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Abstract
3D-printed anodes for bioelectrochemical systems are increasingly being reported. However, comparisons between 3D-printed 
anodes and their non-3D-printed counterparts with the same material composition are still lacking. In addition, surface rough-
ness parameters that could be correlated with bioelectrochemical performance are rarely determined. To fill these gaps, 
slurries with identical composition but different mass fractions were processed into SiOC anodes by tape-casting, freeze-
casting, or direct-ink writing. The current generation was investigated using electroactive biofilms enriched with Geobacter 
spp. Freeze-cast anodes showed more surface pores and the highest surface kurtosis of 5.7 ± 0.5, whereas tape-cast and 
3D-printed anodes showed a closed surface porosity. 3D-printing was only possible using slurries 85 wt% of mass fraction. 
The surface pores of the freeze-cast anodes improved bacterial adhesion and resulted in a high initial (first cycle) maximum 
current density per geometric surface area of 9.2 ± 2.1 A  m−2. The larger surface area of the 3D-printed anodes prevented 
pore clogging and produced the highest current density per geometric surface area of 12.0 ± 1.2 A  m−2. The current density 
values of all anodes are similar when the current density is normalized over the entire geometric surface as determined by 
CT-scans. This study highlights the role of geometric surface area in normalizing current generation and the need to use 
more surface roughness parameters to correlate anode properties, bacterial adhesion, and current generation.

Keywords Microbial electrochemical technologies · Polymer-derived ceramics · 3D printing · Direct-ink writing · Freeze-
casting · Geobacter

Abbreviations
Azo  Azodicarbonamide
BES  Bioelectrochemical system
BET  Brunauer–Emmett–Teller method
CA  Chronoamperometry

CE  Counter electrode
CT  Computed tomography
CV  Cyclic voltammetry
DIW  Direct-ink writing
EAM  Electroactive microorganisms
EET  Extracellular electron transfer
FC  Freeze-casting
GSA  Geometric surface area measured using 

vernier caliper
GSA-CT  Total geometric surface area measured from 

CT-scans
H44  Methyl phenyl silsesquioxane
HPLC  High-performance liquid chromatography
Imi  Imidazole
KS75  Graphite
MET  Microbial electrochemical technologies
MK  Methyl silsesquioxane
MFC  Microbial fuel cells
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PDC  Polymer-derived ceramic
PBS  Phosphate buffer solution
RE  Reference electrode
SEM  Scanning electron microscopy
SSA  Specific surface area
TC  Tape-casting
TRFLP  Terminal restriction fragment length 

polymorphism
Volume-CT  Volume measured from CT-scans
WE  Working electrode

Symbols
A   Contact area of the anode in two-probe 

resistance measurement,  m2

APrint   Area of the grid on the first layer of 
3D-printed anode,  m2

CE   Coulombic efficiency, %
F   Faraday constant, 96,485.3 C  mol−1

i   Current generated during acetate oxidation, 
A

jGSA   Current density normalized by the geomet-
ric surface area, A  m−2

jGSA−CT   Current density normalized by the total 
geometric surface area, A  m−2

LPrint   Perimeter of the grid on the first layer of 
3D-printed anode, m

L   Length of the anode in two-probe resistance 
measurement, m

Pri   Printability index,  m2  m−2

Q   Actual charge derived from acetate con-
sumption, C

Qtotal   Theoretical charge derived from acetate 
consumption, C

R   Resistance of measured in 2-point probe 
method, Ohm

2RsHg   Average pore diameter from Hg intrusion 
measurement, m

SA  Surface arithmetical mean height, µm
SKU  Surface kurtosis, 1
t   Time over acetate consumption, s
V    Volume, L
z   Number of transferred electrons, 8
�   Electric conductivity, S  cm−1

Δc   Variation of acetate concentration, g  L−1

Introduction

Microbial electrochemical technologies (MET) are pro-
posed as an environmentally friendly solution that com-
bines metabolic processes (i.e., conversion of ingredients/
chemicals) with the generation, storage, and utilization 
of electric energy [1–3]. In primary MET, whose devices 

are referred to as bioelectrochemical systems (BES), elec-
tric energy is harvested using electroactive microorgan-
isms (EAM). EAM perform extracellular electron transfer 
(EET) to or from an electron conductor (i.e., electrode) 
[4]. EAM can exchange electrons with electrodes through 
one or more EET mechanisms, namely a) indirect EET by 
redox mediators, b) direct long-distance EET using cel-
lular appendages (e.g., nanowires) for physical contact 
between EAM and the electrode, or c) direct EET through 
redox proteins present on the surface of EAM cells [5]. 
The primary MET archetype is the microbial fuel cell 
(MFC), which harvests electric energy from the purifica-
tion of wastewater. To date, the range of applications of 
MFC is limited due to their low power density [6, 7]. At 
the same time, using sensors based on primary MET is 
very promising [8].

In most primary MET, the microbial anode is a crucial 
element. It consists of the electron conductor (often referred 
to as the “anode” or “anode material”) to which the EAM 
adhere and grow as a biofilm while realizing the EET. The 
inherent properties (e.g., electronic conductivity and bio-
compatibility), surface chemistry, and surface area of the 
material used as anode are essential. Therefore, utilizing dif-
ferent materials or optimizing their structure are strategies 
to boost the performance of microbial anodes and, conse-
quently, the power output of the MFC. Carbon-based anodes 
are commercially available and have been widely studied 
in the form of cloth, paper, plate, etc. [9, 10]. Alternative 
stainless steel or titanium anodes exhibit higher electric con-
ductivity but are costly and even less corrosion resistant, 
and their surface usually provides poor EAM adhesion [11, 
12]. Conductive polymer-based composites such as graphite 
felt-polyaniline or carbon paper-polypyrrole are also studied 
[13]. Regardless of the type of material used as the anode, 
one of the major challenges in increasing power density is 
to provide a larger surface area for the EAM adhesion while 
avoiding pore clogging, which limits the mass transport 
within the electrodes [14]. One efficient approach is to use 
3D-printing technologies that can controllably increase the 
pore size (i.e., the distance between printed filaments) from 
a few micrometers to millimeters [15–18], thereby increas-
ing the available surface area for EAM adhesion. Various 
3D-structured anodes, such as layer-corrugated carbon or 
3D-printed anodes made of graphene, titanium, or polylactic 
acid, have been reported in the literature [19–22]. Most of 
these studies report that pore sizes > 500 µm are the most 
efficient for biofilm growth without local acidification or 
pore clogging. In addition to biomass growth, the initial 
attachment of microbial cells, which determines the lag time, 
is also of great interest. Champineux et al. [23] describe in 
detail how the topography (i.e., roughness) of the anode sur-
face (on the micro- and nano-scale) strongly influences the 
initial microbial cell attachment [23, 24]. In addition, other 
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work has found a clear influence of surface parameters on 
microbial cell attachment [25].

Different methods, like replica or direct foaming, are 
available for creating different pore sizes and morphologies. 
In this context, the templating method freeze-casting allows 
the generation of pore sizes in the range of 1 to 200 µm by 
adjusting the freezing rate/temperature and different porosi-
ties by adjusting the volume fraction of the solvent used 
(i.e., the template medium) [26, 27]. In contrast, larger pores 
of more than 200 µm can be printed using the 3D-printing 
technique (3DP) direct-ink-writing (DIW), which requires a 
slurry with a shear-thinning behavior that can be achieved by 
simply adjusting the rheological properties (e.g., yield point) 
[28, 29]. The starting point of this work is that we have 
demonstrated the successful formation of Geobacter spp. 
enriched biofilm on a tape-cast polymer-derived ceramic 
(PDC)-based anode with graphite and carbon black [30]. 
PDCs are a special class of ceramics formed from prece-
ramic polymers with Si-based polymeric chains. Apart from 
the typical Si-based backbone, the preceramic polymers are 
varied by the additional element (X) in the backbone. Com-
mon examples of preceramic polymers are siloxanes (X=O), 
carbosilanes (X=C), or silazanes (X=N), where the Si atoms 
often carry additional functional groups such as –H, –CH3, 
–Ph, –CH2=CH2. Using preceramic polymers allows the use 
of different plastic-shaping techniques like tape-casting (TC) 
[31], freeze-casting (FC) [32] or DIW [33]. In addition, pro-
cessing preceramic polymers allows the incorporation of 
various carbon-based fillers like graphite, carbon nano-tubes 
or carbon black [34, 35]. After shaping, the preceramic poly-
mer is cross-linked and later heat-treated at low temperatures 
(< 1000 °C) using an inert gas atmosphere [36]. By control-
ling the pyrolysis temperature (i.e., the conversion of the 
preceramic polymer into a ceramic) the surface area, poros-
ity, and hydrophilicity of the final SiOC can be tuned [37]. 
When processing polysiloxane with carbon-based fillers, the 
electric properties in SiOC are enhanced by the formation of 
percolation paths through carbon that decrease the electric 
resistance. Therefore, a corrosion resistant, porous, chemi-
cally stable, and electric conductive SiOC can be formed 
[37, 38]. In the investigation of different PDC variants, bio-
films dominated by Geobacter spp. were used. These species 
are the archetypal EAM that perform direct EET during the 
formation of biofilms. These biofilms can be obtained by 
electrochemical selection, allowing fair cross-comparison 
and benchmarking between different anode materials [4, 39].

In this work, electric conductive PDC anodes of the same 
material composition were produced by different manufac-
turing processes (TC, FC, DIW), for which the yield point 
of the used slurry had to be adapted in each case. In addi-
tion to analyzing the pore structure and the physiochemical 
properties of the anodes, the resulting surface roughness 
and the geometric surface (GSA) were characterized from 

a broader perspective using the surface roughness kurto-
sis parameter and the total geometric surface area from CT 
scans (GSA-CT), respectively. With these anode materi-
als, we also studied how the altered surface and roughness 
effect biofilm formation as well as composition, and conse-
quently, the resulting current density (jGSA or jGSA-CT) as well 
as coulombic efficiency ( CE ). This is followed by a brief 
discussion of the different methods used to determine the 
geometric surface and the resulting current density, which is 
compared with work from the literature. Finally, the current 
density generated from the anodes in this study is compared 
with that of other works using biofilms enriched with Geo-
bacter spp. as EAM.

Experimental section

Chemicals for anode fabrication

The SiOC anodes were prepared by tape-casting, direct-ink 
writing, or freeze-casting using a slurry composed of poly 
(methyl silsesquioxane) (MK,  Silres® MK, Wacker Chemie 
AG) and poly (H44, methyl phenyl silsesquioxane)  (Silres® 
H44, Wacker Chemie AG) as preceramic precursors. Graph-
ite (KS75, IMERYL Graphite and Carbon) and carbon black 
(Vulcan XC72 Cabot) were added to improve the electric 
conductivity based on previous works [30]. Azodicarbo-
namide (Azo, azodicarbonamide Sigma- Aldrich Co) and 
Molybdenum disilicide  (MoSi2, abcr GmbH) were added 
as fillers to induce the formation of pores and to control the 
shrinkage, respectively. Additionally, imidazole (Imi, Alfa 
Aesar) was used as a cross-linking catalyst. Together, these 
components formed the solid fraction, which is described 
in Table S2. p-xylene (Sigma-Aldrich) was used as solvent 
for the mixture of precursors and fillers. The mass fraction 
of the samples was calculated taking into account the solid 
fraction.

Preparation of the slurries

First, the solid components such as the preceramic precur-
sors (MK and H44), the carbon-based conductive phases 
(graphite and carbon black), Azo, and  MoSi2 were ball-
milled for 24 h with 90 rpm to ensure homogenous mixing 
of the components. The proportion of the volume of the 
chemicals, the milling balls (alumina  D50 = 9.70 ± 2.0 mm) 
and the empty space in a 1 L bottle was 1:1:1. The solid 
components were then mixed with the solvent at room tem-
perature using a magnetic stirrer for slurries with a mass 
fraction of 70.8 wt% or a mechanical stirrer at a mixing 
speed of 200 rpm for slurries with mass fraction of 85 wt%. 
After 30 min of mixing, the cross-linking agent, Imidazole, 
was added while stirring at the same mixing speed for more 
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30 min. The mass fraction was controlled by monitoring the 
evaporation of solvent mass (i.e., weighting the total mass 
of the slurry) during the mixing of all chemicals and the 
subsequent mixing time for homogenization. Thus, the slur-
ries with more solid loading had less solvent mass, and the 
slurries with less loading had more solvent mass (Table 1).

Tape‑casting, freeze‑casting and direct‑writing 
of the slurries

Tapes were produced using a tape-casting  process with an 
adjustable gap doctor blade, followed by a drying step for 
24 h at room temperature. For the freeze-casting  process, 
the slurries were frozen in a mold at −20 °C using a unidi-
rectional single source cold finger device as described else-
where [40]. After 1 h, the frozen anodes were transferred to a 
freeze-dryer for 72 h at 20 °C and 10 µbar. For the direct-ink 
writing process  the slurries were filled into 3 mL cartridges 
from Nordson (Erkrath, Germany). A pneumatic-based 
extrusion printer (Cellink  INKREDIBLE® 3D) using coni-
cal precision tip nozzles (nozzle inner diameter of 610 µm) 
from Techcon (Eastleigh Hampshire, UK) was used for 3D 
printing with an air pressure of 130 ± 15 kPa, that was mon-
itored and controlled manually when necessary. The car-
tridges were placed inside a recipient with a saturated-sol-
vent atmosphere before attaching to the 3D printer to avoid 
solvent evaporation. The anodes were printed at 10 mm/s 
in lattice cuboid-shape (smallest unit 1.5 × 1.5 × 0.5 mm) 
with a 90° grid and 1 mm spacing between filaments. The 
numerical code with the printing commands was gener-
ated using the Cellink Heartware 2.4.1 software, with a 
33% infill density (solid volume in the printed component). 
Later, the 3D-printed anodes were dried at room temperature 
for 24 h. Regardless of the fabrication method, all anodes 
were stored at room temperature after fabrication/ prior to 
heat treatment. The anodes were then converted to ceramics 
through pyrolysis at 1000 °C under a pure nitrogen atmos-
phere (purity 99.999%). The heating rate up to 900 °C was of 
120 K  h−1, followed by 30 K  h−1 up to 1000 °C. The dwell-
ing time lasted 4 h and the cooling rate to room temperature 
was 120 K  h−1. All anodes were made with a rectangular 
shape (Fig. 1).

Materials characterization

The yield point and the thixotropy of the slurries were 
characterized by a stress-controlled rotational rheometer, 
Kinexus Pro (Malvern Panalytical, Kassel, Germany). For 
both tests, roughly 20 mL of the slurry was placed at a dis-
tance between the base plate of the rheometer and a paral-
lel plate with a diameter of 20 mm at a gap of 1 mm. All 
measurements were performed at a controlled temperature 
of 25 °C using a solvent trap to avoid evaporation of the 
solvent. The yield point was obtained from a triplicate of 
measurements using a continuous shear rate ramp from 0.01 
to 1000  s−1. The thixotropy of the slurry was analyzed by 
a three-step shear rate test with the first step at 0.05  s−1, 
the second step at 50  s−1, and the last step at 0.05  s−1. The 
first and second steps lasted 60 s, and the last step 120 s. 
The quality of the print of the slurry was evaluated by first 
taking pictures from the top of the pyrolyzed anodes with 
a digital optical microscope (VHX-5000 from Keyence, 
Neu-Isenburg, Germany). Then, from the images of the first 
layer, the perimeter and the area between the filaments were 
analyzed using ImageJ software [41]. With these values, the 
printability index Pr

i
 which characterizes the quality of the 

print [42] was calculated according to the Eq. (1):

where Pr
i
 is the printability index factor, LPrint is the perim-

eter of the squared hole and APrint is the area of the squared 
hole. A Pr

i
 equal to 1 indicates a perfectly squared grid, 

whereas values higher or lower than 1 indicate irregular 
or circular holes, respectively [43]. The pore structure of 
the anodes from the cross-section and the top view, before 
and after the BES experiments, was analysed with a scan-
ning electron microscope (SEM, Zeiss EVO 10, Carl Zeiss 
Microscopy GmbH, Zena, Germany) using specimens 
sputtered with gold (K550, Emitech, Judges Scientific Plc., 
West Sussex, UK). The distribution of the pore’s diame-
ter size, the average pore diameter ( 2RsHg ), and the open 
porosity were determined by Hg intrusion porosimetry 
(Pascal 140/440, POROTEC GmbH, Haan, Germany). 
Nitrogen adsorption isotherms at 77 K were recorded and 
analyzed (Belsorp-Mini, Bel Japan Inc.) to evaluate the spe-
cific surface area (SSA) of the anode materials according 
to Brunauer- Emmett-Teller (BET) method. Prior to this 
measurement, a representative piece of a single SiOC elec-
trode of each composition was ground and sieved (particle 
diameter < 300 µm). The resulting powder was then inserted 
into the glass cell, and preheated at 120 °C for 3 h under 
vacuum. The hydrophilicity of the anodes was analyzed by 
calculating the ratio between the mass uptake of water and 
n-heptane vapor. For this analysis, another representative 

(1)Pr
i
=

(LPrint)
2

16APrint

Table 1  Denotation, mass fraction and processing method of the 
anode materials

Denotation Mass fraction, wt% Processing method

TC_70.8% 70.8 Tape-casting
TC_85% 85 Tape-casting
FC_70.8% 70.8 Freeze-casting
3DP_85% 85 Direct-ink writing
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piece from each composition was ground, sieved (particle 
diameter < 300 µm), placed in a glass vial (with an open 
lid), and dried at 70 °C for 24 h. The dried powder (inside 
the glass vial) was then placed in a closed Erlenmeyer flask 
partially filled with water of n-heptane at 20  °C. After 
24 h, the powders were removed from the Erlenmeyer flask 
and weighted to determine the vapor uptake. The geomet-
ric surface area (GSA) of the anodes was measured using 
a vernier caliper. The total geometric surface area (GSA-
CT) and the total volume (volume-CT) were determined by 
reconstructing CT scans of the entire anode. In the case of 
3D-printed anodes, this total geometric surface area also 
considers the external surface area within the grid structure. 
The CT scans measurements were done using X-ray micro-
computed tomography (µ-CT) Xradia 520 Versa device (Carl 
Zeiss Microscopy GmbH, Jena, Germany). For this analysis, 
one anode from each composition was scanned. The X-ray 
micro-computed tomography scanning parameters and spec-
ifications and a picture of the reconstructed spatial represen-
tation of all anodes are described in Table S1 and Figure S1, 
respectively. CT scans were first binarized from grayscale 

to black-and-white images using the Otsu threshold filter 
in ImageJ software [41]. The binarized images were then 
reconstructed as a 3D spatial representation from the binary 
CT scans and the calculation of the GSA-CT and volume-CT 
was done by software 3D Slicer [44]. The chemical stability 
of the anodes was evaluated by the dry weight variation in 
a phosphate buffer solution (PBS, pH  7,) over a period of 
4 weeks. For this analysis, one anode from each composition 
was used, and the dry weight was measured every 7 days. 
The resistance was measured at 20 °C using an electrometer 
(Keithley 197, Keithley Instruments, United States of Amer-
ica). The two ends of the anode were polished and placed 
(i.e., sandwiched) between two copper plates for resistance 
measurements. The electric conductivity was calculated as 
it follows:

where  � is the electric conductivity, R is the measured 
resistance, and L and A are the length and the contact area of 
the anode, respectively. The spatial surface roughness of the 

(2)� =
L

R × A

Fig. 1  Flowchart of the different processes (direct-ink writing, tape-casting and freeze-casting) for the production of SiOC anodes. On top right: 
light microscopy images of all anodes
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anodes was analyzed with an optical profilometer (Plμ2300, 
Sensofar, Barcelona, Spain) and the software Sensomap Plus 
5.0, with parameters calculated according to ISO25178. Two 
spatial parameters that deviate significantly from anode to 
anode namely, arithmetical mean height  (SA) and kurtosis 
 (SKU) were selected for comparison.  SA expresses the height 
difference of each point compared to the arithmetical mean 
of the surface and  SKU is the measure of the sharpness of the 
roughness profile (skewed or spiked) [23, 25, 45, 46]. Three 
different regions of one anode from each anode variant were 
evaluated. All experimental parameters, i.e. voltage and 
magnification, were kept constant during data acquisition.

Bioelectrochemical experiments

Bioelectrochemical experiments were conducted for 32 days 
in three-electrode bioelectrochemical systems (BES) con-
sisting of glass bottles (DWK Life Sciences, Wertheim, 
Germany) with a total working volume of 250 mL. Dif-
ferent PDC materials (TC_70.8%, TC_85%, FC_70.8%, 
and 3DP_85%) were studied as anodes acting as working 
electrodes (WE). The values for GSA and GSA-CT of these 
anodes, to which the current density referred, are listed in 
Table 2. Each of these anodes was studied in triplicates, 
resulting in a total of 12 individual BES running in par-
allel. A graphite rod (CP Handels GmbH, Wachtberg, 
Germany) with a GSA of 17.2   cm2 and a Ag/AgCl sat. 
KCl, + 0.197 V vs. SHE (SE 11, Xylem Analytics Germany 
Sales GmbH & Co. KG Sensortechnik Meinsberg, Germany) 
were used as the counter electrode (CE) and reference elec-
trode (RE), respectively. The WE and CE were connected to 
the potentiostat via stainless steel wire (Ø 0.6 mm, Goodfel-
low, Cambridge, England). In the case of the WE, a conduc-
tive carbon cement (Leit-C, Plano GmbH, Germany) and an 
epoxy resin were used to insulate and to attach the stainless 
steel wire to the WE. All electrodes were assembled in a 
butyl rubber stopper and previously chemically sterilized 
(70% Ethanol, 100 mM  H2SO4).

The medium used in the BES was prepared according to 
[47], supplemented with sodium acetate (10 mM) that acted 
as the sole carbon source and electron donor. Prior to the 
start of the experiment, the medium was purged with nitro-
gen for 30 min to ensure anaerobic conditions. After 3 h of 
electrochemical abiotic operation (+ 0.2 V vs. Ag/AgCl sat. 
KCl), the BES were inoculated with secondary Geobacter 

spp. enrichment biofilm gained as described elsewhere 
[48] and operated under batch conditions. All experiments 
were carried out under anaerobic conditions and potentio-
static control using a multi-channel potentiostat/galvanostat 
(MPG-2, Bio- Logic Science Instruments, Claix, France). 
The BES were chronoamperometrically (CA) operated at 
a potential of + 0.2 V vs. Ag/AgCl sat. KCl for 32 days at 
32.5 °C (Incubator Hood TH 15, Edmund Bühler GmbH, 
Bodelshausen, Germany) and constantly stirred at 120 rpm 
(2mag, München, Germany).

The medium of all BES was replaced when the cur-
rent production from at least one of the experimental set-
ups dropped to values close to zero, representing a feeding 
cycle. To ensure the anaerobic conditions during the medium 
exchange, an air-tight overpressure system was used, and 
the medium was continuously flushed with nitrogen. All 
chemicals used for the bioelectrochemical experiments 
were of analytical grade and supplied by Carl Roth GmbH 
(Karlsruhe, Germany) and Merck KGaA (Darmstadt, Ger-
many). Deionized water (Merck Chemicals GmbH, Darm-
stadt, Germany) was used to prepare all solutions.

Analytical methods and calculation

The acetate concentration was monitored using high-per-
formance liquid chromatography (HPLC, Shimadzu Sci-
entific Instruments, Kyoto, Japan) measurements of the 
aqueous liquid phase with a refractive index detector (RID-
10 A, Shimadzu Scientific Instruments, Kyoto, Japan). A 
Hi-Plex H-column (300 mm × 7.7 mm ID, 8 μm pore size, 
Agilent Technologies, Santa Clara, USA) was used, and 
the column was equipped with a precolumn (Carbo-H 
4 mm × 3 mm ID, Security Guard, Torrance, Phenomenex, 
Torrance, USA). Isocratic elution at 50 °C with 5 mM of 
 H2SO4 was set at 0.5 mL  min−1 for 30 min. Peak identifica-
tion and calibration of acetate was carried out with external 
standards  (R2 > 0.99). The medium was sampled before and 
after its replacement (in each feeding cycle), centrifuged at 
13,000 × g for 5 min, and filtered with a 0.2 μm nylon filter.

The acetate consumption data were used to determine 
the coulombic efficiency CE . By dividing the actual charge 
generated Q (Eq. 3) and the theoretical charge from acetate 
oxidation Qtotal (Eq. 4) (calculated assuming that all substrate 
consumed is converted to electricity), one obtains the CE 

Table 2  Denotation, geometric 
surface area (GSA), GSA-CT, 
volume and volume-CT

Denotation GSA,  cm2 ±  cm2 GSA-CT,  cm2 Volume,  cm3 Volume-CT,  cm3

TC_70.8% 4.25 ± 0.3 5.89 0.396 ± 0.03 0.406
TC_85% 4.64 ± 0.1 6.14 0.432 ± 0.01 0.439
FC_70.8% 3.87 ± 0.1 4.03 0.359 ± 0.01 0.366
3DP_85% 5.01 ± 0.1 12.33 0.567 ± 0.01 0.276
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(Eq. 5). Q is the produced charge derived from the integra-
tion of current ( i ) over time ( t):

Qtotal is the theoretical charge derived from acetate con-
sumption determined by HPLC analysis.

Δc is the change in acetate concentration, V  is volume, z 
is the number of transferred electrons (8 in case of acetate), 
and F is the Faraday constant (96,485.3 C  mol−1). Subse-
quently the CE can then be calculated:

The maximum current density normalized to the geo-
metric surface area (jGSA) was calculated by dividing the 
maximum current generated by the GSA. In the same way, 
the maximum current density normalized by the total geo-
metric surface area (jGSA-CT) was calculated by dividing the 
maximum current generated by the GSA-CT.

Microbial analysis

The microbial community composition of bacteria and 
methanogenic archaea on the DNA level was analyzed using 
standard terminal restriction fragment length polymorphism 
(TRFLP). The results are expressed as the relative amplicon 
abundance of each terminal restriction fragment (~ taxon), 
ranging from 0 to 100% or presented in fractions, from 0 to 
1 (as in this paper). For this purpose, parts of the reddish 
biofilms formed on the surface of the anodes were sampled 
by scraping the microbial material with a sterile needle. The 
DNA extraction was performed with the  NuceloSpin® Soil 
Kit (Macherey- Nagel, Germany) following the manufac-
turer’s instructions. Finally, the gDNA was eluted in 50 μL 
of elution buffer and the concentration was measured with 
the Nano Drop™ One (Thermo Fisher Scientific, USA). 
The microbial community was analyzed using the primers 
UniBac27f (FAM labelled), and the primer Univ1492r to 
amplify the partial sequence of the 16S rRNA gene of bac-
teria [49]. mlas and mcrA rev (FAM labeled) were used for 
amplifying the archaeal mrcA gene (subunit A of methyl 
coenzyme M reductase) [50].

The Polymerase Chain Reaction (PCR) (Master Mix) 
contained 6.25 μL of enzyme mix (MyTaq HS Red Mix, 2×, 
Bioline, Germany), 0.25 μL of each primer (5 ρmol μL−1, 
supplied by MWG Biotech, Germany), 4.75 μL of nuclease-
free water, and 1 μL of genomic DNA (in general about 20 
to 25 ng). The PCR cycle parameters were as follows for 
16 s rRNA genes of bacteria: 1 min at 95 °C, 25 cycles of 

(3)Q(t) = ∫
t

0

i dt

(4)Qtotal = Δc × V × z × F

(5)CE =
Q

Qtotal

× 100%

15 s at 95 °C, 15 s at 54 °C, and 2 min at 72 °C, followed 
by a 10 min extension step at 72 °C [51]. The parameters 
for the mcrA genes were: 1 min at 95 °C, 5 initial cycles of 
15 s at 95 °C, 15 s at 48 °C and 30 s at 72 °C, including a 
ramp rate of 0.1 °C  s−1 from the annealing to the extension 
temperature, 25 cycles of 15 s at 95 °C, 15 s at 52 °C, and 
30 s at 72 °C followed by a 10 min extension step at 72 °C 
[52]. The PCR products were purified (SureClean Plus, 
Bioline), quantified  (Qubit® Fluorometer 3.0 and  Qubit® 
dsDNA HS Assay Kit, Life Technologies, USA). Then 
10 ng were digested with restriction endonucleases HaeIII 
for the 16S rRNA genes of bacteria and MwoI for mcrA of 
methanogenic archaea (New England Biolabs, Germany). 
After product precipitation (EDTA/EtOH), a TRFLP analy-
sis was performed using an ABI PRISM Genetic Analyzer 
3130xl (Applied Biosystems™, USA) and Map-  Marker® 
1000 (BioVentures Inc., USA) for the 16S rRNA genes and 
Red DNA Size Standard ( LAB, USA) for the mcrA, as a 
size standard.

For the analysis of the biofilms using SEM, the biofilms 
on the surface of the anodes were first fixed in 2.5% glutar-
aldehyde for 60 min and subsequently dehydrated for 10 min 
in alcoholic solutions of 20, 40, 60, 80 and 100% ethanol. 
The materials were dried and gold-coated (K550, Emitech 
SA, West Sussex, UK) for 20 s under an argon atmosphere.

Results and discussion

This section describes and discusses the rheological proper-
ties, pore structure, and physiochemical and functional prop-
erties of the anodes. Then, the performance of the anodes in 
BES is described and related to the anode properties. Finally, 
a genetic analysis of the microbial community structure is 
presented.

Synthesis and pore structure and physicochemical 
properties of anode materials

While the original slurry composition used already for 
tape-casting in previous work [30] could also be used for 
freeze-casting without further modification, the rheology 
of the slurry had to be adapted for 3D-printing. Successful 
printing and shape fidelity is generally achieved when the 
slurry (i.e., ink) exhibits a shear-thinning behavior with a 
significant yield point to ensure that the slurry behaves as 
solid in the steady state (e.g., inside the nozzle) and does 
not flow until a shear stress is applied [42]. The thixotropy 
of the slurry indicates its behavior before, during, and after 
printing, while the post-printing recovery indicates whether 
a filament regains its shear viscosity after printing. The shear 
rate ramp was performed to determine the onset of flow, with 
the arrow in Fig. 2A indicating the yield point. When this 
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yield point is reached, flow starts, and the shear viscosity 
drops steeply. It was found that increasing the mass frac-
tion from 70.8 wt% to 85 wt% in steps of 5 wt% increased 
significantly the yield point from 25 to 1141 Pa.

The three-step test (Fig. 2B) shows that all slurries 
exhibit thixotropic behavior, regaining the high shear vis-
cosity after a high shear rate (indicated by the renewed 
increase at the transition from step 2 to step 3). As the 
mass fraction increases, the shear viscosity of the slurry 
increases in each test step. Although the slurry with 
70.8 wt% also shows thixotropic behavior, it was observed 
that this slurry already flows slowly in the nozzle before 
printing. When printing the slurry with 80 wt%, it was 
also found that the filament collapsed after a subsequent 
filament was printed on. Only the 85 wt% slurry provided 
the highest shear viscosity during all steps necessary to 
ensure adequate printability and filament stability. Slurries 
with higher mass fractions (> 85 wt%) were not developed 
due to the challenge of controlling the evaporation of sol-
vent during preparation. Freeze-casting of 85 wt% anodes 
was not pursued because of the difficulty in ensuring that 
the slurry settled on the mold without trapping bubbles. 

In addition, the solvent could not be removed entirely in 
the freeze-drying process even after a longer drying time 
(> 72 h). After optimizing the shear viscosity of all slur-
ries for the shaping processes, the anodes were pyrolyzed 
in a nitrogen atmosphere at 1000 °C. During pyrolysis, the 
silsesquioxanes and their organic groups are decomposed, 
and the carbon atoms are incorporated into the Si–O net-
work. This process converts the preceramic polymer into 
an amorphous/glassy SiOC ceramic [37]. Graphite and 
carbon black are both forms of carbon with a layered or 
highly disordered structure, respectively. Graphitization 
occurs during pyrolysis (i.e., restructuring into a more 
organized hexagonal structure), especially in graphite. 
Both components act as conductive phases when incorpo-
rated into SiOC materials, increasing their electric con-
ductivity [38]. Azodicarbonamide decomposes completely 
thermally at around 200 °C, releasing various gases (e.g., 
nitrogen, carbon monoxide, and carbon dioxide) that serve 
as blowing agents to create porosity in the anodes [53]. In 
an inert nitrogen atmosphere, molybdenum disilicide acts 
as a filler to prevent shrinkage of the anodes[54]. Imida-
zole, on the other hand, acts as a crosslinking catalyst, 

Fig. 2  A Shear rate ramp for slurries with mass fractions ranging 
from 70.8 to 85 wt%. The arrows indicate the yield point, character-
ized by a significant drop in shear viscosity. B Three-step thixotropy 
test for slurries with 70.8 wt%, 80 wt% and 85 wt% of mass fraction. 
The initial phase of the test last 60  s under a shear rate of 0.05   s−1 

followed by 60 s under a shear rate of 50  s−1, and ended with 120 s 
under a shear rate of 0.05   s−1. C Optical micrography and Pr

i
 for 

3D-printed anodes with 80 wt% and 85 wt% of mass fraction, after 
pyrolysis
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with high degrees of crosslinking stabilizing the structure 
and thus increasing the ceramic yield [38].

All anodes produced were mechanically stable for 
handling in further tests. When analyzing the pyrolyzed 
3D-printed anodes with 80 wt% and 85 wt% (Fig. 2C), the 
3D-printed anodes using a slurry with 85 wt% shows a Pr

i
 

factor of 1.00 ± 0.28 indicating a nearly perfect square-grid. 
In contrast, printing using a slurry with 80 wt% leads to a 
Pr

i
 factor of 1.22 ± 0.15, indicating an irregular shape grid.
The pore morphology of pyrolyzed materials was inves-

tigated in cross-section and on the surface of the anodes by 
evaluating SEM pictures (Fig. 3). Since high shear stress 
occurs on the surface of the material during shaping in the 
TC and 3DP processes [34, 55, 56], anodes fabricated by 
these processes have a dense surface layer on the top (sur-
face view).

In contrast, in FC, the particles are stacked on to each 
other [57], so that the surface of the freeze-cast anode pos-
sess an open porosity, which is also a qualitative indication 
of a higher surface roughness.

An additional evidence of high shear stress during TC is 
the orientation of particles in the horizontal process direc-
tion, which was also observed by Hirao et al. on tape-cast 
silicon nitride [55, 58]. A quantitative overview of the pore 
structure of the anodes is given in Fig. 4 in terms of pore 
diameter size distribution, open porosity, and SSA. Most 
pore diameter size ranges from 0.008 to 6 µm. The small 
volume of pores larger than 10 µm in diameter exhibited by 
the anodes TC_70.8% and TC_85% may be due to a small 
number of internal cracks that other methods cannot detect. 
The tape-cast anodes show an average pore diameter 2RsHg 

(i.e., highest volume of a pore diameter size) of 0.41 µm for 
TC_70.8% and 0.26 µm for TC_85%. The anode 3DP_85% 
has 2RsHg of 0.21 µm and, similar to the tape-cast anodes, 
a higher relative volume of pores with a diameter below 
1 µm. The anode FC_70.8% has a 2RsHg of 1.9 µm and a 
large volume of pores with a diameter of more than 1 µm. 
This difference can be attributed to the arrangement of the 
particles, as mentioned earlier, which differs in 3DP and FC. 
Pores larger than 1 µm can generally improve the adhesion 
and growth of the EAM on the anode surface [52].

The open porosity for tape-cast and 3D-printed anodes 
is about 25%, while it is 34% for the freeze-cast anode. 
This difference between the values can again be attributed 
to the different particle arrangement, which varies from 
one shaping method to another. The SSA is a key param-
eter for the interaction between the anode surface and the 
EAM. The nitrogen adsorption and desorption isotherms 
are type IV, indicating the presence of meso-macropores in 
the anode. In this regard, the SSA values analyzed by the 
BET method range from 35.18 to 50.85  m2  g−1 as previ-
ously observed [30]. Although the micropores of the matrix 
are usually destroyed during pyrolysis up to 1000 °C, the 
anodes still show relatively high SSA values, which can be 
partly attributed to the intrinsic surface area of 44.8  m2  g−1 
of the added carbon black. Due to the same chemical com-
position, no trend can be observed for the SSA values that 
could be attributed to the processing method or the mass 
fraction. Profilometric analysis shows quantitative results in 
terms of surface roughness, with the anodes TC_70.8% and 
FC_70.8% showing  SA values of 2.0 ± 0.2 and 2.3 ± 0.4 µm, 
respectively. In contrast, the TC_85% and 3DP_85% anodes 

Fig. 3  SEM pictures of anode materials, before the use in bioelectrochemical systems
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show higher  SA values of 7.7 ± 2.7 and 6.8 ± 0.8 µm, respec-
tively. That indicates that processing slurry with a higher 
mass fraction of 85 wt% results in surfaces with peaks 
and valleys that are further away from the average surface 
mean plane. The  SKU values of anodes TC_70.8%, TC_85% 
and 3DP_85% is 3.4 ± 0.3, 2.6 ± 0.7 and 3.3 ± 1.1, respec-
tively. Only anode FC_70.8% shows higher values of  SKU 
of 5.7 ± 0.5 and indicates a sharper roughness, confirming 
the observations from SEM images in Fig. 3. The surface 
roughness values are summarized in Table 3.

Since in the literature the current density of the anode is 
usually related to the geometric surface area or the result-
ing anode volumes, these were also determined (Table 2). 
For the tape-cast and freeze-cast anodes, the GSAs had 
similar values between 3.87 ± 0.08  cm2 and 4.64 ± 0.01  cm2, 
while their volumes ranging between 0.359 ± 0.008 and 
0.432 ± 0.001  cm3. The 3D-printed sample is of the same 
order of magnitude with a GSA of 5.01 ± 0.01  cm2 and a 
volume of 0.567  cm3. Besides, GSA-CT and the volume-
CT were calculated from the reconstruction of CT scans 
to obtain more approximated values for structures that, 
like the 3D structure, cannot be calculated using a caliper. 
For the FC_70.8% anode, the two surfaces or volumes do 

not differ. However, the GSA values of the TC_70.8% and 
TC_85% tape-cast anodes are smaller than their GSA-CT 
values, which is because, during pyrolysis, the TC_70.8% 
and TC_85% anodes curved slightly, which is why the 
length of these anodes measured with the caliper was about 
7 and 11% smaller than the actual length. In contrast, the 
3D-printed anode shows a more than doubled GSA-CT value 
of 12.31 ± 0.11  cm2 with a significantly reduced volume-CT 
of 0.276  cm3.

The electric conductivity measured by a 2-point probing 
method with 2 parallel copper plates varied from 4.0 ×  10–2 
to 1.75 S  cm−1, depending on the fabrication method. The 
direction in which the current is measured and the orienta-
tion of the pore structure created by TC and 3DP result in 
an anisotropic electric conductivity for these anodes [59]. 
However, during operation as an anode in BES at a small 
scale this effect might be negligible.

In measurements of the chemical stability of the anodes 
in PBS solution over 28 days (Fig. S2), the anodes showed 
a mass decay of less than 3.2%, which is consistent with 
results reported in the literature for PDC-based anodes 
(i.e., less than 5%) [38]. In addition, all anodes exhibited a 
water/n-heptane absorption ratios of about 4 (Fig. S2) and 

Fig. 4  A Pore diameter size distribution (bars) and open porosity (lines) (left) and B nitrogen adsorption and desorption isotherms with the 
dashed lines representing the desorption of nitrogen

Table 3  Denotation, jGSA, 
jGSA-CT, CE ,  SA,  SKU, 2RsHg

Denotation jGSA, A  m−2 jGSA-CT, A  m−2
CE , % SA, µm SKU 2RsHg , µm

TC_70.8% 5.9 ± 1.5 4.3 ± 1.1 55.9 ± 18.8% 2.0 ± 0.2 3.4 ± 0.3 0.41
TC_85% 6.8 ± 1.5 5.1 ± 1.2 78.6 ± 47.3% 7.7 ± 2.7 2.6 ± 0.7 0.26
FC_70.8% 9.2 ± 2.1 8.8 ± 2.1 39.0 ± 19.7% 2.3 ± 0.4 5.7 ± 0.5 1.90
3DP_85% 12.0 ± 1.2 4.9 ± 0.5 89.0 ± 33.6% 6.8 ± 0.8 3.3 ± 1.1 0.21
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thus hydrophilic surfaces, which are beneficial for biofilm 
development.

Using different manufacturing processes, it is thus pos-
sible to produce PDC anodes with the same composition and 
thus the same physicochemical properties. The anodes have 
significantly different texturing of the inner pore structure, 
the pore and surface sizes and also the surface roughness. 
How these parameters influence the growth of a biofilm and 
its performance was subsequently investigated.

Operation and performance of the BES

The porous anodes were tested in triplicates of independent 
BES using batch conditions for 32 days (Fig. S3). The maxi-
mum current density normalized by the geometric surface 
area (jGSA) for the tape-cast anodes was 5.9 ± 1.5 A  m−2 and 
6.8 ± 1.5 A  m−2 when using TC_70.8% or TC_85%, respec-
tively. The freeze-cast anode (FC_70.8%) showed a jGSA of 
9.2 ± 2.1 A  m−2, while the 3D-printed anode (3DP_85%) 
showed the highest jGSA of 12.0 ± 1.2 A  m−2.

We assume that the high jGSA value of 3DP_85% is due 
to the large pores of about 1 mm (i.e., the space between the 
lattice structure) created by the 3D-printing, which results in 
a larger actual surface area than the GSA. This combination 
avoids fast clogging or closing of pores during operation 
while providing a larger area for the biofilm to form and 
may avoid mass-transfer limitations [16, 60]. When com-
paring anodes with the same composition and mass frac-
tion, the jGSA generated by the 3D architecture of the anode 

(3DP_85%) is 1.7 times higher than that of the flat anode 
TC_85%. The open surface of the anode FC_70.8% with 
higher  SKU may have more anchoring points for EAM attach-
ment, leading to a high initial jGSA of 9.2 ± 2.1 A  m−2 in the 
first cycle. However, there is a subsequent drop in jGSA to the 
range of the other "flat anodes" (TC_70.8% and TC_85%), 
most likely due to rapid clogging of the upper rough surface. 
In addition to reporting the common  SA when correlating 
to the anode surface, we suggest exploiting parameters like 
 SKU, as already done for bacterial adhesion [61]. To cer-
tify the reproducibility of this study, the jGSA values from 
the sample TC_70.8% and the reference sample from the 
previous study [30]—which are materials produced by the 
same processing method and mass fraction—were compared 
(Fig. 5A) and the values are similar during all cycles. Cyclic 
voltammetry (CV) analysis was not possible, as all anodes 
showed a high capacity and hence background current. The 
coulombic efficiency ( CE ) of the tape-cast anodes with 
mass fraction of 70.8 wt% and 85 wt% was 55.9 ± 18.8% 
and 78.6 ± 47.3%, respectively, whereas for the freeze-cast 
anodes, the CE was 39.0 ± 19.7% and for the 3D-printed 
anodes 89.0 ± 33.6%.

The surface area used to normalize the current to obtain 
the current density is highly relevant when reporting elec-
trode performance. The surface area of the anodes with a 
3D architecture can often be calculated or considered dif-
ferently [62]. The relevant area—also called the electroac-
tive area or microbially accessible area—that is exposed 
to and colonized by the biofilm is important but cannot be 

Fig. 5  A Maximum current density related to the geometric surface 
area (jGSA) during chronoamperometry at + 0.2  V vs. Ag/AgCl sat. 
KCl at seven different feeding cycles and B Eye-visible formation of 

the reddish biofilm after 32 days of operation. The error bars on the 
figure on the left represent the standard deviation of the mean value 
for triplicates (n = 3, S.D.)
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determined straightforward. He et al. indirectly estimated 
the electroactive area of the anode from the measurement of 
the highest peak current density during cyclic voltammetry 
[15]. Chen et al. used cardboard with well-defined geom-
etry as the anode and calculated the total geometric surface 
area (including area from the structure, like GSA-CT in this 
work) using trigonometry-based approximation method 
validated with digital photography [19]. You et al. [22] and 
Kracke et. al [63] calculated the total geometric surface area  
from the electrode design in 3D CAD software. Further-
more, other works still consider the projected/geometric sur-
face area with a vernier caliper and do not consider the inter-
nal surface area (as GSA-CT is calculated in this work) [20, 
64]. In the material science community [65–68], the total 
geometric surface area  is often acquired from 3D objects 
reconstructed from CT scans (GSA-CT). To broaden and 
enrich the discussion in microbial electrochemistry and tech-
nology, we here calculate GSA-CT and the volume of anodes 
(volume-CT) by reconstructing the CT scan. It is worth 
mentioning that only pore diameter larger than 30 µm were 
resolved by µCT, and regions with smaller pore size appear 
as dense material in the filtered image. Therefore, the effect 
of anode surface roughness has already been discussed sepa-
rately in this article. When normalizing the current density 
by GSA-CT, the current density of the anode 3DP_85% (jGSA 
12.0 ± 1.2 A  m−2) falls to jGSA-CT of 4.9 ± 0.4 A  m−2, close to 
the range of jGSA values reached by the others anodes. The 
anode 3DP_85% has almost the same GSA of its flat coun-
terpart TC_85%. However, when considering the internal 

grid structure of 3DP_85%, its volume-CT of 0.276  cm3 it is 
less than the volume-CT from TC_85% (0.439  cm3), which 
could translate into a higher volumetric current density using 
less material. When benchmarking the anodes studied here 
with other works that also used Geobacter spp. biofilms 
[30], the anode 3DP_85% shows jGSA higher than split-gold 
anodes and within the range of other metal anodes [69]. The 
tape-cast anodes (TC_85% and TC_70.8%) do not show sub-
stantial improvements to jGSA and FC only improved jGSA on 
short-term.

Biofilm and microbial community analysis 
and spatial distribution

After BES operation, the biofilm formed on the surface of 
the anodes was analyzed by SEM. Figure 6 shows images 
of the cross-section and the top view of the anodes and con-
firms the presence of a uniform and dense biofilm with a 
thickness ranging from 20 to 40 µm. However, due to the 
pore size of the anode surface, which is less than 6 µm, the 
biofilm does not grow within the pore structure. Neverthe-
less, the anode surface shows good biocompatibility.

The eye-visible reddish biofilm formed homogeneously 
on the surface of all anodes (Fig. 5B) indicates the predomi-
nant presence of Geobacter spp. (accession number on [39]). 
The microbial community composition was analyzed by the 
TRFLP analysis to verify any influence of the anode materi-
als on the EAM. Based on the 16S rRNA gene of bacteria, 
the bacterial community of all anodes shows a low diversity 

Fig. 6  SEM images of the dried biofilms after 28 days of operation from the cross-section and the top of the anodes
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being dominated by the terminal restriction fragment (TRF) 
213 bp (Fig. 7A) with a relative amplicon abundance ranging 
from 89.2 ± 2.7% for TC_85% to 96.5 ± 6.3% for FC_70.8%.

TRF 213 bp can be assigned to Geobacter spp. [39, 70] 
whose dominance is typical for the enrichment in BES with 
acetate as the sole carbon and energy source [71–73], and 
thus these are mainly responsible for EET processes. The 
methanogenic community (Fig. 7B) also shows a low diver-
sity based on the mcrA gene. The TRFLP analysis of the 
methanogenic community revealed the dominance of TRF 
228, which is attributed to Methanomassiliicoccaceae spp. 
with an abundance of 84.2 ± 12.6% for FC 70.8% up to 100% 
for TC_70.8% and TC_85%. Other TRFs like 437 for Metha-
nobacteriaceae only play a minor role. Due to the very low 
concentration of the amplified mcrA gene compared to the 
16S rRNA gene of bacteria (50–100 fold lower, data not 
shown), it seems to be that methanogenic archaea do not 
have a strong influence on the overall microbial community 
structure.

Conclusion

SiOC-based anodes with the same material composition 
and thus the same physicochemical properties were pro-
duced by tape-casting, freeze-casting, and direct-ink writ-
ing using different mass fractions of a slurry containing 
mainly poly(silsesquioxanes), graphite, and carbon black. 
The anodes showed significantly different texturing of the 
inner pore structure, pore and surface sizes; and surface 

roughness. The BES performance and the microbial com-
munity composition of these new anodes were studied. By 
adjusting the mass fraction of the slurry to 85 wt%, it was 
possible to develop a slurry with thixotropic behavior and a 
yield stress of 1141 Pa. This slurry was used to 3D-print the 
anode 3DP_85% with quasi-perfect grid structure ( Pr

i
 factor 

1.00 ± 0.28). The ceramic conversion of PDCs intrinsically 
generated pore sizes between 0.008 to 1 µm. Freeze cast-
ing a more dilute slurry of 70.8 wt% of mass fraction can 
produce anodes with additional pores larger than 1 µm on 
the surface, which act as surface roughness. The shape of 
these pores on the surface translates into “spikier” surface 
roughness and, hence, higher kurtosis up to 5.7. Besides, 
tape-casting and direct-ink writing involve high stress and 
create anodes with an internal pore structure with highly 
aligned particles but with closed porosity on the surface. 
However, the surface roughness of the anode FC_70.8% 
is only beneficial in the short term due to the effective 
growth of the biofilm. After the first cycle, the jGSA drops 
steeply due to the pore-clogging of the surface. The pores 
created by direct-ink writing, which are larger than 1 mm, 
and the inherently larger total geometric surface area of the 
3DP_85% anode prevents pore clogging and create more 
space for EAM colonization, as reflected in the highest jGSA 
of around 12 A  m−2. When calculating the current density 
over the total geometric surface area determined by CT,  
the current density values drop by half and fall into the 
range of tape-cast and freeze-cast anodes. Nevertheless, the 
3D-printed anodes have a higher volumetric current density 
and lead to a cost and mass reduction in the production of 

Fig. 7  Microbial community composition A bacterial community 
is dominated by TRF 213 representing Geobacter spp. in all BES 
regardless of the anode material. B Methanogenic community is dom-

inated by Methanomassiliicoccaceae represented by TRF 228 and 
236. The relative abundance refers to all sequences in each sample 
but only TRF with a contribution of more than 5% are displayed
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electrodes. Finally, microbial community analysis confirmed 
the dominant presence of Geobacter spp. in the biofilm. In 
the future, the pores on the surface of the anodes could be 
enlarged to values higher than 20 µm by using sacrificial 
templates (e.g., PMMA) to allow colonization of the EAM 
within this pore structure and further increase jGSA. A further 
step could be in vivo monitoring development and spatially 
resolved performance of biofilm anodes over time. This can 
be achieved using methods already established in the litera-
ture such as confocal Raman microscopy, optical coherence 
tomography or MR imaging.
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