminable separators with different separator base materials (trilayers or nonwovens) as well as other electrode materials such as SiC anodes or LFP cathodes promises valuable insights. Further investigations will address these influences in distinct studies.




5. Conclusions


In this paper, three different measurement methods for evaluating the wetting behavior were compared to each other to determine the advantages and limitations of each measurement method. Both the macroscopic measuring methods (optical and gravimetrical) and the microscopic measuring method (electrochemical) can be used to determine the wetting rate and wetting time, respectively. Moreover, the result shows that the lamination of separator and electrode significantly improves the wetting behavior of an electrode-separator assembly, and consequently, lamination is a promising process step for battery cell production to reduce wetting time and thus process-related storage times.



In summary, the comparative measurement methods of this work provide an approach for detailed investigations of the electrolyte wetting within battery cells. This way, an optimization of the single compounds within the cells regarding the wetting process is accessible.
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Figure A1. Results of gravimetric measurement of the anode separator measurement series (iv) to (v). Smoothed measurement data of the tensiometer measurement (left) and transformed measurement data with an evaluation range of 10 to 15 s0.5 (right). 
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Figure A2. Results of gravimetric measurement of the compartment measurement series (vi) to (vii). Smoothed measurement data of the tensiometer measurement (left) and transformed measurement data with an evaluation range of 10 to 15 s0.5 (right). 
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Figure A3. Images of the optical measurement of the anode separator measurement series at four time points. The shape and height of the wetted visible surface are shown. Start of the measurement at t = 0 s. 
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Figure A4. Images of the optical measurement of the compartment measurement series at four time points. The shape and height of the wetted visible surface are shown. Start of the measurement at t = 0 s. 
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Figure 1. Illustration of the experimental setup of experiments VR1 and VR2. Camera of the optical measurement (VR2) on the left and the tensiometer of the gravimetric measurement (VR1) on the right. On the top right is a rendered detailed representation of the sample holder. 
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Figure 2. Experimental setup for the electrochemical investigation of the electrolyte wetting. Special test cells were connected before electrolyte filling to a potentiostat. The electrochemical measurements were started simultaneously with the electrolyte filling. 
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Figure 3. Results of gravimetric measurement of the cathode separator measurement series (i) to (iii). Smoothed measurement data of the tensiometer measurement (left) and transformed measurement data with an evaluation range of 10 to 15 s0.5 (right). 
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Figure 4. Results of optical measurement of the cathode separator measurement series (i) to (iii). Data points of the time course of mean wetting heights (left) and transformed mean heights with evaluation ranges from 10 to 20 s0.5 (right). 
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Figure 5. Images of the optical measurement of the cathode separator measurement series at four time points. The shape and height of the wetted visible surface are shown. Start of the measurement at t = 0 s. 
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Figure 6. Nyquist representation of the time-dependent impedance outcome for one of the samples laminated at 120 °C (a). Averaged impedance modulus at 1 Hz as a function of time for the three investigated samples (b). 
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Figure 7. Average of the normalized modulus      | Z |    Norm     of the samples laminated at 120 °C (a). Absolute value of the first numerical derivation of the normalized modulus for one sample laminated at 120 °C and the respective analytical fit (b). 
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Figure 8. Averaged wetting time for the samples studied by means of impedance measurements in dependence on the neglected points  n  at the beginning of the measurement and the respective standard deviations (a). Averaged wetting times for the three samples when neglecting   n = 5   points of raw data (b). 
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Figure 9. Schematic representation of a possible wetting profile in an electrode-separator laminate along the laminate thickness x. The assumed functional profile is imaginary and requires further investigation. 
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Table 1. Evaluated parameters penetration rate K and wetting rate k for the cathode separator measurement series (i) to (iii).
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	Material
	Penetration Rate K

[g/s0.5]
	Standard Deviation

[g/s0.5]
	Wetting Rate k

[mm/s0.5]
	Standard Deviation

[mm/s0.5]





	Non-laminated compound
	2.40 × 10−3
	4.84 × 10−4
	1.69 × 10−2
	3.40 × 10−3



	Laminated compound 80 °C
	3.76 × 10−3
	8.54 × 10−4
	2.64 × 10−2
	6.00 × 10−3



	Laminated compound 120 °C
	3.79 × 10−3
	5.22 × 10−4
	2.67 × 10−2
	3.67 × 10−3
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Table 2. Average heights at three time-points and evaluated parameters wetting rate k for the cathode separator measurement series (i) to (iii).
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	Material
	Avg. Height at t = 100 s

[mm]
	Avg. Height at t = 300 s

[mm]
	Avg. Height at t = 600 s

[mm]
	Wetting Rate k

[mm/s0.5]





	Non-laminated separator
	4.82
	8.81
	14.89
	6.48 × 10−1



	Non-laminated cathode
	1.58
	5.06
	10.81
	4.67 × 10−1



	Non-laminated compound
	3.82
	7.80
	14.04
	6.09 × 10−1



	Laminated compound 80 °C
	15.42
	21.05
	27.81
	8.27 × 10−1



	Laminated compound 120 °C
	5.62
	11.70
	17.30
	3.83 × 10−1
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