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ABSTRACT

Microbial fuel cells (MFCs) convert chemical energy to electrical energy via electrochemically active microorganisms. The

interactions between microbes and the surface of a carbon electrode play a vital role in capturing the respiratory electrons

from bacteria. Therefore, improvements in the electrochemical and physicochemical properties of carbon materials are

essential for increasing performance. In this study, a microwave and sulfuric acid treatment was used to modify the surface

structure of graphite granules. The prepared expandable graphite granules (EGG) exhibited a 1.5 times higher power den-

sity than the unmodified graphite granules (1400 vs. 900 mW/m3). Scanning electron microscopy and Fourier transform

infrared spectroscopy revealed improved physical and chemical characteristics of the EGG surface. These results suggest

that physical and chemical surface modification using sulfuric acid and microwave heating improves the performance of

electrode-based bioprocesses, such as MFCs.
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1. Introduction

Microbial fuel cells (MFCs) convert the chemical

energy stored in biodegradable organics to bioelec-

tricity via electrochemically active microorganisms

[1-3]. MFCs consist of an anode chamber, where bac-

teria oxidize biodegradable organic matter and a

cathode electrode where a reduction reaction occurs.

The electrochemically active microorganisms trans-

fer electrons to the anode electrode through biofilm

formation or electron mediators. The respiratory

electrons from anodic bacteria migrate to the cathode

electrode via an external circuit to generate bioelec-

tricity. Therefore, material selection for the anode is

important for improving the performance and stabil-

ity of MFC operations.

The anode of an MFC plays a vital role in hosting

the electron transfer of bacteria. The electrode sur-

face also regulates the formation of electrogenic bio-

films. The coulombic efficiency and electrical

performance of MFCs are influenced significantly by

the physical and chemical characteristics of carbon.

An ideal anode material should have high electrical

conductivity and specific surface area. In addition, it

requires electrochemical stability, biocompatibility,

and low cost for scale-up [4]. Several types of porous

carbon materials have been implemented as anode

electrodes, such as carbon felt, cloth, paper, and

graphite granule [5-8], all of which are inexpensive

and show relatively good performance in realistic

MFC operating conditions. The control of porosity

on the surface of such carbon materials has attracted

considerable interest for MFCs. 

Graphite granules have a three-dimensional porous

structure and good electrical conductivity. Hence,

they have been applied to packed-bed type MFCs and

a range of bioreactors [9-11]. Diverse graphite gran-

ules are used widely as anode and cathode materials

in MFCs as well as in wastewater treatment with bio-

filtration [12,13]. Unmodified graphite granules usu-

ally have low porosity and biocompatibility.
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Clogging problems have been reported as a drawback

that frequently reduces the treatment efficiency,

resulting in the failure of systems [14]. Structures

modified with mesopores or macropores, such as car-

bon nanotube-sponges [15], have been evaluated to

resolve these problems. On the other hand, the com-

plicated synthesis processes and expensive materials

are disadvantages. 

Strong oxidizing agents, such as sulfuric acid and

potassium permanganate, transform the physico-

chemical properties of graphite granules by increas-

ing the surface area and electrical conductivity [16].

The surface of the treated graphite material is more

porous and has higher adsorptive capacity than the

untreated surface, which is favorable for biomedical

applications [17]. A recent study reported that micro-

wave radiation supplies energy to the carbon particles

and increases their porosity [18].

In this study, expandable graphite granules (EGG)

prepared by a combination of a sulfuric acid treat-

ment and microwave heating process were compared

with unmodified graphite granules (GG). The spe-

cific surface area and chemical characteristics of the

EGG were examined by Brunauer-Emmett-Teller

(BET) surface area measurements and Fourier trans-

form infrared (FT-IR) spectroscopy, respectively. The

electrochemical performance of MFCs using EGG

and GG was examined by linear sweep voltammetry

(LSV).

To prepare the EGG, 20 g of GG (diameter of 1–

5mm, Hebei Shengsa Carbon Manufacture Trading

Co., China) and H2O2 (8 mL) were placed in a flask

and stirred gently for one hour using a stirrer (HS-20,

LK LABKOREA, Korea) at room temperature.

H2SO4 (100 mL) was then added slowly and stirred

for 60-100 minutes at 40oC. The prepared carbon

material was washed three times with distilled water

and stored overnight at 65oC in an oven (LDO150F,

Daihan Labtech, Korea). The modified EGG were

obtained by heating the dried carbon materials in a

microwave for 60 seconds [19]. All experiments

were conducted in a fume hood.

Two H-Type MFCs were used, as described else-

where [20,21]. A cylindrical stainless steel mesh

(16 cm×10 cm) containing the EGG and GG (20 g

each) and a graphite fiber brush (No.311647, The

Mill-Rose Company, USA) were used as the current

collector for the EGG and GG in the anode of the

MFC. Both granule materials were placed tightly

around the current collector in the anode chamber to

increase the contact area. Carbon felt (3 cm × 4 cm,

G200-2911, Fuel cell Store, USA) was used as the

cathode electrode. A proton exchange membrane

(5 cm × 5 cm, NafionTM117, Fuel cell store, USA)

was placed between the anode and cathode chambers.

The anode and cathode electrodes were connected to

an external resistance of 1000 Ω. The anolyte con-

tained the following compositions: CH3COONa,

3.28 g L-1; NH4Cl, 0.23 g L-1; NaCl, 0.04 g L-1;

MgSO4·H2O, 0.01 g L-1; KCl, 0.02 g L-1; yeast

extract, 0.01 g L-1. A 50 mM K3[Fe(CN)6] solution in

50 mM phosphate buffer was used as the catholyte.

The inoculum was secondary anaerobic digester

sludge collected from a wastewater treatment plant

(Suyeong WWT Plant, Busan, Korea). The MFC

reactors were operated in an incubator (SW–90S,

Sangwoo, Korea) at 30oC in batch mode.

The surface morphology of the graphite granules

was analyzed by scanning electron microscopy

(SEM, VEGAII LMU, Tescan, Czech) at an accelera-

tion voltage of 10 kV. The samples were coated with

gold nanoparticles using a sputter coater (E-1010,

Hitachi). FT-IR (Spectrum GX, PerkinElmer) spec-

troscopy in attenuated total reflection (ATR) mode

was performed to examine the chemical bonding

characteristics of graphite granules. The measure-

ments were carried out over the wavenumber range,

4000–650 cm−1, with 64 scans. The surface areas

were estimated using the BET method with the nitro-

gen adsorption/desorption isotherms (Nova 3200e

system, Quantachrome Instruments, USA) over the

relative pressure range (P/P0) of 0.05 - 0.20. 

The voltage and power generated by the MFCs

were monitored using a computer-based data logging

system with a data acquisition board (LabVIEWTM,

National InstrumentsTM, USA), NI DAQ USB-6218,

National InstrumentsTM, USA). The polarization

curves were obtained by LSV. The current (IV) and

power (PV) densities were calculated using the fol-

lowing formula: current density (IV) = E / RV and

power density (PV) = EI/V, where E, R, I, and V are

the voltage output, external resistance, current, and

working volume of the anode chamber (200 mL),

respectively [22].

The granular carbon surface was modified using a

sulfuric acid treatment, followed by microwave heat-

ing (Fig. 1). Sulfuric acid, a strong acid, significantly

influences the physicochemical properties and porous
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structure of carbon surfaces [23]. Fig. 1a shows the

effects of a sulfuric acid treatment on the total surface

areas of EGG analyzed using the BET method. The

EGG treated for 80 min had a specific surface area of

9.84 m2/g, which was four times that of the control

(2.34 m2/g). The pore distribution of EGG showed

that mesopores (8-10 nm) were more abundant than

micropores (1-2 nm) (Fig. 1b).

The change in surface morphology and the chemi-

cal characteristics of the EGG were examined by

SEM and FT-IR spectroscopy, respectively. The sul-

furic acid and microwave treatment straightened the

corrugated structures on the surface compared to the

untreated control (Fig. 2), and transformed the pore

size and arrangement on the surface. The specific

surface area was increased due to the enhanced

porosity of EGG, as shown in Fig. 1b. FT-IR spec-

troscopy characterized the vibrational frequencies of

the carbon structure (Fig. 3). When a strong acid is

intercalated into the surface of carbon granules, the

carbon double bonds on the surface are oxidized with

the concomitant formation of oxygen-containing

groups, such as carboxylic and hydroxyl groups.

Both GG and EGG showed an absorbance for the

C=C stretching vibration at 1500-1700 cm-1 and the

Fig. 1. Comparison of the specific surface area of the EGG

and unmodified GG. (a) Effect of the stirring time with

sulfuric acid, (b) pore size distribution using BET analysis.

Fig. 2. Surface analysis by SEM. (a) of graphite granules,

and (b) expandable graphite granules.

Fig. 3. FT-IR spectra of expandable graphite granules and

graphite granules



300 Minsoo Kim et al. / J. Electrochem. Sci. Technol., 2021, 12(3), 297-301

C-C skeleton stretching vibration at 2317 cm-1. These

peaks are generally found in carbon materials [24-

26]. On the other hand, absorbances corresponding to

the C=O stretching vibration at 1636 cm-1 and the

OH stretching vibration at 1070 cm-1 were observed

in the EGG. In addition, a C-OH stretching vibration

was observed near 1169 cm-1. The C=O and OH

functional groups of EGG indicate that the sulfuric

acid treatment may transform the chemical character-

istics and the physical morphology of the carbon sur-

face [27]. 

Fig. 4a shows the bioelectricity production of a

microbial fuel cell when the GG and EGG were

implemented as an anode electrode. In the start-up

period, the output voltage was unstable, probably due

to the biological and chemical adaptation of the inoc-

ulum. The EGG showed a gradual increase in voltage

from three days of operation and better power perfor-

mance than the GG. The voltage of the EGG with a

1000 ohm resistance was three times higher than that

with GG (570 mV vs. 190 mV). The polarization

curves in both GG and EGG after the start-up period

were examined (Fig. 4b). The maximum power den-

sity produced by the EGG (1400 mW/m3) was higher

than that produced by the GG (900 mW/m3). Overall,

the biocompatibility and electron transfer between

the bacteria and carbon surface are improved by

modifying the surface morphology and chemical

characteristics, and the bioelectricity generation of

MFCs was increased. 

This study examined the sulfuric acid and micro-

wave treatment of granular graphite carbon for the

anode electrode of MFCs. The prepared expandable

graphite granule (EGG) showed a higher surface area

and porosity than untreated carbon. The biocompati-

bility and the transfer of respiratory electrons from

the bacteria to the electrode are improved by forming

C=O and OH functional groups through the above

treatments. The EGG-implemented MFC showed a

1.5 times higher power density than GG-MFC (1400

vs. 900 mW/m3). A feasible and straightforward

treatment of sulfuric acid and microwave heating can

increase the level of bioenergy generated from micro-

bial fuel cells and improve the biocompatibility of

carbon materials used in biofiltration and wastewater

treatment. 
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