batteries

Article

Ultra-Thick Cathodes for High-Energy Lithium-Ion Batteries
Based on Aluminium Foams—Microstructural Evolution during
Densification and Its Impact on the Electrochemical Properties

Jonas Oehm -*©9, Marc Kamlah 2 and Volker Knoblauch 1*

check for
updates

Citation: Oehm, J.; Kamlah, M.;
Knoblauch, V. Ultra-Thick Cathodes
for High-Energy Lithium-Ion
Batteries Based on Aluminium
Foams—Microstructural Evolution
during Densification and Its Impact
on the Electrochemical Properties.
Batteries 2023, 9, 303. https://
doi.org/10.3390/batteries9060303

Academic Editors: Timo Danner

and Matthias Neumann

Received: 17 April 2023
Revised: 25 May 2023

Accepted: 26 May 2023
Published: 31 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Materials Research Institute Aalen (IMFAA), Aalen University, Beethovenstr. 1, 73430 Aalen, Germany
Institute for Applied Materials (IAM), Karlsruhe Institute of Technology,

76344 Eggenstein-Leopoldshafen, Germany; marc.kamlah@kit.edu

Correspondence: jonas.oehm@hs-aalen.de (J.O.); volker.knoblauch@hs-aalen.de (V.K.)

Abstract: Using three-dimensional (3D) metal foams as current collectors is considered to be a
promising approach to improve the areal specific capacity and meet the demand for increased
energy density of lithium-ion batteries. Electrodes with an open-porous metal foam as current
collector exhibit a 3D connected electronic network within the active mass, shortening the electron
transport pathways and lowering the electrodes’ intrinsic electronic resistance. In this study, NMC622
cathodes using an aluminium foam as current collector with a measured areal capacity of up to
7.6 mAh cm~—2 were investigated. To this end, the infiltrated foams were densified to various
thicknesses between 200 um and 400 um corresponding to an electrode porosity between 65% and
30%. The microstructural analysis reveals (i) the elimination of shrinking cavities and a decrease in the
porosity of the infiltrated active mass, (ii) an improved contact of active mass to the current collector
structure and (iii) a pronounced clogging of the surface pores. The electrochemical properties such
as capacity and rate capability are correlated to the electrode’s microstructure, demonstrating that
densification is necessary to improve active material utilization and volumetric capacity. However,
strong densification impairs the rate capability caused by increased pore resistance and hindered
electrolyte accessibility.

Keywords: lithium-ion battery; current collector; aluminium foam; 3D electrode; ultra-thick electrode;
high-energy density; densification

1. Introduction

Since Sony introduced the first commercial lithium-ion battery (LiB) in 1991, they have
become the benchmark for electrochemical energy storage systems [1]. LiBs exhibit the
highest power and energy density of all kind of different rechargeable batteries that have
made it to the market so far [2,3]. Despite all the technological advances in recent decades,
the fundamental electrode structure consisting of a layer of active mass on top of a current
collector foil has not changed. However, the demand for increased energy and power
density, which applies besides automotive applications inter alia for medical technology
systems and wearable devices, will reach the limits of LiB soon [4]. To meet these demands,
several strategies, such as (i) novel active materials with higher specific capacities [5]
or (ii) various post-lithium-ion technologies [6], are being investigated. Another more
straightforward and evolutionary approach is to increase the areal loading of electrodes
by increasing the electrode thickness [7,8]. By doing so, the ratio of active material to
inactive compounds, such as the current collector and separator, is increased and the
energy density can be significantly enhanced. However, layer thickness and compaction
of conventional electrodes with a layer structure cannot be increased arbitrarily since
the underlying electronic and ionic transport mechanisms are limited [9-12]. Due to
this, thick film electrodes suffer from a high ohmic resistance causing a strong capacity
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fading, especially at higher current rates. In addition, e.g., cracks and exfoliation caused
by the volume change within the coated layer are well-known failures that arise during
the processing and cyclic (dis-)charging [13,14]. In contrast, electrodes with a 3D current
collector such as (nano)fibers, nanotubes, nanorods and foams are considered to be a
promising approach to overcome the capacity fading of thick electrodes [15-20]. From the
several investigated 3D current collectors, metal foams are likely to be the most suitable
with the state-of-the-art electrode slurry production and least expensive option [21].

Although the current collector is an essential component of electrodes, comparably
little attention is given to it in terms of battery performance [13]. Compared to state-of-
the-art electrodes using a cast layer of active mass on top of a current collector foil, 3D
structured electrodes with an open-porous metal foam as current collector feature a 3D
connected electronic network within the active mass. This shortens the transport pathways
of the electrons and contributes to lower intrinsic resistance of the electrode [14,21,22].
Additionally, Yang et al. [23] proved that the high specific surface of the metal foam and
consequently large contact area between the current collector and active mass leads to a
faster redox reaction as well as a lower charge transfer resistance. Thus, using a metal foam
as a 3D current collector can overcome the problems of thick electrodes described above
and it is regarded as an alternative approach for high-energy electrodes.

Moreover, the metal foam supports the electrode and increases its mechanical stability.
Therefore, new electrode designs are possible beyond the boundaries of conventional elec-
trodes; e.g., the electrode can be miniaturized or bent and shaped for specific applications
according to the device to be powered [24]. With regard to the requirements for foams
used as current collectors, inter alia low mass density of the metal and high open-porosity
of the foam as well as good adhesion to the active mass and low cost are important [13].
Additionally, the cell size of the metal foam is a crucial factor for the performance of the
electrode [25]. For this reason, most research dealing with foam-type electrodes uses alu-
minium and nickel (or their alloys) foams as current collectors on the cathode and copper
foams on the anode side [26-28].

In spite of foam-type electrodes providing many significant advantages, few pub-
lications deal with this topic. Some of them consider inter alia the effect of electrode
thickness [29] or the impact of the carbon content on the electrochemical performance
of the electrode [30]. Even though it is well known that the microstructure of layered
electrodes has a huge effect on the electrochemical performance [31-33] and Yang et al. [34]
postulated that the gravimetric and volumetric capacity can be adjusted by controlling
the electrode density through a calendaring process, a detailed study of the correlation
between electrode microstructure and the electrochemical performance is still missing to
the best of our knowledge. In addition, most studies deal with LFP-based systems, whereas
only a few use NMC as active material [21,22,26].

In the present study, the effect of the densification of foam-type electrodes is investi-
gated in detail by viewing four different degrees of densification. First, the evolution of
the microstructure of the electrodes with a high NMC loading of 43.6 mg cm 2 is analysed
microscopically in detail looking at the electrode’s cross-section and surface (top-view).
Second, the electrochemical performance of the cathode is investigated in terms of the
intrinsic resistances and the rate capability. Finally, by correlating the electrochemical
performance with the microstructure, we can propose the ideal densification according to
specific applications and requirements.

2. Materials and Methods
2.1. Materials

LiNig sMng2Cop 20> (NMC622, BASF, Ludwigshafen, Germany) was used as active
material. Carbon black (C65, MTI Corporation, Richmond, CA, USA) together with conduc-
tive graphite powder (CGP, MTI Corporation, Richmond, CA, USA) and polyvinylidene
(PVDE, MTI Corporation, Richmond, CA, USA) were used as conductive additive and
binder, respectively. N-Methyl-2-pyrrolidion (NMP, 99.5, Extra Dry over molecular sieve,
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AcroSeal™ Acros Organics, Geel, Belgium) served as solvent of the cathode slurry. An alu-
minium foam from Sumitomo Electric Industries, Ltd. (Al-Celmet #6, Osaka, Japan) with an
average cell size of 0.54 mm and a porosity of 95% was selected as the 3D current collector.

2.2. Electrode Preparation

Circular samples with a diameter of 10 mm were cut out of the foam sheets with an IR
laser. The thickness of the circular samples was adjusted to 500 um via mechanical polishing.

The electrode slurry was prepared by dissolving the binder (PVDEF), the conductive
additive (CGP and C65) and the active material (NMC622) stepwise in the solvent (NMP)
using a planetary centrifugal mixer (Thinky ARM-310, Thinky Corporation, Tokyo, Japan).
The NMC622/C65/CGP/PVDF ratio was set to 92/2/2/4 wt.-%.

Based on the vacuum-supported infiltration process presented by Fritsch et al. [22], the
foams were loaded with the electrode slurry. To this end, a custom-built infiltration chamber,
which consists of a bottom component connected to a vacuum pump, an intermediate
component with a metal mesh and filter paper (Grade MN615) and a cover plate with
boreholes (Figure 1a,b), was used. The infiltration chamber was heated up to 45 °C by
placing it on top of a temperature-controlled heating plate in order to ensure consistent
conditions for the infiltration process of different samples. The foams were placed inside
the holes of the cover plate and on top of the filter paper. With a manual repeater pipette
(AutoRep S Man Pipet, Mettler Toledo, Columbus, Ohio, USA), 500 uL electrode slurry
was applied on top of the foams. The electrode slurry was soaked into the pores of the
metal foam by applying an underpressure of —100 mbar for 30 min. After the surplus
electrode slurry was removed manually, the infiltrated foams were dried for 24 h at room
temperature inside a fume hood and afterwards for an additional 24 h inside a drying
oven at 80 °C. The dried samples were densified to various thicknesses of 200, 250, 300
and 400 um with a manual hydraulic press (Specac Ltd., Orpington, UK). The degree of
densification was 60%, 50%, 40% and 20% with respect to the initial thickness, respectively.

a3

Figure 1. (a,b) Vacuum-supported infiltration chamber for loading the foams with the cathode slurry.
(c) Comparison of an aluminium metal foam before (left) and after infiltration (right). (d) SEM image
of the used aluminium foam with a cell size of around 540 um.
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2.3. Microstructure Analysis

The electrode porosity and density as well as the NMC622 loading were calculated
gravimetrically by measuring the weight and size of the as-prepared samples and based on
the mass densities and composition of the raw materials.

Cross-section and top-view images were taken for microstructural analysis with scan-
ning electron microscopy (SEM). For the cross-section, the samples were embedded in a
polymer resin and then mechanically grounded and polished according to [35,36]. The
SEM investigations were done using a ZEISS Sigma 300 VP FE-SEM (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany).

2.4. Electrochemical Characterization

Half-cells were built using I-type Swagelok cells to determine the electrochemical
performance of the foam-type cathodes. The cells were assembled under argon atmo-
sphere inside a glove box with an oxygen and water content below 1 ppm. Lithium
disks (J 11 mm) cut from lithium foil (ThermoFisher Scientific, Waltham, Massachusetts,
USA) served as the counter electrode and two layers of borosilicate glass micro-fibre filter
(Whatman GF/C), Cytiva, Marlborough, Massachusetts, USA) were used as a separator.
A volume of 300 pL of electrode consisting of 1 M LiPF¢ dissolved in ethylene carbon-
ate (EC): diethyl carbonate (DEC) 3:7 v/v + 2% vinyl carbonate (VC) was added to each
cell. After a resting period of 12 h, the testing of the half-cells was done using a BaSyTec
CTS-lab battery tester. For C-rate tests, three cells for each densification were cycled with
0.05C/0.05C, 0.1C/0.1C, 0.2C/0.2C, 0.5C/0.5C, 1C/1C and 2C/2C within a potential range
of 2.6 V-4.3 V. The charging was operated in CCCV mode and the discharging in CV mode
only. Electrochemical impedance spectroscopy (EIS) was performed on symmetrical cells
using pouch cells to evaluate the intrinsic resistances of the electrodes. Therefore, samples
with a specific geometry (10 x 10 mm) and aluminium contact flags were fabricated. Two
layers of separators separated two pristine electrodes and 400 pL electrolyte was used.
After a resting period of 24 h, the EIS was carried out with a VMP-3 potentiostat (Biologic
GmbH & Co. KG, Miinster, Germany) at a frequency range from 500 kHz to 50 mHz with a
10 mV sinusoidal potential amplitude in galvanostatic mode. The EIS data were fitted with
the software ZView (Scribner Associates Inc., Southern Pines, NC, USA) to calculate the
contact and pore resistance. All electrochemical tests were carried out at constant 23 °C
inside a climate chamber (Binder Labortechnik GmbH, Hebertshausen, Germany).

3. Results and Discussion
3.1. Microstructure Investigation
The properties of the as-prepared foam-type cathodes are given in Table 1. The

electrode porosity €qjectrode and density pelectrode Were calculated according to the following
equations:

€electrode = (Vpore,foam - Vactive mass)/ Velectrode (1)
Pelectrode = (melectrode)/ Velectrode (2)
Melectrode = Mfoam + Mactive mass (3)

Velectrode =t A 4)
Vpore foam = Velectrode €foam ®)

Vactive mass = Mactive mass / 00, active mass (6)
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Table 1. Properties of the prepared foam-type cathodes.

. Degree of . Electrode Porosity = Electrode Density = NMC622 Loading
Notation Densification [%] Thickness £ [um] Eelectrode [VOL-%]  pelectrode [g cm—3] [mg cm—2]
NFC-20/400 20 400 65 1.37 44.0
NFC-40/300 40 300 53 1.82 43.3
NFC-50/250 50 250 44 2.20 442
NFC-60/200 60 200 30 2.71 43.1

Here, the following definitions apply: €gjectrode: POTOsity of the electrode including
metal foam, &y, porosity of metal foam, o active mass: density of active mass, Pejectrode:
density of electrode including metal foam, A: area of the electrode, M,ctive mass: Mass of
active mass, Mejectrode: Mass of electrode including metal foam, ¢y, : mass of metal foam, ¢:
thickness of electrode, V active mass: Volume of the infiltrated active mass, Vjectrode: VOlume
of the electrode including metal foam, Vore foam: pore volume of the metal foam.

In the following, the different electrodes are denoted by NFC-xx/yyy, where the first
number xx specifies the degree of densification and the second number yyy states the
electrode thickness.

The cathodes exhibit a porosity eejectrode (including the volume of the foam) be-
tween 30 vol.-% and 65 vol.-% with respect to the highest (NFC-60/200) and lowest (NFC-
20/400) degree of densification. The density of the electrodes pejectrode (again including
the volume of the foam) increases by the degree of densification from 1.37 g cm ™2 to
2.71 g cm~3. Independent of the degree of densification, all cathodes exhibit an NMC622
loading of 43.6 mg cm 2 (mean value) resulting in a theoretical capacity per unit area of
7.72 mAh cm~2 (based on the theoretical capacity of NMC622 of 177 mAh g~ 1).

Figure 2 displays the SEM cross-section of the differently densified cathodes. Generally,
the NMC particles are visible with a light grey, spherical shape and a diameter between
several microns up to 30 um (dsp powder = 10.5 um, measured by laser diffraction). The
slightly darker grey structure represents the aluminium foam. Depending on the cutting
plane, a pentagonal or hexagonal structure is cognizable, revealing the quasi-dodecahedron
structure of the aluminium foam (cf. Figure 1d). The dark grey background is the epoxy
resin, which fills up the inner porosity of the active mass and cavities of the electrodes. It
also includes the binder and C65 since it is not possible to distinguish between the epoxy
resin and the binder-C65 compound as both phases mainly consist of carbon. Of the
additives only the CGP are visible as light-grey flakes in the images with a magnification
of 1000x.

NFC-20/400 exhibits lots of cavities causing a gap of up to 30 um between the foam
structure and the active mass. As a result, the active mass seems to have only a few
contact points with the foam structure. These cavities are formed after the infiltration
process during drying due to shrinkage of the active mass. The pronounced content of such
shrinking cavities can be explained by the high-volume content of the solvent in the slurry
(75 vol.-% NMP). The NFC-40/300 sample shows significantly fewer shrinkage cavities
and these lunkers disappear almost completely with a higher degree of densification (NFC-
50/250, NFC-60/200). As a consequence, the contact between the active mass and the foam
is significantly improved. Additionally, with a higher degree of densification, the number
of particle—particle contact increases indicating the reduction of the inner porosity of the
active mass (cf. Figure 2i-1). Note, almost no particle cracking is observed, even at the
highest degree of densification (NFC-60/200). Moreover, the foam has an inner porosity
related to its manufacturing, which is not accessible for the slurry. This inner porosity of
the foam is significantly reduced and the dodecahedron structure is partially deformed due
to uniaxial compaction.

With exception of the lowest densified sample (NFC-20/400), the SEM top-view im-
ages, cf. Figure 3, show a smooth electrode surface. The aluminium foam is not entirely
covered by the active mass and is visible at all various densifications which is essential for
contacting the electrodes electrically. The gap between the foam structure and the active
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mass of the (slightly compacted) 400 um thick sample is visible, providing a look inside the
electrode (cf. Figure 3e). With respect to pore clogging due to compaction, the lowest densi-
fied electrodes exhibit the highest number of open surface pores. With higher densification,
the surface pores are sealed by the binder and conductive additive components. However,
the pore clogging is less pronounced compared to highly-calendared layer cathodes as was
shown, for example, by Schmidt et al. [31] and Bolsinger et al. [37].

aluminium foam

of the foam

Figure 2. SEM cross-section of NFC-20/400 (a,e,i), NFC-40/300 (b,f,j), NFC-50/250 (c,g k), and
NFC-60/200 (d,h,1) at a magnification of 200 x (a-d), 500x (e~h) and 1000x (i-1).

aluminium foam .

Figure 3. SEM top-view of NFC-20/400 (a,e), NFC-40/300 (b,f), NFC-50/250 (c,g), and NFC-60/200
(d,h) at a magnification of 100x (a—d) and 500% (e-h).
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3.2. Electrochemical Impedance Spectroscopy

The electrodes used in the symmetrical cells were in a pristine state, i.e., the NMC
particles were fully lithiated. Hence, quasi-blocking conditions and a resulting neglectable
ionic charge transfer were assumed [38]. The Nyquist plot in Figure 4a shows for all
densifications one semi-circle at high frequency, followed by a 45° slope in the middle
frequency region and turning in an almost 90° slope at low frequencies. The size of
the semi-circle describes the contact resistance Reontact between the active mass and the
current collector, whereas the length of the 45° slope is linked to the ionic resistance of
the lithium-ions in the pores (pore resistance Rpore) [39,40]. To determine both resistances,
the obtained EIS data were fitted using the equivalent circuit shown in Figure 4b. The
ohmic resistance Rypmic includes inter alia the resistance of the separator, cell housing and
measurement cables, and can be assumed to be constant for all different cells. The R/Q
element represents of the contact resistance Reontact between the active mass and the metal
current collector and the double layer capacity Qpy, at this interface [39,41,42]. W, serves as
a simplified Transmission Line Model (TLM), which is commonly used to describe porous
electrodes [38,41,43,44]. In our study, the WyR value of the W, element is assumed to be
equal to Rpore-

70 .
Rohmic Rcontact Wo
°
: 60 adl ]
! 50t ) |
_--®
LE) B -7
’ g4 e i
@
450 Hz s
% o % ) Sal |
NFC-20/400 ko -
—— NFC-20/400 - Fit @ 20 -
- NFC-40/300 14 r el 4
—— NFC-40/300 - Fit *\\.
NFC-50/250 10 L N i
—— NFC-50/250 - Fit -
NFC-60/200 --®-- Contact Resistance e
| |=——NFC-60/200 - Fit 0 |--®-- Pore Resistance . | e
100 150 200 -20% -30% -40% -50% -60%
Re(2) [Q cm?] Densification

Figure 4. (a) Nyquist plot of the symmetrical cells consisting of pristine electrodes with quasi-blocking
conditions; (b) Used simplified equivalent circuit to fit the EIS data and the calculated contact and
pore resistances (Reontact and Rpore)-

The EIS measurement indicates a decrease in Reontact With a higher degree of densifi-
cation (cf. Figure 4b, Table 2). In detail, it is reduced by more than 50% by densifying the
electrode from 20% (27.1 Q) cm?) to 40% (12.6 Q) cm?). NFC-50/250 exhibits an even lower
Reontact Of 2.7 Q cm?, whereas Reontact Of the highest densified electrode (NFC-60/200) can
be almost neglected (<1 Q) cm?) which becomes obvious due to the weakly pronounced and
thus hard to detect semi-circle. In contrast, Rpore increases exponentially with increasing
compaction. In detail, the change of Rpore between 20% (41 () cm?) and 50% densification
(47 O cm?) is relatively small and the highest increase is observed between the 50% and
60% degree of densification (64 Q cm?).

Table 2. Calculated resistances of the foam-typed cathodes from EIS measurement.

Notation Rohmic [Q em?] Reontact [Q2 cm?] Rpore [2 cm?]
NFC-20/400 6.8 27.1 40.9
NFC-40/300 6.7 12.6 44.1
NFC-50/250 5.8 2.7 471

NFC-60/200 7.5 0.6 63.9
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The EIS measurements are in a good agreement with the microscopic observation.
On the one hand, the high Reontact of NFC-20/400 can be attributed to the shrinkage
cavities, and thus the poor contact of the active mass to the metal foam (cf. Figure 2a,e).
By further densifying the cathodes, the shrinkage cavities are eliminated and the contact
between active mass and foam structure is improved (cf. Figure 2f-h), lowering Rcontact-
On the other hand, due to the decrease in porosity (cf. Table 1, Figure 2) the lithium-
ion diffusion in the electrodes pores is impaired and thus Rpore increases. The relatively
small increase of Rpore reveals that the change in microstructure has only a minor impact
on the lithium-ion diffusion for low (20%) and moderate (40% and 50%) densifications.
Hereby we have to consider that the electrodes thickness and thus diffusion paths are
reduced by the densification, which is known to have a positive influence on Rpore [45].
However, the strong increase in Rpore between 50% and 60% densification suggests that the
microstructural changes at this stage have a strong effect on the lithium-ion diffusion. Such
behaviour was also observed by Schmidt et al. [31] and is likely to be due to a combination
of a narrowed pore network and degraded electrolyte accessibility due to pore clogging
at the surface (cf. Figure 3). In view of the opposing progression of both resistances, a
densification of 50% seems to be the optimal degree of densification. Further compaction to
60% does not lead to any further significant reduction in contact resistance, whereas pore
resistance increases considerably.

3.3. C-Rate Tests

Figure 5 shows the rate capability of the foam-type cathodes related to the mass of
active material (Figure 5a,b), electrode area (Figure 5¢) and volume (Figure 5d). Since the
Coulombic efficiency of each cycle is above 99% and the lithiation (discharge) process is
kinetically more impeded than the delithiation (charge) reaction of NMC [46], only the
discharge capacity is shown. First, we want to point out that the achieved capacity of the
0.2C cycles at the beginning (cycles 5-8) and at the end of the C-rate tests (cycles 21-22) is
quite similar (Figure 5a), revealing that no ageing occurs during the C-rate tests. As for the
specific capacity at a low C-rate of 0.05C, the difference amongst all samples is very low
(cf. Figure 5b) with the highest value of 175 mAh g~! exhibited by the strongest densified
cathode (NFC-60/200) and the lowest specific capacity of 170 mAh g~! by the lowest
densified sample NFC-20/400. Even though all samples show a decrease in capacity with
increasing C-rate, the difference among the differently densified cathodes is still relatively
low, up to a moderate C-rate of 0.2C. The capacity of NFC-60/200 drops sharply between
0.2C and 0.5C, whereas the lower densified samples keep their kind of linear decline. For 1C,
all samples exhibit a significant capacity fade and the most significant difference between
all samples occurs. With this, the previously described tendency observed at a 0.05C
turns around, meaning NFC-20/400 exhibits the highest specific capacity of 94 mAh g~!
and NFC-60/200 archives the lowest specific capacity of 57 mAh g~!. At a C-rate of 2C,
the values of all samples are close together and below 33 mAh g~! independent of the
compaction.

Since the areal loading of all investigated samples is similar (around 43.6 mg cm?), the
curves and tendencies of the areal discharge capacity are equal to the one of the specific
discharge capacity (cf. Figure 5c). It should be noted that the samples reach an areal
capacity of 7.6 mAh cm~2 at 0.05C and up to 6.3 mAh cm~2 at 0.5C.

Viewing the volumetric discharge capacity in Figure 5d, the difference between the
differently compacted electrodes appears much more pronounced even at a low C-rate of
0.05C. Again, NFC-20/400 constitutes with 187 Ah L~! the lowest volumetric capacity of
all samples. With a higher degree of densification, the volumetric capacity is increased
up to a factor of more than two (NFC-20/400 vs. NFC-60/200). As for the specific and
areal capacity (cf. Figure 5a,c), the volumetric capacity of NFC-20/400, NFC-40/300
and NFC-50/250 declines almost linearly between 0.05C and 0.5C. In contrast, the 60%
densified electrode shows a significant drop already at 0.5C and the measured capacity
(241 mAh L™1) is similar to the one of NFC-50/250 (246 mAh L~1). At 1C, a fade of the
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volumetric capacity appears for all electrodes and at 2C, the volumetric capacity is almost
the same. These findings agree well with previous studies on conventional electrodes
for LiB, which also show that volumetric capacity can be increased at lower C-rates by
densification, but that with increasing C-rate, less densified electrodes become superior in
terms of volume utilization [31,47].
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Figure 5. C-rate test of the foam-type cathode in half-cells vs. Li/Li* in the range of 0.05C-2C within
the potential of 2.6 V-4.3 V. (a) Specific discharge capacity (related to mass of active material) vs.
cycle; (b) Specific discharge capacity (related to mass of active material) vs. C-rate; (c) areal discharge
capacity vs. C-rate; (d) volumetric discharge capacity vs. C-rate.

To compare the electrochemical properties of the foam-type electrodes with con-
ventional, thick-film cathodes, the measured 1C capacity is viewed. Kremer et al. and
Hoffmann et al. [48,49] both investigated ultra-thick NMC622 cathodes with a compara-
ble active mass loading of 50 mg cm 2 corresponding to a theoretical areal capacity of
8 mAh cm 2. In both studies, the rate capability of those thick-film cathodes was inves-
tigated at different current densities, amongst others at 8§ mAh cm~2 (i.e., 1C). Kremer
et al. presented cathodes with a specific capacity of up to 82 mAh g~! depending on the
process parameter. At the current density of 8 mAh cm~2, Hoffmann et al. achieved an
areal discharge capacity of up to 2.1 mAh cm~2. In comparison, the cathodes presented
in this work exhibit a specific capacity of up to 94 mAh g~! and an areal capacity of up
to 4.1 mAh cm~2 at 1C. These findings demonstrate that foam-type electrodes might be
beneficial compared to film-type ones if it comes to high active mass loadings since both
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specific and areal capacity can be increased significantly. Compared to other studies dealing
with high-energy, foam-type cathodes, the trend of the rate capability of our electrodes is
similar. For example, the foam-type cathodes investigated by Fritsch et al. [22], who used
NMC111 as active material, show a strong capacity fade at 1C and 2C, as well. In contrast,
other works which deal with LFP-based systems exhibit a better capacity retention with
the increasing C-rate; however, at the cost of lower cell voltage and thus, reduced energy
density [23,25,29]. When the pores of the metal foam are only partially filled with active
mass, outstanding rate capability can be archived [22]. Ideally, only the surface of the metal
foam is coated with the active material. Such high-power optimized cathodes are reported
inter alia by Cui et al. [50] and others [51-53]. However, the areal capacity and energy
density of these cathodes are quite poor, since the overall active material loading is low.

To evaluate the correlation between the electrodes microstructure, the intrinsic resis-
tance and the rate capability more in detail, the charge and discharge curves of the densified
electrodes at the different C-rates are plotted in Figure 6a,b, respectively. The shape of the
curves reflects the overpotentials, which are linked directly to the intrinsic resistances, the
microstructure and the C-rate. Although both the potential onset at charging and offset at
discharging increase with a higher C-rate, the curves of all electrodes are almost congruent
up to 0.2C. While the shift is usually related to ohmic drop and explained by Ohm’s law [54],
the congruent curves of the (dis)charge can be interpreted to mean that no significant over-
voltage occurs due to differences in microstructure and intrinsic resistances. At 0.5C and
1C, the slope of the constant current step (charging) between 3.8 and 4,2V, which is known
to be related to diffusion overpotential [54], varies for the different electrodes. In detail,
the lowest densified cathode (NFC-20/400) shows the flattest curves. Comparing this
to NFC-40/300 and NFC-50/250, the slope increases with higher densification, whereas
NFC-60/200 possesses a rather steep slope. The diffusion overvoltage can be explained
by the consumption of reactants during the electrochemical reaction [47]. In particular,
this means a depletion of lithium-ions, which is mainly caused by an impaired diffusion
of lithium-ions into the pores of the electrodes. Consequently, this findings are in good
accordance to the EIS-analyses which reveals a significantly higher pore resistance of the
highly densified electrodes (NFC-60/200) compared to the less compact ones (cf. Figure 4b).
At the highest C-rate (2C), the overpotentials are so high that the end-of-charge voltage is
reached immediately and any differences between the samples cannot be detected. Due to
the instantly reached end-of-charge voltage, only separator-near regions of the electrodes
are electrochemically active.

a b 44 T ! ! ! C-Rate:
—0.05C —0.1C —0.2C
4.2 3 —0.5C 1Cc 2c
—_ — 40k Densification
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Figure 6. Potential curve of (a) charge and (b) discharge at the various C-rates for each degree of
densification.
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To sum up, the charge and discharge curve reveals that at a low C-rate the difference
in pore resistance does not have any effect, whereas at a moderate C-rate it determines the
electrochemical performance. However, at a high C-rate of 2C, the high current density—
which in turn causes high overpotentials—is the limiting factor.

To review how the energy density can be optimized by a tailored microstructure,
the specific and volumetric energy densities are plotted against the electrode porosity for
the various C-rates in Figure 7. The specific energy density (related to the mass of active
material) is almost independent of the densification for low C-rates (<0.2C). Apparently, an
increasing densification and thus an increase of the pore resistance (cf. Figure 4c) does not
significantly impair the lithium-ion diffusion at such low C-rates. In contrast, an improved
contact of the active mass and foam leads to a higher active material utilization and thus, a
slightly higher specific energy density. Despite the extremely high active material loading,
the cathode active material is almost fully utilized.
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Figure 7. (a) Specific and (b) volumetric energy density of the C-rate test vs. the densification for the
various C-rates.

The volumetric energy density increases almost linear with increasing densification
(i-e., lower porosity) for C-rates < 0.2C. Obviously, the change in thickness during com-
paction mainly determines the volumetric energy density at low C-rates since the specific
capacity is basically independent of the compaction. E.g., NFC-60/200 is half as thick as
NFC-20/400 and consequently possesses for low C-rate a volumetric capacity twice as
high as NFC-20/400. This behaviour is valid as long as the compaction has no significant
influence on the specific capacity.

With higher C-rates, the diffusion overpotential referred to the pore resistance de-
termines the electrochemical performance more and more. The significantly higher pore
resistance of NFC-60/200 causes lithium-ion transport limitations to become relevant for
the highly densified electrodes already at a C-rate of 0.5C resulting in significant energy
losses. However, the volume reduction from 250 um to 200 um cancels out this energy
loss so that the volumetric energy density does not change between NFC-50/250 and NFC-
60/200 (respectively 44% and 30% porosity). At 1C, the diffusion overpotential dominates
for all compacted electrodes. The specific energy density is significantly lower than at 0.5C
and this effect is more pronounced with increasing compaction. In contrast, the volumetric
energy density increases up to 50% densification. Supposedly, the decrease in the volume
overcompensates the energy decrease for these electrodes. Note that for the highly com-
pacted cathodes (NFC-60/200) it is the other way round; the decrease of the energy prevails
over the additional volume reduction and volumetric energy density decreases.
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To wrap our findings up: With respect to battery mass and utilization of a given
volume, one would recommend the highly densified electrode (60% compaction) for C-
rates lower than 0.5C. However, if the C-rate increases, the increased pore resistances limits
lithium-ion diffusion and a 50% compaction seems to be favourable. At this densification,
an optimum is found between both the contact (electrical) and pore resistance (ionic) (cf.
Figure 4b). For applications where a high-energy density is more essential than fast charging
(e.g., in medical technology systems and wearable devices), the achieved electrochemical
properties up to moderate C-rates should be adequate and superior to a conventional
layer electrode structure. Thus, using foam-type cathodes can fulfil the corresponding
requirements. However, the low specific and volumetric energy density at the highest
investigated C-rate of 2C reveal the limit of such electrodes.

4. Conclusions

In this study, foam-type cathodes with an areal capacity of 7.6 mAh cm~2 were

fabricated by a vacuum-supported infiltration method. A detailed microscopic analysis
reveals the microstructural evolution during compaction and enables correlation of the
electrochemical performance with microstructural properties. We showed that densification
leads to a lower contact resistance Reontact, and thus to higher active material utilization.
Additionally, densification eliminates shrinkage cavities and decreases the inner porosity
of the foam and the porosity of the active mass, which is favourable from a volumetric
view. However, densification leads to increased pore resistance Rpore. In particular, the
highest densified cathode suffers from a strongly increased Rpore and clogging of the surface
pores by the binder and conductive additive compound, impairing the accessibility of the
electrolyte into the electrode and the lithium-ion diffusion inside the pores. This results in
a significant capacity loss even at 0.2C and a poor rate capability of the highly densified
samples. Using foam-type cathodes improves the capacity output by 95% compared with
conventional ultra-thick cathodes from the literature at 1C. At high C-rates (2C), the limits
of the electrode in terms of capacity retention and overpotentials are reached. Evaluating
the volumetric and specific energy density, we can determine the optimum degree of
densification depending on the requirements in terms of the C-rate. E.g., for a C-rate of
0.5C, a densification of 50% (corresponding to a porosity of 44%) is preferable. However,
for low C-rates, the strongest compaction provides a much higher energy density.

Ongoing work in our labs is dealing inter alia with increasing the active mass loading
by multiple infiltrations and tailoring the microstructure by laser modification to improve
the kinetics of highly loaded and highly densified electrodes.
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