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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini As one of the main waste streams of the manufacturing process of solid oxide cells (SOCs), scrap half-cells -
discarded before the deposition of the barrier layer and the air electrode - imply the loss of significant quantities
of ceramic composite material containing critical and hazardous elements, namely yttria-stabilized zirconia
(YSZ) and NiO. These materials represent more than 90 wt% of an entire anode-supported cell. In this contri-
bution, scrap half-cells were fragmented and subjected to three subsequent milling and sieving (below 25 pm)
steps to recover composite NiO-YSZ powders with the appropriate specifications for reuse in SOC manufacturing.
The overall characterization in terms of specific surface area, particle size distribution and crystalline phase
retention confirmed the suitability of the recovered powders. Half-cells were manufactured including 30 wt% of
recovered NiO-YSZ composite powders in their fuel electrode support, produced via tape-casting in combination
with 70 wt% of virgin materials. The obtained cells were morphologically, mechanically and electrochemically
tested and compared against standard cells constituted by 100 wt% of virgin materials. The electrochemical
characterization highlighted 0.68 A cm ™2 for the standard and recycled cells, at 600 °C and 0.7 V, while at 650 °C
and same voltage both cells measured 1.12 A cm ™2 This demonstrates the feasibility of recovering scrap SOCs
through the presented method.
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1. Introduction

In the manufacturing process of solid oxide cells (SOCs), tape-cast
and screen-printed components (i.e., NiO fuel contact layer, NiO-3YSZ
fuel support layer, NiO-8YSZ fuel functional layer and 8YSZ electro-
lyte) showing structural defects are discarded before the deposition of
the barrier layer and the air electrode. These scrap half-cells derived
from manufacturing constitute one of the main waste streams of the SOC
production process. As the demand for raw materials for SOC
manufacturing is expected to remarkably increase shortly [1], the re-
covery of critical phases from scrap cells and the reuse for new
manufacturing cycles are crucial to target large-scale production and
promote circularity in the field of SOC technologies. As reported by S.
Sarner et al., a very limited number of studies in the existing literature
focus on the recycling of components from SOCs [2]. However, the
awareness of the scientific community and policymakers regarding the
strategic role of recycling critical materials has been increasingly
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consolidated. Within this perspective, the authors demonstrated in a
previous work the selective separation and recovery of Ni and YSZ from
the composite Ni-YSZ composite, derived from the fuel support layer,
the fuel functional layer and the electrolyte of operated and dismantled
EoL-SOCs. The recovery was achieved by combining hydrothermal
treatment and acid-assisted extraction after mechanically removing the
air electrode [3]. A similar approach was soon after investigated by
Yenesew et al. [4]. Alternative approaches have been proposed by
Sarner et al., who reported the re-oxidation of EoL cells and the recovery
of NiO-YSZ composite powders after removing the air electrode by acid
leaching [5]. A recent work by Kaiser et al. successfully explored the
removal of the air electrode through ultrasonic decoating aiming at
reducing the manual operation and the use of hazardous chemicals [6].

Here the authors report an effective and straightforward strategy to
recover discarded half-cells. Through the presented method, NiO-YSZ
composite powders retrieved after cell milling and sieving satisfied the
morphological and structural features required for the re-manufacturing
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of new fuel electrodes and could be used for the production of SOCs at an
industrial scale. Specifically, half-SOCs (composed of NiO-3YSZ fuel
support layer, NiO-8YSZ fuel functional layer and 8YSZ electrolyte) have
been re-manufactured including 30 wt% of recycled materials in their
support layer and benchmarked against SOCs composed of 100 wt% of
virgin powders in their support layer.

2. Materials and methods

Scrap half-cells (provided by ELCOGEN) in their entirety were
crushed into fragments and dry-milled in a 250 ml zirconia grinding
bowl (FritschTM), provided with 6 zirconia grinding balls with 30 mm
diameter, by use of a planetary mono mill (FritschTM, Pulverisette 6
Planetary Mono Mill). The materials were subjected to three subsequent
milling and sieving (below 25 pm) steps: the first milling/sieving was
carried out on the crushed half-cells, the second and third ones on the
powders with size below 25 pm each recovered from the previous
milling/sieving step. The recovery yield for each milling/sieving step
was evaluated as the ratio between the mass of powders recovered after
sieving to the mass of powders before milling. Each milling was carried
out at 450 rpm, the first one for 10h and the subsequent two for 6h,
while automatic sieving below 25 pm was carried out for 1h.

The obtained powders were fully characterized in terms of crystalline
phases, specific surface area, and particle size distribution. X-Ray
Diffraction (XRD, Panalytical, Xpert3 MRD) analysis was carried out
using Cu Ka radiation at a voltage of 40 kV and a current of 40 mA, in the
20 range of 10-70°. Ny adsorption-desorption isotherm analyses were
conducted by using an ASAP2020 Micromeritics analyser after degass-
ing the powders at 150 °C for 4h, to evaluate their specific surface area
(SSA). The Brunauer-Emmett-Teller (BET) equation was used to
calculate the specific surface area (SSAggr) in the 0.04-0.2 relative
pressure range. A Zetasizer nano ZS90 (Malvern Instruments Ltd., Mal-
vern, UK) was used at room-temperature (RT) to assess their average
particle size distribution (PSD). Field Emission Scanning Electron Mi-
croscopy (FESEM, Jeol, JCM-6000Plus, Benchtop SEM) was performed
in high vacuum conditions and at a voltage of 5 kV and 15 kV to evaluate
the morphological features of the powders and the resulting re-
manufactured cells, respectively.

Two sets of fuel cells were fabricated including 30 wt% of recovered
powders in their tape-cast fuel support electrodes: button cells and large
area cells. The viscosity of pastes for tape-casting was measured by use
of a viscometer (Anton Paar ViscoQC 300) employing an RH4 spindle, at
30 rpm. Temperature control was carried out throughout the viscosity
measurements by use of a Pt100 temperature sensor. Thin layers (i.e.,
fuel functional layer and electrolyte) were instead produced through a
conventional screen-printing technology [7]. The sintering process for
the half-cells was conducted at 1400 °C, as a result of various ramp rates.
A first step was carried out at 50 °C h'! to burn the binder, succeeded by
a second step with a sintering rate of 100 °C h™! up to the peak tem-
perature of 1400 °C, with a dwelling time of 1 h. The cooling phase was
also controlled, starting with a ramp rate of 100 °C h™! down to 600 °C,
and followed by a cooling rate of 300 °C h! until reaching room tem-
perature. For full cells, the top air electrode was sintered at 950 °C for 1
h, with a heating rate of 100 °C h'l. Full button cells with a diameter of
20 mm were electrochemically tested using an open-perimeter cell
housing. Compressed air was supplied from the air electrode, while a
mixture of dry Hy and Ny was provided from the fuel electrode side. Both
the current-voltage (I-V) characteristics and electrochemical impedance
spectroscopy (EIS) spectra were recorded. For the assessment of me-
chanical strength, instead, 50 x 50 mm? half-cells were subjected to
testing in accordance with the ASTM C 1499-03 standard using
ring-on-ring test equipment.
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Fig. 1. Schematization of the multi-step milling/sieving process investigated
for the recovery of NiO-YSZ powders from waste half-SOCs (a). XRD dif-
fractograms show the crystalline phase evolution of the powders recovered
after each step (b). Diffractograms of the virgin NiO and YSZ powders used for
the manufacturing of standard SOCs are shown in the bottom part of the plot
for comparison.

Table 1

Wt.% of NiO-YSZ powders sieved below 25 pm after each milling step, and
corresponding specific surface area (m? g~') and average particle size (nm)
values. The wt.% of powders with a size below 25 pm recovered after each step is
also reported. For steps 2 and 3, the mass of powders subjected to milling cor-
responds to the fraction with a size below 25 pm recovered from the previous
milling/sieving step, as detailed in section 2. The distribution of particle size is
plotted and reported in the Supplementary Information section (Fig. S3) as a result
of Dynamic Light Scattering analysis.

Milling Sieved powders <25 Specific Surface Area  Average Particle
step pm (wt.%) m2g™h Size” (nm)
1(10h) 45 6 500 + 140
2 (6h) 13 10 440 + 110
3 (6h) 3 11 410 + 100

 (derived from distribution % intensity).
3. Results and discussion
3.1. NiO-YSZ powders recovered from scrap half-cells

The considered scrap half-cells are constituted by an NiO fuel contact
layer (5-10 pm), an NiO-3YSZ fuel support layer (380-390 pm), an NiO-
8YSZ fuel functional layer (10-15 pm) and an 8YSZ electrolyte (3-6 pm).
The received scrap half-cells were fragmented and milled in their en-
tirety. The recovered powders will be hereafter referred to as NiO-YSZ
composite powders, with the NiO-3YSZ component constituting 90 wt
% of the milled material. 3YSZ presents a monoclinic and tetragonal
crystal structure, while a tetragonal/cubic structure is associated with
8YSZ [8].
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Fig. 2. FESEM micrographs of the NiO-YSZ powders recovered from waste half-SOCs after the first (a), second (b) and third (c) milling/sieving steps of the recovery

process investigated and schematized in Fig. 1a.
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Fig. 3. Schematization of the manufacturing process of half-SOCs and of the recovery process of the ones presenting structural defects. Half-cells are constituted by
an YSZ electrolyte, an NiO-YSZ fuel functional layer, an NiO-YSZ fuel layer support and an NiO fuel contact layer, and are inspected before depositing the upper

protective layer and the air electrode.

XRD diffractograms (Fig. 1b) of NiO-YSZ composite powders after
cell fragmentation and milling (Fig. 1a) demonstrated the overall pres-
ervation of both NiO and YSZ crystalline phases, without evidencing any
progressive tetragonal-to-monoclinic transformation of YSZ because of
exposing the powders to multiple milling steps and for prolonged times.
The diffractograms of virgin NiO and 3YSZ are also provided as a
reference.

As shown in Table 1, the recovery yield of powders with size below
25 pm significantly decreased from 45 wt% to 3 wt% from the first to the
third step, respectively. Mass losses due to each milling step (i.e., the
mass of powders not retrieved from the grinding balls and bowl) were
constant, thus being negligible for step 1 and step 2 (0.4 and 0.9 wt%,
respectively) and higher for step 3 (6.7 wt%). Therefore, the significant
decrease of recovery yield at steps 2 and 3 could be ascribed to having
reached, already after step 1, the maximum size reduction ratio
achievable with the used processing conditions (i.e., number and size of
grinding balls, bowl volume, and mass of powders detailed in section 2).

Concurrently to the decreased recovery yield, an increase in SSA and
a decrease in PSD were observed from step 1 to step 3, ranging from 6
m? g1 - 500 + 140 nm to 11 m? g~ ! and 400 + 100 nm, respectively
(Table 1). In particular, the most significant variations of SSA and PSD
were observed between step 1 and step 2, from 6 m? g~ ! to 500 + 140
nm to 10 m? g~! and 440 + 110 nm, respectively. This was in good
agreement with the relevant size reduction of large aggregates evi-
denced by FESEM analysis (Fig. 2) between the two steps.

For validation, the virgin NiO and 3YSZ powders used by ELCOGEN

were analysed, giving average reference values of SSA and PSD equal to
8 m? g~! and 550 =+ 130 nm, respectively, as reported in Table S1 and
Figs. S1 and S2 in the Supplementary Information section. As a result, the
particle size and surface area of the recovered powders were well
aligned to the target specifications already after the first processing step.
Further milling/sieving steps were assessed as non-beneficial in terms of
final features and recovery yield, and detrimental in terms of energy
consumption at an industrial scale. A single 10 h-milling step, followed
by sieving below 25 pm, was therefore selected for the recovery of the
NiO-YSZ composite powders to be used for the re-manufacturing of SOCs
fuel support layers containing 30 wt% of recovered material.

3.2. Re-manufacturing and characterization of SOCs with 30 wt% of
recovered material in their support layer

After the recovery of powders, new cells were re-manufactured
including 30 wt% of recovered material in their fuel support layer and
compared to standard cells.

A schematization of the overall manufacturing (and re-
manufacturing) process is illustrated in Fig. 3. Half-SOCs were pro-
duced through the tape-casting of the thick fuel support layer and the
screen-printing of thin layers (i.e., fuel functional layer and electrolyte)
[7]1 and were used for mechanical testing. For morphological and elec-
trochemical characterization, full SOCs were produced by depositing the
air electrode on the half-SOCs, according to the same screen-printing
method.
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Fig. 4. Picture of a re-manufactured half-SOC containing 30 wt% of recycled
NiO-YSZ powders (a). FESEM micrographs evidence the entire cross-section of a
standard half-SOC (b) in comparison with a re-manufactured half-SOC (c). A
higher magnification micrograph of the re-manufactured half-cell enables to
distinguish the dense 8YSZ electrolyte from the low-porous NiO-8YSZ func-
tional layer and the highly-porous NiO-3YSZ support layer containing recov-
ered NiO-YSZ (d). The morphology of the 8YSZ electrolyte surface is also
shown (e).

Standard half-cells consisted of a support layer made of NiO-3YSZ
50:50 by weight, a fuel functional layer made of NiO-8YSZ 50:50 by
weight, and an 8YSZ electrolyte. Based on the powder weights of NiO,
3YSZ and 8YSZ standardly used for the manufacturing of half-cells, and
considering that the re-manufactured support layers included 30 wt% of
material recovered from half-scrap cells, the calculated NiO:3YSZ:8YSZ
weight ratio in the re-manufactured support layers resulted as
49.7:49.0:1.3. The minimal fraction of fully-stabilized zirconia (8YSZ)
was therefore not expected to significantly influence the overall func-
tional properties of the re-manufactured cells.

To include the recovered powders in the support layer of these cells,
a batch of slurry containing 30 wt% of recycled NiO-YSZ powder was
prepared for tape-casting. Overall, the slurry showed a 25 % increase in

Ceramics International 50 (2024) 34472-34477

Table 2
Comparison of the equiaxial flexural strengths of standard and re-
manufactured SOCs.

Type of cell Equiaxial strength (MPa)
Standard® 230 + 14
Re-manufactured” 156 + 21

@ Average values derived from testing 5 standard cells.
b Average values derived from testing 7 re-manufactured cells.

viscosity compared to the standard formulation, resulting in a 20 %
thicker tape-cast support layer. This was most likely attributed to the
irregular shape [9,10], slight deviation of SSA and average particle size
[11] and different surface chemistry shown by the recycled composite
NiO-YSZ compared to the virgin NiO and YSZ powders used for standard
manufacturing. A comparison between FESEM micrographs in Fig. 2 and
Fig. S1 (Supplementary Information section) highlights the different
surface morphology of recycled and virgin powders, respectively.
Additionally, SSA and PSD values in Table 1 and Table S1 evidence the
recovery of powders with slightly smaller average size with respect to
the virgin powders, resulting in an increased paste viscosity.

Standard and re-manufactured (i.e., including 30 wt% of recovered
material) fuel support layers were therefore produced through tape-
casting. Half and complete SOCs were obtained from both types of
substrates, according to the process described at the beginning of this
section, and eventually characterized. A picture of a re-manufactured
half-cell is shown in Fig. 4a, demonstrating a successful fabrication
free from structural defects. From a microstructural cross-section anal-
ysis, the fuel support layer of a re-manufactured full cell (Fig. 4c)
resulted very similar to that of a standard full cell (Fig. 4b) after sin-
tering. No large agglomerates or other potentially detrimental in-
clusions, as well as cracks, were observed along its cross-section
although containing 30 wt% of recycled material in the tape-cast fuel
support layer. A higher magnification micrograph of the full re-
manufactured cell (Fig. 4d) evidences the dense YSZ electrolyte,
distinguishable from the low-porous functional layer and the highly
porous fuel support layer including the recycled material. From a top-
view micrograph of the cell (Fig. 4e), the electrolyte did not show any
deformation or detachment from the lower cell components, yielding a
continuous and well-adhered layer with good crystal grain cohesion
after sintering.

In view of stack assembly, re-manufactured half-cells were me-
chanically tested to evaluate the influence of recycled materials on their
overall strength. According to the results reported in Table 2, an average
decrease from 230 MPa to 156 MPa was registered for the equiaxial
strength, compared to standard cells.

This decrease may be ascribed to the reduced sintering activity of the
recovered composite powders [12], which were already subjected to
sintering, as well as to a possible deviation in terms of porosity and pore
morphology [13,14] with respect to standard tape-cast fuel support
electrodes. These average strength values resulted from testing 5 stan-
dard cells and 7 re-manufactured cells. This can be generally considered
satisfactory for the evaluation of the mechanical strength of cells pro-
duced through a well-established industrial process. In this specific case,
however, smaller cells were manufactured due to the limited amount of
recycled NiO-YSZ material (ca. 300 g) compared to quantities generally
processed at the industrial scale. Therefore, the resulting flexural
strength tests could be considered as a comparative indication for this
first re-manufacturing trial. Overall, the obtained values were lower
compared to mechanical resistances reported in the literature [15].
Future works could focus on the careful optimization of the slurries
containing NiO-YSZ particles, thus elucidating the effect of particle ag-
gregation and slurry viscosities on the mechanical strength of the
re-manufactured cells.

A complementary electrochemical cell evaluation was eventually
performed (Fig. 5). According to the j-V curves shown in Fig. 5a and b,
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Fig. 5. Current-polarization curves of a standard SOC (a) and of a re-manufactured SOC containing 30 wt% of recovered material in its fuel electrode (b) at 600 and
650 °C. Nyquist plots showing the EIS measurements of a standard SOC and of a re-manufactured SOC at 600 and 650 °C with an applied current of 0.5, 1.5, 2.5 and
3.5 A (c, d, e, f). Both SOCs have been manufactured at ELCOGEN in the same way.

Table 3

Rs, Rpol and Ry, values (mQ cm?) for a standard SOC and for a re-manufactured SOC containing 30 wt% of recycled NiO-YSZ in its fuel support layer, at 600 °C and

650 °C and with an applied current density of 0.5 and 0.8 A cm™2.

Standard cell (mQ cm?)

Cell with 30 wt% of recycled powder (mQ cm?)

T =600 °C T =650 °C T =600 °C T =650°C

Rs Rpol Reot Rs Rpol Riot Rs Rpol Reot Rs Rpol Reot
j~0.5(Acm? 195.3 312.4 507.7 124.0 211.6 335.6 214.1 292.6 506.7 129.7 212.1 341.8
j~0.8(Acm? 194.4 243.0 437.4 123.4 163.0 286.4 209.1 226.1 435.2 127.2 161.7 288.9

both standard and recycled cells measured current density values of
0.68 A cm 2 and 1.12 A cm~2 at 600 and 650 °C, respectively, showing
an overall equivalent performance. Similarly, EIS measurements were
carried out at 600 °C (Fig. 5c and d) and 650 °C (Fig. 5e and f). As shown
in Table 3, similar serial and polarization resistance values were
measured for both cells at these temperatures and with applied currents
of 0.5 and 0.8 A cm 2. At 0.5 A cm 2 and 600 °C, the standard cell
presented an R, equal to 195.3 mQ cm? and an Ry equal to 312.4 mQ
cm?, while the cell with recycled material showed 214.2 mQ cm? and
296.6 mQ cm?, respectively. These negligible differences of mQ cm? can
be due to the normal deviation that is observed in cells during the reg-
ular process fabrication or due to the fitting of the EIS spectra. One can
notice from Table 3 that the % difference of the overall resistance Ry, of
the cells at the different currents and temperature values is below 2 %.
Overall, the serial resistance includes the ohmic resistance of the elec-
trolyte and the current collection contributions [16]. Therefore, metallic
Ni was able to provide a good percolation also in the fuel electrode of the
re-manufactured cell, without affecting its diffusion properties during
the reduction process.

4. Conclusions

A multi-step milling/sieving process was investigated for the recov-
ery of NiO-YSZ composite powders from waste half-cells derived from
SOC production. After a single 10 h-milling step followed by sieving
below 25 pm, the powders reached the criteria required for the
manufacturing of fuel support layers and could be directly re-used for
this purpose. For the first time, re-manufactured SOCs containing 30 wt
% of NiO-YSZ recovered material in their fuel support layer were
fabricated. Despite showing a reduced equiaxial flexural strength, the
electrochemical performances of re-manufactured SOCs were found to
be equivalent to those of standard SOCs (containing 100 wt% of virgin
materials) manufactured at an industrial scale, opening to a promising
scenario for the future of SOC hydrogen technologies while also miti-
gating the risk of supply shortages for the growing demand of high-
performing materials.
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