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ABSTRACT

One alternative to improve electrochemical performance and long-term appli-

cability in microbial bioelectrochemical systems (BESs) is the use of porous

ceramic electrodes. In this work, electrodes of polymer-derived ceramics based

on poly(silsesquioxanes) are synthesized, tailoring the properties by varying

pyrolysis temperatures and incorporating conductive phases. Carbon (graphite,

carbon black) and metal-based (stainless steel/Cu grids, Co/Ni particles)

materials are incorporated into the silicon oxycarbide (SiOC) matrix. The

influence of pyrolysis temperature and incorporation of conductive materials on

functional properties and electrical conductivity is discussed. Furthermore, this

study provides the first investigation of biofilm development on SiOC-based

ceramic surfaces with Escherichia coli and Bacillus cereus. SiOC-based ceramics

with DC conductivity values at room temperature in the semiconductor range

(0.044–0.385 S cm-1) were obtained, with the highest values achieved by Co and

Ni particles incorporation and in situ formation of CNTs. Adjustment in

hydrophilicity and specific surface areas (6.21–263.45 m2 g-1) is realized by the

pyrolysis. The biofilm studies reveal adhesion in the first 2 h for most of the

surfaces, with higher bacterial adhesion and biofilm formation with the E. coli.

The biocompatibility in terms of bacterial attachment and conductivity values

comparable to a commercial carbon felt support the applicability of the devel-

oped SiOC-based materials as promising new class of electrodes for BES.
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Introduction

The increase in global energy demand and depletion

of fossil fuels drive the need of sustainable sources of

energy, development of efficient new technologies

related to energy conversion and storage with high

power and energy densities [1, 2]. Supercapacitors, Li

and Na batteries, fuel cells and gas sensors are the

main research areas under investigation in funda-

mental and applied levels [2–6]. Among the new

sustainable green technologies, microbial bioelectro-

chemical systems (BESs) are the prospective area of

study in relation to bioenergy production from

wastewater treatment [7]. The performance of these

devices essentially depends on the properties of their

electrode materials; therefore, the development of

new electrode materials holds the key to improving

these systems [8]. In general, electrode materials vary

in properties like electrical conductivity, electro-

chemical stability, surface areas and electrode/elec-

trolyte contact area, biocompatibility and mechanical

strength [7, 8]. Carbon-based materials have been

widely applied as electrode materials due to their

advantages such as low cost, easy processability,

wide potential window, relatively inert electrochem-

istry, electrocatalytic activity for a variety of redox

reductions and nontoxicity [9, 10]. A major drawback

of carbon-based materials is still the necessity to

control the thermal and electrochemical oxidative

degradation under operating conditions [11]. One

alternative to improve electrochemical performance

and long-term applicability is the use of porous

ceramics electrodes. Porous electrodes are used to

increase the surface area for charge transfer, thereby

reducing the electrode overpotential, as well as to

increase the charge storage capacity of capacitive

electrochemical systems [1, 12]. Additionally, an

optimized porous structure, to accommodate bacteria

cells and maintain the access of nutrients through the

pores in BES, is desirable [13, 14]. Due to outstanding

features, such as high chemical durability, creep

resistance, semiconductor behavior, adjusted poros-

ity and surface characteristics, polymer-derived

ceramics (PDCs) are a promising class of new mate-

rials to address and improve the properties required

for electrode materials and provide a porous struc-

ture [15, 16]. PDCs represent a class of ceramics

which can be synthesized via cross-linking and

pyrolysis of suitable polymeric precursors that will

consolidate into ceramics upon heat treatment [17].

Silicon oxycarbide (SiOC) is an interesting system of

PDCs where properties can be tailored by varying

chemical composition and pyrolysis conditions [15].

The tailorable properties in these materials have

already attracted interests for electrochemical appli-

cations as electrocatalysts [18], as electrode materials

in lithium-ion batteries [19–21] and supercapacitors

[20]. However, there have been no studies combining

adjustment in porosity and surface characteristic, as

well as, electrical conductivity and biocompatibility,

which would raise possibilities of making them

appropriate candidates for new environmentally

friendly technologies such as BES.

Most of the studies focus on the improvement in

electrical properties in SiOCs ceramics with the use of

suitable conductive materials that form percolation

paths, thereby decreasing the resistance to electron

conduction. On the other hand, the investigation of

biocompatibility, in means of bacterial adhesion, of

SiOC-based surfaces for engineering applications has

not been yet thoroughly considered in the literature.

Regarding positive effects of integration of conduc-

tive constituents on electrical conductivity, Colombo

et al. [22] reported the use of fillers such as MoSi2, a-

SiC and graphite in amounts up to 80 wt%, as well as,

use of copper acetate (up to 80 wt%) and Cu2O (up to

30 wt%) in SiOC ceramic foams and obtained values

of electrical conductivity from 1.4 9 10-5 to 45.5 X-1

cm-1 at room temperature. By varying ratio of gra-

phite, carbon black and molybdenum disilicide,

Drillet et al. obtained conductivity in the range of

0.004–0.305 S cm-1 in SiOC-based air cathode [23].

The influence of carbon nanotubes and graphene

oxide incorporation into a SiOC matrix was investi-

gated by Moni et al. [24]. An increase in DC con-

ductivity by 3–4 orders of magnitude was found with

incorporation of 5 wt% nanofilers (2.97 9 10-9 S

cm-1, 2.5 9 10-6 S cm-1–5 wt% GO and 2.1 9 10-5 S

cm-1–5 wt% CNT) [24]. In terms of metal-loaded

polymer-derived ceramic materials, Scheffler et al.

investigated the influence of nickel on the structural

evolution of the carbon phase. A decrease in electrical

resistivity from 3 9 103 to 0.5 X cm was found when

the filler-free samples and filler-loaded (1 wt% ele-

mental Ni in the preceramic polymer matrix) pyr-

olyzed at 1000 �C were compared, respectively.

Moreover, the formation of multiwall carbon nan-

otubes was observed within the pores [25]. Besides

electrical conductivity, the surface properties of the



material play a crucial role in current generation.

Recent reports based on functional ceramic electrode

composite materials of metal oxides with conductive

materials in BES endorsed hydrophilicity [26], large

surface areas [27] and biocompatibility [27, 28] to the

obtained performance improvement.

In this work, porous ceramic materials based on

poly(silsesquioxanes) as starting material were syn-

thesized by tape-casting technique, tailoring the

properties by varying pyrolysis temperatures and

incorporating conductive phases like carbon fillers

and metal-based conductive materials. Pyrolysis was

conducted under N2 atmosphere with varying tem-

peratures of 500–1500 �C and six types of conductive

materials were incorporated. The influence of pyrol-

ysis temperature and incorporation of conductive

materials on morphology, pore size distribution and

specific surface area, surface characteristics, electrical

conductivity and chemical stability is discussed.

Furthermore, biofilm studies are, for the first time,

presented with regard to SiOC-based ceramics tar-

geting its potential upcoming application as a BES

electrode material. In addition, the functional prop-

erties were also compared to carbon felt, a usual

electrode applied in BES.

Experimental section

Materials

As starting materials, commercial poly(methyl

silsesquioxane) (Silres� MK, Wacker Chemie AG)

and poly(methyl phenyl silsesquioxane) (Silres� H44,

Wacker Chemie AG) were used as polymer-to-ce-

ramic precursors. Based on previous works of the

research group, graphite (KS75, IMERYL Graphite

and Carbon) was added as first carbon-based con-

ductive filler for increment of electrical conductivity

and additives such as molybdenum disilicide (MoSi2,

abcr GmbH) and azodicarbonamide (Az, azodicar-

boxamide Sigma-Aldrich Co) were added in means

of controlling shrinkage and inducing formation of

pores, respectively [23]. In order to further increase

electrical conductivity, an additional carbon-based

conductive filler, carbon black (CB, Cabot), was used.

For the metal-containing electrode materials, metallic

grids of copper (Cu, The Mesh Company Ltd) and

stainless steel (SS, The Mesh Company Ltd) were

integrated during the preparation of the samples. For

the same purpose, cobalt and nickel chloride (CoCl2
and NiCl2, Alfa Aesar) were used as a metal source

for the formation of metal particles within the PDC

matrix. Xylene (Sigma-Aldrich Co) was used as sol-

vent in the preparation and imidazole (Imi, Alfa

Aesar) was used as catalyst for the cross-linking

process. For comparison purposes, a commercial

carbon felt (CGT Carbon GmbH) was used in some of

the characterizations.

Electrodes preparation

The electrodes preparation route is depicted in Fig. 1

and starts by dissolving the precursors MK and H44

(in a weight ratio 1:1) in xylene followed by the dis-

persion of the additives (MoSi2 and Az) and con-

ductive fillers under stirring at room temperature.

For the materials with metal particles, the metal salts

(CoCl2 and NiCl2) were additionally used in the

dispersion step. The amount of solvent was kept as

low as possible to achieve a sufficient viscosity for

further casting. The cross-linking process starts by

adding the catalyst (Imi) into the mixture, which was

kept under constant stirring for 20 min. After that,

the materials were tape casted using a doctor blade

with the gap set at 1.5 and 5 mm. For the materials

with metallic grids (Cu and SS), the grids were inte-

grated subsequently after to the tape-casting step.

The tapes were then dried at room temperature for

24 h and cut in square shapes with dimensions

varying between 10 9 10 9 1.5 mm and

50 9 50 9 5 mm. The cross-linked tapes were pyr-

olyzed in order to convert the precursors into a

hybrid ceramic or a ceramic material. The pyrolysis

was performed under an N2 atmosphere at temper-

atures between 500 and 1500 �C, with the heating up

of 120 K h-1 up to 100 �C below the final temperature

and 30 K h-1 to the final temperature, with a dwell-

ing time of 4 h. A cooling rate of 120 K h-1 was

applied to end the pyrolysis step. For the metal-

containing/integrated electrode materials, only

1000 �C was applied. The obtained SiOC-based

materials were denoted with regard to the wt% of the

polysiloxane (PS) and conductive materials solid

components, in the total mass of the composition and

respective pyrolysis temperature used. For the

materials with metallic grids, Cu and SS are indicated

as the material variety but not considered as wt%.

The denotation, composition of the materials and



pyrolysis temperature applied are described in

Table 1.

Materials characterization

Scanning electron microscopy (SEM, Supra 40-Carl

Zeiss, Germany) was used in order to investigate the

morphology and structural changes of the material

after pyrolytic conversion. Formation of metal parti-

cles was observed by transition electron microscopy

(TEM-EM 900, Carl Zeiss, Germany). Micro–meso-

porosities and BET (Brunauer, Emmett and Teller)-

specific surface areas (SSA) were determined by

nitrogen adsorption isotherms measured at 77 K

using Belsorp-mini (Bel Japan, Inc.) device. The

materials were pretreated at 120 �C for 3 h under

Figure 1 Processing route,

materials and structure of the

synthesized electrode

materials.

Table 1 Materials composition (wt%) of the cross-linked materials prepared and pyrolysis temperatures applied

Materials denotation (wt%) H44 MK MoSi2 KS75 CB Az Imi Metal salt Pyrolysis temperature (�C)

60PS-600 30.5 30.5 12.0 – – 26.0 1.0 – 600

60PS-1000 30.5 30.5 12.0 – – 26.0 1.0 – 1000

42PS-31G-500 21.1 21.1 8.4 30.8 – 17.7 0.9 – 500

42PS-31G-600 21.1 21.1 8.4 30.8 – 17.7 0.9 – 600

42PS-31G-1000 21.1 21.1 8.4 30.8 – 17.7 0.9 – 1000

42PS-31G-1200 21.1 21.1 8.4 30.8 – 17.7 0.9 – 1200

42PS-31G-1500 21.1 21.1 8.4 30.8 – 17.7 0.9 – 1500

40PS-30G-5CB-1000 20.0 20.0 8.0 29.2 5.0 17.0 0.8 – 1000

40PS-30G-5Co-1000 20.0 20.0 8.0 29.2 – 17.0 0.8 5.0 1000

40PS-30G-5Ni-1000 20.0 20.0 8.0 29.2 – 17.0 0.8 5.0 1000

42PS-31G-SS-1000 21.1 21.1 8.4 30.8 – 17.7 0.9 – 1000

42PS-31G-Cu-1000 21.1 21.1 8.4 30.8 – 17.7 0.9 – 1000



vacuum. For determination of meso–macroporosities

and pore size distribution, mercury intrusion

porosimetry (Pascal 140/440, POROTECH GmbH)

was applied. The surface characteristics were ana-

lyzed by adsorption of n-heptane and water. For this,

0.5 g of sample (particle size B 300 lm) was stored

into vessels and inside closed Erlenmeyer flasks filled

with water or n-heptane at room temperature and at

equilibrium with its vapor phase. After 24 h, the

materials in the adsorptive atmosphere were

weighed again to determine the vapor uptake [29].

With the values of BET-specific surface area acquired,

the uptake was recalculated into g m-2. The surface

wettability was assessed by water contact angle

measurements, carried out on a pendant drop ten-

siometer (OCA25, DataPhysics, Germany). The sur-

faces were polished, cleaned and dried prior the

analysis. The electrical conductivity measurements

were carried out using the impedance analyzer

(Impedance Measurement Unit IM6ex Zahner Elec-

tric) connected with the software THALES, in the

frequency range of 1 MHZ to 10 mHZ with AC

amplitude of 10 mV at 25 �C [24]. The chemical sta-

bility was analyzed by the change of the dry weight

of the materials placed in 30 ml of phosphate buffer

solution (PBS, pH 7), at room temperature over a

period of 4 weeks. The materials were previously

placed in an oven at 70 �C for 6 h, cooled and

weighed. Every seventh day, the materials were then

rinsed with distilled water, dried, weighed and

immersed again in PBS solution.

Bacterial culture conditions and biofilm
assays

As model microorganism, a gram-negative bacterium

Escherichia coli (CECT 434) and a gram-positive bac-

terium Bacillus cereus (a strain isolated from a biocide

solution [30]) were used for the adhesion and biofilm

experiments. The bacteria were chosen due to its

biofilm forming ability [31, 32] likewise its applica-

bility in BES [26, 27, 33]. The bacterial suspensions

were grown overnight in Mueller–Hinton broth

(MHB, Merck, VWR) at 30 �C and 120 rpm. The cells

were centrifuged (3999 g, 15 min, 25 �C) and washed

with saline solution. The concentration of the bacte-

rial solution was adjusted to a final concentration of

1 9 108 colony forming units (CFU)/ml. Electrode

materials with dimensions of 1 9 1 9 0.1 cm, after

sterilization by UV exposure for 20 min (each

surface), were immersed in 1 ml of bacterial solution

and incubated for 2 h (adhesion) and 24 h (biofilm

formation) at 30 �C under constant stirring (120 rpm)

in a 48-well microtiter plate (Corning), according to

Malheiro et al. [34]. To evaluate the cell viability, after

the defined periods the materials were vortexed in

5 ml (adhesion) and 9 ml (biofilm formation) of saline

solution (0.85% NaCl) for 1 min to provide the

detachment of the cells. After dilution, the detached

cells were assessed in terms of CFU in Mueller–

Hinton agar after 24 h of incubation at 30 �C. The

counts were normalized to the exposed area of the

material tested and expressed in CFU per cm-2.

Three independent experiments with replicates were

performed for each bacterium/material.

Statistical analysis

Bacterial adhesion and biofilm formation data were

analyzed using GraphPad Prism 7. The mean and

standard deviation within samples were calculated in

all cases. Because low sample numbers contributed to

uneven variation, the nonparametric Kruskal–Wallis

test was used. Statistical calculations were based on

confidence level equal or higher than 95% (P[ 0.05

was considered statistically significant).

Results and discussion

Macrostructure characterization

SiOC-based electrodes materials were produced by

tape-casting technique with dimensions varying from

10 9 10 9 1.5 mm and scaled-up till

50 9 50 9 5 mm. The green tapes were stable and

easy to cut. The pyrolyzed tapes presented the so-

called black glass look and appropriate handling

stability. In this work, ca. 17 wt% azodicarboxiamide

was used as a foaming agent to induce the formation

of pores [23]. Additionally, the pore sizes could be

adjusted by applying different pyrolysis tempera-

tures. The foaming agent decomposes around 200 �C

and leaves cavities behind in the matrix producing

porous materials. With regard to compensating the

shrinkage and weight loss of the tapes during the

ceramic conversion of polymers, ca. 8 wt% MoSi2 was

used as filler based in the optimized amount of pre-

vious studies [23]. The resulting macrostructure was

investigated by SEM, and the pyrolyzed electrode



materials are shown in Fig. 2. Figure 2a illustrates the

graphite-containing material pyrolyzed at 500 �C,

which presents smaller pores due to an incomplete

polymer-to-ceramic conversion. This incomplete

conversion results in hybrid materials with pro-

nounced microporosity [35], which is why a similar

structure is observed for the material pyrolyzed at

600 �C. Above 600 �C, amorphous ceramics are

obtained, the microporosity collapses, and the

macropore formation is pronounced providing

chemical and mechanical stability [15, 36]. Figure 2b

shows the graphite-containing material pyrolyzed at

1000 �C where bigger pores can be observed. Similar

structure was found for the material pyrolyzed at

1200 �C. In general, the SEM analysis revealed pores

sizes in the range of 0.5–40 lm for all pyrolyzed

electrode materials. When the pyrolysis is carried out

above 1400 �C and under N2 atmosphere, different

phases like SiC-Si3N4-Si2N2O can be built [37]. Fig-

ure 2c shows the graphite-containing material

pyrolyzed at 1500 �C for which a structural change

and the formation of Si3N4 whiskers (left side) were

found.

In metallic grid-containing materials, SS and Cu

grids were integrated on the surface of the PDC

matrix after the tape-casting step. Figure 2d shows

the SS grid-integrated graphite-containing material

with a grid aperture of 1.20 mm and a wire diameter

of 0.4 mm. A few cracks were observed in the matrix

which is the result of different thermal expansion

coefficients of metal grids and ceramic matrix. A

similar behavior was observed for the Cu grid-inte-

grated material. In general, the introduction of metal

particles influences pyrolytic conversion, stabiliza-

tion of phases, as well as material properties [38]. For

the metal-containing materials, metal salts were used

as sources of Co and Ni particles. By metal ions

reduction during pyrolysis, metal nanoparticles

could be generated within the SiOC matrix [25]. The

metal content after pyrolysis at 1000 �C was

Figure 2 SEM images of the

pyrolyzed electrode materials

at 500, 1000, 1500 �C (a, b,

c), materials integrated with

SS grids (d) and Co/Ni-

containing materials (e, f).



calculated on the basis of thermogravimetric mea-

surements (Fig. S1), resulting in an amount of 2.88

and 1.69 wt% for Co- and Ni-containing materials,

respectively. In Fig. 2e, f, the morphology of Co

and Ni-graphite-containing materials are shown.

The Co/Ni-containing materials show a rough

surface and a pore arrangement which differs from

the metal-free material pyrolyzed at 1000 �C

(Fig. 2b) confirming the influence of metal presence

on the near net shape of the material. Bacteria sizes

can range from 200 nm to 750 lm [39], though in

BES their sizes are typically 0.5–5.0 lm in length.

The resulting structure of all the synthesized

materials provides a suitable size for accommodat-

ing bacteria as well as the feasibility of nutrients

access through the pores and internal colonization.

Pore size distribution and specific surface
area

Pore size and their distribution are important

parameters that influence physical properties of

porous materials and also determine reaction/active

sites in electrochemical applications. In order to

characterize the micro–meso–macroporosity of the

materials synthesized, nitrogen adsorption/desorp-

tion isotherms were recorded and mercury intrusion

porosimetry was applied. The isotherms and corre-

sponding SSAs are shown in Fig. 3.

For the electrode materials pyrolyzed at 500 and

600 �C, the isotherms are classified as type I [40]

which characterizes micropores (pore

diameter\ 2 nm) [41] filled at low relative pressures.

These micropores are generated during the partial

polymer-to-ceramic conversion upon pyrolysis

between 400 and 800 �C [42–44], as transient porosity

and resulting in higher specific surface areas

(230–265 m2 g-1). For the materials pyrolyzed at

1000 �C, type IV isotherms [40] (Fig. S2) were

observed, which are typical for mesoporous materials

(pore diameter 2–50 nm) [41], and show an increase

in volume adsorbed at higher relative pressures as

well as a hysteresis loop. With increasing pyrolysis

temperature, SSAs decrease which is related to the

collapse of micropores [44]. As a result, the materials

pyrolyzed above 600 �C present lower SSAs of

6–40 m2 g-1. The isotherm of the material pyrolyzed

at 1200 �C was also classified as type IV (Fig. S3). For

the material pyrolyzed at 1500 �C, type II isotherm

(Fig. S3) was observed, which is correlated to

macroporous (pore diameter[ 50 nm) [41] or non-

porous materials. At this temperature, an increase in

specific surface area up to 25 m2 g-1 was observed

which can be referred to small gaseous molecules

released and simultaneous generation of pores dur-

ing carbothermal reduction process [45]. Since the

graphite (KS75) used in this work has a low SSA of

7 m2 g-1, the porosity was mainly influenced by the

pyrolytic conversion of the silsesquioxanes into

ceramics. For the carbon black-containing material,

an increase in surface area was observed which is

related to the microporosity of the carbon-based filler

which possesses an SSA of 44.80 m2 g-1. For the Co/

Ni-containing materials, the type IV isotherms were

also observed (Fig. 3, Fig. S2), as for the graphite-

containing material pyrolyzed at 1000 �C and SSAs

were not significantly affected by the formation and

presence of metal particles. As expected, the SSAs of

graphite-containing materials without and with grids

(SS/Cu) pyrolyzed at 1000 �C are similar. This can be

attributed to the integration of the grids which do not

influence the micro–mesoporosity of the SiOC matrix.

The SSAs of the SiOC-based electrode materials

(6.21–263.45 m2 g-1) are relatively higher compared

to a carbon felt characterized in this work (0.032 m2

g-1) and thus can impact the BES performance by

enhancing electrode kinetics. Moreover, the Co/Ni-

containing materials could offer reactive sites influ-

encing the electrocatalytic activity toward the oxygen

reduction reaction (ORR) that takes place at cathode

electrodes in BES.
Figure 3 Nitrogen adsorption–desorption isotherms and SSA of

pyrolyzed electrode materials with carbon-based conductive fillers

and metal particles.



Figure 4 shows mercury intrusion results per-

formed for graphite-containing materials pyrolyzed

at different temperatures and graphite-carbon black-

as well as Co/Ni-containing materials pyrolyzed at

1000 �C. The material pyrolyzed at 500 �C possesses a

broad distribution with the main diameters around

0.1 and 1 lm. For the material pyrolyzed at 600 �C, a

bimodal distribution and a decrease in relative vol-

ume of mesopores was observed. At 1000 �C, an even

broader distribution was found, and an increase in

relative volume of macropores was observed. The

pronounced macroporosity results from the collapse

of pores due to the increase in pyrolysis temperature

applied. The total porosity of materials pyrolyzed in

the range of 500–1000 �C was not significantly affec-

ted by the temperature and remains around 34%. For

the materials pyrolyzed at 1200 �C and 1500 �C, a

similar trend of bimodal distribution and a compar-

atively narrow region of main diameter between 0.1

and 1 lm were observed. However, the total porosity

of 52.02 and 59.09% was increased, compared to the

materials pyrolyzed at 1000 �C and below. The

change in porosity is due to the phase separation

process of SiOC and further carbothermal reduction

in silica with free carbon that occurs at higher

pyrolysis temperatures ([ 1200 �C). At these tem-

peratures, nanocrystallites of SiC and Si3N4 are pro-

duced with the evolution of gaseous species (i.e., SiO,

CO and CO2) [37, 46, 47].

Concerning the graphite-carbon black-containing

material, a trimodal distribution was observed with

an increase in the relative volume of mesopores. The

open porosity was not influenced by the incorpora-

tion of this carbon-based filler. For the Co/Ni-con-

taining materials, the formation of Co and Ni

particles led to a shift of the pores in the macropore

region with diameters larger than 1 lm. An increase

in the relative volume of mesopores compared to the

Figure 4 Relative pore volume, pore size distribution and open porosity of pyrolyzed electrode materials with carbon-based conductive

fillers (a–c) and metal particles (d).



graphite-containing material pyrolyzed at 1000 �C

(metal-free) was also observed. Based on thermo-

gravimetric measurements (Fig. S1), Ni and Co par-

ticles catalyze the decomposition process during the

pyrolytic conversion and, hence, influence the pore

size distribution.

Overall, the synthesized materials pyrolyzed at

temperatures up to 600 �C show micro-/mesoporous

structures, while materials pyrolyzed at higher tem-

peratures show meso-/macropores. Due to the tai-

lorable porosity achieved, the electrode materials

developed can play different roles in providing an

optimized porous structure to accommodate bacteria

cells as anode electrodes. From the cathode side

perspective, the open pores developed can influence

in the oxygen transport to the catalyst for the ORR.

Adjustment of surface characteristics

Surface characteristics are a determining parameter

on material–surface interactions regarding adsorp-

tion or adhesion in chemical separation processes and

coatings [48–50]. Adsorption capacities of solvent

vapors of different polarity, polar (water) and non-

polar (n-heptane), were investigated in the interest of

determining the hydrophilicity and hydrophobicity

of the materials synthesized. The materials were

compared with regard to ratios of water to n-heptane

vapor adsorption. A ratio higher than 1 indicates a

higher affinity for water and hence a hydrophilic

behavior. The uptakes were related to SSA values and

are presented in Fig. 5, and the adsorption ratio is

additionally presented in Fig. S4a. The surface wet-

tability was also investigated, and the water contact

angle values are displayed in Fig. 5 (right y-axis) and

Fig. S4b.

Overall, the materials adsorbed more water vapor

than n-heptane, indicating a higher affinity to polar

vapors and by that demonstrating a hydrophilic

behavior of the surface. The hydrophilicity (the ratio

of water/n-heptane vapor adsorbed) greatly

increased with the increase in pyrolysis temperature

which can be explained by the decomposition of the

methyl and phenyl moieties during the pyrolytic

conversion of MK and H44 and the evolution of

porosity [16]. A pronounced increase in

hydrophilicity was seen for the pyrolyzed material at

1200 �C. This increase can be referred to the con-

sumption of free carbon due to the start of carboth-

ermal reduction at this temperature. For the graphite-

containing material pyrolyzed at 1500 �C, the

decrease in hydrophilicity is correlated with the for-

mation of Si3N4. Besides, due to increased open

porosity (59.09%), the contact angle measurement of

this material could not be performed, because the

water was soaked in. Regarding the graphite-carbon

black-containing material, a decrease in hydrophilic-

ity was observed, when compared to the graphite-

containing material pyrolyzed at 1000 �C, which is

connected to the hydrophobic nature of carbon black.

Therefore, the increase in total carbon content in the

material together with a decrease in hydrophilic silica

content led to the decrease in hydrophilicity.

Figure 5 Water and

n-heptane max. vapor

adsorption related to SSA

(columns) and contact angle

(black markers) of the

pyrolyzed electrodes

containing graphite, carbon

black and Co/Ni particles and

single carbon fillers.



For Co/Ni-containing materials, a slight reduction

in hydrophilicity was found. As surface characteris-

tics for the materials integrated with grids (SS/Cu),

the value was considered the same as the graphite-

containing materials pyrolyzed at 1000 �C. The

additional contact angle measurements of water

droplets show the gradual increase in wettability

with increasing pyrolysis temperature by the

decrease in the contact angle values. For the graphite-

carbon black- and Ni-containing materials, a hydro-

philic behavior was also confirmed by the contact

angle (73.2� and 76.9�), whereas for the Co-containing

material hydrophobicity (101.4�) was observed. The

disagreement to the vapor adsorption results is still

under investigation.

In the final result, the surface characteristics of the

synthesized materials could be mainly tailored by the

pyrolysis temperature applied, making them suit-

able for different applications that require hydro-

philic materials. Regarding bioelectrochemical

applications, the tailorability of hydrophilicity of the

materials developed can improve surface interactions

to enable the growth of anodic electroactive biofilms

in BES [51, 52]. In terms of cathode configurations in

BES, aqueous-based cathode with dissolved oxygen

in the electrolyte and air-based cathode with direct

air diffusion are usually applied [53]. A balanced

three-phase boundary (liquid, air and solid) is

required to provide oxygen transfer, protons migra-

tion and flow of electrons maintaining the perfor-

mance. In order to minimize water filling in the pores

in air cathodes, hydrophobic materials are preferable,

thus preventing flooding [54]. Therefore, in this

context, the choice is limited to the materials devel-

oped which presented lower degree of

hydrophilicity.

Electrical conductivity

By electrical impedance spectroscopy (EIS) method,

the electrical conductivity [rAC(x)] values of the

SiOC-based electrode materials were determined

using the equation (Eq. 1).

rAC xð Þ ¼ L=Að Þx 1=Rð Þ ð1Þ

where L and A represent the thickness and the cross-

sectional area of the material, respectively, and R is

the impedance measured. The direct current (DC)

conductivity was calculated from conductance spec-

trums and according to Jonscher’s power-law

behavior [55], which describes the frequency depen-

dence to alternating current (AC) conductivity by the

following equation (Eq. 2).

rAC xð Þ ¼ rDC þ Axn ð2Þ

where rDC and rAC are the DC and AC conductivities

of the materials, respectively, A is a pre-exponential

constant, x is the angular frequency and n is the

frequency exponent, with 0\ n\ 1. The DC con-

ductivity values of the electrode material measured at

room temperature are shown in Fig. 6a in compar-

ison with a commercial carbon felt. Values of DC

conductivity of two materials prepared without any

incorporation of conductive materials and pyrolyzed

Figure 6 Electrical conductivity values obtained by impedance

analyzer (a) and conductance spectra at room temperature of the

electrode materials prepared (b).



at 600 and 1000 �C are additionally displayed in

Fig. 6a.

The comparison of SiOC-materials free of conduc-

tive phases with graphite-containing ones pyrolyzed

at 600 and 1000 �C shows an increase in DC con-

ductivity by * 14 and 10 orders of magnitude,

respectively. The materials without conductive pha-

ses behave like an insulator. The conduction mecha-

nism in SiOC was found to be based on the intrinsic

conductivity of turbostratic carbon (formation above

800 �C) [56]. For the materials without incorporated

conductive phases, the conduction is based on the

bandgap of turbostratic carbon, which gives very low

conductivity values [57]. The lack of conduction of

the materials in this work was, in a first step, over-

come by the use of graphite powder based on loads

used in [23] and by changes of the pyrolysis tem-

perature. Comparing the graphite-containing mate-

rials pyrolyzed at 500 and 1500 �C (0.044 S cm-1 and

0.190 S cm-1), the conductivity values increase

by * 1 order of magnitude. Here, since the compo-

sition of the materials was kept identical, the electri-

cal conductivity of the SiOC-derived materials is

mainly dominated by pyrolysis temperatures applied

during the polymer–ceramic conversion. In the tem-

perature range between 700 and 1400 �C, an excess of

carbon precipitates forming an interpercolating net-

work that results in a transition from an insulator to a

semiconductor [56, 58]. Regarding the combination of

graphite and addition of carbon black, an increase

of * 1.8-fold in DC conductivity was found. The

enhanced conductivity is related to the higher

amount of carbon due to its incorporation.

For the materials with integrated metallic grids, an

increase of * 1.7-fold in conductivity was found for

the Cu-integrated material when compared to the

graphite-containing material pyrolyzed at 1000 �C

which is due to the low electron resistivity of the

metal (Cu). In contrast to Cu-integrated material, SS-

integrated material did not show a significant

improvement in electrical conductivity without

degrading the conductivity compared to the materi-

als without the grid. This can be explained by the fact

that stainless steel alloys do not form a crystal lattice

where the outer shell electrons are shared and easily

move through the lattice (as in copper, silver and

gold) and by that, the resistance of electron flow is

increased compared to Cu-based materials. The best

improvement in electron conductivity could be

achieved by incorporation of Co and Ni particles.

Comparing with the DC conductivity of graphite-

containing material (0.099 S cm-1), an increase up to

fourfold (0.253 S cm-1 for Ni and 0.385 S cm-1 for Co)

was obtained with a metal content of less than 2–3

wt%, as calculated by thermogravimetric analysis.

Within the pore structure of the Co/Ni-containing

materials, carbon nanotube (CNT) formation could be

identified by SEM and TEM analysis, as shown in

Fig. 7 for Co-containing material. Metal particles

were found either fixed to the matrix and/or also

along the length of the tubes formed. The known

mechanism of CNT formation describes pores as

catalytic microreactors while CNTs emanate from

individual metal particles on the ceramic material

[25, 56]. The in situ formation of CNTs can also be

addressed to the further enhancement of DC con-

ductivity due to the high conductivity of this carbon

species.

The DC conductivity of a carbon felt usually used

as a commercial electrode material in BES was also

measured for comparison reasons. The DC conduc-

tivity values of most of the materials are substantially

close to the carbon felt value measured (0.22 S cm-1),

and for the Co/Ni-containing materials, even higher

conductivity values were observed. The sufficient

electrical conductivity demonstrated supports the

applicability of the new electrode materials in the

area of BES.

Even though the electron transfer mechanisms

discussed in BES are related to the microorganisms,

in order to understand the transport behavior of these

materials, frequency dependence studies of AC con-

ductivity were performed. Figure 7a shows the fre-

quency dependences of conductivity measured at

25 �C for the prepared materials, and the individual

plots are additionally presented in Fig. S5 and Fig. S6.

Regarding the graphite-containing electrode materi-

als pyrolyzed at temperatures from 500 �C to

1500 �C, two main behaviors were observed. From

the conductance spectrum of the materials pyrolyzed

at 500 and 600 �C (Fig. S5), a conductivity–frequency

dependence is shown, where r decreases with the

increase in frequency. The conductivity dependence

of frequency can be associated to the low carbon

content and low percolation network degree of SiOC-

based materials at these pyrolysis temperatures. For

the graphite-containing materials pyrolyzed at 1000,

1200 and 1500 �C, a similar tendency was observed.

Through the conductance spectrum shown in Fig. S5,

a slight increase of r is observed at lower frequency



range, followed by a frequency-independent behav-

ior in the mid-ranges and frequency dispersion at

higher frequency range [59]. The independence of

frequency at lower mid-frequencies is related to the

corresponding DC conductivity of the material and

the dispersion at higher frequencies suggesting a

hopping conduction mechanism for these materials

[59, 60]. For the metallic grids/metal-containing

materials, as well as, the carbon black-incorporated

material, two distinct behaviors were found and are

displayed at Fig. S5 and Fig. S6. The SS-integrated

electrode material follows the trend of the materials

pyrolyzed at 1000–1500 �C, indicating hopping

mechanism. The Cu-integrated, Co/Ni- and the gra-

phite-carbon black-containing materials possess fre-

quency-independent behavior in the lower range of

frequency whereas at higher frequency conductivities

decreases monotonically with frequency. The

decrease of rAC at higher frequencies is related to the

change of conduction mechanism from hopping to

metal-like conduction, as well as, enhancement of the

skin effect (electric current flow through the ‘‘skin’’ of

the conductor) [61, 62].

Chemical stability

With regard to a first impression about the stability of

the materials synthesized, neutral conditions and a

period of four weeks were chosen as parameters

based on the BES environment. The variation of the

weight of the dry materials over the period is shown

in Fig. 8.

In summary, the materials presented a weight

loss/increase lower than 5%, except for the Co-con-

taining material which showed a weight loss of *

10%. With the increase in pyrolysis temperature

applied (600–1500 �C), a decrease in weight loss is

observed. This trend can be associated with the par-

tial decomposition and elimination of organic moi-

eties from the preceramic precursors during

pyrolysis, which starts at 400 �C and is not complete

until 600 �C [15, 35]. Due to the higher degree of

organic load of the polymeric precursors at temper-

atures below 700 �C, the susceptibility of the materi-

als toward disintegration is higher. Pyrolysis above

800 �C consolidates the amorphous structure of the

SiOC-materials, and beyond 1000 �C, the transition to

the crystalline phase, followed by phase separation,

starts [15]. As a result of the rearrangement of the

structure during the heat treatment, the stability is

enhanced what is in agreement with the results

obtained. The increase in weight loss for the graphite-

carbon black-containing material compared to the

Figure 7 SEM (a, b) and TEM (c) images confirming the carbon nanotubes formation in the Co-containing electrode material prepared.

Figure 8 Chemical stability tests in phosphate buffer solution

(pH 7) over a period of 4 weeks.



graphite-containing pyrolyzed at 1000 �C can be

correlated to the higher amount of carbon. This

makes the material more susceptible to chemical

reactions. The increase in weight, more pronounced

for the Ni-containing material, can be accounted to

the formation of passive layer (oxide) on the surface

exposed. The pronounced increase in weight loss for

the Co-containing material can be associated to the

change in the built of the structure, affected by the

metal incorporation, resulting in larger pores and

higher accessibility of the liquid media to allow dis-

integration. Additionally, leaching of intermediate

products formed from thermal decomposition of

CoCl2 can be addressed to the higher weight loss.

Bacterial adhesion and biofilm formation

The development of a biofilm is a complex multi-step

process which leads to the formation of a microbial

community adhered to the surface [63]. Biofilms play

an important role in nature and recently also in bio-

electrochemical technology. B. cereus and E. coli were

used as model bacteria to assess adhesion (2 h) and

biofilm formation (24 h) on the SiOC-based surfaces

(Fig. 9). It was possible to observe that most of the

surfaces allowed adhesion in the first 2 h, except for

the Cu grid-containing material using E. coli. The

number of cells further increases with the 24-h

incubation time (P\ 0.05). Therefore, biofilm forma-

tion was observed for all materials. In addition, the

surfaces show higher bacterial adhesion and biofilm

formation with E. coli.

With regard to the physicochemical properties of

the materials obtained by distinct pyrolysis temper-

ature applied (500, 600 and 1000), this seems to have a

negligible impact on bacterial adhesion and biofilm

formation (P[ 0.05). Regarding the additional con-

ductive materials, a decrease was observed for metal-

based materials, with pronounced reduction for the

Cu grid-containing material with both microorgan-

isms (P\ 0.05). Previous studies reported the use of

Ni and Co nanoparticles to prevent bacterial attach-

ment [64, 65]. In this work, a slight reduction is also

observed for the Co/Ni-containing materials even

though the metal content incorporated is low and not

all the particles are exposed on the surface. For the

SS/Cu grid-containing materials similarly to Shari-

fahmadian et al., the bacterial viability was reduced

on Cu surfaces while SS did not present antibacterial

properties [66]. Nevertheless, the antibacterial activ-

ity of cooper is known [67] and low bacterial adhe-

sion was already expected. Although metal

electrodes have been considered in BES research,

stability concerns during the operation such as pas-

sivating oxide layer formation, oxidative dissolution

and metal ions released upon oxidation still limit the

operative potential window [68]. Adverse effects on

biofilm formation due to copper corrosion and toxi-

city have also been described by Zhu and Logan [69].

In this study, pure cultures of distinct gram-positive

and gram-negative microorganisms were used.

Figure 9 B. cereus and E. coli adhesion (2 h) and biofilm formation (24 h) on the SiOC-based electrode materials. The error bars

represent the standard deviations from three independent experiments.



Although the BES operates with these two gram types,

mixed culture is the reality in wastewater treatments.

Besides, factors such as pH, temperature, shear stress

and wastewater composition were not considered in

this initial assessment. Therefore, further studies using

mixed culture bacteria and considering some of these

factors may provide a fine-tuning in the manufacture

of SiOC-based electrode materials for BES.

Conclusions

SiOC-based electrodes were synthesized based on

poly(silsesquioxanes) containing carbon- and metal-

based conductive materials and assessed in terms of

porosity, surface characteristics, electrical properties

andbacterial attachment. The electrical conductivity of

SiOC-materials increases by * 1 order of magnitude

with change in pyrolysis temperature from 500 to

1500 �C. Electrical conductivity values ranging from

0.100 to 0.385 S cm-1were achieved by the carbon- and

metal-basedmaterials usedwith values comparable to

a usual used BES electrode material. The AC conduc-

tivity studies revealed hopping conduction mecha-

nism and metal-like conduction due to the

incorporation of distinct conductive phases. An

acceptable durability in medium conditions over

4 weeks was observed. The biofilm studies revealed

adhesion in the first 2 h for most of the surfaces, with a

decrease in adhesion and biofilm formation when

metal-based materials were introduced. Furthermore,

the tailorability of porosity from the micro–meso to

meso–macro range and adjustment in hydrophilicity

for these materials is also suggested to provide opti-

mized interaction of the biofilm during the BES oper-

ation. The flexibility in thickness and sizes, according

to the bioreactors sizes, is additionally offered by the

tape-casting technique used during the processing of

the electrodematerials. Finally, this studyprovides the

first findings regarding biofilm on SiOC-based sur-

faces to be considered in future material development

for bioengineering applications.
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