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Graphical Abstract



Highlights 

 Electrogenic granular sludge as a biocapacitor for electron storage. 

 Capacitance of electrogenic granular sludge outperformed methanogenic one. 

 Capacitance increased with anode potential and amounts of granules. 

 Single granule was in close contact with electrode via cytochromes. 

 Cytochromes mainly contributed to the capacitance of such biocapacitor. 
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Abstract 

In search of clean, renewable and efficient supercapacitors, electrogenic microbes have 

been shown as a promising alternative biomaterial for energy storage. In this study, intact 

methanogenic granular sludge with a unique spherical structure consisting of dense 

microbial community was for the first time demonstrated as an efficient exoelectrogenic 

bioanode of supercapacitor for energy storage. The maximum capacity of 1542.7 ± 203.2 

mC is achieved by the exoelectrogenic granular sludge (EGS, 20 grams) based bioanode 

at the anodic potential of +0.2 V VS Ag/AgCl and with 5 minutes charge and 10 minutes 

discharge cycle. The capacitance of the EGS bioanode is 2-3 orders of magnitude higher 

compared to methanogenic one. The amount of EGS is found critical to the system 

capacitance. The electrochemical behavior of single EGS suggests the cytochromes, 

which had close contact with the flat graphite or gold wire electrode, plays an important 

role as an electron conduit between the electrochemical granule and the electrodes. The 

superior electron storage capacity of the EGS is probably related to its potential double-

layer structure and enrichment of exoelectrogenic bacteria having conductive c-type 

cytochromes. This proof-of-concept study offers insights into the future development of 

bio-based sustainable, low cost and environmental-friendly supercapacitor. 

Keywords: Supercapacitor; Anaerobic granular sludge; Exoelectrogens; Bioanode; 

Energy storage; Capacity 
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1. Introduction 

The increasing demand of energy globally along with the wish for carbon-neutral 

societies have created urgent needs on both sustainable energy conversion and storage 

technologies [1-4]. Among the available technologies, electrochemical capacitors 

(EC) [5], which reply on the materials with large surface area and porous boundary layer, 

are emerging as effective and practical devices to preserve electrical energy [6-8]. 

Nevertheless, the conventional materials used in EC are mainly carbon or metal oxide 

particles, which are relatively expensive and are not renewable.  

Recently, exoelectrogens, a specific group of bacteria that can oxidize organic matter and 

transfer released electrons extracellularly to the electrode, provide a promising way to 

harvest electrical energy or other valuable products from waste streams [2, 9]. In addition 

to electricity generation, the electroactive biofilm formed by exoelectrogenic bacteria 

growing on granular activated carbon has been demonstrated as a promising biological 

material to develop biocapacitor (i.e., supercapacitor) for charge storage [10, 11]. Such 

biocapacitor mainly utilizes the redox cofactors of exoelectrogens (e.g., c-type 

cytochromes) and electrical double layer of granular activated carbon to store 

electrons [12, 13]. Compared to conventional EC, the biocapacitor has tremendous 

advantages in terms of cost, renewability and sustainability [12]. Furthermore, the 

biocapacitor integrates waste-to-electricity conversion and charge storage into a single 

system, which may greatly simplify the energy system and reduce the capital and 

operating costs. The discovery of such unique property of electroactive biofilm and the 

invention of biocapacitor opens up a new door for the development of sustainable energy 

storage devices. However, the development of such a novel energy storage system is still 
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in its infancy. Among others, the development of efficient and thick biofilm and further 

reduction of material costs (i.e., to replace granular activated carbon) are the two key 

issues to be addressed. 

In this context, methane-producing microbial consortia as granular sludge have come to 

attention as a promising biological capacitive material due to their outstanding 

characteristics. Granular sludge consisting of microbial associations that are well kept 

together by extracellular polymers is typically used in upflow sludge blanket 

reactors [14]. Firstly, anaerobic granular sludge has a unique 3D porous structure, which 

is quite similar to the typical conductive material (e.g., granular activated carbon). This 

specific structure will help granular sludge to build up a double layer for the storage of 

electrical charges. Secondly, innate granular sludge could be turned into conductive 

(exoelectrogenic) by enriching electroactive microbes. It has been reported that the 

microbial aggregates were conductive as a result of the enrichment of exoelectrogens in 

syntrophic cultures [15, 16]. Thirdly, granular sludge has quite dense microbial 

communities compared to 2D thin biofilm. Fourthly, granular sludge as biological 

material is green, cheap and renewable. For instance, compared to granular activated 

carbon covered by biofilm, granular sludge will greatly reduce the electrode material 

costs owing to the spherical structure and innate massive microbes. The commercial 

prices for granular sludge and activated carbon are 0.22 Euro and 55 Euro per kg. With 

this novel biomaterial, charging in biocapacitor could be achieved via oxidation of 

electron carrier by granular sludge followed by storage of released electrons in proteins 

and double layer, while the discharging could be realized through connecting the 

bioanode and cathode to external circuit.  
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In this study, an exoelectrogenic granular sludge (EGS) was acclimatized from intact 

methanogenic granular sludge and explored as an alternative bioanode material of 

biocapacitor for energy storage. The EGS-based bioanode was exhibiting superior 

charge-storage capability (70 times higher) compared to that of methanogenic one. The 

maximum charge storage of 1542.7 ± 203.2 mC was achieved with 5 minutes charge and 

10 minutes discharge cycle at the anodic potential of +0.2 V vs Ag/AgCl. Additionally, 

electrochemical characterization of single granule demonstrated the unique 

electrochemical activity of the outer layer of single granule contacted with the electrode, 

which may server as electric conduit between microbes and electrode for long-range 

extracellular electron transfer and, contribute to the formation of the double layer. 

Microbial dynamics under chronoamperometry did reveal the enrichment of 

exoelectrogenic bacteria. Based on these findings, a potential charge-storage mechanism 

was also proposed. 

2. Material and methods 

Anaerobic granular sludge. 100 g granular sludge were collected from a mesophilic 

up-flow anaerobic sludge blanket reactor fed with potato wastewater (Colsen, 

Netherland), and maintained at 4 °C under anaerobic conditions (flashed with N2 for 30 

minutes). Before starting experiments, the granular sludge was kept at room temperature 

(25 ± 2 °C) for 2 hours, for reviving the activity of microbes. To distinguish, the original 

granular sludge was denoted as methanogenic granular sludge and the electrochemically 

acclimated granular sludge was denoted as exoelectrogenic granular sludge (EGS).  
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Bio-capacitor set-up and single granule reactor design. Two identical bio-

capacitors, denoted as biocapacitor1 and biocapacitor2, were constructed. Each bio-

capacitor was composed of 20 g granular sludge embedded in a two-neck glass flask (500 

ml, WO Schmidt, Germany), as shown in Figure S1. A carbon brush used as anode 

electrode (working electrode), which provided a good contact with granule sludge. All 

the experiments were carried out under three-electrode configuration controlled by a 

multi-channel potentiostat (Metrohm Autolab, Germany). The counter electrode consisted 

of a stainless-steel mesh with a surface area of 0.1 m2 (Ludwig Ohlendorf KG, Germany). 

An Ag/AgCl (sat. KCl) electrode (Sensortechnik Meinsberf, Germany) served as the 

reference electrode. All the potentials reported in this study are versus Ag/AgCl (+0.197 

V vs standard hydrogen electrode). The counter electrode and reference electrode were 

placed close to the working electrode (carbon brush) to diminish the electrolyte effect (iR 

drop). The medium was synthetic wastewater prepared according to Kim et al [17], 

supplemented with sodium acetate (10 mM) and vitamin and trace elements [18]. To fully 

immense all the three electrodes and granule sludge, 350 ml media (purged with pure N2 

for 30 minutes before use) were carefully added into the anode chamber. After media 

replacement, the whole device was sparged with pure N2 for another 30 minutes to ensure 

strict anaerobic environment during experiments. The temperature was maintained at 

room temperature (25 ± 2 °C). During the conversion of the granular sludge from 

methanogenic into exoelectrogenic condition, chronoamperometry (CA) namely potential 

control, was conducted with an anodic potential of +0.2 V to form EGS. Controlling 

anodic potential was demonstrated as the optimal strategy to covert the granule from 

methanogenic to exoelectrogenic [19].  
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To characterize the electrochemical behavior of a single granule, two sets of different 

reactors were installed. Both sets of reactors were based on a four-neck glass flask (20 

ml). In the experiment of single granule sludge growing on a flat electrode, polished flat 

graphite with a surface area of 0.2 cm2 was used as the working electrode. In the 

experiment of single granule sludge wrapped with gold wire, gold wire (0.1 mm 

diameter, approximately 5 cm length) was wrapped around the granule sludge surface to 

ensure a good contact, serving as a working electrode. For both reactors, the working 

electrode and reference electrode were graphite rod and Ag/AgCl electrode. The reactors 

were fed with 10 ml sodium acetate medium (10 mM) as described above. The reactors 

were purged with pure N2 for 30 minutes before testing. All experiments were conducted 

in duplicate. 

Charge-discharge experiments. To evaluate the capacitive property of the 

biocapacitor, charge-discharge tests were conducted. A single cycle included a charge 

period (open-circuit mode) and a discharge period (reactor operation at a setting anodic 

potential). The biocapacitor was fully discharged for 1 hour before starting each cycle. 

For all charge-discharge experiments, ten consecutive cycles were performed, on which 

all the calculations were based. In the experiment of multi-parameter effects, three 

different anodic potentials (-0.2 V, 0 V, +0.2 V) were first applied to the discharge 

period, respectively. Different charge-discharge cycles including 5 min - 10 min, 10 min - 

5 min, 10 min - 30 min, and 20 min - 60 min were chosen as described in Table 1.  

Electrochemical measurements. All the electrochemical characterizations were 

carried out by a multi-channel potentiostat (Metrohm Autolab, Germany). After 
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reproducible current generation during CA at 0.2 V, polarization curves were performed 

to determine current response as a function of varied anode potential. The anode potential 

was varied from -0.5 to +0.2 V, with the step of 0.05 V. For each anode potential, it was 

kept for at least 20 minutes until the current output was stable. The average current 

outputs for polarization curves were taken from the last 5 minutes at each potential. 

Cyclic voltammetry (CV) was performed whenever the current achieved the maximum 

value (turnover CV) and when the current declined to a minimum value (non- turnover 

CV). Anode potential was swept from -0.5 to 0.2 V versus Ag/AgCl at a scan rate of 1 

mV s-1.   

Microscopy. Scanning electron microscope [20] (FEI Quanta 200 ESEM FEG, 

Germany) test was performed to characterize the morphology of granule sludge after 

acclimation experiment using CA. Granule sludge was prepared by fixing with 4% 

formaldehyde overnight at 4 °C and dehydrating with successive passage through 

gradient 25%, 50%, 75%, 95% and 100% ethanol and subsequently freeze dried. The 

prepared granule sludge was coated by nano-gold (Quorum sputter coater, UK) and 

observed with the SEM. 

For the Raman microscopic analysis, single granule sludge was gently removed from the 

anode chamber, and transferred immediately to a sterilized glass slide. The Raman 

measurements were performed using the Renishaw RAMAN spectrometer InVia 

REFLEX. To enable an effective resonant excitation in the cytochromes, the laser light of 

532 nm was chosen. The excitation energy was set below and each spectrum was 

recorded at the corresponding site of the sample (as explained earlier). For the 
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measurement of different sites, the angle of the microscopic lens was modified to fit the 

requirements. Though only one single spectrum was displayed as representative at each 

sample site, in some cases, up to five similar spectra were taken to improve the 

resolution. About the acquisition time, each operational parameter was displayed in each 

Raman spectra caption. Baseline subtraction was performed for all the spectra in the 

software Renishaw WiRE. 

Capacitive charge and charge recovery calculations. Theoretical charge-discharge 

was displayed in Figure S2. The total cumulative charge cummQ  was calculated by integral 

of current and time all along the whole period, as demonstrated by equation 1, where 

cummQ  is the sum of capacitive capQ , stQ , capQ  refers to the capacitive charge contributed by 

the capacitive current, and stQ  refers to the stable charge contributed by the faradic 

current. t1 is the whole period time including charge and discharge, and iI  is the 

measured current that flowed from anode to cathode. The cumulative total charge was 

calculated to get further sights into the storage capacity and stability (equation 4). 

2

0

t

cumm it
Q I dt    Eq (1) 

st s dQ i t              Eq (2) 

2 1dt t t             Eq (3) 

cap cumm stQ Q Q   Eq (4) 

      cumm
rec

st

Q

nQ
      Eq (5) 
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The expected charge expQ  was calculated as equation 2, where  is the steady state 

current when the cell achieved stable during discharge period, and  is the discharge 

time (equation 3).  

The relative charge recovery ( rec  ), as an indicator of energy stored in bioanode, was 

calculated according to equation 5 based on the data obtained from 10 consecutive cycles. 

n was the number of charge and discharge cycles.  

There are three conditions the charge recovery could achieve: (1) when charge recovery 

is larger than 1, the measured total charge is higher than the expected charge. (2) when 

charge recovery is equal to 1, the measured charge is equal to the expected charge. (3) 

when charge recovery is smaller than 1, the measured charge is lower than the expected 

charge. 

Microbial community dynamics under chronoamperometry. The microbial 

community was analyzed by 16s rRNA sequencing. For the single granule experiment, 

one time. Therefore, we designed a separate experiment to decipher the change of 

microbial composition. Similar installation was performed as following. 80 g of granule 

sludge was placed in the anode chamber, surrounded by a carbon brush. The reference 

electrode Ag/AgCl was placed close to the anode. The counter electrode was a titanium 

woven wire mesh (4×4 cm, 0.15 mm aperture, William Gregor Limited, London) coated 

with 0.5 mg cm-2 Pt. The same acetate-rich medium was fed to the reactor. A similar CA 

procedure was performed to turn the methanogenic granular sludge to exoelectrogenic. 

The anodic potential was controlled at +0.02 V, and the current response was recorded by 
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a potentiosat (Ivium-n-Stat, Ivium Technologies, Eindhoven, The Netherlands). The 

formation of EGS was recognized by a significant increase in current and later confirmed 

by 16s rRNA. 

EGS was collected to analyze the microbial community composition, in comparison to 

the fresh methanogenic granular sludge. PowerSoil DNA Isolation Kit (MoBio 

PowerSoil, Carlsbad, CA, USA) was used to extract the total DNA. Universal primers 

515F/806R were used to amplify the total genomic DNA on the V4 hypervariable region 

of 16S rRNA gene, and the amplicons were sequenced using Illumina MiSeq desktop 

sequencer (Ramaciotti Centre for Genomics, Kensington, Australia). Raw data were 

deposited in the Sequence Read Archive database (https://www.ncbi.nlm.nih.gov/sra) 

under the project number PRJNA451128. 

CLC Workbench software (V.8.0.2, QIAGEN) equipped with the Microbial genomics 

module plugin was used for OUT clustering and taxonomy identification as previously 

described [21]. The taxonomical assignments of the selected interesting OTUs (relative 

abundance over 0.1%) were conducted including a manual comparison of CLC results 

with 16S ribosomal RNA sequences (Bacteria and Archaea) database at the National 

Center for Biotechnology Information (NCBI) by using BLAST [21]. 

3. Results and discussion 

3.1. EGS and charge-storage capability 

Scanning electron microscopy (SEM) analysis was first employed to visualize the 

morphology of EGS [20]. The EGS had a spherical rough surface with porous structure 
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(Figure S3), together with the enrichment of exoelectrogenic microbes from out and 

inside, it would allow a potential electrical double layer effect when immersed in an 

electrolyte [15, 22]. Besides, the big surface area of granular sludge would be beneficial 

for the enrichment of exoelectrogens [23]. The mechanical strength of the granular 

structure offered a robust supportive skeleton for microbes to withstand the 

environmental changes in the surroundings (such as shaking or moving) compared to 

other conventional exoelectrogenic biofilms [14, 24]. Besides, rod-shape microorganisms 

- a shape of microorganisms commonly found in electroactive biofilm [25, 26] - were 

observed in high-resolution images (Figure S3b). There were multi-channels with approx. 

1 µm diameter which were probably used for gas transportation inside of EGS (Figure 

S3c and S3d) [27]. Overall, EGS had unique physical properties which may allow it to be 

an ideal biological capacitive material for storage of electric charge.  
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Figure 1. Electrochemical characterization profiles of biocapacitor with different 

bioanodes. (a) Chronoamperometric plot of duplicate EGS-based biocapacitor systems 

during enrichment; (b) Polarization curves of the systems with EGS anode, abiotic anode 

(Control 1) and methanogenic granular sludge-based anode (Control 2); (c) Cyclic 

voltammogram of different bioanodes. 10 mM of acetate was used as substrate, for all the 

above tests. 

To transform methanogenic into electrogenic granules, chronoamperometry (CA) was 

performed to enrich the exoelectrogens in the granular sludge. The working electrode 
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potential was set as +0.2 V, which was previously reported to be energetically favorable 

for the growth of exoelectrogens [28]. The CA profile (Figure 1a) illustrates the 

successful enrichment of exoelectrogens after 7 days of operation. Once reproducible 

high biocurrent (around 40 mA) was obtained after approx. 8 days, the electrocatalytic 

activity of the EGS bioanode was characterized by conducting a polarization curve test. 

As depicted in Figure 1b, maximum biocurrent of 28.4 mA was generated by the EGS 

bioanode at the anodic potential of 0.1 V, while the current derived from the abiotic 

anode (control1) or methanogenic granular sludge bioanode (control2) was negligible. 

The results suggest the biocurrent was mainly derived from bioelectrocatalytic activity 

and was dependent on the anodic potential. Subsequently, cyclic voltammetry (CV) was 

exploited to obtain a straightforward view of the bioelectrocatalytic activity of EGS-

based bioanode. As shown in Figure 1c, CV profiles of both biocapacitors showed a 

similar trend. The CV curves of the abiotic anode, methanogenic granular sludge anode 

and inactivated EGS anodes (low current response of 1.4 mA during CA period) all 

showed insignificant exoelectrogenic signal. Differently, the CV profile recorded with the 

enriched EGS exhibited an enhanced current signal at high potential, which was 

attributed to the electroactivity of exoelectrogens [29, 30]. Slightly different from the 

typical sigmoidal shape, the current s

potential increased above 0 V. The continuing increasing current at high anodic potential 

suggested either a diffusion issue or limited electron transfer without the presence of 

extracellular redox mediators [31]. The above results demonstrated that the EGS-based 

bioanode was successfully transformed from methanogenic to exoelectrogenic.  
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Figure 2. Typical charge-discharge test at 0 V. (a) Anodic potential change and (b) 

current response during cycles of 60 s charge and 180 s discharge period (n=10). 

As previously reported, during the electron transfer process between electroactive 

microorganisms and electrode, specific groups of redox cofactors (i.e. cytochromes) can 

accumulate charges temporarily [32, 33], which is one of the identified mechanisms of 

biocapacitors. Considering the porous structure of granular sludge which might be able to 

harbor dense microbial communities and the potential enrichment of electroactive 

bacteria after the CA approach, the EGS bioanode could have the potential to store 

electric charge. To evaluate the feasibility, a cycle test, including one open circuit mode 

and one period with control of anodic potential at 0 V, was applied [10]. The biocapacitor 

was charged when it was in open circuit, and discharged when the anodic potential was 

controlled. The anodic potential of 0 V was chosen, because the current response reached 

a plateau with small standard deviation values at this potential (according to the 

polarization curve shown in Figure 1b). The representative profile of charge-discharge 

cycles is given in Figure 2.  
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In the open circuit (charging), the anodic potential showed an immediate decrease (0.12  

0.01 V), which was mainly due to the negatively charged state of the EGS based 

bioanode as a result of the continuing metabolic oxidation of the substrate. After 

switching it back to the closed-circuit (discharging), the cell showed a quite typical 

capacitive current signal (Figure 2b). Thereafter, the current decreased towards a stable 

value, which was usually regarded as the faradic current generated by the metabolic 

oxidation of redox cofactors at the electrode. From mathematic calculation based on the 

integral equation of current with time, the cumulative Q, stable Q, and capacitive Q were 

obtained (see Methods section). Capacitive Q is an important indicator to evaluate the 

performance of a capacitor. The higher Q value, the higher the capacity would be. Among 

ten consecutive cycles, the cells had a peak current of 23.54  0.74 mA during the first 

100 seconds, and then it reached a stable value of 15.11  0.29 mA. The capacitive Q was 

211.3  24.06 mC. When compared to the capacitive Q of the biocapacitor with 

methanogenic granular sludge (-3.8 ± 6.1 mC at 0 V anode potential, Figure S4), the 

results demonstrate the superior capacitive performance of the biocapacitor with EGS 

(211.3  24.06 mC at 0 V anode potential). It has been demonstrated that the phosphor-

lipid bilayer structure of cells, c-type cytochromes and nanowires in/on cell membrane 

enabled electroactive bacteria working as a bioanode material of biocapacitor [33, 34]. 

Thus, the superior biological capacitance of the EGS bioanode was probably due to the 

enrichment of exoelectrogenic bacteria and the associated cytochromes. To the best of 

our knowledge, this is the first study that demonstrated the feasibility of EGS-based 

bioanode as the capacitive material of biocapacitor.  

3.2. Multi-parameter effects on the capacitive performance 
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Figure 3. Capacitive Q at multi-parameter conditions. Red circles represent effect at 

different potentials with 1 min charge and 3 min discharge cycle; Blue circles represent 

effect of charge-discharge times; Specially, green circles refer to the capacitive Q when 

the discharge time was shorter than charge time; Black circles represent the control (0 g 

EGS) with 1-3 min and 5-10 min charge-discharge time, respectively. Unless stated 

otherwise, 20 g EGS were used and anodic potential was controlled at 0.2 V. All the error 
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The anode potential has been reported as an effective strategy to suppress methanogens 

and enrich electroactive bacteria [35]. Thus, it may affect the capacitive performance of 

EGS bioanode. To verify this hypothesis, the performance of EGS bioanode at three 

different anodic potentials including -0.2, 0 and 0.2 V was investigated. It was found that 

capacitive Q increased with increasing anodic potential and reached to 296.3  16.6 mC 

at the anodic potential of 0.2 V (Figure 3). Furthermore, the relative charge recovery, 

defined as the ratio of capacitive current and faradic current, was stable at around 1.08 

with the tested anode potentials (Table 1). The increase of protein (i.e. cytochromes 

associated with electron storage) or exoelectrogenic activity at more positive 

potential [36, 37] could contribute to the increase of capacitive Q when the anodic 

potential increased from -0.2 to 0.2 V. Besides, 

with anodic potential when it increased from 0 to 0.2 V (Table 1), which was probably 

because the faradic current increased along with capacitive current at higher anodic 

potential. Based on the above, the anodic potential of 0.2 V was chosen for the following 

tests. 

Table 1. Relative charge recovery ( rec) under different operating conditions during 10 

consecutive charge-discharge experiments. When the value is over 1, the measured total 

charge was higher than the expected charge. (1 min - 3 min means charge for 1 minute, 

discharge for 3 minutes.) 

 20 g EGS 20 g EGS 0 g EGS 

 -0.2 V  0 V 0.2 V 0.2 V 0.2 V 
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1 - 3 min  

5 - 10 

min 

10 - 5 

min 

10 - 30 

min 

20 - 60 

min 

1 - 3 

min 

5 - 10 

min 

 1.04 

0.00 

1.08 

0.01 

1.08 

0.01 

1.22 

0.01 

1.28 

0.02 

1.34 

0.02 

1.36 

0.03 

1.01 

0.00 

1.01 

0.00 

 

Charge and discharge time is a representative indicator to evaluate a capacitor [38]. Thus, 

the effect of different charge and discharge time on the capacitance of the EGS bioanode 

was investigated. Notably, as shown in Figure 3 capacitive Q was dramatically improved 

from 296.3  16.6 to 1542.7 ± 203.2 mC when the charge-discharge time was increased 

from 1 min - 3 min to 5 min - 10 min. When the charge and discharge time was further 

increased (i.e. 10 min - 30 min, and 20 min - 60 min), no further significant improvement 

of the capacitive Q was observed. The capacitive Q tended to maintain stable around 

1600 mC. The increasing standard deviation at 10 min - 30 min and 20 min - 60 min 

indicated the low stability of biocapacitor when the time was prolonged. A similar trend 

was observed for relative charge recovery as well. Moreover, when the discharge time 

was shorter than the charge time (10 min - 5 min), the capacitive Q showed a decreasing 

trend compared to the capacitive Q at 10 min - 30 min (Table 1). It means, that the 

discharge time needs to be longer than charge time, to have adequate time to capture all 

the capacitive Q. Trading-off the stability and capacitive Q, the optimal charge-discharge 

time was selected as 5 min  10 min, and the corresponding capacitive Q was 1542.7 ± 

203.2 mC. It has been reported that a single activated carbon granule based bioanode 

accumulated 860 mC electrons in a 1 min charging and 3 min discharging period [11]. In 
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our study, 20 g EGS stored 1542.7 ± 203.2 mC. 

 [39]. 

Furthermore, reliable 

cycling durability was proved after a long-term operation (10 consecutive cycles), which 

was another merit of EGS bioanode.

To identify the effect of EGS quantities on biocapacitor performance, different amounts 

of EGS were removed from the anode chamber. The capacitive Q and relative charge 

recovery were calculated based on the 10 consecutive cycle tests. As depicted in Figure 3, 

capacitive Q and the relative charge recovery notably decreased when EGS were 

removed, regardless of charge-discharge time. In 5 min charge and 10 min discharge 

cycle, the capacitive Q and relative charge recovery were decreased dramatically from 

1542.7  203.2 mC and 1.22 ± 0.01 to 184.3 ± 9.3 mC and 1.01 ± 0.00, respectively. 

Similarly, in 1 min charge and 3 min discharge cycle, the capacitive Q and relative charge 

recovery decreased from 296.3  16.6 mC and 1.08 ± 0.01 to 62.1 ± 1.2 mC and 1.01 ± 

0.00, respectively. The results above implied a strong correlation between EGS quantity 

and biocapacitor performance. It could be explained by the presence of exoelectrogens. 

Generally, the higher content of exoelectrogens in granular sludge, the more capacitive 

material (i.e., electron shuttles, c-type cytochromes and/or nanowires) may be 
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available [40], resulting in higher capacitance of the biocapacitor. Additionally, the 

special granular structure including the channels and pores on the granule surface may 

create the electrical double layer [41]. In this context, when EGS were totally removed, 

not only exoelectrogens and the associated redox cofactors may decrease, but also the 

electrical double layer would disappear.  

3.3. Electrochemical behavior of single EGS 

 

Figure 4. Electrochemical behavior of single EGS growing on the graphite. (a) CA, (b) 

CV profile and (c) sampling sites, (d) Raman spectrum. CA was performed at +0.2 V. 
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To gain insight into the mechanisms behind the capacitive behavior of the EGS bioanode, 

the electrochemical behavior of a single granule sludge was investigated. The setup for 

the test is shown in Figure S5. Single EGS was sedimented naturally on a graphite 

electrode (0.20 cm2), and a 10 ml medium was refreshed to achieve an acetate 

concentration of 10 mM in each batch. Figure 4a shows the biocurrent generation from 

single EGS during the CA experiment, indicating the enrichment of electroactive 

bacteria. After 16 days, biocurrent generation increased gradually and reached a 

maximum level of 5.4 A, and thereafter it declined due to the substrate exhaustion. 

After medium replacement, the biocurrent generation increased again. After several 

batches (approx. 37 days), a maximum current of approx. 50 A was achieved. To 

elucidate the electron transfer mechanisms in the single EGS bioanode, CV at turnover 

(in the presence of electron donor) and non-turnover (acetate depletion) conditions were 

recorded. As shown in Figure 4b, a typical sigmoidal wave was observed for both 

conditions, demonstrating a good electroactivity of the EGS bioanode. However, the CV 

curve did not show straightforward information on the electron transfer site that was 

correlated with formal potential positions [36, 42]. Thus, the calculation of formal 

potential from the first derivative curve of CV was performed (Figure S6). In turnover 

CV, two major redox systems were distinguished, noted as redox system I at a formal 

potential of -0.344 V and system II at a formal potential of -0.275 V, respectively. Redox 

system I can be attributed to the direct electron transfer via outer membrane cytochromes 

like OmcB, OmcE and OmcS according to the potentials of membrane-bound electron 

transfer protein reported previously [43]. The positive shift of formal potential in the 
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second redox system may have resulted from a population of redox species whose current 

was not affected by diffusion [31].  

In turnover conditions, when microorganisms were oxidizing substrates, multiple currents 

of each redox species were recorded in a CV curve and high catalytic current may 

overshadow the signals from individual redox species. Therefore, non-turnover CV 

analysis was performed to study the individual redox species related to interfacial 

electron transfer between redox centers [44]. Two redox peaks were obtained with the 

formal potential of -0.367 and -0.325 V. Both redox systems were associated with direct 

electron transfer which can be accommodated by the outer membrane cytochromes [29]. 

Particularly, the formal potential of -0.367 V was close to the formal potentials (-0.389 

V) of c-type cytochromes expressed by Geobacter sulfurreducens, which points towards 

a Geobacter dominated biofilm. Thick biofilm was observed by the naked eye and 

reddish Geobacter-like bacteria were identified in the biofilm by microbial community 

analysis (Figure S7).   

To further confirm this, Raman spectroscopy was performed on different sites 

(schematically described in Figure 4c) of the single EGS. As shown in Figure 4d, the 

-type 

cytochromes [45-47], such as the main heme band at 1586 cm-1, typical oxidation state-

sensitive bands at 1316 with two additional minor bands at 1397 and 1406 cm-1, and 

strong band at 1508 cm-1 (associated with heme interaction with a metallic surface) [46]. 

It has been reported that these characterized peaks were associated with the multi-heme 

of G. sulfurreducens cytochromes [47]. Additionally, the Raman absorption spectra also 
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showed multiple bands at 749, 999, 1151, and 1639 cm-1 with minor bands at 1228 cm-1, 

which were assigned to the heme interaction with surrounding organic molecules [46]. 

The peak at 749 cm-1could be from -O-H vibration of the periphery heme carboxylic 

group of the molecule [47], and the two main bands (1586 and 1639 cm-1) were probably 

ascribed to the vibrations of the terapyrrole ring located at the center of heme which has 

been demonstrated to be sensitive to the heme oxidation state [46, 48]. Comparatively, no 

were well spatially structured according to formal potential and characterized Raman 

peaks. The cytochromes are not only involved in the respiratory electron transport chain, 

but also assisting in the electron transport [49] or transfer [50] via conductive nanowires. 

Thus, the results indicated that the out layer of EGS that was in good connection with the 

electrode might play an important role in effective electron flow between the single 

granule and graphite electrode. However, the electron flow mechanisms inside the 

granule remained unknown.  
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Figure 5. Electrochemical behavior of single EGS wrapped with gold wire. (a) CA, (b) 

CV profile and (c) sampling sites, (d) Raman spectrum. CA was performed at +0.2 V. 

To further explore the importance of the direct connection between the out layer of EGS 

and electrode, the electrochemical behavior of single EGS wrapped by gold wire (Ø 0.1 

mm, Figure 5c and Figure S8) was investigated by the similar CA (+0.2 V) and CV tests. 

CA profile showed a typical current generation in a fed-batch operation. At day 13 

current reached a maximum level of 110 A, and thereafter decreased due to the substrate 
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exhaustion. A rapid current response was immediately observed after replenishing 

medium, implying a good and stable electrochemical activity. The single granule, 

wrapped with gold wire, was analyzed by CV under turnover and non-turnover conditions 

(Figure 5b). The classic sigmoidal shape was observed for turnover CV, and formal 

potential of -0.322 V was obtained from its first derivative curve (Figure S9), indicating 

the strong association of outer membrane-cytochromes to electrocatalytic activity. 

Interestingly, at non-turnover conditions, microbes showed more complex behavior. 

From the derivative curve (Figure S9), it was observed that there was only one reduction 

inflection point, and three oxidation inflection points (represented by three single 

maximum in the curve) under non-catalytic conditions. The three oxidation peaks became 

distinguishable when the acetate was depleted. It could be due to that multiple redox 

species were involved in the electron transfer and exhibited different formal potentials or 

single redox mediator occupying different micro-environments [31]. Raman spectroscopy 

was performed on different sites of the single EGS. As expected, all the sampling sites 

(Top, Middle and Bottom), which were in good contact with gold wire, exhibited typical 

characterized peaks of cytochrome c (main heme bands at 1647 cm-1, 1586 cm-1, 1312 

cm-1 and 750 cm-1). Oppositely, in inner parts of the granule which were not in direct 

contact with gold wire, only noise peaks were observed. The results further verify that 

direct connection between single EGS and electrode may be favorable for the enrichment 

of electrogenic bacteria, which in return could promote the electron transfer through 

cytochrome c (as an electric conduit). Once the single EGS was moved from the gold 

wire, the biocurrent soon declined from 34.5 to 26.2 A (Figure S10), which indicated 
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that they may also contribute to the current generation [51]. This result was in line with 

the previous multiple EGS experiment. 

3.4. Microbial community dynamics under chronoamperometry 

 

Figure 6. Taxonomic classification of the archaea and bacteria communities (over 0.1% 

of the relative abundance). The area of pie was based on the relative abundance, which 

was normalized by the relative abundance affiliated with the taxon divided by the total 

abundance of sequences per sample. (a) and (b) archaea-genus level; (c) and (d) bacteria-

genus level. 
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It was hypothesized earlier that the superior capacitive performance of the EGS was most 

likely due to the enrichment of exoelectrogenic microorganisms. Therefore, disclosing 

the microbial community in the EGS and the methanogenic ones would be helpful for a 

better understanding of the electron storage process. Thus, microbial community 

dynamics were investigated under the CA program (anode potential at 0.02 V vs 

Ag/AgCl). The taxonomic classification of the archaeal communities at different levels is 

displayed in Figure 6a and 6c. The order level classification revealed that 

Methanobacteriales as hydrogenotrophic methanogens were dominant in methanogenic 

granular sludge and EGS samples, with a relative abundance of 53% and 93%, 

respectively. Besides, acetoclastic methanogens Methanosarcinales and 

hydrogenotrophic methanogens Methanomicrobiales were identified in both samples and 

decreased in cultivated EGS sample. The decrease in abundance of acetoclastic 

methanogens could be due to the inhibited methanogenic activity at positive anodic 

potential [52]. At the genus level, more than 93% of the sequences from EGS were 

assigned to Methanobacterium, while it only accounted for 53% in methanogenic 

granular sludge. Besides, Methanosaeta, which is known as a unique methanogen 

exclusively using acetate [53], decreased significantly at the end of the experiment (from 

34% to 1%). The results suggested that the acetoclastic methanogens were seriously 

suppressed after elevating anodic potential indicating their higher sensitivity to the 

increased redox potential.  

The taxonomic classification of the bacterial communities is depicted in Figure 6b and 

6d. The phylum-level classification showed that Firmicutes (26%), Bacteroidetes (17%), 

Thermotogae (14%), Proteobacteria (11%), followed by Synergistetes (8%), Tenericutes 
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(7%) and others (17%) were the most dominant bacteria in methanogenic granular sludge. 

Comparatively, in the EGS, the microbial community composition changed and was 

mainly dominated by Synergistetes (36%), Bacteroidetes (32%), Firmicutes (15%), 

followed by Chloroflexi (7%), Proteobacteria (3%) and others (7%). The Proteobacteria, 

Synergistetes, Firmicutes and Bacteroidetes were often found in the electroactive 

anode [54, 55]. The different phyla distribution suggested that the granular sludge 

community was greatly changed after the proliferation of exoelectrogens at the positive 

anodic potential. At the order level, in methanogenic granular sludge, Bacteroidales 

(17%), Thermotogales (14%), followed by Campylobacterales (10%) were the most 

abundant, whereas, in exoelectrogenic granular sludge, Synergistales (36%), 

Bacteroidales (17%), followed by Clostridiales (12%) were predominant. Interestingly, 

Desulfuromonadales was present after the successful transformation of granular sludge 

from methanogenic to exoelectrogenic conditions. Many species belonging to 

Desulfuromonadales have been reported as electroactive bacteria [56]. The genus-level 

classification confirmed that the Desulfuromonadales was affiliated with genus 

Geobacter (relative abundance of 1.2%), which was known for its ability for direct 

extracellular electrons transfer via conductive nanowire [57-59]. The above results further 

confirmed the enrichment of exoelectrogens in granular sludge, which in turn indicated 

the role of exoelectrogens in granular sludge for electron storage. 

(Proposed mechanism of charge storage in EGS) In light of the results above, a potential 

mechanism of charge storage in the biocapacitor was proposed. When the organic matter 

was oxidized by exoelectrogens, the electrons are released and stored in the c-type 

cytochromes or nanowires [60]. Thereafter, some of the electrons were transferred to the 
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outer membrane of cells, which may induce the adsorption of the cation ions on the 

surface of granule sludge and thereby forming a typical electrical double layer (similar to 

activated carbon granule) [11]. Besides, the cytochrome c as a redox cofactor itself can 

also store the charge generated from organics oxidation.  

The potential contributions of cytochromes and electrical double layer to the electron 

storage were proved in this study, but it still remains unclear which of them was the most 

dominant mechanism. There are several approaches to clarify this. For example, detection 

of the cytochromes in EGS using proteomics or RNA analysis could gain a better 

understanding of the functional role of c-type cytochromes. Besides, the effect of the 

electrical double layer could be demonstrated by adding suitable reagents (i.e. 

ethylenediaminetetraacetic acid) to remove/exclude the cations in the electrolyte. 

3.5. Significance and perspectives 

The present work for the first time reported an EGS-based biocapacitor for electron 

extracting and accumulation from wastewater. Compared to the other abiotic materials 

such as activated carbon granule-based biocapacitors, the EGS-based biocapacitor has its 

own merits. Firstly, the dense exoelectrogens and innate 3D granular structure enable a 

good capacity of electron storage in the EGS-based bioanode. Secondly, the EGS was 

much cheaper than the activated carbon granule (as stated in Introduction). Lastly, the 

amount of electron storage in 20 g EGS (1542.7 ± 203.2 mC) was higher than the 

maximum value reported so far (860 mC, single activater granule) [11].  

Though promising, more efforts should be made to find a suitable niche for its real 

application. First of all, considering the complex pH range of real wastewater, the 

biocapacitor performance under different pH conditions should be investigated to better 
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understand the applicable pH range. Secondly, the capacitive current could be 

advantageous when using EGS granules in fluidized microbial fuel cell reactors, where 

charging EGS in one stage/chamber, and discharging in another stage/chamber as 

described earlier [61]. Thirdly, to improve the overall capacitive performance of the 

novel biocapacitor, a good contact among EGS granules and current collector was of 

utmost importance. In that case, the low internal resistance would, in turn, boost the 

electron flow. When the maximum capacitance is achieved in an ideal case, there will be 

several potential applications such as to power sensors, lighting, pumps or robots which 

consume pulsed current/power [39]. 

4. Conclusions 

This proof-of-concept study successfully demonstrated, both in multiple and single 

granular sludge level, the capacitive capability of the EGS. Such a novel biocapacitor 

based on EGS not only can extract the chemical energy from organic waste streams but 

also can take its unique advantages of the granular structure and capacitive c-type 

cytochromes to store electric charges. With the EGS, 1542.7 ± 203.2 mC charge was 

harvested and stored from synthetic wastewater, when it was charged for 5 minutes at 

+0.2 V vs Ag/AgCl and discharged for 10 minutes. The charge could be potentially 

applied to power small devices with low energy demand, i.e. biosensors. Thus, we 

envisage the EGS-based biocapacitor to be a promising and alternative electron storage 

device, which will open an avenue towards a cheap, renewable and carbon-neutral 

biocapacitor. 
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