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Carbon coated stainless-steel (SS) electrode has been suggested to be a powerful composite electrode with high
conductivity, excellent biocompatibility and good mechanical strength, which is promising for scaling up the
bioelectrochemical systems (BESs). However, the already reported carbon coating methods were independent on
the production of SS material. Additional steps and investment of equipment for carbon coating are costly, and
the industrialization of these carbon coating processes remains challenging. In this study, we report an indus
trializable carbon coating approach that was embedded into the production line of the SS wire, which was
realized through a wire-drawing process with graphite emulsion as the lubricant and carbon source. We found
the slide of SS wire through the dies was essential for the graphite coating in terms of loading amount and
stability. When the graphite coated SS wire was prepared as the anode and operated in a BESs, the current
density reached 1.761 ± 0.231 mA cm− 2, which was 20 times higher than that without graphite coating. Biomass
analysis was then conducted, confirming the superior bioelectrochemical performance was attributed to the
improvement of biocompatibility by the graphite coating layer. Furthermore, graphite coating by the wiredrawing process was systematically compared with the existing methods, which showed a comparable or even
better bioelectrochemical performance but with extremely low cost (0.036 $⋅m− 2) and seconds level of the time
consumption. Overall, this study offers a cost-effective and industrializable approach to preparing graphite
coated SS electrode, which may open up great opportunities to promote the development of BESs at large scale.

1. Introduction
Bioelectrochemical systems (BESs) are known to interconvert elec
trical and chemical energy with bacteria playing the role as a catalyst
(Logan and Rabaey, 2012). The most impressive feature of this tech
nology is wide adaption for the substrates owing to the microbial
community consisted of diverse functional groups that can usually
create complex metabolic pathways (Pant et al., 2010). Standing on this
property, BESs show great potential in the environmental application,

especially extracting energy from complex wastes matters (e.g. waste
water and waste sludge) for varied purposes, such as electricity pro
duction, resource recovery, and desalination (Logan et al., 2006; Meng
et al., 2019; Cao et al., 2009). However, to date, the application of BESs
at large scale remains a challenge (Logan and Ragan, 2006; Ieropoulos
et al., 2010). The scaling-up of the electrode, the core component that
determines the system performance, is one of the critical bottlenecks
(Torres et al., 2010). In particular, for the environmental application,
the cost is often sensitive and the application objectives are usually at a

* Corresponding author. Key Laboratory of Environmental Biotechnology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing,
100085, China.
** Corresponding author. Key Laboratory of Environmental Biotechnology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing,
100085, China.
E-mail addresses: chenghaoyihit@126.com (H.-Y. Cheng), ajwang@rcees.ac.cn (A.-J. Wang).
1
Both authors contributed equally to this work.
https://doi.org/10.1016/j.envres.2020.110093
Received 27 July 2020; Received in revised form 9 August 2020; Accepted 13 August 2020
Available online 24 August 2020
0013-9351/© 2020 Elsevier Inc. All rights reserved.

D.-C. Xu et al.

Environmental Research 191 (2020) 110093

huge scale (Li et al., 2014). These features call additional requirements
besides excellent electrochemical performance for the large-scale elec
trode, such as low capital cost, high mechanical strength, and industri
alizable processing.
Carbon-based materials are widely used as BESs electrodes due to
their good biocompatibility, which is important for electroactive biofilm
development and therefore achieves high current output (Rabaey et al.,
2005; Liu et al., 2008). However, the electrode scaling-up using
carbon-based electrodes is challenged because of the relatively high
cost, poor electric conductivity, and lacking a mature industrial chain
for their three-dimensionalization (Guo et al., 2015). For these reasons,
studies of electrode scaling-up in BESs turned to focus on the
metal-based electrode in the past years (Baudler et al., 2015). The
capability of bio-current production has been verified in several metal
electrodes, including gold, silver, copper, titanium, nickel, and
stainless-steel (SS) (Baudler et al., 2015; Mardanpour and Yaghmaei,
2016; Ozkaya et al., 2012; Pocaznoi et al., 2012), of which the SS was
suggested to be the most suitable material for electrode scaling-up
because of its relatively low capital cost and stable chemical proper
ties (Baudler et al., 2015; Pocaznoi et al., 2012). Nevertheless, SS as the
electrode in BESs suffers from poor biocompatibility and therefore the
produced current density is normally about one order of magnitude
lower than that of carbon-based electrode (Pocaznoi et al., 2012). To
address this issue, surface modification of SS by coating with carbon
material has been shown as an efficient approach (Hou et al., 2014; Yang
et al., 2017; Zheng et al., 2015; Guo et al., 2016; Lamp et al., 2011; Erbay
et al., 2015). As the biocompatibility was substantially improved with
the aid of the carbon coating layer, the current density of these
carbon-on-SS composite electrodes became comparable or even higher
than that of the carbon-based electrodes (Zheng et al., 2015; Guo et al.,
2016). However, the already reported carbon coating methods were
either involved in multi-steps procedure (e.g. pyrolysis (Guo et al.,
2016)) or using expensive chemicals (e.g. Nafion, PTFE, fuels (Hou et al.,
2014; Yang et al., 2017; Erbay et al., 2015)). These lead to the cost of the
carbon coating process remains expensive (i.e. multi-steps procedure
can result in high cost from labor). More importantly, all of these carbon
coating methods were started from end-products of SS (e.g. plate, mesh,
felt, etc.). As a result, an individual system should be established for
carbon coating and therefore requires additional investments for the
equipment. Regarding industrial processing, the design of large-scale
coating system could be quite compli in some cases, leading to the un
certainty of industrializing these carbon coating methods. Hence, if the
carbon coating process can be embedded into the existing production

line of SS products, the industrialization of the carbon-on-SS electrode
would become more feasible and cost-effective.
The SS wire is one type of basic SS materials, which can be used to
further make various SS products, such as mesh, brush, and sponge (Wu
et al., 2018), through different fabrication processes. The production of
SS wire is realized by the wire-drawing process with the aid of a series of
high-strength dies. The functional zone of the die consists of a bigger
isodiametric hole (match the parent diameter of the wire), a smaller
isodiametric hole (match the daughter diameter of the wire), and
another hole with gradually reducing diameter to connect the two
isodiametric holes (Fig. 1). When the thicker SS stick/wire was drawn
through the die, it will become thinner. In this way, a desired diameter
of the SS wire can be achieved by setting a series of dies with different
sizes of holes. Lubrication is important in the wire-drawing process, as it
can reducing the frictional force and avoid the wire breaking (Gariety
et al., 2007). Graphite emulsion (collide graphite) is a well-known
lubricant in the metal processing industry. Because of the excellent
thermal stability of graphite (Hillery and McCabe, 1995; Bart et al.,
2013), it is widely used in the wire-drawing process for refractory metal
wires (e.g. tungsten, molybdenum) (Bay et al., 2010), in which the high
temperature is usually required to facilitate the plastic deformation.
However, the use of graphite emulsion suffers from additional heavy
clean steps to remove the residential graphite. Hence, for non-refractory
metal like SS, the graphite lubricant is replaced by soap nowadays
(Hillery and McCabe, 1995; Felder et al., 2011). This very interesting
information inspirits us that the wire-drawing process with graphite
emulsion as the lubricant may enable the formation of the graphite
coating layer on the SS wire. To the best of our knowledge, this idea has
not yet been reported.
In this work, graphite coating on SS wire was performed on an in
dustrial level wire-drawing machine by simply replacing the soap
lubricant with graphite emulsion. The effect of die on the formation of
the graphite coating layer was investigated. Surface characterizations by
scanning electron microscopy, energy dispersive spectrometer, X-ray
photoelectron spectroscopy were performed to further understand the
properties of the graphite coating layer. Subsequently, the graphite
coated SS wire was prepared as anode in BESs to verify the improvement
of bioelectrochemical performance. Finally, a systematical comparison
of the wire-drawing graphite coating method with other already re
ported carbon coating methods was made in terms of current density,
cost, and time consumption to highlight its superiorities. This study
offers an industrializable approach for preparing the carbon-on-SS
electrode, which may help to pave the way of applying the BESs at

Fig. 1. (a) Mechanism of the wire-drawing graphite coating process. (b) The experiment of wire-drawing modification. Under the pulling force of the stepped pulley,
the stainless-steel wire with coarse diameter was pulled through the die and extended into the stainless-steel wire with fine diameter.
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large-scale.

2.3. Surface characterizations

2. Materials and methods

Scanning electron microscopy (SEM) (SU-8000, Hitachi, Japan) was
used to characterize the surface morphology of wire and biofilm. The
surface elemental composition and carbon coverage were determined by
an energy dispersive spectrometer (EDS) (Element E1868-C2B, Ametek,
America). X-ray photoelectron spectroscopy (XPS) (ESCALAB 250 Xi,
ThermoFisher, America) was used to analyze the valence state and
bonding information on the surface of materials.

2.1. Preparation of the graphite coating layer on SS wire
304 SS wire with a diameter of 0.550 mm (Kaian Metal Wire Mesh
Ltd, Hebei, China) was taken as raw material to prepare graphite coating
SS wire. During the extension of SS wire in the wire-drawing process, a
desired diameter of the SS wire can be achieved by setting a series of dies
with different sizes of the holes in the industrial water-tank wiredrawing machine (LS06, Guanqiang, China) (Fig. 1 and Fig. S1). Firstly,
SS wire with a diameter of 0.550 mm was drawn through one by one
drawing dies with regular soap lubricant, and became thinner SS wire
with eight different diameters including 0.480, 0.430, 0.390, 0.350,
0.310, 0.280, 0.250, and 0.220 mm. Then, these untreated stainless-steel
(U-SS) wires with different diameters were drawn to 0.220 mm using 1
to 8 dies (0.250 mm diameter SS wire was drawn to 0.220 mm using 1
die, 0.280 mm diameter SS wire was drawn to 0.220 mm using 2 dies,
and so on). Here, the soap lubricant was replaced by commercial
graphite emulsion (containing 26% w/v ultrafine graphite particles,
other main components are ammonia and ethylene glycol, Qingdao
Hengxin Graphite Products Ltd, China) to prepare the graphite coating
layer. The wire-drawing speed was set at 1 m s− 1 during the graphite
coating process. The schematic diagram of the wire-drawing graphite
coating process was shown in Fig. 1a. For the graphite coated SS wire
that prepared by the wire-drawing method, it was denoted as W-SS. To
better understand the role of the die in wire-drawing modification, un
treated stainless-steel wire (U-SS, 0.220 mm diameter) and dipping/
drying treated stainless-steel wire (D-SS, 0.220 mm diameter, obtained
with the same procedure as W-SS but without using the dies) were set as
controls in this study.

2.4. Biomass analysis
At the end of the electrochemical experiment, the stained biofilms of
bio-anodes were observed directly by a confocal laser scanning micro
scope (CLSM) (Lumar V12, Carl Zeiss, Germany) (Wang et al., 2020).
The 3D CLSM biofilm images data were reconstructed by Fiji software.
Subsequently, SEM was used to get the additional visual insight into the
biofilm morphology on the electrode (Cheng et al., 2017). Biofilm
samples from U-SS, D-SS, and W-SS electrodes were collected for ATP
test using the BacTiter-GloTM Microbial Cell Viability Assay (G8231,
178 Promega Corporation, China) and a GloMax® Multi Jr (Promega
BioSystems, 179 Sunnyvale, Canada) according to the manufacturer
instructions (Yang et al., 2018). A conversion factor of 1.75 × 10− 10
nmol ATP per cell was applied to calculate the bacterial cell number
(Zhu et al., 2019).
3. Results and discussion
3.1. Wire-drawing process facilitates graphite coating
Scanning electron microscope images were performed to analyze the
surface morphological properties of untreated stainless-steel (U-SS)
wire, dipping/drying treated stainless-steel (D-SS) wire, and wiredrawing treated stainless-steel (W-SS) wire (Fig. 2). The U-SS wire
showed a relatively smooth surface with some small scratches and spots
(Fig. 2a). After graphite coating by the wire-drawing process, some
graphite micro-sheets were observed on the surfaces of SS wire. When
the number of dies used in wire-drawing modification was increased
from 1 to 8, more micro-sheets were attached (Fig. 2c–e). Energy
dispersive spectrometer analysis showed that the carbon content of the
SS surface immensely increased from 42.690% (1 die treatment) to
82.150% (8 dies treatment) with enlarging the graphite coverage ratio
from 7.330% to 39.000% (Fig. 2f and Table S1). The maximum graphite
loading amount was measured as 4.260 ± 0.256 g m− 2 when 8 dies were
used. For the D-SS, the attachment of graphite micro-sheets was also
observed on the SS wire but with a much lower loading amount (0.161
± 0.011 g m− 2) compared to the W-SS. These results clearly indicate that
the action of SS wire passing through the dies during the wire-drawing
process facilitates the graphite coating. The underline mechanism may
be explained as that the holes of a series dies gave a high pressure on the
graphite lubricate fulfilling the gap between the SS wire and the dies,
and forced the graphite micro-sheets coating onto the SS wire surface. As
comparison, the graphite coating without using dies was likely just
governed by the adsorption process. Since the set of 8 dies treatment
achieved the highest graphite loading amount, it was used in the
following experiments for the W-SS testing.

2.2. Electrochemical assay
The W-SS anode, D-SS anode, and U-SS anode are prepared by using
wire-drawing treated SS wire, dipping/drying treated SS wire, and un
treated SS wire, respectively. Each type of the SS wires with 2.800 m
length was twined around a titanium mesh (as a current collector) (inner
bore diameter is 1 mm × 3 mm, Hebei Xingyu Titanium Products Co.,
Ltd., China) to serve as the working electrode. Six working electrodes (2
W-SS anodes, 2 D-SS anodes, and 2 U-SS anodes) were set into a custommade cylinder glass reactor (140 mL total volume; 115 mL liquid vol
ume), which shared one counter electrode (in the form of SS brush, 25
mm in diameter and 50 mm in length, 0.1–0.2 mm in fiber diameter,
Anhui Cargill Brush Co., Ltd., China) and one reference electrode (Ag/
AgCl, 0.197V vs SHE, Beijing Tianmei Hechuang Technology Ltd.,
China). The reactor configuration was illustrated in Fig. S2 in the Sup
plementary Material.
The BESs reactor was filled with 100 mL of M9 medium (Wang et al.,
2020) amended with 3.000 g L− 1 sodium acetate as the electron donor,
and then inoculated with 5 mL activated sludge and 10 mL anolyte from
a domesticated acetate-fed BESs reactor. The activated sludge was
originally collected from the Gaobeidian Sewage Treatment Plant (Bei
jing, China), then acclimatize in the laboratory before used to BESs
reactor. Subsequently, The BESs reactors was operated as
fed-batch-mode. The potential of each working electrodes was poised at
− 0.200 V vs Ag/AgCl, and the chronoamperometry (CA) was used to
record the curve of current versus time by the Multichannel potentiostat
(VMP3, Bio-Logic, France). Electrochemical impedance spectroscopy
(EIS) were performed in the same medium after bio-culture using
potentiostat, which was done at a frequency of 10 mHz–100 kHz under
open-circuit voltage with a sinusoidal perturbation amplitude of 10 mV.

3.2. XPS characterization of the graphite coated SS wire
X-ray photoelectron spectroscopy was used to characterize the
combination of graphite and stainless-steel (Fig. 3). Three characteristic
peaks (Fig. 3a) were observed at 284.0 eV, 530.0 eV, and 707.0 eV in
untreated SS (U-SS), dipping/drying treated SS (D-SS), and wiredrawing treated SS (W-SS), which belonged to C 1s, O 1s, and Fe 2p
orbital, respectively. Regarding narrow-scan spectra of Fe 2p (Fig. 3b),
the characteristic peak of Fe 2p was deconvoluted into some small
3
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Fig. 2. SEM images of (a) U-SS wire, (b) D-SS wire, and W-SS wire modified by (c) 1 die, (d) 4 dies, and (e) 8 dies. (f) Graphite coating performance of D-SS wire and
W-SS wire treated by different die numbers (number = 1–8). The loading amount of graphite on SS wire was calculated based on the real surface area of SS wire. The
coverage ratio analysis was just performed for the D-SS wire and the W-SS wire treated by 1, 4 and 8 dies.

subpeaks, including Fe metal peak (706.9 eV and 719.9 eV), Fe–O peak
(709.3 eV and 722.4 eV) and Fe2O3 peak (710.8 eV and 724.5 eV)
(Fig. 3b). The Fe 2p spectra exhibited complex multiple splitting with
satellite peak features (Biesinger et al., 2011).
For the narrow-scan spectra of C 1s (Fig. 3c), the peak was decon
voluted into three subpeaks with binding energies of 284.8 eV (C–C),
– O). It was worth noting that sp2
285.9 eV (C–O–C) and 288.3 eV (C–
bonding (284.0 eV) was observed in only graphite coating SS wire, and
the sp2 hybridized C–C bonding is responsible for graphite structure
(Datsyuk et al., 2008). The result indicated that graphite was success
fully coated on both D-SS wire and W-SS wire. Compared with D-SS, a
relatively higher strength of sp2 hybridized C–C bonding for W-SS sug
gested that more graphite was coated on the surface of SS through the
wire-drawing process. The result is consistent with the highest graphite
loading amount of W-SS (using 8 dies).
In the case of narrow-scan spectra of O 1s (Fig. 3d), the peak at 530.0
eV was attributed to the Fe–O bond, which is related to iron oxide on SS
– O bond in the C
wire, and the peak at 533.0 eV corresponded to the C–
1s spectra. The interaction between graphite and W-SS wire can be
divided into physical adsorption and chemical link. According to the
analysis of narrow-scan spectra of O 1s, graphite was effectively coated
on W-SS wire, and an extremely high peak of Fe–O–C bond (531.6 eV)
(Zhou et al., 2011; Huang et al., 2017; Combellas et al., 2005) was
observed in W-SS wire (Fig. 3d). This suggests the coated graphite is
chemically linked to the SS wire surface which is particularly helpful for
its stable attachment. In previous work, high temperature (500 ◦ C) is
suggested to facilitate the formation of Fe–O–C bond in preparing the
magnetite-graphene composite (Zhou et al., 2011). Regarding the
wire-drawing process, the interaction of the SS wire and the dies can
generate a lot of friction heat, resulting in the surface temperature rise to
300–800 ◦ C (Lee et al., 2012; Suliga, 2011; Muskalski, 2014), which may
elucidate the formation of Fe–O–C bond in W-SS (Zhou et al., 2011; Li
et al., 2016).

3.3. Electrochemical performance
The bioelectrocatalytic current generation of each SS anodes in BESs
is displayed in Fig. 4. The reported current density value is based on the
average of two parallel electrodes. Moreover, the electrochemical per
formance and anodic biofilm properties at the different treated elec
trodes are summarized in Table 1.
During the BESs startup period, a weak current of untreated SS (USS) anodes was observed after 5 days (Fig. 4a). Compared with U-SS
anodes, the bio-current of dipping/drying treated SS (D-SS) and wiredrawing treated SS (W-SS) anodes started up in only one day, which
greatly shortened the startup time of BESs. This observation is in
consistent with that reported by using other carbon coating method,
which was suggested as a result that the carbon coating layer improved
the biocompatibility of the electrode surface (Guo et al., 2016). The
parallel electrode under different treated conditions were shown as very
good reproducibility on the current generation. As depicted in Fig. 4a
and Table 1, the maximum current densities (normalized to the pro
jected area) of U-SS anode was only 0.086 ± 0.045 mA cm− 2. Coating
with graphite, the D-SS anode (0.610 ± 0.071 mA cm− 2) and W-SS
anode (1.761 ± 0.231 mA cm− 2) generated relative higher current
densities (Table 1). The W-SS anode showed obvious superiority on
electrochemical performance throughout the stable operational period
(15–26 days), and the projected current density (Jprojected) stabilized
around 1.519 ± 0.106 mA cm− 2, which was still 20 times higher than
that using U-SS anode (0.074 ± 0.035 mA cm− 2) (Fig. 4a and Table 1).
This indicated that more graphite was coated on the SS surface by
wire-drawing modification method, and enhanced substrate metabolism
and bio-current generation.
The EIS tests (Fig. 4b) were carried out on different treated elec
trodes to further study the electron transfer process between the elec
troactive bacteria and anode. An equivalent circuit of Rs (RctQ1) (RdQ2)
was used for estimating the anode resistance, where Rs represents so
lution resistance, Rct represents charge transfer resistance, Q1 stands for
the constant phase element, and Rd and Q2 in parallel represents the
finite diffusion (He et al., 2006). As shown in EIS curves (Fig. 4b),
4
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Fig. 3. XPS spectra of different treated SS material: (a) Survey spectra, and narrow-scan spectra of (b) Fe 2p, (c) C 1s, and (d) O 1s.

resistances of different treated SS anodes were exhibited markedly
divergence. The Rct of the U-SS anode reached 2069.000 Ω. Graphite
modified SS brought a dramatic decrease of impedances for the anode,
and the Rct of W-SS and D-SS anode were approximately 105.500 Ω and
307.300 Ω, respectively (Table 1). The Rct of W-SS was 19.611 times
lower than that of U-SS anode, demonstrating the graphite layer
improved the electron transfer between EAB and anode.

Compared to U-SS, the graphite layer made D-SS and W-SS anode
conducive for the enrichment and proliferation of microorganisms,
implying the graphite coating method greatly improved the biocom
patibility of SS material. In order to further study the biofilm attached on
the electrodes, ATP conctents of biofilm on the surface of bioanode were
analyzed (Table 1). The bacterial cell numbers were derived from the
ATP measure-ments (Yang et al., 2016; Zhu et al., 2019). The ATP of
W-SS anode was (3.759 ± 0.672) × 109 cell⋅cm− 2, which increased by
7.102 times compared with U-SS biofilm ((0.529 ± 0.038) × 109
cell⋅cm− 2). Higher cell activities have been shown on the W-SS anode,
which was due to the graphite coating that gives to the W-SS anode a
great potential to be biocompatible. The result elucidated the graphite
layer through the wire-drawing process immensely improved the
attachment of microbial, thereby enhancing the electricity generation
performance of the W-SS anode (Sonawane et al., 2018).

3.4. Morphology and biomass analysis of biofilms
The formation of biofilm on the anode directly affects the electricity
generation performance of the electrode. After reaching a stationary
current level, the colonization of reddish biofilm was observed on W-SS
anode after inoculation for around two weeks. The morphology of the
biofilms on each SS electrode at the end of the chronoamperometry
experiment (26 days) is displayed in Fig. 5. The biofilm grown on the
untreated SS (U-SS) electrode was sparse and non-uniform, and the
biofilm thickness was only 5.078 ± 0.125 μm (Fig. 5a2, Fig. S3 and
Table 1). By contrast, the biofilm developed on the wire-drawing SS (WSS) anode was very thick (>16 μm) (Fig. 5c2, Fig. S3 and Table 1).
Compared with U-SS anode, the much thicker biofilm on the W-SS
bioanode was ascribed to the graphite coating on the surface of bare SS
material. In the CLSM images, the green and red thresholder voxels
represent live cells and dead cells, respectively (Wang et al., 2020). From
Fig. 5a1, there were more red areas in the U-SS sample than the W-SS
sample, indicating that more inactive bacteria were on U-SS anode.

3.5. Comparison with other carbon coating method
According to the chronoamperometry (Fig. 4a) results, the current
densities of W-SS anode was 1.761 mA cm− 2 at the anode potential
window was − 0.200 V (vs Ag/AgCl). Compared to those already re
ported carbon coating methods (as listed in Table 2), the wire-drawing
method shows superior electrochemical performance in most cases.
Carbon coating on SS with the binder (e.g. PTFE and Nafion) (Hou et al.,
2014; Yang et al., 2017) is the frequently used strategy. However, the
introduction of binder could rise the resistance of the coating layer,
5
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the wire-drawing method is expected to allow a stabler attachment of
the graphite coating layer. Guo et al. reported a pyrolysis carbon coating
method, D-glucose was used to prepare a graphitic carbon layer on the
SS felt surface. The observed current density is about 2 times higher than
that of this work performed at the same anode potential (− 0.200 V vs
Ag/AgCl). The superior electrochemical performance is likely attributed
to the use of three-dimensional (3D) SS felt, of which the ratio of real
surface area to projected area is estimated as 71.175 times higher than
that of the W-SS electrode (461.000 vs 6.447) (Guo et al, 2014, 2016).
Since the SS wire is a basic material, it is expected to get higher current
density when the W-SS wire is further fabricated as certain 3D type
electrodes (e.g. in the form of brush and sponge).
For estimating the cost of different carbon coating methods, the
consumption of chemicals and electricity was taken into account (details
can be found in Table S2 and Text S1). Since the wire-drawing method is
integrated with the production line of SS wire, the additional cost for
graphite coating is just contributed by the consumption of graphite
emulsion. The modification cost of the wire-drawing method is esti
mated as only 0.036 $⋅m− 2 surface area of the SS wire or 0.098 $⋅m− 2 by
assuming the W-SS wire is fabricated as a mesh electrode with the mesh
size of 50. As shown in Table 2, the carbon modification cost by the wiredrawing process is much lower than that of the existing methods (Hou
et al., 2014; Yang et al., 2017; Zheng et al., 2015; Guo et al., 2016; Lamp
et al., 2011; Erbay et al., 2015). In particular comparing to those
methods that either use expensive chemicals e.g. Nafion in binder-aid
method and acetylene in flame synthesis) (Hou et al., 2014; Yang
et al., 2017; Lamp et al., 2011) or consume high electricity energy (e.g.
pyrolysis and chemical vapor deposition) (Guo et al., 2016; Erbay et al.,
2015), the low-cost superiority of wire-drawing method can reach
several orders of magnitude. To be noted, unlike the wire-drawing
method that is embedded into the production process of SS wire, car
bon coating by other methods is performed in an independent system
and therefore requires additional labor input and equipment investment
(Table S2). For this reason, the cost advantage of the wire-drawing
method is expected to be even greater.
Another advantage of the wire-drawing method for graphite coating
is much less time consumption. In this study the speed of the wiredrawing process was set as 1 m s− 1, allowing the whole graphite
coating process was finished in 12 s (i.e. from die 1 to die 8, the SS wire
passed through 12 m). As a comparison, the time-scale of other carbon
coating methods are hours level in most cases (Table 2). The high pro
ductivity for graphite coated SS material by the wire-drawing method is
particularly promising to support the environmental application of
BESs, where the huge scale of electrodes up to thousands of cube meters
could be required for single engineering.

Fig. 4. Electrochemical behavior of different treated SS electrodes: (a) Bio
electrocatalytic current generation (i–t) under potentiostatic (− 0.200 V vs Ag/
AgCl) bio-culture, the arrows represent medium replacements. (b) Nyquist plots
of EIS (done at a frequency of 10 mHz–100 kHz under open circle voltage with a
sinusoidal perturbation amplitude of 10 mV).
Table 1
Summary of various properties of different treated SS electrodes.
Graphitea

Jprojectedb

Rct

Biofilm

ATP ()

(g⋅m− 2)

(mA⋅cm− 2)

(Ω)

thicknessc
(μm)

(109
cell⋅cm− 2)

U-SS

0

2069.000

D-SS

1.039 ±
0.071
27.479 ±
1.651

0.086 ±
0.045
0.610 ±
0.071
1.761 ±
0.231

5.078 ±
0.125
7.430 ±
0.542
15.004 ±
1.123

0.529 ±
0.038
1.384 ±
0.079
3.759 ±
0.672

Electrode

W-SS
a
b
c

307.300
105.500

3.6. Outlook
Although the wire-drawing graphite coating method opens up great
opportunities to allow the development of carbon-on-SS electrode in
BESs more cost-effective and closer to the industrial level, there are still
several issues that should be addressed in future. As shown in this study,
the dies in the wire-drawing process played an important role to facili
tate the graphite coating on the SS wire. The graphite coverage ratio was
shown positively correlating to the die numbers, which reached only
about 39% when 8 dies were used. The improvement of graphite
coverage is expected by employing more dies, which may further help to
promote the bioelectrochemical performance of the W-SS electrode. In
addition, the design of the die as well as the wire-drawing speed may
also affect the formation of graphite layer, as these two factors deter
mine the pressure and temperature on the SS wire surface during the
wire-drawing process (Muskalski, 2014), which may be crucial for the
attachment of graphite. The studies on these factors are particularly
worthful in future, which would not only useful to develop a better
graphite coating layer but also helpful to understand the underlying
mechanism.

Value calculated based on projected area of electrode material.
Maximum current density of projected surface area at-0.200 V (vs Ag/AgCl).
Thickness of biofil obtained from Fig. S3.

which is not beneficial for the electron transfer (Hou et al., 2014; Yang
et al., 2017; Zheng et al., 2015). The current density with binder-aid
carbon coating methods was reported from 0.121 to 0.610 mA cm− 2
depended on the use of different electrodes, binders and carbon mate
rials (Hou et al., 2014; Yang et al., 2017), which are several times lower
than that obtained by the wire-drawing method in which the binder was
not used. Zheng et al. reported a multi-cycle dipping/dry method to coat
carbon material on the SS mesh. Since this method is of binder-free as
well, the observed current density was comparable to that of the
wire-drawing method. Nevertheless, the attachment of carbon on SS by
the process of dipping/dry likely mainly relies on the weak link
contributed by the van der Waals force (Zheng et al., 2015). As a com
parison, the stronger link attributed by the Fe–O–C bond as observed in
6
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Fig. 5. SEM (a1, b1, c1) and CLSM (a2, b2, c2) images of different anodes after bio-culture. Live bacteria were stained green, while dead bacteria were stained red.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Table 2
Comparison of different carbon coated SS electrodes in BESs.
Electrode material

Modification method

Graphite on SS wire (WSS)
CNTs on SS felt
Graphene on SS felt
Activated carbon on SS felt
CNHs on SS disk

Nafion binder-aid
Nafion binder-aid
Nafion binder-aid
PTFE binder-aid

CNTs on SS disk

PTFE binder-aid

Activated carbon on SS
disk
Carbon black on SS mesh

PTFE binder-aid

Graphitic carbon on SS felt

Wire-drawing

Dipping/drying

CNSs on SS mesh

Pyrolysis of glucose
precursor
Flame synthesis

MWCNTs on SS mesh

Chemical vapor deposition

a
b
c
d
e
f

Type of BESs

Tri-electrode
system
Dual-chamber MFC
Dual-chamber MFC
Dual-chamber MFC
Single-chamber
MFC
Single-chamber
MFC
Single-chamber
MFC
Tri-electrode
system
Tri-electrode
system
Tri-electrode
system
Dual-chamber MFC

Eanode

Jprojected

Pricec

(V vs Ag/
AgCl)

(mA⋅cm− 2)

($⋅m− 2)

− 0.200

1.761a

n. a
n. a
n. a
− 0.456

0.376b
0.610b
0.147b
0.170b

0.036d,
0.098e
1113.750
1135.000
1110.023
1500.707

− 0.403

0.136b

8.207

hours level

− 0.367

0.121b

0.752

hours level

1.530

a

0.125

hours level

− 0.200

3.650

a

18.400

hours level

Zheng et al.
(2015)
Guo et al. (2016)

0.050

0.247b

127.385

minutes level

Lamp et al. (2011)

n. a

0.560b

113.660

hours level

Erbay et al. (2015)

0.200

Time
consumptionf

Reference

seconds level

This study

hours
hours
hours
hours

(Hou et al., 2014)

level
level
level
level

(Yang et al., 2017)

Projected current density obtained from I-t curve.
Projected current density obtained from polarization curve.
Estimation details can be found in Table S2 and Text S1.
Calculated based on the surface area.
Calculated by assuming the W-SS wire is fabricated as a mesh electrode with the mesh size of 50.
Time consumption estimated from the literature (details in Table S2 and Text S1); n. a represents “not applicable”.

Furthermore, the graphite emulsion used in this work is a commer
cial type designed for lubrication rather than for graphite coating. Ef
forts on the recipe of graphite emulsion (e.g. the graphite content and
other additives) in future is expected to further improve the graphite
coating performance. Moreover, for the BES application, it generally

requires the engineering electrode has a three-dimensional (3D) struc
ture. The graphite coated SS wire, a one-dimensional material, offers
open opportunities to develop diverse graphite modified electrodes with
different 3D structures. By understanding the bioelectrochemcial per
formance of these 3D electrodes as well as their feasibility of
7
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industrialization in future, a clearer route to develop large-scale elec
trode for BESs would be figured out.
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4. Conclusion
This work demonstrated the wire-drawing process with graphite
emulsion as the lubricant can produce a thin graphite layer on the sur
face of SS wire. The graphite loading amount as well as the coverage
ratio on the SS surface was found positively correlating to the employed
die numbers. When the graphite coated SS wire was prepared as the
anode in the BES, a significant increase of current density up to 20 times
was observed compared to the bare SS control. The improvement of
biocompatibility owing to the graphite modification was confirmed as
supported by the much better development of the biofilm on the
graphite coated electrode. Comparative analysis against other already
reported carbon coating methods showed the carbon modification of SS
by wire-drawing process performed comparable or even better electro
chemical performance but with extremely low cost and much less time
consumption. These finds highlight the outstanding potential of the
wire-drawing approach on scaling up the carbon-on-SS electrode and
illuminate the prospect of applying the BES at large scale.
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