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The solid oxide cell (SOC) technology relies on high-performance ceramics containing strategically valu-
able and critical raw materials. This study focuses on the processing of spent cell materials from fuel-
electrode-supported SOCs, demonstrating the feasibility of utilizing a significant portion of the ceramic
cell in a closed-loop system. More than 85% of the cell's initial mass was directly incorporated into sub-
strate manufacturing. The air-side perovskites were initially separated using hydrochloric acid treatment,
followed by mechanical reprocessing of the remaining half cells. The performance of the resulting full
cells containing 50 mass% recycled material in the substrate was evaluated, achieving a current density of
up to 1.14 A cm™2 at 0.7 V and 750 °C in fuel cell mode, which is comparable to that of non-recycled
counterparts. Preliminary experiments for the recovery of leached metal ions from the air electrode were
conducted using direct oxalate precipitation while examining pH dependence. Direct oxalate precipitation
proved particularly effective in the low pH range for the recovery of a lanthanum oxalate precursor with a
purity exceeding 98%. The results highlight the potential for simple and sustainable practices in SOC
technology.

1. This study demonstrates the successful reintegration of up to 50 wt% recycled material into SOC substrates without com-
promising cell performance. By enabling the direct reuse of critical raw materials like NiO, YSZ, and GDC, the work
reduces the need for virgin resources and minimizes waste. The approach emphasizes scalable, selective material recovery,
paving the way for more sustainable recycling solutions in ceramic technologies.

2. We successfully recycled over 85% of the total SOC mass in a closed-loop system. For the remaining 15%, an open-loop
recovery method achieved lanthanum oxalate recovery with a purity of 98.3%. The use of recycled materials maintained
substrate suitability and did not compromise cell performance, as evidenced by achieving a current density of 1.14 A cm™>
at 0.7 V in fuel cell mode, comparable to non-recycled cells. This demonstrates the viability of integrating recycled
materials into manufacturing processes.

3. Future research could explore a hybrid leaching approach of mineral with organic acids to minimize environmental
impact. Furthermore, a comprehensive life cycle assessment (LCA) could evaluate the environmental benefits of scaling

the process.
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1. Introduction

Hydrogen is widely recognized as a fundamental chemical
element with profound implications for the global economy. It
is also increasingly seen as a viable solution for energy conver-
sion and storage, addressing the inherent intermittency of
renewable energy sources, notably wind and solar power. In
the field of established fuel cell and hydrogen technologies,
solid oxide cells (SOCs) are emerging as a significant techno-
logy, distinguished by a number of key advantages compared
to their competitors. These include their capacity to operate at

This journal is © The Royal Society of Chemistry 2025
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elevated temperatures, thus enabling the efficient co-gene-
ration of electricity and heat, their remarkable fuel versatility,
and their proficiency in the efficient conversion of carbon-con-
taining fuels into hydrogen or syngas. SOCs are therefore
expected to play a pivotal role in driving the advancement of
the hydrogen-based economy and demonstrated, as demon-
strated by various operating systems of companies
worldwide."* However, while research and development efforts
have significantly improved the efficiency, reliability, and dura-
bility of SOCs, challenges related to long-term performance
and the reduction of costs persist.>* Ensuring cost competi-
tiveness with other energy transition technologies remains a
critical hurdle for its broad commercialization.

The manufacturing of established SOCs requires high-
quality materials such as special metals and tailored ceramics,
which are not only expensive but also limited in supply. While
the ceramic core unit represents a minor fraction of the overall
weight of the system, it still contains the most valuable raw
materials. These include several rare earth elements such as
lanthanum (La), yttrium (Y), cerium (Ce), gadolinium (Gd),
strontium (Sr), cobalt (Co), and substantial quantities of the
catalyst material nickel (Ni).” Each of these elements is classi-
fied as critical due to their occurrence and/or supply status, as
per the EU’s 2023 list of critical raw materials.® Moreover, the
extraction and production of the required raw materials often
generate significant carbon dioxide emissions, which have an
adverse impact on the environment.” Through the comprehen-
sive closure of material loops, the technology can significantly
reduce its ecological footprint. Even contentious ethical
aspects, such as working conditions in industrial cobalt
mining® are addressed and can be mitigated through the reuse
of components.

Ceramic cell recycling relies on the separation of the funda-
mental material units within the SOC system. These include
the balance-of-plant (BoP) components, metallic intercon-
nects, frames and end plates, contact materials, and finally,
the ceramic cell components themselves. The disassembly of
levelled stack components was suggested by Wright &
Rahimifard (2012) as an initial step following the system shut-
down.” More recently, Al Assadi et al (2023) provided
additional details on suitable disassembly techniques and
associated challenges.'® According to Wright & Rahimifard®
and other related studies,""™® most of the separated com-
ponents can be integrated into conventional, existing waste
streams, with the aim of maintaining the value of the product.
Nonetheless, there is still no standardization in place for
materials, components, stack design, or disassembly
strategies.

When it comes to the ceramics within SOCs in particular,
reusability and recycling are an emerging area of research with
no well-established recovery methods currently in place.
Within the framework of the EU HyTechCycling project
(2016-2019), Férriz et al. (2019) provided initial thoughts on
the recycling of various fuel cell and hydrogen technologies,
including SOCs."> Beyond covering the legislative aspects
involved and the management of hazardous materials, the
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authors proposed a potential recycling chain for all major
system components. In contrast to the BoP components and
the metallic components, it is unlikely that ceramic cells can
be separated without damage and restored for reintegration
into operational use. This is primarily attributed to the brittle
nature of the ceramic cells and the stack sealant. In addition
to potential cell breakage during disassembly, the cells
degrade during operation. Multiple factors such as the dur-
ation of operation, the operating mode (electrolysis or fuel
cell) and temperature, the gas composition and purity, internal
stresses, and material selection influence the type and extent
of degradation. End-of-use or end-of-life (EoU/EoL) cells may
therefore exhibit a range of defects in comparison to their pris-
tine counterparts. Notable reported defects include cell poi-
soning, layer delamination, cracking, oxidation, and
interdiffusion.”*"” The recycling process must therefore
demonstrate a certain tolerance to potential variations in the
condition of the input materials.

Until now, only a few studies have provided approaches for
suitable recovery methods for the SOC ceramics. Valente et al.
(2019)'® suggested the recovery of yttria-stabilized zirconia
(YSZ) through hydrothermal treatment, which was initially
developed by Kamiya et al. in 2007." The concept of hydro-
thermal-based recovery was then combined with an additional
nickel leaching step with concentrated HNOj3, as explored in a
study by Saffirio et al. (2022).”° A comparable approach was
undertaken by Yenesew et al. (2023), utilizing the recovered
YSZ powder fraction for the production of new electrolyte
material.>’ In both studies, fuel-electrode-supported cells
(FESCs) were examined, and the air-side perovskite layer was
manually removed by scraping/polishing before the actual
recovery process commenced. An alternative mechanical
removal of the air-side perovskites was successfully demon-
strated by Kaiser et al. (2023).”* In addition to the recycling of
YSZ and nickel, Benedetto Mas et al. (2022) made suggestions
for the recovery of lanthanum and cobalt, which is commonly
present in the perovskite fraction of the SOC.>*> These sugges-
tions rely on recovery processes applied for e-waste, battery,
and spent catalyst materials.

For the successful recycling of SOC ceramics, the process
must be cost-effective and designed for large-scale application.
A closed-loop system thus enables the reuse of the EoU/EoL
product for the same purpose, preserving its value. The pre-
viously applied concepts aim to separate not only the perovs-
kite air electrode but also the nickel, and possibly even the
gadolinium-doped cerium oxide (GDC) derived from the air-
side diffusion barrier layer as single fractions. In the terms of
reusing YSZ as an electrolyte material, precise separation is
necessary, as both, ionic conductivity and electron insulation
are significantly impaired by the presence of impurities.
Although the recovery to YSZ electrolyte material may appear
to be upcycling, it involves more processing/recovery steps and
has a lower tolerance to impurities.

The process conducted in this work is an alternative possi-
bility, which follows the concept presented in our own
studies'*** and illustrated in Fig. 1. To follow this strategy, the
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Fig. 1 Applied recycling concept for fuel-electrode-supported SOCs; (a) closed loop part and (b) open loop part of the concept.

ceramics are reprocessed into substrate material instead of
electrolyte powder, favoring several important aspects: the sub-
strate and fuel electrode of FESCs already consist of a YSZ and
nickel cermet network, accounting for approximately 80% of
the total cell weight.'”> The need for nickel separation is thus
eliminated, simplifying the process and enabling the direct
reuse of the majority of the recycled materials. Secondly, the
substrate mainly serves for mechanical support, gas distri-
bution, and electronic conduction. The presence of impurities
may therefore assume a subordinate role when located in the
substrate. In comparison to the electrodes and the electrolyte,
the microstructure of the substrate is coarse and porous.
Accordingly, the recycled powder does not require processing
into the nanometer range, eliminating the need for disaggrega-
tion via hydrothermal treatment and high-power grinding
steps. Finally, the challenge of achieving a scalable detach-
ment of the air electrode and the GDC diffusion barrier from
the remaining ceramic is addressed. Raw materials derived
from the air electrode are extracted through leaching, while
the GDC becomes an integral part of the substrate.

To summarize the concept outlined in Fig. 1, it can be
broken down into two primary segments: the closed loop and
the open loop. In the closed-loop segment, most of the
ceramic becomes reprocessed into a new sintered substrate.
Before system shutdown, the stack is flushed with air to
ensure a complete oxidation of the nickel phase. This step is
crucial, as nickel oxide serves as a raw material in cell manu-
facturing and exhibits enhanced stability when exposed to
acidic leaching agents. The air electrode is subsequently separ-
ated through ultrasonic-assisted leaching. The remaining
solids are processed into a powder, which is then integrated
into the manufacturing of the substrate. In the open-loop
segment, the components of the air electrode are restored
from the solution and can be employed for SOC or alternative
applications.

2254 | Green Chem., 2025, 27, 2252-2262

This study introduces several novel aspects, including an
evaluation of various diluted acids for the partial dissolution
of the air electrode from the full cell assembly, a detailed
investigation of the recycled powder/sintered ceramic after
each processing step, and the validation of the recycling
approach through single cell testing. Furthermore, a potential
recovery pathway for the dissolved air electrode via oxalic acid
precipitation is proposed.

2. Results and discussion

2.1. Closed-loop recovery

The closed-loop recycling process (Fig. 1a) is divided into the
chemical separation of the perovskite (section 2.1.1) and the
mechanical reprocessing steps for its incorporation into the
new substrate material, which is then validated by single-cell
testing (section 2.1.2).

2.1.1 Leaching of cell components. The air-side separation
involves comparing the leaching efficiency of LSCF using eight
different types of acids. The objective is to maximize the leach-
ing of LSCF, while ensuring the stability of YSZ, NiO, and -
preferably - GDC.

Under the investigated conditions, the YSZ fraction exhibits
the highest stability. The highest leaching efficiency for YSZ is
1.49 + 0.02%, which is observed under the most severe leach-
ing conditions with HCl (80 °C, 4 h contact time, with the
addition of 3 vol% H,0,). The GDC fraction demonstrates
stability under moderate leaching conditions. However, it also
exhibits a tendency to dissolve, particularly at elevated temp-
eratures. The highest leaching efficiency for GDC was found to
be 48.52 + 4.02% using H,SO, under the most severe leaching
conditions (80 °C, 4 h contact time, with the addition of
3 vol% H,0,). Similar to GDC, the leaching of NiO is signifi-
cantly affected by temperature. The most promising results

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Leaching efficiency of LSCF and NiO evaluated on ground full cell powder. Organic acid concentration is 2 M (exception: **succinic acid =
0.5 M), and mineral acid concentration is 6 M. Solid-to-liquid ratio is kept constant at 1:60. Error bars represent the relative standard deviation of

the powder’s heterogeneity. *RT room temperature.

were obtained by the mineral acids HCl and HNO; at room
temperature (Fig. 2). Within the range of the relative error,
LSCF leaching achieves up to 100% efficiency, while NiO leach-
ing can be minimized to 0.10-6.53 + 0.1% at the same time.
Additionally, both YSZ and GDC leaching is mitigated signifi-
cantly. When using HCI at room temperature, maximum leach-
ing of YSZ can be expected with 0.54 + 0.01%, and for GDC,
4.62 + 0.38%. When using HNO; at room temperature,
maximum YSZ leaching is 0.07 + 0.01%, and GDC leaching is
15.81 + 1.31%. On the other hand, none of the organic acids
utilized are able to dissolve LSCF sufficiently. The most favor-
able results were achieved with tartaric acid under the harshest
leaching conditions (80 °C, 4 h contact time, with the addition
of 3 vol% H,0,), reaching a maximum leaching efficiency of
48.1 = 5.1%.

For the recycling of the full cell parts, 6 M HCI was utilized
at room temperature to separate the air electrode, while all
other ceramic components, including NiO should remain
stable. After 2 h contact time, the leaching process was halted.
Table 1 presents the cell composition of cell batches 1 and 2
before and after the leaching process. Following the leaching,
LSCF traces could not be detected by ICP-OES analysis in the
remaining solid. The final composition of both cell batches is
very similar, with only a slight difference in the GDC content,
ranging from 1.4 mass% (cell batch 2) to 1.9 mass% (cell
batch 1).

2.1.2 Reprocessing of ceramics into recycled substrate/
cells. The sintered bodies that remained stable during leaching
underwent the closed-loop recovery process, including the
grinding, tape casting of the support, and ultimately, the full
cell manufacturing (Fig. 1a, step 4-6). For cell batch 1, the
solid fraction amounts to 84.5 mass% and for cell batch 2 it

This journal is © The Royal Society of Chemistry 2025

amounts to 89.3 mass% in relation to the total cell weight
before leaching. The starting powder and resulting substrate
properties from the closed-loop process are listed in Table 2.

In each case, the recycled powder/slurry/substrate is com-
pared to the pristine counterpart, which does not contain any
recyclate.

When examining the chemical composition of the pristine
raw powder and the recycled cell powder, two major differ-
ences emerge. Firstly, small quantities of the GDC barrier are
present, and secondly, the ratio of NiO to YSZ is slightly
smaller in the recycled powder. The reason for the disturbed
NiO to YSZ ratio can be attributed to the presence of the elec-
trolyte in the recycled powder, which consists solely of YSZ.
Despite adjusted leaching conditions, small amounts of nickel
oxide dissolve into the solution, while YSZ remains highly
stable.

The cell fragments were subjected to grinding to align the
particle size and the specific surface area with that of the pris-
tine raw powder. The particle size distribution is indicated by
the D10, D50, and D90 values. The D50 value is 1.44 um for
the pristine raw powder and 1.43 pm (batch 1) or 1.46 pm
(batch 2) for the recycled material, respectively. The specific
surface area is within the same order of magnitude, with the
recycled cell material showing slightly higher values, indicat-
ing minor differences in grain morphology. The viscosity data
of the standard and partially recycled slurry at an equivalent
shear rate of 10 s~ are very similar. The flow and drying be-
havior of the slurry during the tape casting process were there-
fore found to be similar, with no instances of drying defects
detected.

However, after the sintering of the green tapes, notable
differences emerge in the shrinkage behavior and the resulting

Green Chem., 2025, 27, 2252-2262 | 2255
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Table 1 Normalized chemical composition of full cells before and after leaching in 6 M HCL. Errors provided as relative standard deviation

Before leaching (mass%)

After leaching (mass%)

Cell fraction Oxide Cell batch 1 Cell batch 2 Cell batch 1 Cell batch 2
Substrate, fuel electrode, electrolyte (NiO/YSZ) Z1O, 33.24 £ 0.25 33.83 +1.30 37.51+0.80 37.55 +0.95

Y,03 3.35 +0.02 3.28 £ 0.08 3.65 +0.07 3.86 +0.12

NiO 46.90 + 0.25 51.29 +1.87 56.96 + 1.02 57.26 £1.21
Barrier layer (GDC20) CeO, 1.49 £ 0.02 0.65 + 0.04 1.47 £ 0.02 0.97 + 0.08

Gd,03 0.50 + 0.01 0.26 + 0.02 0.41 + 0.01 0.36 + 0.02
Air electrode (LSCF) La,0; 2.03 +0.02 4.80 +0.37 bdl® bdl®

SrO 1.20 +0.01 2.06 + 0.15 bdl” bdl1“

CoO 0.32 +0.01 0.72 + 0.05 bdl” bdl“

FeO 1.73 £0.01 3.11+0.24 bdl® bdl¢
Contact layer (LCC10) La,03 6.35 + 0.02 — bdl* —

MnoO, 1.33 £ 0.03 — bdl* —

CoO 1.00 = 0.01 — bdl® —

CuO 0.57 +£0.01 — bdl” —
Sum 100 100 100 100

“bdl below detection limit.

Table 2 Results on the sample properties during different states within the recycling process of two cell batches. Errors provided

deviation

as standard

Cell batch 1

Cell batch 2

Sample state Property Unit 0% recyclate 25% recyclate 50% recyclate 0% recyclate 25% recyclate 50% recyclate
Powder YSZ share mass% 40.0 41.2 41.2 40.0 41.4 41.4
NiO share mass% 60.0 57.0 57.0 60.0 57.3 57.3
GDC share mass% 0.0 1.9 1.9 0.0 1.3 1.3
LSCF share mass% 0.0 bdl® bdl* 0.0 bdl* bdl*
Particle size D10 pm 0.56 0.48 0.48 0.56 0.42 0.42
Particle size D50 pm 1.44 1.43 1.43 1.44 1.46 1.46
Particle size D90 pm 3.58 3.71 3.71 3.58 3.99 3.99
Specific surface area m*g™! 2.47 3.26 3.26 2.47 2.77 2.77
Slurry Viscosity at shear rate 10 ™" Pa's 6.1 8.4 10.8 6.6 8.6 10.8
Substrate In-plane shrinkage, lateral % 17.39+1.14 16.00 £0.40 15.11+0.68 16.81+0.77 15.06 +£2.63 15.38 £2.55
In-plane shrinkage, vertical % 17.60 + 0.37 16.52 +0.15 15.58 +0.13 17.48+0.34 16.61 £+1.37 15.37 +1.38
Porosity (oxidized) vol% 6.32+0.79 9.06 + 0.70 11.90 £1.58 6.66 +0.42 10.69 +3.5 16.23 £ 2.13
Porosity (reduced) vol% 24.74 £ 3.53 29.56 £1.99 31.85+1.51 26.73+1.44 32.85+0.84 35.37+1.04
Substrate thickness (oxidized) pm 493 + 35 509 + 5 529 +7 532 +45 514+ 6 533 +13
Substrate thickness (reduced) pm 540 + 22 503 +9 517 +4 588+ 6 527 + 24 514 + 11
NiO:YSZ ratio (oxidized) N 1.40 £ 0.03 1.37 +£0.02 1.31 £ 0.07 1.42 +0.03 1.38+0.04 1.38 £ 0.04

“bdl below detection limit.

porosity of the substrates. Incorporating recycled material into
the standard slurry is expected to reduce sintering shrinkage,
thus leading to an increase in porosity (Fig. 3). The relation-
ship between the decrease in the in-plane shrinkage (eqn (1))
and the increase in porosity (eqn (2)) can be expressed using
linear regression as follows:

Shrinkage decrease s(r) = —mr +¢

(1)
(2)

where: m is the slope of the regression line, representing the
rate of change in shrinkage/porosity with respect to the re-

Porosity increase p(r) = mr+c¢

2256 | Green Chem., 2025, 27, 2252-2262

cycling amount. r is the relative amount of pristine powder
replaced with the recycled powder. c¢ is the y-intercept of the
regression line, representing the baseline shrinkage/porosity
when no recycled material is added.

In both the powder and substrate sample states, the recycled
material exhibits similar particle shapes and sizes compared to
the pristine material. The microstructure of the recycled cermet
is defect-free, the disparity in porosity is clearly evident.
Sintering activity might be influenced due to the initial proces-
sing of the ceramic particles, resulting in less shrinkage during
the second sintering (recycling process). To address this issue,
three potential approaches might be considered. Firstly, adjust-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Sintering shrinkage (in-plane, vertical) and porosity of partially
recycled and non-recycled fuel-electrode-supported substrates and
corresponding linear fits with coefficient of determination (COD). Error
bars given as standard deviation.

ing particle size to achieve a narrower/smaller distribution might
enhance surface area and sinterability. Secondly, subjecting the
sintered bodies to an additional hydrothermal treatment after
grinding might help to separate NiO from YSZ particles, thus
further increasing the surface area.'® Finally, modifying the sin-
tering program to longer pre-sintering holding times or slightly
higher end-sintering temperatures may be beneficial. However,
such adjustments could potentially introduce drawbacks to the
microstructure evolution of the subsequent functional layers to
be applied. Conversely, an increase in substrate porosity might
enhance the transport of reactant gases to the active cell area. If
mechanical stability and electrical conductance are adequately
maintained, higher porosity could even prove beneficial.

The resulting porosity changes in the substrates are shown
in two backscattered electron images (Fig. 4), comparing the
pristine to the recycled substrates.

A rise in porosity typically results in reduced mechanical
stability, lower fracture toughness, and fracture strength due to
the initiation of cracks from pores in ceramic networks,>>>°
which is also verified in studies on SOC materials.?” This corre-

This journal is © The Royal Society of Chemistry 2025
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Standard powder & substrate

Fig. 4 Backscattered electron images of raw powders used for sub-
strate processing and resulting microstructure of substrates with 0% and
50 mass¥% recyclate by weight (cell batch 1). Both substrates shown are
sintered at 1400 °C and subsequently reduced at 900 °C in Hy/Ar.

lation was indeed also observed for the current experimental
results on the fracture strength. Table 3 presents the mechani-
cal properties of oxidized and reduced substrates with
different recycling amounts. In general, oxidized samples
demonstrate higher fracture strengths and Young’s modulus
compared to reduced ones. This is also observed for compar-
able material compositions and substrate thicknesses,”® while
fracture strain increases in the reduced state. Oxidized
samples thus tend to sustain higher stresses before fracture
but exhibit less elastic behavior. In the reduced sample state,
increasing the recycling amount tends to lead to decreased
mechanical stability, although the scattered data only provide
indications.

Fig. 5 depicts the fracture strength data based on the re-
cycling amount within the substrates. The averaged fracture
strengths for samples at elevated temperatures are distributed
within the dataset of the corresponding room temperature
samples. The absolute values for the calculated fracture
strengths are reasonable compared to similar material compo-
sitions and substrate thicknesses investigated in the
literature.>®>°

2.1.3 Full cell testing. After reduction, all cells showed a
sufficient gas tightness. The open-circuit voltage (OCV) at
800 °C in synthetic air/dry H, revealed minor leakages of
0.72% to 1.18% steam in the fuel gas. Accordingly, the differ-
ences in the OCV of the four cells were below 4 mV in the sub-
sequent tests.

In the initial 24 h stability test, none of the cells showed
any degradation, proving that there is no severe poisoning
effect introduced by impurities in the recyclate. Similar results
were found in a study by Saffirio et al. (2024),>° where half-cell
scrap was partially incorporated into substrate material. The
single-cell performance results from this study (SOFC and
SOEC mode) are summarized in Fig. 6a. The upper lines show
the SOFC current density achieved at a cell voltage of 0.7 V

Green Chem., 2025, 27, 2252-2262 | 2257
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Table 3 Mechanical properties of reduced and oxidized substrates (cell batch 1) fractured at room temperature and at 800 °C. Errors given as stan-
dard deviation, errors for Weibull modulus given in a 95% confidence interval

Temperature Mechanical property Unit 0% recyclate 25% recyclate 50% recyclate
RT? (oxidized) Fracture strength MPa 154 +31 154 +22 146 + 26
Weibull’s modulus — 4.8%,, 7.7%7 53 6.27%,,
Young’s modulus GPa 80+ 19 95 +20 93 +18
Fracture strain % 0.19 £ 0.02 0.17 £ 0.03 0.16 = 0.02
RT“ (reduced) Fracture strength MPa 113 +21 100 + 18 88+18
Weibull’s modulus — 5.5"%; ¢ 6.27%, 5 5.0%%5 5
Young’s modulus GPa 45+9 378 29+6
Fracture strain % 0.26 £ 0.04 0.28 £ 0.04 0.30 £ 0.03
800 °C (oxidized) Fracture strength MPa 182 +24 185 +31 119 +42
E-modulus GPa 85+23 95+ 14 75+18
Fracture strain % 0.22 £ 0.05 0.20 £ 0.04 0.16 £ 0.03
800 °C (reduced) Fracture strength MPa 103 +6 97 +9 79 25
E-modulus GPa 17 +3 19+4 12+5
Fracture strain % 0.64 £ 0.11 0.52 + 0.07 0.67 £ 0.07
“RT room temperature.
T T T T T T 20
[l oxidized, RT* 3 fuel: 50% H, + 50% H,0, 0.25 sim X
25051 :IReduced, RT* 7 < 415 | oxidant:air,0.25sim & e
* Average 800 °C ;’ T: varied E
— Median =" 30 '2
200 4 Mean i P 4
E W] Interquartile range, IQR 5 05 >
> 1 Lower and upper IQR-1.5 ] — ¥
= R 00 = 3
® 150 - 4 s T
] T S 05 s
7 2 T
£ = = i Standard Cell A, 0% Recyclat ==l
- +- Standard CellA, 0% Recyclate I
‘C':; 100 4 m @ _T_ § Standard Cell B, 0% Rec);/cla(e b
E A 3 15 o Recycled Cell A, 50% Recyclate &
\ @ 5 -%- Recycled Cell B, 50% Recyclate
50 Weibull‘s modulus 550 600 650 700 750 800 850 900
B
02
b) fuel: 50% H, + 50% H,0, 0.25 sim
0 £ oxidant: air, 0.25 slm
d . : J J J £ T:750°C
0 25 50 0 25 50 S o4 | o
Recyclate content (mass%) ':’E,
Fig. 5 Boxplots of the calculated fracture strength data and corres- 0 ot § \ . .
ponding Weibull's modulus for room temperature (*RT) samples and 0 o 0z Re(Z)/oda;\m 04 0% 08
average fracture strength of substrates at 800 °C. d 0.3 e
0.25 ?f;dsaon"c: alr,ZO,ZS sim -
ocv
o g 02
(positive current) and the lower array of curves show the SOEC g
current densities at 1.2 V. While the two cells with 50% recy- & o® Pia
clate show similar performance values, the standard cells 5 o Pa Paaza
reveal different performances that are both lower than the per- 0.05 /\ o
formance of the cells with 50% recyclate. Fig. 6b and c reveal il
the impedance spectra and related distributions of relaxation 100 1 10 W © 10k 100k M

times of the four cells measured at 750 °C in air/50%H, + 50%
H,0 at OCV conditions. All cells show quite similar series
resistances of 97-115 mQ cm?, proving that a sufficient con-
tacting of the 1 cm? active electrode areas was achieved and
that there is no severe impact of the recyclate on the electrolyte
conductivity. However, significant differences in the polariz-
ation resistance can be observed. Once again, the two cells
with 50% recyclate show excellent agreement, whereas stan-
dard cell B shows a much higher polarization resistance. The
distribution of relaxation times (DRT) is presented in Fig. 6c.

2258 | Green Chem., 2025, 27, 2252-2262

Fig. 6 Comparison of standard and recycled single-cell performance at
0.7 V and in the temperature range of 650-850 °C. (a) Current density
versus temperature in fuel cell and electroylsis cell mode. (b) Impedance
spectroscopy (EIS) in Nyquist plot. (c) From Fig. 6b derived distribution
of relaxation times (DRT).

The results are consistent with previous studies*"*>

that the increase in polarization resistance is related to a domi-
nant peak at ~200 Hz. This peak P,c was clearly linked to the

and reveal

This journal is © The Royal Society of Chemistry 2025
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LSCF air electrode in previous studies performed on the Jiilich
FESCs and other FESCs.**** The insufficient performance of
the air electrode is likely a consequence of the green tapes
being shaped using a cutting plotter. As a result, not all of the
cells achieved a sufficient flatness, which seemed to have an
effect on the application of the LSCF air electrode layer. The
performance of this cell should therefore not be considered
further. With respect to P;, in the DRT, a peak that is attribu-
ted to the gas diffusion in the substrate, the results are in
agreement with the determined porosities of the two different
substrates. While the standard cells exhibited a porosity of just
27%, the addition of the recyclate increased the porosity to
35%. Such an increase in porosity typically decreases the tortu-
osity, which was not determined in the microstructural ana-
lysis of these cells. As the gas diffusion polarization resistance
is proportional to the tortuosity/porosity ratio,*® the significant
decrease in the P;, peak is to be expected.

The charge transfer and coupled ionic and gas phase trans-
port in the functional layer of the fuel electrode,?® represented
by P, and P3, in the DRT, is only affected to a minor extent.
The increased values of g(f) in the range from 300 Hz to 1 kHz
are at least partly related to the regularization in the DRT cal-
culation. There seems to be at least no significant impact of
the recyclate in the substrate on the performance of the fuel
electrode functional layer. It should be noted again that this
layer was made from standard materials without any recyclate.

2.2 Open-loop recovery

The open-loop recovery (Fig. 1b) is concerned with the mixed
perovskite solution, referring to 14.5% of the entire EoU-cell
mass (cell batch 1). To consider the recovery of La from the
acidic solution, which represents the most substantial fraction
both in terms of mass and cost, oxalate precipitation emerges

View Article Online

Paper

as a favorable method. Oxalates of the rare earth elements
(REE) are highly insoluble in acidic solutions, enabling the
separation of pure products.**® However, extracting other
single-phase oxalates from solutions that contain various
metal species is challenging. The precipitation of oxalates,
whether individually or in combination, depends on factors
such as pH as well as the presence, quantity, and valence state
of the metal ion species in the solution. Transition metals like
Fe, Co, or Ni tend to form more soluble complexes, which is
contingent upon their valence.**' Through the reoxidation
step within the recycling process (Fig. 1a, step 2), the metal
ions are initially in an oxidized state. However, they can
undergo changes in their valence due to the mild reducing
properties of the oxalic acid, influencing the precipitation
point and efficiency. In order to establish a starting point for
future recovery procedures of single or multiple raw materials
from (acidic) perovskite solutions, the pH dependence of
oxalic acid precipitation was examined at constant room temp-
erature. Fig. 7 illustrates the XRD spectra of all precipitates at
distinct pH values. The reflexes are normalized to the highest
intensity observed within the diffractogram of each sample.

Given the challenges in distinguishing oxalate phase
reflexes, only major reflexes were qualitatively identified and
compared with existing literature data.*'™*® Additionally, Fig. 7
presents ICP-OES data of the solution composition, both
before the initiation of the process and after its completion,
reaching pH 10.

In the low pH range of 0-1, the formation of REE oxalates is
predominant. The recovered La oxalate hydrate at pH 0 exhi-
bits a purity of 98.3%, with primary impurities comprising
0.6% Sr, 0.5% Ce, and 0.3% Gd. This fraction represents
51.0% of the total mass of all precipitates. Up to pH 2, La
oxalate precipitation persists, accompanied by increasing

o M Srfe oxide Perovskite solution
J & pPH10(| ¥ La hydroxide
v u [ ] u =i =
A % NaSr oxalate hydrate PH pH=10
- 1o || M Sroxalate hydrate :
* 5 ° late h
v 1 - = Co oxalate hydrate
. = o 4 Nioxalate hydrate
pHg || ¥ Laoxalate hydrate
> v l : ™ ] A Ce oxalate hydrate
=
* []
J_'; * 0 k : : * * >* H3 Corresponding Element pH=0, before pH=10, after
- » l . *x *y W P cell fraction ipitation (mg) __precipitation (mg)
= * e * x| l [ lh *l’h*. *k * * iz zr 3.100.82 0.03:0.01
5 n Y 0.500.25 <0.02
b= - pH 2 NiO Ni 9.79:0.12 3.01£0.27
=
- * | ] | " Ce <30 <0.06
" A GDC
® Gd <8 <0.05
v o e pH1 la 1154 25213.60 <0.04
H VIA v Yvvy v 7§ :.v‘:? MDA sr 255.00+1.63 0.96+0.08
M "
y o - LSCFILCCT0 Co 168.88+0.98 37.74%1.20
v " v Fe 323.80+3.20 0.06:0.01
A v v pHO Cu 50.880.74 19.74+0.64
v v v v v
= NG AR VTR Mn 101.55:0.98 19.97£1.20
Sum (mg) 2067.7 815
i L L i L L L L Sum (%) - 100 3.94
10 20 30 40 50 60 70 80

2 Theta (degree)

Solution composition

Fig. 7 Normalized XRD spectra of oxalate phases recovered at different pH values (left) and macroscopic view of the perovskite solution before and
after the pH increase, along with the corresponding total ion content of the solution, determined by ICP-OES (right). Sodium is omitted from the

ICP-OES measurements, as it originates from the pH increasing agent.
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impurities of Co, Cu, Mn, Ni, and Sr. Not all impurities
detected by ICP-OES were clearly identified in the XRD diffrac-
togram. At pH 2, Sr precipitation dominates, with impurities
of Mn, La, and Na (pH-increasing agent) mostly detected via
ICP-OES. From pH 2 to 3, the formation of mixed oxalates is
observed, and Fe starts to precipitate. However, beyond this
point, the solubility of remaining metal ions in the solution
(mainly Fe, Mn, Cu, and Co) is sufficient to impede further
precipitation. In a higher pH range of 8-10 residues of Fe, Sr,
and Mn are recovered as hydroxides/oxides. The overall recov-
ery efficiency is 96.1%, which is calculated by comparing the
total ion content in the residual solution to that in the initial
solution (Fig. 7).

The delayed precipitation of Fe indicates its presence
mainly in the Fe(u) state. In contrast to the direct oxalate pre-
cipitation applied in this study, a neutralization route accord-
ing to Venkatesan et al. (2018)*° may be considered. In this
case, the insolubility of REEs up to a pH value of approxi-
mately 7.5 is harnessed. Meanwhile, all trivalent and even
some divalent impurities may be fully hydrolyzed and removed
in a low pH regime before oxalate recovery commences.

To conclude, direct oxalate precipitation might be suitable
to recover a relatively pure La oxalate phase, which can be used
as a precursor material for perovskite manufacturing. Without
any pre-treatment, the mixed oxalate phases recovered at inter-
mediate to high pH regimes are unsuitable for SOC appli-
cations. Further optimization of the open-loop recovery
process is needed, particularly in terms of pH regime, precipi-
tation temperature, and oxalic acid consumption. Due to the
advantageous molar surplus of oxalic acid in relation to pre-
cipitation yield, the recovery of oxalic acid following precipi-
tation should be considered. The recycling of the perovskite-
rich solution could therefore be linked to a suitable recovery
process of oxalic acid, for example cooling crystallization, pro-
posed by Liu et al. (2019).>°

3. Conclusion

In this study, we conducted a recycling process for fuel-elec-
trode-supported SOCs using waste material from two different
cell batches. Over 85% of the total cell material was recycled in
a closed-loop system, while for the remaining fraction (less
than 15% by mass), an initial open-loop recovery approach was
demonstrated.

Air-side separation is essential to initiate the recycling
process. Various organic and inorganic acids were tested to
dissolve LSCF while preserving the stability of YSZ, GDC, and
NiO. The most promising results were obtained using 6 M HCl
at room temperature, with a solid-to-liquid ratio of 1:5 and
2 hours of contact time. After leaching, the solid residues were
reprocessed into a new substrate, with recycling rates of up to
50% by mass. Using recycled material instead of pristine raw
powders affects sintering shrinkage to a certain extent, leading
to increased substrate porosity. Both shrinkage decrease and
porosity increase follow linear trends. In contrast to the oxi-

2260 | Green Chem., 2025, 27, 2252-2262
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dized state, where strength remains rather constant, the
mechanical strength of the reduced substrates appeared to
slightly decrease with a higher recyclate content due to increas-
ing porosity, although the substrates appear to remain suitable
for full cell manufacturing. The results of the single-cell tests
indicate that incorporating up to 50 mass% recycled material
in the substrate does not compromise cell performance.

For the open-loop recovery, oxalate precipitation seems prom-
ising due to the high concentration of dissolved La in the lea-
chate. We investigated the pH dependence of the system to
provide a starting point for future perovskite recovery. At a low
PH, the formation of La oxalate hydrate was predominant. About
51% of the total ion mass precipitated was recovered as an La
oxalate single phase with a purity of 98.3%. Other oxalates/
hydroxides were recovered as multi-phases, resulting in an
overall recovery efficiency of 96.1%. However, these mixed phases
may not be directly reusable for new perovskite synthesis.
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