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electrochemical lamellar anodes in microbial energy transduction 
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Microbial fuel cells (MFCs) harness the metabolic machinery of electro-active bacteria to transfer electrons from organic 

molecules to polarized anodes. In this context, increasingly higher anode surface areas have been pursued for maximizing 

MFC performance. In this study we prepared 3D layered Ti4O7 electrodes with different interlayer spacing (from 10 to 100 

μm) but mantaining the same total void fraction (90%), so as to modify the electrode surface-to-volume ratios. This 

allowed us to test the hypothesis that there must be a limit in surface area per unit volume restricting the efficiency of 3D 

porous bio-electrochemical anodes. The lamellar scaffolds were evaluated in three-electrode cells cultured with G. 

sulfurreducens. Regardless of electrode interlayer spacing or biofilm developmental stage, the electron transfer rate was 

constant (0.11 pA/bacterium), with current scaling linearly with the size of the microbial population. However, maximum 

volumetric current densities (20 ± 0.8 kA.m
-3

) were not obtained from electrodes with maximum surface-to-volume ratios 

(shorter interlayer distances), because bacterial biomass was not directly paired to surface area. This demonstrated   that, 

by controlling the spacing between layers, it is possible to modulate the amount of bacteria per electrode unit volume, this 

ratio determining the final electrode performance. The limit obtained in surface area suggested that other effects, as fluid 

dynamic constraints inside the “slit-shaped” pores, must be playing a critical role on anode performance. 
 

 

Introduction 

Aligned to the current pushing challenge of revaluating urban 

and industrial wastewaters, microbial electrochemical 

technologies (METs) have emerged to efficiently interconvert 

chemical and electrical energy.
1,2 

Hand in hand with this 

approach, microbial energy conversion has been explored as 

an alternative way for transitioning to sustainable energy 

technologies.
3 

In particular, microbial fuel cells (MFCs) have 

come up as promising devices to directly drive electrons from 

contaminating organic molecules to polarized anodes, by 

harnessing the metabolic routes of electro-active bacteria.
4-6 

Theoretically, and provided they are equipped with perfect 

electrodes  on  which  the  bio-electrochemical  reactions  can 

proceed at “infinite” rates, ideal MFCs with negligible internal 

resistance and high Coulombic efficiency may convert the 

entire free energy associated to organics oxidation into 

electricity. While it is true that perfect electrodes are still 

utopic, recent efforts directed to obtain increasingly higher 

anodic    volumetric    current    densities    have    produced  a 

substantial progress via the introduction of highly structured 

3D conducting scaffolds.
7-12 

Obtained from different materials 

and following a variety of strategies, 3D open macroporous 

bio-anodes have been first claimed and then demonstrated to 

be the option of choice for substantially increasing the 

electrode surface-to-wastewater volume ratio, leading 

consequently to remarkable boosts in the ultimate MFC 

efficiency. However, the continuous pursuit of a better bio- 

anode performance has mainly walked towards increasingly 

higher surface areas per electrode unit volume, having not 

included a rational analysis of the porosity fragmentation (i.e., 

the way in which the effective electrode void fraction is 

distributed as pores of the same size, shape and morphology), 

an overlooked property of porous electrodes with 

paradigmatic value. In this way, while the total porosity of a 3D 

bio-anode can be kept constant, it is relevant to note that it 

can be strategically fragmented through the electrode volume 

conforming uniform pores of selected size and/or morphology. 

This should not be misinterpreted or confused with the 

concept of pore size distribution, as the latter refers to a range 

of pores of different size along the entire electrode    volume. 
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According to the proposed approach, the total anode porosity 

can  be  uniformly  fragmented  by  building   up  3D    layered 

mm.min
-1

); (II) 30-40 μm (liquid nitrogen, 80 immersion rate: 1 

mm.min
-1

); (III) 60-70 μm (dry ice/acetone, immersion rate:  1 
-1 

electrodes, generating “slit-shaped” pores with controlled size. 

This allows modulating, by controlling the distance   between 

mm.min 

mm.min
-1

 

); and (IV) 80-100 μm (ice/NaCl, immersion rate:     1 

). Once frozen, the samples were freeze-dried for 48 

the electrode layers (but maintaining the same total porosity), 

not only the effective surface area exposed to the electrolyte 

but also critical geometric parameters intimately linked to 

transport phenomena. This is particularly relevant in the 

design of structures intended to host live entities as, for 

instance, electro-active bacteria, offering them suitable living 

conditions. 

In this study, we tested the hypothesis that there must be 

a limit in surface area per electrode unit volume restricting the 

efficiency of porous bio-anodes. For this, the effect of layer-to- 

layer distance of 3D lamellar anodes on bacterial energy 

conversion was assessed. The proof-of-concept involved the 

use of recently reported high-performance 3D ceramic bio- 

anodes   built   on  the   chemistry  of   electrically  conducting 
7 

h   (100   mTorr).   The   obtained   ultra-lightweight monoliths 

retained both the size and shape of the employed moulds. The 

total porosity of each sample was kept constant (∼ 90%), 

which was controlled with the amount of water in the initial 

dispersions. For future treatments, samples were cut into 

pieces of 2.5 cm in length. Freeze-dried TiO2 scaffolds were 

then used as precursors of electrically conducting supports 

(ITTC electrodes). For this, the scaffolds were first sintered  in 

an air atmosphere at 1000ºC for 1.5 h (heating and cooling 

rates: 5ºC.min
-1

), which led to mechanically stable ceramic 

pieces. Electrically conducting Ti4O7 porous supports were 

then obtained from sintered TiO2 monoliths after being 

reduced by elemental Zr (15 mg Zr/100mg TiO2) at high 

temperature  (1000ºC,  15  h)  under  vacuum,  according    to 

references  [7]  and  [15]. Single phase Ti4O7  porous  supports 

titanium sub-oxides (Ti4O7), in  combination  with Geobacter were  finally  used  as  electrodes  to  grow  G.  sulfurreducens 

sulfurreducens, the most efficient electricity-producing bacteria  under  controlled  experimental  conditions.  A  non- 
bacteria ever reported.

13,14 
The main feature of the electrodes porous  Ti O electrode was used as a control material.     This 

4    7 

used (termed ITTC, ice-templated titanium-based ceramics) is 

their ordered porosity, distributed as straight lamella-like 

channels running from one electrode end to the other. To 

prove the introduced concept, the electrode interlayer 

distances were tuned by changing the cryogenic mixture used 

in the electrode building-up process (see the Experimental 

Section and Fig. S1 in the Electronic Supplementary 

Information, ESI). This allowed assembling four electrode 

configurations, all of them characterized by a constant    total 

sample was prepared according to protocols reported in   the 

reference [7]. 

Bacterial strain and culture  medium 

G. sulfurreducens strain (DM12127, DSMZ, Germany) was used 

as a source of electrochemically active bacteria. The strain was 

first anaerobically grown in stationary batch at 32ºC in an 

aqueous culture medium containing 30 mM KCl, 50 mM 

NaHCO3, 9.3 mM NH4Cl, 2.5 mM NaH2PO4, vitamins and trace 
16,17 

porosity of 90%, but exhibiting (each of them) uniform  layer- minerals,   according   to   reported   protocols. Prior   to 

to-layer distances ranging from 10 μm to 100 μm. Accordingly, 

the approach yielded conducting scaffolds with different 

surface-to-volume ratios. This allowed finally testing the effect 

of the exposed surface area on the electrode efficiency. 

In this study we demonstrate that maximum volumetric 

current densities were not obtained from electrodes with 

maximum surface-to-volume ratios, because bacterial biomass 

was not directly paired to surface area. Accordingly, by 

controlling the spacing between the electrode layers, it is 

possible to modulate the amount of bacteria per electrode 

unit volume, which finally determines the electrode 

performance. The presented findings demonstrate that the 

limit obtained in surface area might be ascribed to fluid 

dynamic constraints inside the “slit-shaped” pores, which must 

be playing a critical role on transport phenomena affecting the 

electro-active bacteria confined in the porous bio- 

electrochemical  anodes. 

Experimental 

Preparation of ITTC bio-anodes 

Porous supports were prepared from TiO2 aqueous dispersions 

via  directional  freezing,  according  to  previously     reported 

inoculation in the electrochemical cells, bacteria were cultured 

for three weeks in fumarate-containing (40 mM) growth 

medium (fumarate used as electron acceptor) supplied with 

acetate (20 mM) used as the carbon source (electron donor). 

ITTC electrode cell assembly and microbial growing   protocols 

Conducting supports (porous and non-porous) were separately 

set in three-electrode electrochemical cells, all containing 100 

mL deoxygenated culture medium (free of electron acceptors), 

and polarized at a constant potential of 0.2 V vs. Ag/AgCl (3M 

NaCl) reference electrode. Electrical contact to the external 

circuit was performed by gluing graphite rods on the 

electrodes, using conducting epoxy adhesive. Graphite rods 

were prevented from coming into contact with the liquid 

culture medium. In order to continuously supply fresh medium 

through the oriented pores of the electrodes, a flow-through 

system was developed. For this, the graphite bar used to make 

the external electrical contact was drilled, and a rubber hose 

(1.5 mm internal diameter) was place in it. A peristaltic pump 

was used to inject culture medium (free of electron 

acceptors/free   of   planktonic   cells)   through   the oriented 

electrode architectures, at a rate of 0.6 mL.min
-1

. The reactors 

and  all  liquid  reservoirs  were  maintained  at  32ºC      while 
protocols.

7    
Briefly,   dispersions   were   poured   into  plastic continuously flushed with a N  :CO mixture (80:20) to adjust 

2 2 

moulds and were vertically dipped at a controlled constant 

rate into a cold bath, to induce the orientation of the growing 

lamellar ice crystals. In order to modulate the interlayer 

spacing in each sample, different immersion rates and cooling 

liquids were used. According to the master curves shown in 

Fig. S1 (ESI), four layer-to-layer distances were produced in 

each scaffold: (I) 10-15 μm (liquid nitrogen, immersion rate: 5 

the  pH  to  7.4  and  to  prevent  oxygen  contamination. Each 

reactor was finally inoculated (through an inlet lateral port, 

not through the electrode pores) with 5 mL of stationary batch 

culture medium (containing G. sulfurreducens cells at a density 

of  2x10
5    

bacteria/mL),  to  allow  for  bacterial  growth    and 

proliferation in the polarized platforms. The reactors were first 

left in batch mode for 5 days until current production   (20-30 
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μA) and stabilization were observed, after which the systems 

were turned into a continuous flow-through mode. See the Fig. 

S2 (ESI) for a schematic diagram of the experimental set-up. 

Microbiological  counting procedures 

After one and a half months under operational conditions (and 

at maximum volumetric current densities), the bio-anodes 

were removed from the electrochemical cells to determine the 

microbial respiratory response on each electrode. For this, the 

maximum current values were related to the total number of 

bacteria, which was  determined by isolating total    microbial 

genomic DNA according to the phenol/chloroform  method.
18

 

Extracted DNA was spectrophotometrically quantified (λ: 260 

nm), and its purity (absence of protein contamination) 

assessed through the 260/280 nm absorbance ratio. The total 

number of bacteria was calculated from DNA concentrations 

based on a calibration curve. Bacterial respiratory efficiencies, 

expressed as current per bacterium, were determined for each 

electrode both at maximum current values (steady-state 

conditions) and at different stages during microbial evolution. 

Characterizations 

Electrode structural characteristics were assessed by scanning 

electron microscopy (SEM, Jeol JSM-6460 LV) on metal- 

sputtered samples. Microbial proliferation in the conducting 

scaffolds (porous and non-porous) was also evaluated by SEM. 

For this, bacteria were fixed in glutaraldehyde (2.5 wt%) for 60 

min, followed by dehydration for 10 min in alcoholic solutions 

of increasing concentration (20, 40, 60, 80 and 100 % v/v 

ethanol). Thus-prepared samples were air-dried, sectioned and 

sputtered for microscopy observations. 

Total electrode porosities were determined from bulk 

densities, calculated from the weight and geometrical volume 

of each bio-anode. Porosity (ε%) was then determined as [1- 

(δc/δr)]  x  100,  where  δc   is  the  calculated  density  of   each 

electrode (A: 0.45 g.cm
-3

, B: 0.42 g.cm
-3

, C: 0.46 g.cm
-3  

and D: 

conducted under the same experimental conditions. 

Accordingly, for each electrode, three measurements of 

current were taken (one from each individual reactor, 

according to the procedures described in ITTC electrode cell 

assembly and microbial growing protocols) and then averaged. 

Maximum volumetric current densities were calculated 

according to the geometrical dimensions of the electrodes 

immersed into the culture medium (cylinders of 1 cm diameter 

and 1.05 cm  height,  except for anode B  that was  immersed 

0.86 cm) and maximum averaged currents (arrows in Fig. 3). 

Current densities normalized per projected surface areas were 

also calculated on maximum currents, but considering the 

projected base of the cylindrical electrodes (0.785 cm
2
). 

Results and discussion 

Fig. 1 shows structural features (both schematic and real) of 

the 3D layered bio-anodes. 

0.43 g.cm
-3

), and δ is the reported density for Ti O (4.32 g.cm
-
 

r 4    7 

3).15 

Electrochemical determination of electrode relative surface 

areas was performed through capacitive current 

measurements. For this, bio-anodes were first immersed (the 

same geometrical volume) in culture medium in 

electrochemical reactors (in the absence of bacteria), letting 

them under open circuit potential (OCP) conditions for 10 h 

until potential stabilization. In this situation, charge was 

accumulated at the electrode surface/solution interface. Once 

stabilized, bio-anodes were set at +0.4V respect to their 

stabilized OCP, producing a measurable electrical current in 

time (Fig. S3 (A), ESI). From this information, the bio-anode 

relative surface areas were determined (Fig. S3 (B), ESI). 

Bio-electrochemical assays were performed in three- 

electrode half-cells, as described in ITTC electrode cell 

assembly and microbial growing protocols. Porous bio-anodes 

(working electrodes) were polarized at a constant potential 

(0.2 V) vs. Ag/AgCl (3 M NaCl) reference electrode, employing 

a Pt wire as the counter-electrode. Tests were performed 

using a PGSTAT 101 potentiostat, controlled by the NOVA 1.6 

software. The production of current was followed in time by 

means of chronoamperometric measurements, acquiring 1 

point per minute. Volumetric current densities (shown in  Fig. 

2) are depicted as mean values (and their corresponding 

standard deviation), obtained from three independent    tests 

 

 

 

 

Fig. 1 (a) Schematics of the ITTC electrodes. The layered-like pore configurations 

represent the tested idea, which is to selectively distribute a constant porosity 

(90%)  into slit-shaped  pores with different layer-to-layer spacing: (A)  10-15    μm, 

(B) 30-40 μm, (C) 60-70 μm, and (D) 80-100 μm. A non-porous electrode was 

used for comparative purposes. Electrode geometrical dimensions: 1  cm 

diameter, 2 cm height. (b) SEM micrographs of the ITTC electrodes. The 

architectures consisted of aligned layers extended along of the entire electrode 

volume, according to the employed freezing technique. The experimental 

conditions used to build-up the electrode scaffolds are those depicted in Fig. S1 

in the ESI. The inset picture shows the anode  C  mounted  on  a graphite  tube, 

used to make the external electrical contact. Left on this photograph, the rubber 

hose and plastic connection used to flow culture medium through the oriented 

electrode structures. Bars: (A) 10 µm, (B) 50 µm, (C) and (D) 100 µm. See Fig. S4 

in the ESI for SEM micrographs obtained at lower   magnification. 
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maximum current density output), we believe this approach 

may be used to put our work on the table of discussion, 

envisioning new studies to keep increasing the bio- 

electrochemical  anode performance. 

 

 

30 

 

25 
 

20 

 

15 
 

10 

 

5 
 

0 

1 2 3 4 5 6 7 8 9    10   11   12 
 

Fig. 7 Bar chart on 3D monolithic bio-anode performance. Numbers (1) to (12) 

correspond to different porous electrodes: (1) graphene sponge,
46 

(2) 

graphene/PANI foam,
47 

(3) graphite/PHBV (poly(3- hydroxybutyrate-co-3- 

hydroxyvalerate),
48    

(4)   RVC/CNTs,
9    

(5)   carbonized   king   mushroom,
49    

(6) CNT 

sponge,
50 

(7) copper/melamine foams,
51 

(8) carbonized corn stem,
49 

(9) 

carbonized pomelo peel,
10 

(10) MWCNT/chitosan,
8 

(11) macroporous Ti4O7 

ceramics (this study), (12) carbonized corrugated   cardboard.
33

 

On this sense, we strongly believe that collective efforts 

will finally lead to the goal of improving functional electrodes 

for METs applications. 

 
 

Conclusions 

The critical improvement for obtaining the results presented 

here relied on controlling the layer-to-layer distance of 3D 

lamellar conducting scaffolds. This allowed building electrodes 

with slit-shaped pores with an interlayer separation between 

60 and 80 μm, which provided the optimal balance between 

fluid dynamic conditions and bio-electrochemically effective 

surface areas. This combination allowed supporting the growth 

of an electro-active bacterial population (G. sulfurreducens) to 

a density of 1.86 x 10
17  

cells per m
3  

(Fig. 4) with maximized 

catalytic performance (Fig. 3). In a more general view, our 

results indicate that maximizing the area may lead to lower 

performances if the density of active bacteria is not taken into 

account at the time of designing bio-anodes for improving 

METs. Indeed, they indicate that up to 75% of the total 

electrode area per unit volume can be effectively removed, the 

loss in conducting surface being counterbalanced by the 

improvement in the hydrodynamic conditions that favour 

bacterial growth. In this scenario, the concept of modulating 

the surface-to-volume ratio of lamellar electrodes by tuning 

the interlayer spacing has emerged as the cornerstone to 

approach to the bio-electrode architecture with the best 

volumetric outcome. We hope this may represent a platform 

towards tailored scaffolding for microbial energy transduction. 
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