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Whereas most of the studies conducted nowadays to boost electrode performance in bioelectrochemical systems (BES) are focused on 
carbonaceous scaffolds, in this study we demonstrate that ice-templated titanium-based ceramics (ITTC) can provide a new alternative 
for this purpose. We combined the chemistry of titanium suboxides (Ti4O7) with an ice-templating technique (ISISA) to produce 
electrically conducting and highly porous (88% porosity) 3D architectures. The ITTC platforms were characterized by strongly aligned 
macrochannels that provided a direct path for substrate supply under a flow-through configuration, while supporting the growth of 10 

electroactive Geobacter sulfurreducens biofilms. This new electrode material is demonstrated to outperform graphite when used as an 
anode in bioelectrochemical reactors, providing volumetric current densities of 9500 A.m-3, equating to projected current densities of 
128.7 A.m-2 and maximum power densities of 1.9 kW.m-3. The performance of the ITTC scaffolds levels that of any of the available 
materials on the current state of research. The presented alternative may lead to the start of a branch into the exploration of conducting 
ITTC materials in the growing area of bioelectrochemical technologies.      15 

 

Introduction  

Electrochemical processes that benefit from microbial biofilms as 

catalysts for electrode reactions have received increased attention 

during the past few years.1,2 By virtue of recently discovered 20 

electro-active bacteria they now allow interconverting chemical 

energy and electricity with minor effort and low costs. Main 

technological developments in this area include energy recovery 

coupled to cleaning wastewater in microbial fuel cells (MFC) 

and, in the opposite direction, the production of commodity 25 

compounds in microbial electrosynthesis cells (MEC).2 

 The main drawback for successful entrance of these 

technologies into market is their low current density yield. It is 

now well recognized that current density produced by an 

electrochemically active biofilm is typically limited to 6-10 A.m-2 30 

in optimal laboratory conditions3 and that the limit is determined 

by a physiological (respiratory) constrain on the bacterial 

population, which is derived from the imperfect conductivity of 

the biofilm matrix.3-5 As soon as the biofilm thickness is greater 

than 50-60 µm, the progression of biofilm growth leads to the 35 

accumulation of idle cells in upper layers, which are impaired to 

contribute to current production.6 In this context, actual efforts 

from materials science are directed to increase the effective 

electrode area as a mean for getting bioelectrodes with improved 

performance. The actual paradigm in this direction is the pursuit 40 

of porous materials with open aspects along which bacterial 

biofilms can be grown, at a rate limited only by biological 

factors.  

 An attractive way for producing porous bioelectrodes is that 

based on carbonization of natural materials. Porous 3D electrodes 45 

have been produced for example from kenaf stems7 and pomelo 

peel8 that were able to support projected current densities (PCD) 

of about 25 and 40 A.m-2, respectively. Carbonization of a man-

made product, corrugated cardboard, proved to be even better, 

yielding a PCD of about 70 A.m-2 under a single layer 50 

configuration.9 The key concept behind of these developments is 

taking advantage of already available 3D carbon configurations, 

but it is constrained to some extent to finding materials able of 

being carbonized with the appropriate structure. This is not the 

situation with materials synthesized de novo that can be 55 

conceptually designed according to specific needs. For example, 

electrodes bearing multidirectional pores in the range of tens of 

micrometers have been highlighted as valuable, because they can 

facilitate fluid flow.10 This feature is found in electrospun carbon 

fibre mats, which exhibiting extremely low specific density allow 60 

efficient substrate supply for bacteria and promote the production 

of about 30 A.m-2 of PCD.11 Alternatively, unidirectional 

channels have also proved to be efficient in supporting bacterial 

growth at one of the highest levels, as shown by Katuri et al.12 

These authors built-up bioanodes via ice-segregation induced 65 

self-assembly (ISISA) on multiwall carbon nanotubes dispersed 

in a chitosan aqueous solution (MWCNT/CHI),  leading to 

macroporous scaffolds with unique highly aligned 

macrochannels, which allowed increasing the bioelectrochemical 

performance. The material supported the growth of G. 70 

sulfurreducens biofilms generating 24.5 A.m-2 of PCD, a value 

that clearly competes with that produced on carbonized materials.   

 On other branches of scientific research, and featuring low 

cost, biocompatibility and chemical stability, titanium oxides 

have gained a wide interest as building blocks for the design of 75 

porous structures. Whereas titanium dioxide (TiO2), as a wide-

band gap semiconductor, exhibits photocatalytic and photovoltaic 

properties;13,14 its chemical reduction to electrically conducting 

titanium suboxides has proven to be specially attractive towards 

platforms with interesting magnetic and transport properties.15,16 
80 

Titanium substoichiometric oxides of general formula TinO2n-1 

(with n between 4 and 10) are known as Magnéli phases17 and 
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have been already used to prepare electrically conducting 

macroporous supports displaying uniform pore sizes (∼2µm) and 

high porosity values (∼60%), which makes them attractive for 

building up ceramic electrodes.18  

 In this context, and accounting for the need of producing new 5 

electrode materials for keeping on boosting microbial current 

densities in bioelectrochemical applications, in this study we 

demonstrate how the requirements identified as essential for 

bioelectrodes (high electrical conductivity, open porous structures 

and highly ordered porosity) can be obtained from ceramic 10 

materials to provide new alternatives in microbial 

electrocatalysis.  

 Herein, we report on the use of a cryogenic templating 

technique (ISISA) in combination with the chemistry of titanium 

suboxides (Magnéli phases) to build up new ice-templated 15 

titanium-based ceramics (ITTC) featuring biocompatibility 

towards Geobacter sulfurreducens, unidirectionally ordered 

macrochannels (10-15µm in diameter), maximized electrical 

conductivity and long term stability. The proposed ITTC 

electrodes challenge traditional carbon-based configurations in 20 

supporting the growth of electroactive bacterial films, with an 

energy conversion performance which levels that of any of the 

available materials on the current state of research. 

 

Results and Discussion 25 

In the way to produce ITTC electrodes, TiO2 porous scaffolds 

with a precisely controlled architecture were firstly prepared by 

ISISA (see Experimental section). These scaffolds were pieces of 

about 1.5-2.0 x 1cm2 (Fig. 1A) presenting a channelled pattern 

with an average channel size of 10-15 µm. The monoliths were 30 

ultra-lightweight, self-supported and presented bulk densities 

ranging between 0.500-0.635 g/cm3 (85-88% porosity). Their 

most remarkable feature was the strongly anisotropic orientation 

of the pores (Fig. 1B). Pores were indeed interconnected, as 

evidenced by liquid penetration experiments. 35 
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Fig. 1 (A) 3D TiO2 porous scaffold, precursor of ITTC electrodes, (B) 
SEM image of the internal architecture of the TiO2 scaffold, and (C) 55 

ITTC electrode obtained by reduction of TiO2 porous scaffolds (for 
details, see Experimental section). Arrows indicate the freezing direction. 

TiO2 porous monoliths were reduced at high temperature in the 

presence of metallic zirconium under vacuum. After the reducing 

treatment, from which electrically conducting ITTC electrodes 60 

were finally obtained (see Experimental section and Figs.S1/S2), 

samples turned dark blue in color (Fig. 1C) as typically observed 

when oxygen vacancies are generated in a TiO2 network.19 It is 

interesting to note that ITTC electrodes kept both the same low 

bulk densities and scaffold integrity as those of the 3D TiO2 65 

precursor. 

To evaluate the bioelectrochemical performance of the new 

electrodes, they were used as the working electrode in a 

continuous culture electrochemical reactor and polarized to 0.2 V 

(Ag/AgCl–3M NaCl). For promoting full colonization of the 70 

internal microstructure of the electrodes, the ITTC platforms 

were set in a flow-through configuration according to a previous 

report12 (see Experimental section). As can be seen in Fig. 2, 

electricity-producing biofilms of G. sulfurreducens readily grew 

on ITTC electrodes reaching an unprecedented volumetric current 75 

density of almost 9500 A.m-3 after 200 h.  
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Fig. 2 (A) Chronoamperometry illustrating growth and electrocatalytic 
activity of G. sulfurreducens biofilms on ITTC macroporous electrodes, 105 

compared to a dense graphite bar; (B) Cyclic voltammograms recorded at 
a rate of 0.01 V.s-1 on macroporous ITTC, before (initial) and after (200 
h) biofilm formation; (C) SEM of ITTC internal microstructure after 
current production (dotted arrow indicates porosity orientation); (D) 
biofilm adhered to the aligned porosity features; (E) magnification of the 110 

biofilm shown in (D). Bars: (C) 10 µm, (D) 5 µm, and (E) 1 µm.     

 

These results confirm not only the biocompatibility of ITTC 

electrodes towards G. sulfurreducens, but also that they can 

effectively act as electron acceptors for this bacterial strain with 115 

high efficiency. It is to note indeed that according to the results 

included in the Supplementary Material (Figs.S3/S4), biofilms 

grown on dense Ti4O7 electrodes (bars) were 7 times more 
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catalytic towards acetate electro-oxidation than those grown on 

standard graphite bars. This could be somehow related to the 

presence of a corundum-like crystallographic structure in Ti4O7 

(the crystal structure of Ti4O7 is made up of rutile-type slabs 

separated by shear planes with a corundum-like atomic 5 

arrangement),20 the same as that found in iron (III) oxides (α-

Fe2O3 polymorph, the most common form of Fe2O3) that function 

as the natural electron acceptor for this bacterial strain. 

It is worth mentioning that the volumetric current density 

obtained from the porous material was 14 times higher than that 10 

typically obtained for dense graphite bars (Fig. 2A). Interestingly, 

the value of PCD obtained on ITTC goes indeed well further than 

that claimed as the target to support the development of 

bioelectrochemical applications.21 Expressing ITTC electrode 

performance as normalized to its projected surface area (128.7 15 

A.m2), allows the direct comparison with that from other 

materials and confirms that this new electrode can outcompete 

carbonaceous ones in the current state of research (Fig. 3). This 

high performance corresponds to a power density of 1.9 kW.m-3, 

according to calculations made on the conservative position of 20 

Borole et al.,21 which is assuming a voltage output of 0.2 V under 

load conditions. This power density is higher than that claimed as 

the target for sustainability of bioelectrochemical technologies.21 

It is worth mentioning that ITTC electrodes remained unaltered in 

the culture medium during the whole experimental lapse, 25 

sometimes extending for over a month. This reveals the robust 

electrode integrity (intrinsic to its ceramic nature), a feature that 

has been highlighted as an aspect of paramount importance in 

BES. 

 30 
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Fig. 3 Comparison of ITTC electrode performance with that of the current 
state-of-the-art electrodes. The asterisks indicate porous supports whose 
values are expressed as current density normalized to the projected 50 

surface area of the electrode. Although the experimental conditions are 
not exactly the same across all the compared electrodes, the current 
density values reported in each case correspond to the best electrode 
performance (that is, ensuring maximal current output from the bacterial 
population), so the comparison can be considered as a useful framework 55 

to put the ITTC electrode into context. The number in brackets indicates 
the corresponding reference. 
 

 Fig. 2B shows the voltammograms typically registered on 

ITTC electrodes before and after microbial colonization and 60 

growth (see also Fig.S5 in the Supplementary Material for cyclic 

voltammetry tests during biofilm evolution on ITTC, and Fig.S6 

for comparison of cyclic voltammetries between ITTC and a 

typical graphite bar after biofilm formation). In the presence of a 

biofilm, the obtained turnover signature was indicative of the 65 

catalytic oxidation of acetate by metabolically active G. 

sulfurreducens cells and displayed a half-wave potential of about 

-0.25 V. The response is quiet similar to that obtained from 

biofilms of G. sulfurreducens grown on other electrode materials 

as graphite and gold22 and demonstrates the capability of ITTC 70 

substrates for interacting with redox centres in the biofilm 

network allowing the transport of electrons from the cell interior 

to the electrode.23-25   

Biofilms developed on ITTC were also evaluated by SEM (Fig. 

2). The formation of thin biofilms was revealed, as previously 75 

observed on other porous electrodes;10 suggesting that using 

macroporous substrates prevents somehow biomass development 

in excess, thus avoiding the accumulation of idle cells in upper 

layers of biofilms and consequently making the energy 

conversion process much more efficient. Confluent biofilms were 80 

observed totally covering both outer and inner aspects of the 

material, as expected from the implementation of a flow-through 

configuration. The large extent of colonization inside the 

conducting scaffold (Fig. 2C-E) gives support to the reported 

current yield and suggests that the macroporous ordered 85 

microstructure allows for a sufficient medium exchange to 

warrant biofilm growth.   

In spite of the excellent performance of ITTC/Geobacter 

bioelectrodes, it is thought to be limited by an internal potential 

drop inside the porous scaffold, originated in the non-ideal 90 

distribution of current, known to occur along conducting lamellar 

configurations.26 A manifestation of this effect is the wide 

potential window for total aperture of the redox signal controlling 

current evolution, which according to results in Fig. 2B expands 

from about -0.45 to 0.10 V. This limitation warrants further 95 

research in tunning for example, the pore size of these new 

electrodes to improve current density evolution, a task that can be 

easily performed by changing the cryogenic liquid (cooling 

temperature) in the ISISA method. 
 100 

Conclusions 

Whereas most of the efforts being made nowadays to increase 

anode performance in bioelectrochemical systems (BES) are 

focused on carbonaceous electrodes, in this study we demonstrate 

that ceramic materials can be an interesting alternative. In this 105 

study we combined the versatile chemistry of electrically 

conducting ceramics (Magnéli phases) with a cryogenic 

structuring technique (ISISA) to build up new macroporous 3D 

electrodes, termed ITTC (ice-templated titanium-based ceramic) 

electrodes.   110 

 The ITTC electrodes were shown to be biocompatible towards 

G. sulfurreducens while providing, at the same time, electrically 

conducting supports for the bacterial catalysis of acetate electro-

oxidation. Their hierarchical structure offers an extremely large 

and reactive surface, outperforming virtually all carbonaceous 115 

materials described until present, when used as an anode in 

 
390  
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bioelectrochemical reactors. Importantly, ITTC/Geobacter 

bioelectrodes provide higher volumetric current densities (as well 

as projected current densities and power densities) than those 

claimed as the target to support application developments,20 

finding a place in bio-energy production scaffolding as a real 5 

alternative in the area of microbial electrocatalysis (MEC). If we 

contribute to this insight, the goal of the present study will be 

accomplished.    

     

Experimental 10 

ITTC electrodes were prepared from TiO2 aqueous dispersions 

via ice-segregation induced self-assembly (ISISA), followed by a 

high-temperature reducing process. 

Preparation of TiO2 dispersions. Dispersions were prepared by 

first dissolving 9.3 g of polyvinylpirrolidone (PVP, Aldrich, 15 

~1.3MDa) in 150 mL of distilled water. Then, 31.5 g of TiO2 

nanoparticles (Degussa P25), ranging 20-30 nm in diameter, were 

added to the resulting solution and dispersed by means of a T25 

Ultra-Turrax instrument at 25000 rpm. Thus-prepared TiO2 

dispersions exhibited long time stability (over 24 h) which 20 

represented a suitable time for processing the samples with no 

sedimentation or precipitation during this period.      

ISISA of TiO2 dispersions. TiO2 porous scaffolds were prepared 

by directional freezing according to previously reported 

experimental conditions.27 Briefly, the prepared TiO2 aqueous 25 

dispersions (10 mL) were poured into plastic syringes (8 cm in 

length, 1.3 cm in diameter) and vertically dipped at a constant 

advancing ice front rate (5 mm/min) into a cold bath (liquid 

nitrogen, -196ºC). Immersions were performed at room pressure. 

The unidirectionally frozen samples were freeze-dried for 48 h 30 

(100 mtorr, -45ºC) using a VirTis Benchtop SLC (2KBTES-SS) 

freeze-drier. The obtained ultra-lightweight monoliths retained 

both the shape and size of the employed molds. For further 

treatments, the obtained porous cylinders were cut into samples 

of 2.5 cm in length. 35 

ITTC electrode preparation. The freeze-dried TiO2 porous 

scaffolds were used as precursors for preparing ITTC electrodes. 

For this, TiO2 supports were first heat-treated at 1000°C for 1.5 h 

(heating and cooling rates of 5°C.min-1) for sintering in an air 

atmosphere. This stage allowed mechanically consolidating the 40 

ceramic pieces. For this purpose, an electric furnace (Indef 332) 

was used. Electrically conducting Ti4O7 scaffolds were obtained 

from sintered TiO2 porous monoliths after a high-temperature 

reducing process with elemental Zr, according to the following 

reaction:18   45 

 

8 TiO2 + Zr                2 Ti4O7 + ZrO2 

 

15 mg of Zr per 100 mg of TiO2 were used to obtain Ti4O7 

Magnéli phase. The amount of Zr used corresponded to a 5% 50 

excess with respect to the stoichiometry of the reaction, as a 

requirement to obtain single phase Ti4O7 (see Fig.S1 in the 

Supplementary Material for the XRD characterization).18 This 

phase displayed an electrical conductivity as high as that of 

graphite (see the electrical characterization of ITTC in the 55 

Supplementary Material – Fig.S2). To accomplish this, TiO2 

sintered samples (2 cm in length, 1 cm in diameter) were placed 

inside SiO2-glass tubes separated by approximately 5 mm from 

Zr turnings (99% purity). The tubes were sealed under vacuum 

and subsequently heat-treated at 1000ºC (Indef 332 furnace) for 60 

15 h, with heating and cooling rates of 5ºC/min. 

Taking into consideration the overall process to obtain ITTC 

electrodes (from the TiO2 aqueous dispersions to the finally 

reduced ITTC), an estimation of the manufacturing costs has been 

made. In our case, a lab-bench electrode was developed so it has 65 

to be taken into account that costs involved in each producing 

stage are not the lowest ones that could be found in the market. 

According to our estimate (on the material prices and processing 

considerations), a total cost of about US$ 7 per electrode was 

calculated (see calculation details in the Supplementary Material 70 

– Economic considerations on the ITTC electrode 

manufacturing). It is to be remarked that the same calculations, 

but only relying on material costs (not considering the processing 

stages – as sometimes reported),32 led to a value of about US$ 

0.28. This means that almost all the final electrode price relies on 75 

processing considerations, which should be taken into account 

when costs are reported.          

Bacterial strain and culture medium. Geobacter 

sulfurreducens strain (DM12127, DSMZ, Germany) was used as 

a source of electrochemically active bacteria. The strain was 80 

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 minerals, 

according to previous protocols.3,28 Prior to inoculation in the 

electrochemical cell, bacteria were cultured for three weeks in 85 

fumarate-containing (40 mM) growth medium (fumarate acting 

as electron acceptor) supplied with acetate (20 mM) used as 

carbon ource (electron donor). 

Biofilm formation and ITTC electrode cell assembly under a 

flow-through configuration. ITTC electrodes were set in an 90 

electrochemical cell containing 100 mL deoxygenated culture 

medium lacking of any electron acceptor, 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 conducting monoliths, using 95 

conducting epoxy adhesive. Graphite rods were prevented from 

contacting the liquid culture medium. To continuously supply 

fresh culture medium through the oriented macrochannels, the 

graphite bar (employed to make the external electrical contact) 

was hollowed with a drill and a rubber hose (1.5 mm in internal 100 

diameter) was placed in it. A peristaltic pump was used to inject 

culture medium (free of electron acceptors/free of planktonic 

cells) to the working cell, passing first through the porous 

electrode at a rate of 0.6 mL/min. The reactor and all liquid 

reservoirs were continuously flushed with a N2:CO2 mixture 105 

(80:20) to adjut the pH to 7.4 and to prevent oxygen 

contamination. Finally, 5 mL of stationary batch culture medium 

were inoculated through the working electrode to allow for 

bacterial growth and proliferation in the whole volume of the 

polarized porous platform. The electrochemical cell and culture 110 

medium were maintained at 32ºC under continuous stirring.   

Characterization. Monolithic TiO2 and ITTC structural 
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characteristics were assessed by scanning electron microscopy 

(SEM) on metalized samples by means of a Jeol JSM-6460 LV 

instrument. The same microscope was used to evaluate bacterial 

proliferation on the conducting scaffolds. For this purpose, 

bacteria adsorbed on monolith surfaces were first fixed in 2.5% 5 

glutaraldehyde during 60 min and then dehydrated during 10 min 

in alcoholic solutions (20, 40, 60, 80 and 100% ethanol). Samples 

thus prepared were air-dried, sectioned and metalized for SEM 

observations. 

Bulk densities of the ceramic scaffolds (sintered and reduced 10 

bodies´ densities) were calculated from the weight and volume 

determined from precisely measured dimensions of each 

specimen. The porosity of each sample (%) was calculated as: 

 

[1 – (δc/δr)] x 100 15 

    

where δc and δr are the calculated and the reported (rutile TiO2
19 

or Magnéli Ti4O7
18) densities, respectively. 

Electrochemical assays were performed in an electrochemical 

cell using graphite rods (control) or ITTC as working electrodes, 20 

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

reference electrode and using a platinum wire as a counter-

electrode. Tests were performed using a PGSTAT 101 

potentiostat, controlled by the NOVA 1.6 software. Cyclic 

voltammetries were conducted by scanning a -0.6 V/0.6 V 25 

potential range, using a scanning rate of 0.01 V/s. The production 

of current was followed in time by chronoamperometry, 

acquiring 1 point per minute. All presented results are 

representative of those obtained from at least three independent 

tests conducted under the same experimental conditions.  30 
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