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All-solid-state lithium ion batteries (ASS-LIBs) are promising due
to their safety and higher energy density as compared to that
of conventional LIBs. Over the next few decades, tremendous
amounts of spent ASS-LIBs will reach the end of their cycle life
and would require recycling in order to address the waste
management issue along with reduced exploitation of rare
elements. So far, only very limited studies have been conducted
on recycling of ASS-LIBS. Herein, we investigate the recycling of

the Li7La3Zr2O12 (LLZO) solid-state electrolyte in a LiFePO4/LLZO/
Li4Ti5O12 system using a hydrometallurgical approach. Our
results show that different concentration of the leaching
solutions can significantly influence the final product of the
recycling process. However, it was possible to recover relatively
pure La2O3 and ZrO2 to re-synthesize the cubic LLZO phase,
whose high purity was confirmed by XRD measurements.

Introduction

The consumption of lithium ion batteries (LIBs) has significantly
increased mainly due to incredibly fast-growing portable
electronics and e-mobility industry. In this respect, we are on
track to produce millions of tons of spent LIBs that are on the
verge of their cycle life. By recycling the spent LIBs, we can
manage the battery waste as well as preventing/reducing
damages to the environment due to extraction of precious
elements used to manufacture LIBs. Obviously, a battery has a
perfect elemental composition to refabricate the same battery
again. As yet, less than 5% of LIBs are recycled,[1] whereas, for
example, lead-acid batteries are almost fully recycled.[2] Fortu-
nately, several research studies have recently been performed
on recycling of conventional LIBs (with liquid electrolytes) at
laboratory scale with a main focus on recycling of the metal
elements of the current collectors (Cu and Al) as well as the

cathode materials such as LiCoO2 (LCO),[3] LiNi0.8Mn0.1Co0.1O2

(NMC),[4] and LiFePO4 (LFP).[5]

It is expected that in the near future, all-solid-state lithium
ion batteries (ASS-LIBs) will enter the market of the energy
industry since they offer higher safety and energy density[6] as
compared to conventional LIBs. However, most of the studies
about recycling of LIBs are devoted to conventional liquid-
based electrolyte LIBs, while little attention has been paid to
recycling of new emerging ASS-LIBs.[7] Among these, the
recycling of sulfide-based ASS-LIBs (e.g., Li jLi6PS5Cl jLiCoO2)

[8]

and oxide-based ASS-LIBs such as LLZO (Li7La3Zr2O12)
[9] have

been reported.
Oxide-type Li-ion conductors have extensively been studied

in the context of solid-electrolytes for LIBs due to their safety
(non-flammable and non-toxic) and stability (from chemical,
thermal and electrochemical aspects).[6b,10] Among them, garnet-
type LLZO seems to be one of the most promising solid-state
electrolyte for ASS-LIBs,[11] since it is chemically stable towards
metallic Li and hence allows for the direct use of Li as a
negative electrode and also provides a very high ionic
conductivity in the order of 10� 3 Scm� 1 at room temperature.[12]

Therefore, it is plausible that, in the future, LLZO might become
a widely used solid Li-ion conductor to make solid electrolytes,
a kind of solid separator (as a thin layer) or a filler within a
polyethylene oxide (PEO) matrix (composite electrolytes)[13] to
improve the chemical stability of other solid-state electrolytes.
In this respect, investigations on recycling of LLZO in the
context of ASS-LIBs are necessary. In case of recycling of LLZO
used as the filler within composite electrolytes, the organic PEO
component can be removed by either dispersing the mixture in
a heavy liquid like 1,1,2,2-tetrabromoethane and allowing for
the physical separation of LLZO from the organic PEO due to its
higher density or by the thermal treatment of the composite
electrolytes to remove the organic PEO component (PEO
decomposes at temperatures above 320–330 °C),[14] which has
previously been followed by removing the organic binder
(polyvinylidene fluoride (PVDF)) used in cathode composites.[15]
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After this initial step, the recycling of LLZO can be carried out
further.

Theoretically, recycling of LLZO by a hydrometallurgical
approach appears simple: the garnet-type LLZO is somehow
dissolved, then different elements will be extracted upon alkali
precipitation at different pH levels, and finally Li could be
recovered by a substitution reaction (e.g., using Na2CO3 to
substitute Na and Li and form Li2CO3) at sufficiently high pH
levels.[9] However, from a practical point of view, it is not as
simple as it seems: First of all, apart from the solid electrolyte, a
full cell of an ASS-LIB contains cathode material, anode material,
binder, an electron conductor such as graphite and current
collectors. This makes the system highly complex. Moreover, in
most cases, the precipitation in alkaline media results in co-
precipitation of different metal elements and further separation
steps are required that may significantly increase the complex-
ity of the recycling process. Recently, research has focused on
the use of organic acids for the recycling. However, such acids
are suited for recycling of electrode components,[16] whereas
strong inorganic acids are needed for leaching and dissolution
of stable electrolyte like LLZO. Finally, the products may not be
obtained in useful forms and further treatments (e.g., calcina-
tion) are required to convert them into forms that can be
further used to re-produce the desired compounds. Therefore,
in a hydrometallurgical recycling process, it is important to
select a suitable leaching/precipitation environment to make
the recycling process as economically efficient as possible.

In this work, LLZO is recycled by hydrometallurgical
methods within a cell consisting of LiFePO4 (LFP) and Li4Ti5O12

(LTO) as cathode and anode materials, respectively. The main
focus of the study is to recycle the LLZO solid electrolyte within
such a complex system by recovering La and Zr, preferably in
form of pure La2O3 and ZrO2. Therefore, several leaching/
precipitation scenarios have been investigated for the recycling
processes. This study should help to improve our understanding
on the dissolution/precipitation behavior of the different
components of the system, which can also be adapted to other
similar cases.

Results and Discussion

Acid Leaching – Alkali Precipitation

To understand the effect of the concentration of the acidic
solution, the (selective) leaching processes of the LFP/LLZO/LTO
mixture have been performed at three different conditions
according to the concentration of the HCl solution (from very
high to low concentrations). A summary of the leaching/
precipitation processes and the obtained products in each case
will be discussed in the following. It should be taken into
consideration that the electrochemical cells were made without
any housing, casing and current collectors to reduce the
complexity of the system. However, in real-case scenarios, the
issue of impurities arising from battery casing and current
collectors is a challenge. In this respect, two strategies are
usually followed for the recycling of conventional LIBs with

liquid electrolyte.[17] The first one would be using a pyrometal-
lurgical approach without any pretreatment, which results in
evaporation/decomposition of certain parts (e.g., plastic parts,
binder, liquid electrolyte, etc.) and formation of a molten
mixture of different metals and a slag.[18] The second strategy
would be dismantling of the housing, plastic cables, current
collectors and so on, and then using hydrometallurgical
methods to recover the metals.[17,19] Clearly, for all-solid-state
batteries, there is a lack of well-stablished industrial state-of-
the-art of the casing, housing, current collectors and so on,
making it a challenge to be investigated in detail in current
recycling studies. However, the authors think that the case
elaborated in this article can be considered as a first approx-
imation to the scenario of a dismantled cell. In addition, the
authors assume that trace impurity metals from the use of Cu
and Al as current collectors (which would be the most likely
impurities transferred within a dismantling process due to
direct contact to the electrodes) might behave similar to Fe
during the treatment processes used. To avoid any confusion,
an ID number is assigned to each product after the leaching/
precipitation processes (see Table S1, Supporting Information,
for details).

Leaching Using High Concentration HCl with pH<0.2

In the first leaching/precipitation process, the LFP/LLZO/LTO
mixture has been subjected to a selective leaching in HCl
solution with pH<0.2. Figure 1a provides an overview about
the leaching/precipitation processes and the obtained products.
It should be taken into consideration that all of the mentioned
products were obtained after calcinating the precipitates. These
observations reveal that �85 wt% of the powder mixture
dissolved in the acidic solution, while a small fraction was left
undissolved in form of a black powder (mainly consisting of Zr,
phosphate and Ti ions), which later was collected by a filter (see
Figure 2). To recover the dissolved ions within the filtered
solution, an adequate amount of NaOH was added to increase
the pH level. Simultaneously, a small quantity of H2O2 was used
to oxidize Fe2+ to Fe3+ and assist to form the precipitate. The
final products after the acid leaching/alkali precipitation are
shown in Figures 1b–d and also summarized in Table 1 (for the
detailed weights of each product, see Table S1).

By adding NaOH (+H2O2) to the filtered solution (previously
leached at pH<0.2), the first precipitate formed at a pH level of
4.0. According to Table 1 and Figure 2b, the obtained recyclate
(after calcination at 1000 °C) at this step contains �65 wt% of
ZrO2.

The obtained zirconium oxide is a mixture of monoclinic
and tetragonal modifications of ZrO2 (Table 1). The other
35 wt% belong to perovskite-type La2/3TiO3 and Fe2TiO5 (Fig-
ure 2). In fact, at this step, almost half of the total Zr has been
extracted in form of ZrO2 (recovered Zr moles per 1.0 g of the
initial mixture: 8.89×10� 4 mol; total available Zr moles in 1.0 g
of the initial mixture: 1.88×10� 3). However, the co-existence of
Ti and Fe in the recovered ZrO2 is not desirable for the purpose
of recycling of LLZO. Nevertheless, it is worth noting that most
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of the extractable Ti was also extracted in this step (the amount
of Ti-related phase, which were obtained in further steps, was
marginal as compared to what was obtained here).

In the next step, the second product forms at the pH level
of around 6 up to pH 11. The product phase at this step
contains mainly La2O3 (�75 wt%), while the pyrochlore phase
of La2Zr2O7 has also been detected with a weight percent of
�14%. This phase is not problematic during the recycling of
LLZO, since it can easily be converted to LLZO at temperatures
higher than 1000 °C.[20] However, together with La2O3 and
La2Zr2O7, some amount of Fe in form of LaFeO3 can be observed
(Figures 1c and 2 and Table 1) which can be a source of
impurity (due to Fe) when it comes to recycling of LLZO.

By leaching the mixture using such highly concentrated HCl,
only a small amount of the mixture sample was left undissolved
(�0.07 g per 1.0 g of the mixture (Table S1 and Figure 2)). The
XRD measurements suggest that the undissolved powders
contain mostly Zr and phosphate, since mainly Zr2P2O9 (Zr2O-
(PO4)2) and LiZr2(PO4)3 could be detected after calcination (see
Figures 1d and 2 and Table 1). Only a small fraction of Ti could
be extracted in form of TiO2 (rutile and anatase) during this
step. The results obtained here reveal that leaching the LFP/
LLZO/LTO mixture in a solution with pH<0.2 does not serve to
recover the desired precursor materials such as ZrO2 or La2O3

with acceptable purity (due to co-precipitation of Fe and Ti
along La and Zr). For this reason, it was not used further in the
recycling of LLZO.Figure 1. (a) Flow chart of the acid leaching/alkali precipitation process in

HCl (for leaching) with pH<0.2; XRD patterns of recovered products (b) after
alkali precipitation at pH 4.0 (P01_01), (c) after alkali precipitation at pH 6–11
(P01_02), (d) on filter which were undissolved during acid leaching (P01_03).
All recovered products were calcinated at 1000 °C for 12 h before XRD
measurement. For a better presentation, an ID has been assigned to each
pattern, which can be seen in left down of each pattern by red letter.

Figure 2. (a) Relative weight fraction of the products and each phase within
different products after acid leaching/alkali precipitation process at HCl (for
leaching) with pH<0.2. All recovered products were calcined at 1000 °C for
12 h
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Leaching with HCl Solution pH=1.0

Here, the mixture of LFP/LLZO/LTO has been first leached in a
HCl solution with a pH of 1.0 (less concentrated than the
previous leaching process with pH<0.2). Then, the undissolved
powders were leached once more using a more concentrated
HCl solution (pH<0.2, see Figure 3a).

In this leaching/precipitation process, 86 wt% of the
obtained products were formed in the first leaching/precipita-
tion process (P02_01 and P02_02 in Figure 3a), according to
Table S1 and Figure 4. Therefore, in the first leaching step in the
solution with pH 1.0, most of Zr and all of La were dissolved in
the solution. Over the alkali precipitation Zr, P, Fe and only a
small fraction of La tend to precipitate at lower pH values of
around 4–5, while at higher pH levels, mainly La precipitates
(see Figures 3b,c and 4 and Table 2). In fact, during the alkali
precipitation at pH values of 4–5, a combination of 56 wt%
ZrO2 (with tetragonal and monoclinic structures), 25 wt%
perovskite LaFeO3 and 18 wt% LaPO4 phases formed after
calcination (P02_01 phase in Figure 3, relative weight percen-
tages can be found in Table 2).

It is important to note that the perovskite phase of LaFeO3

can easily be washed out by a relatively low concentrated
hydrochloric acid such as 0.01 m HCl (as can be seen in
Figure 3b). Thus, we can obtain ZrO2 with a purity close to
80 wt% (Figure 4). Further washing of the ZrO2 product even in

more concentrated acids (e.g., 5 m H2SO4 at 80 °C) did not serve
to remove LaPO4. EDX measurements (in Table 3) confirmed
that no remarkable amount of Fe could be detected after
washing the powders (P02_01). However, some P and La have
been found through the EDX measurement, which is due to
existence of the LaPO4 phase. Note that the average atomic
percentages of La (�17 at.%, see Table 3) is less than that of P (
�25 at.%, see Table 3). This may suggest that a small amount
of phosphate is present as an amorphous phase which cannot
be detected by XRD, while the rest formed the LaPO4 phase.

The next fraction of the precipitates was observed after
increasing the pH of the solution from 6 up to 11 (Figure 3a).
XRD measurements (Figure 3) suggest that high-purity
La2O3 has been formed at this step (after calcination). EDX
results in Table 3 also confirm that this product mainly consists
of La with marginal Fe, Ti, Zr and P impurities. However, some
noticeable Al can also be found (Table 3) which is due to the
fact that Al has previously been used as a dopant (as a cubic
structure stabilizer) for preparing the initial cubic LLZO.[21] Co-
precipitation of Al and La would be of interest, since this Al can
be incorporated into the LLZO structure during the sintering
process of making recycled cubic LLZO.

The rest of the powders which were not dissolved in the
leaching solution (pH=1.0) was subjected to the second
leaching step (Figure 3a) in a concentrated HCl solution with a
pH lower than 0.2. It is worth noting that most of Zr and La had

Table 1. A summary of obtained phases at different steps of acid leaching/alkali precipitation using concentrated HCl (pH<0.2) for leaching. The data has
been extracted from the Rietveld refinement of the respective XRD patterns.

Phase Space group Lattice parameters
[Å]

wt%

After alkali precipitation at pH 4.0 (P01_01) ZrO2_Tetragonal P42/nmc a=3.581(1),
c=5.181(1)

38

ZrO2_Monoclinic P121/c1 a=5.126(1),
b=5.173(1),
c=5.309(1),
β=98.99(1)°

26

LaTiO3 Pm-3 m a=3.879(1) 21
Fe2TiO5 Bbmm a=9.789(1),

b=9.984(1),
c=3.722(1)

14

After alkali precipitation at pH 6–11 (P01_02) La2O3 P-3 m1 a=3.936(1),
c=6.133(1)

75

La2Zr2O7 Fd-3 m a=10.815(1) 14
LaFeO3 Pm-3 m a=3.843(1) 11

Undissolved during acid leaching (after calcination) (P01_03) Zr2P2O9 I12/m1 a=10.257(1),
b=6.592(1),
c=10.025(1),
β=95.39(1)°

64

LiZr2(PO4)3 P121/n1 a=8.886(1),
b=8.962(1),
c=12.405(2),
β=89.67(2)°

12

ZrO2_Tetragonal P42/nmc a=3.586(1),
c=5.205(1)

7

ZrO2_Monoclinic P121/c1 a=5.101(2),
b=5.206(3),
c=5.336(3),
β=98.67(3)°

6

TiO2_Rutile P42/mnm a=4.602(1),
c=2.971(3)

7

TiO2_Anatase I41/amd a=3.790(1),
c=9.544(2)

5
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already been extracted during the previous step. Therefore,
only �15 wt% of the final products (see Figure 4 and Table S1)
originate from the second leaching step (P02_03 and P02_04 in
Figure 3). Most of the powders could not be dissolved over the
second leaching and were collected on the filter paper. Then,
they formed mainly TiO2 (�55 wt%), but also LiZr2(PO4)3 (
�25 wt%) and ZrO2 (�21 wt%) (P02_04 in Figures 3e and 4)
once the undissolved (in the second leaching step) powders
were calcined. For recovery of the dissolved particles (in the
second leaching at pH<0.2), the pH of the acidic solution was
increased up to 8.0 (no precipitate formed over increasing the
pH higher than 8.0) and then the precipitates were calcined at
1000 °C (note that only �4 wt% of the final products are the
result of this process; see Figure 4). The XRD measurements and
Rietveld refinements show that the product of this step consists
of �39 wt% monoclinic ZrO2, 30 wt% La2/3TiO3 and the
remaining 31 wt% are a cubic phase with a space group Fm-
3 m and a lattice parameter of a=4.861(1) Å. The closest match
to this phase was found to be cubic ZrO2. However, cubic ZrO2

can normally be observed below its melting point (2800 K) up

to 2640 K.[22] Moreover, the lattice parameter of the obtained
cubic phase strongly deviates from pure cubic ZrO2 found in
the literature (4.861(1) Å (Table 2) versus 5.145(8) Å found in
Ref. [23]). The structure of this cubic phase seems to be more
similar to the fluorite-type structure rather than rock salt.
Therefore, we hypothesize that Ti was incorporated into ZrO2

and stabilized the structure to make a fluorite-type (ZrTi)O4

phase. This could explain the reduction of the lattice parameter
of this cubic phase compared to cubic ZrO2.

[24]

Leaching with HCl Solution pH=2.0

Leaching the mixture of LFP/LLZO/LTO in a low-concentration
HCl solution with a pH of 2.0 results in dissolving mainly La and
Fe. In fact, by alkali precipitation at pH levels in the range of 4–
5 (after leaching at pH 2.0), co-precipitation of Fe and La is
indicated from the formation of perovskite LaFeO3 after
calcination (Figure 5b, f and Table 4). Furthermore, a small
amount of Fe2O3 (�10 wt%) formed together with LaFeO3

(Figures 5b, 5 f and Table 4). The majority of the LaFeO3 phase
has a lattice parameter of 3.903(1) Å; however, two minor
fractions of LaFeO3 could also be detected in the XRD patterns
with different lattice parameters of 3.871(1) Å and 3.835(1) Å,
respectively (see Table 4). Note that the LaFeO3/Fe2O3 product
(P03_01) amounts to only 6 wt% of the total obtained products,
while �51 wt% belong to La2O3 (P03_02 in Figure 6, Table S1).
Upon increasing the pH from 6 to 11, mainly La would
precipitate, whose oxide La2O3 can be detected by XRD after
calcinating the precipitates at this pH level. The purity of the
recovered La2O3 seems to be very high according to the
Rietveld analysis of the XRD data shown in Figure 5c. Only one

Figure 3. (a) Flow chart of the acid leaching/alkali precipitation process using
HCl (for leaching) with pH=1.0; XRD patterns of recovered products (b) after
alkali precipitation at pH 4–5 (P02_01), (c) after alkali precipitation at pH 6–
11 (P02_02), (d) after second leaching at a pH<0.2 and precipitation at pH
up to 8.0 (P02_03), (e) on filter, which were undissolved during the acid
leaching processes (P02_04). All recovered products were calcinated at
1000 °C for 12 h before XRD measurement. For a better presentation, an ID
has been assigned to each pattern, which can be seen in left down of each
pattern by red letter.

Figure 4. Relative weight fraction of the products and each phase within
different products after acid leaching/alkali precipitation process at HCl (for
leaching) with pH=1.0. All recovered products were calcined at 1000 °C for
12 h.
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low intensity reflection (marked by * in Figure 5c) could be
detected which is not related to La2O3.

However, the EDX analysis presented in Table 5 confirms
that the formed La2O3 has a very high purity (weight fraction of
La �99%).

Following this strategy, all of the extractable lanthanum and
most of iron could be extracted. The next step was to try to
extract Zr. Therefore, the undissolved powders were leached
once again in a stronger acid with a pH level of 1.2. After
leaching the mixture, the filtered solution was subjected to
alkali precipitation by adding sufficient amount of NaOH to
increase the pH up to 5.0.

The products (P03_03) after calcination of the precipitates
include mostly ZrO2 (about 83 wt%). In addition, a zirconium
phosphate phase (�10 wt%) and Fe2TiO5 (�7 wt%) could also
be detected by XRD (Figures 5d and 6 and Table 4). The purity
of the obtained ZrO2 (mainly monoclinic) is considerable (
�83 wt%). Nevertheless, the whole products at this stage was
determined to be only 28 wt% of the total products that

formed in the whole acid leaching/alkali precipitation process
(Figure 6, Table S1). In fact, still some noticeable amount of Zr
was left un-extracted within the undissolved powder.

Finally, the undissolved powder after the second leaching
step has been calcined, which has a portion of �14 wt%
(Figure 6, Table S1) as compared to other products in the
leaching/precipitation process described in Figure 5a. As ex-
pected, Ti was only partially dissolved in the previous leaching
steps and therefore, almost 50 wt% of the undissolved powder
(after calcination) is TiO2 in rutile and anatase modifications
(Figures 5e and 6 and Table 4). The rest of the products at this
step (P03_04) are 34 wt% of LiZr2(PO4)3 and 17 wt% of ZrO2

(tetragonal) phases, as shown in Figures 5e and 6 and Table 4.

Efficiency of the Acid Leaching/Alkali Precipitation Processes

Here we will briefly compare the previously stated leaching
experiments (at pH<0.2, pH=1.0 and pH=2.0; details can be

Table 2. A summary of obtained phases at different steps of acid leaching/alkali precipitation using HCl with pH=1.0) for leaching. The data has been
extracted from the Rietveld refinement of the XRD patterns.

Phase Space group Lattice parameters
[Å]

wt%

After first alkali precipitation at pH 4.0 (P02_01) ZrO2_Tetragonal P42/nmc a=3.596(1),
c=5.189(1)

40

ZrO2_Monoclinic P121/c1 a=5.150(1),
b=5.200(1),
c=5.316(1),
β=99.106(4)°

16

LaFeO3 Pm-3 m a=3.918(1) 25
La2PO4 P121/n1 a=6.847(1),

b=7.080(1),
c=6.517(1)
β=103.323(6)°

18

After first alkali precipitation at pH 6–11 (P02_02) La2O3 P-3 m1 a=3.936(1),
c=6.133(1)

75

After second alkali precipitation at pH 8.0 (P02_03) ZrO2_Monoclinic P121/c1 a=5.144(1),
b=5.191(1),
c=5.316(1),
β=99.215(4)°

39

La2/3TiO3 Pm-3 m a=3.876 30

ZrTiO4_Tetragonal
P42/nmc a=3.586(1),

c=5.205(1)
7

Undissolved during acid leaching (after calcination) (P01_03) ZrO2_Monoclinic P121/c1 a=5.101(2),
b=5.206(3),
c=5.336(3),
β=98.67(3)°

6

TiO2_Rutile P42/mnm a=4.602(1),
c=2.971(3)

7

Table 3. The results of EDX analysis on the product after first leaching in a HCl solution with pH=2.0 and precipitated at pH pH 6–11 (P03_02). The products
were calcinated at 1000 °C prior to measurements.

Alkali precipitation pH range Al� K P� K Ti� K Fe� L Zr� L La� L

4–5
(P02_01) after HCL wash

Average wt% 0.288 10.13 0.186 0 64.127 25.256
wt% error �0.02 �0.186 �0.132 0 �1.221 �0.397
Average atomic % 1.304 25.665 0.327 0 55.268 17.434
Atomic% error �0.07 �0.473 �0.233 �1.096 �0.247

6–11
(P02_02)

Average wt% 2.433 0.071 0.402 0.239 0.076 96.779
wt% error �0.068 �0.071 �0.148 �0.053 �0.286 �0.658
Average atomic % 11.198 0.278 1.043 0.522 0.10.3 86.856
Atomic% error �0.313 �0.289 �0.383 �0.118 �0.392 �0.59
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found in Figures 1a, 3a and 5a, respectively) and determine
which process has a higher efficiency towards making high-
purity La2O3 and ZrO2. From the results reported in the previous
sections, it can be concluded that lanthanum and iron tend to
dissolve even in less concentrated HCl, while zirconium,
phosphate and titanium mainly dissolve in concentrated
solutions (pH�1.0). Furthermore, carbon (added for improving
the electronic conductivity) does not significantly dissolve in
the acidic solutions due to its hydrophobic nature.[25] It is
expected that PVDF has been washed out by acetone (each
intermediate product was washed with acetone prior to
calcination, as discussed in the Experimental Section). Likewise,
the solubility of PVDF (added as a binder) in the examined
solutions is expected to be negligible since HCl is not to be
known for dissolving PVDF.[26]

Phosphate tends to dissolve in the solution at a pH level of
around 1.0. In fact, through leaching the mixture in a solution
with a pH=1.0, most of the phosphate phase can be dissolved
in the solution and form LaPO4 after calcination (Figure 3).
However, considering the products from leaching the LFP/
LLZO/LTO (milled) powder mixture at concentrated HCl solution

(pH<0.2), it can be concluded that the phosphate phase stayed
mainly undissolved and was converted to Zr2P2O7 (Zr2O(PO4)2)
and LiZr2(PO4)3 during calcination, while no other phosphate-
related phase(s) could be detected after the precipitation step
of the filtered solution (see Figure 1). On the other hand, the
concentration of HCl at pH=2.0 seems not to be high enough
to leach phosphate (Figure 3). This was unexpected, since
previous studies reported that an HCl solution at pH 2.0 could
dissolve LFP and that the dissolved phosphate could be
recovered as FePO4.

[27] This may arise due to altered solubilities
in complex systems. In this respect, the solubility of [PO4]

3� is
further influenced by the availability of other ions, for example
La3+, which can form additional precipitates such as LaPO4. This
shows that recycling processes should be considered in the
context of the real complex system (e.g., LFP/LLZO/LTO), in
which different elements may affect each other’s solubility
through co-precipitation. Nevertheless, a phosphate (Zr2+x-
(PO4)3) phase could be formed once the undissolved powders
were further leached for the second time by a solution with a
pH of around 1.0 (see Figure 5).

Table 6 provides a summary about the total moles of
recovered elements versus their expected moles per 1.0 g of
the mixture. Note that the data are referring to the recovery of
the elements in any form and not within a specific composition
(e.g., ZrO2 or La2O3). As can be seen in Table 6, the highest
recovery of La and Zr of 82 wt% and 87 wt%, respectively, can
be found for the leaching of the mixture in a solution with a
pH 1.0. Furthermore, almost 77 wt% of La and Zr could be
recovered upon leaching the mixture in a concentrated HCl
solution with a pH<0.2. The least recovery of La and Zr
(56 wt% and 62 wt%, respectively) was observed when the
mixture was leached in a HCl with pH=2.0.

Figure 5. (a) Flow chart of the acid leaching/alkali precipitation process using
HCl with pH=2.0 for leaching; XRD patterns of recovered products (b) after
alkali precipitation at pH 4–5 (P03_01), (c) after alkali precipitation at pH 6–
11 (P03_02), (d) after second leaching at a pH=1.2 and precipitation at pH
up to 5.0 (P03_03), (e) on filter which were undissolved during the acid
leaching processes (P03_04); (f) relative weight fraction of each phase. All
recovered products were calcined at 1000 °C for 12 h before XRD measure-
ment. For a better presentation, an ID has been assigned to each pattern,
which can be seen in left down of each pattern by red letter.

Figure 6. Relative weight fraction of the products and each phase within
different products after acid leaching/alkali precipitation process at HCl (for
leaching) with pH=2.0. All recovered products were calcined at 1000 °C for
12 h.
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We emphasize that the elemental loss here could be
attributed to a combination of several reasons such as sticking

of the powders to the reaction beaker, filter paper and crucible
(during calcination), loss during weighing steps, and, finally,

Table 4. A summary of obtained phases at different steps of acid leaching/alkali precipitation using HCl solution with pH=2.0 for leaching. The data has
been extracted from the Rietveld refinement of the XRD patterns.

Phase Space group Lattice parameters
[Å]

wt%

After first alkali precipitation at pH 4–5
(P03_01)

LaFeO3

(3 fractions)
Pm-3 m a=3.903(1) (Fraction 1)

a=3.871(1) (Fraction 2)
a=3.835(1) (Fraction 3)

90

Fe2O3 (Hematite) R-3cH a=5.022 (1),
c=13.703 (1)

10

After first alkali precipitation at pH 6–11 (P03_02 La2O3 P-3 m1 a=3.937(1),
c=6.133(1)

100

After second alkali precipitation at pH 5.0 (P03_03) ZrO2_Monoclinic P121/c1 a=5.134(1),
b=5.175(1),
c=5.320(1),
β=98.990(4)°

39

ZrO2 (Tetragonal) P42/nmc a=3.608(9),
c=5.109(26)

4

Zr2+x(PO4)3, x�0.4 R-3cH a=8.855(1),
c=22.845(3)

10

Fe2TiO5 Bbmm a=5.134(1),
b=5.175(1),
c=5.320(1)

7

Undissolved during acid leaching (after calcination) (P01_03) TiO2 (Rutile) P42/mnm a=4.603(1),
c=2.971(3)

27

TiO2 (Anatase) I41/amd a=3.791(1),
c=9.551(3)

22

ZrO2 (Tetragonal) P42/nmc a=3.574(1),
c=5.208(3)

17

LiZr2(PO4)3
(3 fractions)

R-3cH a=8.837(1),
c=22.224(3)
(fraction 1)
a=8.798(2),
c=21.347(3) (fraction 2)
a=8.866(1),
c=21.615(5)
(fraction 3)

34

Table 5. The results of EDX analysis on the product after first leaching in a HCl solution with pH=2.0 and precipitated at pH pH 6–11 (P03_02). The products
were calcinated at 1000 °C prior to measurements.

Al� K P� K Ti� K Fe� L Zr� L La� L

Average wt% 0.081 0.086 0.481 0.214 0 99.084
wt% error 0.028 0.085 0.124 0.053 0 0.625
Average atomic % 0.406 0.379 1.365 0.516 0 97.243
Atomic% error 0.142 0.373 0.35 0.125 0 0.613

Table 6. Total recovery of each element at different leaching process (pH<0.2, pH=1.0 and pH=2.0), which is extracted from the phase quantification of
XRD patterns. The error of the reported Recovered (%) is less than 3% for all of the recovered elements.

Recovered elements
La Zr P Fe Ti

Leaching in a concentrated HCl solution
(pH<0.2)

Total recovered moles per 1.0 g of mix-
ture

2.17E� 03 1.44E� 03 3.03E� 04 3.69E� 04 4.06E� 04

Expected moles per 1.0 g of mixture 2.82E� 03 1.88E� 03 4.37E� 04 4.37E� 04 7.58E� 04
Recovered (%) 77 76 69 84 54

Leaching in HCl solution with pH=1.0 Total recovered moles per 1.0 g of mix-
ture

2.31E� 03 1.63E� 03 3.41E� 04 2.91E� 04 5.38E� 04

Expected moles per 1.0 g of mixture 2.82E� 03 1.88E� 03 4.37E� 04 4.37E� 04 7.58E� 04
Recovered (%) 82 87 78 67 71

Leaching in HCl solution with pH=2.0 Total recovered moles per 1.0 g of mix-
ture

1.61E� 03 1.16E� 03 2.29E� 04 2.33E� 04 4.51E� 04

Expected moles per 1.0 g of mixture 2.85E� 03 1.88E� 03 4.37E� 04 4.37E� 04 7.58E� 04
Recovered (%) 56 62 52 53 60
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incomplete precipitation from the solution. Nevertheless, since
all the three leaching/precipitation processes have been
performed as similar as possible, the different amounts of loss
in the different processes are assumed to be arising mainly
from un-precipitated particles (left dissolved in the solution).-
From the data in Table 6, it can be concluded that leaching the
mixture in an HCl solution with a pH of around 1.0 would not
only serve to recover the highest amount of La and Zr (as
compared to other leaching conditions), but also paves the way
to recover La2O3 and ZrO2 (Figure 3) with a significantly reduced
amount of Ti and Fe impurities. In this respect, it is assumed
that making recycled LLZO based on the recovered ZrO2 and
La2O3 from the process, in which the mixture was leached in a
solution with a pH=1.0, would provide LLZO with considerable
purity.

Reformation of Cubic LLZO

The Effects of Precursors and Leaching Process on the Purity of
LLZO

In the previous sections, we have shown that it is in principle
possible to extract La2O3 and ZrO2 from the complex mixture of
LFP/LLZO/LTO. However, the purity of the recovered com-
pounds was different at various leaching procedures. Never-
theless, we used the recovered products of La2O3 and ZrO2 to
re-form the LLZO phase according to the following Equation (1):

7 Li2CO3 þ 3 La2O3 þ 4 ZrO2 ! 2 Li7La3Zr2O12 þ 7 CO2 "
½28� (1)

Therefore, P01_01, P02_01 and P03_03 (as a source for ZrO2)
were mixed with P01_02, P02_02 and P3_02 (as a source for
La2O3), respectively, to form LLZO. Since this article aims to
address the recovery of the heavy elements instead of Li, which
has been described in literature before,[27b] the required Li2CO3

has been added from an external source. Further, extraction of
such low amount of Li in form of Li2CO3 (corresponds to �0.26–
0.52 g) as a common method[5b,27b,29] is not likely within the
current experimental conditions due sufficient solubility of
Li2CO3 in aqueous solutions (about 1.08 g per 100 mL and
0.69 g per 100 mL at 40 °C and 100 °C, respectively)[30] as well as
fairly low efficiency (less than 70%) of the recovery process
using Na2CO3 [Eq. (2)].[31]

2 Liþ þ Na2CO3 ! Li2CO3 # þ2 Naþ (2).

We found that cubic LLZO could be formed using the
recovered La2O3 and ZrO2 in all three cases (corresponding to
three different leaching procedures). However, the purity of
cubic LLZO significantly differed for different leaching scenarios,
which is mainly due to the amount of Ti/Fe impurities. Figure 7a
shows the XRD pattern of the recycled LLZO using the La2O3

and ZrO2 precursors obtained from the leaching process at
pH<0.2 (P01_01 and P01_02). The results reveal that the
product contains only about 18 wt% of cubic LLZO (Figure 8)
and �29 wt% of the pyrochlore La2Zr2O7 phase. The formation

of the pyrochlore phase is due to the instability of LLZO at high
temperatures originating from loss of lithium due to it high
volatility at high sintering temperatures leading to decomposi-
tion of LLZO[32] and has been previously reported in several
studies.[33] However, La2Zr2O7 can be converted to LLZO upon
availability of sufficient Li sources[21c] and La2O3. After all, the
majority of the product compound consisted of a perovskite
phase, which is believed to be La(1� x/3)Fe1� xTixO3 phase with×
close to 0. This conclusion could be drawn according to the
lattice parameters of the obtained perovskite phase, which
were found to be a=5.5426(13) Å, b=5.5420(9) Å, c=

7.8251(12) Å (Pbnm space group, Table S4) which are very close
to the lattice parameters of pure LaFeO3 (a=5.5540(1) Å, b=

5.57677(38) Å, c=7.8591(9), Pbnm space group).[ 34] Finally, an
unidentified phase was also observed (marked by * in Figure 7a)
in the XRD pattern of the recycled LLZO which most likely is a
Ti-rich phase since Ti was present as an impurity in the
recovered ZrO2 (see P01_01 pattern in Figure 1ba that was used
to recycle LLZO.

The lowest amount of impurities in the recycled LLZO was
detected once the La2O3 (P02_02 in Figure 3) and ZrO2 (P02_01
in Figure 3) precursors were recovered from leaching in an
acidic solution with a pH of 1.0 (following the process described

Figure 7. XRD patterns and Rietveld refinements of recycled LLZO using the
recovered La2O3 and ZrO2 from different leaching processes (a) at
concentrated acidic condition (pH<0.2; (P01_01) and (P01_02) were used as
the precursors); (b) at pH=1.0, ((P02_01) and (P02_02) were used as the
precursors); (c) pH=2.0, ((P03_02) and (P03_03) were used as the
precursors).

Figure 8. Relative weight fraction of the recycled LLZO as compared to other
products at each leaching scenario (pH<0.2, pH=1.0, and pH=2.0).
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in Figure 3). This was predictable and arises from the fact that
the recovered La2O3 was relatively phase-pure (see Figure 3c)
and no major Fe or Ti impurities could be detected in the
recovered ZrO2 (see Figure 3a). In this respect, no Ti- or Fe-
containing phases could be found in LLZO, which was recycled
using the mentioned La2O3 and ZrO2 (see Figure 7b). Further-
more, after the recycling process, the cubic LLZO phase is
dominant (�70 wt%, see Figure 8), while only �22 wt% of the
product consist of La2Zr2O7 (see Figure 8). As previously
discussed, La2Zr2O7 is not considered to be a challenge, since it
can simply be converted to cubic LLZO. Finally, approximately
7 wt% of La2Li0.5Al0.5O4 could also be detected in the XRD
pattern of the recycled LLZO. The production of this phase
during synthesis of LLZO has previously been reported and is
suggested to originate from the alumina crucible.[35] Although
no other major impurities could be detected by XRD, traces of P
(�5 wt%) have been found by the EDX measurements
(Table S5). However, no phosphate-related phase(s) could be
detected in the XRD pattern (Figure 7b), probably due the
amorphous nature of such phase(s). It is also worth noting that
the lattice parameter of the recycled LLZO (12.9688(1) Å,
Table 7) is very close to that of the original LLZO (12.9567(3) Å,
Table 7), suggesting that no major ion has been incorporated
into the unit cell of the recycled LLZO. Furthermore, no
considerable amount of Ti or Fe impurities could be detected
by EDX (Table S5).

Figure 7c shows the XRD pattern of the recycled LLZO using
recovered La2O3 (P03_02) and ZrO2 (P03_03) at pH=2.0
described in Figure 5. According to the Rietveld quantitative
analysis, the product consists of roughly 40 wt% cubic LLZO
and 33 wt% pyrochlore La2Zr2O7 phase as depicted in Figure 8.
The recycled product is significantly less pure compared to the
LLZO that was recycled using the recovered products originat-
ing from leaching at pH 1.0. This is mainly due to existence of
significant amounts of impurities of Fe and Ti within the
recovered precursors (see Figure 5). This resulted in formation
of perovskite phase of La(1� x/3)Fe1� xTixO3 (�20 wt%, Figure 8)
together with the recycled cubic garnet-type LLZO and
pyrochlore La2Zr2O7 phase. The lattice parameters of this La(1� x/

3)Fe1� xTixO3 phase can be found in Table S4 (a=5.5811(4) Å, b=

5.5572(5) Å, c=7.8545(7) Å, Pbnm), showing that the composi-
tion is more close to LaFeO3, while some B-sites may have been
occupied by Ti atoms since the lattice parameters slightly differ
from LaFeO3 found in the literature.[34] Such an occupation of
the B-sites results in a change in the lattice parameters.[36] The
last phase found in the XRD pattern of the recycled LLZO
(precursors obtained upon leaching at pH 2.0) is a tetragonal

phase with a space group of I4/mmm. From the overall
scattered intensity, it is estimated that this phase has a
maximum relative weight fraction of �7% (Figure 8).

Optimizing the Purity of Cubic LLZO

So far, we have shown that LLZO can be recycled; however, the
best results with respect to purity of the LLZO were obtained
for the case that the precursors were recovered from leaching a
mixture of ball-milled LFP/LLZO/LTO in HCl solution with a pH
level of 1.0 (Figures 7 and 8). As can be seen in Figures 7b and
8, the major impurity was determined to be the pyrochlore
phase of La2Zr2O7 (La2+xZr2� xO7� x/2). The formation of this phase,
which can result in a reduction of the ionic conductivity,[11,37]

can be assigned to Li loss during the sintering step.[28] Never-
theless, the pyrochlore phase may be converted into LLZO by
providing a sufficient excess amount of Li and La2O3 sources
and high enough sintering temperatures.[28] This is the strategy
that we followed in order to further improve the purity of the
recycled LLZO (precursors were recovered from leaching
process at pH=1.0). Figure 9a provides the XRD patterns of the
recycled LLZO with respect to the excess amount of Li2CO3

content (a sufficient amount of La2O3 was added according to
the stoichiometry of LLZO in each case), showing that
increasing the amount of excess Li2CO3 results in reduction of
the relative amount of the La2Zr2O7 phase. However, adding too
big an excess of Li2CO3 (e.g., 200%) leads to a reaction of Li
with the crucible and formation of LiAlO2 phase (Figure 9a). The
highest purity of the cubic LLZO phase (�90 wt%) was
obtained when a 50 wt% excess Li2CO3 was used to recycle
LLZO (Figure 9b and Table 8). By only adding 30 wt% excess,
the purity is �87 wt% (Table 8), which is only slightly lower. For
both samples, the impurity phase was mainly pyrochlore
La2Zr2O7 (�11 wt% and �8 wt% for 30 wt% and 50 wt%
excess Li2CO3, respectively). A marginal �2 wt% La2Li0.5Al0.5O4

could also be detected in each case (see Table 8). Nevertheless,
such a mixture of LLZO (about 90 wt% purity) is known to be
able to provide sufficiently high ionic conductivity (
�0.3 mScm� 1).[38]

Conclusion

In this study, we investigated the recycling of LLZO by hydro-
metallurgical approaches in the context of a complex cell
system of LFP/LLZO/LTO. The main focus of the study lies on

Table 7. A comparison between the lattice parameter of the original LLZO and the recycled LLZO phases, which were synthesized based on the recovered
La2O3 and ZrO2 obtained from different leaching processes. The lattice parameters were extracted from the XRD data by Rietveld refinement.

pH of the leaching solution Space group a parameter
[Å]

Original LLZO Ia-3d 12.9567(3)
Recycled LLZO <0.2 Ia-3d 12.9791(3)

1 Ia-3d 12.9688(1)
2 Ia-3d 12.9725(1)
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the recovering of La2O3 and ZrO2 as pure as possible and, by
that, reproducing cubic garnet-type LLZO solid electrolyte from
the recovered materials. The results reveal that LLZO and LFP
are not stable even in weakly concentrated HCl solution (pH=

2.0), while LTO is quite stable in more concentrated HCl
solutions (pH=1.0) and can be (partially) dissolved only in very
concentrated HCl solutions (pH<0.2). Furthermore, in such a
complex system, co-precipitation of the compounds, which

contain different elements, is a challenge to overcome in order
to recover desired compositions with high purity. For instance,
iron tends to co-precipitate with lanthanum upon leaching in
weakly concentrated HCl solutions, which results in formation
of perovskite LaFeO3 after calcination. The other example is co-
precipitation of zirconium, lanthanum, iron and phosphate at
the same time when leaching the mixture at pH=1.0, leading
to formation of ZrO2 with impurities of LaFeO3 and LaPO4. It is
worth noting that the LaFeO3 phase can easily be removed by a
further acid-washing step. Therefore, these steps may have to
be repeated further to improve the element separation.
However, separation of these phases is not always that simple
and usually requires further treatments. Nevertheless, upon
leaching the mixture at pH�1.0, high-purity La2O3 could be
obtained. Furthermore, using an HCl solution with a pH level of
1.0 seems to be the most suitable condition to obtain La2O3 and
ZrO2 with a purity high enough to recover a high purity re cubic
LLZO phase.

In summary, the hydrometallurgical method is a strong and
cost-efficient technique to recycle LLZO even in a complex
system. It should be taken into great consideration, that one
important target of ASS-LIBs is to use Li-metal as the negative
electrode and by that increasing the potential window. There-
fore, it is less likely to have such a complex oxide system (LFP/
LLZO/LTO) in practical cases. However, the aim of the present
study was to improve our understanding of the system from a
recycling point of view in order to adapt the findings to other
ASS-LIB systems. This might be of special importance for all-
solid-state batteries, when it comes to cradle-to-cradle design
through using the battery waste as the feed for production of
new batteries.

Experimental Section

Preparation of the Starting Materials

LLZO Electrolyte: Cubic LLZO solid electrolyte has been synthesized
by solid-state reactions adopted from the literature.[28,39] To stabilize
the cubic structure of LLZO, Al has been incorporated into LLZO to
end up with a composition of Li6.25Al0.25La3Zr2O12.

[21b] Therefore,
stoichiometric amounts of powder Li2CO3 (Alfa Aesar 99%), La2O3

(Alfa Aesar 99.9%), ZrO2 (Alfa Aesar 99%) and Al2O3 (Alfa Aesar
99.9%) were mixed and ball milled in presence of isopropanol for
18 h at a rotational speed of 250 RPM. Note that Li2CO3 has been
used 20% in excess. Moreover, La2O3 and Al2O3 were dried at 800 °C
for 12 h and then weighted inside an Ar-filled glovebox (99.999%)
prior to mixing. In the next step, the mixture has been calcined at
900 °C for 12 h under air followed by an intermediate milling under

Figure 9. (a) XRD patterns of the recycled LLZO using different excess
amounts (10%–200%) of Li2CO3 with La2O3 and ZrO2 precursors obtained
from leaching at pH 1.0; (b) XRD pattern and refinement of the recycled
LLZO using 50% excess of Li2CO3 and the same precursors. For a better
depiction, the calculated pattern for La2Li0.5Al0.5O4 has not been shown in
part (b) due its very low overall intensity.

Table 8. Relative weight fraction of each phase within the recycled LLZO samples in respect to different excess amount of Li2CO3. The La2O3 and ZrO2

precursors were obtained from leaching a mixture of LFP/LLZO/LTO in HCl solution with pH=1.0 (according to Figure 3). The data is obtained from Rietveld
refinement of the XRD patterns of the respective recycled LLZO samples.

Excess Li2CO3 Obtained phases [wt%]

LLZO-cubic Pyrochlore-type phase La2Li0.5Al0.5O4

10 70 22 7
30 87 11 2
50 90 8 2
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Ar at 500 rpm for 3 h without any intermediate breaking. Finally,
the powders were sintered at 1100 °C for 10 h.

LFP Cathode Material: Carbon-coated LFP (LiFePO4/C) was synthe-
sized by solid-state reactions according to the literature.[40] Stoichio-
metric ratios of Li2CO3 (Alfa Aesar 99%), iron(III) citrate hydrate
(FeC6H5O7.xH2O, Alfa Aesar FeIII 16.5–20%; FeII max 5%) and
ammonium dihydrogen phosphate (NH4H2PO4, Alfa Aesar 98%)
were mixed by ball milling (for 18 h at 150 rpm and no
intermediate breaking) using acetone as a dispersant agent. The
mixture was then heated at 300 °C for 3 h under air followed by
heating at 750 °C for 12 h under Ar (flow rate 0.5 SLM) with
intermediate hand grinding. The obtained carbon-coated LFP was
then mixed with PVDF (Sigma Aldrich, average molecular weight of
534,000), carbon black (dried at 190 °C for 48 h) and as-synthesized
LLZO to make the LFP cathode composite material. The weight
ratios considered to be LFP/C: 40%, LLZO: 40%, PVDF: 10% and C:
10%. The mixture was then milled for 2 h at a rotational speed of
120 rpm under an Ar atmosphere (the milling vial was filled inside
an Ar-filled glovebox).

LTO Anode Material: LTO (Li4Ti5O12) was prepared by solid-state
synthesis based on the literature:[41] Li2CO3 (Alfa Aesar 99%) and
TiO2 (Alfa Aesar 99.9%) were mixed in stoichiometric ratios (Li2CO3

was used in an excess of 10%) by ball milling (500 rpm for 12 h
using isopropanol as a dispersing agent and without any
intermediate breaking). The mixture was then calcined at 800 °C for
8 h under air. To prepare the anode composite material, as-
synthesized LTO was mixed with as-synthesized LLZO, PVDF and C
in a weight ratio of LTO: 40%, LLZO: 40%, PVDF: 10% and C: 10%.
Finally, the mixture was milled for 2 h under Ar (the vial was filled
inside an Ar-filled glovebox) at a rotational speed of 120 rpm.

LFP/LLZO/LTO Mixture: To make the desired mixture, first a large
pellet (d=31.90 mm, h=2.78 mm) made from three powder layers
of LFP/LLZO/LTO was uniaxially pressed together using a pressure
of 15 tons for 10 min followed by an isostatic pressing by 700 kN
for 90 s. The total weight of the pellet was measured to be �10 g;
however, the LLZO solid electrolyte was determined to amount to
almost 80% of the total mass of the sample (the details of the
weight ratios of the anode, cathode, electrolyte, PVDF binder and
conductive carbon are listed in Table 9). Such a larger weight ratio
of LLZO was found to be typical when it comes to building up
stable all-solid-state batteries using LLZO as the solid electrolyte.[42]

Next, the pellet was pulverized by ball milling at a rotational speed
of 500 rpm for 12 h under Ar. The XRD pattern of the final ball
milled mixture as compared to as-synthesized LFP, LLZO and LTO
compounds can be found in Figure S1. It is worth mentioning that
in all of the milling operations, ZrO2 vials and balls have been used.

Note that, to avoid local increase in temperature during milling
operations, the ball milling step were done for 10 min milling
intervals followed by 20 min intermediate breaking between each
milling interval unless stated otherwise.

Leaching/Precipitation Processes

The final LFP/LLZO/LTO mixture made by ball milling of the battery
pellet (as described in the previous section) was leached in
hydrochloric acid at different pH levels according to Figures 1 to 5.
The HCl leaching agent was selected based on a modified process
described in Ref. [27b] and due its flexibility to treat the LTO and
LFP.[43] To make the appropriate leaching solution, HCl (37%,
supplied by Roth) was mixed with deionized water (supplied by
house) to obtain the desired pH. We would like to emphasize that
though HCl is a very corrosive acid, making its use for large scale
processes more challenging, the leaching of very stable oxides such
as LLZO and LTO calls for using such strong acids over weak but
more environmentally friendly leaching agents such as organic
acids, which have been used for recycling of electrode materials
previously.[44] Throughout the experiments, the pH values were
measured by a digital pH meter (Seven2Go pH/mV S2, pH accuracy
�0.01, temperature range 0–100 °C). The pH meter was calibrated
by four buffer solutions with pH levels of 4.01, 7.00, 9.21 and 10.01,
before every set of experiment. All the leaching processes were
done at 80 °C for 6 h. Before pouring the powder mixture into the
leaching solution, the solution was kept at 80 °C for some time to
ensure that the temperature was homogenous throughout the
solution. The weight of the sample (mixture of LFP/LLZO/LTO) was
considered to be between 1–2 grams for each leaching process;
however, the ratio between volume of the solution to the weight of
the sample was kept constant (200 mL solution for 1 g of the
mixture). The leaching processes were done under permanent
rotation of a magnetic stirring bar.

After each leaching step, the solution was filtered using VWR
qualitative filter paper 303 (particle retention 5–13 μm). The leftover
powder on the filter paper (undissolved) was then further leached
or calcined according to the flow charts depicted in Figures 1 to 5.
The filtered solutions were subjected to alkali precipitation by
adding sufficient amount (to adjust the desired pH level) of 1 m to
8 m NaOH solution (supplied by Merck) at room temperature under
permanent rotation of a magnetic stirring bar. Normally, 1 to 2 mL
of hydrogen peroxide (H2O2 35% supplied by Roth) was added to
the solution during alkali precipitation. The pH of the solution was
increased until formation of a stable precipitate and then the
solution was filtered. After filtration, the pH level of the solution
was further increased by further alkali precipitation to form the
next stable precipitate. This process was repeated to reach a pH
level of 11. In each case, the precipitates were calcined mainly at
1000 °C for 12 h under air. This helps to reform oxides of each
element (e.g. La2O3, ZrO2, etc.) well crystallized and free of
carbonates, making the obtained products suitable for reproducing
the all-oxide starting materials. It is worth noting that, prior to each
calcination, the intermediate products were washed with distilled
water to remove any traces of probable NaCl (expected to be
formed during HCl leaching/NaOH precipitation processes) followed
by washing with acetone.

Acknowledgements

This work has been funded by German federal state of Hessen
(Hessen Agentur, HA-Project Number 848/20-08). The authors
would like to acknowledge Prof. Jürgen Janek and Dr. Simon
Burkhardt for scientific discussions about this project. Peter A.
van Aken acknowledges funding support from the European
Union’s Horizon 2020 research and innovation program under
Grant Agreement No. 823717 - ESTEEM3. The authors acknowl-
edge support by the Deutsche Forschungsgemeinschaft (DFG –

Table 9. The weight ratios of LFP/LLZO/LTO for making a sample pellet.

Compound Weight [g] wt%

LLTO 8.0078 79
LTO 0.7035 7
LFP 0.6969 7
PVDF 0.3515 3
C 0.3498 3
Total weight 10.10949

ChemistryOpen
Research Article
doi.org/10.1002/open.202100274

ChemistryOpen 2022, 11, e202100274 (12 of 13) © 2022 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 02.03.2022

2203 / 237285 [S. 70/71] 1



German Research Foundation) and the Open Access Publishing
Fund of Technical University of Darmstadt.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: all-solid-state lithium-ion batteries · circular
economy · hydrometallurgy · Li7La3Zr2O12 · recycling

[1] M. Jacoby, Chem. Eng. News 2019, 97.
[2] L. Gaines, Sustain Mater Techno 2014, 1–2, 2–7.
[3] a) H. Nie, L. Xu, D. Song, J. Song, X. Shi, X. Wang, L. Zhang, Z. Yuan,

Green Chem. 2015, 17, 1276–1280; b) B. Wang, X.-Y. Lin, Y. Tang, Q.
Wang, M. K. H. Leung, X.-Y. Lu, J. Power Sources 2019, 436, 226828; c) Y.
Gao, Y. Li, J. Li, H. Xie, Y. Chen, J. Alloys Compd. 2020, 845, 156234; d) S.
Zhou, Y. Zhang, Q. Meng, P. Dong, Z. Fei, Q. Li, J. Environ. Manage. 2021,
277, 111426.

[4] a) D. Pant, T. Dolker, Waste Manage. 2017, 60, 689–695; b) W. Xuan, A.
Otsuki, A. Chagnes, RSC Adv. 2019, 9, 38612–38618; c) J. Jegan Roy, M.
Srinivasan, B. Cao, ACS Sustainable Chem. Eng. 2021, 9, 3060–3069.

[5] a) J. Chen, Q. Li, J. Song, D. Song, L. Zhang, X. Shi, Green Chem. 2016, 18,
2500–2506; b) W. Wang, Y. Wu, Resour. Conserv. Recycl. 2017, 127, 233–
243; c) L. Li, Y. Bian, X. Zhang, Y. Yao, Q. Xue, E. Fan, F. Wu, R. Chen,
Waste Manage. 2019, 85, 437–444.

[6] a) F. Zheng, M. Kotobuki, S. Song, M. O. Lai, L. Lu, J. Power Sources 2018,
389, 198–213; b) J. B. Goodenough, P. Singh, J. Electrochem. Soc. 2015,
162, A2387–A2392; c) M. J. Du, K. M. Liao, Q. Lu, Z. P. Shao, Energy
Environ. Sci. 2019, 12, 1780–1804.

[7] L. Azhari, S. Bong, X. Ma, Y. Wang, Matter 2020, 3, 1845–1861.
[8] D. H. S. Tan, P. Xu, H. Yang, M.-c. Kim, H. Nguyen, E. A. Wu, J.-M. Doux, A.

Banerjee, Y. S. Meng, Z. Chen, MRS Energy Sustainability 2020, 7, E23.
[9] L. Schwich, M. Küpers, M. Finsterbusch, A. Schreiber, D. Fattakhova-

Rohlfing, O. Guillon, B. Friedrich, Metals 2020, 10, 1523.
[10] W. Zhao, J. Yi, P. He, H. Zhou, Electrochem. Energy Rev. 2019, 2, 574–605.
[11] D. Rettenwander, Chem 2019, 5, 1695–1696.
[12] Z. Zhang, Y. Shao, B. Lotsch, Y.-S. Hu, H. Li, J. Janek, L. F. Nazar, C.-W.

Nan, J. Maier, M. Armand, L. Chen, Energy Environ. Sci. 2018, 11, 1945–
1976.

[13] A. I. Waidha, T. Ferber, M. Donzelli, N. Hosseinpourkahvaz, V. Vanita, K.
Dirnberger, S. Ludwigs, R. Hausbrand, W. Jaegermann, O. Clemens, ACS
Appl. Mater. Interfaces 2021, 13, 31111–31128.

[14] G. Gordon Cameron, M. D. Ingram, M. Younus Qureshi, H. M. Gearing, L.
Costa, G. Camino, Eur. Polym. J. 1989, 25, 779–784.

[15] Y. Wang, N. An, L. Wen, L. Wang, X. Jiang, F. Hou, Y. Yin, J. Liang, J.
Energy Chem. 2021, 55, 391–419.

[16] L. Li, E. Fan, Y. Guan, X. Zhang, Q. Xue, L. Wei, F. Wu, R. Chen, ACS
Sustainable Chem. Eng. 2017, 5, 5224–5233.

[17] G. Harper, R. Sommerville, E. Kendrick, L. Driscoll, P. Slater, R. Stolkin, A.
Walton, P. Christensen, O. Heidrich, S. Lambert, A. Abbott, K. Ryder, L.
Gaines, P. Anderson, Nature 2019, 575, 75–86.

[18] F. Arshad, L. Li, K. Amin, E. Fan, N. Manurkar, A. Ahmad, J. Yang, F. Wu,
R. Chen, ACS Sustainable Chem. Eng. 2020, 8, 13527–13554.

[19] D. J. Garole, R. Hossain, V. J. Garole, V. Sahajwalla, J. Nerkar, D. P. Dubal,
ChemSusChem 2020, 13, 3079–3100.

[20] X. Zhang, J. W. Fergus, ECS Trans. 2016, 72, 133–137.
[21] a) T. Thompson, J. Wolfenstine, J. L. Allen, M. Johannes, A. Huq, I. N.

David, J. Sakamoto, J. Mater. Chem. A 2014, 2, 13431–13436; b) C. Im, D.
Park, H. Kim, J. Lee, J. Energy Chem. 2018, 27, 1501–1508; c) E.
Rangasamy, J. Wolfenstine, J. Sakamoto, Solid State Ionics 2012, 206, 28–
32.

[22] P. Bouvier, E. Djurado, G. Lucazeau, T. Le Bihan, Phys. Rev. B 2000, 62,
8731–8737.

[23] Z. Q. Xue, Y. Q. Guo, Adv. Mater. Res. 2014, 936, 181–186.
[24] G. Bayer, J. Am. Ceram. Soc. 1970, 53, 294–294.
[25] A. Kozbial, F. Zhou, Z. Li, H. Liu, L. Li, Acc. Chem. Res. 2016, 49, 2765–

2773.
[26] a) J. E. Marshall, A. Zhenova, S. Roberts, T. Petchey, P. Zhu, C. E. J.

Dancer, C. R. McElroy, E. Kendrick, V. Goodship, Polymers 2021, 13, 1354;
b) L. Malmonge, L. Mattoso, Polym.-Plast. Technol. Eng. 1995, 36, 245–
249.

[27] a) Y. Huang, G. Han, J. Liu, W. Chai, W. Wang, S. Yang, S. Su, J. Power
Sources 2016, 325, 555–564; b) F. Larouche, F. Tedjar, K. Amouzegar, G.
Houlachi, P. Bouchard, G. P. Demopoulos, K. Zaghib, Materials 2020, 13,
801.

[28] G. Liu, T. Li, Y. Xing, W. Pan, IOP Conf. Ser.: Mater. Sci. Eng. 2019, 678,
012150.

[29] X. Zheng, Z. Zhu, X. Lin, Y. Zhang, Y. He, H. Cao, Z. Sun, Engineering
2018, 4, 361–370.

[30] A. Seidell, W. F. Linke, Solubilities of Inorganic and Organic Compounds: A
Compilation of Solubility Data from the Periodical Literature, Van
Nostrand, 1952.

[31] N. Chen, E. Zhou, D.-p. Duan, X.-m. Yang, Korean J. Chem. Eng. 2017, 34,
2748–2755.

[32] H. Geng, K. Chen, D. Yi, A. Mei, M. Huang, Y. Lin, C. Nan, Rare Met. 2016,
45, 612–616.

[33] a) S. A. Yoon, N. R. Oh, A. R. Yoo, H. G. Lee, H. C. Lee, J. Korean Ceram.
Soc. 2017, 54, 278–284; b) J. Sakamoto, E. Rangasamy, H. Kim, Y. Kim, J.
Wolfenstine, Nanotechnology 2013, 24, 424005; c) Y. Zhang, D. Luo, W.
Luo, S. Du, Y. Deng, J. Deng, Electrochim. Acta 2020, 359; d) A. Paolella,
W. Zhu, G. Bertoni, S. Savoie, Z. Feng, H. Demers, V. Gariepy, G. Girard, E.
Rivard, N. Delaporte, A. Guerfi, H. Lorrmann, C. George, K. Zaghib, ACS
Appl. Energ. Mater. 2020, 3, 3415–3424.

[34] C. Gökhan Ünlü, M. Burak Kaynar, T. Şimşek, A. Tekgül, B. Kalkan, Ş.
Özcan, J. Alloys Compd. 2019, 784, 1198–1204.

[35] Y. Cao, Y.-Q. Li, X.-X. Guo, Chin. Phys. B 2013, 22, 078201.
[36] a) Ł. Łańcucki, A. Mizera, A. Łącz, E. Drożdż, M. M. Bućko, P. Pasierb, J.

Alloys Compd. 2017, 727, 863–870; b) C. Sasikala, N. Durairaj, I. Baskaran,
B. Sathyaseelan, M. Henini, E. Manikandan, J. Alloys Compd. 2017, 712,
870–877.

[37] M. Kotobuki, K. Kanamura, Y. Sato, T. Yoshida, J. Power Sources 2011,
196, 7750–7754.

[38] M. Botros, R. Djenadic, O. Clemens, M. Möller, H. Hahn, J. Power Sources
2016, 309, 108–115.

[39] W. Xia, B. Xu, H. Duan, Y. Guo, H. Kang, H. Li, H. Liu, ACS Appl. Mater.
Interfaces 2016, 8, 5335–5342.

[40] J. Gim, J. Song, D. Nguyen, M. Hilmy Alfaruqi, S. Kim, J. Kang, A. K. Rai, V.
Mathew, J. Kim, Ceram. Int. 2014, 40, 1561–1567.

[41] S. L. Liu, X. J. Zhao, R. M. Ren, Adv. Mater. Res. 2011, 391–392, 369–372.
[42] J. van den Broek, S. Afyon, J. L. M. Rupp, Adv. Energy Mater. 2016, 6.
[43] F. Larouche, G. P. Demopoulos, K. Amouzegar, P. Bouchard, K. Zaghib,

in: Extraction 2018 (Ed. B. Davis), Springer, Switzerland, Cham, 2018, pp.
2541–2553.

[44] P. Meshram, A. Mishra, Abhilash, R. Sahu, Chemosphere 2020, 242,
125291.

Manuscript received: November 24, 2021
Revised manuscript received: January 29, 2022

ChemistryOpen
Research Article
doi.org/10.1002/open.202100274

ChemistryOpen 2022, 11, e202100274 (13 of 13) © 2022 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 02.03.2022

2203 / 237285 [S. 71/71] 1

https://doi.org/10.1039/C4GC01951B
https://doi.org/10.1016/j.jpowsour.2019.226828
https://doi.org/10.1016/j.jallcom.2020.156234
https://doi.org/10.1016/j.jenvman.2020.111426
https://doi.org/10.1016/j.jenvman.2020.111426
https://doi.org/10.1016/j.wasman.2016.09.039
https://doi.org/10.1039/C9RA06686A
https://doi.org/10.1021/acssuschemeng.0c06573
https://doi.org/10.1039/C5GC02650D
https://doi.org/10.1039/C5GC02650D
https://doi.org/10.1016/j.resconrec.2017.08.019
https://doi.org/10.1016/j.resconrec.2017.08.019
https://doi.org/10.1016/j.wasman.2019.01.012
https://doi.org/10.1016/j.jpowsour.2018.04.022
https://doi.org/10.1016/j.jpowsour.2018.04.022
https://doi.org/10.1149/2.0021514jes
https://doi.org/10.1149/2.0021514jes
https://doi.org/10.1039/C9EE00515C
https://doi.org/10.1039/C9EE00515C
https://doi.org/10.1016/j.matt.2020.10.027
https://doi.org/10.3390/met10111523
https://doi.org/10.1007/s41918-019-00048-0
https://doi.org/10.1016/j.chempr.2019.06.017
https://doi.org/10.1039/C8EE01053F
https://doi.org/10.1039/C8EE01053F
https://doi.org/10.1021/acsami.1c05846
https://doi.org/10.1021/acsami.1c05846
https://doi.org/10.1016/0014-3057(89)90044-X
https://doi.org/10.1016/j.jechem.2020.05.008
https://doi.org/10.1016/j.jechem.2020.05.008
https://doi.org/10.1021/acssuschemeng.7b00571
https://doi.org/10.1021/acssuschemeng.7b00571
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1021/acssuschemeng.0c04940
https://doi.org/10.1002/cssc.201903213
https://doi.org/10.1149/07207.0133ecst
https://doi.org/10.1039/C4TA02099E
https://doi.org/10.1016/j.jechem.2017.10.006
https://doi.org/10.1016/j.ssi.2011.10.022
https://doi.org/10.1016/j.ssi.2011.10.022
https://doi.org/10.1103/PhysRevB.62.8731
https://doi.org/10.1103/PhysRevB.62.8731
https://doi.org/10.4028/www.scientific.net/AMR.936.181
https://doi.org/10.1111/j.1151-2916.1970.tb12109.x
https://doi.org/10.1021/acs.accounts.6b00447
https://doi.org/10.1021/acs.accounts.6b00447
https://doi.org/10.1016/j.jpowsour.2016.06.072
https://doi.org/10.1016/j.jpowsour.2016.06.072
https://doi.org/10.3390/ma13030801
https://doi.org/10.3390/ma13030801
https://doi.org/10.1088/1757-899X/678/1/012150
https://doi.org/10.1088/1757-899X/678/1/012150
https://doi.org/10.1016/j.eng.2018.05.018
https://doi.org/10.1016/j.eng.2018.05.018
https://doi.org/10.1007/s11814-017-0172-4
https://doi.org/10.1007/s11814-017-0172-4
https://doi.org/10.1016/S1875-5372(16)30081-9
https://doi.org/10.1016/S1875-5372(16)30081-9
https://doi.org/10.4191/kcers.2017.54.4.02
https://doi.org/10.4191/kcers.2017.54.4.02
https://doi.org/10.1088/0957-4484/24/42/424005
https://doi.org/10.1021/acsaem.9b02401
https://doi.org/10.1021/acsaem.9b02401
https://doi.org/10.1016/j.jallcom.2019.01.047
https://doi.org/10.1088/1674-1056/22/7/078201
https://doi.org/10.1016/j.jallcom.2017.04.133
https://doi.org/10.1016/j.jallcom.2017.04.133
https://doi.org/10.1016/j.jpowsour.2011.04.047
https://doi.org/10.1016/j.jpowsour.2011.04.047
https://doi.org/10.1016/j.jpowsour.2016.01.086
https://doi.org/10.1016/j.jpowsour.2016.01.086
https://doi.org/10.1021/acsami.5b12186
https://doi.org/10.1021/acsami.5b12186
https://doi.org/10.1016/j.ceramint.2013.07.043
https://doi.org/10.4028/www.scientific.net/AMR.391-392.369
https://doi.org/10.1016/j.chemosphere.2019.125291
https://doi.org/10.1016/j.chemosphere.2019.125291

