Three-dimensional X-ray microcomputed tomography of carbonates and
biofilm on operated cathode in single chamber microbial fuel cell
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Power output limitation is one of the main concerns that need to be addressed for full-scale applications of the microbial fuel
cell technology. Fouling and biofilm growth on the cathode of single chamber microbial fuel cells (SCMFC) affects their
performance in long-term operation with wastewater. In this study, the authors report the power output and cathode polarization
curves of a membraneless SCMFC, fed with raw primary wastewater and sodium acetate for over 6 months. At the end of the
experiment, the whole cathode surface is analyzed through X-ray microcomputed tomography (microCT), scanning electron
microscopy, and energy-dispersive X-ray spectroscopy (EDX) to characterize the fouling layer and the biofilm. EDX shows the
distribution of Ca, Na, K, P, S, and other elements on the two faces of the cathode. Na-carbonates and Ca-carbonates are pre-
dominant on the air (outer) side and the water (inner) side, respectively. The three-dimensional reconstruction by X-ray
microCT shows biofilm spots unevenly distributed above the Ca-carbonate layer on the inner (water) side of the cathode. These
results indicate that carbonates layer, rather than biofilm, might lower the oxygen reduction reaction rate at the cathode during
long-term SCMFC operation.

I. INTRODUCTION

Bioelectrochemical systems like microbial fuel cells
(MFCs) exploit biological rather than chemical catalysts on
both anode and cathode to achieve electrochemical redox reac-
tions that generate current while degrading organic compounds.

Despite extensive research, further insight is needed on
electron transfer processes,lf3 materials performancesf"5 Sys-
tem design and scaling up,® in order to make bioelectrochemi-
cal systems competitive with currently used technologies for
wastewater treatment. The limitation to the oxygen reduction
reaction (ORR) at the cathode and its catalysis,” induced by
chemical,g’lo enzymatic,”’12 or microbial'*!* mechanisms,
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are being targeted to increase the MFC power output.

The single chamber microbial fuel cell (SCMFC), without
electrolytic membrane between anode and cathode,15 is
likely the most promising design for MFC, due to its sim-
plicity and low cost. Nevertheless, the cathode performance
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decays with time, due to the long-term exposure to primary
wastewater pollutants and dissolved salts that might precipi-
tate when pH overcomes the buffer capacity of the catholyte.

In SCMFCs, the direct exposure of the electrodes to the
solution enriched with the inorganic/organic substrate and
bacteria induces the growth of an electroactive biofilm on
both anode and cathode.'®™"® The study of biofilm and bio-
fouling interaction with the electrode materials is therefore
crucial for SCMFC understanding and optimization.

Biofilms are microstructured microbiological commun-
ities that thrive at the solid/liquid interface. Microorganisms
in biofilm produce extracellular polymeric substances that
form a cell-encasing matrix whose composition is up to 90%
water.”’ Particulates, inorganic precipitates, and corrosion
products are also entrapped in the biofilm whose composi-
tion depends of the environment and the substrate.”*~>* The
characterization of the physicochemical and structural prop-
erties of biofilms is crucial for bioelectrochemical systems
optimization. Previously reported techniques for biofilm
structural characterization include optical sectioning,”® FTIR
analysis,”* and other microscopy methods.?>°

While commercial sensors and microsensors can be used
to characterize the chemical makeup of biofilm, including
thick environmental biofilms, there is no simple technique
available to determine the morphological features of a thick
biofilm (i.e., having a thickness of a few millimeters).
Certain microsensors can be used to determine porosity and
local mass transfer properties, but the experiments are time-
consuming.”®*” Simple microsensors have also been used
for measuring pH, redox potential, oxygen content, and OH™
concentration, with good accuracy.’*?

In early biofilm studies, thick biofilms were cut in thin
sections and imaged through fluorescence microscopy and
the 3D images were then reconstructed by common image
analysis algorithms. Modern multiphotons confocal laser
scanning microscopies (CLSM) are ideal for nondestructive
imaging of most biofilms and to identify bacteria in the
biofilms settling on the anode or cathode surface of bioelec-
trochemical systems. However, the resolution of the
CLSM images decreases when the biofilm is thicker than
0.3-0.5mm, because of photon scattering. Furthermore,
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microscopy analysis requires staining protocols or the
expression of green fluorescent protein in the microorgan-
isms to improve the visualization of details. Other techni-
ques, such as scanning electron microscopy (SEM), require
harsher drying pretreatment that often lead to the formation
of structural artifacts.***

Three-dimensional X-ray microcomputed tomography
technique (microCT) is a nondestructive method that ena-
bles imaging and 3D reconstruction of complex microbio-
logical structures, regardless of their thickness. Therefore, it
is a suitable method for the characterization of the thick bio-
films that grow in SCMFC after long-term operation with
wastewater.

The electrochemical analysis of cathode performance and
the overall voltage of a SCMFC running for over 6 months
are presented in this work. Furthermore, the SCMFC cathode
was imaged through microCT and other imaging methods at
the end of the 6 months experiment, to characterize the bio-
fouling layer and the biofilm. Results show that the thick
fouling layer on the SCMFC cathode limit the ORR, thus the
overall power output.

Il. MATERIALS AND METHODS

A. SCMFC assembly, working conditions, and
electrochemical measurements

The membrane-less SCMFC [Fig. 1(a)] was assembled
as previously described.'” Briefly, a borosilicate glass
(Pyrex®) bottle of 125ml was equipped with a large Pyrex
flange on one side, to accommodate the open-air cathode.
The bottle was sealed airtight with plastic screw cap to pre-
vent air leakage into the anolyte. Raw primary wastewater
from Milano-Nosedo treatment plant (Milan, Italy) was ino-
culated in the anode compartment. The wastewater has pH
equal to 7.9 and COD <500mgl ' (Chemical Oxygen
Demand). Particularly, the treatment plant monitored the
wastewater finding the following concentration of some
chemicals of interest: 0.1 mgN-NH, " 17", 5.5 mgN-NO; !
17!, 6.4 mgN, 17", 0.8 mgP 17!, 75 mgCl~ 17!, and 60
mgSO427 1. Moreover, also turbidity (1 NTU) and con-
ductivity (725uScm™') have been measured. After

FiG. 1. (a) Schematic of the batch MFC used in this study; (b) outer side of the air cathode; and (c) inner side of the air cathode after 6 months of operation.



inoculum, 10mM sodium acetate (Sigma-Aldrich, Italy)
was added periodically to maintain nonlimiting concentra-
tion of electron donor in a batch operation. The SCMFCs
worked at room temperature that was roughly constant and
equal to 21-23 °C. The cathode was built similarly to a pre-
viously reported protocol.>® A 30 x 30mm carbon cloth
(SAATI C1) was coated with a microporous layer (MPL)
(TIMCAL ENSACO 350G -+ Nafion® ink) on the inner sur-
face (i.e., facing the anodic compartment) and a gas diffu-
sion layer (GDL) (TIMCAL ENSACO 350G+ 80%
Polytetrafluoroethylene (PTFE) ink) on the external surface
(i.e., facing air).’” The external gas diffusion layer guaran-
tees mechanical stability in long term operation.®’

The geometrical surface area exposed to the solution was
a circle having a diameter of 20 mm. The anode was made of
20 x 50mm carbon cloth (SAATI C1, SAATI Legnano,
Italy) without modification. Anode and cathode were con-
nected to an external resistance of 100€2, and the voltage
was recorded every hour during the 6 months experiment. At
day 5, 14, 30, 50, 90, and 145, the cell was disconnected and
the cathode polarization curve was taken. The SCMFC was
left in open circuit potential (OCP) for at least 1 h, and then,
the linear sweep voltammetry was performed from OCP to
—0.4 V versus SHE at a scan rate of 0.167mV s~ .7

B. Cathode imaging

After 6 months operation, the cathode was removed
from the SCMFC, photographed and then cut in small
pieces (10 x 15mm) for SEM and 3D X-ray microCT.
After air drying for 3 days, part of the samples was coated
with graphite to increase surface conductivity and then ana-
lyzed with SEM-energy-dispersive X-ray (EDX) (Mira II
Tescan).

X-ray microCT of the cathode was carried out modifying
a previously published protocol.>®> The wet cathode sam-
ple was inserted into a sealed polycarbonate tube (transpar-
ent to X-ray) to avoid drying of the sample during the time
needed for the microCT analysis. In turn, this set up avoids
dehydration of the biofilm sample and degradation of the
biofilm structure, which is a serious problem in SEM imag-
ing. A tungsten-anode X-ray microfocus source was used to
radiate the specimen. The transmitted and attenuated X-ray
intensity was projected onto a high-resolution X-ray detec-
tor system. The sample was slowly rotated along one refer-
ence axis on a high-precision rotation stage, and several
hundred projections were collected as described in previous
works.***! The 3D volume of the sample was reconstructed
from such projections using tomographic reconstruction
algorithm based on the Filtered Back Projection.** From
the reconstructed volume, intensity isosurfaces representing
the 3D surface of the sample could be also extracted. A
10 x I5mm sample of the cathode was analyzed by
microCT immediately after disassembling the cell. From
the total reconstructed volume, a subvolume (5 X 5 mm)
was also extracted for the quantitative measurement
described in Sec. III D.

lll. RESULTS

A. Electrochemical performance and cathode visual
inspection

After six months, the operated SCMFC was disassembled
and the cathode was imaged through several methods. A pic-
ture of the air-side surface of the cathode is reported in Fig.
1(b) and the water-side one in Fig. 1(c).

The overall SCMFC voltage and power with time are
reported in Fig. 2(a). The power output increased in the first
3 weeks, and then decreased almost linearly over time. The
initial increase of the power output was mainly due to the an-
ode, which was slowly colonized by electroactive biofilm
that degrades organics and release electrons on the conduc-
tive carbonaceous electrode.>® The maximum power output
of 55 uW was produced after 20-22 days. The cathode polar-
ization curve [Fig. 2(b)] shows that electroactivity increased
from day 5 to day 14 and steadily decreased with time.

The visual inspection of the SCMFC cathode revealed a
thick biofilm on the inner side (i.e., facing the anodic com-
partment) covering a white precipitate [Fig. 1(c)]. The bio-
film coverage was not homogeneous and the electrode was
partially black, likely because of sulphide residuals.'” A
white ring of soluble (sodium carbonate) deposit was also
visible, external to the o-ring sealing the SCMFC. The cath-
ode side facing air showed a thinner white deposit with no
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FiG. 2. Voltage recorded over 100 Q external resistor (blue) and power (red)
(a), polarization curves of cathodes over 145 days experiments (b).



biofilm growth, made of sodium carbonates like that one
external to the o-ring, on the other side [Fig. 1(c)].

A white carbonate deposit on the cathode has been
already observed and chemically analyzed, in previous
long-term experiments with SCMFCs.!"3%*~*® The white
Na-carbonate was probably due to leakage of catholyte. The
Ca-carbonate, less soluble than Na-carbonate, precipitated
on the cathode inside the solution.
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B. SEM imaging and EDX analyses

The SEM-EDX images of the cathode are reported in
Fig. 3. The outer side of the cathode [Fig. 3(c)] shows a
smooth surface due to the partial melting of the PTFE coat-
ing, with salt crystals covering homogeneously the cathode
surface [Fig. 3(c)]. The EDX analysis shows high amount of
Na, indicating precipitation of Na-carbonates [Fig. 3(c)].
The visual appearance of the inner side of the cathode differs
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FiG. 3. SEM micrographs and EDX analysis of the scaling on the cathode: inner face [(a) and (b)] and outer face (c). Red squares identified the region on the

sample where the micrographs have been selected.
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FiG. 4. SEM micrographs of the cross-section of the cathode and EDX diffractogram. Red squared identifies the region on the sample where the micrographs

have been selected.

between the center and the periphery of the electrode. In the
center, Na and Ca peaks were observed mixed with other
elements (S, P, and K) typical of biofilms. In the periphery,
where biofilm is less significant, Ca carbonates were pre-
dominant. P and S peaks were detected only in the inner side
of the cathode. Outside the cathode [Fig. 3(c)] the peak of
Na underlined the different nature of the deposit.

The SEM of the cross section (Fig. 4) evidences the pres-
ence of carbonates scaling the wires of carbon cloth texture
while the EDX graph shows the Na- and Ca-carbonates pre-
cipitate. The salt crystals extend also in the fibers of the elec-
trode material. These results are consistent with previous
EDX analyses, where Ca® and K" precipitates were
observed on the SCMFC cathodes together with their corre-
sponding carbonates.'”*?

The uniformity and homogeneity of the Ca-carbonate
layer is not evident from the micrographs in Fig. 3. On the
contrary, Fig. 3 shows that a cracked and whitish deposits of

a b

carbonate alternates to biofilm and the other cathode
components.

C. X-ray microCT imaging

X-ray microCT images of the SCMFC cathode are pre-
sented in Figs. 5-8. The video scan of the section of the
cathode sample is in Fig. 8. The biofilm/fouling grown on
the anolyte side [top part, Fig. 5(a)] of the cathode had
higher roughness than that grown on the air side [Fig. 5(b)].
This is consistent with the SEM results. Fractures and
defects in the PTFE layer of the air side of the cathode
were likely due to the rapid cooling after the heating
treatment.

X-ray microCT images cannot be compared directly with
SEM, because of the pretreatment of SEM samples and the
different resolution, which is 5.12um voxel size for
microCT. The lower resolution of microCT is compensated

a b

FiG. 5. Grayscale rendering of the cathode reconstructed by X-ray microCT
evidencing the morphology of the internal face of the cathode and two side
cross-sections. Full reconstructed volume (a) and an extracted subvolume to
better evidence structure details (b). The top surface represents the cathode
side facing the solution.

FiG. 6. X-rays microCT images of the internal (a) and external (b) face of
the investigated cathode, underlined with the blue color is the presence of
carbonate precipitation.



FiG. 7. Segmentation of the total reconstructed microCT volume to extract
the full cathode sample (a), the sample after partial (b) and total [(c) and (d)]
removal of the cathode material and biofilm, to evidence the carbonate pre-
cipitation layer.

by the 3D imaging of the sample that is not possible through
SEM.

D. X-ray microCT postprocessing

Three-dimensional reconstruction of volumes from
microCT images are represented in grayscale using the FBp
algorithm, where lighter color indicates lower X-ray attenua-
tion (i.e., lower atomic density); hence, this technique allows
distinguishing biofilm from inorganic fouling based on the
average atomic number Z of each voxel (3D pixel).

FiG. 8. Orthogonal cross-section of the cathode sample extracted from the
reconstructed microCT volume and postprocessed to extract estimated thick-
ness information (dimensions in micrometer); in (c) the line is equal to
650 um (enhanced online) [URL: http://dx.doi.org/10.1116/1.4930239.1].

In Figs. 6-8, the region of highest X-ray attenuation is
rendered in blue and corresponds to the carbonate precipita-
tion through the biofilm by comparison with the SEM
images. Carbonate precipitation can be clearly observed on
the internal face [Fig. 6(a)] and in a few areas of the external
face [Fig. 6(b)] of the cathode, where the GDL layer was
cracked, or completely missing. The purpose of the external
PTFE/CB (Carbon Black) layer is mainly to prevent water
leakage from the inside of the SCMEC to the outside, while
allowing oxygen penetration to the catalytic side where oxy-
gen reduction reaction occurs. Figure 6(b) shows carbonate
precipitation along the fractures of the PTFE/CB external
layer, underlining surface defects that might have been wors-
ened by the penetration of precipitants into the external sur-
face. Benzinger er al*® showed that a large pressure
differential, several meters of water column are necessary to
allow liquid permeation through the wet-proofed carbona-
ceous electrode commonly used in a hydrogen PEM fuel
cell. These results are consistent with previously reported
findings,*’ showing through SEM images that the carbonates
deposits forming on the electrode over 3 months causes the
degradation of the electrode texture and structure.*’

The microCT reconstructed image of the cathode
[Fig. 7(a)] was processed to separate the biofilm from
the carbonate precipitate and the electrode material.
The cathode materials and the biofilm were partially
[Fig. 7(b)] and completely [Fig. 7(c)] removed, showing
only the thick layer of carbonate precipitation [Fig. 7(d)]
that appears compact and extend along the entire inner
cathodic surface.

X-ray microCT reconstructions also allow extracting
quantitative information. A 5 X 5 mm subvolume of the cath-
ode was selected to this purpose. Given the low curvature of
the subvolume, the total surface area was 25 x 2 =150 mm?
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(considering both bottom and top surfaces). Within this sub-
volume, the total carbonate volume was 3.8 mm°> , corre-
sponding to about 0.15mm*/mm” of surface. This value is
consistent with the X-ray microCT measures along the
cross-sections of the cathode, where the total surface area of
the carbonate precipitation was 127.9 mm?, to be compared
with the total 50 mm? surface area of the analyzed subvo-
lume. This value too seems credible given the very complex
and indented external surface of the carbonate layer.

Selected cross-sections of the reconstructed volume show
that the precipitate layer on the inner cathodic surface was
compact, approximately uniform and in direct contact with
the cathode surface. However, the biofilm grew above the
precipitate layer and it was not uniform (Fig. 8).

IV. DISCUSSION

A. Mechanisms of carbonate precipitation at the
cathode

In a typical membrane-less SCMFC, the cathode faces the
anolyte on the inner side and the atmosphere on the outer
side. The modification of cathode surface with GDL allows
oxygen penetration through the porous carbon material to
the catalytic sites, where ORR occurs, minimizing water
leakage. On the other hand, application of MPL enhances
bacteria attachment. The hydrophilic/hydrophobic gradient
that establishes in the MPL and GDL-coated cathode from
the internal to the external side includes the three phases cat-
alyst sites (solid-liquid—gas) improving the ORR rate. The
three phases interface is fundamental for an efficient ORR
guaranteeing electron transfer (solid phase), proton transfer
(liquid phase) and oxygen permeation (gas phase).”® Oxygen
diffusion on the inner side of the cathode creates favorable
conditions for the growth of a thick mixed species biofilm on
the cathode.>™!” The performance of the SCMFC changes
during long-term operation as biofilm and inorganic fouling
settled on the cathode.'”**™*

Previous studies conducted using phosphate buffer and
acetate explained the decreasing in cathode oxygen transfer
after 1 year operation with biofilm formation and organic
matter accumulation that clogged the cathode pores.** The
expected performance decrease was much slower in that
case, compared to real wastewater that has lower buffering
power and contains multiple other cations (e.g., Ca). Those
previous studies**** were made in model artificial waste-
water and did not include the role of carbonate and might
have underestimated its role in decreasing MFC perform-
ance. Moreover, they suggested that the development of a
thick biofilm impaired the MFC performance probably due
to proton mass-transfer limitation at the inner side of the
cathode.**

In contrast, other studies suggest that the microaerophilic
and anaerobic microorganisms in the biofilm grown on the
inner side of the cathode enhance its catalytic activity, possi-
bly through NO;~ or SO,*~ reduction, after few weeks of
growth, hence the MFC cathode is termed biocathode. It was
early hypothesized that mainly the salt precipitation at

cathode, and not a thick biofilm, causes the degradation of
the MFC performances. '’

Finally, a recent study demonstrated that an aggressive
cathode cleaning procedures using HCI, after long time oper-
ation, resulted in performance recovery of 85%. Those
data® underlined the positive effect of removal of inorganic
fouling from the cathode structure rather than organic
fouling.

The microCT images of the cathode reported in Figs. 5-8
suggest that biofilm does not play a relevant role in mass
transport limitation, as they show that biofilm is patchy, not
uniformly distributed and not uniformly thick. Furthermore,
the biofilm it is not directly in contact with the inner cathode
surface, because of the thick calcium carbonate layer depos-
ited on the surface. The biofilm is much thinner than the car-
bonate layer, so it is likely that biofilm does not limit ion
transport to the cathode.

The precipitation of alkaline salts on the cathode in a
membrane-less SCMFC is related to the ORR process and
depends on (1) the catalyst used on the cathode;>! (2) the
electrolyte pH;>? and (3) organic substrates used.”

The absence of Pt catalyst in the cathode led to a two-
electrons ORR, through H,0, reduction to H,O at low pH or
to OH™ at high pH. At circumneutral pH, both reactions
might occur with the simultaneous production of H,O and
OH". The presence of the OH ™ and increase in pH close to
the cathode has been previously documented®'>* and this
facilitates the carbonate precipitation. In fact, it has been
showed previously that pH might increase locally up to 12
close to the cathode sul"f21ce,31’54 although the oxidation of
sodium acetate used as organic substrate might partially bal-
ance the consequent alkalinization on the cathode.>

The uniform carbonate layer might play an important role
in the decaying of the overall SCMFC performance. It might
be assumed that the thick and compact carbonate layer
causes ions mass transport limitations, eventually impeding
the contact between the solution and the active, conductive
catalytic sites of the cathode.

B. Use of X-ray microCT to explain the cathodic
SCMFC mechanism

Only SEM/EDX characterization of MFC cathodes have
been previously reported,'’***~*® showing that calcium and
sodium carbonate accumulate on the MFC cathode.
However, X-ray 3D microCT is preferable over SEM
because it provides the 3D distribution of the precipitates.
SEM, on the other hand, requires sample pretreatment,
which can damage the inorganic fouling layer. Furthermore,
SEM can be used only for surface analysis, while 3D tomog-
raphy is suitable for thick, compact samples. X-ray microCT
images reported provide relevant insight on the cathode
structure after long-term SCMFC operation with wastewater.
The carbonate deposition layer on the inner side of the cath-
ode is continuous and thicker than 0.1 mm, and it fills also
the pores and cracks of the cathode material on both the
inner and the outer cathodic surface. It is likely that the



cathode performances decrease drastically due to this layer
of carbonate species, impenetrable for protons, and not
because of the biofilm, whose thickness seems too low to in-
hibit the cathode performances. These findings suggest that
carbonate precipitation on the cathode should be minimized
and the stability of the GDL on the cathode should be
improved, to maintain stable SCMFC performance during
long-term operation.

V. COMPARISONS WITH OTHERS IMAGING
TECHNIQUES

Electrode imaging in bioelectrochemical system requires
often a combination of methods to characterize the electrode
surface, the biofilm morphology on the electrode, and the
inorganic fouling. Digital imaging and video show the overall
electrode in situ, but do not provide sufficient resolution to
characterize the biofilm and the fine details of electrode sur-
face. SEM offers a submicrometer resolution of the fouling
surface or electrode section, but the drying pretreatment
increases chances of artifacts and morphological distortions.
While glutaraldehyde fixation and ethanol washing stepszg’35
can reduce the extent of artifacts, they cannot be avoided.?®*
The recently developed environmental SEM allows the imag-
ing of the biofilm also in wet conditions,” thus avoiding bac-
terial fixation artifacts and biofilm morphology distortions.
However, this technique is quite complex and requires a dedi-
cated instrument with a special detector. Coupling of SEM
with EDX allows understanding of the electrode surface
chemistry, particularly the detection of monovalent and diva-
lent cations (Na*, K*, Ca?", and Mg”>") mainly associated
with their carbonate species. However, SEM-EDX is a sur-
face characterization method, as electrons cannot penetrate
beyond the conductive surface. CLSM imaging is arguably
the most common nondestructive method in use for imaging
biofilm with minimal pretreatment”®*> and has been used to
image cathodes from bioelectrochemical systems only in dou-
ble chambers MFC systems.”** Photons can penetrate
300500 pum of biofilms with submicrometer accuracy, there-
fore providing excellent understanding of microorganism’s
location and interaction in mixed microbial biofilm consor-
tia.?®3> However, optical access to biofilm is required for
CLSM analysis and only small samples (i.e., 200 x 200 um)
can be imaged in a reasonable time. Furthermore, CLSM can-
not be used to image inorganic fouling layers such as the car-
bonate deposits commonly observed in MFC cathodes, as
they are impenetrable to photons.

X-ray microCT imaging allows a volumetric investigation
of MFC electrode without the abovementioned limitations,
and it can be used to analyze both the surface and the deep
layers of biofilm and inorganic fouling in their native state,
without pretreatment. Postprocessing allows 3D reconstruc-
tion, segmentation of the volume, and image analysis to
unveil details such as surface defects, density of the fouling
layers, and the interface between biological and inorganic
fouling. Following calibration with standard volume sam-
ples, microCT allows quantitative measure of distance and

volumes (at micrometer resolution) within the MFC cathode
or other specimen from bioelectrochemical systems. Finally,
being a nondestructive method, microCT can be used in situ,
thus allowing time-course experiments on the same sample.

VI. CONCLUSION

X-ray microCT was used for the first time to characterize
the microstructure of biological and inorganic fouling on a
membrane-less SCMFC cathode exposed to primary waste-
water for six months. SEM-EDX confirmed the presence of
a carbonate layer, with Na® and Ca®" as the predominant
cations on the outer and inner side of the cathode, respec-
tively. The 3D reconstruction of the fouling on the inner side
of the cathode shows that a thin, patchy biofilm grew above
a thick, geometrical complex but uninterrupted layer of cal-
cium carbonate and that the latter penetrates the electrode in
correspondence to macroscopic surface defects.

The formation of that thick inorganic fouling might influ-
ence negatively the cathode performance during long-term
operation. These results confirm that microCT is a promising
methodology for morphological characterization and map-
ping of bioelectrochemical systems.
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