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A B S T R A C T   

One major obstacle to the commercialization of electrobiotechnological systems is the cost of materials, 
including expensive electrodes. Smart recycling as well as the use of renewable resources can contribute to 
producing electrodes more ecologically and economically. Green waste is a biogenic residual material that occurs 
mainly in urban areas and is currently not recycled to a sufficient extent. Here we show the fabrication of 
electrodes from carbonized grass clippings and their application in microbial electrosynthesis as well as mi
crobial fuel cells. While the electrodes cannot compete with established metal competitors for water electrolysis 
in microbial electrosynthesis, they perform comparably to commercial graphite electrodes in microbial fuel cells. 
With Geobacter sulfurreducens, a current response can be recorded for more than six weeks. To the best of our 
knowledge, this is the first time that carbonized green waste has been used as an electrode material for bio
electrochemical systems. This demonstrates the potential of carbonized biological materials as a raw material for 
electrodes and presents a recycling alternative for green waste.   

1. Introduction 

Electrobiotechnology is an emerging field that offers new opportu
nities in industry by combining electrochemical and biotechnological 
processes. By combining biotechnology with electrochemistry, bio
processes can be intensified (Stöckl et al., 2023). Thanks to the new 
opportunities that are emerging, electrobiotechnology can substantially 
contribute to the realization of the UN Sustainable Development Goals 
(Gizewski et al., 2023). Bioelectrochemical systems use electroactive 
microorganisms capable of generating electric current or accepting 
electrons, for example, to convert CO2 (Logan et al., 2019). Two of the 
most promising technologies are the microbial fuel cell and microbial 
electrosynthesis. 

In the process of microbial electrosynthesis (MES), microorganisms 
can accept electrons from electrodes via different electron transfer 
mechanisms and use them as an energy source to produce basic chem
icals. This allows the energy industry and the chemical or biotechno
logical industry to be linked. From various options for the MES, the use 
of secondary microbial electrochemical technology, meaning the 

integration of microbial conversions into electrosynthesis, is the most 
technically advanced, along with hybrid systems (Fruehauf et al., 2020). 
Indirect electron transport from electrodes to microorganisms can take 
place via hydrogen generated by water electrolysis. Cupriavidus necator 
is one such organism that is able to grow autotrophically by utilizing H2 
as electron donor, O2 as electron acceptor, and CO2 as carbon source. For 
example, we have shown that we could produce the sesquiterpene 
α-humulene via microbial electrosynthesis using a genetically modified 
C. necator strain (Krieg et al., 2018) or use Kolbe electrolysis waste gases 
for the synthesis of fuels and solvents (Teetz et al., 2022). By using 
exhaust gas CO2 and renewable electrical energy, a green process can be 
created. However, for MES to be economically efficient, investment and 
operational costs must be reduced. 

Microbial fuel cells (MFC) can be used in wastewater treatment 
plants to generate electricity using electroactive microorganisms to 
transfer electrons to electrodes by converting organic substances. In 
such real applications, mixed microbial cultures are usually present. In 
mixed cultures from different sources, Geobacter sulfurreducens is sub
stantially responsible for the performance of the MFC (G. Sun et al., 
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2016). Therefore, the model organism G. sulfurreducens is often used in 
the MFC in laboratory experiments. It was shown that G. sulfurreducens is 
able to use graphite electrodes as the electron acceptor, allowing the 
production of electrical current through the oxidation of acetate (Bond 
and Lovley, 2003; Stöckl et al., 2019). The organism uses pili to form a 
biofilm on the electrode (Reguera et al., 2007). These also serve as 
electrical nanowires for direct electron transfer from the cell to the 
electrode surface (Reguera et al., 2005). As a result, the anode has a 
decisive influence on the performance of the MFC. The technical re
quirements for the individual components of a bioelectrochemical sys
tem including the electrodes are described in detail in the review article 
by Krieg et al. (Krieg et al., 2014). As described, there are different 
electron transfer mechanisms depending on the technology. Accord
ingly, the requirements for the electrodes vary depending on the bio
electrochemical system and the microorganisms used (e.g. biofilm 
formers or indirect electron transfer). 

Carbon materials such as graphite have long been used as electrodes. 
The mining and production of graphite is an energy-intensive, time- 
consuming, and therefore expensive process (Jara et al., 2019). While 
graphite electrodes are traditionally made from fossil resources, biomass 
can serve as an alternative raw material for graphite electrode produc
tion. Biomass can be carbonized to obtain a biochar with a high graphite 
content (Zhang et al., 2021). The use of electrodes made from renewable 
raw materials can help to reduce investment and operating costs and can 
also have ecological advantages (Yang and Chen, 2020). 

Many publications can be found on the hydrothermal carbonization 
of lignocellulosic waste biomass for different applications. However, the 
relatively low temperatures lead to a low degree of graphitization 
resulting in biochar with poor conductivity (Yang and Chen, 2020). 
Instead, additional pyrolysis of the biomass at higher temperatures is 
required. The production of biochar by pyrolysis has already been 
demonstrated from a variety of different lignocellulosic biomasses such 
as palm leaves (Ferreira et al., 2018), brewers’ spent grain (Cancelliere 
et al., 2019), peanut shells (Zhan et al., 2021), Cotinus coggygria flowers 
(Li et al., 2020), maple wood (Zhang et al., 2014), vineyard residues (V. 
Hoffmann et al., 2019), or corncob (V. Hoffmann et al., 2019). In many 
cases, biochars have been investigated as an electrode material for 
supercapacitors e. g. from pyrolyzed peanut shells (Purkait et al., 2017), 
pyrolyzed fungi (Zhu et al., 2011), or pyrolyzed corn straw (Qiu et al., 
2018). However, the application in bioelectrochemical systems requires 
additional prerequisites such as biocompatibility. Two excellent review 
articles on the topic of biochar electrodes for microbial fuel cells have 
been published by Yang and Chen (Yang and Chen, 2020) and by 
Chakraborty et al. (Chakraborty et al., 2020). In this case, the biochar 
may even have beneficial properties. The natural structure of plant 
materials can be exploited as demonstrated by Chen et al. using 
carbonized Hibiscus cannabinus as anode material for the MFC (Chen 
et al., 2012). 

A lignocellulosic material that has not yet been adequately studied 
and utilized is green waste. Green waste is biogenic waste that is pri
marily generated in urban areas consisting mainly of grasses, leaves, and 
small branches. The material is usually composted or used in biogas 
plants, which is why the biomass is not sufficiently utilized. We have 
summarized the properties of green waste and possible material recy
cling methods in a review article (Langsdorf et al., 2021). Previously, 
grasses have been carbonized and investigated as electrode materials 
such as big bluestem for use in supercapacitors (Jin et al., 2014). Kabir 
et al. have demonstrated pyrolysis of real municipal green waste for the 
production of bio-oil, biochar, and syngas (Kabir et al., 2015). However, 
the production of biochar by pyrolysis from green waste as electrode 
material for bioelectrochemical systems has not yet been investigated. 
The use of carbonized green waste as electrode material in bio
electrochemical systems offers an opportunity to make the recycling of 
green waste more meaningful in the future. At the same time, the use of 
waste as electrode material can make the operation of bio
electrochemical systems more sustainable and cost-effective. 

In this work, we aim to produce biochar from grass clippings as the 
main component of green waste for use as electrode material for bio
electrochemical systems. The production of biochar from green waste 
with the aim of using it as an electrode material has so far been insuf
ficiently investigated. After carbonization, we demonstrate the produc
tion and characterization of electrodes before investigating their 
suitability for microbial electrosynthesis and microbial fuel cells. To the 
best of our knowledge, this is the first time that carbonized green waste 
has been used as an electrode material for bioelectrochemical systems. 

2. Materials and methods 

2.1. Carbonization of grass clippings 

When selecting the raw material, care was taken to use a homoge
neous and contamination-free starting material from one source in order 
to minimize any influences on the biochar characteristics. For this 
reason, grass clippings as the main component of green waste were used 
as a model substrate. The grass clippings used were sports and play turf, 
consisting of German pasture grass (Lolium perenne), regenerated with 
meadow grass (Poa pratensis). The grass clippings were harvested on the 
4th of May 2020 from the VfB Zwenkau 02 e.V. sports field (Eythraer 
Weg 2, 04442 Zwenkau, Saxony, Germany; coordinates: 51◦13′05.1″N 
12◦19′03.5″E) and then stored at -18 ◦C. To remove potential contami
nants, the grass was first washed with water before being compacted for 
carbonization. In the first step, the grass was hydrothermally carbonized 
for 17 h at 250 ◦C and up to 55 bar pressure under a nitrogen atmosphere 
in an LA 500 Autoclave (VEB MLW Medizintechnik, Leipzig, Germany). 
The ratio of grass dry matter to process water was 1:8. After carbon
ization, the raw biochar was filtered from the process water, washed 
with water, dried to constant weight, and finally finely ground. Subse
quently, the product was pyrolyzed at 850 ◦C for 3 to 6 min in an 
annealing tube furnace (ELTRA, Haan, Germany). The pyrolysis was 
carried out in a nitrogen countercurrent (250 L h-1). After the final 
product had cooled down, it was finely ground again. 

2.2. Manufacturing of electrodes from carbonized grass clippings 

To produce the carbonized grass electrodes (CGE), a mixture of 
biochar and binder was applied to a metallic carrier. For this purpose, a 
binder solution containing 100 g L− 1 PVDF in DMSO was prepared. 
Dimensionally stable anodes (DSA, titanium expanded metal electrodes 
coated with iridium mixed oxide from Metakem GmbH, Usingen, Ger
many) were used as the metallic carrier. The DSA carrier had dimensions 
of 25×55 mm and thus a total geometric surface area of 27.5 cm2. 1 g of 
biochar was mixed with 1 mL of the 10 % PVDF solution and applied to 
80 % of the DSA carrier surface area (when using the electrodes, only the 
coated part was immersed in the electrolyte). The electrodes were dried 
hanging for at least two days at room temperature. 

2.3. Characterization of biochar and carbonized grass electrodes 

The chemical analysis of the biochar produced was carried out by 
elemental analysis and determination of the ash content. Elemental 
analysis was used to determine the total content of the elements H, C, N, 
and S. The measurements were carried out in tin boats with a vario 
MACRO cube (Elementar Analysensysteme, Langenselbold, Germany). 
To determine the ash content, a defined quantity of the biochar was 
weighed into a ceramic crucible and the sample was incinerated at 815 
◦C in an oxygen atmosphere. The ash content was calculated by differ
ential weighing of the used and remaining substance. The oxygen con
tent was determined indirectly by summing the mass percentages of the 
elemental analysis and the ash content. 

The conductivity of the pyrolyzed biochar was determined indirectly 
by an electrical resistance measurement. For this purpose, 0.66 g of 
biochar was placed in a non-conductive hollow cylinder with an internal 
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diameter of 8 mm, which was sealed on both sides with a brass cylinder. 
The carbon layer was pressed to a defined thickness of 9.9 mm. The 
electrical resistance of the carbon layer was measured using a 
multimeter. 

The mass-specific surface area of the biochar was determined at a 
service unit at KIT using the BET method in a gas sorption meter 
(Autosorb-1, Quantachrome Instruments, Boynton Beach, FL, USA) with 
nitrogen as adsorbate. In preparation for the BET analysis, the samples 
were heated at 300 ◦C under vacuum for at least 18 h. The BET evalu
ation was done in the relative pressure range of 0.02 < p/p0 < 0.12. The 
BET analysis was carried out for three samples of pyrolyzed grass bio
char in multiple determinations. 

Scanning electron microscope (SEM, Carl Zeiss, Oberkochen, Ger
many) images were taken of the biochar and the CGE produced as well as 
commercial graphite electrodes to assess the surface structure. 

Cyclic voltammetry was performed in 0.2 M potassium phosphate 
buffer (KH2PO4/K2HPO4) including 0.1 M KCl in an electrochemical 
reactor (shown in Figure S1) with 100 mM K3[Fe(CN)6]. For this pur
pose, a 3-electrode setup was employed with DSA or the CGE as the 
working electrode, DSA as the counter electrode, and an Ag/AgCl/KClsat 
electrode (Xylem Analytics, Weilheim, Germany) as the reference elec
trode. The reference electrode was inserted via a Haber-Luggin capillary 
filled with saturated KCl. The working and counter electrodes each had a 
geometric surface area of 5 cm2 (25×10 mm) immersed in the electro
lyte. Prior to the experiments, the buffer was gassed with nitrogen for 30 
min. The potential range from -0.2 V to 0.8 V vs. Ag/AgCl/KClsat was 
scanned with a potentiostat (Interface 1010B, Gamry Instruments, 
Warminster, PA, USA) at scan rates of 2, 5, 10, and 20 mV s-1 starting at 
-0.2 V, with the third cycle being used for evaluation. The experiments 
were carried out as triplicates. 

For linear sweep voltammetry (LSV), the same experimental setup 
was used as in cyclic voltammetry experiments. However, linear sweep 
voltammetry was carried out in the minimal medium for Cupriavidus 
necator, which is described below. In addition, the geometric surface 
area of the working and counter electrodes immersed in the electrolyte 
solution during the LSV was 15 cm2 (25×30 mm) each. Linear sweep 
voltammetry was performed in the potential range from 0 to -2 V vs. Ag/ 
AgCl/KClsat at a scan rate of 20 mV s-1 with a potentiostat (Interface 
1010B, Gamry Instruments, Warminster, PA, USA). The experiments 
were carried out as triplicates. 

2.4. Application of carbonized grass electrodes in microbial 
electrosynthesis 

First, the application of the CGE was investigated in microbial elec
trosynthesis (MES). The microorganism Cupriavidus necator H16 PHB-4 
(DSM-541, DSMZ, Braunschweig, Germany) was used for this purpose. 
By using the polyhydroxybutyrate (PHB)-deficient strain, the growth of 
the organism could be assessed via the optical density (OD600) without 
being influenced by PHB production. As described above, the organism 
is able to grow autotrophically using H2, O2, and CO2. H2 and O2 were 
produced in situ by water electrolysis, while CO2 was fed into the reactor. 
The minimal medium suitable for bioelectrochemical systems for 
C. necator was described previously (Sydow et al., 2017). The medium 
consisted of 2.895 g L-1 Na2HPO4, 2.707 g L-1 NaH2PO4 × H2O, 0.17 g L-1 

K2SO4, 0.097 g L-1 CaSO4 × 2 H2O, 0.8 g L-1 MgSO4 × 7 H2O, and 0.934 g 
L-1 (NH4)2SO4 as well as trace elements: 750 μg L-1 FeSO4 × 7 H2O, 120 
μg L-1 MnSO4 × H2O, 120 μg L-1 ZnSO4 × 7 H2O, 24 μg L-1 CuSO4 × 5 
H2O, 90 μg L-1 Na2MoO4 × 2 H2O, 75 μg L-1 NiSO4 × 6 H2O, and 2 μg L-1 

CoSO4 × 7 H2O. 
The electrochemical reactor (shown in Figure S1) was filled with a 

total volume of 85 mL medium. An undivided two-electrode setup 
consisting of a working and counter electrode was chosen for the MES. 
Dimensionally stable anodes (DSA, titanium expanded metal electrodes 
coated with iridium mixed oxide from Metakem GmbH, Usingen, Ger
many) with a total geometric surface area of 27.5 cm2 (25×55 mm) were 

used as counter electrodes. Either the CGE or, for comparison, a DSA was 
used as the working electrode. A PTFE mesh was used to separate the 
working and counter electrodes from each other but to keep them in 
parallel orientation with a distance of 2 mm. A photograph of the 
working and counter electrode assembly is shown in the supplementary 
materials in Figure S2. In the experiments, the electrodes had a geo
metric surface area of 20 cm2 (electrode surface area immersed in the 
electrolyte; 25×40 mm) and were contacted with a titanium wire with a 
diameter of 0.5 mm. The reactors were stirred with a stirring bar at 200 
rpm and tempered to 30 ◦C in an incubation hood (TH 30, Edmund 
Bühler GmbH, Bodelshausen, Germany). Reactors were gassed with N2/ 
CO2 (80:20) at a gas flow rate of 20 mL min-1. For water electrolysis, a 
current of -15 mA (-0.75 mA cm-2) was applied via a potentiostat 
(Interface 1010B, Gamry Instruments, Warminster, PA, USA). 

For inoculation of microbial electrosynthesis, a consecutive seed 
train of heterotrophic cultivation in LB medium, heterotrophic cultiva
tion in minimal medium, and autotrophic cultivation in minimal me
dium is applied. The heterotrophic preculture in LB medium is 
inoculated from a cryo-culture of C. necator H16 PHB-4. The LB medium 
comprised 5 g L-1 NaCl, 5 g L-1 yeast extract, and 10 g L-1 trypticase 
peptone. 4 g L-1 fructose was added to the heterotrophic cultivation in 
the minimal medium as carbon source. A gas phase of H2/O2/CO2 
(64:16:20) was added to the autotrophic preculture in a septum flask at a 
pressure of 1.5 bar. The precultures were each inoculated from the 
previous preculture in late exponential to early stationary phase to an 
OD600 of 0.1 and were incubated at 30 ◦C and 180 rpm. With the 
autotrophic preculture in the late exponential to early stationary phase, 
the MES was inoculated to an OD600 of 0.2. Each day, 1 mL of sample is 
drawn to determine OD600 and pH value. 

2.5. Application of carbonized grass electrodes in a microbial fuel cell 

The microorganism Geobacter sulfurreducens (DSM-12,127, DSMZ, 
Braunschweig, Germany) was used to investigate the CGE in a microbial 
fuel cell. The medium for G. sulfurreducens consisted of 1.5 g L-1 NH4Cl, 
0.6 g L-1 Na2HPO4, 0.1 g L-1 KCl, 0.82 g L-1 Na-acetate, 2.5 g L-1 NaHCO3, 
1 % (v/v) mineral solution, and 1 % (v/v) vitamin solution. The mineral 
solution contained 1.5 g L-1 nitrilotriacetic acid, 3 g L-1 MgSO4 × 7 H2O, 
0.5 g L-1 MnSO4 × H2O, 1 g L-1 NaCl, 0.1 g L-1 FeSO4 × 7 H2O, 0.18 g L-1 

CoSO4 × 7 H2O, 0.10 g L-1 CaCl2 × 2 H2O, 0.18 g L-1 ZnSO4 × 7 H2O, 
0.01 g L-1 CuSO4 × 5 H2O, 0.02 g L-1 KAl(SO4)2 × 12 H2O, 0.01 g L-1 

H3BO3, 0.01 g L-1 Na2MoO4 × 2 H2O, 0.03 g L-1 NiCl2 × 6 H2O, 0.3 mg L- 

1 Na2SeO3 × 5 H2O, and 0.4 mg L-1 Na2WO4 × 2 H2O. The pH value of 
the mineral solution was adjusted to 7.0 with KOH. The vitamin solution 
contained 2 mg L-1 biotin, 2 mg L-1 folic acid, 10 mg L-1 pyridoxine-HCl, 
5 mg L-1 thiamine-HCl, 5 mg L-1 riboflavin, 5 mg L-1 nicotinic acid, 5 mg 
L-1 Ca-d-pantothenate, 0.1 mg L-1 vitamin B12, 5 mg L-1 p-aminobenzoic 
acid, and 5 mg L-1 (±)-α-lipoic acid. The whole medium had a pH value 
of 6.8. 

The microbial fuel cell was conducted in an electrochemical H-cell 
(shown in Figure S3) consisting of two chambers separated by a proton 
exchange membrane (Nafion™ 117, QuinTech, Göppingen, Germany) 
with a surface area of 4.9 cm2. The two chambers were each filled with 
100 mL medium. However, mineral and vitamin solutions were only 
added in the anodic chamber. Either commercial cylindrical graphite 
rods (Graphite24, Bad Breisig, Germany) with a diameter of 15 mm or 
the CGE were used as both working and counter electrodes. The elec
trodes were contacted with a titanium wire with a diameter of 0.5 mm. 
The geometric electrode surface area at the start of the experiment was 
15.8 and 22.5 cm2 (25×45 mm) for the graphite electrodes and the CGE, 
respectively. An Ag/AgCl/KClsat electrode (Xylem Analytics, Weilheim, 
Germany) was used as the reference electrode, which was introduced 
into the anode chamber by using a Haber-Luggin capillary filled with 
saturated KCl. The medium in the anode chamber was gassed with N2/ 
CO2 (80:20) before starting the MFC. During the experiments, the me
dium in the anode chamber was also gassed with N2/CO2 (80:20) at a 
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gassing rate of 30 mL min-1. A potential of 400 mV vs. Ag/AgCl/KClsat 
was applied via a potentiostat (MultiEmStat3+, PalmSens BV, Houten, 
Netherlands). The anode and cathode chambers were stirred with a 
stirrer bar at 200 rpm and the entire setup was tempered to 30 ◦C in an 
incubation hood (CERTOMAT® HK, Sartorius, Göttingen, Germany). 

For the preculture, 8 g L-1 Na2-fumarate was added to the medium as 
electron acceptor. The preculture was cultivated from a cryo-culture of 
G. sulfurreducens in 50 mL medium with a gas phase of N2/CO2 (80:20) at 
a pressure of 1.4 bar in 250 mL septum flasks for four days at 30 ◦C and 
180 rpm until it reached a final OD600 of approximately 0.5. The anode 
chamber was inoculated with 1 mL of the preculture. To determine the 
acetate concentration, 1 mL of sample was taken daily and stored at -20 
◦C until analysis. The acetate concentration was quantified by HPLC 
with an Aminex HPX-87H (Bio-Rad Laboratories, Hercules, CA, USA). 
The mobile phase was 5 mM H2SO4 with a flow rate of 0.6 mL min-1. The 
column was heated to 60 ◦C and detection was performed at 210 nm. 

3. Results and discussion 

3.1. Abiotic characterization of the carbonized grass electrodes 

The biochar produced from grass clippings using hydrothermal 
carbonization and pyrolysis was analyzed for its elemental composition. 
The biochar consists of 57.4 ± 5.9 % C, 4.0 ± 0.3 % N, 3.8 ± 1.5 % O, 
1.4 ± 0.1 % H, 0.4 ± 0.2 % S, and 33.1 ± 6.0 % ash (n = 8). In another 
work, a carbon content of 87.5 % was achieved for mixed green waste 
biochar at 750 ◦C with a residence time of pyrolysis of 10 min (Ronsse 
et al., 2013). With higher pyrolysis temperature as well as duration, the 
carbon content of biochar can be increased (Ronsse et al., 2013). The 
electrical conductivity of biochar depends on the carbon content and the 
structure of the carbon (graphene/graphite) (Gabhi et al., 2017). 
Generally, the graphite content and thus the electrical conductivity also 
increase with higher pyrolysis temperature (Gabhi et al., 2020). How
ever, with increasing pyrolysis time and temperature, the yield de
creases, which is why it is necessary to find a compromise. Here, the 
biochar shows an electrical resistance of 0.71 ± 0.33 Ω cm-1 (n = 8). 
Similar values were obtained, for example, for carbonized coconut shells 
with 0.39 Ω cm-1 (Chen et al., 2016) or carbonized kenaf stalks with 0.67 
Ω cm-1 (Chen et al., 2012). 

The BET analysis of three grass biochar batches showed a specific 
surface area of 47.0 ± 4.5 m2 g-1 (n = 5), 46.2 ± 1.6 m2 g-1 (n = 3), and 
51.0 ± 4.5 m2 g-1 (n = 4). Previously, biochar from green waste (slow 
pyrolysis at 600 ◦C for 60 min) showed a specific surface area of 46 m2 g- 

1 (Ronsse et al., 2013). Thus, the specific surface area of the carbonized 
grass clippings is in a very similar range to the biochar from mixed green 
waste (with different pyrolysis parameters). Chemical and thermal 
activation methods are described in the literature to increase the surface 
area of biochar (Jin et al., 2014; Dehkhoda et al., 2014; Ding et al., 2020; 
González-García et al., 2013). In our case, we did not use chemical 
activation with KOH, as it did not increase the final carbon content (data 
not shown). However, this could improve the properties of the biochar, 
depending on the field of application. Furthermore, the specific surface 
area of biochar also generally increases with higher pyrolysis tempera
tures (Ronsse et al., 2013). 

We tested various methods for the production of electrodes from the 
carbonized grass clippings. We attempted to press electrodes from the 
biochar with and without binders and also without the use of a metallic 
carrier/electrode support. Compacting the biochar can further increase 
the electrical conductivity (Adinaveen et al., 2016). While the remaining 
lignin in biochar from hydrothermal carbonization serves as a binder 
when the biochar is pressed (Reza et al., 2012), pressing the biochar 
after pyrolysis without additional binder did not result in mechanically 
stable pellets in our case. Additionally, without a metallic carrier, 
electrically contacting the pressed electrodes was inconvenient. A 
proven method of fabricating electrodes from biochar is to apply the 
biochar to a metallic current collector using a binder such as PVDF or 

PTFE (Jin et al., 2014; Ding et al., 2020), which is why we chose that 
method. Fig. 1 shows one of the electrodes produced. The electrodes can 
be designed to be recyclable if a sustainable binder is used and by 
eliminating the metallic carrier. By additive manufacturing, electrodes 
with variable geometries can be created from the biochar (Idrees et al., 
2018). To improve mass transfer in a bioelectrochemical system, the 
biochar could also be granulated (Ren et al., 2015) and used as a 
granular electrode in a fluidized bed reactor (Dong et al., 2018). More 
robust biochar electrode manufacturing processes suitable for mass 
production, such as screen printing, remain to be investigated. 

The biochar and the CGE were examined in comparison to a com
mercial graphite electrode under the SEM regarding surface structure 
(Fig. 2). The graphite electrode shows a rough surface structure (a), 
while the biochar has clearer pores (b). The surface of the finished CGE is 
considerably coarser (c), which could promote biofilm formation. At a 
higher magnification, the polymer structure of the PVDF binder is 
clearly recognizable (d). 

Fig. 3 shows the cyclic voltammograms of the redox probe K3Fe(CN)6 
with a DSA as the working electrode (a) compared to a CGE as the 
working electrode (b). While the typical redox peaks can be measured in 
the cyclic voltammogram with the DSA, the peaks are less pronounced 
when using the CGE. The current at the lower and upper potentials 
might be attributed to unspecified side reactions or the pattern of an 
ohmic resistance. Nevertheless, it can be stated that both oxidation of 
Fe2+ and reduction of Fe3+ are detectable at the fabricated electrodes. In 
a linear sweep experiment in the medium for the MES (Figure S4), an 
earlier and greater current response with increasing potential can be 
observed using the CGE compared to the DSA, which might be mainly 
attributed to a higher electrode resistance and an ohmic behavior. With 
both electrodes, visible bubble formation on the working electrode 
indicating hydrogen evolution can only be seen from around -700 to 
-800 mV in all experiments. 

3.2. Application of carbonized grass electrodes in microbial 
electrosynthesis 

First, the carbonized grass electrodes were investigated for use in 
microbial electrosynthesis. For this purpose, Cupriavidus necator PHB− 4 
was cultivated electroautotrophically at a constant current density of 
-0.75 mA cm-2 over seven days. The CGE was compared with a DSA as 

Fig. 1. Manufactured carbonized grass electrode: 1 g of biochar mixed with 1 
mL of the 10 % PVDF solution in DMSO applied to 80 % of the DSA metal 
carrier with dimensions of 25×55 mm. 
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the working electrode for the hydrogen evolution reaction. Fig. 4 shows 
the course of OD600 (a) as well as pH value and potential vs. Ag/AgCl/ 
KClsat (b) of the two experiments. Faster microbial growth can be 
observed when the DSA is used as a working electrode. While an average 
OD600 of 1.7 ± 0.4 is achieved with the DSA after seven days, the use of 
the CGE only results in an OD600 of 1.1 ± 0.3. Differences can also be 
seen in the pH value and potential curves. The pH value of the DSA 
experiment drops from 6.6 ± 0.0 to 6.2 ± 0.1 during the experiment. 
When using the CGE, the pH value drops from 6.6 ± 0.1 to 5.5 ± 0.2. 
Since the organism in the experiment with the CGE shows lower growth, 
it is unlikely that the pH value drop has a biological origin but rather an 

electrochemical one. However, the pH value is still in a range in which it 
should not have a notable influence on the growth of the microorganism. 
The potential curve is relatively linear during both experiments, 
although it is about 0.35 V more negative for the CGE. The higher po
tential indicates either a higher electrode resistance or a higher over
potential for the desired hydrogen evolution reaction at the CGE. During 
the linear sweep experiment (Figure S4), a higher current response with 
increasing potential and a current response before the actual water 
electrolysis can be seen with the CGE compared to the DSA. The results 
are reflected in the electrical potential during the MES. It was not to be 
expected that the CGE would outperform the DSA, as the DSA is 

Fig. 2. SEM images of a commercial graphite rod (a), a grass biochar particle (b), and a carbonized grass electrode at lower (c) and higher magnification (d).  

Fig. 3. Cyclic voltammetry of 100 mM K3Fe(CN)6 with DSA (a) or carbonized grass electrode (CGE) (b) as working electrode at scan rates of 2, 5, 10, and 20 mV s-1 (n 
= 3). DSA as counter electrode each, geometric surface area of both working and counter electrode of 5 cm2, Ag/AgCl/KClsat reference electrode, and 0.2 M po
tassium phosphate buffer with 0.1 M KCl as electrolyte. 

A. Langsdorf et al.                                                                                                                                                                                                                              



Cleaner Chemical Engineering 9 (2024) 100118

6

optimized for the oxygen evolution reaction in water electrolysis and has 
a lower resistance. The lignocellulosic biochar also cannot compete with 
specialized carbon-based electrodes, such as customized carbon nano
tubes or nanorods designed specifically for the hydrogen/oxygen evo
lution reaction (Liu et al., 2024; You et al., 2023; Deng et al., 2023) or 
battery solutions (Zhong et al., 2023; Zhang et al., 2022). However, the 
electrochemical performance of the CGE could be optimized by adapting 
the carbonization process, by chemical pretreatment prior to carbon
ization or by incorporating conductive material into the CGE during 
manufacture. 

3.3. Application of carbonized grass electrodes in a microbial fuel cell 

After the application in microbial electrosynthesis, the carbonized 
grass electrodes were investigated for use in microbial fuel cells. For this 
purpose, a microbial fuel cell with Geobacter sulfurreducens was con
ducted either with graphite electrodes (GE) or the CGE. Fig. 5a shows 
the current density and the acetate concentration throughout the two 
experiments. Compared to the graphite electrodes, an earlier current 
response can be seen in the experiment with the CGE. As a result, acetate 

can no longer be detected one day earlier. One reason for this could be 
faster biofilm formation due to more advantageous surface properties. 
The coarser surface structure was confirmed with the SEM (see above). 
Since different precultures were used for the triplicates, the influence of 
the preculture on the current response can be excluded. The absolute 
current response is higher with the graphite electrodes. The integral of 
the current curve results in an electric charge of 39.4 ± 1.9 and 25.1 ±
4.1 As cm-2 for the graphite electrodes and CGE, respectively. This could 
be due to the higher conductivity of the graphite electrodes, benefiting 
electron transfer. Nevertheless, we were able to show that the electrodes 
from carbonized grass clippings are suitable for microbial fuel cells and 
may have advantageous properties. 

In a subsequent experiment, we investigated whether the electrodes 
are also suitable over a longer period of time. For this purpose, three 
microbial fuel cells were set up with the CGE as before. The current 
response was recorded over several weeks. 20 mM acetate was added 
when the current dropped. Fig. 5b shows the current density curve of the 
three MFCs. Cells A and C ran successfully for 44 and 45 days, respec
tively. Due to technical difficulties with cell B, which were unrelated to 
the CGE, the experiment had to be aborted after 25 days. No restrictions 
due to the electrodes were observed throughout the experiment. The 
experiment could likely have run for much longer, indicating a stable 
electrode performance. Commault et al. demonstrated an MFC with 
(modified) graphite rods as electrodes and a Geobacter-dominated bio
film using acetate/ethanol medium and synthetic wastewater that was 
active for 75 days (Commault et al., 2015). Throughout the experiment 
shown, varying current responses were observed, particularly in cell C, 
which could be due to varying substrate concentrations. In addition, 
adaptation effects of the microorganism could already occur over the 
duration of the experiment. Differences in the biofilm may also be a 
reason, as only the living cells are responsible for the electrochemical 
activity (D. Sun et al., 2016). 

The results of the MFC have shown that electrodes made from 
carbonized grass clippings can certainly be an alternative to fossil 
graphite. However, different challenges could arise when using residual 
materials. One challenge could be possible contamination by e.g., plastic 
in the raw material. Furthermore, it remains to be investigated what 
influence the heterogeneity of the starting material due to seasonality 
has on the result of the carbonization. Another major obstacle to the use 
of pyrolyzed waste materials as electrode material is the high energy 
input required for carbonization. Electrode fabrication seems to be a 
promising method in colder seasons because there is less liquid in the 
green waste during that time. In addition, much of the green waste in 
winter is foliage, which contains little lignin and thus allows for easier 
carbonization. To further increase the efficiency of pyrolysis, the solid 
part could be separated from the liquid part of the green waste before
hand, for example by pressing. Then only the solid part could be pyro
lyzed, while the liquid part is recycled elsewhere. Previously, we have 
shown that the juice from grass clippings can serve as a growth medium 
for C. necator (Langsdorf et al., 2022). The combination of biorefineries 
for the use of biogenic feedstocks and bioelectrochemical trans
formations for coupling electrical energy with the chemical industry 
offers huge potential for a future bio-based economy (Harnisch and 
Urban, 2018). 

4. Conclusions 

For the first time, we demonstrated the manufacturing of electrodes 
from carbonized grass clippings and their application in bio
electrochemical systems. The greatest potential of biochar electrodes 
lies in technologies that use graphite or similar materials as electrodes. 
We were able to show that electrodes from carbonized grass clippings 
perform similarly to commercial graphite electrodes in the microbial 
fuel cell and that they can be used for more than six weeks, probably 
even much longer. This work once again shows the potential of renew
able raw materials as a starting material for electrodes as well as another 

Fig. 4. Course of OD600 (a) as well as pH value and potential vs. Ag/AgCl/KClsat 
(b) during electroautotrophic cultivation of Cupriavidus necator PHB− 4 with a 
DSA and a carbonized grass electrode (CGE) as working electrode (n = 3). 
Temperature of 30 ◦C, mixing at 200 rpm, minimal medium with an initial 
volume of 85 mL, gassing rate of 20 mL min-1 with N2/CO2 (80:20), constant 
current density of -0.75 mA cm-2 for water electrolysis, DSA as counter elec
trode each, geometric surface area of both working and counter electrode of 20 
cm2, and Ag/AgCl/KClsat reference electrode. Dashed lines serve as a guide to 
the eye. 
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method of recycling green waste materially. 
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