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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fully aqueous processed graph-
ite‖LiNi0.5Mn1.5O4 lithium-ion cells. 

• Realization of LiNi0.5Mn1.5O4 electrodes 
with an areal capacity of 2.5 mAh cm− 2. 

• First cycle Coulombic efficiency above 
90%. 

• Capacity retention of >75% after 1000 
cycles.  
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A B S T R A C T   

Cobalt-free LiNi0.5Mn1.5O4 (LNMO) is considered a very promising cathode material candidate for more sus-
tainable lithium-ion batteries, especially when processed into electrodes using water-soluble, fluorine-free 
binding agents. However, the realization of high-performance electrodes with commercially relevant active 
material mass loadings remained challenging so far, as such binders are commonly rather brittle and/or suffer 
from an insufficient electrochemical stability towards oxidation. Herein, we report the use of (citric acid cross- 
linked) carrageenan as alternative binder for LNMO cathodes, enabling the realization of electrodes with an 
active material mass loading as high as 20 mg cm− 2. These electrodes show suitable mechanical, physico-
chemical, and electrochemical properties and offer very good cycle life and rate capability in half-cells graph-
ite‖LNMO full-cells with a capacity retention of about 76% after 1000 cycles at 1C. A particular advantage of 
carrageenan is that it is already available at industrial scale, rendering its practical use rather straightforward.  
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1. Introduction 

Cobalt-free LiNi0.5Mn1.5O4 (LNMO) is a very promising cathode 
material candidate for more sustainable lithium-ion batteries (LIBs) 
owing to its competitive energy density and high rate capability in 
combination with the low nickel content [1–4]. Nonetheless, the high 
de-/lithiation potential of about 4.7 V vs. Li+/Li, which renders it so 
attractive in terms of energy and power density, poses also a great 
challenge with regard to the identification and development of suitable 
electrolytes that are sufficiently stable at such high potentials [5,6], 
especially in combination with a graphite-based anode [7–9]. Given the 
great promise, however, it has been studied for many years now, 
revealing important insights concerning the impact of the Mn3+ content 
[10], lattice doping [11–13], particle size/surface sites [14–17], and 
electrolyte composition [18–22] on the overall electrochemical perfor-
mance. This great progress has helped to bring LNMO step by step closer 
to commercialization [4,23]. 

With regard to the potential advantages concerning sustainability 
and cost, it would be particularly beneficial to simultaneously replace 
the commonly used polyvinylidene fluoride (PVdF) by fluorine-free, 
water-soluble polymers as binder and, hence, also harmful N-methyl- 
2-pyrrolidone (NMP) by water as the electrode fabrication solvent. In 
fact, the replacement of NMP by water would allow for a significant cost 
reduction, since the evaporation and regeneration of NMP, as well as the 
generally required humidity control during electrode fabrication in such 
case, demands a lot of energy [1,24–26]. Moreover, fluorine-free binders 
are commonly less costly than the highly fluorinated PVdF, which 
further adds to the potential cost reduction and lower environmental 
footprint [27,28], while also the recycling of the resulting LIBs at their 
end of life would be significantly easier [25,26]. Several bio-derived 
polymers have been considered as fluorine-free binders in the past for 
LNMO cathodes, including, for instance, carboxymethyl cellulose (CMC) 
[29,30], guar gum (GG) [31–33], chitosan (CHI) [34,35], and alginate 
(ALG) [36,37]. All these studies, however, reported lab-scale electrodes 
with active material mass loadings (well) below 10 mg cm− 2 – pre-
sumably, also because of the rather poor mechanical properties of the 
resulting electrodes when significantly exceeding this value, despite 
substantial progress when crosslinking the polymer with citric acid (CA) 
[38,39]. An alternative bio-derived polymer that has attracted only very 
little attention so far in this field – and has never been reported for 
LNMO cathodes yet to the best of our knowledge – is carrageenan (CAR) 
[40–42]. CAR can be obtained from algae and there are different isomers 
and phases of CAR known, depending on the chemical structure and the 
amount of sulfate functional groups per polymer unit [43]. A possible 
reason for the rather limited number of studies on this alternative binder 
might be the high viscosity of most CAR phases and isomers in aqueous 
solution [40,41], although this can be addressed by carefully selecting a 
suitable phase and counter ion [44,45]. 

Herein, a commercially available CAR is investigated as alternative 
water-soluble and fluorine-free binder for LNMO-based cathodes. It is 
demonstrated that CAR – after crosslinking with CA – outperforms other 
aqueous binders and provides comparable performance metrics as PVdF. 
Moreover, it is shown that the use of crosslinked CAR allows for the 
realization of flexible LNMO-cathodes with a commercially relevant 
active material mass loading of more than 20 mg cm− 2, which translates 
into an areal capacity of about 3 mAh cm− 2, representing a major step 
towards the scale-up of water-processed, fluorine-free lithium-ion 
cathodes. 

2. Experimental section 

2.1. Electrode preparation 

The LNMO electrodes comprised varying compositions of 88–92 wt% 
LNMO (Haldor Topsoe), 2–8 wt% conductive carbon (Imerys, CNERGY 
Super C45), and 2–4 wt% binder. The different binders, i.e., carrageenan 

(CAR, CP Kelco Genuvisco® CG-129), carboxymethyl cellulose (CMC, 
Walocel CRT 2000 GA 07, degree of substitution 0.7, Dow Wolff Cel-
lulosics), guar gum (Lamberti), and polyvinylidene difluoride (PVdF, 
Solvay 6020) were first dissolved either in deionized water or, in the 
case of PVdF, in NMP (anhydrous, 99.5% Sigma-Aldrich). In some cases, 
as indicated in the text and figures, citric acid (CA, 99%, Sigma-Aldrich) 
was added to the water-soluble binders in a 9:1 ratio, serving as cross-
linking agent for the water-soluble binders used herein, as reported 
earlier by Kuenzel et al. [30,33]. After having added the conductive 
carbon and the LNMO active material, 1 wt% (with respect to the active 
material) phosphoric acid (PA, >99%, Bernd Kraft) was added as well, 
and the mixture was homogenized using a planetary mixer (ARE-250, 
Thinky). The addition of PA – in addition to the use of CA – helps to 
decrease the pH of the slurry below 9 (a regime were the aluminum foil 
is stable towards corrosion). Moreover, it results in the formation of a 
thin metal phosphate surface layer on the LNMO particles, which has 
been shown to be beneficial for the interfacial stability with the elec-
trolyte and, thus, the overall performance of the resulting electrodes 
[30,46–48]. The resulting slurry was cast on carbon-coated aluminum 
foil (battery grade) with a laboratory-scale doctor blade (wet film 
thickness: 120 μm). The wet electrodes were pre-dried for 15 min at 
80 ◦C and further dried overnight at room temperature in a dry room 
with a dew point of less than − 70 ◦C. Subsequently, disc-shaped elec-
trodes with a diameter of 12 mm were cut from the electrode tape and 
pressed at 5 t for 15 s (Atlas manual hydraulic press, Specac) prior to the 
final drying under vacuum (<10− 3 mbar) at 120 ◦C for 14 h. The 
eventual active material mass loading was either about 6, 13, or 20 mg 
cm− 2. All electrodes showed a final porosity between 35 and 43% (see 
Table S1 and Table S2 as well as the corresponding discussion in the 
Supporting Information for more details). For the preparation of the 
graphite-based anodes, 94 wt% of the graphite active material (TIMREX 
SLP30, Timcal), 2 wt% CMC, 2 wt% styrene-butadiene rubber (SBR, 
TRD102A, JSR Micro), and 2 wt% of conductive carbon (CNERGY Super 
C45, Imerys) were mixed in deionized water once the CMC had been 
fully dissolved. The dispersion was homogenized using the same plan-
etary mixer as used for the LNMO electrodes, and eventually cast on 
battery-grade copper foil (Schlenk) using a laboratory-scale doctor 
blade. The active material mass loading was 8.0–8.2 mg cm− 2. The 
model electrodes for the determination of the electrochemical stability 
of the binder consisted of 95 wt% of conductive carbon (Imerys CNERGY 
Super C45) and 5 wt% of the given binder with a dry mass of ~2 mg 
cm− 2. These electrodes were prepared in the same manner as the LNMO 
electrodes, i.e., mixed with a Thinky mixer and cast on a battery-grade 
carbon-coated aluminum foil. 

2.2. Physicochemical characterization 

Thermogravimetric analysis (TGA) was conducted using a Netzsch 
STA 409 PC, increasing the temperature from room temperature up to 
500 ◦C at a heating rate of 10 ◦C min− 1 under nitrogen atmosphere. The 
phase-pure CAR references, i.e., lambda-CAR and iota-CAR were ac-
quired from Sigma-Aldrich. Fourier-transform infrared (FTIR) spec-
troscopy was performed using a PerkinElmer Spectrum Two 
Spectrometer in the range from 500 to 4000 cm− 1, averaging the data 
obtained over five spectra with a resolution of 0.5 cm− 1. Scanning 
electron microscopy (SEM) was conducted using a Zeiss Crossbeam 
XB340 field-emission electron microscope equipped with energy- 
dispersive X-ray (EDX) spectroscopy detector (Oxford Instruments X- 
Max Xtreme, 100 mm2, 1− 5 kV). For the SEM and EDX analysis, the 
acceleration voltage was set to 3 and 10 keV, respectively. Adhesion 
tests were performed according to TAPPI T541 with a ZwickiLine 2.5 kN 
(ZwickRoell). For these measurements, an electrode piece with an area 
of 6.45 cm2 was fixed on the sample holder using adhesive tape (TESA 
tesafix 5696 extra strong). The compression stress was set to 2500 N 
with a dwell time of 30 s, followed by the adhesion tests with a pull-off 
velocity of 100 mm min− 1. A detailed description of the experimental 
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setup and the influence of different parameters has been reported by 
Haselrieder et al. [49]. Also the compression tests were performed with a 
ZwickiLine 2.5 kN, using a flat tip with diameter of 5 mm2, a pre-load of 
0.2 N for the determination of h0, and a measurement speed of 0.5 mm 
min− 1. The maximum force applied was 200 N, translating into a pres-
sure of 40 MPa. The contact angle measurements were performed with 
the drop shape analyzer DSA100 Large (Krüss Optronic) and a drop 
volume of 2.0–3.5 μL. After an equilibration time of 10 s the contact 
angle remained constant for several minutes before water evaporation 
set in, resulting in a decreasing drop volume and, hence, contact angle. 
Thus, the measurement time was fixed to 60 s after placing the droplet. 
The viscosity was determined at room temperature (23 ± 2 ◦C), using an 
Anton Paar ViscoQC300 viscometer with an L4 spindle and a sample 
volume of 100 mL. For each measurement speed, the equilibration time 
was set to 2 min. Additionally, the viscosity was determined in the Anton 
Paar “TruMode”, in which the device is operating at its optimum torque 
of 80%, resulting in a better comparability among the different samples. 

2.3. Electrochemical characterization 

The electrochemical characterization was conducted in three- 
electrode Swagelok® cells, employing either lithium metal foil (thick-
ness 500 μm, battery grade, Honjo Metal) or graphite electrodes as 
counter electrodes. The reference electrodes always consisted of metallic 
lithium. The cell assembly was carried out in an argon-filled glove box 
(MB200B ECO, MBraun) with a H2O and O2 content of less than 0.1 ppm. 
Glass fiber sheets (Whatman GF/D) served as separator and were soaked 
with 130 μL of the electrolyte (1 M LiPF6 in ethylene carbonate (EC)/ 

dimethyl carbonate (DMC), 1:1 w/w, UBE – LP30). Galvanostatic 
cycling was performed within a voltage range from 2.8 to 5.0 V for the 
Li‖LNMO cells and from 2.8 to 4.9 V for the graphite‖LNMO cells, 
including a constant voltage step at 4.9 V. All tests were carried out at 20 
± 2 ◦C utilizing a Maccor Battery Tester 4300. A dis-/charge rate of 1C 
corresponds to a specific current of 147 mA g− 1. For the cyclic vol-
tammetry measurements, a VMP multichannel potentiostat (BioLogic) 
was used. For the determination of the electrochemical stability of the 
different binders using the model electrodes, a sweep rate of 0.25 mV s− 1 

was applied within a potential range from 3.0 to 5.25 V vs. Li+/Li. For 
the cyclic voltammetry tests on the LNMO electrodes containing PVdF, 
CMC + CA, and CAR + CA, the sweep rate was set to 0.1 mV s− 1 in a 
potential range from 3.0 to 4.9 V vs. Li+/Li. 

For the determination of the pore ion resistance Rion, symmetric 
LNMO‖LNMO cells were assembled employing two-electrode Swage-
lok®-type cells, a glass fiber separator and 130 μL of the electrolyte. 
After a 24 h rest step, electrochemical impedance spectroscopy (EIS) 
measurements were performed in potentiostatic mode in a frequency 
range from 100 kHz to 100 mHz, with 10 points for every decade, and a 
voltage amplitude of 10 mV. 

3. Results and discussion 

The chemical structure of CAR is shown in Fig. 1a (exemplarily for 
the lambda phase; see also the forthcoming discussion). For the initial 
characterization, we conducted TGA on the commercial CAR used 
herein and two phase-pure CAR materials, i.e., iota-CAR (bearing two 
sulfate groups per two galactose units) and lambda-CAR (bearing three 

Fig. 1. (a) Chemical structure of lambda-CAR. (b) Thermogravimetric analysis of two phase-pure CAR samples (iota and lambda) and the commercial carrageenan 
used herein as binder (‘binder-CAR’). (c) FTIR spectra of carrageenan (CAR, i.e., ‘binder-CAR’), citric acid (CA), a blend of CAR and CA, and the blend CAR + CA 
heated to 120 ◦C. (d) Electrochemical stability against oxidation measured for carbon-based model electrodes containing different binders between 3.0 and 5.25 V vs. 
Li+/Li with a sweep rate of 0.25 mV s− 1. The dashed lines represent the 3rd cyclic sweep. 

M. Binder et al.                                                                                                                                                                                                                                 



Journal of Power Sources 603 (2024) 234487

4

sulfate groups per two galactose units). While the phase-pure materials 
were purchased as sodium salts, the commercial CAR contains Na+ and 
K+ as counter ions. The results of the TGA are shown in Fig. 1b. All three 
samples contained around 8 wt% of water, which was lost in the tem-
perature range up to 150 ◦C. The subsequent mass loss between 185 and 
235 ◦C can be attributed to the loss of the sulfate groups [41,50]. The 
herein used commercial CAR resembled initially iota-CAR during the 
steep mass loss in this temperature range, but subsequently merged with 
the TGA curve of lambda-CAR and, eventually, showed the same overall 
mass loss. This might indicate that the commercial CAR used herein also 
contains three sulfate groups, i.e., corresponds to the lambda phase. 
Nonetheless, the different TGA signature in combination with the 
varying onset temperature for the steep mass loss – with about 204 ◦C 
being a little closer to phase-pure iota-CAR (189 ◦C) than lambda-CAR 
(228 ◦C) – suggests that either the difference of the counter ions plays 
an important role as well, and/or that the three samples have a signif-
icantly different molecular mass, and/or that the CAR used herein is not 
a phase-pure material; the latter, in fact, is rather likely given the 
available scale and cost of the different materials. An in-depth “rever-
se-engineering” of the commercial CAR, however, has been beyond the 
scope of this study. Generally, the herein used CAR was thermally stable 
until about 200 ◦C, which renders it suitable for the application as 
binder, since the electrode drying temperature is commonly well below 
200 ◦C, especially for water-based systems [51]. With regard to the 
beneficial effect of crosslinking such cellulose derivatives via CA by 

esterification, as earlier shown for CMC [30] and GG [33], we 
comparatively investigated neat CAR and CA-crosslinked CAR (CAR +
CA) in the following. The successful crosslinking was confirmed by FTIR 
spectroscopy (Fig. 1c). Just as reported for CMC [30] and GG [33], the 
simple blend of CAR and CA yields a simple combination of the FTIR 
spectra of CAR and CA, while the subsequent treatment at 120 ◦C (as 
used for drying the electrodes) resulted in a modification of the spec-
trum: the two distinct carbonyl bands of CA at around 1700 cm− 1 merge 
into one single band, which can be assigned to the ester group resulting 
from the esterification-type crosslinking reaction [30,33]. To complete 
the initial characterization concerning the general suitability of 
(CA-crosslinked) CAR as binder for LNMO-based cathodes, we deter-
mined the electrochemical stability towards oxidation using electrodes 
comprising solely the binder and conductive carbon, and compared the 
results with neat CMC and CMC-SBR; the latter being commonly used for 
commercial graphite-based anodes [38,52]. The results are presented in 
Fig. 1d. CMC-SBR showed a very high specific current peak at about 4.5 
V, indicating a severe oxidative decomposition process and rendering it 
non-suitable for application in LNMO-based cathodes. The comparison 
with neat CMC revealed that this oxidative decomposition reaction is 
related to the presence of SBR, in fact. While the current substantially 
decreased during cycling (the dashed line in the figure shows the 3rd 
cyclic sweep), it remained higher than for the other water-soluble 
binders, as also evident from the magnification of the high-voltage re-
gion in the inset in Fig. 1d. The magnification moreover shows that the 

Fig. 2. (a) Galvanostatic cycling of Li‖LNMO cells with different binders and a composition of 90:7:3 (active material: conductive carbon: binder) at varying C rates 
(C/3, C/2, 1C, 2C, 3C, 5C, 10C, and C/3) followed by 200 Cycles at 1C, and eventually five cycles at C/3; the inset shows a magnification of the cycles conducted at 
1C (cut-off potentials: 2.8 and 5.0 V). (b) The corresponding dis-/charge profiles of the 1st cycle. (c–e) Cyclic voltammetry results obtained for LNMO electrodes 
containing (c) PVdF, (d) CMC + CA, and (e) CAR + CA as binder, employing a sweep rate of 0.1 mV s− 1 (here, the 6th cyclic sweep is shown, following five formation 
cycles at the same sweep rate to account for the initial capacity increase observed upon galvanostatic cycling in the case of the water-soluble binders). 
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lowest current can be observed for PVdF, serving as reference with re-
gard to currently used binders. However, CAR and CAR + CA show a 
very comparable current evolution, much lower than then CMC-based 
electrodes. Furthermore, the current stabilizes after 3 cycles to values 
below 1 mA mg− 1 (referring to the mass of binder), which is essentially 
identical to the 3rd cycle of the PVdF-based model electrode. Given the 
limited electrochemical stability of the carbonate-based electrolyte used 
for these experiments, the very stable current evolution starting from the 
second cyclic sweep might be simply related to electrolyte oxidation at 
the electrode|electrolyte interface [53,54]. 

In fact, the difference between PVdF and CAR in the first cycle ap-
pears negligible, so that a significant binder decomposition can be 
excluded. Accordingly, CAR and CAR + CA appeared as potentially 
suitable binders for LNMO-based cathodes – not least given the very 
good results reported earlier for CMC [30,55]. In a next step, we 
compared CAR and CAR + CA as binder for LNMO-based electrodes with 
PVdF as well as CMC + CA and GG + CA via galvanostatic cycling of 
Li‖LNMO cells at varying C rates (Fig. 2). For this initial comparison, an 
active material mass loading of about 6 mg cm− 2 was used to avoid any 
detrimental impact of electrode cracking and other detrimental features 
when increasing the mass loading. Among the water-soluble binders, 
CAR + CA showed the highest reversible capacity, i.e., 133 mAh g− 1 at 
C/3 (Fig. 2a), which was only ca. 2% less than the PVdF-based electrode. 
Moreover, the CAR + CA electrodes provided about 42% of its initial 
capacity at 10C, which was also very comparable with the PVdF-based 
electrodes – and outperforming the other electrodes such as CMC +
CA, which provided only about 14% of its initial reversible capacity at 
10C. During the 200 cycles at 1C (a magnification is shown as inset in 
Fig. 2a) the CAR + CA electrodes showed essentially the same linear 
capacity fade as the PVdF reference with a capacity loss of 3.3% 
compared to 2.8% for PVdF. The GG + CA and CAR electrodes showed a 
more stable capacity retention during the initial ~100 cycles, but a more 
pronounced fading afterwards. The CMC + CA electrodes showed a 
slight increase initially, before the capacity slightly decreased. Gener-
ally, the three electrodes containing the CA-crosslinked binders dis-
played a rather similar cycling stability, but the best rate capability was 
observed for CAR + CA, indicating superior de-/lithiation kinetics. This 
observation was in line with the comparison of the 1st cycle dis-/charge 
profiles (Fig. 2b), revealing the lowest polarization for CAR + CA 
compared to the other water-soluble binders, though being slightly 
higher than the PVdF reference, for which the two potential plateaus 
related to the redox activity of nickel are most pronounced. This trend is 
confirmed by the comparison of the corresponding cyclic voltammo-
grams for the electrode containing PVdF, CMC + CA, and CAR + CA 
(Fig. 2c–e). In general, all three show the characteristic shape, including 
the Mn3+/Mn4+ couple at around 4.0 V and the two steps from Ni2+ to 
Ni3+ and further to Ni4+ at about 4.7 V [15,56]. Nonetheless, the 
electrodes containing PVdF reveal the most separated redox peaks for 
the two consecutive oxidation and, in particular, the reduction processes 
of nickel (Fig. 2c), while the latter are less easily distinguishable for 
CMC + CA (Fig. 2d) and CAR + CA (Fig. 2e), indicating a more sluggish 
electron transfer for the two water-soluble binders [57]. 

In sum, these findings do not only indicate a comparable or even 
better performance of CAR + CA compared to CMC + CA and GG + CA, 
but also underline once more the beneficial impact of the CA-induced 
crosslinking, yielding a higher reversible capacity and better rate 
capability than neat CAR. To characterize the effective ionic conduc-
tivity inside the porous electrode, the pore ion resistance Rion as a po-
tential indicator was determined for symmetric LNMO‖LNMO cells 
containing PVdF, CMC + CA, and CAR + CA as binder (Fig. S1) [58,59]. 
The comparison revealed that PVdF and CMC + CA had an identical Rion 
of ca. 4.3 Ω, while it was slightly higher for CAR + CA with about 5.8 Ω. 
This minor difference might point at a slightly different interaction be-
tween the binder and the LNMO particles, while the rate capability of 
CAR + CA was shown to be comparable to PVdF and superior to CMC +
CA (see Fig. 2a). 

More importantly, in fact, the use of CAR allowed for the preparation 
of mechanically stable electrodes with substantially higher active ma-
terial mass loadings without delamination from the current collector, 
cracking, or bending, indicating that there was less stress occurring 
during the drying process and resulting in a greater flexibility of the 
coating layer. In fact, a CMC + CA electrode with an active material 
mass loading of 13 mg cm− 2 showed already several severe cracks in the 
coating layer (Fig. 3, top), which led to delamination issues during 
calendaring/pressing. Differently, no severe cracks were observed for 
CAR + CA, despite a much higher mass loading of about 20 mg cm− 2 

(Fig. 3, bottom). The minor cracks found even disappeared during 
calendaring/pressing (Fig. S2), rendering CAR + CA very suitable for 
yielding high mass loading electrodes. For a more quantitative com-
parison of the mechanical properties of the two different electrodes, a 

Fig. 3. SEM micrographs of LNMO electrodes with an active material mass 
loading of 13 mg cm− 2 and CMC + CA as binder (top, purple background) and 
with an active material mass loading of 20 mg cm− 2 and CAR + CA as binder 
(bottom, green background). 

Fig. 4. Galvanostatic cycling of LNMO electrodes in half-cell configuration 
with varying electrode compositions using CAR or CAR + CA as binder and an 
active material mass loading of about 13 mg cm− 2 (cut-off potentials: 2.8 and 
5.0 V). The given electrode component ratios refer to the LNMO:carbon:CAR 
(+CA) ratio. 
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mandrel bending test was performed. For this, the mid-loading CMC +
CA electrodes (13 mg cm− 2) and the high-loading CAR + CA electrodes 
(20 mg cm− 2) were bent over a polyvinyl chloride (PVC) rod with a 
decreasing diameter and investigated via optical microscopy under a 24- 
fold magnification (Fig. S3). According to the literature, a typical 
mandrel of a 21700 cylindrical cell has a diameter of 4 mm [60]. 
Consequently, our bending test approached a final bending diameter of 
4 mm. In the case of the mid-loading CMC + CA electrodes, we observed 
severe cracks already at the largest diameter of 10 mm, which further 
increased when decreasing the bending diameter towards the eventual 4 
mm. In contrast, the CAR + CA electrode sheets revealed an intact 
surface without cracks even for the smallest diameter. This experiment 
confirmed the potential use of the herein presented CAR + CA-based 
electrodes in commercial cylindrical cells. 

In a subsequent step, we optimized the electrode composition for 
CAR + CA electrodes (in comparison with electrodes comprising neat 
CAR as binder) for an intermediate mass loading of 13 mg cm− 2 (Fig. 4). 
In fact, the electrodes containing the neat CAR performed the worst, 
while the best cycling stability and highest reversible capacity were 
observed for an LNMO:carbon:CAR + CAR ratio of 88:8:4 with a 
reversible specific capacity of 135 mAh g− 1 at C/3 and a capacity 
retention of 96.7% after 200 cycles at 1C. Apparently (in the given 
range), a higher binder and carbon content turned out advantageous. 
Nonetheless, the relatively high carbon content in this case led to rather 
brittle electrodes owing to the high surface area of the conductive car-
bon, causing a so-called “mud-cracking” phenomenon during solvent 
evaporation [61], which rendered a further increase in mass loading 
challenging. 

For this reason, we chose the 92:4:4 ratio as a compromise between 
performance and processability for the further increase in mass loading 
up to 20 mg cm− 2. The galvanosatic cycling of such high mass loading 
electrodes in Li‖LNMO cells at a dis-/charge rate of 1C and 0.5C is 
displayed in Fig. 5. The cells provided a reversible specific capacity of 
131 mAh g− 1 (0.5C) and 120 mAh g− 1 (1C) with a very good capacity 
retention of about 91% after 200 cycles in both cases. It is noteworthy 
that we increased the initial rest time in this case from 12 h to 24 h, as 
the electrolyte wetting becomes an important factor at such high mass 
loadings, especially when considering the lab-scale cell assembly that 
involves the simple addition of the electrolyte on the separator. In fact, 
the initial increase in capacity upon cycling was greatly reduced for an 
initial rest step of 24 h compared to a rest step of only 12 h, as apparent 
from Fig. S4. 

Motivated by this very good electrochemical performance, we 
characterized these high mass loading electrodes in more detail – to start 
with by an SEM and EDX analysis of the electrode surface and its cross- 
section (Fig. 6). Generally, the SEM micrographs showed crack-free 
electrodes with a good contact to the aluminum current collector. The 
accompanying EDX mapping revealed a homogeneous distribution of 
the active material, carbon and binder across the surface and the cross- 
section, i.e., in all three dimensions of the thick CAR + CA electrodes. 
Such homogeneity is an important pre-requisite to achieve a good 
electrochemical performance, especially for higher mass loadings, since 

Fig. 5. Galvanostatic cycling of Li‖LNMO cells with a high mass loading of 
about 20 mg cm− 2 at a C rate of C/2 (dark red) and 1C (light red) after 5 
formation cycles at C/3 (cut-off potentials: 2.8 and 5.0 V). 

Fig. 6. SEM micrographs (top view and cross-section) and the corresponding EDX mappings for carbon (in red), oxygen (in green), sulfur (in yellow), and nickel (in 
turquoise) of CAR + CA-based LNMO electrodes with an active material mass loading of 20 mg cm− 2. 
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the risk of binder migration during electrode drying increases for 
increasing coating thicknesses. 

While the major parameter influencing the binder migration is the 
drying temperature [62–64], also the choice of the binder plays an 
important role, depending on its tendency to migrate within the elec-
trode. To evaluate the migration behavior, the adhesion of the electrode 
coating is frequently used as a quality measure, especially for new 
binder systems. Following our measurements, all water-soluble binders 
showed a substantially higher adhesion strength than PVdF (Fig. 7a), 
with the value for the latter being in good agreement with previously 
reported data [49]. Apparently, all binders are characterized by a suf-
ficiently high adhesion, while the comparison of the electrochemical 
data underlines that a higher adhesion does not directly translate into 
better electrochemical performance [65]. Besides, the comparison of the 
adhesion strength does not allow for an explanation why CAR + CA is 
the only binder system out of these three that enables the successful 
preparation of high mass loading electrodes. One issue for GG, in fact, 
that is not reflected by these data, is the high viscosity of an aqueous GG 
solution, resulting in a relatively low potential solid content in the 
slurry. Accordingly, we focused on the comparison of CMC + CA and 
CAR + CA for the further characterization via compression tests. For 
such a tests, a maximum pressure of 40 MPa was applied to the 
non-pressed electrodes, and the deformation of the coating layer in 
comparison to the starting thickness h0 was tracked (Fig. 7b). The results 
provide insights into the plastic and elastic deformation and, hence, the 
mechanical elasticity of the coating layer. The comparison of the two 
binder systems revealed that the CAR + CA electrodes showed a 20% 
stronger relative compression. This means that the CAR + CA electrodes 
require less force during calendaring to reach a certain density/thick-
ness, which translates into less mechanical stress during the calendaring 
process. Moreover, the CAR + CA electrodes showed only about 11% 
elastic deformation compared to 18% for the CMC + CA electrode. The 
higher elasticity of the CMC + CA electrodes leads to a stronger 
springback effect after the calendaring process, thus, further increasing 
the stress in the coating layer and promoting the formation of defects 
[66,67]. In fact, the more pronounced plastic deformation recorded for 

the CAR + CA electrodes might also explain why the very small cracks 
observed in the SEM micrographs of the CAR + CA electrodes vanished 
after calendaring the electrodes (Fig. S2), i.e., the rather plastic behavior 
results in a permanent rearrangement of the LNMO and carbon particles. 

Another important measure for the realization of homogenous and 
crack-free coating layers is the surface tension of the processing solvent. 
It is known that the high surface tension of water, which is much higher 
than the one of NMP, can cause mud-cracking upon drying [61,68]. The 
contact angle is an easily measureable indication of the surface tension, 
and a comparison of the aqueous solutions of CMC, CMC + CA, CAR, and 
CAR + CA is presented in Fig. 7c – all measured on the carbon-coated 
aluminum foil used as current collector for the LNMO electrodes. 
These polysaccharides act as anionic surfactants in an aqueous solution 
and, thus, decrease the surface tension of water. Remarkably, the 
decrease in surface tension was about 30% greater for CAR(+CA) than 
for CMC(+CA), which might be attributed to the presence of the sulfate 
groups. As illustrated for water/isopropanol mixtures by Wood et al. 
[68], such a decrease in surface tension can mitigate the crack formation 
and thereby enable a higher critical coating thickness. 

The advantageous properties of CAR(+CA) became apparent also 
from a comparison of the viscosity of the four solutions (Fig. 7d). While 
the addition of CA led to 44% higher viscosity in the case of CMC, it 
decreased by about 30% in the case of CAR on a generally much lower 
level. This result renders the CAR + CA solution favorable for electrode 
slurries with a high solid content and the electrode preparation via, e.g., 
doctor blade casting, comma bar or slot-die coating. The possibly higher 
solid content also translates into less water that needs to be evaporated 
eventually, thus, further reducing the stress in the electrode during 
drying – and requiring less energy for the drying process. It is important 
to note that the trends concerning the viscosity and the contact angle 
were not the same, i.e., the lower contact angle was not directly linked to 
the lower viscosity, but appears to be a material property of CAR as such. 

In sum, the comparative evaluation of the different aqueous binders 
revealed that the use of CAR + CA results in less stress during the 
electrode fabrication process, in particular during the drying and 
calendaring step owing to a lower surface tension, a greater plasticity, 

Fig. 7. (a) Determination of the adhesion strength of electrode coatings containing different binders with an active material mass loading of 6 mg cm− 2. (b) Relative 
deformation of electrode coatings containing CAR + CA and CMC + CA as binder with an active material mass loading of about 13 mg cm− 2 (non-pressed). (c) 
Contact angle of the corresponding 3 wt% aqueous binder solutions on carbon-coated aluminum foil serving as current collector. (d) Viscosity of the 3 wt% aqueous 
binder solutions as a function of the spindle speed and in TruMode. 
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and the lower viscosity, enabling a higher solid content in the electrode 
slurry. 

Finally, as a proof of concept, graphite‖LNMO cells were assembled 
employing high mass loading LNMO electrodes with an areal capacity of 
about 2.5 mAh cm− 2. These lithium-ion cells had a high first cycle 
Coulombic efficiency of around 90% and reached an excellent initial 
capacity of 128 mAh g− 1 at C/2 and 119 mAh g− 1 at 1C (Fig. 8). These 
capacity values are comparable to the ones obtained in Li‖LNMO cells, 
highlighting the great potential of CAR + CA as binder system for 
commercial-scale LNMO electrodes. In fact, the Coulombic efficiency 
remained above 99.9% during the subsequent cycling and the cells 
retained 75.9% and 70.2% of its capacity after 1000 cycles at 1C and C/ 
2, respectively. 

While the slightly inferior capacity retention at C/2 underlines the 
need to simultaneously enhance the interfacial stability at the LNMO| 
electrolyte interface, e.g., by optimizing the electrolyte composition 
and/or applying stabilizing surface coatings, the very good performance 
of these full-cells with industrially relevant mass loadings and areal 
capacities highlights the great promise of this novel, commercially 
available, fluorine-free binder system. 

4. Conclusion 

Water-soluble and fluorine-free carrageenan and, in particular, citric 
acid-crosslinked carrageenan is a very effective binder for 
LiNi0.5Mn1.5O4 (LNMO) cathodes, enabling the fabrication of suffi-
ciently flexible and mechanically stable electrodes with a commercially 
relevant active material mass loading of 20 mg cm− 2. These electrodes 
show good performance in half-cells and graphite‖LNMO full-cells with 
an average Coulombic efficiency of 99.95% and a capacity retention of 
75.9% after 1000 cycles at 1C. The advantageous properties of carra-
geenan originate from its greater reduction of the surface tension of 
water, its suitable plasticity, and its lower viscosity, allowing for a 
higher solid content of the corresponding electrode slurry. The com-
parison with PVdF-based LNMO electrodes reveals a comparable per-
formance, underlining the great promise of this new and much more 
sustainable binder system. Given that these advantageous properties are 
intrinsic to (crosslinked) carrageenan, we may anticipate that it allows 
also for the realization of high mass loading electrodes employing other 
lithium and presumably also sodium cathode materials. Generally, the 
realization of well-performing high mass loading electrodes is an 
important step towards the commercialization of aqueous electrode 

fabrication processes and may add to the realization of more sustainable 
and less costly rechargeable batteries in the near future. 
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