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Abstract

Lithium-sulfur (Li-S) battery is an appealing energy storage technology because of its
superior theoretical energy density, natural friendliness, and low cost over Li-ion battery. However,
Li-S batteries often suffer from fast capacity decay, low energy density, and short lifespan due to
the shuttle effect from polysulfides. Hybridizing sulfur with carbonaceous materials has been
demonstrated effective in solving these challenges and thus improving Li-S battery performance.
In this work, yeast as a low-cost, natural, and renewable catalyst was used to grow carbon
nanotubes (CNTs), which were then coated on the separator in a Li-S battery to suppress the shuttle
effect of polysulfides. The Li-S cell with the CNT coated separator exhibited significantly
improved performance at high current density with an initial high specific capacity of 980 mA h

gl and a well-retained specific capacity of ~450 mA h g''after 850 cycles at a high current density.
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1 Introduction

Continuous consumption of nonrenewable energy resources accompanied by ever-increasing
environmental issues calls for rapid development of advanced energy storage systems that utilize
renewable energy resources.[1-3] However, one stern reality is that conventional lithium-ion
batteries, which are currently the predominant energy storage devices, have almost reached their
theoretical limit.[4-6] In this context, the lithium-sulfur (Li-S) battery has attracted special
attentions as a promising next-generation energy storage technique due to its theoretically ultra-
high specific capacity (1675 mA h g!) and energy density (2600 W h kg!).[7] Nonetheless, Li-S
batteries have not fully filled their promise because there are multiple challenges on the road to
practical application such as the insulating nature of sulfur, the dissolution of lithium polysulfides,
and the volume change of cathode during cycling, jointly leading to drastic capacity decay and
severe self-discharge and thus shortening battery’s lifespans.[8]

Various design strategies have been explored to mitigate the aforementioned problems to

enhance the performance of Li-S battery. Advanced carbon materials, such as porous carbons,

graphene, and carbon nanotubes (CNTs), have been used to construct Li-S battery cathodes and
separators.[9-14] CNTs have been served as the sulfur host for sulfur encapsulation due to CNTs’
superior electrical conductivity and porous/tubular structural features that improve the electrode
conductivity and retard the shuttle effect of soluble polysulfides.[15-21] Additionally, CNTs were
used as an interlayer between the cathode and the separator.[22-24] Inserting an interlayer was
found to be more efficient in suppressing the dissolution of polysulfides than adding carbon
materials into the cathode.[25-30] Although CNTs have been proven to be beneficial to enhancing
Li-S battery performance, they are still costly due to low production rate of CNTs.[31-34]

Chemical vapor deposition (CVD) is the predominant CNT fabrication method.[35-37] During the



CVD process, hydrocarbons, such as methane and acetylene, are converted into CNTs with the aid
of metallic catalyst nanoparticles.[38] The high cost of CVD fabrication comes from the harsh
reaction conditions, expensive catalysts, and complicated post-purification processes.[39-42]
Furthermore, the CVD method may further exacerbate the energy crisis as the broadly used
hydrocarbons are mainly derived from nonrenewable fossil fuels.[43, 44] Therefore, an important
question emerges: is there a sustainable and cost-effective process to produce high-quality CNTs
for Li-S battery application?

Nature renders infinite possibilities. Biomass materials, which are rich in carbon and gifted
with incredible structures and properties, are highly promising for fabricating advanced carbon
materials which find to be forceful for enhancing Li-S battery performance. For example, camphor
was used as a raw material to grow CNTs.[45] Cotton textile and recycled paper were used to
modify the cathode and separator of Li-S battery, .[46-49] Recently, we demonstrated that yeast,
a renewable unicellular fungus that is widely used in baking and ethanol industries, can work with
flour to grow CNTs.[50] The fermented flour was carbonized and converted into an activated
wheat flour dough/carbon nanotube (AWD/CNT) composite, which was then used as the sulfur
host for Li-S battery cathode. Yeast was found to be a possible bio-catalyst for synthesizing CNTs.
Moreover, its low cost and natural abundance enable CNT production cost-effective and
sustainable. However, application of the fermented flour-derived CNTs in Li-S battery is limited
by the introduction of impurities, the carbonized wheat flour, which would negatively affect the
Li-S battery performance. On the other hand, yeast has been demonstrated as a feasible bio-
template to produce porous carbon for enhancing Li-S battery performance.[51, 52] Therefore, we
propose to activate yeast to form porous carbon scaffold and simultaneously grow CNTs on the

scaffold with yeast as a catalyst for Li-S battery application.



In this work, yeast’s catalytic function on CNT growth was further validated by combining
yeast with various carbon sources for growing CNT. High-quality CNTs were directly grown on
activated yeast (AY) scaffold with yeast as the catalyst and cotton as the carbon source. Such
AY/CNT composite powders with the ultrahigh specific surface area were then coated onto the
cathode side of the separator in Li-S battery to strengthen the function of Li-S battery separator.
The AY/CNT modified separator rendered significantly improved specific capacity and cyclic

stability of ~450 mA h/g after 850 cycles at a high current density.

2 Material and Method
2.1 Preparation of AY/CNT composite powders

The yeast used in the experiment was directly purchased from grocery store. Typically, 2.5 g
yeast (Zhenhaojia Yeast) was fermented in 100 ml deionized water (DI water) at 30 °C for 3 h.
After stirring, the solution was frozen and dried by a vacuum freeze dryer (Columbia International).
The freeze-dried fermented yeast was then ground into powders and stored at 0 °C for future use.
0.25 g of such fermented yeast was placed in a stainless steel crucible (20 mm % 12 mm X 6 mm).
The crucible was then wrapped with a piece of cotton textile (§0 mm % 50 mm) and placed into a
tube furnace (Thermolyne 21100), held at 750 °C for 2 h under a 200 sccm argon flow to synthesize
the AY/CNT composite which afterwards was collected, washed by DI water and then dried at

80 °C.

2.2 Verification of the catalytic function of yeast for CNT growth
In the aforementioned synthesis of CNTs, yeast was used as the catalyst while cotton as the

carbon source. Can yeast catalyze the CNTs growth when alternative carbon sources are used?



Here a piece of recycled cardboard (1 cm X 5 cm) and a segment of corn cob with a length of 1 cm
were applied as two biomass carbon source alternatives to cotton. They were respectively dipped
in 100 ml yeast solution (2.5% wt), dried at 80 °C for 4 h and then held at 750 °C for 2 h under a

200 sccm argon flow.

2.3 Coating AY/CNT composite powders onto the Li-S battery separator

The AY/CNT composite powders were coated onto the separator (Celgard 2400 film) via a
slurry coating method. A mixture of the composite particles and the binder -polyvinylidene
fluoride (PVDF) with a mass ratio of 9:1 was ground in N-methylpyrrolidone (NMP) to form a
slurry, which was then scrapped onto one side of the conventional separator to form a 50 um thick
coating of AY/CNT. The AY/CNT coated separator was then dried in an oven at 60 °C for 24 h.

The dried separator was punched into disks of a diameter of 1.7 cm.

2.4 Cathode preparation

Cathodes were prepared with a slurry coating consisting of sulfur powder, carbon black, and
PVDF in aratio of 7:2:1, which were dispersed in NMP to form the slurry. The slurry of a thickness
of 150 um was then scrapped onto an aluminum foil. After being dried at 60 °C for 12 h, the coated
aluminum foil was punched into disks of a diameter of 1.2 cm as the cathodes for coin cells. The

cathode sulfur loading was measured to be 2.5 mg/cm?.

2.5 Electrochemical efficacy of AY/CNT coated separator
The CR2032 type coin cells were assembled with the modified AY/CNT separator and the

pristine Celgard separator respectively to evaluate the electrochemical efficacy of the AY/CNT



coated separator. The cells were assembled in an argon-filled glove box (Mbraun) with the
mentioned cathodes, separators and electrolyte (1 M lithium bis(trifluoromethane sulfonyl)imide
(LITFSI) and 0.2 M LiNOs3 in 1:1 v/v 1, 2-dimethoxyethane (DME) and 1, 3-dioxolane (DOL)
solution). The cell with the AY/CNT coated separator facing the cathode was annotated as the
AY/CNT cell, and the cell with a pristine separator (no AY/CNT coating) was labeled as the
reference cell. The cells were tested at voltages ranging from 1.7 V to 2.8 V with a LAND CT
battery tester. Additionally, a CHI 660 electrochemical workstation was used to measure the cyclic
voltammetry (CV) characteristics at a scan rate of 0.0001 V/s and the electrochemical impedance
spectroscopy (EIS) values at the frequency ranging from 0.01 Hz to 100000 Hz and an AC voltage

amplitude of 0.005 V.

2.6 Materials characterization

The specific surface areas of activated yeast and AY/CNT powders were measured using a
Quantachrome Autosorb iQ nitrogen adsorption/desorption analyzer based on the Brunauer-
Emmett-Teller (BET) theory. Scanning electron microscopy (SEM; FEG 650 with energy
dispersive spectroscopy), high-resolution transmission electron microscopy (HRTEM; FEI Titan),
X-ray diffraction (XRD; PANalytical X’ Pert Pro Multi-purpose diffractometer equipped with Cu
K, radiation with A = 0.015406 nm), Raman spectroscopy (Renishaw Invia Raman microscope
with the laser at 514 nm), and X-ray photoelectron spectroscopy (XPS; PHI Versa-Probe III) were

used to characterize the microstructure and compositions of materials and cells used in this study.



3. Results and Discussion

As shown in Fig. 1a, the crucible filled with yeast was wrapped by a piece of cotton textile
without physical contact between the yeast and the cotton. Here, cotton served as the carbon source
for CNT growth during the carbonization process through a vapor-liquid-solid (VLS) mechanism.
Specifically, during the heat treatment, cotton textile was decomposed and released various
gaseous hydrocarbons such as acetone, ethanol and methane (Fig. 1b), which would further be
decomposed into carbon and eventually precipitated on the surface of the yeast.[53] Attributed to
the catalytic function of yeast, the precipitated carbon particles grew into CNTs (Fig. 1c). SEM
inspection (Fig. 1d) reveals a large number of CNTs produced on the activated yeast particles,
whereas no CNTs were found on the activated cotton textile. This comparison suggests that yeast
was the catalyst for the growth of CNTs and cotton only served as carbon source since CNTs were
only observed on yeast, not on cotton. For further demonstration, cotton and fermented yeast were
heated respectively under the same condition, which turned out that no CNTs were observed on
either of them (Fig. 1e, 1f). The failure of growing CNTs on cotton was due to the lack of catalysts,
while the absence of CNTs on AY particles was ascribed to the lack of carbon source. The loading
of CNTs on the AY particles was estimated to be ~9450 CNTs per AY particle based on ten
randomly selected AY/CNT particles. The specific surface area of AY/CNT was measured to be
220.192 m?/g, three times more than that of the bare AY particles (67.001 m*/g), which resulted

from tubular CNTs on the AY/CNT composite (Fig. S=1). HRTEM inspection (Fig. 1h) shows a
curved CNT with a length of over 2 um, a diameter of ~30 nm and a wall thickness of ~10 nm
(Fig. 11). FFT (inset of Fig. 11), XRD and Raman spectroscopy (Fig. S—2) inspections jointly reveal

that the CNTs are of amorphous phase. The similar intensities of the D band (~1350 cm™) and the



G band (~1580 cm™) in the Raman spectrum indicate high quantities of defects in the AY/CNT

composite powders.[54]
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Fig. 1. Characterization of the AY/CNTs composite. (a — c) Schematics that display the process
of CNT growth: A crucible containing yeast wrapped by cotton (a); the decomposition of cotton
and release of hydrocarbons (b); carbon precipitation and CNT growth on yeast surface (c); (d)

SEM images of the AY/CNT composite, inset shows activated cotton textile (ACT); (e) and (f)



SEM images of ACT and AY; (g) SEM image of an AY/CNT particle; (h) TEM image of a CNT
derived from yeast; (i) HRTEM image of the CNT derived from yeast, inset shows the

corresponding FFT pattern.

Apparently, the fermented yeast acted as the catalyst for CNT growth. An important question
is: which chemicals catalyze the growth of CNTs? Energy dispersive spectroscopy (EDS) imaging

observed four main elements, C, O, P, and K, in the AY/CNT composite (Fig. S—3). Among them,

potassium is a very active metallic element that can easily form compounds with other elements.
The broad peaks in the XRD spectrum indicate the existence of potassium salts such as potassium
carbonate and potassium phosphate. Potassium salts have been previously reported to have
catalytic functions for CNT growth.[55, 56] It is persuasive that these potassium salts formed

during the heat treatment worked as the catalysts for CNT synthesis (Fig. 2a).



Fig. 2. Yeast’s catalytic function for CNT synthesis. (a) Schematics of CNT growth enabled by
the potassium salts derived from fermented yeast; (b) and (¢) SEM images of CNTs grown on the
recycled cardboard precursor; (d) SEM image of carbonized cardboard (without being dipped in
yeast solution); () and (f) SEM images of CNTs grown on the corn cob precursor; (g) SEM image

of carbonized corn cob (without being dipped in yeast solution).



With yeast’s catalytic function being demonstrated, more biomass materials were used as
carbon sources to validate yeast’s catalytic capability for CNT growth. Recycled cardboard and
corncob, two different types of biomass materials, were dipped in the yeast solution and dried at
80 °C for 4 h and then heated at 750 °C for 2 h under a 200 sccm argon flow for yeast-catalyzed
CNT synthesis. SEM inspection shows that CNTs were synthesized with both biomass carbon
precursors (Fig. 2b, 2¢, 2e, 2f). More CNTs were found on the corncob surface than the recycled
cardboard surface (Fig. 2d, 2g), indicating that the corncob provided more carbon than the recycled
cardboard. For comparison, the recycled cardboard and corncob were heated individually without
being dipped in the yeast solution, and CNTs cannot be observed on either of them. All results
illustrate that yeast is indispensable for CNT growth, no matter what biomass materials are used.

To apply the yeast-derived CNTs to Li-S batteries, the AY/CNT powders mixed with
polyvinylidene fluoride (PVDF) were coated onto the cathode side of the separator (Fig. 3a). The
cross-sectional image of the coated separator illustrated that the coating layer was diffused into the
separator and the total thickness was ~50 pm. As the thickness of the pure separator was 30 um,
the height of the AY/CNT coating layer was measured as 20 um. The XPS and EDS analyses of
AY/CNT coating show that in addition to fluorine from the PVDF (Fig. 3c, Fig. S-3), ester groups,
which have strong bindings with polysulfide,[57] were observed on the coating and expected to

block the flow of polysulfides from the cathode to the anode during Li-S battery cycling.
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Fig. 3. Characterization of the AY/CNT coating on the Li-S battery separator before battery
cycling. (a) and (b) SEM images of the top and cross-sectional views of the AY/CNT coating; (c)

Survey spectrum of the AY/CNT coating; (d) Cls spectrum of the AY/CNT coating.

The efficacy of the AY/CNT coating was examined by comparing the electrochemical
performances of the Li-S batteries with and without the AY/CNT coating on the separators. As
shown in Fig. 4a, the CV curve of the reference battery without the AY/CNT coating on the
separator shows a charging peak at ~2.5 V and one discharging peak at ~2.2 V. As for the coating
battery, the discharging plateau was broader with the peak at ~2.1 V, and the charging reaction
was illustrated as a curve from 1.7 V to 2.8 V without obvious charging plateau. The change on
the CV curve was attributed to the AY/CNT coating layer. The localized rates of Li2S/Li>S: to Sg

were different because of the non-uniformity of CNT distribution on the coating layer, which



suppressed the charging plateau. The effects of the coating layer were also illustrated in the EIS
spectrum (Fig. 4b), where a second semicircle was found at the middle-frequency region, and the
line at the low-frequency region was extended. The second semicircle indicated the charge transfer
of sulfur intermediates at the AY/CNT coating layer.[58] The line in the EIS curve was related to
the formation of Li»S/Li>S>, and the extension of the line after adding the coating layer
corresponded to the broader discharging plateau (Fig. 4a). Although the resistance was increased
by the coating layer, it still enhanced the initial specific capacity by ~200 mA h g'! at a current
density of 0.24 mA/cm? (denoted as 1 C) as shown in the galvanostatic discharging curve (Fig. 4c).
Further recording of the charging/discharging curves of the first four cycles of the battery with the
AY/CNT coating on the separator exhibit ultra-high and stable discharging specific capacities of
1282.1, 1229.3, 1242.2, and 1253.5 mA h g}, respectively (Fig. 4d). The rate performance (Fig.
4c) showed that the AY/CNT coating enabled a specific capacity at ~1000 mA h g'! with the
current density being increased to 4 C. The battery without the AY/CNT coating experienced a
drastic capacity decay while the current density being doubled from 1 C to 2 C. At 4 C, this
reference battery only possessed a specific capacity at ~300 mA h g''. The significant improvement
of specific capacity, especially at the high current density, was attributed to suppression of shuttle
effect and change of reaction rate enabled by the AY/CNT coating layer. Another pair of batteries
with and without the AY/CNT coating was tested at 4 C for 200 cycles (Fig. 4e). In general, the
reference battery experienced a capacity increase and kept stable at ~420 mA h g!. As a
comparison, the AY/CNT coating battery showed higher initial specific capacity, which was
gradually decreased for 90 cycles, then increased and suddenly decayed at 160 cycles with a stable
capacity of 650 mA h g'!. The increase in specific capacity during battery cycling has been found

in biomass-derived carbon anode Li-S batteries.[48, 59] The increase shown in the AY/CNT



battery from the 90" to 100" cycle was attributed to the utilization of lithium polysulfide in the
coating layer. Further tests of the AY/CNT coating battery performance at a high current density
was conducted and it also exhibited an increase in specific capacity from an initial specific capacity
of 601 mA h g’ to 776.2 mA h g! at the 200th cycle at a current density of 10 C (Fig. 4f). Atsuch
a high specific capacity, the Coulombic efficiency remained ~90%. When the current density
dropped down to 5 C, the Coulombic efficiency retained a record high of 98% while the specific
capacity recovered to ~980 mA h g'! and then dropped down to ~ 450 mA h g™! at the 850th cycle.
All the electrochemical results demonstrated that the incredible effect of the AY/CNT coating layer
on suppressing “shuttle effect”, which enabled the improved performance of Li-S battery with

higher specific capacity and longer lifespan while sacrificing the conductivity to some extent.
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Fig. 4. Electrochemical characterization of the Li-S batteries with and without the AY/CNT
coating. (a) Cyclic Voltammetry (CV) curves of the batteries; (b) Electrochemical impedance
spectroscopy curves of the batteries at the 1% cycle; (¢) Rate performance comparison of the

batteries at 1 C, 2 C and 4 C; (d) The first four cycles of the charging/discharging curves of the



battery with the AY/CNT coating on the separator at 1 C; (e) Cyclic performance comparison; (f)
Cyclic performance and corresponding Coulombic efficiency of the battery with the AY/CNT

coating on the separator.

The enhanced electrochemical performance was attributed to the AY/CNT coating on the
separator that encapsulated sulfur transportation during the battery cycling. The comparison of the
anodes from the batteries with and without the AY/CNT coating exhibited that the anode from the
fully discharged reference battery was covered by a layer of yellow particles, whereas no
noticeable change was observed on the lithium foil from the cell with the AY/CNT coating (Fig.

S—4). EDS mapping (Fig. S-5) revealed a large number of polysulfides (26.0% of S) on the anode

of the reference battery, but fewer polysulfide particles (9.8% S) on that of the AY/CNT coating

constructed battery (Fig. S—6a). Meanwhile, the AY/CNT coated separator captured 12.3% S (Fig.
S—7), demonstrating the capability of trapping polysulfides during cycling. As for the reference

battery, its separator was also analyzed by EDS mapping. Both sides of the separator were
observed, and it could be seen that the ratio of sulfur on the cathode side reached 35.8%, while

that on the anode side was 30.9% (Fig. S—8). The high and similar S ratio on both sides of the

reference battery separator showed that the traditional separator does not show polysulfides
trapping without the AY/CNT coating. XPS analysis (Fig. 5a) revealed two additional elements,
Li and S, on the AY/CNT coating, as shown in Li 1s spectrum (Fig. 5b) and S 2p spectrum with
three peaks at 163.02 eV, 165.57 eV, and 168.0 eV, respectively (Fig. 5c). The S 2p3» peak at
163.02eV indicates the deposition of polysulfide on the AY/CNT coating. The binding energy of
S 2p3s2 is higher than that of pure sulfur, pointing toward the presence of C-S bonds. The most

substantial peak at 168.0 eV should be attributed to the formation of sulfone between S and the



biomass-derived functional groups from the AY/CNT coating. Compared with that, the XPS
spectrum of reference battery separator showed no sulfone on the surface, which could be
explained by the absence of functional groups that could be connected with S (Fig. 5f). The effect
of the functional groups from the AY/CNT coating also led to the difference in the Li 1s spectrum
as Li was so active that connected to those functional groups (Fig 5b, Fig. 5¢).On the other hand,
the higher binding energy S 2p3» peak demonstrated the existence of C-S bonds, which came from
the cathode with graphite/sulfur composite. Additionally, the Li 1s peak shown in Fig. Se further
proved the formation of polysulfides, and the formation of these bonds among S and other elements
consumed the active materials, explaining the specific capacity decay during the first several

cycles.
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Fig. 5. XPS analysis of the AY/CNT coating from the AY/CNT coating battery and the

traditional separator from the reference battery, respectively after the batteries were fully



discharged. (a) Survey spectrum of the AY/CNT coating; (b) Lils spectrum of the AY/CNT
coating; (c) S2p spectrum of the AY/CNT coating; (d) Survey spectrum of the separator; (e) Lils

spectrum of the separator; (f) S2p spectrum of the separator.

4. Conclusion

We investigated yeast’s catalytic function for CNT growth by separating the carbon sources
from yeast through wrapping yeast with a piece of cotton textile, and we found that CNTs directly
grew on yeast particles. We have also successfully synthesized CNTs from fermented yeast by
using different types of biomass materials as carbon sources, including recycled cardboard and
corn cobs. The results jointly proved that yeast is a new type of biocatalyst for CNT growth. This
new catalyst drastically reduces the cost of CNT manufacturing, especially when working with
biomass carbon sources. Furthermore, the AY/CNT composite was used as an interlayer to modify
the Li-S battery separator, significantly improving the performance of Li-S batteries. The yeast-
derived CNT coated separator enabled a high specific capacity and long lifespan for its Li-S battery

and should find more applications in next-generation energy storage systems.
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Figure S1. BET analysis of carbonized yeast and AY/CNT composite. (a) N, adsorption/desorption curves of
carbonized yeast; (b) N, adsorption/desorption curves of the AY/CNT composite.
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Figure S2. Characterization of the AY/CNT composite. (a). XRD spectrum of the AY/CNT composite; (b)
Raman spectrum of the AY/CNT composite.
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Figure S3. EDS maps of the AY/CNT composite. (a) SEM image of the AY/CNT composite; (b) Layered
elemental map of the AY/CNT composite; (c-f) Element maps of C, O, P and K in the AY/CNT composite.



Figure S4. Digital image of the lithium anode from the reference battery and the battery with the AY/CNT
coating after the batteries being fully discharged.



Figure S5. EDS maps of the Li anode from the reference battery after the battery was fully discharged. (a)
SEM image of the anode; (b) Layered EDS map; (c-f) Element maps of S, C, F and O.



Figure S6. EDS maps of the Li anode from the battery with the AY/CNT coated separator after the battery
was fully discharged. (a) SEM image of the anode; (b) Layered EDS map; (c-f) Element maps of S, C, F and O.



Figure S7. EDS maps of the AY/CNT coating after the battery was fully discharged. (a) SEM image of the
AY/CNT coating; (b) Layered EDS map; (c-f) Element maps of S, C, F and O.
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Figure S8. EDS maps of the separator from the reference battery after the battery was fully discharged. (a-¢)

EDS maps of the cathode side of the reference separator; (f-j) EDS maps of the anode side of the reference separator.



