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Abstract

Red mud has been recognized as an industrial waste that brings significant challenges to recycling since it consists of
heavy metal residuals and strong alkaline substances. Nevertheless, the abundance of Fe oxides imparts functional value,
making it viable for specific applications. For example, direct carbon fuel cells would benefit from the addition of red
mud into the anodic material. Its novel exploitation as a powder feedstock of binder jetting would combine functional
properties with higher geometric freedoms in anode design. This work aims to explore the feasibility of producing anodes
with stainless steel 316 L and red mud composite via binder jetting and optimize the post-processing parameters to retain
and control Fe oxides after sintering. Optimal post-processing cycle is air debinding at 600 °C and sintering at 1360 °C
in vacuum, being capable of retaining enough amount of complex Fe-Cr-Mn oxides to enhance the kinetics of carbon
activation. The addition of red mud has been proven to provide catalytic effects to the direct carbon fuel cells. 2.5 wt%
red mud composite is capable of shortening the stabilization time of 80% and almost doubling both the current and power
density (from 13 to 24 mA/cm? and from 5 to 9 mW/cm?, respectively).
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Introduction

As the byproduct of bauxite refinement, the generation of
massive amounts of red mud (RM) has always been an inher-
ent part of Aluminum production. The research indicates
that producing 1 ton of alumina will yield approximately 0.8
to 1.5 tons of RM [1-3]. Considering an annual growth of
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180 M tonnes and a global existing stock of approximately 4
B tonnes [4], RM has become a serious environmental issue
that demands immediate attention.

The treatment of RM poses challenges in both its high
alkalinity and metallic contaminants. The pH value of RM
is generally between 11 and 13, which is unsuitable for
landfilling due to the potential damage to the surround-
ing environment [5]. Hematite (Fe,0;) is the predominant
constituent of RM, giving its distinctive red color [6]. It
also consists of gibbsite, goethite, rutile, quartz, kaolinite,
boehmite, goethite, etc. [2, 7, 8]. Despite being primarily
composed of oxides and hydroxides, the presence of toxic
heavy metals and radioactive elements significantly com-
plicates the recycling and disposal of RM. Trace quantities
of lanthanum, cerium, vanadium, and rare earth elements
have been identified within the RM composition [5, 9, 10],
whereas the retraction of these elements is not financially
viable. Thus, the sustainable reuse of RM has become a
critical area.

Direct carbon fuel cells (DCFC) are a device that pro-
duces clean and emission-free electricity by the electro-
chemical reactions of oxidation of carbon. The only exhaust
gas is CO,, which is nearly pure and easily capturable [11].
The DCFC system can be powered by various fuels, includ-
ing biomass, biochar, and other carbonaceous materials
[12]. The practical efficiency of DCFC is normally 80%,
especially when the electrolyte is a molten hydroxide mix-
ture, which is twice that of the conventional coal-fired power
plant [13]. However, there are some issues that hinder the
commercialization of DCFC, such as batch-feeding [14],
low reaction kinetics of solid carbon [15], and limited mate-
rial selection range. Sustained studies in further research
and optimization are needed prior to the widespread appli-
cation of DCFC systems.

Research revealed that certain oxides from RM, such as
CaO, MgO, and Fe,0s;, catalyze the electrochemical oxida-
tion of carbon at the anode of DCFC systems [16]. Incorpo-
rating RM into the anode material potentially enhances the
performance of the DCFC, thanks to its intrinsically high
availability of Fe,05 (30-60 wt%) and CaO (2-8 wt%) [17].

Moreover, the utilization of RM within the fuel cells
offers another novel pathway for waste valorization.
Research suggests that at the end-of-life of the fuel cells, the
SS316L/RM components can be recycled by the electric arc
furnace (EAF) process [18]. During this process, the metal-
lic constituents enter the molten bath, while the RM fraction
is directed into the slag. Specifically, RM serves as an effec-
tive flux for improving the dephosphorization capabilities of
the EAF slag due to the abundance of Fe,O; and CaO [19].
Literatures reveal the resultant EAF slag has been widely
utilized in the fields of road construction and cement pro-
duction as aggregates [20-22]. Thus, the incorporation of
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RM within a matrix of SS316L represents a viable method
for RM remediation with potentially no drawbacks.

In addition to optimizing the anode material, a key
focus is dedicated to ensuring a reliable and continuous
fuel supply at the anode of the DCFC. With the develop-
ment of additive manufacturing (AM) technologies, new
perspectives and possibilities are opened on the fabrica-
tion of geometrically complex and functional anodes that
achieve continuous-feeding on DCFC system. Among the
AM techniques, binder jetting (BJT) exhibits considerable
potential for this solution. As a non-fusion-based technol-
ogy, BJT creates green parts with a high degree of geometric
complexity, which relies on layer wisely and locally depos-
iting binders [23, 24]. It is inherently suited for composite
materials, given its capability to fully pre-mix both mate-
rial powders and its operation at near-ambient temperatures.
Although in this paper this issue is not yet addressed, the
proof of concept of creating for the first time, a composite
material made by incorporating RM into SS316L by addi-
tive manufacturing lays the foundation stone for overcom-
ing the current batch-working configuration of DCFC.

This paper aims to explore BJT as a manufacturing meth-
odology suitable for upcycling hazardous waste into valu-
able products. In the current work, an innovative composite
material of stainless steel 316 L and RM as powder feed-
stock for BJT is studied with the purpose of enabling the
production of functional anodes for DCFC with intrinsic
catalytic effects. The results examined the print- and sinter-
ability of the composite material, as well as the microstruc-
tural evolution during the required thermal treatments. The
post-processing approach was optimized to mitigate the con-
sumption of Fe oxides, responsible for the catalytic effect,
during the subsequent sintering process to which printed
parts are necessarily subjected for consolidation and densi-
fication. To confirm that incorporation of an oxidic material
within a metallic one does not badly affect the capacity to
collect and transmit electrons and investigate the catalytic
behavior of the incorporated RM, some preliminary electro-
chemical tests, using two different anode geometries with
and without RM, were included in this work. Therefore, the
electrochemical characterization was intentionally limited
and introduced only as a proof-of-concept.

Materials and Methods

Powder Feedstock

The gas-atomized stainless steel 316 L (SS316L) powder
feedstock was supplied by Sandvik (Sandvik, Sweden),

which presented good spherical forms. The RM was supplied
by EurAllumina S.p.A., Italy. The red mud was primarily
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Fig. 1 Particle size distribution of stainless steel 316 L and RM powder

Table 1 Main printing parameters of the binder jetting printer
employed in the study

Roller speed Drying time  Roller traverse Powder
(RPM) (s) speed bed tem-
(mm/sec) perature
O

550 15 3 50

Table 2 Experimental set of post-processing conditions

Post-process- Debinding Sintering

ing cycle Atmosphere Temp  Atmosphere Temp
O O

Ar-470 Argon 470 Vacuum 1360

Air-470 Air 470

Air-600 600

dried at 105 °C for 24 h and then calcinated at 1000 °C
for 1 h to remove residual Al hydroxides, metastable com-
pounds, and concentrate the Fe oxide [25, 26], leading to a
mass loss of 26.9 wt% and 14.4 wt%, respectively. During
the calcination, the material was stirred every 20 min. XRF
(X-ray fluorescence) analysis was carried out on the Tiger
S8 XRF spectrometer (Bruker Corporation, USA) to deter-
mine the chemical composition after the calcination.

To ensure compatibility with SS316L, the RM was sub-
sequently sieved through a DIN 3310 32-pm mesh. The par-
ticle size distribution of both powder feedstocks, as shown
in Fig. 1, was determined by an imaging particle analyzer
(Malvern Morphologi 4, Malvern Panalytical, UK). The
analysis revealed a median particle size (D50) of 9.44 um
for SS316L, while that of RM was 33.50 um.

The composite was mixed by a tumbling mixer (Girafusti
TO, Adler, Italy). The rotating speed was 80 RPM for 2 h.
The mixture was based on 1 wt%, 2 wt%, and 5 wt% of RM,
respectively.

Binder Jetting Production

The green parts were produced by a binder jetting printer
(Innovent +, ExOne, US) at 80% binder saturation level and
a layer thickness of 50 um. The other printing parameters
are listed in Table 1. The binding agent was polyethylene
glycol in a water-based solution, trademarked as Aquafuse
BAO005 (ExOne, US). The curing process was carried out in
a chamber furnace, which operated in air at 180 °C for 6 h.
Given that SS316L was the major constituent of the com-
posite, the post-processing steps were initially adopted from
the general steps based on the established literature [27],
namely debinding in argon at 470 °C for 4 h and sintering
in vacuum at 1360 °C for 3 h. The debinding step was car-
ried out in a Nabertherm LT 07/14 chamber furnace (Naber-
therm GmbH, Germany), which was filled with argon. The
sintering process was performed in the vacuum furnace
RHTC 80/450/16 (Nabertherm GmbH, Germany). The
heating rate was fixed at 200 °C/h. In contrast to the con-
ventional BJT production cycle of SS316L, two alternative
post-processing cycles were proposed and compared for the
SS316L/RM composite to retain the Fe oxides in the mate-
rial: debinding in air at 470 °C and 600 °C, respectively,
while the sintering was carried out in the same condition
at 1360 °C in vacuum. The air debinding was performed
in the Nabertherm LT 07/14 chamber furnace (Nabertherm
GmbH, Germany) for 2 h. The experimental conditions are
summarized in Table 2.

Cubic samples with a side length of 10 mm were printed
with 1 wt%, 2 wt%, and 5 wt% red mud, and used for mea-
suring the density and analyzing the microstructure after
sintering.

Two different anode geometries (cylindrical and rectan-
gular tea-bag shape) without and with 2.5 wt% RM were
manufactured by using the optimized post-processing
parameters. Test anode production was based on the 2.5
wt% red mud mixture. This specific intermediate concen-
tration was chosen since it provided the necessary catalytic
iron oxide while preventing detrimental effects on mate-
rial conductivity and densification. The cylindrical tea-bag
anode had an overall dimension of 25 mm in diameter and
30 mm in height. The thickness of the walls was 2.5 mm.
A dense arrangement of 500 pm square microchannels was
integrated into the structure to facilitate electrolyte deliv-
ery. A modular design approach was adopted to minimize
the printing time by dividing the final geometry into four
parts, which were assembled before the sintering cycle,
ensuring enough strength to the final objects. Besides, this
approach decreased the risk of failure at the stage of printing
and depowdering. The rectangular tea-bag anode consisted
of an integrated box structure with a mesh-like lid on one
side to obtain a permeable anode to the molten hydroxide
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electrolyte. The lid featured square apertures with a side
length of 500 um and a spacing of 500 pm, which was pro-
duced directly by applying the optimized BJT printing con-
ditions as reported in [28].

Both anodes were scaled up at the green state based on
the scale factors developed for the SS316L/RM compos-
ites [28] to compensate for the dimensional shrinkage and
ensure the final part dimensions adhered to the design speci-
fications (Fig. 2).

Material Characterization

The composites were analysed after densification to deter-
mine the final microstructure and phases.

Zeiss EVO 50 X VP scanning electron microscopy (Zeiss,
Germany), equipped with an energy-dispersive (EDS)
detector (Inca Energy 200, Oxford Instruments, United
Kingdom), was employed for microstructural and chemical
composition analysis. Grain boundaries were clearly delin-
eated by chemical etching (1 H,O: 1 HNO;: 1 HCI).

X-ray diffraction (XRD) identified the phases of differ-
ent samples. The analysis was performed on a SmartLab
SE diffractometer (Rigaku, Japan). The 2q scanning range
was from 30° to 100°, with the scanning rate of 1°/min and
the scanning step of 0.01°, using a Cu-Ka X-ray radiation
(1=1.5406 A).

The density of the sintered samples was obtained by
Archimedes’ Principle, where the samples were weighed in
both air and liquid after immersing in deionized water. The
theoretical density of stainless steel 316 L was determined
as 7.93 g/cm?® [29], while the theoretical density of RM was
taken as 3.26 g/cm® [30]. Given that the proportion of RM
was different in the composite, the theoretical density of 1
wt%, 2 wt%, and 5 wt% RM mixture was set at 7.88 g/cm3,
7.84 g/em?, 7.70 g/em?, respectively.

Fig. 2 Design of anodes: a modu-
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Molten Hydroxide Direct Carbon Fuel Cell

The manufactured anodes were tested in a laboratory-scale
molten hydroxide DCFC, as developed by [31], using a
NaOH/KOH (80/20 wt%) electrolyte and by investigat-
ing the Open Circuit Voltage (OCV) and the Linear Sweep
Voltammetry (LSV) at 2.5 mV/s at 450 °C under an air flow
of 10 NI/h by an AMEL potentiostat/galvanostat mod.2553
operated with Vpeak 2018 proprietary software. The OCV
was terminated at the plateau because longer tests would
result in the consumption of the fuel and an unavoidable
decrease in potential [32-34]. After the stabilization of the
potential within +5 mV for 500 s, LSV tests were performed
for three replicates. Although not reported for the sake of
pictures’ clarity, the electrochemical tests performed can be
considered sufficiently reproducible, since small fluctua-
tions in the order of £50 mV (a variability less than 5% on
average), attributable to the intrinsic heterogeneity of the
olive pomace char used as fuel, were measured.

Olive pomace-based biochar ranging from 125 to
500 pum, obtained after slow pyrolysis at 350 °C for 25 min,
was employed as carbonaceous fuel [35]. The D10, D50,
and D90 of biochar are 190 pm, 310 pum, and 450 pum,
respectively.

Results and Discussion
Powder Mixing

After being calcinated at 1000 °C for 1 h, the chemical
compositions of red mud are analysed by XRF. The results
are listed in Table 3. The percentage of iron oxide and alu-
minium oxide reaches over 50 wt%, which takes 26.77
wt% and 27.68 wt%, respectively. In addition, it contains
a certain amount of low melting point constituents, which,
upon reaction, form low-melting-point phases. Specifically,
Si0, (14.59 wt%) and the fluxing agents Na,O+K,O (16.61

b 29.32 30.50 —

41.16 $0.50

\
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Table 3 XRF results of chemical composition (wt%) of calcined RM at 1000 °C

C tot. TiO, SiO, Fe,0, AlLO, CaO MgO Na,0+K,0
0.00 6.53 14.59 26.77 27.68 5.95 0.22 16.61
SO, Cl Zr0O, P,0; V,0; Cr,04 Er,0, PbO
0.25 0.46 0.21 0.19 0.19 0.16 0.00 0.15
Fig. 3 XRD pattern of powder (a) (b)
feedstocks: a pure RM powder; .  Hemaite — SS316L
b SS316L and SS316L/RM mix- u] Cameg_leite l
tures at 1, 2 and 5 wt% - e ~
= Y =} ' :
© bl S Red Mud 1 wt %
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e | ] . 2 Red Mud 5 wL.%
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Fig.4 BSE-SEM image of the SS316L/RM mixed powder at 1 wt% (a), 2 wt% (b) and 5 wt% (c) (the magnification is constant, so the scale bar
in the first panel is valid for all images)

wt%) are expected to react at the sintering temperature to
form liquid alkali silicate glass phases. The content of other
oxides is negligible after the calcination.

The XRD pattern in Fig. 3a reveals the crystalline phases
present in the sieved RM powder. Hematite is the primary
phase. The other phases identified by XRD include carnegie-
ite (NaAlSiO,), nepheline ((Na, K)AISiO,), rutile (TiO,)
and perovskite (CaTiO;). Although the mineralogy of RM
is complex, the XRD results of the mixtures with different
RM contents exhibit a pattern consistent with pure stain-
less steel 316 L powders, as shown in Fig. 3b, comprising a
major FCC phase (austenite) and a minor BCC/BCT (likely
o-ferrite) phase, stabilized during the fast cooling typical
of gas atomization. The signal corresponding to the oxides
peaks becomes barely visible even in the 30—40° range of
the composite with 5 wt% of RM, coherently with the typi-
cal detection limitations of XRD. These results justified,

at least as a first attempt, using the same post-processing
parameters of pure SS316L to manufacture the composites.

Figure 4 shows the SEM images of the different SS316L/
RM powders. Under backscattered electron microscopy, RM
particles appear as regions of lower contrast and exhibit an
irregular morphology, whereas SS316L powder is finer and
spherical. Apart from the dosage, the RM powder appears
homogeneously distributed in all the mixtures, index of a
good dispersion of the two components of the feedstock,
despite their different density.

Post-Processing of S5316L/RM Composite

For all mixtures, all the planned samples were success-
fully printed, de-powdered, and measured in the sintered
state. The relative densities obtained with the different
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combinations of feedstocks and post-processing cycles are
illustrated in Fig. 5.

For the argon debinded samples (Ar-470), by the same
printing and post-processing conditions, the relative density
of pure 316 L has been reported as 97.66% [27], while the
SS316L/RM composites demonstrate lower densification
(close to 92%). The amount of RM has little effect on the
final densification since it remains within a similar numeri-
cal range by varying from 1 to 5 wt% RM fraction.

At the debinding temperature of 470 °C, air debinding
(Air-470) results in a slightly lower relative density than
argon atmosphere, which is in a range of 89.32% to 92.3%,
particularly at low RM content.

In terms of debinding temperatures, at a low amount of
RM content, the samples debinded at 470 °C and 600 °C
exhibit comparable relative densities, indicating that the
higher debinding temperature does not significantly affect
densification. As the content of RM increases, the density
demonstrates a decreasing trend. The use of a higher tem-
perature (600 °C) in air debinding is strongly detrimental to
densification when a significant amount of RM (5 wt%) is
incorporated. The density drops from 92.30% to 78.80%,
compared to the low debinding temperature condition.
Although the incorporation of RM in an SS316L matrix
leads to a lower densification, for the intended use of such a
composite material, this is not a problem. Fuel cell anodes
have to withstand only their mass plus the amount of fuel
fed in, and they are not subject to any external load to justify
the need for higher densification. In addition, since anodes
must be permeable to the electrolyte, a controlled low den-
sification may allow for producing self-porous components,
overcoming some intrinsic accuracy limitation of BJT, as
depicted in [28].

N

o

o
T

—l—Arat470 °C
—@— Airat470 °C
—A— Air at 600 °C
/\ Air at 600 °C

—

Relative density (%)
& 8

(0]
o
T

0 1
Red mud content (wt.%)

225 5

Fig. 5 Average relative density of the samples with varying debinding
conditions based on red mud content at 1 wt%, 2 wt%, 5 wt% and 2.5
wt% (2.5 wt% RM chosen for the anode production)
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Figure 6 summarizes the internal microstructural vari-
ety enabled by mixing feedstocks and employing different
debinding conditions. A series of observations can be made:

— The content of inclusions and/or pores increases with
the RM concentration, as highlighted by comparing the
samples with 1 wt% to 5 wt% RM concentration across
different post-processing routes.

— Both RM concentration and inclusions distribution af-
fect the grain size of austenite and its twinning behavior.
RM seems to enhance the austenitic grains twinning,
likely because the nonmetallic particles induce locally
higher stress fields that triggers this mechanism, espe-
cially when grain growth is more pronounced (i.e., after
lower debinding temperature) [36]. Excessive RM, as in
the case of 5 wt%, seems to limit grain coalescence and,
consequently, twinning as well.

— The nature of the inclusions seems to vary significantly
with air debinding, especially for the specimens treat-
ed at 600 °C that feature a homogeneous distribution
of minor phases along the grain boundaries in addi-
tion to major secondary phases corresponding to RM
incorporation.

Previous literature works have demonstrated that SS316L
manufactured by BJT and processed in protective atmo-
spheres form a major austenite phase, featuring anneal-
ing twins, and ¢ ferrite, when the sintering cycle exceeds
its formation onset temperature [37, 38]. Austenitic grains
are normally equiaxed and subject to growth depending on
the extension of the sintering dwelling step, whereas ferrite
is retained along the grain boundaries and, in particular, at
the triple junction points. In this case, the samples debinded
at lower temperatures, regardless of the processing atmo-
sphere, feature a comparable austenitic phase development,
accompanied by the major presence of several inclusions
and pores. Owing to the high concentration of oxidized spe-
cies among the grain boundaries, the presence of retained
ferrite is less evident with respect to pure SS316L; nonethe-
less, it can still be observed in some cases, as in the triple
junction point at the bottom of the mapped area in Fig. 8,
characterized by a slight enrichment in Cr. From the micro-
structure analysis, it can be concluded that the incorpora-
tion of RM with SS316L does not induce any detrimental
interface detachment between the stainless steel matrix and
included oxidic particles. This aspect is relevant for ensur-
ing continuity in the composite structure and avoiding pref-
erential sites where cracks may originate.

Nevertheless, XRD spectra in Fig. 7 reveal a series of
unexpected transformations, especially after debinding in
air at 600 °C. Indeed, the diffractograms from the other
conditions (Ar-470 and Air-470) display the typical pattern
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Debinding Conditions
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Red Mud Content
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5wt.%

Fig. 6 SEM images of the mixed feedstock components obtained by
debinding at 470 °C in argon, in air at 470 °C and 600 °C, and sintering
in low vacuum at 1360 °C with 1 wt%, 2 wt% and 5 wt% RM contents,
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Fig. 7 XRD pattern of the cross sections of the specimens debinded
at 470 °C in argon, in air at 470 °C and 600 °C, and sintered in low
vacuum at 1360 °C with 1 wt%, 2 wt% and 5 wt% RM contents

Air, 470°C Air, 600 °C

highlighting the dependence of inclusions and oxides content on the
feedstock and processing conditions (the magnification is constant, so
the scale bar in the first panel is valid for all images)

of FCC iron, generated by the austenitic matrix, and minor
oxide inclusions, identified by the theoretical patterns of
hematite-, spinel- and wiistite-like structures, that become
detectable for RM>2 wt% and air debinding (similar to
the result of the powder mixtures). Adversely, the Air-600
specimens show two specific features: the oxide peaks are
visible already for the sample with RM=1 wt%, and BCC
iron peaks are visible in all cases. The first aspect is clearly
justified by the extension of oxidation of the steel matrix
during debinding, which allowed for retaining a larger oxide
content after sintering, as already observed in Fig. 6. On the
other hand, ferrite, either 0 and/or a, represents a fraction
comparable to or even superior to austenite in the final com-
ponent, which implies the formation of a large volume of
ferrite in addition to the J phase expected by the transforma-
tion of the steel matrix at the sintering temperature.

@ Springer
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The effect of RM increase on the final inclusion content
seems to be trivial: a higher initial concentration in the feed-
stock corresponds to a larger fraction of oxidized species
in the final components. However, it must be noted that the
composition and the distribution of these secondary phases
are dependent on the processing conditions as well, which
determine the evolution of the oxides throughout the ther-
mal treatments according to their stability and interactions.

The oxide content of RM makes its location clearly
distinguishable within the composite structure of the Ar-
debinded sample in Fig. 8, especially when visualized using
O mapping. The O-containing species are not homogeneous
either among or within themselves. Indeed, the content of
elements introduced by RM varies consistently, with Al-rich
regions segregating within larger aluminosilicate particles.
In addition, Mn seems to be diffusing from the steel matrix
within the Si and Ca-rich oxides, suggesting its role as a
reducing agent of less stable oxides (i.e., Fe-based oxides).
Also, the distribution of Ti is peculiar: it seems to migrate at
the interface with the steel, thus forming core-shell configu-
rations that might improve the adhesion between the two
materials of the composite. Finally, it can be observed that
the oxidized regions do not feature any Fe, Cr, or Ni. Such
absence implies that these elements from the steel matrix do
not react with the RM during the processing. This is impor-
tant to preserve the unique characteristics of the austenitic
stainless-steel matrix, like its high corrosion resistance,

Ni

mechanical performance, and electrical properties. Instead,
the hematite initially contained in the RM is reduced com-
pletely. Such a reduction could be ascribed to a series of
processes:

— Carbothermic reduction owing to the presence of organ-
ic residue from incomplete binder pyrolysis in an inert
atmosphere, as already confirmed in literature [39].

— Thermal instability under low oxygen partial pressures
[40].

— Reduction by reaction with other available metallic ele-
ments, such as Mn or Cr, from the steel matrix.

— The net result is a nearly complete loss of iron oxides
that should be able to catalyze the anodic reaction in the
DCFC.

Air-debinded samples seem to provide a different final
microstructure composition. Indeed, it can be observed from
Fig. 9 (and the corresponding measured chemical composi-
tions listed in Table 4) that the oxides contained in the mate-
rial exposed to air at medium temperatures (600 °C) are
different from Ar-debinded samples. Indeed, at least three
types of compounds were identified:

— Spot B in Fig. 9b corresponds to a Fe-Cr-Mn ox-
ide (i.e. a spinel Fe’" and Fe?" substituted at A and B
sites of formula (Cr, Fe),(Mn, Fe)O,), likely formed in

Ti

Fig. 8 EDX mapping of the sintered specimen obtained from 5 wt% RM and argon debinding at 470 °C
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Fig. 9 SEM analysis of the sintered specimen obtained from1 wt% (a) and 5 wt% RM (b) and air debinding at 600 °C, with the indication of the

secondary phases analysed by EDX point analysis

correspondence of a void at the interface with a RM par-
ticle or due to magnetite (obtained by reduction from
RM hematite) interaction with Cr and Mn from stainless
steel (weak Ni and Mo signals should originate from the
surrounding interaction volume of the analysis).

— Spots B and C in Fig. 9a and C-E in Fig. 9b are ex-
tremely enriched in Cr, with traces of Al and Ti, thus
suggesting the formation of Cr,0;.

— Spots D in Fig. 9a and b feature primarily Si, followed
by Al Ca, Fe, and Cr, meaning that they likely derive
from the RM inclusion reacting with the matrix, leading
to a mixture of silicon oxide and garnet- or spinel-type
oxides.

It can also be observed that the steel matrix in the speci-
men debinded in air at 600 °C with RM=1 wt% contains
9 wt% of Cr, whereas its content is higher in the case of
RM=5 wt%. Mn is completely depleted in both cases, and
Ni is almost preserved as in the original feedstock. Such
drastic changes in the chemical composition of the matrix
material are responsible for the observed variations in fer-
rite/austenite fractions for this set of samples (Fig. 7). It
seems that a larger content of RM is beneficial to preserv-
ing an acceptable amount of Cr in the metallic matrix, thus
its corrosion and oxidation resistance, most likely owing to
the preferential interaction of the steel surface with metal
cations from the RM, such as Ti, that limit the Cr-Mn-Fe
oxides formation.

To balance the amount of Fe-containing oxides with the
stainless nature of the steel, Air-600 specimens with RM
content above 2 wt% were considered a good compromise
for anodes production.

It could be inferred that the steel particles in the green
body are subject to surface oxidation during air-debinding,
especially at 600 °C, inducing the formation of oxides from
the steel’s main elements (e.g., Fe, Cr, Ni, and Mn). Dur-
ing further thermal treatment in a partially reducing envi-
ronment (vacuum+carbon traces), some of these oxides
(e.g., hematite and/or magnetite) are preferentially reduced,
whereas more stable ones, such as Cr and Mn oxides, are
retained. The melting point of the latter determines their
stability at the sintering temperature, thus inhibiting the
retention of oxides where Mn is predominant, but only in
more complex oxides, such as Cr-Mn spinel with partial Fe
substitution. The aluminosilicate phase from the RM seems
to be subject to a glass transition leading to the formation
of spheroidal inclusions with smooth interfaces [4]. Finally,
Ti content is higher in the presence of steel-derived oxides,
possibly suggesting its interaction with Fe oxides to form
ilmenite, titanomagnetite, or similar compounds, thus lead-
ing to a localized enrichment in Ti after reduction at the sin-
tering temperature. The reduced metallic iron from iron-rich
oxides is stabilized as J phase, thus promoting the growth
of ferritic grains, which are still retained after cooling (as
demonstrated by the XRD pattern in Fig. 7).

Although the steel particles’ surface oxidation induced
by air-debinding is not stable throughout the entire process,
its presence at intermediate temperatures and its interaction
with RM create a series of inclusions limiting the densifica-
tion of the material and pinning the grain boundaries. These
coexisting mechanisms well explain the limited densifica-
tions (see Fig. 5) of samples with increasing content of RM
and exposed to oxidative atmospheres at higher tempera-
tures. Conversely, such a debinding condition seems to be
effective in partially preserving Fe-containing oxides within
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Table 4 Elemental atomic concentrations measured by EDX point analysis corresponding to the labelled spots in Fig. 9

Mo

Ni

Fe

Mn

Cr

Ti

Ca

Si

Al

At.%

(a)

1.44

11.49

77.14

9.93

2.62
4.92

50.12

26

1.

45.99
42.66

0.54

0.61 49.69

0.47

0.32

1.

33.64
15.03

29.50
41.76

3.63

1.73

21.54

40.62

1.38
0.35

10.55
1.59

73.04
12.54
1.71
4.75
0.83

(b)

9.42
8.27
0.49

0.59 0.35 0.51
2.49
0.85
2.56

3.65

41.50
40.08

0.48

5.21
8.89
5.12

0.41

5.04

30.54

45.40
47.85

43.65

the sintered composite, leading to the possibility of testing
the catalytic effect of RM when applied in a DCFC.

To summarize, the microstructural evolution of SS316L/
RM composites heat-treated in different conditions is pre-
sented in Fig. 10, where the effects of air debinding at low
and high temperatures have been compared with argon
debinding conditions.

Fuel Cell Testing

The initial powder feedstocks are based on 1, 2, and 5 wt%
red mud. At 1 wt%, the catalytic yield is limited by a lack of
abundant active phases in the mixtures. Conversely, increas-
ing the content to 5 wt% significantly inhibits densification
kinetics. 2 wt% RM addition is identified as an ideal thresh-
old, which contains approximately 0.53 wt% iron oxides. As
the powder feedstock is reclaimed and reused across succes-
sive production, 0.5 wt% of red mud is added to compensate
for the preferential loss. The RM content is subsequently
increased to 0.67 wt%. The density (Fig. 5), XRD and SEM
results (Figs. 13 and 14) confirm that the performance of 2.5
wt% RM is identical to the 2 wt% RM mixture.

Figure 11 presents the testing results of the direct car-
bon fuel cell with cylindrical pure SS316L, cylindrical and
rectangular SS316L with 2.5 wt% RM composite anodes.
The OCV curves are given in Fig. 11a. The LSV results are
calculated and demonstrated as a function of current density
versus potential and power density in Fig. 11b.

All three anode configurations reach the same OCV of
nearly 1.07 V (£10 mV), a potential higher than the theo-
retical 1.02 V of pure elemental C [41]. An OCV higher than
the equilibrium potential is due to the partial pressure of
CO,, which does not depend only on the complete oxidation
of the carbon but also on other side reactions, like volatile
matter gasification [41].

The only difference in the OCV obtained with the three
different anodes, shown in Fig. 11a, is that the potential of
the BJT anodes with 2.5 wt% RM stabilizes in a shorter time,
especially the cylindrical tea-bag anode, which reaches sta-
bilization in 8 min. The rectangular anode containing 2.5
wt% RM exhibited an intermediate OCV stabilization time,
falling between the quick stabilization of the cylindrical RM
anode and the pure stainless-steel tea-bag anode (as an inter-
nal reference). The rectangular anode reached the OCV in
40 min, while the reference anode stabilized in 1 h.

Making a comparison between the two anodes with the
same cylindrical shape, a possible explanation for the higher
potential reached in a shorter time for the one containing
RM is the faster CO production rate due to a catalytic effect
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Fig. 10 Scheme of microstructural evolution of binder jetted SS316L/RM composite undergoing different post-processing processes to summarise

the observations from SEM analyses
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Fig. 11 Performance of molten hydroxide direct carbon fuel cell with and without RM addition: a OCV curves; b potential and power density

versus current density curves

[42]. The anode contains Cr-Fe-Mn oxides coming from the
recycled waste interaction with steel, especially after they
are produced with the optimized debinding at 600 °C in
air. Fe-based and similar oxides are indeed the best know
catalyst for the reverse Boudouard reaction, increasing the

CO formation rate [43, 44]. The catalyzing mechanism is
reported in Egs. (1) and (2).

FenOyp 4+ COy — FepOyiq +CO (1)

FenOpt1 +C — Fep, O, +CO 2)

@ Springer
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The intermediate behavior of the rectangular anode can be
justified by the different geometry. The presence of sharp
edges may limit the contact between the fuel and the anode
walls, reducing the contact area due to the difficulty of car-
bon packing in narrow corners. In addition, the cylindri-
cal shape gives a more uniform surface availability for the
contact with the fuel, while the prism intrinsically gives a
difference in surface according to the wall dimension. This
heterogeneity seems to negatively affect the electrochemical
performance of the cell, which requires more time to reach
the OCV. These drawbacks partially limit the catalytic effect
of RM, resulting in a more rapid stabilization than pure
SS316L but less than the cylindrical 2.5 wt% RM anode.

The same catalytic behavior is shown by the power den-
sity curve in Fig. 11b. The measured limiting current density
reaches a plateau at approximately+ 1.8 mA/cm?. The cylin-
drical 2.5 wt% RM anode presents the best electrochemi-
cal performance, reaching the maximum value of nearly 9
mW/cm? and current density of 24 mA/cm?. Incorporating,
hence, RM with the cylindrical shape anodes allows for
nearly double both the current density and the power density
(13 mA/cm? and 5 mW/cm?, respectively), maintaining the
same contact area of 10 cm? of the reference anode.

As already explained by analyzing the OCVs, the
improvement of the electrochemical performances using 2.5
wt% RM is correlated to the chemical composition varia-
tions induced by the RM itself. Considering, indeed, that
the only difference in pure SS316L and cylinder 2.5 wt%
RM anodes are the presence of the waste, it is reasonable
to attribute the catalytic effect to the RM-induced oxides.
Nearly the same improvement in power density (80%) was
indeed shown by Tang et al. [42], which was able to double
the value using Fe catalysts.

The chemical composition of the RM also shows the
presence of alkali metals and Ca oxides, which are other
possible catalysts for the Boudouard reaction. In particular,
the latter comes from some calcite CaCOj still present after
the calcining of RM [25, 45] or CaTiO;, which may pro-
mote carbon gasification [46] according to the mechanism
reported by Cai et al. [47] although the latter generally is
expected to occur at a higher temperature than that used in
this work.

As already seen in the OCV, the power density of the
rectangular shape anode shows an intermediate result
between the pure SS316L and the cylindrical printed
anodes. Although the same current density is reached at the
end of the LSV analysis (13 mA/cm?), there is a slight varia-
tion in the power density of pure SS316L and rectangular
2.5 wt% RM anodes. The former reaches only 5 mW/cm?,
while the latter reaches 6 mW/cm?. Despite this improve-
ment is still due to a catalytic effect of the composite, the
overall catalytic capacity is still limited by the geometry of

@ Springer

the anode. The theoretical surface area available of the rect-
angular anode is 14.76 cm?. However, the real area available
is lower since the contact at the edges is more difficult than
on a flat or smooth surface. In addition, the lack of mobility
at the edges causes very high polarization losses, as shown
by the very sharp drop in the I-V curve. This result is an
increase in the total resistance of the system [48]. Hence,
the surface area of the current collector limits the electron
collection of the electrochemical reaction that takes place
at the wall [49]. The exchange of electrolyte and the fol-
lowing particles arrangement in the rectangular anode were
also limited by the combined effect of the grid distribution
within the anode structure and the resulting surface-to-vol-
ume ratio of the grid region (0.125 mm™! for the cylindrical
anode and 0.067 mm ! for the rectangular one). The uni-
form distribution of the grid all along the circular surface,
together with its higher surface-to-volume ratio, favored
the penetration and exchange of the electrolyte inside the
anode, improving the electrochemical reactions. In contrast,
the grid was located only on one side of the rectangular
anode, and the reduced perforated surface (shown by the
lower surface-to-volume ratio) limited the electrolyte pen-
etration and exchange, resulting in worse electrochemical
performances.

Additionally, the rectangular shape is characterized by a
larger volume requiring 1.915 g of fuel to fill it. The cylin-
der is instead filled with 1.310 g. Increasing the amount of
fuel, the absolute available C content increases, but also the
associated ash. This, on the one hand, may further explain
the higher time needed by the rectangular anode to reach
the OCV. To the other, it is reasonable to imagine that the
amount of fuel in contact with the anode wall contains a
lower carbonaceous material available for the reaction and
a higher amount of inert matter. To reach the OCV, more
carbon is consumed, leaving higher fractions of ashes dur-
ing the LSV scan. However, the direct comparison between
anodes with different shapes is complex since each cell
geometry requires a different optimal carbon to carbonate/
ash content to maximize its performance [49, 50].

The above results, hence, suggest that the axial-symme-
try coupled with a more uniform grid distribution are pref-
erable feature to maximize the interaction between fuel and
electrolyte at the anode.

The improvement in power density obtained after the
incorporation of RM inside the SS316 shows that it is not
necessary to use a complex incorporation technique, as the
impregnation performed by Skrzypkiewicz et al. [43]. On
the contrary, it is sufficient to add the catalyzer material to
the mixture before printing. It is indeed known that bet-
ter performances are achieved when the Fe oxide is in the
vicinity of the electrochemical reaction sites [43]. When Fe-
based oxide is incorporated directly into the anode, it is no
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Fig. 12 Tested anodes showing good structural integrity and reusability: a cylindrical anodes; b rectangular anodes

longer located only near the reaction sites, but is found at
the reaction sites themselves, thereby improving cell per-
formance. In addition, the dispersion of RM particles inside
the SS316L matrix gives an additional dispersion of Ca-
containing compounds, favoring its catalytic activity [46].

Additionally, the incorporation of RM in the anode does
not affect the durability of the latter. Figure 12 indeed shows
the structural integrity of both the anodes without any sign
of degradation, cracking, or deformation after 2 h of test-
ing. This evidence confirmed the withstand ability of the
BJ manufactures and any fluctuation of electrochemical
results could be addressed only by the fuel depletion or
heterogeneity.

The above-mentioned results demonstrate the feasibility
of incorporating RM into the stainless steel-based composite
for the production of anodes for DCFC. Although the pre-
liminary tests focused on simple geometries, the promising
outcomes can be highlighted. Compared to the conventional
manufacturing industries, SS316L and RM composites are
easily created and fabricated by BJT. The enhanced kinetic
performance of carbon conversion is a significant finding.
This is achieved by directly incorporating catalysts into the
anode material, thereby eliminating the reliance on complex
and costly chemo-mechanical or thermo-chemical pre-pro-
cessing. The results present the feasibility of utilizing RM
as an efficient catalyst former for green energy production,
converting this urgent environmental waste into a func-
tional component and offering a novel permanent disposal
possibility.

Conclusions
In this work, the anodes of molten hydroxide DCFCs have

been successfully fabricated with the SS316L and RM
composite feedstock via BJT. The post-processing cycles

of binder jetted SS316L/RM composites have been opti-
mized for the binder removal during debinding, and for pre-
serving Fe-containing oxides after sintering. The research
highlights the feasibility of air debinding, compared to the
conventional inert atmosphere debinding. Indeed, the oxida-
tion during air debinding concurrently inhibits the complete
reduction of the oxides during the subsequent sintering pro-
cess, which favors the performance of DCFC.

Two novel anodic designs, namely rectangular and cylin-
drical tea-bag shape, have been tested and compared with
the SS316L cylindrical anode. It has been proven that with
2.5 wt% RM, the potential is higher and stabilizes faster due
to the presence of Cr-Mn-Fe oxides. The cylindrical tea-bag
anode demonstrated superior performance compared to the
rectangular anodes, as its lack of sharp corners facilitates
a more consistent and improved contact area between the
anodic surface and the fuel. The highest current density and
power density are achieved by the cylindrical anode with
2.5 wt% RM at 24 mA/cm?® and 9 mW/cm?, respectively.

This work demonstrates an approach of reusing RM
as the catalyst for the direct carbon fuel cell systems. The
exploitation of BJT enables the freedom of design, which
has showcased better fuel cell performance. The success-
ful valorization of RM through this research serves as an
impetus for broadening the scope of highly complex and
functional components with multi-material feedstocks fab-
ricated via BJT.

Appendix

See Figs. 13 and 14 and Table 5.
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