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HIGHLIGHTS

« A new ceramic gas diffusion layer has
been prepared via polymer derived
ceramics.

« 390 pm thick and 55% porous GDL is
developed with the help of freeze
tape casting.

« GDL shows a bilayer with a thin
denser layer followed by sponge-like
backing layer.

« The ceramic electrode shows the
excellent performance in ZAB by
breathing open air.

« Sponge-like GDL facilitates the
oxygen exchange rate and offers
better kinetics.
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ABSTRACT

Rational material designs play a vital role in the gas diffusion layer (GDL) by increasing the oxygen dif-
fusion rate and, consequently, facilitating a longer cycle life for metal-air batteries. In this work, a new
porous conductive ceramic membrane has been developed as a cathodic GDL for zinc-air battery
(ZAB). The bilayered structure with a thickness of 390 pm and an open porosity of 55% is derived from
a preceramic precursor with the help of the freeze tape casting technique. The hydrophobic behaviour
of the GDL is proved by the water contact angle of 137.5° after the coating of polytetrafluoroethylene
(PTFE). The electrical conductivity of 5.59 * 10~ S/cm is reached using graphite and MWCNT as filler
materials. Tested in a ZAB system, the as-prepared GDL coated with commercial Pt-Ru/C catalyst shows
an excellent cycle life over 200 cycles and complete discharge over 48 h by consuming oxygen from the
atmosphere, which is comparable to commercial electrodes. The as-prepared electrode exhibits excellent
ZAB performance due to the symmetric sponge-like structure, which facilitates the oxygen exchange rate
and offers a short path for the oxygen ion/-electron kinetics. Thus, this work highlights the importance of
a simple manufacturing process that significantly influences advanced ZAB enhancement.

* Corresponding author.

1. Introduction

Prolonging the cycle life of rechargeable ZABs has been a chal-
lenge, not only because of inefficient catalyst, zinc dissolution,
and re-deposition but also due to the lack of satisfactory architec-
ture of gas diffusion electrode (GDE) [1-4]. The GDE is generally
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manufactured by depositing the electrocatalyst on a carbon-based
GDL, which controls the oxygen transport process [5]. The com-
mercial GDL (SIGRACET® 39 BC) is a bilayered porous structure
with (i) a macro-porous backing layer (carbon nanofiber) which
is responsible for the transport, mechanical, thermal, and electrical
properties; and (ii) a micro-porous structure (carbon allotropes) on
which the electrocatalyst is deposited [5-9]. However, this com-
mercial GDL has a complex manufacturing process [9]. Addition-
ally, its pores are not aligned because an electrospinning process
produces the backing layer, which causes low oxygen gas perme-
ability and, consequently, affects the longer cycle life of ZAB [9-
12].

Recently, silicon-based polymer-derived ceramics (PDC) had
widely received enormous attention for applications such as energy
storage/conversion, gas adsorption, and water separation/filtration
[13-18]. Using a preceramic polymer enables the generation of a
porous monolith with a tailorable pore size, pore morphology, sur-
face characteristic, and electrical conductivity. All these properties
are crucial requirements for GDL [19]. Since the GDL is a thin and
flat membrane, tape casting is promising for its preparation with
tailored thickness [20]. TCA e Silva et al. already prepared conduc-
tive SiOC anodes using tape casting. These anodes showed unusual
characteristics in a microbial fuel cell system [19]. For GDLs, a fur-
ther essential requirement is a multi-layered structure with aligned
pores. The freeze-casting technique enables the production of 3D
hierarchical porous ceramics with different shapes and geometries
[21,22]. Recent results indicate that solution-based freeze casting is
very vital for adjusting the pore morphology and surface functions
of ceramic monoliths [23,24]. Hence, the combination of freeze
casting with tape casting results in the freeze tape casting process
to produce 3D hierarchical porous ceramic membranes. This tech-
nique is established for porous ceramic oxide materials, but there
is no literature on freeze tape casting of PDCs [11,25]. In freeze tape
casting, the choice of solvent, solid loading, fillers, and the solidifi-
cation condition are critical to determining the structure and char-
acteristics of the porous structure [23,26]. Further, the addition of
conductive fillers (Graphite/-MWCNT) influences the rheological
behaviour and the cross-linking degree of the polymer and alter

the porosity, surface characteristics, mechanical stability, and elec-
trical conductivity of GDL [5,27]. It is reported that the bilayered
membrane, which is manufactured by freeze casting, could improve
the oxygen flux when used as a support for solid oxide fuel cells
[28]. Using freeze tape casting, Chen et al. prepared a hierarchically
ordered porous ceramic SmgsSrg5C003-Gdg1Cepg0,_5, Which
proved to be efficient cathode in low-temperature solid oxide fuel
cells [25]. Schulze-Kiippers et al. also studied the effect of tape-
cast and freeze-dried supports (BagsSros(CoggFeo2)0.97Zr0.0303-5)
on oxygen transport [11].

In this contribution, we have developed a new silicon-based
GDL for ZAB with a less complicated process. Using tape casting,
the polymer solution with controlled viscosity is cast onto a sup-
port using a doctor blade to control the thickness (between 325
and 450 pum). Immediate freezing of the tape leads to a porous
bilayered membrane with a thin dense layer (~45 pm) in the upper
part and a sponge-like backing layer (~345 pm). The open porosity
(45-55%) is adjusted by changing the total solid loading of the
polymer solution. To enhance the electrical conductivity, conduc-
tive fillers such as graphite and carbon nanotubes were added to
the polymer solution. The superhydrophobic polytetrafluo-
roethylene (PTFE) coating was done on the GDL to improve the
hydrophobicity (WCA > 120°). Electrical properties and ZAB perfor-
mance were measured. Notably, a ceramic GDL based ZAB exhibits
a long lifetime in battery condition due to better mass-transfer
kinetics facilitated by the aligned bilayered structure with the
improved oxygen exchange rate.

2. Experimental section

3D hierarchical porous ceramic GDLs were prepared by freeze
tape casting using polysiloxane solutions. A commercial poly
(methyl silsesquioxane) (Silres® MK, Wacker Chemie AG, Ger-
many), 3-aminopropyltriethoxysilane (98%, abcr® APTES, GmbH,
Germany), graphite (Gr)/-multi-walled carbon nanotubes (CNT)
(Sigma Aldrich), and cyclohexane (Sigma Aldrich) were used as
preceramic polymer, cross-linking agent, conductive fillers, and
solvent, respectively. MK was dissolved in cyclohexane using a
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Scheme 1. Process scheme of ceramic gas-diffusion layer by freeze tape casting method.



magnetic stirrer at room temperature. Then, Gr/-CNT and APTES
were added to the mixture. Subsequently, the solutions were tape
cast with a thickness of ~0.4 mm on a pre-cooled (—20 °C) alu-
minum support using a doctor blade. For complete freezing and
cross-linking, the cast membrane was transferred to a freezer at
—20 °C for 72 h. Then the samples were freeze-dried at —20 °C
for 72 h and a pressure of 1000 pbar. Finally, the green body was
pyrolyzed at 1000 °C for 4 h in a nitrogen atmosphere to obtain a
porous amorphous SiOC membrane. The preparation of a ceramic
GDL by freeze tape casting is shown in Scheme 1. The GDLs were
given the following nomenclature: MKxGry, where x is the total
weight percent of solid loading, including polymer and conductive
fillers, and y is the weight percent of conductive fillers within the
solid fraction. Table S1 (Supporting Information) gives an outline
of all samples with their compositions and Fig. S1 shows the pho-
tograph of prepared ceramic GDL.

The structural analysis of the ceramic GDL was obtained by
using a Seifert XRD powder diffractometer (General Electric, USA).
The morphology and the pore alignment were analyzed using
SEM (Camscan Series 2, Obducat CamScan Ltd., and Zeiss supra
40, Gemini). The pore size distribution and total porosity were mea-
sured using Mercury Porosimetry (Pascal 140/440, POROTEC

MK40Gr0

GmbH, Germany). Evaluation of nitrogen adsorption isotherms
(Belsorp-Mini II, Bel Japan Inc), according to the Brunauer-Emmet
t-Teller (BET) theory, resulted in the specific surface area. The
apparent density was measured with the helium-pycnometer
(ATC POROTEC GmbH, Germany). The bending strength of the
GDL was characterized in a three-point bending test using a univer-
sal testing machine (UTM Zwick Z005, Germany) with the help of
Weibull statistic distribution (details were reported in Fig. S2).
Vapour adsorption measurements were performed using n-
heptane and water as probe molecules. The surface wettability
was evaluated by water contact angle experiments on a pendant
drop tensiometer (DSA 100, DataPhysics, Germany). For a better
understanding of ceramic GDL with commercial SIGRACET® 39
BC, the GDLs were undergone similar coating of polytetrafluo-
roethylene (PTFE), which is superhydrophobic, chemical resistant,
and anti-corrosive [9]. The AC impedance spectroscopy was used
to analyze the through-plane conductivity of the GDLs with an elec-
trochemical workstation (IM6ex Zahner® Elektrik) in the frequency
range from 10 mHz to 1 MHz and at an AC amplitude of 10 mV.
Finally, the ZAB testing was performed using a self-made bat-
tery setup. The commercial SIGRACET® 39 BC GDL acted as a
reference and was compared with the ceramic GDLs. Commercial

Fig. 1. Exemplary SEM images of the cross-sections (a, d), bottom surface (b, e), and top surface (c, f) of MK40GrO0 (left) and MK40Gr50 (right).



Pt-Ru/C with 40 wt% Pt and 20 wt% Ru on Vulcan XC-72R carbon
was purchased from Quintech, Germany, as cathode electrocatalyst.
The catalyst ink was prepared by mixing 3.5 mg of Pt-Ru/C in 300 pL
of ethanol, 100 pL of deionized water, and 10 pL of 5 wt% Nafion.
Then the air cathode was fabricated by applying the Pt-Ru/C cata-
lyst ink on the ceramic GDL and the commercial GDL using hand
brush coating technique with a catalyst mass of about 1 mg/cm?.
A ZAB, which was packed with polished zinc, a Whatman glass
microfiber filter membranes wet by a 6 M KOH aqueous electrolyte
and a catalyst-coated GDL. The ZAB experiments were performed
using an electrochemical workstation (Biologic VMP3, France) at
room temperature and atmospheric conditions. The specific capac-
ity of ZAB was calculated based on the mass of zinc anode con-
sumed for testing, and the cycling stability was tested for 10 min
per cycle. The morphological stability of cycled GDLs was moni-
tored after dismantling the ZAB and subjected to SEM analysis.

3. Results and discussion

In this tape casting process, the preceramic solution
(MK + APTES) is mixed with cyclohexane in a controlled viscosity
and is cast onto an aluminum substrate using a doctor blade
assembly [19]. Later, directional freezing takes place by moving
the casting bed into a freezer, where the solidification of the sol-
vent started in a freezing direction by growing crystals. Then, dur-
ing the freeze-drying, the completely frozen solvent was removed
and thereby creates the pore morphology. By modifying the solid
fraction, the total porosity obtained after solidification, sublima-
tion, and pyrolysis treatment can be controlled [29]. When the
total solid loading (MK and Gr/-CNT) was increased to 60 wt%,
the suspension was too viscous to be tape cast. On the other hand,
when the total solid loading was lower than 30 wt%, the viscosity
was too small for tape casting. Hence, only samples with 40 wt%
and 50 wt% of the total solid loading was further characterized
[23,30]. The produced GDLs have an average thickness of ~390-4

Bottom view

50 pm and an area of 15 x 5 cm? The XRD pattern of ceramic
GDL (MK40Gr0) pyrolyzed at 1000 °C shows the amorphous phase
as shown in Fig. S3. Within this SiOC amorphous structure, the sil-
ica atom is tetrahedrally bonded to carbon and oxygen along with
the disordered carbon phase [31].

Fig. 1 shows exemplary SEM images, including top, bottom, and
cross-section area of ceramic GDL. The ceramic GDL without gra-
phite (MK40Gr0O) shows a bilayered geometry with a thick
(~100 pum), dense layer in the upper part followed by a dendritic
porous structure, which is characteristic for cyclohexane [29,32].
The dense layer is formed on the side, which is in contact with
the atmosphere. Due to the high vapour pressure of cyclohexane,
it quickly evaporates and leads to the formation of the dense layer
[30]. With the addition of graphite particles into the ceramic
matrix (MK40Gr50), the pore morphology of the backing layer
changes to sponge-like (Fig. 1(d-f)). Schumacher et al. already
reported that the addition of filler particles influences the pore
morphology of ceramic membranes because the filler particles cre-
ate small temperature variations and direct contact at the dendrite
tips during the freezing, disrupting the growth of the solvent crys-
tal [29]. The other samples show similar microstructures, e.g.,
MK40Gr50, MK50Gr50, and MK50Gr45CNT5, exhibit a bilayered
geometry with a thin denser layer (~45 pm) and a sponge-like
backing layer (~345 pum), as needed for ZAB application (Fig. 2)
[33]. A similar type of microstructures was even observed at the
top, bottom, and cross-section view of commercial SIGRACET® 39
BC GDL (Fig. S5). The top layer of bare ceramic GDL (MK50GrO0)
shows a smooth surface, whereas, for graphite containing GDL
(MK50Gr50), the rough surface was created by the graphite. Even
a few MWCNTs were observed on the MWCNT-incorporated cera-
mic GDL (MK50Gr45CNT5) (Fig. S4). The influence of total solid
loading and filler content on the pore size distribution and total
open porosity were investigated by mercury intrusion porosimetry
(Fig. 3). All GDLs shows the pore diameter varies in the range of 3-
10 pum [34].

Fig. 2. SEM images of (a) top, (b) bottom and (c) cross-sectional view of MK50Gr45CNT5.
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Fig. 3. Pore size distribution and open porosity of ceramic GDL obtained from Hg-
intrusion porosimetry.

It has to be noted that though the pyrolysis temperature was
not altered in this work, previous works show that the pyrolysis
temperature has no significant impact on the macropore size of
solution-based freeze cast SiOC monolith [29]. As the solid fraction
is not composed of single particles but a continuous preceramic
polymer, sintering as a mechanism for pore size reduction can be
neglected. The GDLs with 40 wt% of total solid loading shows the
highest open porosity of 55%, which is higher than the commercial
GDL (SIGRACET® GDL 39 BC) with an open porosity of 50-52% [9].
When the total solid loading is increased to 50 wt%, the open
porosity decreases to 40%, which is following the literature [35].
Since in freeze casting, the solvent acts as a template that forms
the pore space after sublimation, the porosity mainly depends on
the amount of solvent. A higher amount of solvent is equal to lower
solid loading and consequently results in a higher porosity as it is
observed when comparing the samples with 40 wt% and 50 wt%
solid loading. However, GDLs with the same total solid loading
and without graphite (MK40Gr0) show lower open porosity com-

MK50Gr0
WCA ~48.8°

COMMERCIAL GDL
WCA ~ 144.1°

MK40Gr50

WCA ~120.2°

pared to graphite containing GDL (MK40Gr50) (Fig. S6). On the
other hand, the specific surface area values increase with the addi-
tion of conductive fillers (Gr/-CNT) as an effect of interlayer pack-
ing of fillers, and also this filler influences the complete
manufacturing process (Fig. S7) [36].

Fig. 4 shows the water contact angle (WCA) of ceramic GDLs.
The Gr/-CNT containing GDLs shows a slightly more hydrophobic
surface with a WCA of ~72.2° and 87.6° for MK40Gr50 and
MK50Gr45CNT5, whereas the bare ceramic GDL (MK50Gr0) shows
a hydrophilic surface with a WCA ~48.8° [19]. After coating PTFE,
ceramic GDLs exhibit an increased hydrophobic surface with a
WCA of ~120.2° and 137.5° for MK40Gr50 and MK50Gr45CNT5
respectively. These values are very close to the commercial GDL
(SIGRACET® GDL 39 BC) with a WCA of ~144.1°. Hence, the ceramic
GDLs coated with PTFE can be used for the ZAB application to avoid
moisture uptake from the surrounding [37]. The three-point bend-
ing test was carried out to examine the influence of the open
porosity on mechanical stability. Fig. 5 shows the Weibull distribu-
tion of the tensile strength. As expected, the sample with 40% of
total solid loading (MK40Gr50) has a lower characteristic strength
(oo =12.8 MPa) and Weibull modulus (m = 8.8) when compared to
MK50Gr45CNT5 (co = 24 MPa, m = 9.5). Since the Weibull modu-
lus is smaller, a larger dispersity of tensile strength for MK40Gr50
can be assumed [38]. These results confirm that the mechanical
properties of ceramic GDLs highly depend on the total solid loading
and type of fillers used. Additionally, the open porosity dominates
the tensile strength [39]. Further, the two-probe AC impedance
spectroscopy was performed to investigate the through-plane
(TP) conductivity, which is an essential property of ZABs [6].
Fig. 6 shows the Arrhenius plot of ceramic GDL. The GDL without
graphite (MK50Gr0) behaves like a semiconductor with a TP con-
ductivity value of ~10~8 S/cm [19]. It can be noticed that the addi-
tion of Gr/-CNT improves the conductivity due to the formation of
percolation paths provided by graphitic domains [19,40].
MK40Gr50 shows a TP conductivity of ~1.89 * 10~* S/cm, which
increases to ~2.67 * 107> S/cm for MK50Gr50. On the other hand,
MK50Gr45CNT5 shows the highest conductivity, which is calcu-
lated to ~5.59 * 103 S/cm with an activation energy of 0.1 eV
[41]. However, despite the excellent conductivity, ceramic GDLs
have not shown a conductivity as high as the commercial GDL

MK50Gr45CNT5

WCA ~722° WCA ~ 87.6°

a A A

MK40Gr50/PTFE

MK50Gr45CNT5/PTFE
WCA ~ 137.5°

O 0 0

Fig. 4. Water contact angles of the ceramic GDLs at 25 °C.
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(SIGRACET® GDL 39 BC; TP ~2 * 10! S/cm) and need further
improvement for realistic performance.

Since the optimized ceramic membranes show all exciting fea-
tures, which are required for air-breathing GDL, the ceramic mem-
branes were further predesignated as a GDL for ZAB. Their
performance was evaluated with the help of state of the art Pt-
Ru/C catalyst. As a reference, the Pt-Ru/C catalyst was also coated
on a commercial GDL (SIGRACET® GDL 39 BC), and the results were
compared. In primary conditions, the ZABs were deeply discharged
to 0.5 V at a current density of 3 mA/cm?. As shown in Fig. 7a, b, the
open-circuit voltage (OCV) of the commercial electrode is around
~1.33 V. In contrast, the highly conductive MK50Gr45CNT5/PTFE
based electrode shows an OCV of ~1.2 V. The highly porous
MK40Gr50/PTFE exhibits an OCV of ~1.1 V. The best ceramic GDL
with 50 wt% carbon allotropes (MK50Gr45CNT5/PTFE) delivers a
slightly lower OCV and working voltage since the conductivity is
still less compared with commercial GDL, which is prepared with
~100 wt% of carbon allotropes. Despite their lower OCV and work-
ing potential, the ceramic GDL with higher porosity (MK40Gr50/
PTFE) breathe in even longer and discharge over 48 h. Additionally,
it delivers a much higher specific capacity of 625 mA h/g compared
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Fig. 7. Primary and secondary ZAB performance of ceramic GDLs at the current
density of 3 mA/cm?; (a) Complete discharge as a function of time, (b) Complete
discharge as a function of specific capacity, (c) rechargeable performance.
Commercial Pt-Ru/C was employed as catalyst and SIGRACET® 39 BC acted as
reference GDL.

to the commercial electrode (specific capacitance: 542 mA h/g; dis-
charge time: 43 h). It can be seen that the GDL coated with PTFE
(MK40Gr50/PTFE, MK50Gr45CNT5/PTFE) show extended shelf life
and breathe in even longer compared to its counterpart
(MK40Gr50, MK50Gr45CNT5) since the superhydrophobic PTFE
creates a better three-phase boundary region for improved ORR
activity [37]. Overall, the ceramic GDLs, which have a sponge-like
layer structure with aligned pores, high open porosity, and a



superior three-phase boundary region, potentially allow for more
oxygen permeation and consequently facilitate the mass transport
process [42].

Furthermore, galvanostatic discharge-charge measurements
were conducted at a current density of 3 mA/cm?, and round-trip
efficiency was calculated after 200 cycles (Fig. 7c). The calculated
round-trip efficiency of 60% and 67% is observed for MK40Gr50/
PTFE and MK50Gr45CNT5/PTFE, respectively. When comparing
with the commercial electrode (round-trip efficiency of 66%), it
becomes evident that ceramic GDLs are a potential and efficient
alternative for ZABs. Typical properties of ceramic GDLs, along with
the ZAB performance, are summarized in Table 1. Finally, the mor-
phological stability after the galvanostatic tests were investigated
using SEM. Fig. 8 shows the top, bottom, and cross-sectional view
of the MK50Gr45CNT5/PTFE based GDL after 200 cycles. It is worth
noticing that no morphological change occurred after 200 cycles, as

there is no significant difference to freshly prepared GDLs (Fig. 2)
owing to the excellent mechanical stability and highly aligned
porous bilayered geometry with a hydrophobic surface. While
investigations of the as-prepared ceramic GDL on ZAB, the
highly porous GDL (MK40Gr50) breathes even longer and delivers
high capacity compared with low porous GDLs (MK50Gr50 and
MK50Gr45CNT5).  Whereas the highly conductive GDL
(MK50Gr45CNT5) offers a slightly higher OCV and working poten-
tial. On the other hand, PTFE coated ceramic GDL such as
MK40Gr50/PTFE and MK50Gr45CNT5/PTFE, promote better capac-
ity, operating potential and reversibility, which are among the
highest reported values so far. Hence as a combination of porosity,
conductivity, and hydrophobicity appears as critical requirements
for GDL, which improves the ZAB performance. Thus, this work
demonstrates the benefits of using PDC shaped with freeze tape
casting for the application as ceramic GDL in ZABs.

Table 1
Typical properties of ceramic gas-diffusion layer along with ZAB performance.
GDL* Thickness Open Pores Hydrophobic  Electrical Tensile  ZAB performance
(um) porosity  diameter behaviour conductivity strength
(%) (pm) (WCA) () (Sem™) (MPa)
MK40Gr50 400 55 5.6 120.2 1.89 * 1074 12.8 Specific capacity 625 mAh g~!, 60% round-trif
efficiency after 200 cycles
MK50Gr45CNT5 390 39 3.1 137.5 5.59 * 1073 24 Specific capacity 570 mAh g~!, 67% round-trif
efficiency after 200 cycles
CommercialGDL (SIGRACET® 375 50 - 1441 2*107! - Specific capacity 542 mAh g~!, 66% round-trif

GDL 39 BC)

efficiency after 200 cycles

* Pt-Ru/C as employed as cathode catalyst for ZAB testing.

Fig. 8. SEM images of (a) top, (b) bottom and (c) cross-sectional view of cycled ceramic GDL made up of MK50Gr45CNT5/PTFE.



4. Conclusion

In summary, freeze tape casting techniques has been applied for
the first time for the successful development of a new ceramic GDL
for ZABs. The GDL showed non-aligned/aligned pores and an aver-
age pore diameter between 3 and 10 um with open porosity of 55%.
As expected, the PTFE coated GDL shows a hydrophobic behaviour
with a better three-phase boundary region. The electrical conduc-
tivity of GDL has been increased five orders of magnitude with the
addition of Gr/-CNT. Under ZAB working conditions, the ceramic
electrode outperforms the commercial electrode with excellent
capacity and cycling stability over 200 cycles, due to an improve-
ment in the oxygen exchange rate and shorten pathways for oxy-
gen ion/-electron kinetics as an effect of porosity, conductivity,
and hydrophobicity. Finally, with the broad chemical variaty of
PDCs and the excellent process control of freeze tape casting, this
work sheds light on a new strategy to design 3D hierarchical por-
ous ceramic GDL for next-generation energy ZAB.
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