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g r a p h i c a l a b s t r a c t
� A novel 3D structure with freely
standing threads twisted with fibers
was developed.

� It has larger surface area and capaci-
tance than conventional materials.

� It performed better when used as
bioanode substrate.

� This study provided new thoughts of
preparing electrode material.
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a b s t r a c t

Efficiency of bioelectrochemical systems (BESs) is generally limited by the performance of bioanode,
resulted from the nature of microbial electron transfer and the character of the anode substrate. In the
present study, a 3D structured anode material is fabricated using a towel as precursor through high-
temperature carbonization. The 3D electrode is resulted from freely standing threads, twisted by fi-
bers with diameter at micrometer scale, on a woven textile substrate. The open structure provides easy
accesses for microbial to attach on the fiber surface. Furthermore, the prepared materials possess a high
capacitive character which is beneficial for electron storage and contributes to the performance of bio-
anode. When tested in BESs, the prepared material achieves a current density of 0.80 ± 0.06 mA cm�2,
larger than conventional anodes, e.g. graphite felt (0.55 ± 0.01 mA cm�2), carbon cloth
(0.06 ± 0.01 mA cm�2), and carbon mesh (0.02 ± 0.00 mA cm�2). The present study provides a novel 3D
anode substrate that can effectively promote the performance of BESs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Bioelectrochemical systems (BESs) are the technologies per-
forming wastewater treatment, energy recovery and value-added
matter production through the function of exoelectrogens in
anode chamber [1]. Exoelectrogens dominate the performance of
BESs relying on their capacity of electron transfer to the anode
through direct/indirect mechanism [2]. On the other hand, the
characteristics of anode as an electron acceptor and biofilm sup-
porter are as well crucial factor to the performance of BESs [3]. They
include structure, specific surface area, hydrophilic/hydrophobic

mailto:fzhao@iue.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2015.04.058&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2015.04.058
http://dx.doi.org/10.1016/j.jpowsour.2015.04.058
http://dx.doi.org/10.1016/j.jpowsour.2015.04.058


Z. Wang et al. / Journal of Power Sources 287 (2015) 269e275270
nature, chemical components, biocompatibility and electric con-
ductivity. The mentioned characters of anode materials can influ-
ence the formation of biofilm and efficiency of electron transfer,
and finally affect the performance of the BESs [4].

Generally used anode in BESs is commercially available mate-
rials, such as carbon/graphite plate, cloth, mesh, and felt [5]. These
materials failed to result in satisfactory performance due to that
their small specific surface area cannot provide sufficient active
sites for exoelectrogens to colonize. Surface coating of commercial
materials with nano-scale materials could increase the specific
surface area and enhance the energy production, however, the
coating process increased the total cost and potential clogging
might be an issue to long-term stability [3]. Attentions are recently
paid to develop 3D structured materials with large surface area for
biofilm formation and enhance the energy capture efficiency. These
3D materials include carbon/graphite particle bed, biomass derived
materials (e.g. loofah sponge, pomelo peel and kenaf), carbon/
nickel foam [6e9], and carbon nanotube modified textile [10]. For
such materials, an inside porous structure is displayed, and thus
they stand for one species of 3Dmaterial used as anode substrate in
BESs.

Recent researches demonstrated that capacitive character of
anode substrate in microbial fuel cells (MFCs) could promote the
performance of biofilm anode through affecting the efficiency of
electron storage and recovery. For instance, a capacitive bioanode
resulted in a maximum current density of 1.02 ± 0.04 A m�2 which
was larger than 0.79 ± 0.03 A m�2 of a non-capacitive bionaode
[11]. Moreover, Peng et al. revealed that lack of anodic capacitance
could cause power overshoot which results in inaccurate evalua-
tion of the performance of MFCs [12]. The researches indicated that
capacitive character of anode substrate is beneficial for promoting
the performance of BESs. Therefore, several researches achieved
enhanced power output from MFCs through modifying the anode
substrate with high capacitive materials [13,14]. However, the
modification process increased additional cost of MFC set up, which
is one factor hindering the practical application of MFCs. Therefore,
development of high capacitive anode substratemight be beneficial
for recovery more energy from BESs.

In the present study, a novel 3D structured electrode material
was developed through high-temperature carbonization of towel
precursor. The prepared material (termed as carbonized textile, CT)
is characterized with threads freely standing on a plain substrate.
Each thread is twisted by fibers with micrometer diameter. Space
between fibers is displayed, resulting in open accesses for microbe
to move in and attach on the fiber surface. Moreover, the prepared
CT is with high capacitive character, which might as well be
beneficial for its performance as the substrate of bioanodes.
Compared to commercial materials of graphite felt (GF), carbon
cloth (CC), and carbon mesh (CM), the prepared CT as bioanode
substrate drove BES to generate a larger current density.

2. Experimental

2.1. Preparation of the carbonized textile electrodes

Commercial towel was used as precursor to prepare the elec-
trodematerial. The towel was carbonized as received in a furnace at
1000 �C for 30 min under N2 gas protection. The CT with a project
surface area of 1 cm2 (1 cm � 1 cm) was glued with conductive
epoxy on a carbon plate (1 cm � 1 cm) as a current collector. The
remained surfaces of the carbon plate were covered with insulating
cement and a piece of stainless wire was inserted into the carbon
plate with conductive epoxy fixation for electrical connection. As
comparison, commercial materials of GF, CC, and CM anodes were
as well prepared in the same manner.
2.2. Characterization

Raman spectra were recorded by a confocal microscope raman
spectrometer (LabRAM Aramis). X-ray photoelectron spectroscopy
(XPS) analyses were carried out on an electron energy disperse
spectrometer (Thermo Escalab 250). Scanning electron microscopy
(SEM) for morphological observation of the proposed electrodes
and biofilms was performed on Hitachi S-4800 and TESCAN Vega 3
scanning electron microscope, respectively. Specific surface areas
were determined by the BrunauereEmmetteTeller (BET) adsorp-
tion isotherm method.

2.3. Electrochemical measurements and calculations

All the electrochemical measurements were carried out with a
three-electrode system in a beaker-type electrochemical cell. The
three-electrode system was fabricated with the proposed or
commercially available electrodes as working electrode, carbon
plate as counter electrode, and Ag/AgCl (3 M KCl, 197.6 mV vs. SHE)
as reference electrode [15]. Cyclic voltammograms (CVs) were
performed at the potential from 0.8 to�0.6 V (vs. Ag/AgCl, scan rate
25 mV s�1) with a potentiostat (CHI 600D).

The specific capacitance Cm (F cm�2) was calculated through
integrating the current by sampling interval of CV carried out in PB
solution from potentials 0.6 V to �0.6 V at a scan rate of 25 mV s�1,
following the equation below [12]:

Cm ¼ ðQa þ QcÞ=ð2ADEÞ

where Qa (C) and Qc (C) are the total discharges of anodic and
cathodic reaction, A (1 cm2) is the project surface area of anode, and
DE (V) is the potential range carrying out the CV.

2.4. BES start-up and operation

Evaluation of the electrodes as bioanode substrate of BES was
conducted with a three-electrode system which was the same as
that for electrochemical measurements. The electrodes were held
with rubber plug surrounding the shared carbon plate counter
electrode and Ag/AgCl reference electrode. To inoculate biofilm on
the electrodes, 250 mL solution comprising of 240 mL artificial
wastewater and 10 mL anaerobic sludge (collected from Jimei
wastewater treatment plant located in Xiamen) was filled into the
beaker and the electrode potential was biased at þ0.3 V with a
multi-channel CHI potentiostat. The artificial wastewater was
prepared as following (per liter): KH2PO4 6.28 g, K2HPO4 10.0 g,
NaHCO3 2.0 g, NaCl 0.5 g, Na2SO4 0.5 g, MgSO4$7H2O 0.2 g and
CH3COONa 0.41 g as an electron donor [16]. The BES was running
under batch mode at 30 �C. All potentials will be reported versus
Ag/AgCl reference electrode and the current density was normal-
ized to the project surface area of the anode.

3. Results and discussion

3.1. Characterization of the prepared material

The digital pictures and SEM images of the towel precursor and
carbonized textile are shown in Fig. 1. The towel precursor pos-
sesses a structure that threads are freely standing on woven cloth
substrate (Fig. 1a). The length of the thread is measured as
4.45 ± 0.41 mm (mean ± SD, based on 10 measurements). Each
thread is twisted with fibers comprised of 70% (in weight) cotton
and 30% bamboo carbon fiber as introduced by the producer. The
space between fibers forms an open access to the cloth substrate.
After carbonization at high temperature, the structure is preserved



Fig. 1. Digital pictures of plain (a) and carbonized (b) textile, SEM observation of fiber (c) and fiber surface (d).
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(Fig. 1b). The length of threads was shortened to 3.33 ± 0.24 mm
(based on 10 measurements). SEM observation revealed that the
diameter of the fibers was at micrometer scale (~100 mm) and has a
rough surface (Fig. 1c and d). The rough surface might be beneficial
for BET surface area, which was afterward determined as
107.84 m2 g�1, significantly larger than GF (0.19 m2 g�1), CC
(0.61 m2 g�1), and CM (0.57 m2 g�1). BET surface area is an
important factor to the performance of BESs. Large surface area
provides sufficient active sites for exoelectrogens to attach on and
thus more electrons may be transferred to the electrode surface
[17]. Moreover, the open structure will not prevent microbes
moving to the surface of the fibers and further colonizing on them.
The Cm of CT was determined as 17.57 ± 0.48 mF cm�2, larger than
that of GF (4.42 ± 0.49 mF cm�2), CC (0.96 ± 0.10 mF cm�2), and CM
(1.46 ± 0.08 mF cm�2) (Fig. S1).

Raman technique is effective to detect the structure change of
materials caused by carbonization. The raman spectra demon-
strated three peaks at 1336.2, 1586.0 and 2888.6 cm�1, which were
designated as D-, G-, and 2D-band respectively (Fig. 2a) [18]. The
D-band implies defects in the graphene lattice, while the single G-
band associates with the vibration of sp2-bonded carbon atoms in
the graphitic layers; furthermore, the 2D-band was related to the
stacking order occurring along the c-axis. Defects in graphitic
materials are beneficial to promote the performance of carbon
materials due to the high electrical conductivity and mechanical
strength between the in- and out-of-plane directions [19]. The
intensity ratio of D- and G-band (ID/IG) was larger than 1, indi-
cating the presence of larger amount of disordered graphitic
phase.

Atom states of carbon materials relates closely to their perfor-
mance as electrode. Therefore, XPS analyses were conducted to
probe the states of C, O, P, and N atoms. Fig. 2b demonstrates the
wide-range spectrum of the prepared carbon material, for which
the peaks at 284.5, 533.5, 103.0 and 400.5 eV correspond to C1s,
O1s, P2p, and N1s, respectively. Fine spectrum analyses were
further carried out to explain atom state of each element (Fig. 2cef).
Three peaks at 284.5, 285.4 and 288.3 eV were displayed for C1s,
and assigned to CeC, CeO, and OeC]O, respectively [20]. From the
high-resolution spectrum of O1s, two peaks at 531.3 and 532.1 eV
were separated, indicating that the oxygen was present as two
different groups of ]O in carbonyl, carboxyl and phosphates, and
eOe, respectively [20]. The low intensity of peaks for N1s and P2p
implies low content of N and P elements, originated from the
components of cotton andmodified bamboo carbon as nutrients for
plant growth. For N1s, three peaks were present and assigned to
pyrrolic (399.7 eV), quaternary (401.1 eV), and prindinic NþeO�

(402.6 eV) types [21]. The P2p spectra comprised of two peaks with
binding energies of 133.2 and 134.0 eV, which were assigned to
phosphates and pyrophosphates, respectively [20].

3.2. BES performance and bioelectrochemical analysis

To evaluate the performance of the CT anode, three-electrode
system was set up and current was recorded at þ0.3 V vs. Ag/
AgCl poised with potentiostat. The maximum current density
generated from CT bioanode was larger than commercial materials
(Fig. 3a). It was recorded as 0.80 ± 0.06mA cm�2 for CT, arising 1.45,
13.33, and 40.00 folds to that of generated from GF
(0.55 ± 0.01 mA cm�2), CC (0.06 ± 0.01 mA cm�2), and CM
(0.02 ± 0.00 mA cm�2) based biofilm anodes, respectively. When
normalized to the weight of materials used, the current density of
CT bioanode was 70.58 ± 5.37 mA g�1, still larger than 37.93 ± 0.80,



Fig. 2. Raman spectrum (a) and XPS analysis (b) of the carbonized textile, and fine spectrum analysis of C1s (c), O1s (d), P2p (e), and N1s (f).
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2.92 ± 0.37, and 1.26 ± 0.13 mA g�1 for GF, CC, and CM material,
respectively. The results confirmed the effectiveness of CT as a
bioanode substrate in BESs.

CV tests of both none-turnover and turnover were carried out at
a slow scan rate (1 mV s�1) to further compare the performance of
different materials. In none-turnover tests, the oxidation currents
at þ0.30 V for CT and CM were larger than that of GF and CC,
respectively (Fig. 3b), which was different to the results of i-t test.
After addition of NaAc (turnover CV, Fig. 3c), however, the rank of
current density at þ0.30 V was in line with i-t test. The results
confirmed the contribution of respiration of exoelectrogens to the
current generation. As well, it meant that CT and CC were more
efficient than GF and CM respectively for bio-electrochemical
process.

The better performance of CT as bioanode substrate might be
firstly contributed by its relatively larger BET surface area which



Fig. 3. Current discharge curve of BESs with different anode (a), non-turnover (b) and turnover (c) CV behavior.
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could provide more active sites for exoelectrogens to colonize.
Second, the capacitive character of CT makes it act as an effective
electron reservoir to promote the electron storage and recovery
efficiency [11]. To enhance capacitive property, former researches
coated anode substrate with capacitive materials, such as poly-
pyrrole/9,10-anthraquinone-2-sulfonic acid sodium salt compos-
ites [13], activated carbon power/N-methyl-2-pyrrolidone/
poly(vinylidene fluoride) mixture [11], or ruthenium oxide [14].
The coating process increased the total cost of anode configuration
and thus might hinder the practical application of BESs.

An efficient way of promoting the performance of carbon-based
bioanode is to chelate elements such as N into the anode substrate.
With ammonia treatment of a carbon cloth, the power density was
increased from 1.64 to 1.97 W m�2 due to the increased surface
charge of the cloth anode (from 0.38 to 3.99meqm�2). The increase
in surface charge could promote the adhesion of exoelectrogens
[22]. After that, Feng et al. observed that increased content of N in
carbon-based anode was beneficial for promoting power output of
MFCs [23]. Protonated Nwas suggested to be an important factor to
promote the performance of anode. The content of N element was
relatively low; however, its presence in CT could be as well ad-
vantageous for the performance of CT based bioanode.

3.3. SEM observation of CT and GF bioanodes

From the none-turnover CV curves, the current for the GF
at þ0.3 V at which the i-t experiment was carried out was slightly
larger than that for CM. The result was not in line with that of
turnover CVs and i-t experiments. To clear the reason, SEM
observationwas carried out. It shows that the front surfaces of both
CT and GF bioanodes were covered by dense biofilm (Fig. 4a1 and
b1). However, side surface observation illustrated that the whole
CT substrate was colonized by biofilm with indistinguishable
thickness (Fig. 4a3e5). In contrary, the thickness of biofilm formed
on the surface of middle and interior graphite fibers (identified as
surface in contact with current collector) was clearly thinner than
that colonized on the surface of external fibers (Fig. 4b3e5). For
none-turnover CVs, therefore, the peak current might generally
come from electron transfer from cytochrome proteins with con-
tact to electrode surface, and the larger active surface area of GF
generated larger current than CT. For turnover CV, however, exoe-
lectrogens decomposed organic matter and release electrons; the
larger surface area for used CT achieved more abundant exoelec-
trogens, releasing more electrons and thus larger current.
4. Conclusion

In a summary, a 3D structured material was fabricated through
carbonization of towel precursor. Free-standing threads twisted
with rough fibers provided sufficient active sites for exoelectrogens
to attach on and electron transfer. Its high capacitance was bene-
ficial for charge storage and recovery. The advantages achieved a
bioanode with higher bioelectrochemical activity, and resulted in a
larger current density compared to both 2D and conventional 3D
structured materials. The results demonstrate that the prepared
material offers a novel electrode substrate to fabricate high-
performance BESs.



Fig. 4. SEM observation of CT (a) and GF (b). 1 and 2 indicates front and side-surface observations, and 3e5 stands for observations of fibers located at interior, middle and external
part of the electrode substrate (surface in contact with current collector means interior).
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