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ARTICLE INFO ABSTRACT

Keywords: Effective and scalable recycling strategies for the recovery of critical raw materials are yet to be validated for
Solid ‘”‘.ide cell solid oxide cells (SOCs) technologies. The current study aimed at filling this gap by developing optimized
End-of-life recycling processes for the recovery of Yttria-stabilized Zirconia (YSZ) from End-of-Life (EoL) SOC components,
Yttria-stabilized zirconia (YSZ) L. . . . . . . . I

Recovery in view of using the recovered ceramic phase in cell re-manufacturing. A multi-step procedure, including milling,

hydrothermal treatment (HT), and acidic-assisted leaching of nickel from composite Ni-YSZ materials, has been
implemented to obtain recovered YSZ powders with defined specifications, in terms of particle size distribution,
specific surface area, and chemical purity. The overall optimized procedure includes a pre-milling step (6 h) of
the EoL composite materials, and a hydrothermal (HT) treatment at 200 °C for 4 h to further disaggregate the
sintered composite, followed by selective oxidative leaching of Ni2* by HNOj3 solution at 80 °C for 2 h. In
particular, the intermediate HT step was assessed to play an essential role in promoting the disaggregation of the
sintered powders, with a related increase of specific surface area (up to 13 m? g™!) and the overall reduction of
the primary particle aggregates. The acid-assisted leaching allowed to fully extract Nickel from the composite Ni-
YSZ powders, with retention of YSZ crystallinity and negligible loss of Zr and Y, as revealed by ICP analysis on
the recovered supernatants.

The developed multi-step pathway offers a promising strategy to recover valuable YSZ materials for the re-
manufacturing of SOCs components, with the aim to boost a circular economy approach in the field of fuel-
cell and hydrogen (FCH) technologies.

Hydrothermal treatment
Selective Ni leaching

1. Introduction

Climate change is one of the most critical issues of our time, and the
overdependence on environmentally hazardous approaches by both in-
dustry and society requires an urgent action to reduce the impact of
human activities and, in line with the Paris Agreement objective, to keep
the global temperature increase to well below 2 °C (Paris Agreement,
United Nations, 2015). Within this framework, the European Green Deal
(The European Green Deal, European Commission, 2019) sets the
foundation for a series of advanced energy policies and long-term stra-
tegies, defined in the New Circular Economy Action Plan (New Circular
Economy Action Plan, European Commission, 2020), that aims to
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achieve a carbon-neutral EU with zero-net greenhouse gas (GHG)
emissions by 2050.

Within this framework, FCH (Fuel-Cell and Hydrogen) technologies
play a crucial role in the transition towards decarbonization, being
hydrogen an energy vector that allows for local energy storage, elec-
tricity generation, heat recovery, balancing of renewable electricity
production and transport [1]. Among FCH solutions, solid oxide fuel
cells (SOFCs) and solid oxide electrolyser cells (SOECs) are jointly
referred to as solid oxide cells (SOCs). In particular, SOFCs offer an
efficient, fuel-flexible, and environmentally friendly technology [2] for
electricity production, as an alternative to fossil fuel combustion, while
SOECs offer an enhanced efficiency in water splitting to hydrogen (Hz)
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Fig. 1. Expectations for the demand of Ni and YSZ for FCH applications.

and oxygen (O2). However, despite the significant advancements ach-
ieved in the last two decades, some major challenges in the field of SOCs
technologies are still unmet and require to be addressed in order to
achieve their market breakthrough, especially in terms of life-cycle costs
[3].

The full deployment of SOCs is further hindered by the lack of effi-
cient, scalable and -cost-effective end-of-life (EoL) strategies [4],
enabling the management and valorisation of waste products derived
from stacks operation and avoiding their landfills disposal. For a tech-
nology to be entirely sustainable, in fact, waste management is as
essential as the development and application, since a reduced con-
sumption of virgin materials would also minimize the environmental
impact of the production stage [5].

SOCs consist of a dense oxygen-ion conducting electrolyte interposed
between two porous electrodes that enable gas permeation [6]. The
electrolyte can be structurally supported on either the anode or cathode
component (anode-supported [7] or cathode-supported [8] cell,
respectively, referring to SOFCs), or it can act as a structural component
itself (electrolyte-supported cell) [9]. State-of-the-art materials mostly
used in SOCs systems are YSZ (Yttria-stabilized Zirconia) as the elec-
trolyte [10], LSM/LSC (Strontium-doped Lanthanum Manganite/
Cobaltite) as the oxygen electrode [11,12] and NiO-YSZ cermet as the
fuel electrode [13], which undergoes reduction to Ni-YSZ during SOFC
operation.

As mentioned before, EoL strategies specifically conceived and
implemented for the recovery and reuse of critical and hazardous ma-
terials from exhausted SOCs are almost absent. A recent comprehensive
study by Valente et al. [4] reviewed the overall existing and novel
technologies for the recovery of valuable materials from FCH products,
including Ni, YSZ and LSC, and concluded that no EoL processes are
currently available for SOCs components. Similarly, Férriz et al. [14]
pointed out the need of addressing EoL recycling perspectives for
hydrogen technologies, and provided an overall classification of FCH
materials based on related hazardousness, scarcity and cost. According
to this classification, suitable recovery strategies for SOCs should be
explored not only for Ni and LSC as critical raw materials, but also for
YSZ, due to its related high economic value. The most common SOC cells
are constituted of roughly 90% by weight of YSZ and NiO (50/50 for
NiO/YSZ), thus the recycling of these two components would translate
into related cost-saving for manufactures and would mitigate the criti-
cality of supply on the global market, paving the way for a growing FCH
market.

According to the E4tech report [15] focused on the study of the value
chain and manufacturing competitiveness for Hydrogen and Fuel Cells

Technologies, the expectation of Ni and YSZ for FCH applications can be
estimated as illustrated below (Fig. 1).

These are significant additions to the existing requirements of the
industry, also considering that a few of the above materials are required
in growing market, from electronics to batteries for electric vehicles.

In a recent study by Mori et al. [16], the three evaluation criteria
(hazardousness, scarcity and cost) have been merged into a single score
for a preliminary evaluation of the life cycle impact (LCI) of materials
used in the most mature FCH technologies using a life-cycle assessment
(LCA) approach. Since most of SOC components are still in their
development stage, the call for a combined effort from the FCH indus-
trial sector and research institutions to implement current LCI databases
- including materials, their mass ratios in FCH technologies, exact pro-
duction processes, followed by end-of-life scenarios— clearly emerged as
a crucial need from this study.

At this stage, given the lack of well-established technologies for EoL
SOCs, recycling solutions can be adapted from other industrial sectors,
where the recovery of RREs (Rare-Earth Elements) and valuable metals
has been widely investigated for e-wastes, spent batteries, and spent
catalysts starting from the metallurgical processes used for the extrac-
tion of metals from ores [17]. The most common recovery strategies for
critical raw materials, including Ni, Co and La among others, are based
on the stirring/ultrasound-assisted leaching by using inorganic acids
such as HNO3, HCl and H,SO4 [18-27], at concentrations of about 1-2.5
M and temperatures in the range of 60-80 °C for 1-6 h, achieving >95%
extraction efficiency in most cases.

With the purpose of contributing to the definition of ad hoc EoL
strategies for SOCs, the present study focuses on the implementation of a
multi-step process aimed at recovering the YSZ phase of Ni-YSZ com-
posite materials from end-of-life (EoL) cells, dismantled from stacks
after long-time operation (ca 10,000 h).

The recycling procedure has been developed by combining and
adapting established hydrometallurgical methods, primarily consisting
of metal leaching by using inorganic acids, with a pre-treatment based
on hydrothermal (HT) technologies to enhance the disaggregation and
pulverization of sintered composite materials and the subsequent metal
leaching. In particular the selection of HT-assisted recycling strategy has
been inspired by the work of Kamiya et al. [28] focusing on the disin-
tegration of pure YSZ-based sintered ceramics into powdery particles,
aiming at their recycling to re-manufacture dense sintered bodies.

The overall recovery pathway is schematically outlined in Fig. 2 and
includes the detachment of top LSC layer, sequential milling and HT
treatments in order to disaggregate and pulverize the sintered cermet
components, followed by an oxidative selective leaching of Ni to recover
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Fig. 2. Schematic outline of the followed pathway for the recovery of YSZ from EoL SOCs.

the YSZ phase.

Given the ultimate purpose of re-using the recovered YSZ for cell
manufacturing, according to the manufacturer specifications some
acceptance criteria must be targeted by the recycled powders, con-
cerning the particle size distribution, specific surface area and chemical
purity. Therefore, an extensive physico-chemical characterization of the
powders after each step has been conducted to define the most efficient
process in terms of milling time and HT conditions (i.e. duration, tem-
perature) and to guarantee the best combination in terms of recovery
yield and overall energy/chemicals consumption.

2. Materials and methods
2.1. Multi-step recovery procedure for EoL SOCs

EoL cells were provided by Elcogen (Elcogen AS, Tallin, Estonia)
after dismantling from SOC stacks. As schematically reported in Fig. 1,

cells are composed from the bottom by a 300 pm thick NiO-YSZ (reduced
to Ni-YSZ during cell operation) electrode, 3-6 pm thick YSZ (8% mol. Y,
8YSZ) electrolyte, GDC (Gadolinium-doped Ceria) protective layer and
12 + 5 pm-thick LSC top layer electrode (https://elcogen.com/). The Ni-
YSZ (3% mol. Y, 3YSZ) composite layers represent the major component
of the considered cell, constituting its 95% wt., and it will be the focus of
the recovery pathway outlined in this study.

Given the as-received EoL cells, the top LSC layer was detached
through mechanical scratching by use of a metallic spatula, to separate
the bottom cell components. The GCD layer, together with some LSC
residues, was instead removed by using 600 and 800 grit polishing pa-
pers on a rotating polisher (Struers, LaboPol-2) provided with water
stream. The resulting half cells were then crushed into pieces of few cm?
and subsequently milled to reduce the size of the Ni-YSZ materials and
increase the exposed specific surface area (SSA). Specifically, a 250 ml
zirconia grinding bowl (Fritsch), provided with 6 grinding balls with 30
mm diameter, was placed into a planetary mono mill (FritschTM,
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a)
EDS Elemental Analysis
Before polishing After polishing
Element Atomic Element Atomic
Symbol Conc. (%) Symbol Conc. (%)
(¢) 58.77 O 27.06
Ce 10.47 Ce ND
Gd 3.69 Gd ND
Sr 3.12 Sr ND
Zr 14.30 Zr 17.36
Ni 6.90 Ni 52.78
Y 2.16 Y 1.51

b)

Sustainable Materials and Technologies 33 (2022) e00473

c)

Scratched EolL cells - before polishing T

——— 10 um

Polishing of LSC
residues and GDC layer

NiK =—= 10um

Scratched Eol cells - after polishing - |

I
- - Concurrent removal of

——= 10um

NiK === 10um the YSZ electrolyte

Fig. 3. (a) EDS elemental analysis carried out on scratched EoL cells before (left) and after (right) polishing, showing the complete removal of contaminants from the
Ni-YSZ materials underneath; (b) EDS mapping of Ni (red) and Zr (green) elements on scratched EoL cells before (above) and after (below) polishing and (c)
schematic representation (reference to Fig. 2) of the concurrent removal of dense electrolyte layer.

Pulverisette 6 Planetary Mono Mill) and run at 450 rpm for 6 h at this
purpose. The resulting Ni-YSZ powders were sieved under 25 pm by
using a vibrating sieving machine (Endecotts, Octagon 200 Sieve
Shaker) for 60 mins. Sieved powders were subjected to hydrothermal
(HT) treatment in order to induce their further aggregation/pulveriza-
tion and to facilitate the subsequent Ni extraction. In particular, HT was
carried out at 200 °C in a static stainless-steel reactor (Berghof, Pressure
Digestion Vessel DAB-3) filled with 100 ml of water (50% of the total
reactor volume) and 2 g of milled Ni-YSZ material, at increasing treat-
ment times (1 h, 2 h, 4 h, 12 h). Acid-assisted Ni extraction was then
performed by contacting HT-treated powders with HNOs (Sigma
Aldrich, >65%) aqueous solution 2.2 M (1:50 solid to liquid ratio) at
80 °C for 2 h, while stirring the resulting suspension at 600 rpm. In
particular, the HNO3-assisted treatment of Ni-YSZ reported by Kim et al.
[29] has been used as starting point and adapted to the specific purposes
of the study. The resulting supernatants were filtered by means of a 0.22
pm syringe filter and stored at 4 °C for further analysis of extracted Ni
concentration. The recovered YSZ powders were instead subjected to
multiple washing and centrifugation steps, performed at 10’000 rpm for
5 mins each, before drying at 60 °C overnight for the recovery and
characterization.

2.2. Characterization

The efficacy of the polishing step on removing the GDC layer and LSC
residues was assessed by Energy-dispersive X-Ray Spectroscopy (EDS,
Jeol, EX-37001) on the cell components, in high vacuum conditions and
at a voltage of 15 kV. EDS analyses were also performed -at the final
stage of the recovery process- on the powders resulting from acidic Ni
leaching to provide a semiquantitative evaluation of Ni extraction.

The crystalline structure of powders before and after milling, HT
treatment and acid leaching, was examined by X-Ray Diffraction (XRD,
Panalytical, Xpert3 MRD) analysis using Cu Ka radiation at a voltage of
40 kV and a current of 40 mA, to evaluate any possible structural change
or degradation induced by each step of the process. The XRD patterns
were collected in the 20 range of 10-70°.

Ny adsorption-desorption isotherm analyses were conducted by
using an ASAP2020 Micromeritics analyser at a temperature of —196 °C,
after degassing the powders at 150 °C for 4 h, to evaluate the specific
surface area (SSA) after milling and HT treatment for increasing times.
The Brunauer-Emmett-Teller (BET) equation was used to calculate the
specific surface area (SSApgr) from the adsorption isotherm in the
0.04-0.2 relative pressure range.

The same powders were also analysed through with a Zetasizer nano
ZS90 (Malvern Instruments Ltd., Malvern, UK) at RT to assess their
average particle size distribution (PSD) after the milling and HT steps.
The preparation consisted to disperse 3 mg of powders in 3 mL of
ddH20, containing DARVAN as dispersing agent (2.5% vol.), to obtain a
concentration of 1 mg/mL and sonicate for 10 min.

Field Emission Scanning Electron Microscopy (FESEM, Jeol, JCM-
6000Plus, Benchtop SEM) was instead performed in high vacuum con-
ditions and at a voltage of 5 kV to evaluate the morphological features of
the powders after the milling, HT, acidic leaching and sintering
treatment.

The concentration of Ni, Y and Zr in the supernatants recovered after
acidic leaching was measured by Inductively Coupled Plasma Atomic
Emission Spectrometry Technique (ICP-AES) (ICP-MS, Thermoscientific,
Waltham, MA, USA, ICAP Q), after appropriate dilutions, to evaluate the
Ni extraction efficiencies [30] and the potential degradation of the
ceramic phase.

3. Results and discussion
3.1. LSC layer detachment and polishing step

Considering the structure of the considered SOCs (Fig. 2), the
removal of the LSC electrode and GDC protective layer is the first step
required to isolate the bottom YSZ electrolyte and Ni-YSZ composite
electrode for the subsequent recovery operations. Due to the fragile
nature of the cells, this step was carried out through manual mechanical
scratching. In particular, the detachment was conducted while keeping
the cell immersed in water, since this approach proved to improve the
efficacy of this initial step, enabling to reduce significantly the residues
of the LSC layer.

However, the conducted mechanical scratching was found to be
ineffective towards the removal of the GDC protective layer (Fig. 3)
underneath, which remained deposited on top of the electrolyte and
which is undesirable for the recovery of the materials of interest, namely
Ni and YSZ. As a consequence, an additional polishing step was added to
the process in order to remove any possible contaminants that might
compromise the recovery of a high-purity ceramic phase from the
electrolyte and Ni-YSZ electrode.

EDS analysis allowed to assess the presence of elements - other than
nickel, yttrium and zirconium - on the scratched cell before and after
polishing. Results are shown in Fig. 3.a, where gadolinium and cerium
elements, along with some strontium residues from the LSC scratched
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Fig. 4. XRD spectra of Ni-YSZ composite electrode from EoL SOCs before and after milling for 6 h. The patterns of tetragonal and monoclinic YSZ are provided below

as reference patterns.

electrode before polishing, are evidenced. No traces of residual con-
taminants were instead detected after the polishing step, which was
therefore demonstrated to be effective in terms of complete removal of
the top electrode and the GDC protective layer.

Since manual polishing does not enable a precise control on the
thickness of the removed layers, further investigations have been per-
formed, in order to get deeper insights regarding the possible concurrent
massive asportation of the YSZ electrolyte and Ni-YSZ electrode. In
particular, by exploiting the different compositions and densities of the
YSZ electrolyte and Ni-YSZ electrode, a comparison of EDS elemental
mapping of Ni and Zr was carried out on the electrolyte side of scratched
EoL cells before and after polishing. Results in Fig. 3.b show the com-
plete asportation of the dense YSZ electrolyte, along with the low-porous
Ni-YSZ active layer of the electrode. The removal of these two layers
both containing YSZ 8% mol of yttrium (8YSZ) is also evidenced by a
decrease of Y/Zr ratio, as shown in Fig. 3 (a), since after polishing the
residual support contains exclusively YSZ with 3% mol. of yttrium
(3YSZ).

However, being the high-porous Ni-YSZ electrode the major

component of the cell, accounting for >90% of its thickness, the extent
of the loss was not considered an issue in terms of the overall recovery
yield. The Ni-YSZ composite electrode is thus the focus of the recovery
process that will be outlined step-by-step throughout this study.

3.2. Effect of milling

Milling is an essential step to reduce the cells into powders and to
enhance the surface area that is directly exposed to the acid leaching for
Ni extraction. For this reason, milling was performed on the fragmented
Ni-YSZ materials and optimized in order to induce their effective pul-
verization, while still preserving the crystallinity of the ceramic phase.
In particular, a milling time of 6 h was selected as a result of preliminary
investigations, since this duration allowed the best outcomes in terms of
SSA increase and retention of crystalline structure. Longer milling
duration times did not provide significant improvements and were thus
discarded based on energy-consumption considerations.

XRD spectra were recorded for Ni-YSZ material both as bulk elec-
trode (after the detachment of the top layer) and as powders resulting

Fig. 5. FE-SEM images of Ni-YSZ powders after 6 h milling.
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Table 1
Specific surface area (SSA) and Particle Size Distribution (PSD) of EoL Ni-YSZ
powders after milling for 6 h.

Treatment Specific Surface Area Particle Size + Std. Dev.
(g™ * (nm)
Milling 6 h/sieving below 8 400 + 80
25 pm

* Derived from distribution % number.

from 6 h milling, leading to the diffraction patterns shown in Fig. 4. The
reflections for each of the corresponding crystalline phases are indicated
above the diffraction peaks: as expected, the main phase is YSZ, both in
its tetragonal (JCPDS 01-088-1007; major reflections at 30.224°,
50.221° and 60.203°) and monoclinic (JCPDS 01-078-0047; major re-
flections at 28.192°, 31.467° and 24.068°) crystalline structures.
Metallic Ni (JCPDS 00-070-1890 with peaks at 44.508°, 51.847° and
76.372°) was also detected. It is noteworthy to highlight that, as re-
ported in detail by Gotsch et al. [31], the tetragonal and cubic dif-
fractograms of YSZ can be hardly distinguished as the two polymorphs
feature lattice planes with the same spacing.

The pattern of the milled powder evidences a significant trans-
formation of the metastable tetragonal phase into the monoclinic phase,
accompanied by a large volume increase and the consequent sponta-
neous disintegration of the sintered body due to microcracking propa-
gation under the particle surface. A significant broadening of the
diffraction peaks is due to the overall decrease of the crystallites size,
which results from the pulverization of grains from the bulk electrodes
into powder particles smaller in size.

In particular, FESEM micrographs of powders after milling and
sieving below 25 (Fig. 5) reveal mostly micro and sub-microparticles,
with few larger aggregates of about 10-20 pm. The particle size distri-
bution was evaluated through DLS analysis (average of 3 measure-
ments), which revealed distribution (% number) centred at around 400
nm, with a smaller contribution of particles aggregates (see Table 1).

The presence of residual microsized aggregates is clearly evidenced
by the particle size distribution reported as % volume, which revealed a

Sustainable Materials and Technologies 33 (2022) e00473

multimodal distribution with two major peaks at values >1 pm (Fig. S1
(a) in the Supplementary Information section).

The N adsorption-desorption analysis on milled and sieved powders
revealed a value of SSAggr (Table 1) of around 8 m? g’l.

The characterization carried out on the powders after the milling
step is considered as a starting reference to highlight the transformations
induced by the following steps of the recovery process.

3.3. Effect of HT treatment

As mentioned in Section 3.2, the milled powders consist of primary
sub-microparticles and micrometric aggregates with limited overall
surface exposition, a key aspect to be targeted for an effective leaching of
the metallic phase from the Ni-YSZ composite. To this final purpose, the
combination of temperatures in the range of 200-300 °C and pressure in
the range of 20-30 MPa [32,33] was exploited in the attempt to further
disaggregate Ni-YSZ powders and increase their specific surface area to
maximize the accessibility of the acidic medium to the Nickel embedded
into the ceramic phase. To the best of our knowledge, no previous
studies explored the exploitation of HT treatment for the specific pur-
pose of disaggregating Ni-YSZ composite materials dismantled from EoL
SOCs. In the literature, only two contributions [28,34] focusing on the
disintegration of sintered YSZ bodies into powdery particles have been
found, and the reported operating conditions have been adapted for the
composite Ni-YSZ powder under investigation with the aim to imple-
ment a specific recycling process.

For a given temperature fixed at 200 °C, the effect of increasing
treatment times (2 h, 4 h, 12 h) on the crystalline structure, SSA and PSD
values, and on the possible leaching of elements due to degradation of
the ceramic phase have been investigated. The overall set of obtained
results is reported in Fig. S1 (a), Fig. S2 and Table S1 in the Supple-
mentary Information section. Based on this investigation, the optimal
treatment time resulted in 4 h, as longer duration times (up to 12 h) did
not provide substantial benefits in terms of specific surface area and
decrease of average particle size. XRD of hydrothermally treated powder
(Fig. 6) did not reveal any remarkable variation in the crystallinity of the
ceramic phase, except for a slight further increase of the percentage of
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Fig. 6. XRD spectra of EoL Ni-YSZ materials milled and subsequently hydrothermally-treated at 200 °C for 4 h to induce the disaggregation of YSZ.
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Table 2

SSA of EoL Ni-YSZ powders after HT treatment at 200 °C and 4 h, and concen-
trations of leached Ni, Y and Zr evaluated by ICP analysis on the supernatants
recovered after HT treatment.

Treatment Specific Surface Area (m? g™!)  ICP Elemental analysis (ppm)
Ni Y Zr
Milling +4 h HT 13 0.6 ND* ND*

* ND: not detectable.

the monocline phase.

At variance SSA (Table 2.a) resulted significantly affected by the HT
treatment, increasing up to 13 m? g~ compared to 8 m? g~! of the
powder after milling.

The observed increase of exposed surface area (Table 2), compared
to the powder after milling, is directly ascribed to the disaggregation of
the sintered ceramic powders and, to a lower extent, to the local surface
reactivity promoted by the hydrothermal conditions (i.e. surface hy-
droxylation). As mentioned before, by increasing the treatment time up
to 12 h, SSA did not undergo significant improvement, showing the same
values as reported for 4 h treatment. PSD distribution expressed as %
number did not reveal any substantial change after HT treatment
(Table S1), evidencing a monomodal peak centred at around 400 nm, in
analogy to that reported for milled powders. On the contrary, the PSD
expressed as % volume (more sensitive to the presence of aggregates)
evidenced a clear reduction of the peaks ascribed to micro-sized particle
aggregates (Fig. S1 (b)), suggesting an overall reduction in comparison
with the milled powders (Fig. S1 (a)).

Table 2 also reports the concentrations for Ni, Y and Zr elements
revealed by ICP analysis carried out on the supernatants retrieved after
the HT treatments at increasing treatment times. Despite a slight in-
crease in the amount of leached-out Ni for longer treatment durations,
the overall extent of leaching can be considered negligible, as only 0.6
ppm of Ni were detected in the supernatant after 4 h of treatment. The
analysis also confirmed that the YSZ ceramic phase was fully preserved,
since no leaching of Zr and Y was observed at any treatment time.
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FESEM micrographs of the powders before and after hydrothermal
treatment under the optimized HT conditions are shown in Fig. 7, which
clearly evidences, both at low and high magnification, the positive
disaggregation effect induced by HT on the Ni-YSZ composite powders,
in terms of significant reduction of large aggregates and disaggregation
of sintered primary particles. In accordance to the results reported for
pure sintered YSZ body, the disaggregation effect mostly derives from a
further tetragonal to monocline phase transformation, associate to vol-
ume increase and microcrack propagation [4,28], and to the occurrence
of hydrolysis of the ceramic framework at the grain boundaries pro-
moted by the hydrothermal conditions.

3.4. Acidic-assisted Ni-leaching from HT-treated Ni-YSZ powders

The following step of the recovering route consisted in the selective
extraction of Ni from the composite material through acid-assisted
leaching, with the aim to recover YSZ powders. The extraction by
HNOs3 solution was carried out according to the experimental conditions
defined in Paragraph 2.1, through a stirring-assisted batch process car-
ried out at 80 °C. The occurrence of Ni extraction resulted confirmed by
a visual inspection of the acid-treated material, as shown in Fig. 8,
whose bleaching was clearly assessed by a comparison with milled and
HT-treated powders.

The XRD diffractograms before and after the acid leaching reported
in Fig. 9 confirm the removal of the metallic phase, witnessed by the
disappearance of the main peaks associated to metallic nickel.

The leaching efficacy was further confirmed by the ICP results re-
ported in Table 3.a, where the value of Ni2* concentration for the su-
pernatants recovered after acid treatment exhibited - as expected - a
drastic increase (8 x 10° ppm) compared to the value registered on
supernatant collected after HT treatment (0.6 ppm). A concurrent
massive decrease in the amount of residual Ni, from 20.7 to 0.8 mol%,
was registered by EDS analysis on powders before and after acid
leaching, respectively. Although EDS analysis provides semiquantitative
compositions, the residual 0.8% atomic percentage of Ni detected on
leached powder can be considered as reliable evidence that almost the

Fig. 7. FESEM morphological characterization of EoL Ni-YSZ powders before (a,b) and after (c,d) undergoing HT disaggregation under the optimized conditions.
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Milling of Ni-YSZ Further disgregation of Ni-YSZ Stirring-assisted Ni
fragments inside powders by Hydrothermal leaching by use of HNO,
a ball mill Treatment (HT) in batch conditions

Fig. 8. Pictures showing the bleaching of Ni-YSZ powders after selective extraction of nickel by HNO3 leaching.
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Fig. 9. XRD spectra of milled and hydrothermally-treated EoL Ni-YSZ powders before and after the selective extraction of Ni carried out through HNOj3 acid leaching
in batch conditions.

full amount of metallic Ni has been extracted from the Ni-YSZ com- electrode by thermal sintering.

posite. In addition, based on the specifications provided by the SOC Negligible amount of detected leaching of Y (7 ppm) and Zr (180
manufacturer, minimal residuals of Ni do not prevent the use of the ppm) under the investigated conditions can be ascribed to surface acid-
recycled YSZ for the re-manufacturing cell anode components, since the catalysed hydrolysis locally occurring at the YSZ particles. However, this
ceramic phase will be combined with NiO to obtain the composite limited surface reactivity at low pH conditions did not result, as shown
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Table 3

(a) SSA and PSD of Ni-YSZ powders before and after the selective extraction of Ni
through HNOj3 acid leaching; (b) concentrations (ppm) of Ni, Y and Zr evaluated
through ICP analysis of the supernatants recovered after leaching and EDS
elemental analysis for the evaluation of Ni, Y, Zr, and O atomic concentrations in
the powders before (4 h HT) and after acid-assisted leaching (4 h HT + acid-
leaching).

(a)
Treatment Specific Surface Area Particle Size + Std. Dev. *
(m®g™ (nm)
Milling 8 400 + 80
Milling +4 h HT 13 380 + 80
Milling +4 h HT + acid- 17 350 + 80
leaching
(b)
Treatment ICP Elemental analysis EDS Elemental Analysis
(ppm) (Atomic %)
Ni Y Zr Ni Y Zr (6]
Milling +4 h HT 0.6 ND** ND** 25.3 1.2 48.5 25.2
Milling +4 h HT + 8 x 7 180 0.8 2.5 72.2 29.9
acid-leaching 10°

* (derived from distribution % number).
** ND: not detectable.

before, in significant degradation of the crystalline structure, therefore is
not expected to negatively affect the quality of the recovered ceramic
phase.

At variance, a significant increase of SSA from 13 to 17 m? g~! has
been observed (Table 3.b) for acid-treated powder. Since the average
particle size resulted somehow unaffected by the treatment, the relevant
increase of SSA upon acid leaching is mostly attributed to the removal of
nickel from the composite material, where the ceramic and the metallic
phase are intimately mixed, resulting in the formation of cavities at the
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surface of YSZ particles. According to the manufacturer specifications,
SSA is considered a key parameter to assure the appropriate sinterability
of the composite electrodes and the targeted value (17 m? g~}) for the
recycled powder perfectly align to the most commonly reported values
in the range 12-20 m? g~ 1.

FESEM micrographs of the powders after acid leaching (Fig. 10) did
not reveal any substantial change, except for a higher tendency to
aggregate, most likely ascribed to larger presence of hydroxyl groups at
the particles surface, leading to enhanced intraparticle interactions.

Overall, the efficacy of the investigated Ni extraction approach
resulted selective and efficient, leading to a recovered YSZ phase with
negligible nickel residues and appropriate structural (crystallinity, SSA)
and morphological features (average particle size).

4. Conclusions

To the authors’ knowledge so far, no single study has been specif-
ically reported about the recovery of critical raw materials from EoL SOC
components. With this perspective, the current study represents a first
essential step towards the recovery of valuable electrode materials from
SOCs dismantled after long operation time. In particular, a recycling
multi-step pathway has been adapted and optimized to separate the Ni-
YSZ electrodes from the whole EoL cells and to selectively extract Ni
from the metal-ceramic composite, with the purpose of recovering the
YSZ ceramic phase, as the main component of the entire cell.

To this aim, a complete process was defined starting from the as-
received EoL cells dismantled from stacks to the recovered YSZ pow-
ders, aimed at cell electrode re-manufacturing.

Each step of the process was optimized based on the physico-
chemical, structural and morphological characterization of the result-
ing powder. Specifically, cells were first pulverised into powders by a
preliminary milling step of 6 h and sieving, that resulted in powders
characterised by specific surface area of 8 m? g~! and consisting of
submicrometric particles (ca 400 nm) and micro-sized aggregates. Hy-
drothermal (HT) treatment at 200 °C was exploited to further disag-
gregate the Ni-YSZ composite powders and increase the specific surface

Fig. 10. FESEM morphological characterization of EoL Ni-YSZ powders before (a,b) and after (c,d) HNO; acid leaching.
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area exposed to enhance the efficacy of the acid-assisted leaching of
nickel. HT treatment conducted for 4 h allowed to achieve the best re-
sults in terms of surface area increase as well as morphological (particle
size distribution) and structural features of the obtained powders, while
minimizing the energy consumptions. The selective full extraction of Ni
from Ni-YSZ powder was carried out by using an HNOj3 solution at 80 °C
for 2 h, which allowed to preserve the YSZ crystallinity and did not
induce any substantial loss of the ceramic phase. Minimal nickel resi-
dues (0.8% atomic percentage) as evidenced by EDS analysis of the
recycled powders are not considered a major drawback in view of re-
using the powder for cell remanufacturing, since the ceramic phase
will be mixed in appropriate amount with NiO and thermally treated to
promote the full densification of the composite electrode.

Based on the literature [35-38], the specific surface area (17 m? g_l)
and particle size distribution (average particles size of 400 nm) of the
recovered YSZ powders meet the specifications of the ceramic powders
commonly used for SOC components (electrolyte and electrodes)
manufacturing.

According to SOC manufacturer’s specifications, the specific surface
area and particles size of the ceramic phase are key parameters to assure
the appropriate powder sinterability and in turn the electrochemical
performance of the electrodes. In conclusions the obtained achieve-
ments demonstrate the potential of the developed recovery procedure in
providing high-quality recycled materials, with associated reduction of
the environmental impact and costs.
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