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a b s t r a c t

Efficient cathode performance is crucial for the power generation of microbial fuel cells
(MFCs). Therefore, the development of a cost effective and efficient cathode is urgently
needed for the wider application of MFCs. In this study, a novel biochar air cathode with
naturally porous structure and high oxygen reduction reaction (ORR) activity prepared
from the pyrolysis of Balsa Wood chip at 800 ◦C was proposed. The biochar chips can
be installed directly in the MFC as an air cathode without the need to apply expensive
catalysts, binders and a gas diffusion layers. In the single chamber MFC tests, the biochar
air cathode achieved a maximum power density of 200 mW/m2 which was comparable
to those of the other biochar based air cathodes. Moreover, when they were used in soil
MFCs, our results showed that the chip thickness had effect on the performance of the
soil MFCs. The 3.5 mm biochar produced the highest power density of 72 mW/m2, which
was 45% higher than that of the soil MFC equipped with common carbon felt floating
cathode. These findings demonstrate for the first time, that whole biochar chip could
be considered as an effective and environmental-friendly material for the production of
binder- and catalysis-free air cathode.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Microbial fuel cells (MFCs) are a promising energy conversion technology that uses organic waste to produce electrical
energy (Firdous et al., 2018; Thomas et al., 2013). In the MFC, electrogenic bacteria attached on the anode surface oxidizes
a wide range of organic matter to generate electrons and protons (Bhande et al., 2019; Xiao et al., 2015). The electrons flow
through an external circuit to the cathode where they combine with an electron acceptors (Oh et al., 2004; Rismani-Yazdi
et al., 2008; Ter Heijne et al., 2010). Oxygen is the most widely used electron acceptor owing to its superior electrochemical
oxidation capacity, great abundance, and clean reaction product (Dong et al., 2012b; Renslow et al., 2011). However, the
performance of the MFC was significantly limited because of poor cathode oxygen reduction reaction (ORR) (Wang et al.,
2017) and high oxygen mass transfer resistance.
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To overcome these difficulties faced in the MFC, the air cathode has become the dominated configuration used in
recent studies (Huggins et al., 2014; Rismani-Yazdi et al., 2008; Wang et al., 2017). Nonetheless in these studies, pricy
catalysts such as platinum were utilized to facilitate the ORR and improve the power performance of the MFC (Rismani-
Yazdi et al., 2008; Huggins et al., 2014). In addition, Nafion (Feng et al., 2011) and polytetrafluoroethylene (Dong et al.,
2012a) binders were also required to fix the catalysts powders to the current collector during the fabrication of the air
cathodes. As a result, their commercial application and scaling-up have been seriously hampered by the high cost of
those catalysts and the binders chemicals. In addition to the need for ORR catalysts, gas diffusion layers are essential
for an air cathode to sustain continual oxygen supply from the atmosphere and simultaneously prevent electrolyte
leakage (Pasupuleti et al., 2016; Tanuma and Kinoshita, 2014; Zhang et al., 2016). However, the current method to
manufacture the air diffusion layers has two main disadvantages. Firstly, the fabrication of gas diffusion layer is labor
intensive and has low reproducibility. Moreover, many harmful hydrophobic materials, such as polytetrafluoroethylene
and fluorinated polymer (Chen et al., 2012b,a) are required to make the air diffusion channels. Therefore, a cost-
effective and environmental-friendly method for fabrication of the air cathode is urgently needed to further propel MFC
development.

Recently, wood biochar has been used to build cathode for MFCs and exhibits an approximate equal catalyst capacity
to granular activated carbon (Huggins et al., 2014; Ye et al., 2019a,b). Biochar made from diverse biomass not only
has high catalytical activity but also possess a porous structure and is less expensive than granular activated carbon
(Huggins et al., 2014; Sun et al., 2017; Ye et al., 2017). Previous works have shown that the pyrolysis of wood biomass
at high temperatures result in the plant material being converted into conductive graphite (Huggins et al., 2014; Ye
et al., 2019a,b). Moreover, the resulting biochar material have also been shown to maintain the interconnected three-
dimensional structure of the original plant material (Downie et al., 2012; Huggins et al., 2016). These characteristics
render plant-based biochar as a promising material for the fabrication of electrodes for MFCs. However, to date whole
chip biochar has not been used as MFC cathodes. In the previous studies, biochar was considered as alternative catalysts
to replace activated carbon or platinum in the cathode, however, the time-consuming fabrication methods employing
binders were still necessary (Da Silva and Kyriakides, 2007; Kluepfel et al., 2014). Herein, the use of whole biochar chips
that can be directly applied as an air cathode without using any catalysis, binders and air diffusion layers is proposed. It
was hypothesized that the biochar chips’ porous structure could acts as both an air diffusion layer and catalyst for ORR in
the fed-batch single chamber MFC. Moreover, the effects of biochar thickness on the electrical performance of soil MFCs
(SMFCs) were also investigated.

2. Materials and methods

2.1. Biochar preparation and characterization

The biochar was produced from the pyrolysis of Balsa wood chips under nitrogen atmosphere. The wood was sliced
into square chips with a length of 4.5 cm at various thicknesses (2.6 mm, 3.5 mm and 4.5 mm), and then heated at 800 oC
for 1 h in a programmable tubal furnace using a cyclic nitrogen protection system. After pyrolysis, the biochar chips were
soaked in ethanol and water for 12 h sequentially and then died at 60 oC overnight. The biochar chips were soak in ethanol
to remove any organic residues that maybe present inside after the pyrolysis treatment (Chakraborty et al., 2019).

The biochar’s surface topography and inside microstructure were investigated by using an environmental scanning
electron microscope (ESEM, FEI Quanta 400 FEG, USA) equipped with an energy dispersive X-ray spectrometer (energy
resolution of 136 eV). The biochar powder was also characterized by XRD using a Bruker AXS diffractometer (D8 Advance),
and diffraction patterns were collected at a scanning rate of 5o min−1 and with a step of 0.02o. Raman scattering spectra
of the biochar were carried out by using a confocal Raman microscope (HR-800 HORIBA JobinYvon, France) with a 532 nm
wavelength laser source.

2.2. MFC experiments

Single chamber MFCs and SMFCs were constructed to examine the biochar chips air cathode performance. The biochar
chips (4.0 cm length, 16 cm2 geometric areas) were wired with copper foil to form the biochar air cathode. In the fed-batch
single chamber MFC, the air cathode was fabricated by fixing the biochar electrode at one side of the reactors with epoxy
glue (Fig. S1). As for the SMFC, two pieces of the biochar chips were adhered to a U-shape silicone holder to preserves a
cavity for air flow and was used as a biochar air cathode (Fig. S2a). A circular carbon felt (Beijing Sanye Carbon Co. Ltd.,
China) was used as the anode in both single chamber MFCs (3 cm diameter, 7.0 cm2 geometric area) and SMFCs (6 cm
diameter, 28 cm2).

The single chamber MFC tests were conducted using single-chamber, cubic-shaped Lexan MFC reactors (4 cm length)
with an inner cylindrical chamber (3 cm diameter). The reactors were inoculated with supernatant from a local lake
sediment (Suzhou, China). Previous studies have reported that sediments were a rich source of known electrogenic
bacterial groups (Armato et al., 2019; Jiang et al., 2010). All reactors were operated at 28 oC, and fed a medium containing
acetate (1.0 g/L), a phosphate buffer solution (PBS 50 mM; Na2HPO4 4.58 g/L, NaH2PHO4·H2O 2.45 g/L, NH4Cl 0.31 g/L,
KCl 0.13 g/L), Wolfe’s vitamin (5 mL/L) and trace mineral (12.5 mL/L) (Zhang et al., 2009).
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In the SMFCs, carbon felt anodes were placed at the bottom of the opaque plastic container (the height and top diameter
were ∼12 cm and ∼8 cm, respectively) and then buried with a 5 cm depth of soil (Fig. S2). The paddy soil (0–15 cm below
the soil–water interface) was collected and transported directly to the laboratory from a rice paddy in Qiyang of Hunan
province, Southern China (N 26.76o, E 111.86o). Before using the paddy soil, the soil sample was air-dried and sieved
through 2 mm mesh to remove all large particles and other large terrestrial deposits (Chen et al., 2015). The biochar air
cathodes of different diameter (2.6 mm, 3.5 mm and 4.5 mm) and a carbon felt were to construct the SMFC reactors.
Each treatment had a total of two replicate reactors. The reactors were denoted as SMFC2, SMFC3, SMFC4, and SMFC0
respectively. In SMFC0, carbon felt cathode (4.5 cm diameter, 15.9 cm2 geometric area) was kept floating on water by
following the configuration of floating cathode as described by Thomas et al. (2013) (Fig. S2b). The remaining space in the
containers were filled with deionized water. The anode and cathode electrodes of all the reactors were connected with
a 1000 ohms external resistor. No additional inoculum was used in the SMFC because paddy soils are known to contain
many electrogenic microbial groups (Gustave et al., 2019a,b).

A data logger (USB-6225, National Instrument, Austin, USA) was used to monitor the voltage between the anode and
cathode. Polarization curves were obtained by changing the external resistors (Rext) from 100 K� to 10 �. The voltage (V)
over Rext was recorded after every 15min when the voltage was stable. The power (P) density was calculated according to
Ohm’s law, P = V2/Rext, and current (I) = V/Rext. Power and current densities were normalized to the geometric surface
area of the cathode.

2.3. Electrochemical test

A potentiostat (VersaSTAT 3F, AMETEK) was used to evaluate the ORR performance of the biochar air cathode. Ag/AgCl
and Pt wire were used as a reference electrode and counter electrode, respectively. Electrochemical cyclic voltammetry
(CV) was conducted in a custom-made cell (detail below) containing 50 mM phosphate buffer solution (PBS).

Two cube-shaped Lexan MFC reactors with an inner cylindrical chamber were employed to assemble the electro-
chemical cell that containing a reaction cell for electrolyte and an air chamber (schematic in Fig. S3). The biochar chips
were mounted vertically at one side of the cylindrical chamber of reaction cell using epoxy glue. One side of the biochar
was immersed into the electrolyte, and the other side was exposed to the air chamber. Prior to performing the control
experiment, oxygen in both the electrolyte and air chambers were removed by bubbling nitrogen gas for 30 min. Then the
air chamber was isolated from the atmosphere by closing the valves, and in the liquid chamber, a flow of nitrogen was
maintained over the electrolyte during the measurement. During the ORR and oxygen permeable capability test of the
biochar chips, the liquid chamber was maintained under anoxic condition, while the air-side of the biochar was exposed
to the atmosphere by opening air-chamber valves.

3. Results and discussion

3.1. Characterization of the biochar chips

After pyrolysis, the biochar chips slightly shrunk in volume, due to loss of moisture and volatile components (Cantrell
et al., 2012). As shown in Fig. 1A the micromorphology structure revealed that multiple successive thin sheets constituted
the outer surface of the biochar chips and this could have contributed to the catalytic action of the biochar. This may have
occurred, since hierarchical structural arrangement increased the biochar surface area and porous channels, which are
beneficial for oxygen transfer between atmosphere and electrolyte. The cross-section SEM analysis revealed the uniform
assembly of micro-pores which resemble that of the balsa wood’s vascular bundles structure beneath the surface sheets.
The diameters and length of biochar’s micro-pores range between 15–50 µm and 10–30 µm respectively, with irregular
polygon shaped walls (Fig. 1B and C). Previous studies have demonstrated that the micro-pore structure of biochar was
inherited from the pit fields and cell cavities of its parent material (Wildman and Derbyshire, 1991; Downie et al.,
2012; Huggins et al., 2016). Based on the morphological analysis, it is evident that the interconnected three-dimensional
structure of natural cellular tissue of the wood was preserved in the biochar chips.

Furthermore, the biochar was examined by Raman spectrum and XRD to study the chemical structure and crystalline
characteristics. The Raman spectra of biochar are shown in Fig. 1E, in which the D and G bands at ∼1350 cm−1 and
1587 cm−1 were observed respectively. In carbonaceous materials, the G band is attributed to the first-order scattering,
corresponding to the crystalline sp2 lattices of the graphitic structure, while the D band is attributed either to defects or
to a breakdown of the translational symmetry of the graphite lattice (Ferrari and Robertson, 2000). The intensity ratio
of ID/IG can be used to estimate the degree of structural disorder in terms of a perfect graphitic structure. In this study,
the ID/IG ratio of the biochar was about 1.10 (Fig. S4), and the EDX analysis results revealed that the oxygen content was
roughly 4% (Fig. S5 & Tab. S1). These results confirm that structural defects such as oxygen functional groups and other
defects of graphene sheets contribute to the D band in the biochar (Sun et al., 2017). Furthermore, continuous scanning
results show no obvious changes in the ID/IG ratio, suggesting that biochar chips were chemically homogeneous.

Fig. 1F shows XRD pattern of the biochar chip. The characteristic peaks were observed at approximately 24.3o and
43.5o, corresponding to the graphite (002) and (100) lattice plane respectively. These indicated the formation of graphitic
carbon structures (Morimoto et al., 2016). The (002) plane at 24.3o in the biochar indicates lattice spacing of 0.36 nm,
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Fig. 1. SEM images of the biochar chip of top view (A) and cross-sectional (B, C). The inset (C) is a close-up image of the micro-pores in the biochar.
(D) Photo of the biochar chips. (E) Raman spectra of the biochar. Each plot corresponds to different position along a line in a 2 × 2 cm biochar. (F)
XRD pattern of the biochar and the assigned lattice planes of peaks are indicated.

which was slightly higher than the pristine graphite (0.34 nm at 26.6o). This occurred due to the presence of oxygen
functional groups (hydroxyl and epoxy-hydroxyl) among the graphitic sheets (Li et al., 2017). The other diffraction peak
at 43.5o was related to defective graphene sheets and has been observed in graphene nano sheets prepared by chemical
redox methods (Chatterjee et al., 2014; Rajagopalan and Chung, 2014). Based on the XRD and Raman spectral analysis, it
is evident that graphitic carbon structure was abundant in the biochar and the oxygen functional groups exist in moieties
of the graphitic sheet.

3.2. ORR and oxygen transfer performance of biochar chip electrode

The catalytic performance of biochar chip towards ORR and oxygen transfer capability were firstly examined under
abiotic conditions without the anode. Electrochemical CV technique was used to verify biochar chips’ catalytic activity
towards ORR. To carry out this experiment, a custom-made electrochemical cell was designed to control the oxygen
content around both the air-side and the liquid-side of biochar chips electrode (Fig. S3). Fig. 2A showed the ORR in which
the oxygen was allowed diffused from the atmosphere to the 2.6 mm, 3.5 mm and 4.5 mm biochar chips. The CV plots
were recorded while the air-side of biochar chip was placed in air and nitrogen atmosphere, respectively (Fig. S6). The
pure catalytic current was obtained by subtracting the background current (nitrogen atmosphere). There was an obvious
increase in the reduction current from the potential −0.2 V when the biochar air-side was exposed to the ambient air.
However, the onset potential showed no obvious difference among the biochar chips of different thickness. Moreover, the
absolute current increased with the thickness of the biochar electrode and this was probably due to the larger activated
area in the thicker biochar (Chang et al., 2011). These results suggest that biochar air cathodes of different diameter
(2.6 mm, 3.5 mm, and 4.5 mm) all can be used to fabricate air cathode for MFCs in terms of ORR catalytical capacity.

Chronoamperometric measurements were conducted to investigate biochar chips’ oxygen mass transfer performance.
As the background current varies depending on the thickness of biochar chip electrode, the normalized current after
subtraction of the background values are shown in Fig. 2B. The current increased exponentially after exposing the air-side
of biochar electrodes to the atmosphere, and plateaued at ∼18.5 µA regardless of the biochar chip thickness. Therefore,
the air diffusion rates of the 0.45, 0.35, and 0.26 mm biochar chips electrode were 0.28 ± 0.2 cm/s, 0.29 ± 0.1 cm/s, and
0.33 ± 0.2 cm/s respectively.

3.3. Performance of biochar single chamber MFCs

The biochar chip air cathode was initially evaluated in single chamber fed-batch MFC. Approximately 4 days after
inoculation, the voltage output of the MFC increase exponentially and plateau at 0.33 V (Fig. 3A). The rapid increase in
output voltage is indicative of biofilm formation and the acclimatization of electrogenic bacteria on the anode. It should
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Fig. 2. (A) Electrochemical CV characterization of the ORR capacity of 2.6, 2.5 and 4.5 mm biochar chips electrodes. (B) Chronoamperometric
measurement of ORR current while allowing oxygen diffusion from atmosphere into the biochar chip. Arrow indicated exposing biochar chips to
atmosphere. The electrolyte was O2-degassed PBS solution and the scan rate in (A) was 20 mV/s.

be mentioned that a stable voltage (∼0.33 V) was generated after each filling cycle. The 3.5 mm and 4.5 mm biochar
air cathodes did not experience any leakage after 4 months of continual operation. But leakage was observed from the
air-side of 2.6 mm biochar air cathode after 5 cycle. This leakage might be ascribed to the mechanical breakage of the
native three-dimension microstructure of biochar chips during pyrolysis treatment (Da Silva and Kyriakides, 2007).

Fig. 3B shows the maximum power density (Pmax) after 10 and 106 days. The maximum power density was 200 mW/m2

after 10 days of operation. After 106 days of continual operation, the Pmax was 176 mW/m2. There was a 17% and 14%
drop in Pmax and output voltage respectively, on 106 days compared to that obtained on 10 day. The formation of salt
precipitate on the cathode (Fig. S7) may have contributed to the voltage and power drop after prolong running because
it could block the porous structures of the biochar chips and hindered oxygen diffusion (An et al., 2017). Nonetheless, the
results show that the biochar chips (3.5 and 4.5 mm) as air-cathodes can maintain continual running and possesses both
catalyst activity for ORR and sufficient oxygen permeability. Thus, suggesting that the micro-pore structures in biochar
chips may be used an alternative to the oxygen diffusion channels of the traditional air-cathodes.

3.4. Performance of biochar SMFCs

The biochar chip was then used as air cathode in the SMFC and the electrical production performance were charac-
terized. As shown in Fig. 4A, the Pmax decreased in the following order: 72 (SMFC3.5) > 66 (SMFC4.5) > 51 (SMFC2.6)
> 43 mW/m2 (SMFC-CF). The Pmax of the SMFCs with biochar air cathodes was higher than that of floating carbon felt
cathode (SMFC-CF). The Pmax of the SMFC3.5 (72 ± 3 mW/m2) was the highest and was approximate 45% higher than that
of SMFC-CF. The Pmax obtained here form the SMFC3.5 was comparable to the results obtained in the previously published
works where carbon cloth, and graphite felt were used as cathodes electrodes (Table 1).

To further examine the performance of biochar air cathode compared to the carbon felt cathode, the cathode and
anode polarization curves were also obtained. The cathode open circuit potential (OCP) of SMFC3.5 and SMFC4.5 were
both around 0.22 V, and SMFC2.6 was 0.19 V, which were respective 70 mV and 40 mV higher than that of SMFC-CF
(Fig. 4B). In addition, the cathode potential of SMFC3.5 and SMFC4.5 remains more positive over a wide current window
from 0.011 to 0.702 A/m2 compared to the SMFC-CF. The results revealed the greater oxidizing capability of biochar chips
and the higher ORR efficiency (Zhao et al., 2009). The biochar air cathode performance was due to the biochar large surface
area and porous structure that enable constant O2 contact with the reaction sites (pores walls) of catalysts. However, the
cathode potential of SMFC2.6 was not significantly higher than that of the SMFC-CF, probably because of pore blockage
from the deposition of oxidizing minerals such as iron and manganese oxides (Chen et al., 2012b,a). On the other hand,
the OCP of different MFCs at anode were approximately equal. This suggests the well-grown biofilms had colonized the



6 H.-C. Chang, W. Gustave, Z.-F. Yuan et al. / Environmental Technology & Innovation 18 (2020) 100615

Fig. 3. Voltage output (A) and polarization curve (B) (open circle: day 10; solid circle: day 106) of single chamber MFC using 3.5 mm biochar air
cathode in fed-batch mode.

Table 1
Comparison of current and power densities between this study and the other studies.
Cathode material and geometry Current density

(mA/m2)
Power density
(mW/m2)

References

Graphite felt – 6.00 ± 0.11 Kaku et al. (2008)
Activated carbon granule – 3.5 Song et al. (2011)
Carbon cloth 20 6.5 Jeffrey and Song (2012)
Stainless steel plate 140 23 Dumas et al. (2007)
Tetramethoxyphenyl porphyrin (Fe–Co) 160 62 Scott et al. (2008)
Biochar chip (thickness 3.5 mm) 280 ± 1.2 72 ± 3.0 This study

anodes of each SMFC and implies that the power production difference of the SMFCs resulted from the properties variation
of the cathodes.

4. Conclusion

Our efforts have been directed towards the utilization of the balsa wood biochar chips to develop binder-free air
cathodes via one-step method. The single chamber biochar air cathode MFC ran continually for 110 days with a maximum
power density of 200 mW/m2. More importantly, the biochar chip was also suitable for soil MFC and can increase the
power density by up to 45% compared to the carbon felt cathode. However, more work is still needed to improve the
configuration and electrical connection of biochar chips for better performance of the MFC. Nonetheless, the experimental
results from this study shows for the first that whole biochar chips are promising material for construction of efficient
air cathodes.
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Fig. 4. Power density (A) and electrode potentials polarization curves (B) of SMFCs using biochar air-cathodes and carbon felt cathode (open symbols
denote cathode potentials; solid ones denotes anode potentials).
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