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Abstract 

With the increasing prevalence of lithium–ion batteries, the recycling of battery materials 
is becoming increasingly important. Functional recycling represents a promising ap-
proach in this context, one that is often based on aqueous treatment steps. This study ex-
amines the aqueous treatment of positive electrodes coated with various cathode active 
materials and their mixtures. To this end, the electrodes were leached in two different 
broad-range buffer systems in the pH range of 5 to 11. The investigations focused on the 
temporal evolution of the pH value, the time-dependent leaching of the active material 
components, and the dissolution of the aluminum current collector. The results show that 
process parameters, particularly the initial pH value, the treatment duration, and the com-
position of the process medium, influence both the leaching of the active materials and 
the corrosion of the aluminum current collector. Furthermore, the coated electrodes stud-
ied show significant differences in the stability of the active materials, which sometimes 
deviate from the properties of the respective pure active materials described in the litera-
ture, suggesting additional interactions within the electrode structure. The results high-
light the need for targeted process optimization to create the conditions for the successful 
functional recycling of active materials from lithium–ion batteries. 
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1. Introduction 
The continued exponential growth in the number of electric vehicles [1], as well as 

the large number of batteries in cell phones and laptops [2], means that recycling is be-
coming increasingly important. It is reasonable to assume that prices for key elements—
lithium, nickel, cobalt, and manganese—will continue to rise in the long term due to in-
creasing demand, causing the cost share of the cathode active material in the total cost of 
the battery to increase even further. The costs of exploiting natural deposits will also rise, 
although the consequences of hazardous mining conditions and environmental impacts 
are difficult to quantify [3]. As a result, recycling is becoming increasingly important, 
making the cathode active material in end-of-life batteries of all types a key source of raw 
materials for the elements urgently needed to manufacture new batteries. As a result, the 
recycling of lithium–ion batteries can be an effective approach to reducing manufacturing 
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costs in the long term [4], especially since the cathode accounts for about 50% of the total 
material costs of an automotive battery pack [2]. 

In recent years, various recycling processes based on pyrometallurgical, thermal, and 
hydrometallurgical steps have been developed on an industrial scale. The most common 
method used today starts with deeply discharged end-of-life lithium–ion batteries, which 
are shredded multiple times, and the resulting fractions are first subjected to mechanical 
separation. This yields what is known as black mass, which consists of cathode active ma-
terial, graphite, carbon black, and binder, and may additionally contain impurities of alu-
minum, copper, iron, and conductive salt residues in varying proportions. This is fol-
lowed by hydrometallurgical treatment, the aim of which is to dissolve the cathode active 
material consisting of lithium, nickel, manganese, and cobalt, subject the resulting solu-
tion to chemical separation, and recover the high-purity salts of the individual elements 
through various refining stages [2,5]. There are numerous publications and methods for 
the hydrometallurgical treatment of black mass, with the focus always on dissolving the 
cathode active material as completely as possible and efficiently separating the metal ions. 
Various hydrometallurgical systems for the leaching of cathode active materials based on 
lithium cobalt oxide (LCO) have been investigated in the literature. Inorganic acids in 
combination with a reducing agent are used particularly frequently, as the reduction of 
Co(III) to Co(II) promotes metal dissolution. In particular, the combination of sulfuric acid 
(H2SO4) and hydrogen peroxide (H2O2) has been extensively studied and described as 
highly efficient [6,7]. This process results in leaching efficiencies of 95% for cobalt and 96% 
for lithium. In addition to H2O2, various sugars have also been used as alternative reduc-
ing agents [8]. However, under optimal process conditions, the leaching efficiencies for 
lithium are nearly 100%, whereas for cobalt, leaching efficiencies exceed 95% only when 
glucose and sucrose are used, and only 54% is achieved when cellulose is used. Further-
more, other inorganic acids such as nitric acid (HNO3) [9,10] or phosphoric acid (H3PO4) 
[11] have been used in combination with H2O2 and achieved leaching efficiencies of over 
90%. Hydrochloric acid (HCl) represents a special case, as it can function both as a leach-
ing agent and as a reducing agent [12,13]. In addition to inorganic acid systems, organic 
acids—such as oxalic acid [14], DL-maleic acid [15,16], citric acid, and aspartic acid [16]—
have also been investigated, sometimes in combination with H2O2. In the case of oxalic 
acid, the use of H2O2 as a reducing agent had no significant effect on leaching efficiency. 
Furthermore, ascorbic acid has been successfully used as a reagent, as it can serve as both 
a leaching agent and a reducing agent [17,18] and can also be used in combination with 
other organic acids [18,19]. Comparable leaching systems have been investigated for cath-
ode active materials based on lithium–nickel–manganese–cobalt oxides (NMC). Here, too, 
high leaching efficiencies are achieved using a combination of H2SO4 and H2O2 [20,21]. In 
addition, alternative reducing agents such as NH4Cl [22] or NaHSO3 [23] have been inves-
tigated in comparison to H2O2. Under identical process conditions, the use of NaHSO3 
instead of H2O2 results in higher leaching efficiencies for transition metals (Ni, Co, Mn). 
HCl is also used as a combined leaching and reducing agent [24]. Further work focuses 
on the combination of inorganic acids with organic reducing agents [25], as well as on the 
use of organic acids in conjunction with H2O2 [26,27]. In the case of lactic acid, the use of 
H2O2 increases the leaching efficiency for Li from 60% to 99% and for transition metals 
(Ni, Co, Mn) from about 30% to 99%. 

Pyrometallurgical processes provide another source of cobalt and nickel, in which 
end-of-life lithium–ion batteries are smelted metallurgically in shaft furnaces under re-
ducing conditions, resulting in a mixed-metal fraction enriched with nickel, cobalt, and 
copper. Aluminum, manganese, and lithium are lost as slag [28–30]. Currently, 87% [31] 
of the lithium mined worldwide is used for the production of new lithium–ion batteries, 
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while less than 1% of the lithium [32] is currently recovered through recycling; this is in 
contrast with the recycling rates for the other metals, which exceed 50% [33]. 

Functional recycling [34] using waterjet delamination, which is carried out in an in-
dustrial plant with a capacity of approximately 1,500 tons per year, offers a completely 
different level of recycling efficiency. In this process, deeply discharged pouch cells are 
opened, and the removed cathode foils are separated and placed on a screen-like conveyor 
belt. Above and below the conveyor system are arrays of nozzles from which an aqueous 
solution is sprayed under pressure, completely removing the cathode coating from the 
aluminum foil. The key process parameters, such as the pressure of the medium, the noz-
zle arrangement, the temperature of the medium, and the type of additives to the medium, 
are adjusted so that nearly 100% decoating can be achieved without destroying or crum-
pling the aluminum foil. The removed coating enters a collection tank along with the 
aqueous medium. The resulting fraction is then filtered, pressed, washed, and dried [35]. 
A comprehensive description of a comparable laboratory-scale process was provided by 
Ji et al. [36]. Compared with all other industrial recycling processes, waterjet decoating is 
characterized by the exceptionally high purity and quality of the recovered cathode active 
material. This material thus has the highest potential to be blended with new cathode ac-
tive material and used directly for coating new electrodes, making waterjet decoating the 
recycling process with the best life cycle assessment. The cumulative total energy con-
sumption is 3.3 MJ per 1 kg of traction battery. Indirect recycling methods result in energy 
consumption that is 5 to 20 times higher [37]. The most important requirement of func-
tional recycling is to recover the cathode active material while largely preserving its mor-
phological, physical, and chemical properties so that it can be reused, either directly or 
after regeneration, in the manufacture of new battery cells. Although no significant mate-
rial loss occurs during waterjet decoating, the process control and, in particular, the pro-
cess medium have a considerable influence on the quality of the recovered cathode active 
material. The separated electrodes consist of aluminum carrier foils coated with a mixture 
of an organic binder, conductive carbon, and the cathode active material, to the surface of 
which residues of conductive salts and non-volatile electrolyte components may adhere. 
Contact with the process medium triggers chemical reactions that can directly affect the 
quality and thus the functionality of the cathode active material contained therein. In ad-
dition, it must be ensured that contaminants from previous process steps, such as copper 
resulting from deep discharge [38–41] or aluminum contamination [42] and active mate-
rial degradation due to exposure to atmospheric humidity [43,44], are avoided. 

It is well known that NMC-type cathode active materials are highly sensitive to water 
and release lithium to varying degrees depending on their stoichiometry: NMC811 > 
NMC 622 > NMC 532 > NMC111 [45]. Sieber et al. have demonstrated [46] that NMC111 
causes a time-dependent increase in pH in water, resulting from the exchange of lithium 
ions for protons [47,48] and the associated depletion of protons in the solution. Nowak et 
al. have also demonstrated, using NMC 811 as an example, that treatment with H2O and 
D2O results in lithium leaching. Additionally, it has been shown that the active material 
exhibited a significantly reduced capacity over the course of 500 cycles [49], even though 
no morphological changes in the NMC were detectable. Furthermore, Sieber et al. have 
demonstrated that the aluminum foil is also attacked, which can result in the deposition 
of Al(OH)3 or LiAl(OH)4 on the delaminated material [46]. A decrease in pH and an ex-
tension of the contact time, in turn, lead to the dissolution of the transition metals, which 
is accompanied by a further release of lithium [50] and also results in the destruction of 
the secondary particles [46]. 

The aim of this study is to investigate the influence of the process medium on the 
degradation of the recovered cathode active material. The most important parameters are 
(a) the initial pH of the process medium; (b) the pH at the end of the industrial decoating 
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line; (c) the presence of transition metal-complexing reagents; (d) the contact time between 
the CAM coating, the aluminum collector and the process medium, which can be up to 15 
min under industrial conditions; and (e) the contact time between the medium and the 
de-coated active material, which can last for several hours. Each of these parameters con-
tributes in different ways to the degradation of the CAM. The investigations carried out 
were designed in such a way as to replicate the industrial conditions between the compo-
nents whilst at the same time allowing the processes taking place to be monitored suffi-
ciently well. Crucial to this is the selection of a suitable buffer system that ensures a largely 
linear change in pH, i.e., one that avoids a buffer plateau. 

This paper focuses on processes in which two broad-range buffers from the Britton–
Robinson buffer system [51] were selected to replace the industrial process medium. This 
makes it possible to set any defined pH value within the technically relevant range of pH 
5 to pH 11 without changing the buffer system or its composition. Another characteristic 
of these buffer systems is that they do not possess a classical buffer capacity, in which the 
pH value is kept largely constant. The pH curve can be divided into segments in which 
the pH value varies almost linearly with the proton concentration (Table S1). In addition, 
two exemplary types of buffer systems were selected for the investigations: buffer 1, which 
has a very low complexing effect for divalent and trivalent metal ions, and buffer 2, a citric 
acid-containing buffer with a significant complexing effect for these metal ions in the pH 
range of 4 to approx. 11, in order to promote higher solubility for metal ions and thus 
indicate the degradation of the cathode active material at an early stage. 

2. Results 
2.1. Choice of Reaction System 

For the investigations, broad-range buffer systems with a buffering effect in the pH 
range of 2.5 to 12 were selected [51], so that all tests would take place in the same chemical 
environment, with the exception of the pH value. The investigations were conducted in 
the technically relevant pH range of 5 to 11 to rule out, from the outset, the significant 
dissolution of the cathode active materials at lower pH values and the massive dissolution 
of the aluminum foils at pH values above 11. These buffer systems do not maintain a con-
stant pH range within their buffer capacity, but rather produce a nearly linear relationship 
between the change in pH and the varying proton concentration within the defined seg-
ments. A broad-range buffer with a weak complexing effect (buffer 1) and a broad-range 
buffer based on citric acid that exhibits strong complexing in the acidic range (buffer 2) 
are used. The complexing effect is based on the chelating effect of citric acid, which disso-
ciates in three stages (pKS1 = 3.08–3.16, pKS2 = 4.66–4.85, pKS3 = 6.26–6.43) [52] and which 
strongly complexes divalent metal ions in the pH range of 4 to 8.5 in the order Mn < Fe < 
Co < Ni (log K = 2.8, 3.1, 4.4, 4.8; Mn, Fe, Co, Ni) [53]. From this range onward, the buffering 
effect is taken over by species of phosphoric acid and hydroxylamine, and in the strongly 
alkaline range, increasingly stable aluminum citrate complexes are formed. The stability 
constants for the aluminum citrate complexes are (AlH2Cit2+, log K = 1.01–1.17; AlHCit+, 
log K = 5.28–5.7; AlCit, log K = 9.12–9.52) [54]. 

The low-complexing buffer system 1 is intended to focus on the extent of Li+/H+ 
exchange and, at least in the initial stage of the reaction, result in only minimal dissolution 
of the cathode active material. In contrast, a comparison with the complexing buffer 
system 2 provides insight into the reaction behavior of the transition metals. If the 
transition metals are soluble under the given pH conditions, the reducing [55] and 
complexing effect of citric acid on divalent metal ions promotes the dissolution process. 
The resulting higher solution concentrations of the transition metals serve as an indicator 
of the onset of the degradation of the cathode active material, which must be avoided 
definitely in the recycling process. 
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This study has a technically relevant aspect. The present investigations are based on 
the parameters of industrial waterjet stripping with a medium temperature of at least 40 
°C and a liquid-to-solid ratio of medium to cathode foil of approximately 1 L: 10 g. In 
contrast to the industrial process, treatment times of 1500 min are considered here to 
obtain a complete picture of the aging of the process solution. 

2.2. Characterisation of the Leached NMC Materials 

Scanning electron microscopy (SEM) was used to investigate the morphological 
degradation of the treated NMCs. The results for NMC111 are presented as an example 
(Table 1). All results for the tested CAMs are shown in Figure S1. 

Table 1. SEM studies of NMC 111 cathodes in both buffers at different pHt=0,the image size is 58 µm 
× 39 µm. 

 pH = 5 pH = 7 pH = 9 pH = 11 

Buffer 1 

    

Buffer 2 

  

The results show that buffer 2 leads to increased particle degradation at low pH 
values. NMC523 and NMC111 exhibit this behavior at respective pH values of 5 and 7 in 
buffer 2, where the secondary structure is partially destroyed. Surprisingly, the effect of 
morphological degradation is least pronounced in NMC811 in buffer 2. For NMC622+LFP, 
treatment in buffer 2 at pH 5–7 leads to a complete loss of the secondary structure (see 
Figure S1). 

When treating the various NMCs in buffer 1 at pHt=0 = 5–9, no significant degradation 
is observable. For all CAMs used, the morphology of the secondary particles remains 
intact in buffer 1. Only at pHt=0 = 11 do deposits appear on the particles. While deposits of 
secondary particles can be observed on the individual NMC111 particles, in the case of 
NMC523 and NMC811, the entire surface is covered, so that the secondary particles of the 
NMC are in some cases no longer recognizable. In summary, morphological observations 
show that treatment with buffer 2 leads to massive destruction of the secondary particles, 
particularly at pHt=0 = 5–7. At pHt=0 = 11, deposits form on the cathodes in both buffer 
systems. The least morphological changes are observed in buffer 1 at pHt=0 = 7–9. 

2.3. Composition of the Used Electrodes 

Knowledge of the composition of the cathode active materials (CAMs) is essential for 
determining leaching efficiencies. Table 2 shows the elemental compositions of the 
cathode foils used, as determined by analysis. In addition, the stoichiometric factor of the 
transition metals in the NMC is determined from these elemental compositions. The 
general formula for NMC is LiNixMnyCOzO2, where x + y + z = 1. The designations for the 
respective NMC types listed in the table header refer to the stoichiometric factors of the 
metals Ni, Mn, and Co. In the case of NMC523, this means that the metals are present in 
stoichiometrically equal proportions, resulting in the formula LiNi0.51Mn0.21Co0.28O2, and 
this CAM is therefore designated as NMC523. The same procedure was used for the other 
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CAMs. As nickel, cobalt, and manganese are distributed stoichiometrically in equal 
proportions in the first NMC shown in Table 2, this NMC is designated NMC111. 

Table 2. Composition of the cathodes used, based on a single piece of film coated on both sides; ρa 

denotes the basis weight; * relative to the active cathode material on the cathode, the lithium–iron–
phosphate (LFP) content is 12.5% (w/w). 

 NMC111 NMC523 NMC622 NMC811 
NMC622 

LFP 
+LFP * 

Al/mg·g−1 151.4 106.71 82.46 55.3 79.33 114.9 
Li/mg·g−1 56.16 58.32 60.72 65.7 52.44 32.7 
Ni/mg·g−1 152.94 258.05 329.11 450.0 258.85  
Co/mg·g−1 151.19 131.46 81.01 34.9 86.67  
Mn/mg·g−1 140.13 106.88 91.81 60.8 80.54  
Fe/mg·g−1     41.9 276.0 
ρa/mg·cm−2 35.5 32.83 39.27 38.41 39.99 32.18 

Stoichiometric factors (NMC)      
Ni 0.34 0.51 0.65 0.82 0.60  
Co 0.36 0.28 0.17 0.07 0.21  
Mn 0.31 0.21 0.18 0.11 0.19  

2.4. Visual Findings Regarding the Interaction Between the Cathode Foil and Water 

The following experimental result is significant for interpreting the present findings: 
When cathode materials come into contact with deionized water with an initial pH of 5.8 
to 6.5, there is a continuous increase to a final pH of approximately 11.5 to 12.4 (NMC) or 
9 (LFP) [50]. When cathode foils are immersed in deionized water that has previously been 
mixed with the indicator thymol blue (color-change range pH = 8–9.6), an immediate and 
massive increase in the pH value occurs directly at the cathode surface, recognizable by a 
rapid color change to blue. It can therefore be assumed that a strongly basic environment 
always prevails both immediately at the surface of the cathode coating and within the 
pore system after water has penetrated it. This can result in reaction behaviors, 
particularly with respect to the aluminum carrier foil, that are not to be expected based on 
the pH value of the surrounding solution. 

2.5. Change in pH Level 

The mechanism underlying the aqueous leaching of cathode materials involves the 
insertion of protons into the crystal lattice and the release of lithium ions into the 
surrounding medium [45–48]. 

xH2O + Li-NMC ⇆ xLi+ + Liሺ1ିxሻHx-NMC + xOHି (1)

Figure 1 shows the absolute changes in pH values as the difference between the final 
value (t = 1500 min) and the initial pH value (t = 0) for all experimental series. The 
relationship between pH and proton concentration for both buffer systems from [51] were 
divided into different validity ranges. This sectioning is based on the initial pH value and 
the greatest change in pH over the entire process. Within this range, the curves were 
linearized, and the slope was determined in order to compare the buffers within the 
specified validity range. The slopes within the respective validity ranges were used to 
compare the extent of the pH change in the buffer solutions. The determined parameters 
are listed in Table S1. If the pH change were attributable solely to a Li+/H+ exchange 
according to Equation (1), both buffer systems would have to exhibit comparable curves 
that differ only in that, at pHt=0 = 5–9, the pH change for the same Li+/H+ exchange is about 
20–25% lower with buffer 2 than with buffer 1. In the range where pHt=0 = 11, both buffers 
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behave nearly identically. The time-dependent pH values determined for each sample are 
shown in Figure S2. 

 

Figure 1. Change in pH as the difference between pHt=1500 min and pHt=0 min; weak complexing buffer 
1: solid symbols, complexing buffer 2: half symbols, θ = 40 °C, dashed lines are guides for the eyes. 

Regardless of the cathode material used, the same trend is observed in both buffer 
systems: as the initial pH value increases, the rise in pH becomes progressively smaller. 
This is consistent with the expectations of Bauer et al. [50], that every cathode active 
material proceeds toward an equilibrium of Li+/H+ exchange according to Equation (1), 
which leads to a final pH value, the native pH value. If the initial pH value is between 5 
and 9, it rises as the experiment progresses, with the increase in pH value being 
significantly higher in the complexing buffer system 2 than in the non-complexing buffer 
system 1. This increase in pH cannot be explained solely by Li+/H+ exchange. Similarly, 
the electrodes treated with buffer 2 show clearly visible changes in the form of deposits or 
white stains. This effect becomes more pronounced the lower the pH value is. REM-EDX 
analyses show that the deposits on the cathodes contain aluminum and oxygen. In 
accordance with [46], it is suspected that these deposits are Al(OH)3 and LiAl(OH)4, 
respectively (Figure S3). In this case, the precipitation of the salts leads to unwanted 
contamination of the CAM. The buffer solutions also exhibit a greenish coloration as the 
experiment progresses, which becomes significantly more visible the lower the initial pH 
value is set. As will be shown later, the partial dissolution of the cathode active material 
and the aluminum collector causes the increased acid consumption, which triggers the 
unusually high increase in pH. In buffer 1, visually discernible changes on the electrode 
surface are rare and, if present, only sporadic. Similarly, the buffer solutions used show 
no change in color (Figure S4). 

Buffer solutions with an initial pH of 11 are an exception to this behavior. During 
treatment with both buffer systems, the pH decreases over the duration of the experiment, 
which, in the case of leaching from NMC-coated cathodes, suggests side reactions, since 
the initial value is below the native pH of the active materials. 

Compared with the NMC-coated electrodes, the LFP-coated electrodes exhibit the 
smallest changes in pH in both buffer systems. In contrast, the NMC622+LFP coating, 
which contains only 12.5% (w/w) LFP, exhibits pH changes comparable to those of 
NMC622 and thus also significantly higher than the pH increase caused by LFP. 
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2.6. Leaching of Lithium from NMC Cathode Active Materials 

Figure 2 shows the leaching efficiencies for Li at the end of the experiment as a 
function of pHt=0 in both buffer solutions. In accordance with Equation (1), Figure 2 shows 
that the lower the pH value, the more intense the Li+/H+ exchange. The general trend of 
the pH dependence of lithium leaching is thus (pH = 5) >> (pH = 7) > (pH = 9) ≈ (pH = 11). 
Only in the case of buffer 1 and at a starting pH of 5 is the pH change (Figure 1) equivalent 
with the amount of lithium leached (Figure 2) and thus correlated with the predicted pH 
change according to Equation (1). For all other pH values, side reactions lead to deviations 
from this behavior, which in the case of buffer 2 results in the pH change at pH 5 and pH 
7 being significantly higher than the pH change resulting from lithium exchange 
according to Equation (1). It should be noted that, particularly at high pH values and with 
low lithium leaching, the proportion of residual lithium and lithium conducting salt 
residues has an increased influence on the total lithium content. 

 

Figure 2. Final lithium leaching values at different pH values: solid symbols represent the low-
complexing buffer 1 and half symbols represent the complexing buffer 2, θ = 40 °C, dashed lines are 
guides for the eyes. 

In buffer system 2, more lithium dissolves in the pH range of 5 to 9 than in buffer 
system 1. This is no longer attributable solely to Li+/H+ exchange, as there is no linear 
relationship between the change in pH and the amount of Li+ released. Here, the release 
of lithium due to the dissolution of the cathode materials, followed by the complexation 
of the transition metals by citric acid, dominates. This is also indicated by the fact that the 
change in pH is significantly higher than the calculated prediction. Figure 3 shows the 
time-dependent leaching efficiencies of lithium for the respective NMC materials used. 
The amounts of material leached are shown in Figure S5. 

In buffer system 1, the various cathode active materials exhibit different degrees of 
stability with respect to lithium exchange. NMC523 consistently shows the lowest 
stability, while NMC111 exhibits the highest. The cathodes containing NMC622, and 
NMC811 fall in between. In buffer system 2 and the same pH range, NMC523 releases the 
highest proportion of lithium into solution, while the stability ranking of the other 
materials depends on the pH. At pH 11, however, the ranking changes significantly, 
making NMC622 the most stable material in both buffer systems and NMC523 and 
NMC111 the least stable materials. 
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Figure 3. Time-dependent lithium leaching at different pH values. (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 
= 9, (d) pHt=0 = 11; solid symbols denote the low-complexing buffer 1 and half symbols denote the 
complexing buffer 2, θ = 40 °C. 

In summary, it can be concluded that the preferential leaching of lithium in the low-
complexing buffer 1 at pH values between 5 and 7 results in the following stability order 
for the cathode materials: NMC111 > NMC811 > NMC622 > NMC523. 

For complexing buffer 2, however, the following ranking applies between pH 5 and 
9: 

At pH = 5: 

NMC811 > NMC622 > NMC111 > NMC532 

at pH = 7: 

NMC811 ≈ NMC622 > NMC111 ≈ NMC532 

and at pH = 9: 

NMC622 > NMC811 > NMC523 > NMC111. 

With a few exceptions, the kinetics of lithium leaching from all the cathode foils 
under consideration are initially very similar. The lithium concentration in the medium 
rises sharply within the first 120 to 180 min and reaches a value that either does not change 
significantly for the remainder of the experiment up to 360 min or appears to be 
approaching a limit value. Only long contact times of 1,500 min lead to a further slight 
increase in some cases. The cathodes coated with NMC523 and NMC811 exhibit different 
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behavior in buffer 1 at pH 11. Here, the lithium concentration decreases again in the time 
interval from 360 to 1500 min, which is directly related to the time dependence of the 
aluminum concentration and will be discussed further below. 

2.7. Leaching of Transition Metals 

The concentrations of the transition metal ions that entered the buffer solutions were 
converted to a hypothetical NMC composition in order to draw conclusions about the 
dissolution behavior in relation to the stoichiometry of the cathode active material used, 
specifically to determine whether the material dissolves congruently or whether one of 
the contained transition metals dissolves preferentially. Figure 4 shows the average 
stoichiometric factors of the individual transition metals using NMC 111 as an example in 
the various buffer systems at different initial pH values. The stoiciometric factors of the 
starting material (Figure 4; red dotted lines) corresponds to the stoichiometric factors in 
Table 2. For all other cathodes investigated, the corresponding figures can be found in the 
Supplements (Figures S6–S9). 

 

Figure 4. Average stoichiometric leaching factors for the transition metals Ni, Co, and Mn at various 
pH values; buffer 1 (left) and buffer 2 (right), θ = 40 °C; the red dotted line indicates the 
stoichiometry of the starting material; white box plots: values from the individual element analysis 
are below the LOQ. 

It is shown in a pH range of 5–9 that the stoichiometric ratios of the transition metals, 
particularly in complexing buffer 2, correspond to the stoichiometry of the active material 
in the cathode coating. In buffer 1 at pH 9–11 and in buffer 2 at pH 11, the solubility of the 
transition metals is so low that the uncertainty in determining the stoichiometric factors 
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becomes so high that no reliable statement can be made regarding the preferred solubility 
of individual transition metals. 

As no significant or dominant dissolution of an individual transition metal was 
observed in any of the cathode active materials examined, the subsequent analysis focuses 
on the total amount of dissolved transition metals. Figure 5a shows the total dissolution 
of the transition metals Ni, Mn, and Co from the respective active materials in the buffers 
used as a function of the set pHt=0. The cumulative plot of the leached amounts of 
substance is shown in Figure S10. The leaching of the individual transition metals is 
presented as the leached amount of substance and as leaching efficiency in Figures S11–
S16. 

 

Figure 5. Time dependence of the total leaching of the transition metals Ni, Co, and Mn at different 
pH values. (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-
complexing buffer 1 and half symbols denote the complexing buffer 2, θ = 40 °C. 

In general, it can be observed that (i) as the pH value increases, fewer and fewer 
transition metals from the cathode active material dissolve into the solution and (ii) the 
highly complexing buffer 2 consistently dissolves more transition metals than the weakly 
complexing buffer 1. This is consistent with the assumption that the high lithium 
concentrations for buffer 2 in the pH range of 5 to 9 (Figure 2) are also caused by a partial 
dissolution of the cathode active material. A comparison of the curves in Figure 5 with 
those in Figure 3 already shows that the dissolution of the transition metals proceeds 
considerably more slowly than the release of lithium. Consequently, within the first 10 
min of contact with the medium, there is a particularly high excess of lithium, which only 
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gradually decreases thereafter due to the later onset of transition metal dissolution. This 
visual observation is consistent with the determined rate constants. The corresponding 
rate constants are listed in Table S2. 

The molar ratio of the lithium–ion concentration to the concentration of the total 
transition metals in the buffer media at the end of the test period (after 360 and 1500 min) 
provides insight into the stability of the cathode active materials. Figure 6 illustrates these 
considerations using buffer 2 as an example. 

 

Figure 6. Time-dependent evolution of the molar ratio of dissolved lithium to the sum of dissolved 
transition metals after (a) 360 min and (b) 1500 min for buffer 2 at various pHt=0, θ = 40 °C. 

At pH 11, a high molar excess of lithium is present at the end of the experiment, caused 
by the very low lithium concentration and the even lower concentration of transition metals. 
However, as the concentration of transition metals at this pH value is below the limit of 
quantification, no exact quantification is possible. As the pH value decreases, the excess of 
lithium decreases, resulting in values below 10, which, at the highest solution concentrations 
of lithium (Figure 3) and transition metals (Figure 5), indicate the massive dissolution of the 
cathode active materials. In particular, NMC111 exhibits molar ratios between 1.5 and 2 at 
pH 5–9, and NMC523 and NMC622 exhibit molar ratios between 1.4 and 2.5 in the pH range 
of 5 to 7, which illustrates the high dissolution rate of the transition metals. Only the leaching 
of NMC811 leads to high molar ratios, meaning that, despite high lithium leaching, a 
relatively low dissolution of the cathode material is observed. In the low-complexing buffer 
1, there is a general molar excess of lithium, which reaches factors of approximately 20 
(NMC111) to 120 (NMC811) at pH = 7. This is caused by the low solubility of the transition 
metals in the low-complexing buffer 1. Excluded from these calculations are a pH value of 
11 for buffer 2 and pH values of 9 and 11 for buffer 1. The determined concentrations of 
cobalt, nickel, and manganese are close to the limit of quantification and are therefore subject 
to high measurement uncertainties, such that the uncertainties resulting from error 
propagation do not allow for a distinction between the numerical values. Consequently, 
only the results at pH 5 in buffer 1 can be discussed. For all cathode active materials, more 
lithium is released than the combined total for nickel, manganese, and cobalt. This results 
in the following ranking: NMC622 (approx. 27 times) > NMC811 (approx. 17 times) > 
NMC523 (approx. 11 times) > NMC111 (approx. 4 times). 

Of interest is the leaching efficency of transition metals depending on the 
stoichiometric composition of the cathode active materials. In complexing buffer 2, 
NMC111 releases the highest concentrations of transition metals under all conditions, 
while NMC811 releases the lowest. This suggests that the chemical stability of the 
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electrodes studied increases with increasing nickel content in the cathode active material: 
NMC811 > NMC622 > NMC523 >> NMC111. 

2.8. Leaching of LFP and NMC/LFP Mixtures 

Figure 7 shows the lithium leaching from three cathode foils coated with LFP, 
NMC622, and a mixture consisting of 87.5% (w/w) NMC622 and 12.5% (w/w) LFP, 
respectively, in buffers 1 and 2 and as a function of the set pHt=0. This confirms that the 
behavior known from NMC cathode active materials, with decreasing leaching of lithium 
as the pH increases, also applies to LFP and the LFP mixture. 

 

Figure 7. Time-dependent profile of lithium leaching at different pH values. (a) pHt=0 = 5, (b) pHt=0 
= 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-complexing buffer 1 and half symbols 
denote the complexing buffer 2, θ = 40 °C. 

However, significant differences are evident upon closer inspection. At pHt=0 = 5, LFP, 
NMC622, and NMC622+LFP in buffer 2, as well as NMC622+LFP in buffer 1, exhibit 
comparably high leaching behavior, whereas LFP and NMC622 in buffer 1 shows 
similarly low leaching efficiency. In buffer 1, the mixed coating NMC622+LFP thus 
deviates significantly from the behavior of the coatings consisting of only NMC622 and 
only LFP. pHt=0 = 7 marks the beginning of a reversal in leaching efficiencies, which 
continues up to pHt=0 = 9. The leaching efficiencies of NMC622 converge in both buffers 
and reverse at pHt=0 = 9, with buffer 1 now exhibiting the higher leaching efficiency. LFP 
follows this trend and, starting at pHt=0 = 7, achieves the same and sometimes higher 
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leaching in buffer 1. NMC622+LFP, in turn, deviates from this pattern, as the reversal of 
the order between buffers 1 and 2 occurs as early as pHt=0 = 5 and is much more 
pronounced at this pH value, as well as at pHt=0 = 7, than with the other cathode active 
materials. 

The leaching of Li from NMC622+LFP at pHt=0 = 9–11 in buffer 1 also exhibits another 
characteristic. At pHt=0 = 9, the Li concentration rises during the first 60 min, remains 
constant until 360 min, and then drops to a value corresponding to the final leaching value 
in buffer 2 as well as the final leaching value of the LFP-coated electrodes. For 
NMC622+LFP at pHt=0 = 11, the lithium content in the solution rises rapidly and drops by 
120 min to the value reached with buffer 2, remaining constant for the remainder of the 
test period. However, the lithium content during leaching of the NMC622+LFP cathodes 
shows comparable time-dependent behavior in the first few minutes, regardless of the pH 
value. Additionally, these cathodes exhibit the highest lithium concentrations in buffer 1 
at pH 5 and 7 throughout the entire experiment, as well as at pH 7 and 9 at the beginning 
(Figure S5). Therefore, it is suspected that the lithium concentrations, particularly at the 
beginning, are affected by the dissolution of residual lithium and salt residues. 

Figure 8 shows the total amount of leached transition metals (Ni, Co, Mn) from 
NMC622 and the NMC622+LFP coating mixture relative to the total content of transition 
metals in NMC622 as a function of the set pHt=0. Both materials behave almost identically 
in both cases. The metal ion concentrations are always higher in buffer 2 than in buffer 1. 
At pH values ranging from 5 to 7, the leaching of transition metals in the mixed coating 
in buffer 1 is higher than in pure NMC622. At higher pH values, all measured leaching 
rates of the transition metals are below the limit of quantification. 

Figure 9a shows the leaching of iron from an LFP-coated cathode and from an 
NMC622+LFP-coated cathode, Figure 9b the leaching of lithium from an LFP-coated 
cathode, and Figure 9c the molar ratio of Li to Fe in an LFP-coated cathode in complexing 
buffer 2 as a function of the set pHt=0. Data from buffer 1 are omitted because the measured 
Fe concentrations are always at or below the limit of quantification, resulting in a leaching 
efficiency < 0.1%. Additionally, in the low-complexing buffer 1, increasing amounts of Li 
are released from the LFP only as time increases, with the amount released decreasing 
significantly as the pH value rises. At the same time, the amount of iron is so small that 
the molar ratios are in the range of several hundred, which indicates leaching of the 
lithium but not dissolution of the LFP. 

In complexing buffer 2, citric acid promotes the increased transfer of iron(II) ions into 
the solution through its reducing and complexing effects. This causes the LFP to dissolve 
gradually at pH 5: First, the lithium is leached out, followed by an increasing dissolution 
of the iron, so that after approximately 120 min, a solution with a molar stoichiometry for 
Li: Fe of 1 results, and the process of congruent dissolution then continues, reaching a final 
value for Li:Fe = 0.96 ± 0.10. As the pH value increases, a clearly decreasing amount of 
lithium dissolves, and the dissolution of the LFP also continues to a lesser extent. Over the 
progress of the 1500 min test period, the Li: Fe ratio continues to decrease to the following 
final values: pH 7: Li:Fe = 1.26 ± 0.13, pH 9: Li:Fe = 2.23 ± 0.24, pH 9: Li:Fe = 5.75 ± 0.69 
(Figure 9c). This indicates that, as the pH increases, lithium leaching becomes increasingly 
dominant relative to the dissolution of LFP. The NMC622+LFP coating exhibits lower iron 
leaching than pure LFP in the pH range of 5 to 7, even in buffer 2, which complexes and 
stabilizes iron(II) ions. Starting at pH 9, this trend reverses at a very low level, and the 
NMC622+LFP coating releases slightly higher iron concentrations into the solution. The 
amounts of iron leached are shown in Figure S17. 
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Figure 8. Time-dependent leaching of the total transition metals Ni, Mn, and Co: a comparison of 
NMC622 and NMC622+LFP at different pH values. (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 
= 11; solid symbols denote the low-complexing buffer 1 and half symbols denote the complexing 
buffer 2, θ = 40 °C. 

The pH values change as shown in Figure 1, as follows. In buffer 2, there is a slight 
increase over the course of the experiment from pH 5 to pH 7.4, from pH 7 to pH 8.6, and, 
at pH 9, the value remains almost unchanged. In buffer 1, the pH values of the solutions 
in this pH range remain nearly unchanged. Starting at a value of pH 11, the pH decreases 
in both buffers to pH 9.9 for buffer 1 and 9.8 for buffer 2. 

The analysis shown in Figure 10 of the molar ratios of the metal ions to one another 
during the leaching of NMC622+LFP provides insight into the dissolution behavior. Here, 
the ratio of (a) lithium to the sum of the transition metals (Ni, Co, Mn), (b) the ratio of 
lithium to iron, and (c) the ratio of the sum of the transition metals to iron are examined 
as a function of time and at various pH values. 

As the pH increases, fewer transition metals dissolve relative to lithium, resulting in 
the following molar ratios of Li: transition metal (Figure 10a) at the end of the experiment: 
1.74 ± 0.36 for pH 5, 2.50 ± 0.35 for pH 7, 4.69 ± 0.57 for pH 9, and 11.6 ± 1.3 for pH 11. This 
means that during leaching at pH 5 and 7, analogous to pure NMC622, the NMC622 in 
the NMC622+LFP coating enters solution in comparable Li: transition metal ratios, which 
illustrates a comparably high dissolution rate of the transition metals. The molar excess of 
lithium relative to iron is very high at every pH value, ranging between a factor of 30 (pH 
= 5) and 100 (pH = 11) (Figure 10b). The molar ratio of the sum of transition metals: iron 
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(Figure 10c) ranges between a factor of 4.2 ± 0.6 at pH = 11 and 57 ± 10 at pH = 5. The 
stoichiometric ratio in the cathode is approximately 10. This means that a preferential 
dissolution of iron in the alkaline environment occurs relative to the transition metals of 
the NMC. 

 

Figure 9. Time-dependent leaching of LFP cathodes (solid symbols) and NMC622+LFP cathodes 
(half symbols) at different pH values. (a) The leaching of iron, (b) the leaching of lithium, (c) the 
molar ratio of Li/Fe in buffer 2, θ = 40 °C. 

The following hypothesis is proposed to explain the interaction between NMC622 
and LFP. The experiment described at the beginning, using the indicator thymol blue, 
shows that a significantly higher pH develops very quickly immediately at the surface of 
NMC coatings than in the bulk phase of the medium. It is plausible to assume that at pH 
5 within the NMC622+LFP coating, the preferential release of lithium from the NMC622 
in the pore system results in a pH value that is higher than in the pore system of the LFP 
coating. This locally higher pH value in the NMC622+LFP coating suppresses the leaching 
of iron from the LFP, which is thus lower than in a pure LFP coating, which also shows 
hardly any change in pH value when lithium ions are released. Thus, at pH 5, the 
NMC622+LFP coating behaves almost identically to the NMC622 coating with regard to 
the leaching of lithium and the transition metals Ni, Mn, and Co, but suppresses the 
dissolution of iron from the LFP compared with the pure LFP coating. In an alkaline 
medium, the differences disappear significantly; the NMC622+LFP coating releases 
relatively more iron than the pure LFP coating. 
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Figure 10. Molar ratios of NMC622+LFP leaching at different pH values in buffer 2; (a) the molar 
ratio of Li/∑TM, (b) the molar ratio of Li/Fe, (c) the molar ratio of ∑TM/Fe; the red dashed line in (c) 
indicates the stoichiometric ratio in the cathode material. 

2.9. Dissolution of the Aluminum Collector 

Aluminum passivates in the pH range between 4 and 9 and is therefore practically 
insoluble [56]. Blind tests (Figure S18), in which uncoated aluminum collectors were 
treated in complexing buffer 2 at pHt=0 = 5…9, result in no change in the initial pH value 
and only very low area-normalized aluminum concentrations (maximum 0.21 µmol·cm−2) 
in the buffer solution over a period of 300 min. Only at pH 11 does significant dissolution 
occur, as expected according to Equation (2), leading to a final area-normalized aluminum 
concentration of approx. 25 µmol·cm−2. 

2Al + 6H2O + 2OHି → 2Al(OH)4ି  + 3H2 (2)

Concurrently, the dissolution of the aluminum leads to a decrease in the pH value 
from 11.09 at the start of the process to 9.85 at the end of the process. If the pH value falls 
below a certain threshold, aluminum dissolution is inhibited due to passivation. 

However, when cathode foils consisting of an aluminum substrate foil and a coating 
of cathode active material are used, significant dissolution of the aluminum is observed. 
Figure 11 shows the area-normalized aluminum concentration for buffers 1 and 2 as a 
function of time and initial pH. In particular, between pH 5 and 9, aluminum dissolves 
significantly, although this corresponds to the stability range of the passivation. The cause 
of this is believed to be the local increase in pH within the pores of the coating due to 
Li+/H+ exchange, which results in the passivation stability range being exceeded at the 
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coating/aluminum foil interface, allowing the aluminum to dissolve. The highest 
aluminum concentrations are achieved between pH 5 and 9 in buffer 2 in the following 
order: 

pH 5: NMC811 > LFP > NMC622 >> NMC622+LFP > NMC523 > NMC111 

pH 7: NMC811 > LFP >> NMC622+LFP > NMC622 > NMC523 >> NMC111 

pH 9: NMC811 > NMC622+LFP > LFP >> NMC622 >> NMC523 > NMC111 

Thus, aluminum proves to be most stable in NMC111, while NMC811 promotes 
dissolution most significantly. At pH 11, the order is reversed; the highest aluminum 
concentrations are now found in buffer 1 in the order NMC 523 > NMC811 > NMC111 
> NMC622+LFP > LFP > NMC622. At significantly lower aluminum concentrations, 
the result in buffer 2 is NMC811 > NMC622+LFP > NMC523 > NMC111 > LFP >> 
NMC622. 

The reason for this is thought to be the relatively low dissolution of transition 
metals from NMC811 in buffer 2 between pH 5 and 9, which results in significantly 
lower consumption of citric acid, leaving it available to complex with the aluminum. 
Thus, the dissolution of the aluminum collector behaves inversely to the dissolution of 
the transition metals. At pH = 11, however, the dissolution of aluminum by hydroxide 
ions begins according to Equation (2). Nevertheless, at pH = 11, a lower aluminum 
concentration is obtained at the end of the experiment than in the blank measurements, 
which ultimately resulted in approximately 25 µmol·cm−2. One reason lies in the limited 
mass transport within the coating’s pore system, which acts as a kinetic barrier to the 
reaction. This is illustrated by the fact that the temporal evolution of the aluminum 
concentrations for the NMC622+LFP and NMC523 coatings in Figure 11d shows a 
sigmoidal curve, which is clearly recognizable by the dotted auxiliary line and is also 
present for NMC 811, albeit in a less pronounced form. The cathodes with the NMC811 
and NMC523 coatings show the highest absolute aluminum concentrations overall in 
buffer 1, with a maximum at approximately 300 min (Figure 11d). At their maximum, 
these concentrations nearly reach the value of the dissolution achieved in the blank 
measurement. Toward the end of the experiment, the aluminum concentration drops 
again, which can likely be explained by the precipitation of aluminum compounds, such 
as LiAl(OH)4 (Figures S1 and S3), especially as the lithium concentration also decreases 
during the same period. Furthermore, the pH value during the leaching of the 
corresponding electrodes shows a minimum at 300 min and subsequently rises again 
until the end of the experiment. This presumed precipitation of aluminum compounds 
also leads to lower aluminum concentrations than in the blank measurement with the 
uncoated aluminum foil. During the experiment, there is thus an overlap between 
aluminum dissolution and the parallel precipitation of lithium and aluminum, in which 
presumably more aluminum was dissolved from the carrier foil than could be detected 
in the analyses of the solutions. 

A phenomenon is observed reproducibly only for the NMC622+LFP coating at pH 11 
in buffer 2, as shown in Figure 7d. Within the first few minutes, the lithium concentration 
rises, reaches a maximum, and then drops significantly over the progress of 210 min. 
During the same period, the aluminum concentration reaches its maximum value (Figure 
11d), which does not change further as the experiment proceeds. At the same time, the pH 
value reaches its minimum, which also remains constant and corresponds to the minimum 
value of the blank measurement. These are likely the same mechanisms already observed 
with NMC523 and NMC811. However, this precipitation occurs significantly earlier in the 
progress of the experiment, leading to the trends in lithium and aluminum concentration 
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described above. The cause of this earlier onset of the effect is attributed to adhering salt 
residues that dissolve immediately at the start of the experiment, and the expected 
increase in pH due to precipitation does not occur because these residues hydrolyze to 
form acids in the aqueous medium. 

 

Figure 11. Time-dependent dissolution of the aluminum collector at different pH values. (a) pHt=0 = 
5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-complexing buffer 1 and 
half symbols denote the complexing buffer 2, θ = 40 °C. The dotted line in (d) is intended to illustrate 
the trend of the data points for NMC622+LFP, NMC523, and NMC 811 in buffer 1. 

3. Discussion 
In functional recycling using a waterjet process, the coating of cathode active material 

is removed by a jet of aqueous medium at high pressure and elevated temperature. As a 
result, the black mass contains very low levels of metallic impurities. On the other hand, 
the electrodes—consisting of the aluminum carrier foil and the applied coating of cathode 
active material—come into contact with the aqueous medium for an extended period of 
time. This can not only trigger degradation processes in the cathode active material but 
also cause further reactions on the aluminum carrier foil. 

The lower the pH of the process solution used, the more lithium dissolves through 
Li+/H+ exchange, causing the solution’s pH to rise. The lower the pH value, the more the 
cathode active material is attacked and transition metal ions dissolve into the solution. 
The dissolution of the cathode active materials occurs only to a very limited extent in a 
non-complexing medium, so that there is an enormous molar excess of lithium relative to 
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the dissolved transition metal ions in the solution. Here, the Li+/H+ exchange reaction is 
the determining process, as the pH change resulting from the exchanged amount of lith-
ium corresponds to the experimentally determined pH change. However, if the process 
medium acts as a complexing agent and, in some cases, also as a reducing agent on tran-
sition metals, a congruent dissolution of the cathode active material occurs in addition to 
the leaching of lithium. This dissolution leads to a significant increase in the concentra-
tions of transition metal ions and, consequently, to a further increase in the concentration 
of lithium. The observed pH increase is so pronounced that it can no longer be explained 
by Li+/H+ exchange alone. In the alkaline medium at pH 11, the solution concentrations of 
lithium and transition metal ions reach their lowest values, although these are slightly 
higher in the complexing medium compared with the non-complexing medium. 

The presence of the aluminum carrier foil has a specific effect on the reaction behavior 
with the process media. At lower pH values (5, 7, 9) and in a non-complexing medium, 
small amounts of aluminum dissolve into the solution, even though the passivation of the 
aluminum should prevent dissolution in this pH range. If a complexing medium is pre-
sent that also acts as a complexing agent for aluminum ions—such as citric acid—this 
promotes dissolution and can multiply the solution concentration at low levels. In this 
process, solubility decreases from pH 5 to 9 and increases significantly again at pH 11. It 
should be noted that uncoated carrier films are hardly affected by either medium in the 
pH range of 5–9, provided there is no coating with cathode active material. The fact that 
aluminum nevertheless dissolves is due to the massive increase in pH at the surface and 
particularly within the pore system of the coating, which causes localized destruction of 
the passivation layer and allows the aluminum to dissolve. However, the dissolution of 
the aluminum is limited by the mass transfer within the pore system of the coating. Fur-
thermore, in the complexing medium within the pH range of 5–9, a competitive reaction 
occurs between the complexation of the transition metals and the aluminum, whereby 
minor leaching of the transition metals promotes increased dissolution of the aluminum 
collector. 

At pHt=0 = 11, aluminum dissolves through the consumption of OH− ions, causing the 
pH of the solution to decrease slightly. For some types of cathode active materials, an 
initial sharp increase in lithium–ion concentration followed by a subsequent decrease is 
observed at pH 11. At the same time, the increase in aluminum concentration is delayed, 
following a sigmoidal time curve. These observations can be interpreted as colloidal pre-
cipitation of LiAl(OH)4, a compound that has already been detected or hypothesized in 
connection with leaching processes [46]. 

Electrode coatings containing LFP and an LFP+NMC622 mixture exhibit further spe-
cial characteristics. In both media, the LFP coating releases lithium ions preferentially, 
similar to the NMC types. However, in the non-complexing medium, nearly no iron dis-
solves. Only in the complexing medium is the dissolution of iron time-shifted relative to 
that of lithium. In the complexing medium at pH 5, nearly stoichiometric dissolution oc-
curs during long treatment durations; in contrast, the solution concentrations of lithium 
and iron decrease dramatically as the pH increases, so that although there is a significant 
molar excess of lithium over iron, it occurs at a low concentration level. The 
NMC622+LFP-coated electrode, on the other hand, exhibits different behavior. Lithium 
dissolves in every medium, with its concentration decreasing as the pH increases. In con-
trast, the dissolution of iron in the complexing medium is very low, resulting in a multi-
ple-fold molar excess of lithium relative to the dissolved iron. The dissolution of the tran-
sition metals from the NMC622 follows the known pattern of decreasing solution concen-
trations as the pH increases. However, here too there is a multiple-fold molar excess of 
transition metal ions relative to the iron ions. Thus, there is an interaction between the 
medium and the mixed coating of LFP and NMC622, which results in the LFP in the mix-
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ture being significantly stabilized relative to the complexing medium—i.e., its dissolution 
behavior is suppressed—and instead, the attack occurs preferentially on the NMC622. 
Here, too, the conditions within the coating’s pore system provide an explanation. Due to 
the Li+/H+ exchange, a medium prevails in the pores that generates a higher pH value in 
the NMC622+LFP coating than in a coating consisting solely of LFP (analogous to Figure 
1). Similar to the results described, a rising pH value suppresses the dissolution of the 
transition metals, with no significant difference observed between an NMC622- and an 
NMC622+LFP-coated electrode. In contrast, the dissolution of iron is suppressed much 
more strongly by the increase in pH than in pure LFP and thus remains practically unaf-
fected. 

The studies conducted demonstrate the complex interactions that can occur when 
electrodes come into contact with coatings containing different cathode active materials 
and the process medium used in waterjet recycling. The goal of functional recycling is to 
recover as much of the active material as possible while minimizing—or ideally com-
pletely preventing—material degradation. Partial dissolution of the active material would 
hinder or prevent the direct reuse of the recovered material and additionally contaminate 
the process solution with dissolved heavy metal ions. Therefore, the selection of suitable 
parameters for the process media to be used and the process control (process duration, 
temperature, etc.) is of central importance. In this study, two basic types of process me-
dia—a non-complexing and a complexing one—were investigated using a suitable buffer 
system that provides additional insight into the ongoing processes via a linear change in 
pH. The experimental parameters were selected to correspond to the technical parameters 
of waterjet recycling. The results show that non-complexing process media with an initial 
pH of approximately 9 and the shortest possible contact times with the electrode foils pro-
vide the best conditions for recovering cathode active material with minimal degradation. 
Under these process conditions, the lowest dissolution rates of the metals in the CAM and 
the aluminum collector are observed and no detectable morphological changes in the 
CAM were found. In addition, no significant contamination due to deposits was detected. 
It was demonstrated that, particularly in acidic-to-neutral environments, the use of a com-
plexing buffer causes significant morphological degradation of the CAM. Furthermore, 
the use of the complexing buffer in the pH range of 5–9 consistently leads to increased 
dissolution of the aluminum collector resulting in aluminum-containing deposits on the 
cathode surface as significant contamination of the CAM. Although the CAM shows no 
morphological degradation in the non-complexing buffer at pH = 11, the dissolution of 
the aluminum collector still leads, in some cases, to deposits on the cathode surface and 
thus also to undesirable contamination of the CAM. 

4. Materials and Methods 
The material used in the experiments is taken from one cell of each material after the 

disassembly of used traction batteries consisting of pouch cells (NMC111, NMC622, 
NMC622+LFP) and prismatic cells (NMC523, NMC811, LFP) with liquid electrolytes 
based on ethylene carbonate and propylene carbonate, with LiPF6 as the dominant con-
ductive salt. The state of aging of the cells is unknown. In the first step, the batteries were 
deeply discharged at a constant load resistance to transfer the lithium as completely as 
possible into the positive electrode (hereinafter referred to as the cathode) and to ensure 
safe opening of the battery. Subsequently, the batteries were opened, the electrodes sepa-
rated, and the cathode foils washed with ethanol to remove electrolyte and conductive 
salt residues from the surface. The cathodes were then dried and stored under vacuum. 

For the leaching tests, the cathode foils were cut to a size of 70 × 50 mm, and two foil 
pieces were secured in a reaction vessel for each experiment. Briton–Robinson universal 
buffers were used as buffer solutions. The first buffer (buffer 1) consists of a mixture of 
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0.04 M boric acid (VWR, Leuven, Belgium), 0.04 M phosphoric acid (VWR, Fontenay-sous-
Bois, France), and 0.04 M acetic acid (Merck, Darmstadt, Germany). The second buffer 
(buffer 2) consists of 0.0286 M citric acid (Sigma Aldrich, Taufkirchen, Germany), 0.0286 
M monopotassium phosphate (Carl Roth, Karlsruhe, Germany), 0.0286 M boric acid 
(VWR, Leuven, Belgium), 0.0286 M hydroxylamine (Sigma Aldrich, Steinheim, Germany), 
and 0.0286 M hydrochloric acid (Carl Roth, Karlsruhe, Germany). The veronal used in the 
literature was replaced here with hydroxylamine, which has a similar pKs value, without 
changing the buffer properties. An amount of 110 mL of buffer was prepared for each 
experiment; the initial pH (5, 7, 9, and 11) was adjusted using 0.2 M sodium hydroxide 
(Merck, Darmstadt, Germany) solution, and the total volume was filled to 220 mL with 
deionized water with a conductivity of 0,055 µS·cm−1. All chemicals used in this study 
were of analytical grade. This 220 mL buffer solution was preheated to 40 °C and then 
added to the reaction vessel containing the fixed electrode foils. The temperature of 40 °C 
was maintained throughout the entire duration of the experiment; the solution was stirred 
using a magnetic stirrer at a speed of 600 rpm. An aliquot of 1 mL was taken from the 
reaction vessel at regular intervals and immediately diluted 10-fold with nitric acid 
(Merck, Darmstadt, Germany) (1% v/v). In a parallel experiment using the same volume 
of buffer solution, and the same stirring speed and temperature control, the mass loss of 
the solution caused by sampling and evaporation was determined. A “WTW inoLab Multi 
9310 IDS” with a “Sentix® 940” pH electrode was used to determine the pH value. 

The composition of the used cathode foils [57] as well as the dissolved elements in 
the buffer solutions were determined using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) with a dual-view option (iCap 6500 DUO, Thermo Scientific, 
Dreieich, Germany). The sample introduction system consisted of a polyetheretherketone 
(PEEK) parallel-path nebulizer (MiraMist, Burgener Inc., Mississauga, ON, Canada) con-
nected to a cyclone spray chamber (Glass Expansion, Port Melbourne, Victoria, Australia) 
and a ceramic injection tube (Glass Expansion, Port Melbourne, Victoria, Australia). An 8-
point calibration was established for quantification. The matrix-matched multi-element 
standards were prepared from single-element standards of 1000 mg·L−1 (Merck, Ger-
many). All stated uncertainties are given as 2σ and are the result of a Gaussian error prop-
agation across the entire process for 3 replicated measurements. They include uncertain-
ties arising from both the analytical measurement and the procedure itself, such as weigh-
ing uncertainties. The calibrations were adjusted to the final solution concentration values 
obtained in the respective experiments. The resulting limits of quantification were nor-
malized to the absolute amounts of substance nx,total of the cathodes used and are summa-
rized in the Supplements (Tables S3–S8). The limits of quantification were determined in 
accordance with DIN 32645 [58]. 

Based on the analytically determined composition of the cathodes (wk,x; mass fraction 
of component x in the cathode) used (Table 2), their areal density ρa, and the total surface 
area of the cathode (AK) used in the experiment, Equation 3 is used to calculate the abso-
lute amount of substance nx,total for each element x to be determined, where x = Li, Ni, Co, 
Mn, Fe, Al. Here, Mx is the molar mass of component x. 

nx,total = wk,x · ρA · AK

M୶  (3)

The amounts of substance x leached from the cathode foil at a specific time t during 
the experiment are calculated according to Equation (4), where i = 0, and Equation (5). 
Here, i (where i = 1, …, N) denotes the sample collection, and each i can be assigned a 
specific time t. 

i = 0          nx,0 = 
wx,i=0 · mi=0

Mx
 (4)
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i = 1, …, N          nx,i = 
1

Mx
ቌwx,i · m୧ + mA ෍wx,i-1N

i=1

ቍ (5)

wx,i is the mass fraction of element x at time t, as determined by ICP-OES, and mi is 
the total mass of the solution immediately before each sample withdrawal i. The decrease 
in the total mass of the solution that occurs during the experiment is due to the collection 
of aliquots for analytical determination and slight evaporation. mA corresponds to the 
mass of an aliquot. The total amount of substance nx leached at any given time t is con-
verted into a leaching efficiency using Equation (6). 

Ex,i = 
nx,i

nx,total
 · 100% (6)

Notwithstanding the above, the amount of aluminum that dissolves is normalized to 
its accessible surface area. 

The characterization of the CAM was performed with a scanning electron microscope 
(Zeiss Evo MA15) and the energy dispersive X-ray analysis (EDX) was used for spatially 
resolved elemental distribution. The elemental analysis and the secondary electron image 
have been recorded with a detector system from AMETEKR operating at 20 kV. 

Supplementary Materials: The following supporting information can be downloaded at 
https://www.mdpi.com/article/10.3390/recycling11070133/s1, Figure S1: SEM studies of various 
NMC cathodes in both buffers at different pHt=0, the image size is 58 µm × 39 µm; Table S1: Slopes 
(ΔpH/ΔOH− = mbx in mmol−1) of the relationship between pH and proton concentration for both 
buffer systems from [51] for the respective validity ranges; b1 refers to buffer 1 and b2 refers to 
buffer 2; pH1 is the lower limit and pH2 is the upper limit of the validity range; Figure S2: Time-
dependent pH values at different initial pH values: (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 
= 11; solid symbols denote the low-complexing buffer 1 and half symbols denote the complexing 
buffer 2, θ = 40 °C; Figure S3: REM-EDX analyses of cathode surface with deposits, (a) image, (b) 
EDX aluminum, EDX oxygen, EDX nickel, EDX manganese, EDX cobalt; NMC 622 @ pH = 7, buffer 
2, t = 1500 min; Figure S4: visual inspection of the buffer solutions and the treated positive electrodes 
containing NMC 622, t = 25 h, θ = 40 °C; Figure S5: Time-dependent trend of the absolute amounts 
of lithium leached at different pH values (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid 
symbols denote the low-complexing buffer 1 and half symbols denote the complexing buffer 2, θ = 
40 °C; Figure S6: Average stoichiometric leaching factors for the transition metals Ni, Co, and Mn 
from an NMC 523-coated cathode at various pH values; buffer 1 on the left and buffer 2 on the right, 
θ = 40 °C; the red dotted line indicates the stoichiometry of the starting material; white box plots: 
Values from single-element analysis are below the LOQ; Figure S7: Average stoichiometric leaching 
factors for the transition metals Ni, Co, and Mn from an NMC 622-coated cathode at various pH 
values; buffer 1 on the left and buffer 2 on the right, θ = 40 °C; the red dotted line indicates the 
stoichiometry of the starting material; white box plots: Values from single-element analysis are be-
low the LOQ; Figure S8: Average stoichiometric leaching factors for the transition metals Ni, Co, 
and Mn from an NMC622+LFP-coated cathode at various pH values; buffer 1 on the left and buffer 
2 on the right, θ = 40 °C; the red dotted line indicates the stoichiometry of the starting material; white 
box plots: Values from single-element analysis are below the LOQ; Figure S9: Average stoichio-
metric leaching factors for the transition metals Ni, Co, and Mn from an NMC 811-coated cathode 
at various pH values; buffer 1 on the left and buffer 2 on the right, θ = 40 °C; the red dotted line 
indicates the stoichiometry of the starting material; white box plots: Values from single-element 
analysis are below the LOQ; Figure S10: Time-dependent trend of the absolute amounts of lithium 
leached at different pH values (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols 
denote the low-complexing buffer 1 and half symbols denote the complexing buffer 2, θ = 40 °C; 
Figure S11: Time-dependent trend of the absolute amounts of nickel leached at different pH values 
(a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-complexing buffer 
1 and half symbols denote the complexing buffer 2, θ = 40 °C; Figure S12: Time-dependent leaching 
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of nickel at different pH values (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols 
denote the low-complexing buffer 1 and half symbols denote the complexing buffer 2, θ = 40 °C; 
Figure S13: Time series of the absolute amounts of manganese leached at different pH values (a) 
pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-complexing buffer 
1 and half symbols denote the complexing buffer 2, θ = 40 °C; Figure S14: Time-dependent leaching 
of manganese at different pH levels (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid 
symbols denote the low-complexing buffer 1 and half symbols denote the complexing buffer 2, θ = 
40 °C; Figure S15: Time-dependent trend of the leached absolute amounts of cobalt at different pH 
values (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-complexing 
buffer 1 and half symbols denote the complexing buffer 2, θ = 40 °C; Figure S16: Time-dependent 
leaching of cobalt at different pH values (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid 
symbols denote the low-complexing buffer 1 and half symbols denote the complexing buffer 2, θ = 
40 °C; Table S2: Determined rate constants for the initial reaction rate (0–2 min), first-order reaction, 
all values in min−1; Figure S17: Time-dependent leaching of iron at different pH levels (a) pHt=0 = 5, 
(b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11; solid symbols denote the low-complexing buffer 1 and half 
symbols denote the complexing buffer 2, θ = 40 °C; Figure S18: Time-dependent dissolution of un-
coated aluminum foil at various pH values (a) pHt=0 = 5, (b) pHt=0 = 7, (c) pHt=0 = 9, (d) pHt=0 = 11 in 
the complexing buffer 2, θ = 40 °C; Table S3: LOQ of Lithium in %; Table S4: LOQ of Nickel in %; 
Table S5: LOQ of Cobalt in %; Table S6: LOQ of Manganese in %; Table S7: LOQ of Iron in %; Table 
S8: LOQ of Aluminum in µmol·cm−2 
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