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SUMMARY

Bioelectrochemical systems (BESs) can fulfill the demand for renewable energy
and wastewater treatment but still face significant challenges to improve their
overall performance. Core efforts have been made to enhance the bioelectrode
performance, yet, previous approaches are fragmented and have limited applica-
bility, unable to flexibly adjust physicochemical and structural properties of elec-
trodes for specific requirements in various applications. Here, we propose a facile
electrode design strategy that integrates three-dimensional printing technology
and functionalized modular electrode materials. A customized graphene-based
electrode with hierarchical pores and functionalized components (i.e., ferric
ions and magnetite nanoparticles) was fabricated. Owing to efficient mass and
electron transfer, a high volumetric current density of 10,608 + 1,036 A/m?
was achieved, the highest volumetric current density with pure Geobacter sulfur-
reducens to date. This strategy can be readily applied to existing BESs (e.g., mi-
crobial fuel cells and microbial electrosynthesis) and provide a feasibility for prac-
tical application.

INTRODUCTION

The accelerating modern consumption of traditional fossil energy and concomitant environmental deteri-
oration have resulted in an urgent need for alternative energy sources and technologies (Rahimnejad et al.,
2011). Bioelectrochemical systems (BESs) are emerging renewable technologies that can convert energy
through the metabolism of electroactive bacteria (Gul and Ahmad, 2019; Logan et al., 2019), which have
been exploited for diverse technologies, such as renewable energy generation (Sun et al., 2008), waste-
water treatment (Du et al., 2007), biosensors (Kumlanghan et al., 2007), and bioremediation (Morris and
Jin, 2007).

Despite several attempts enhance the performance of BESs, there remains a clear discrepancy between
this prospective technology and real-world applications due to their relatively low power density output
(Santoro et al., 2017). Apart from a vast array of factors (e.g., electroactive bacteria species, reactor archi-
tectures, ion exchange membranes, and substrates), bioelectrodes are considered the key factor in deter-
mining BES performance (Slate et al., 2019). Bioelectrodes serve as a platform where electroactive bacteria
can exchange electrons, while providing a suitable environment for bacterial colonization and proliferation
(Palanisamy et al., 2019). Therefore, the physicochemical properties and structure of electrodes signifi-
cantly influence the electron transfer at the biological/inorganic interface and determine the maximum
available surface area for electroactive bacteria attachment and growth. Previous studies have focused
on high-performance electrodes with good biocompatibility and conductivity (Liu et al., 2020; Palanisamy
etal.,, 2019; Rusliet al., 2019; Santoro et al., 2017; Slate et al., 2019), such as carbon cloth, graphite rod, car-
bon sponges, and metal oxide foams with conductive coatings (e.g., polypyrrole and poly (3, 4-ethylene-
dioxythiophene)) (Lv et al., 2013; Wang et al., 2013). Among them, porous electrodes are particularly prom-
ising, owing to their large surface area available for the adhesion and proliferation of bacteria.
Nevertheless, pore clogging frequently occurs when using porous electrodes during the development
of biofilms (Chong et al., 2019). Consequently, the transport of substrates and waste products inside 3D
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Figure 1. Schematic illustration of 3D printing process and microbial GO reduction
(A) The customized GO-based ink was printed into a designed structure.

(B) Schematic illustration of the 3D-printed electrode hierarchical pores.

(C) Schematic illustration of the microbial GO reduction process.

the large surface area of 3D porous electrodes. The random, long-distance, zigzag ion migration paths of
the disordered electrode porous structure could hinder the rate of substrate transport and waste product
removal, despite the biofilm not being completely clogged (Chen et al., 2012; Sun et al., 2017).

Three dimensional printing technology, which enables the fabrication of customizable 3D electrodes with
expected geometric structures and channel sizes, can be used to explore a desired 3D electrode (Theodo-
siou et al., 2018, 2020). Recently, Bian et al. constructed a 3D-printed porous carbon anode using a carbon-
ized UV-curable polymer resin with enhanced power generation in microbial fuel cells (MFCs) (Bian et al.,
2018). Freyman et al. incorporated living electroactive bacteria (Shewanella Oneidensis) into 3D printing ink
with alginate and carbon black to implement a 3D-printed bacterial structure as a living electrode for MFC
(Freyman et al., 2020). These studies demonstrate the potential of fabricating electrodes via 3D printing
technology; however, the low electron transfer rate at the biological/inorganic interface and the relatively
low specific surface area available for bacterial adhesion limits power density. Therefore, the development
of a high-performance bioelectrode with excellent biocompatibility, good conductivity, and optimized ar-
chitecture for effective mass transfer is of great significance.

Herein, we demonstrate, to the best of our knowledge, for the first time a high-performance bioelectrode
with designed 3D structures was fabricated by an adjustable printing ink using an extrusion-based 3D print-
ing method. The customized ink for bioelectrode preparation consisted of well-dispersed graphene, ferric
ions, and magnetite nanoparticles. Specifically, graphene oxide (GO) was selected as the primary compo-
nent of the 3D printer ink, as its nanostructure can facilitate the electron transfer at the biological/inorganic
interface (Li et al., 2012), and provide a large surface area for the adherence and proliferation of bacteria
(Ren et al., 2016). Ferric ions and magnetite nanoparticles were incorporated as modular functional com-
ponents into the 3D printer ink to promote bacterial growth and interfacial electron transfer (Cruz Viggi
et al,, 2014; Liu et al., 2018). Using extrusion-based 3D printing technology (Figure 1A) followed by
freeze-drying for further pore formation, we obtained an integral composite GO aerogel electrode with hi-
erarchical pores (macropores and micropores) (Figure 1B). The periodic macropores (>500 pm) of 3D print-
ing frame structure, whose sizes were determined by the distance between the two nearby printed wires,
were designed to provide open channels that can offer highly effective supply of nutrients and dissipation
of waste inside and outside the electrode. The micropores (<100 um) derived from graphene network on
each printed wire significantly increased the bacterial colonization and proliferation surface area and can
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Figure 2. Morphology and characterization of 3D-Printed GO aerogel electrodes

(A) Photographical image of a typical GO aerogel electrode.

(B and C) SEM images of the hierarchical porous structure.

(D and E) Strength test of the GO aerogel electrodes pressed by 50 coins (~160 g weight).

(F) XRD analyses of GO aerogel electrodes.

(G) Energy dispersive spectrum elemental map of iron for GO aerogel electrode corresponding to the SEM image.

promote permeation of the substrate. Moreover, the non-conductive GO electrode could be converted in
situ into a conductive graphene anode via an electroactive bacterial respiration process (Figure 1C) (De
Silva et al., 2017). In this process, only Geobacter sulfurreducens were used for GO reduction, eliminating
extra chemical conversion processes. Our work provides a facile strategy for an easily controllable, flexible,
and highly producible bioelectrode fabrication, opening a new path to enhance the performance of BESs
and related microbial electrochemical technologies.

RESULTS
Morphology and characterization of 3D-printed GO aerogel electrodes

The electrode ink must possess a shear-thinning behavior to enable continuous extrusion and a suitable
modulus to hold the expected structure. The ferric ions added to the customized ink can act as cross-
linkers, as they can form electrostatic interactions and coordination bonds with negatively charged GO
sheets (i.e., their carboxylic and hydroxyl functional groups (Jiang et al., 2018; Zhao et al., 2017). The resul-
tant GO hydrogel inks showed a higher apparent viscosity with a clear shear-thinning behavior and higher
storage modulus magnitudes, in comparison with pure GO solutions (Figure S1, Supplemental Information
(SI)). Following the layer-by-layer 3D printing process and freeze-drying process, 3D-printed GO aerogel
electrodes (1.6 cm in width, 2 cm in length, and 4 mm in thickness) with a lattice structure were obtained,
as shown in Figure 2A. The open channel structure was easily observed from the top and the side (Figure S2,
Supplemental Information). Figures 2B and 2C show representative scanning electron microscope (SEM)
images of the 3D-printed GO aerogel electrode. It is obvious that the GO aerogel electrode possesses hi-
erarchical pores, including macropores (~hundreds of micrometers, up to the mm scale) between the two
neighboring printed wires and micropores (~tens of micrometers) on each wire of the aerogel. The macro-
pores are designed to enable efficient mass transfer of substrates, while micropores enhancing the specific
surface area, and promote the attachment and growth of electroactive bacteria. The strength test (Figures
2D and 2E) shows that the GO aerogel electrode can support 50 coins (~160 g weight) without a clear shape
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Figure 3. Characterization of microbial reduced graphene
(A) Variation of the potential (vs. Ag/AgCl) of a 3D-printed rGO aerogel electrode with time at an open circuit condition
after the inoculation with G. sulfurreducens.

(B) XPS spectra of the 3D-printed rGO electrode before (0 hr) and after (48 hr) the microbial reduction by
G. sulfurreducens.

(C) FTIR spectra of G. sulfurreducens, and the 3D-printed rGO electrode before (0 hr) and after (48 hr) the microbial
reduction.

change and damage. The X-ray diffraction (XRD) electrode pattern (Figure S3, Supplemental Information)
shows the characteristic peaks at around 10.9° that were indexed to GO. In addition, the characteristic
diffraction peaks at diffraction angles of 30.06°, 35.32°, 42.98°, 53.37°, 56.87°, and 62.51° (Figure 2F) corre-
spond to the (220), (311), (400), (422), (511), and (440) crystal surfaces, respectively, which can be indexed to
Fe30,4 nanoparticles (JCPDS 75-1609) (Zhao et al., 2010). X-ray photoelectron spectroscopy (XPS) analysis
revealed the presence of Fe, C, and O elements inside the GO aerogel electrode (Figure S4A, Supple-
mental Information). In the high-resolution XPS spectra of Fe 2p (Figure S4B, Supplemental Information),
the GO aerogel electrode clearly exhibited five peaks: 2p3/, of Fe (lll) ions, 2p,2 of Fe (Ill) ions, 2p3/, of
Fe (Il) ions, 2p4,2 of Fe (Il) ions, and their satellite peaks, indicating the coexistence of Fe (Il) and Fe (Ill)
and hence the presence of Fe;0,. Energy-dispersive spectrum mapping (Figure 2G) showed a uniform dis-
tribution of iron corresponding to the SEM image (Fig C).

In situ microbial reduction of 3D-printed GO aerogel electrodes

The low conductivity of GO, caused by the destruction of its -conjugated structure, does not meet the
requirements of an electrode for efficient electron transfer and electron conduction. Therefore, the 3D-
printed GO electrodes must be reduced to rGO electrodes with high conductivity. Recent studies have
shown that several electroactive bacteria (e.g., Shewanella (Salas et al., 2010)) are capable of directly utiliz-
ing GO as the extracellular electron acceptor for the reduction of GO to rGO. The microbially reduced gra-
phene possessed better biological properties (e.g., biocompatibility) than chemically reduced graphene,
exhibiting significantly enhanced microbial electricity generation owing to the formation of bacteria/gra-
phene scaffolds (Fan et al., 2014; Virdis and Dennis, 2017). Herein, the GO electrode was microbially
reduced to graphene by keeping bioelectrochemical reactors under open circuit conditions following
G. sulfurreducens inoculation. As shown in Figure 3A, the potential of the GO electrode decreased with
operating time, suggesting the colonization and growth of G. sulfurreducens on the surface of the GO elec-
trode (Geelhoed and Stams, 2011), and the concomitant reduction of GO to rGO by G. sulfurreducens. Af-
ter48 hr of inoculation, rGO formation and its interaction with bacteria were investigated by chemical tests.

Figure 3B shows the high-resolution C1s XPS spectrum of the rGO electrodes. Before the inoculation of
G. sulfurreducens, four peaks at 284.8, 285.9, 286.9, and 288.2 eV were clearly resolved by fitting experi-
mental data. The peak at 284.8 eV is a typical C-C bond value in C1s, which exists in graphene and graphite.
The peaks at 285.9, 286.9, and 288.2 eV are consistent with the C1s binding energy in C-OH, epoxy (C-O),
and C=0, respectively (Lei et al., 2012; Mai et al., 2011). In contrast, the intensity of the C-C peak increased
following cultivation for 48 hr, indicating that the sp? carbon character of graphite was restored, and the GO
was successfully reduced during the microbial reduction process. The intensity of the peaks corresponding
to oxygen-containing functional groups of the electrodes became much weaker, while the peak at 285.8 eV
(corresponding to C-N, C-OH) increased following the microbial reduction process. This can possibly be
ascribed to the formation of C-N, whose binding energy was close to that of C-OH. As shown in the
high-resolution N1s (Figure S5B, Supplemental Information), a peak at 399.9 eV (assigned to C-N) was
observed (Zhao et al., 2019), further revealing the formation of C-N bonds during the microbial reduction
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of GO. The results of the Raman test (Figure Sé, Supplemental Information) also confirmed the successful
reduction of GO, as the intensity ratio value (1.08) of the disorder D peak to the graphitic G peak (Ip/lg)
increased in contrast to that of GO (0.88), which can be ascribed to the presence of unrepaired defects
following the removal of partial oxygen groups. In addition, the XPS spectrum of the rGO electrode interior
also showed an increased C-C peak intensity at 284.8 eV post-cultivation for 48 hr (Figure S7, Supplemental
Information), indicating an efficient GO reduction of the entire electrode.

To further investigate the reduction of GO electrodes and the colonization of G. sulfurreducens, we per-
formed an Fourier transform infrared (FTIR) analysis of GO, rGO, and G. sulfurreducens. The spectrum (Fig-
ure 3C) of the original GO sample showed a number of peaks corresponding to oxygenated functional
groups, including the alkoxy C-O (1,078 cm™"), epoxy C-O (1,229 cm™"), C=0 (1,729 cm™"), and O-H
peak (3,399 cm™). In contrast, C-O, C=0, and O-H oxygenated functional groups significantly decreased
after the microbial reduction process. The G. sulfurreducens sample exhibited special peaks, such as the
1,541 cm™" region (closely corresponding to the N-H and C-N from amide) and the region at around
1,656 cm™" (associated with the C=0 from amide). Notably, the FTIR spectrum of the rGO electrode
showed a comprehensive characteristic line, resulting from GO and G. sulfurreducens samples, reflecting
the colonization of G. sulfurreducens on the surfaces of the rGO electrode. The potential source for these
amide groups in the rGO sample was probably G. sulfurreducens, as well as their extracellular polymeric
substances on the surface of the electrodes, which were in accordance with those of previous studies
(Chen and Chen, 2015; Lee and Hur, 2016). Moreover, the electroactive accessible surface area (ECSA)
of rGO aerogel and carbon felt anode were estimated by the cyclic voltammetry (CV) with K3[Fe(CN),] so-
lution (Figure S8, Supplemental Information). The rGO aerogel anode exhibited the highest peak current
density of 90.79 A/m?, with a corresponding ECSA of 18.31 cm?/cm? (subject to the surface area of the elec-
trodes), which was about four times larger than that of carbon felt and much higher than that of the modi-
fied carbon cloth in previous studies (Table S1, Supplemental Information). The results indicated that the
3D-printed rGO aerogel electrode can provide more electrochemically active sites to accept electrons
from G. sulfurreducens.

BES performance with customized composite electrodes

To evaluate the bioelectrochemical performance of the customized composite electrodes, four kinds of
rGO aerogel electrodes were fabricated by altering the composition of the printing ink with/without the
addition of ferric ion or magnetite nanoparticles, represented by rGO, rGO/Fe*, rGO/Fe304, and rGO/
Fe3*/Fes0,4 aerogel electrodes, respectively. Following the open circuit-based microbial reduction of
GO, all the electrodes were poised at 50 mV vs. Ag/AgCl for current generation.

Figure 4A illustrates the current generation of bioelectrochemical reactors using rGO, rGO/Fe®*, rGO/
Fe3Oa, and rGO/Fe3*/Fe;0, aerogel, as well as carbon felt as anodes. A repeatable current generation
was obtained 13 days post cultivation, indicating successful bioanode start-up. The maximum current den-
sity of each rGO aerogel bioanode was at least two times higher than that of the conventional 3D carbon
felt anode, suggesting the excellent properties of rGO as an electrode material. Notably, the rGO/Fe3*/
Fe30, aerogel bicanode achieved the highest maximum current generation of 18.99 + 2.28 A/m?, which
was 44.3, 29.4, 13.4% higher than that of the rGO, rGO/Fe®*, rGO/Fe;0, aerogel anodes, respectively.
These results indicate that the combination of graphene, ferric ions, and magnetite nanoparticles all
had positive effects on the formation of biofilm or the proliferation of G. sulfurreducens, and there perhaps
existed a synergistic effect between ferric ions and magnetite nanoparticles on promoting biocatalysis.

Cyclicvoltammetry (Figure 4B) of bioanodes under turnover conditions illustrated a similar sigmoidal shape
for all the rGO aerogel anodes in the scan range of —0.6 to 0.4 V, demonstrating the catalytic oxidation of
acetate by the biofilms on these bioelectrodes in contrast to the abiotic control electrode (Figure S9A, Sup-
plemental Information). Interestingly, the first derivative of the cyclic voltammograms clearly showed that
the redox active potential range changed. The rGO, rGO/Fe**, rGO/Fe;0,, and rGO/Fe®*/Fe;0, biofilm
aerogel anodes exhibited increasing electroactivity over a wider potential range from —0.47 to —0.25V,
while the redox active potential range for carbon felt was narrower from —0.4 to —0.25 V, indicating that
the G. sulfurreducens electron transfer could probably be changed using 3D-printed rGO aerogel anodes.

To further investigate the electron transfer, differential pulse voltammetry (DPV)diff was performed in
depleted sodium acetate culture medium. Figure 4C shows the different oxidation peaks for the different
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Figure 4. Electrochemical characteristics of carbon felt, rGO, rGO/Fe®*, rGO/Fe;0,, and rGO/Fe®**/Fe;0,
aerogel bioanodes

(A) Current generation under a constant potential of 50 mV vs. Ag/AgCl.

(B) Cyclic voltammetry (CV) under turnover conditions in a PBS solution (50 mM, pH = 7.2) containing 3.38 g/L acetate at
0.1 mV/s (the inset plots show the first derivative of cyclic voltammograms).

(C) Differential pulse voltammetry (DPV) characterized in acetate-free PBS solution with 300 ms pulse width, 50 mV
amplitude, 2,000 ms step time, and 0.5 mV step height.

(D) Electrochemical impedance spectroscopy (EIS) analysis characterized at a working potential of 50 mV vs. Ag/AgCl
from 100 kHz to 10 mHz at AC amplitude of 10 mV.

samples of the bioanodes. Two dominant oxidation peaks at —0.25 and —0.31 V were observed in the car-
bon-felt bioanode, while two new oxidation peaks (i.e., p3 at —0.43 V and p4 at —0.38 V) appeared in the
DPV of the 3D printed rGO aerogel bioanodes. In contrast, no clear redox peak was observed in the DPV of
the bare rGO/Fe;0, aerogel electrode prior to G. sulfurreducens inoculation, suggesting the contribution
of G. sulfurreducens to the oxidation peaks (Figure S9B, Supplemental Information). Interestingly, the po-
tential of the p3 and p4 peaks were close to the midpoint potentials of typical cytochrome OmcZ —0.42 V),
OmcB (—0.39 V), OmcS (—0.43 V), and periplasmic cytochrome PpcA (—0.37 V) of G. sulfurreducens (Katuri
etal., 2010; Zhu et al., 2012). The results indicated that the ferric ions probably have positive effects on the

synthesis of c-type cytochromes, which could promote electron transfer and thus enhance the performance
of bioanodes (Zhao et al., 2016).

Figure 4D shows the Electrochemical impedance spectroscopy (EIS) analysis of the bioanodes. The semi-
circle portion at high frequency corresponded to the interfacial charge transfer resistance (R.). For the rGO
aerogel anodes (10.75 Q for rGO, 10.67 Q for rGO/Fe®, 8.45 Q for rtGO/Fe;0y, 8.26 Q for rGO/Fe®*/Fe;0,),
the R values were smaller than the carbon felt bioanode (15.45 Q), and the rGO/Fe®*/Fe;0, aerogel
anode showed the smallest R, which was beneficial for the electron transfer from bacteria to the solid
anode (Table S2, Supplemental Information). The curve at low frequency represents the mass transfer resis-
tance (Rmy), and the Ry, of the rGO aerogel anodes (987 Q for rGO, 896 Q for rtGO/Fe®*, 945 Q for rGO/
Fe3Ou, 953 Q for rGO/Fe®"/Fe;04) was much lower than that of the carbon felt group (2382 Q), indicating
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Figure 5. Electrochemical characteristics of 3D-printed rGO/Fe**/Fe30, anodes with different channel sizes and
carbon felt anode

(A) Current generation under a constant potential of 50 mV vs. Ag/AgCl.

(B) EIS characterized at a working potential of 50 mV, recording from 100 kHz to 10 mHz at AC amplitude of 10 mV.

(C) CV in a PBS solution (50 mM, pH = 7.2) containing 3.38 g/L acetate at 0.1 mV/s.

(D) Long-term current generation of rGO/Fe®*/Fe30,-2mm anode in a batch mode (400 hr).

that the interconnected porous structure of the rGO aerogel electrode was beneficial for mass transfer to
some degree. This customized composite rGO/Fe®*/Fe;0, electrode acts as an excellent carrier of bio-
catalysts for high performance.

Optimization of the channel size of 3D-printed rGO aerogel electrodes

As mentioned above, microscale pores are prone to be clogged by the growing biofilm, which is the pri-
mary reason for the insufficient utilization of the inner zone in typical 3D electrodes. Therefore, to exploit
the internal surface of rGO/Fe®*/Fe;0, aerogel electrode and to enable efficient mass transfer into the 3D
structure, we designed five kinds of rGO/Fe®*/Fe;0, aerogel electrodes with different channel sizes, ac-
cording to the distance between the two nearby 3D-printed wires (i.e., 1, 1.5, 2, 2.5, and 3 mm). All these
3D rGO/Fe**/Fe;0, electrodes possessed hierarchical porous structures ranging from nanometers to mil-
limeters, and the thickness of all the electrodes was 8 mm. Figure 5A shows the current generation of rGO/
Fe**/Fes0, aerogel anodes with different channel sizes after nine days of operation. With the increase in
the channel size of the rGO aerogel electrodes, the maximum current generation exhibited a tendency of
increasing first and then decreasing. The maximum projected current density (84.9 + 8.3 A/m?) (equals to
10,608 + 1,036 A/m® of volumetric current density) was achieved by rGO/Fe®/Fe304-2mm electrode,
which is 7.9-fold higher than that (10.8 + 2.2 A/m?) of carbon felt with the same thickness. To our knowl-
edge, the volumetric current density (10,608 + 1,036 A/m?) in this study had the highest values for pure
culture of G. sulfurreducens to date and was much higher than that of most previously reported bioanodes
(Table 1). Then, the bioelectrocatalytic activity of the anodes was further identified using CV. From
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Table 1. Comparisons of the performance of 3D porous anodes

Anode performance

Projected current Volumetric current

Anode Operating conditions Inoculation/substrate density(A/mz) density (A/m?3) Reference

Graphene/polyacrylamide  Single chamber, batch fed, Mixed culture,1 g/L acetate 3.6 251.7 (Chen et al., 2019)
30°C

FeS,-decorated graphene  H-cell, batch fed, 37°C Mixed culture, 2 g/L acetate 3.06 / (Wang et al., 2018)

Onion Single chamber, Mixed culture, 1 g/L acetate 9.77 / (Li et al., 2018)
discontinuous
mode, 30°C

3D porous CNT sponge H-cell, batch fed, room Mixed culture, 1 g/L acetate 6.51 2170 (Xu et al., 2019)
temperature

CNT/PANI modified H-cell, batch fed, 30°C Mixed culture, 1.64 g/L 1.9 95 (Cui et al., 2015)

graphite felt acetate

3D-weaved carbon mesh  H-cell, continuous mode G. sulfurreducens, 0.64 g/L  / 22.6 (Luo et al., 2020)

anode (2.17 mL/min) acetate

Polydopamine-decorated  H-cell, batch fed S. putrefaciens cells, 1.6 g/L  10.6 3533 (Jiang et al., 2017)

graphitic carbon foam lactate

3D printed carbonaceous  Single chamber, batch fed, S. Oneidensis MR-1, 1.6 g/L  1.72 344 (Bian et al., 2018)

porous anode room temperature lactate

3D-printed carbon black-  H-cell, batch fed S. Oneidensis MR-1, Tryptic  0.092 18.5 (Freyman et al.,

decorated alginate living soy broth 2020)

electrode

3D-printed Fe30,4- H-cell, batch fed, 30°C G. sulfurreducens, 2 g/L 84.9 10,608 + 1,036 current study

decorated graphene acetate

CNT, carbon nanotubes; PANI, polyaniline.

Figure 5B, it is apparent that the biocatalytic current densities were in the same order as well as stable cur-
rent densities. Notably, when the pore size was reduced by 0.5 mm from 2 mm to 1.5 mm, the biocatalytic
current density of rGO/Fe>"/Fe30, decreased by 33%, which was thought to be a limitation of substance
transfer in the pore size of 1.5 mm.

EIS tests were performed to investigate the performance of these graphene electrodes with different chan-
nel sizes. As shown in Figures 5C and Table S3 (Supplemental Information), the mass transfer resistance of
carbon felt was 2,854.2 Q, which accounted for almost 99% of the total resistance (2,872.1 Q). In contrast, the
mass transfer resistance of rtGO aerogel anodes was less than 5% of that of carbon felt, suggesting that the
lattice structure of the rGO aerogel fabricated by 3D printing significantly reduced the mass transfer resis-
tance. The mass transfer resistance of the rGO aerogel anodes varied with the channel size. The mass trans-
fer resistance of rGO aerogel anodes decreased by an order of magnitude from 115.6 Q for rGO/Fe®"/
FesO4-Tmm to 11.0 Q for rGO/Fe*/Fe304-1.5mm. When the channel size of the rGO aerogel electrode
continued to increase, the mass transfer resistance decreased to 6.9, 6.5, and 6.4 Q, corresponding to
rGO/Fe3"/Fe30,4-2mm, rGO/Fe®*/Fe30,4-2.5mm, and rGO/Fe3*/Fe;04-3mm (Table S3, Supplemental In-
formation), respectively. The results of EIS analysis strongly suggested that the electrode structure was
the primary determinant of mass transfer. The value of mass transfer resistance was significantly reduced
when the pore size was raised close to the millimeter scale and almost stabilized when the pore sizes
continued to increase, indicating that the pore size at the millimeter scale could assure an adequate
mass transfer for bioanodes, resulting in the highest current density of rGO/Fe**/Fe304-2mm.

To further elaborate the influence of pore size, the structure and morphology of the biofilms on graphene
anodes were subsequently characterized by SEM after 35 days of steady current generation. As shown in
Figure 6, the entire surface of each 3D-printed graphene wire of all graphene anodes was covered with
a thick and dense biofilm, in contrast to the relatively sparse biofilm on the carbon felt anode (Figure S11,
Supplemental Information), and the 3D-printed macropores were not clogged by the biofilm after 1 month
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rGO/Fe3*/Fe304-1mm rGO/Fe**/Fe304-3mm

outer

Figure 6. SEM images of biofilm formation for rGO/Fe**/Fe3;0, anodes with different channel sizes

of operation. The SEM images of the biofilm in the center of the graphene anodes show quite different mor-
phologies. The internal biofilms of rtGO/Fe®*/Fe304-1mm to rGO/Fe*/Fe304-2mm appeared to increase
density, and the internal biofilms appeared similar anew from the rGO/Fe*/Fe304-2mm to rGO/Fe*/
Fe304-3mm, which was in accordance with the value of EIS analysis. The results indicated that the ordered
macropores at the millimeter scale provided an unobstructed channel for a large population of bacteria to
colonize while ensuring sufficient inter mass transfer of substrates and products. Generally, the channel size
of the electrodes primarily affects the performance of bioelectrodes by influencing the biofilm formation
and mass transfer in the electrodes, which also mutually influence each other. For a typical porous elec-
trode, pores with a few tens of micrometers often become clogged during the growth and maturation
of the biofilm, which can achieve a thickness of tens or hundreds of micrometers. According to a previous
study on pores ranging from 100 to 500 um (Chen et al., 2014; Yuan et al., 2013), the clogging can be
avoided following long-term operation, while the mass transfer (primarily acetate and H"), as the consider-
able rate-limiting step, will hinder the catalytic activity of bacteria in the internal of the electrode and
restrict the overall performance, resulting in scattered bacteria or sparse biofilm inside of porous elec-
trodes. Significantly, a thick and dense biofilm formed on the outside and inside of the rGO/Fe®*/
Fe304-2mm (Figures 6 and 7), indicating that this 3D-printed electrode provided a genuine 3D structure
for biofilm development and effective mass transfer, thus guaranteeing the overall catalytic ability of
G. sulfurreducens and achieving a remarkable current density.

To evaluate the long-term stability of the 3D-printed rGO bioanodes, a dual-chamber bioelectrochemical
reactor using an rGO/Fe®*/Fe304-2mm anode was operated for 400 hr with periodic medium exchange.
Figure 5D illustrates the electricity generation cycle using rGO/Fe®*/Fes04-2mm as the anode. The
maximum current densities were relatively stable during 16 batch-feeding cycles, which could be attributed
to the consistently sufficient mass transfer owing to the open channels. Moreover, the designed 3D-printed
electrode was not destroyed and clogged during the operation. This demonstrates that the rGO/Fe**/
Fe304-2mm anode can support a suitable environment for bacterial growth and achieve electricity gener-
ation in a long-term operation.

DISCUSSION

In this paper, we proposed and demonstrated a scalable strategy to fabricate a designed 3D structure elec-
trode by functional tailored printing ink and the bioelectrode achieved an unprecedented high volumetric
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Figure 7. Cross section SEM images of one graphene wire located in the center of rGO/Fe®**/Fe;04-2mm
electrode, indicating the presence of large quantities of attached bacteria on the graphene sheets

current density of 10,608 + 1,036 A/m?, the highest volumetric current density with pure G. sulfurreducens
to date. This strategy brings new insights into electrode fabrication and has the merit of wide applicability
in BESs. We can flexibly adjust the physicochemical and structural properties of electrode by simply
altering the base component and functional modular components, such as polymeric matrices, redox spe-
cies, or conductive nanomaterials. Besides, taking the advantage of 3D printing technology, we can freely
fabricate electrodes with arbitrary structure for various demands in BESs, and it is expected to be a feasi-
bility for scale-up application due to the high productivity of 3D printing technology.

Future development of electrode is necessary for scale-up and practical application of bioelectrochemical
technique. During the past decades, there are considerable researches regarding the cellular microbiology
(bioelectroecology of biofilm, electrons exchange and etc.), electrode (materials, structure, and etc.),
reactor configuration, and operation parameters. Our strategy opens up opportunities to integrate the
tremendous efforts so far, and achieve functional integration of BESs electrodes, which allows us to mod-
ularize major or critical function components of the electrode and match the electrode with the most
appropriate properties for specific electrochemical application scenarios. Still, technologies based on
electroactive microorganisms are in nascent stage, there is much left to be further explored.

Limitations of the study

The base component and functional modular components of the customized printing ink can be broadened to
various materials (e.g., conductive polymer, nanoscale carbon) to endow the electrode with different character-
istics. The interactions between different functional materials and electroactive microorganisms deserve to be
further studied. This article shows the channel sizes close to millimeter scale can assure an adequate mass trans-
fer and avoid clogging of G. sulfurreducens biofilm. For the optimization of channel sizes in other situations, the
influence of electroactive microorganism species and system operation parameters needs to be further consid-
ered. In addition to experimental measurements, modeling and simulation work can be further integrated to
provide theoretical guidance for the design of electrode structure.

CONCLUSION

In summary, we have demonstrated a strategy to fabricate a designed 3D structure electrode using a func-
tionally tailored printer ink. The 3D printed rGO/Fe**/Fe30,-2mm aerogel bioelectrode achieved an un-
precedented high volumetric current density of 10,608 + 1,036 A/m3, which was 7.9-fold higher than
that of the control carbon felt bioanode and was the highest volumetric current density with pure
G. sulfurreducens. The mass transfer resistance of the optimized electrode was almost three orders of
magnitude lower than that of the carbon felt. The SEM images and electrochemical analysis suggested
that the high performance of rGO bioelectrodes was attributed to the hierarchical pores of the rGO aero-
gel, which ensured sufficient mass transfer of the substrate and high specific surface area for the attachment
and growth of bacteria, and the addition of magnetite nanoparticles, which probably enhanced the inter-
facial electron transfer. This strategy provides new approaches for electrode fabrication and has a great
potential for wide applicability in BESs.
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Figure S1. Rheological behaviors of printable GO inks. A) Rheological behaviors of the GO
pure solution and GO gel ink. The storage modulus and loss modulus as functions of B) shear

stress and C) angle frequency, Related to Figure 2.



Figure S2. Morphology of 3D-printed GO/Fe*"/Fe304 aerogel electrodes. Through-pore of 3D-
printed GO/Fe*/Fe304 aerogel electrodes from A) top view and B) side view, respectively. C)
Digital photos of different pore-size GO/Fe**/Fe3O4 aerogel electrodes, Related to Figure 2.
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Figure S3. Full X-ray diffraction pattern spectrum of GO, GO/Fe*'/Fe3O4 samples. The

characteristic peaks at around 10.9° is indexed to the graphene oxide, Related to Figure 2.
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Figure S4. XPS spectra of GO/Fe**/Fe304 electrode. A) Whole spectra and B) Fe 2p, Related
to Figure 2.
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Figure S5. XPS spectra of GO/Fe**/Fe304 electrode. A) Whole spectra and B) high resolution
N1s, Related to Figure 2.
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Figure S6. Raman spectroscopy of GO/Fe**/Fe304 and rGO/Fe**/Fe304 electrode. The obvious
increase in the intensity ration of the D to G peak (In/Ig), indicating the restoration of sp? carbon

in rGO sample, Related to Figure 3.
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Figure S7. High resolution C1s XPS spectra of the interior of 3D-printed GO aerogel electrode
after (48 h) the microbial reduction, Related to Figure 3.
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Figure S8. Electrochemically active surface areas of the 3D-printed rGO aerogel and carbon
felt anode. A) CV diagrams of the 3D-printed rGO aerogel anode, and B) carbon felt anode
collected at various small scan rates (2-10 mV s?) in 5 mM KsFe(CN)s containing 0.2 M

Na2S0s as supporting electrolyte. C) ip vs. v plots of the rGO aerogel anode, D) ip vs. v
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plots of carbon felt anode, Related to Figure 3.
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Figure S9. Electrochemical measurements of bare electrodes (without G. sulfurreducens). A)

Differential pulse voltammetry, and B) cyclic voltammetry, Related to Figure 4.



Electrochemical Impedance Spectroscopy (EIS) analysis
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Figure S10. The equivalent circuit of EIS, Related to Figure 4.



Figure S11. SEM images of biofilm formation of carbon felt anode. A-B) SEM images of
outside, and C) inside carbon felt anode. The biofilm on the carbon felt surface produces
relatively thick biofilm, while the biofilm inside of carbon felt is sparse, indicating the

insufficient internal mass transfer of traditional 3D bioanodes, Related to Figure 6.
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Figure S12. Replicated experiments of bioelectrochemical reactors using different anodes. A)
Replication of rGO, rGO/Fe**, rGO/Fes0s, rGO/Fe*/Fe30a, and carbon felt electrodes. B)

Replication of different channel size rGO/Fe**/Fe304 electrodes, Related to Figure 4 and Figure
5.



Table S1. ECSA of different electrodes in bioelectrochemical systems, Related to Figure 3.

Electrode Measurement Solution DA (cm? cm?) Ref
conditions
Unmodified carbon Three-electrode 5mM 1.68 (Lietal.,
cloth system, 30 °C Ks[Fe(CN)s, 2020)
0.2 M Na2SOs4
PDA/rGO-decorated Three-electrode 5 mM 2.89 (Lietal.,
carbon cloth system, 30 °C Ks[Fe(CN)s, 2020)
0.2 M NaxSOg4
PDDA/rGO-decorated Three-electrode 10 mM 2.78 (Chen et
carbon cloth system, 30 °C Ks[Fe(CN)s], al., 2020)
0.2 M NaxSOs4
Stainless steel mesh Three-electrode 5 mM 2.14 (Suet
system, 35 °C Ks[Fe(CN)s, al., 2016)
0.2 M Na2SOs4
3D stainless steel fiber ~ Three-electrode 5 mM 6.43 (Suet
felt system, 35 °C Ks[Fe(CN)s], al., 2016)
0.2 M NaxSOg4
Carbon felt Three-electrode 5 mM 4.59 This
system, 30 °C Ks[Fe(CN)s], work
0.2 M NaxSOs4
3D-printed Fe3Os- Three-electrode 5 mM 18.31 This
decorated graphene system, 30 °C Ks[Fe(CN)s], work
0.2 M Na2SOs4

PDA, polydopamine; PDDA, poly(diallyldimethylammonium chloride).

3 ECSA normalized to the project surface area of anode.



Table S2. EIS fitting of the samples, Related to Figure 4.

Sample Rs(Q) Ret (Q) Rw (Q)
Carbon felt 6.192 15.45 2382
rGO 6.591 10.75 987
rGO/Fe** 5.696 10.67 896
rGO/Fe304 4.746 8.45 945
rGO/Fe**/Fe304 4.378 8.26 953




Table S3. EIS fitting of the samples, Related to Figure 5.

Sample Rs (Q) Rct (Q) Rw (Q)
Carbon felt 5.781 12.16 2854.2
rGO/Fe**/Fe304 -1mm 5.612 2.80 115.6
rGO/Fe*"/Fe304 -1.5mm 3.023 1.29 11.0
rGO/Fe**/Fe304 -2mm 3.465 1.73 6.9
rGO/Fe*"/Fe304 -2.5mm 3.647 2.65 6.5

rGO/Fe**/Fe304 -3mm 3.723 2.38 6.4




Transparent Methods
Chemicals and materials

Aqueous GO solution, which was synthesized using the modified Hummers method, was
purchased from Suzhou Tanfeng Graphene Technology Co. Ltd (Suzhou, China)
(Higginbotham et al., 2010). The concentration of the purchased GO aqueous dispersion was
10 mg/mL. The single GO sheets had a lateral dimension of 0.2 — 10 pum and a vertical thickness
of approximately 1 nm. All chemicals were of analytical reagent grade and were used without
further purification. Deionized water was used in the experiments to obtain the anolyte and
phosphate buffered saline (PBS).

Composite ink preparation of 3D-printed graphene anodes

First, the GO aqueous solution (10 mg/mL) was concentrated using centrifugation (3k-15,
Sigma, Germany) at 9,500 rpm to obtain a higher concentration of 25 mg/mL. Two different
kinds of GO-based inks were used to fabricate the anodes, with or without the addition of
magnetite nanoparticles into the concentrated GO ink. The FeCls aqueous solution was
gradually added to the GO solution to form GO gel ink with constant stirring, and the final
ferric ion concentration was about 12 % 103 M. The magnetite nanoparticles (2.4 % 1073 M)
were dispersed in the GO solution through ultrasonic oscillation to prepare a uniform

suspension.

3D Printing of graphene anodes

The 3D electrodes were fabricated using GO gel through a low-temperature deposition
manufacturing printer (LDM, BP11 from SunP Biotech, Biomanufacturing Center, Tsinghua
University, China). The diameter of the printing nozzles was 210 m. The 3D GO structures
were printed onto a glass substrate at —15 °C to maintain their structure, with a scanning velocity
of 12 mm s and an injection velocity of 0.4 mm s*. Different channel sizes were set by
different wire distances: 1, 1.5, 2, 2.5, and 3 mm. After printing, the 3D structure electrodes
were transferred into a freezer (—80 °C) for further ice crystallization and sufficient assembly
of GO sheets for 24 h. Finally, GO anodes were obtained after freeze-drying for 24 h using a
freeze dryer (FD-1A-80, Christ, Germany).

Bioelectrochemical experiments and biofilm enrichment
Bioelectrochemical experiments were conducted under anaerobic conditions, and the 3D-

printed graphene electrode served as a microbial fuel cell anode, with Ag/AgCl as the reference



electrode, and carbon felt was used as a counter electrode. The 3D-printed electrodes were
mounted on a titanium mesh, which served as a current collector, and the 3D-printed electrodes
and titanium mesh were connected by a conductive silver paste. The bacterium used for anode
colonization was G. sulfurreducens (purchased from Leibniz-Institut DSMZ-Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany), which was grown in an
acetate-feed medium containing 1,500 mg/L chemical oxygen demand (COD) and 50 mmol/L
phosphate buffer solution. Two-chamber electrochemical cells were used in this study, each
consisted of an anode and a cathode chamber with a volume of 250 mL. The Supporting
experimental section includes detailed information on the anodic anaerobic medium and
cathodic medium. The electrochemical cells were operated under fed-batch mode conditions at
a constant temperature of 30 =1 <C. The working electrodes were poised at a constant potential
of 50 mV vs. the Ag/AgCI reference electrode, with continuous stirring. All the potential lists
in this study refer to the Ag/AgCI reference electrode, unless otherwise specified. Prior to
operation, the bioelectrochemical reactor was inoculated with 50 mL of the precultured G.
sulfurreducens suspension and 200 mL sterile anaerobic sodium acetate culture medium, which
was purged with nitrogen for at least 30 min to ensure anoxic conditions. During the microbial
reduction process, the reactor was kept under open-circuit conditions for 48 h at a constant
temperature of 30 =1 <C with gentle mixing to allow the attachment and growth of G.
sulfurreducens, as well as the concomitant formation of reduced graphene oxide (rGO). All

experiments were performed at least twice.

Electrochemical measurement and analysis

Electrochemical characterization was performed using an electrochemical workstation
(PMC-CHSO8A, AMETEK, Berwyn, USA) with a three-electrode system. Cyclic voltammetry
(CV) was conducted to investigate the electrochemical properties of the 3D-printed electrodes
under turnover conditions at a scanning rate of 0.1 mV/s with a range of —0.6 to 0.4 V. Prior to
the measurements, the media was replaced with culture media containing 3.38 g/L acetate
(Supporting Experimental Section, Sl). Differential pulse voltammetry (DPV) was performed
under non-turnover conditions (in the absence of acetate) by setting the following parameters:
Pulse height of 50 mV, pulse width of 300 ms, step height of 0.5 mV, and step time of 2,000
ms (scan rate of 0.25 mV/s) (Marsili et al., 2010). The medium was replaced with 50 mM PBS,
and the anode potential was set to 50 mV vs. Ag/AgCI to allow complete removal of the
metabolic electrode donor. This induced cell starvation, which was monitored by a drop in the

current density to values less than 0.1 mA. Electrochemical impedance spectroscopy (EIS)



measurements were also conducted in a three-electrode system after the bioelectrode reached a
steady current generation, and the impedance spectra of the bioanodes recorded between 100
kHz and 10 mHz at an AC amplitude of 10 mV and working potential of 50 mV vs. Ag/AgCl.

X-ray diffraction (XRD) was performed to characterize the different-decorated rGO
electrodes, from 5<to 80< using an X-ray diffraction instrument (D8 ADVANCE, BRUCKER,
Germany). X-ray photoelectron spectroscopy (XPS) was used to measure sample binding
energy using a Thermo Scientific Escalab 250Xi. GO reduction was also measured using
Raman spectroscopy (InVia Reflex, Renishaw, UK) under 532 nm laser excitation. Fourier
transform infrared spectroscopy (FTIR, Nicolet iS10, Thermo Scientific, USA) was performed
to analyze the chemical composition of GO, rGO electrode, and G. sulfurreducens samples in
the frequency range of 500 — 4,000 cm™. Prior to the FTIR test, the suspension of G.
sulfurreducens was centrifuged (LYNX 4000, Thermo Fisher Scientific, USA) at 3,000 rpm for
5 min at room temperature, and the deposit then was freeze-dried at room temperature for 12 h
to obtain the G. sulfurreducens samples. To obtain the rGO sample without bacteria, the rGO
electrode was collected and washed ultrasonically with deionized water, 85% ethanol, 1 M HClI,
and deionized water three times to remove the bacteria, followed by freeze-drying for 12 h at
room temperature (Salas et al., 2010). A scanning electron microscope (SEM, S-4300N, Hitachi,
Tokyo, Japan) was used to illustrate sample morphology (Supporting Experimental Section, SlI).
All measurements were performed at least twice.

The electroactive surface area (ECSA) was determined by CV measurements. A solution
composed of 5 mM of K3[Fe(CN)s] and 0.2 M of Na2SO4 was used as anolyte. The CVs were
conducted over a range of — 0.2-0.5 V at different scan rates of 2, 4, 6, 8, 10 mV s™*. The ECSA
of the working electrode (as-prepared anode) was obtained using Matsuda’s equation (Liu et
al., 2014):

i, = 0.4464 x 1073n3/2F3/2A(RT)~Y/2DY/2 (v 1/?

where ip represents the anodic peak current; n is the number of transferred electrons; F
represents Faraday’s constant (96,487 C mol™?); R is the gas constant (8.314 J mol™* K™); T is
the temperature (303 K); A is the ECSA of the electrode; D represents the diffusion coefficient
of the Ks[Fe(CN)s] solution (3.7 x107% cm? s™%) (Li et al., 2020); Co is the concentration of the
Ks[Fe(CN)s] solution (5 mM);v is the scan rate.



Table S4 Measurement uncertainties, Related to Figure 3, 4 and 5.

Source Range Error
Constant potential PMC-CHSOS8A, +10V + 0.2% of value
AMETEK
Voltage measurement PMC-CHSOSA, +10V + 0.2% of reading
AMETEK
Current measurement PMC-CHSOS8A, 1A + 0.2% of reading
AMETEK

Microbial culture medium preparation.
Culture medium was sterilized in an autoclave at 121°C for 30 min and then placed in the
incubator at 32 °C for 24 h before using.

Per liter, the anodic anaerobic medium contains:

NaxHPO4-H20 11.8¢
KH2PO4 2.79
CH3COONa-3H20 3.38¢
NacCl 05¢
NHa4Cl 0.1g
MgSO4-7H20 0.1g
CaCl2-2H20 15 mg
Trace element solution 1mL
Per liter, the trace element solution contains:
FeSO4-7H20 19
ZnCl2 70 mg
MnCl2-4H20 100 mg
H3BO:3 6 mg
CaCl2-6H20 130 mg
CuCl2-2H20 2 mg
NiCl2-6H20 24 mg
Na:MoO2-2H20 36 mg
CoCl2-6H20 238mg




Cathodic medium preparation
Cathodic medium was 50 mM phosphate buffer solution containing 11.8 g L'
NaxHPO4-H20, 2.7 g L' KH2PO4, pH = 7.2 and 50 mM ferricyanide.

SEM sample preparation process

Before the SEM analysis, the samples of bioanodes were firstly fixed with 2.5%
glutaraldehyde solution for 2 h at 4 °C in a refrigerator. Then the samples were washed with
graded-ethanol series (30%, 50%, 70%, 80%, 90%, and 100%) for 15 min at each concentration,
and graded-tert butyl alcohol series (70%, 80%, 90%, and 95%) for 10 minutes at each

concentration. Finally, the samples were dried thoroughly in a constant temperature of 30 °C.
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