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H I G H L I G H T S

• A electrode consisting of nanostructured N-doped carbon microtubes was obtained.
• It increased surface area for bacteria to live and localized electron shuttles in it.
• It exhibited greater power density and stability than that made of solid fibers.
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Electrode materials capable of increasing the electricigens loading and accelerating the extracellular electron
transfer (EET) are urgently required for microbial electrocatalytic technologies. In this work, a monolithic
electrode (MDC800AM) based on three-dimensional (3D) interconnected N-doped carbon microtubes (NCMTs)
derived from nanostructured polyaniline (PANI)-coated cotton fibers is prepared by a facile and scalable method.
The PANI-coating layer and subsequent manganese (Mn)-catalyzed graphitization is helpful in doping the surface
with nitrogen atoms and improving its graphitization degree, which contributes significantly to the hydrophi
licity, biocompatibility and electronic conductivity of the electrode. Because of the hollow structure and large
inner diameter of NCMTs, the MDC800AM is able to buffer the electrolyte facilitating well-localized electron
shuttles (ES) within the electrode region as well as increase the surface area for electricigens to inhabit. Based on
these advantages, the as-prepared MDC800AM exhibits enhanced microbial electrocatalytic activity and stability
such as to outperform its counterpart made up of solid carbon fibers. This work not only provides a monolithic
electrode manifesting greatly accelerated activity toward microbial electrocatalysis, but also a proof-of-concept
demonstration of boosting the microbial fuel cell (MFC) performance via localized high ES concentration.

1. Introduction
Microbial fuel cell (MFC) exploits microorganisms, instead of
chemical catalysts, to produce electricity from organic matter, which is a
very promising technology in the fields of renewable energy and envi
ronmental remediation but whose practical applications are still hin
dered by the low energy recovery efficiency (low power output) [1–5].
Improvement in bio-anodic performance of MFC generally lies in
increasing the electricigens loading as well as accelerating the

extracellular electron transfer (EET) [6–8]. The EET is usually classified
into direct electron transfer through the outer-membrane cytochrome-c
(c-Cyts) or conductive pili and mediated electron transfer through
electron shuttles (ES) [9]. For many electricigens like Shewanella spp.,
ES-mediated electron transfer plays more crucial role in microbial
electrocatalysis [6,10,11] not only because of its faster kinetics, but also
because of the rod-shaped morphology of bacterium, which means only
part of the bacterial surface can directly contact the electrode while the
rest surface has to contact the electrode via ES [12]. Accordingly,
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Fig. 1. SEM images of a), b) MDC800; c) MDC800@PANI; d) MDC800A; e), f) and g) MDC800AM at different magnifications. h) Side view of MDC800AM with green
dashed arrows showing a layer of the burr-like structure. i) Cross section view of MDC800AM.

increasing the concentration of ES in the reactor of MFC, either by
encouraging self-secretion of ES from electricigens, or by adding exog
enous artificial ES into the anolyte, will undoubtedly boost the MFC
performance, although for practical applications, the latter is undesir
able in cost [13,14].
In a typical ES-mediated EET process, on one hand, ES such as flavin
mononucleotide (FMN), secreted by bacteria inhabiting the electrode,
diffuses from electricigens not only into the electrode surface, but also
into the bulk solution, the latter of which might not directly play a part
in the interfacial electron transfer between the electrode surface and the
electricigens, although the high ES concentration in the bulk electrolyte
assists in maintaining the high ES concentration within the interfacial
solution. On the other, in both batch-fed and continuous flow reactors,
the replenishment or flow of anolyte will results in an irreversible loss of
ES. Recently, hollow-structured electrode materials have received
extensive investigations owing to their capabilities of increasing surface
area, buffering the volume expansion induced by ion-insertion/
extraction, adsorbing electrolyte and consequently accommodating
electroactive components within the electrode [15–19]. Thus, a poten
tial solution to tackle the problem is to develop 3D monolithic electrode
based on hollow structures to localize electroactive substances within
the electrode scaffold and alleviate their diffusion loss.
Considering that the size of bacteria is measured in microns, the
monolithic electrode consisting of 3D interconnected carbon microtubes
(CMTs) is a potential candidate. Usually, the synthesis of CMTs, espe
cially with a large diameter, is a complicated and expensive process
involving template-assisted chemical vapor deposition (CVD) or
microfluidic method [20–22]. By contrast, there exist several types of
biological hollow fibers in nature such as human hair, ramie, kapok and
cotton [23–26]. Moreover, biomass is the only sustainable source of
organic carbon in nature, whose effective utilization is beneficial to the
settlement of the energy-environment problem. In fact, it is reported that
kapok fibers have been carbonized to prepare the electrode, which pi
oneers the use of the hollow fiber as MFC bioanode [25]. However, these
natural fibers have their own faults, e.g., human hair fibers cannot

maintain the hollow structure during pyrolysis, ramie fibers are too rigid
for subsequent fabrication and kapok fibers are fragile after
high-temperature annealing (Figs. S1–S4 and Table S1). Among these
natural hollow fibers, cotton is selected because it can retain flexibility
after pyrolysis probably due to the high cellulose content (ca. 82%–96%)
which leads to high physical stiffness [19,26].
Cellulose is a linear polysaccharide and since sugars lack the aro
matic structure, their graphitization degree after pyrolysis is low, which
is unfavorable for the electronic conductivity [27]. In contrast, polymers
rich in aromatic structures that are similar to graphitized carbon
contribute to the increasing of graphitization degree after pyrolysis [28].
PANI is made up of repeating units consisting of aromatic rings linked
with nitrogen-containing groups and consequently can be used as a
precursor of N-doped partially graphitized carbon to coat cotton fibers
[29]. To further enhance the graphitization degree, transition metal salts
(TMs) were subsequently introduced onto both outer and inner surfaces
of fibers to catalyze graphitization, which could lead to improved
electronic conductivity.
Herein, we report a monolithic electrode MDC800AM based on 3D
interconnected N-doped carbon microtubes (NCMTs) derived from
nanostructured PANI-coated cotton fibers followed by Mn-catalyzed
graphitization. Owing to the hollow structure and large inner diam
eter of NCMTs, the as-prepared electrode not only increase the surface
area for electricigens to reside on, but also buffer the electrolyte facili
tating well-localized ES within the electrode region, i.e., localized higher
ES concentration within the electrode region than that in the bulk so
lution. Moreover, catalytic graphitization and N-doping contributes
significantly to the electronic conductivity and hydrophilicity of the
electrode, which results in enhanced electrochemical activity and
biocompatibility, respectively, compared with simply carbonizing
kapok fibers [25]. Because of these advantages, this monolithic elec
trode exhibits remarkable output power density and stability relative to
the counterpart made up of solid carbon fibers.
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Fig. 2. a) SEM image of MDC800AM and b) superimposition of EDS elemental maps of c) C, d) N, e) O and f) Mn. Scale bar: 10 μm.

Fig. 3. a) TEM images of MDC800AM. HRTEM images of b) MDC800AM, c) MDC800 and d) MDC800A. The green dashed lines show long or short curved graphenic
nanodomains. The insets: SAED pattern. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2. Result and discussion

fragments (Fig. S3c) while the carbonized cotton fibers kept intact and
looked almost the same as those without being pressed (Figs. S4b and c).
The yields of these fibers after pyrolysis were also compared and the
yield of carbonized cotton fibers was 18.90% (Table S1), which was
higher than that of carbonized kapok fibers (17.71%), which probably
also corroborated greater mechanical strength of carbonized cotton fi
bers than that of carbonized kapok fibers. Therefore, among these nat
ural fibers, cotton fibers were selected. A schematic diagram describing
the synthetic route of the NCMTs is illustrated in Fig. S5 in the Sup
porting Information. The precursor of MDC800AM is the medical cotton
wool roll, whose scanning electron microscopy (SEM) images (Fig. S6)
show a smooth surface of the pristine medical cotton fiber. The medical

For the purpose of comparison, organic fibers such as human hair,
ramie, kapok and cotton fibers were carbonized at 800 ◦ C for 1 h with a
ramp rate of 10 ◦ C min− 1 under an Argon flow. After pyrolysis, human
hair fibers were melted down as fragments, so that they couldn’t
maintain the hollow structure (Fig. S1). The carbonized ramie fibers
were crushed into fragments after being pressed ten times (Fig. S2).
Further, in contrast to carbonized ramie fibers, both carbonized kapok
and cotton fibers were intertwined with each other, which was helpful
for the formation of the monolithic electrode (Figs. S3 and S4). After
being pressed ten times, the carbonized kapok fibers were crushed into
3
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Fig. 4. a) FTIR spectra, b) XRD patterns, c) Raman spectra, d) Nitrogen adsorption-desorption isotherms, e) XPS survey spectra of MDC800AM, MDC800A and
MDC800. High-resolution f) C 1s, g) N 1s, h) O 1s and i) Mn 2p XPS spectra of MDC800AM.

cotton wool roll was first carbonized at 800 ◦ C under an argon flow for 1
h to obtain the free standing MDC800, consisting of randomly inter
connected carbon fibers maintaining relatively smooth surface
(Fig. 1a–b and Figs. S7c–d). During this carbonization process, the
medical cotton wool roll should be pressed by a graphite plate in order to
become compact after pyrolysis, so that the intertube contact resistance
was reduced. PANI layer was rich in aromatic and N-containing groups,
facilitating the formation of the N-doped partially graphitized carbon
layer, which could increase the number of Metal-Nx (M − N) coordi
nation as potential anchor sites of metal nanoclusters/nanoparticles
(NCs/NPs) on the carbon support. With the assistance of sodium dodecyl
sulfate (SDS), both outer and inner surfaces of MDC800 were uniformly
coated with a layer of burr-shaped PANI (Fig. 1c and Fig. S8a, S9a-c).
The Fourier transform infrared (FTIR) spectrum of MDC800@PANI
(Fig. 4a) shows peak at 3227 cm− 1 attributed to the N–H stretching due
to the protonation of amine functional group at polymer backbone, peak
at 1231 cm− 1 attributed to the stretching of C–N+. polaron structure,
peak at 1110 cm− 1 attributed to an in plane vibration of C–H bending (N
= Q = N, Q-N+H–B or B–N+H–B) formed during protonation after the
polymerization of PANI, peak at 875 cm− 1 attributed to the aromatic
ring for 1,4-disubstituted aromatic ring system, peak at 792 cm− 1
attributed to an aromatic C–H out-of-plane bending vibration, peaks at
1559 and 1488 cm− 1 ascribed to the stretching vibration of the quinoid
and benzenoid rings, respectively [30,31]. This FTIR spectrum confirms
the successful coating of PANI on the CMTs. The presence of trace
amount of SDS is critical to achieve this structure, since SDS is an anionic
surfactant, whose sulfonate groups can electrostatically bind with the
anilinium cation [32,33], and consequently it may act as a template to
direct the polymerization of PANI on the CMTs surface. In the absence of

SDS, PANI could not cover the CMTs completely or form the burr-shaped
structure (Fig. S10). The underlying mechanisms proposed for the
TMs-catalyzed graphitization includes dissolution-reprecipitation pro
cess for group VIII metals and metal carbide formation-decomposition
process for group IVB-VIIB metals [34–36]. Among these TMs, iron is
considered as the most active catalyst for graphitization [37]. However,
Fe3C forming in the process of iron-catalyzed graphitization possesses
low electrical conductivity and cannot be thoroughly removed by acid
leaching [38,39]. Moreover, most catalytic graphitization process pro
duces powders at the nanoscale, where the metallic compound can make
good contact with the carbonaceous precursor and eventually the met
al/metal carbide nanoparticle is encapsulated in highly graphitic carbon
shell [39,40]. In contrast to nanosized powders, CMTs had a large sur
face area with a diameter of 5–10 μm as well as a length of more than
hundreds of micrometers (Fig. 1a–b). The formation of metal nano
particles resulting from the aggregation of metal atoms during
high-temperature treatment [41–43] led to insufficient contact between
the metal catalysts and the CMTs surface, which would decrease the
catalytic area. Therefore, the candidate catalyst for graphitization
should have a weak tendency towards aggregation at elevated temper
atures. Recent experimental results indicated that Mn might satisfy this
requirement at high temperature [29,44], probably due to the stronger
M − N coordination than M-M coordination [45,46]. The nitrogen atom
of PANI was capable of coordinating Mn ion, a Lewis acid, in the
backbone and through subsequent pyrolysis, the nitrogen dopant atom
further afforded high affinity to Mn [47–49]. Besides, the burr-shaped
structure of PANI not only increased the surface area of the CMTs, but
also could spatially confine the Mn nanoparticles (MnNPs), reducing the
tendency to the formation of large MnNPs driven by the Ostwald
4
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Fig. 5. The fluorescent emission analysis for a) the total amount of releasable FMN in the electrolyte pre-adsorbed by different electrodes. The content of FMN in the
electrolyte released over time from pre-adsorbed b) CF, c) MDC800, d) MDC800A and e) MDC800AM. Samples were collected at 24 h intervals. f) The electron shuttle
retention efficiency of different electrodes throughout six days.

ca. 1350 cm− 1, indexed to the A1g symmetry vibration mode of sp2
carbon atoms in rings, defects or disordered graphite, and G band at ca.
1590 cm− 1, indexed to the in-plane E2g vibration mode of sp2 carbon
atoms in rings and chains. The integrated intensity ratio of D to G band
(ID/IG) decreases from MDC800 to MDC800AM, indicating an increasing
graphitization degree (Fig. 4c and Fig. S14). The N2
adsorption-desorption analysis of MDC800A and MDC800AM shows
type IV isotherms with H3 hysteresis loops (Fig. 4d), indicating the ex
istence of mesoporous structure, while MDC800 and CF display type I/II
isotherms [40]. The Brunauer–Emmett–Teller (BET) surface areas of CF,
MDC800, MDC800A and MDC800AM are 14.9, 30.8, 47.9 and 48.3 m2
g-1
, respectively. The pore size distribution (Fig. S15) is centered at 13
nm for MDC800A and 16 nm for MDC800AM, respectively, which may
be beneficial to the two-electron transfer process of flavins [6]. The
surface chemistry of as-synthesized electrodes are investigated by X-ray
photoelectron spectroscopy (XPS), demonstrating characteristic peaks of
C1s, N1s and O1s spectra (Fig. 4e). The high-resolution XPS spectrum of
C1s is deconvoluted into five peaks (Fig. 4f). The peak at 284.7 eV is
ascribed to sp2-hybridized carbon while the peak at 285.4 eV is attrib
uted to sp3-hybridized carbon. The other three peaks at 286.3, 287.3 and
– N, O–
– C and O–
– C–O bonds,
288.9 eV are associated with C–N, C–
respectively [51–54]. The sp2/sp3 ratio of MDC800, MDC800A and
MDC800AM increases from 2.88 to 3.88 (Figs. S16a and d and Table S3),
further demonstrating the rising degree of graphitization. The
high-resolution XPS spectra of N1s are deconvoluted into four peaks,
including pyridinic N at 398.3 eV, pyrrolic N at 399.5 eV, graphitic N at
401.1 eV and oxidic N at 403.8 eV, respectively (Fig. 4g and Figs. S16b
and e) [46,55–57]. As reported previously, the N doping is able to
improve the wettability and even electronic conductivity of carbon
materials in the electrolyte [55,58]. The O1s XPS spectrum is decon
voluted into three peaks (Fig. 4h). The peak at 532.3 eV is associated
with C–OH, O–C–O bonds or physically absorbed oxygen while peaks at
– C and O–C–
– O bonds, respectively
530.8 and 533.8 eV correspond to O–
[51,52,59]. In addition, the vague signal of Mn2p XPS spectrum in
dicates the Mn is thoroughly removed by HCl leaching (Fig. 4i), which is
further confirmed by EDS mapping (Fig. 2). The CF and MDC800 are
hydrophobic with water contact angles (CA) of 122.5◦ and 116.7◦ ,
respectively, while the MDC800A and MDC800AM exhibit

ripening during pyrolysis, which contributed to the homogeneous dis
tribution of tiny MnNPs/MnNCs on the CMTs surface, increasing the
contact area and accordingly catalytic area between the metal and the
CMTs surface. Thus, before pyrolysis the CMTs surface of
MDC800@PANI was covered completely with a mass of MnCl2 salt
(Fig. S11). The SEM and EDS mapping images of MDC800AM before HCl
leaching show uniformly distributed Mn signal (Fig. S12), except for a
very scattering of Mn microparticles (ca. 2–3 μm in diameter) on the
CMTs surface due to high Mn salt loading, resulting from a homoge
neous distribution of small MnNPs/MnNCs throughout the CMTs sur
face, which helps increase the contact area during Mn-catalyzed
graphitization. Hence, after Mn-catalyzed graphitization and HCl
leaching, MDC800AM retained the same burr-shaped surface structure
as MDC800@PANI, the roughness of which was reduced to some extent,
though, due to the decomposition of PANI during pyrolysis (Fig. 1e–i,
Fig. S13 and Fig. 2).
As observed in high-resolution transmission electron microscopy
(HRTEM) images (Fig. 3), MDC800 shows the amorphous nature with
local ordered structure containing graphenic nanodomains (GNDs)
formed during heat treatment [50], whose interplanar spacing is 0.400
nm. The selected area electron diffraction (SAED) patterns show weak
refection halos, further suggesting the amorphous nature. After PANI
coating, MDC800A displays well-developed long curved GNDs with the
(002) lattice spacing of 0.368 nm. Mn-catalyzed graphitization further
reduces the (002) lattice spacing of MDC800AM to 0.345 nm,
approaching that of the stacked graphene (0.335 nm). The FTIR spectra
of MDC800A and MDC800AM (Fig. 4a) exhibit peak at 1394 cm− 1
assigned to the N–C–N stretching vibration, peak at 1250 cm− 1 assigned
to the C–N stretching vibration and peak at 1067 cm− 1 assigned to the
C–O stretching, respectively, proving the doping of N and O atoms in the
carbon framework [33]. The X-ray diffraction (XRD) patterns (Fig. 4b
and Table S2) display broad peaks, characteristic of amorphous struc
ture, at ca. 24–26◦ and ca. 42–43◦ , which correspond to the (002) and
(100) reflections of graphitic carbon, respectively. The peak position of
(002) shifts to a higher angle from MDC800 to MDC800AM, indicating
the decrease of the interlayer distance (d002) of C(002) plane. The d002 of
MDC800AM is 0.342 nm according to the Bragg’s law, which is in
accordance of the HRTEM results. The Raman spectra reveal D band at
5
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Fig. 6. a) Cyclic voltammograms (CVs) of different anodes in M9 electrolyte with 10 μM FMN at a scan rate of 10 mV s− 1. b) CVs of different electrodes with turnover
current tested in M9 electrolyte anaerobically inoculated with S. putrefaciens CN32 using a scan rate of 5 mV s− 1. c) Nyquist plots of corresponding bioanodes. Inset in
panel c is the equivalent circuit. d) Polarization and output power density plots of MFCs with different anodes. e) Three-cycle discharge plots of different anodesbased MFCs with an external loading resistance of 1 kΩ. f) Discharge curves of MFCs with anolyte replacement in plateau stage.

hydrophilicity with water CAs of 43.4◦ and 41.2◦ , respectively, due to
the doping of N atom (Fig. S17), since the lone pair of electrons on the N
atom is able to interact with H2O molecules via hydrogen bonds.
To evaluate the ability of 3D interconnected hollow structure to
localize electron shuttles (ES) within the electrode region, the amount of
FMN, a ES secreted by Shewanella putrefaciens CN32, diffusing from the
electrode which had already pre-adsorbed the electrolyte containing it
into the bulk solution was measured by the fluorescent emission spec
trum analysis (Fig. 5a–e and Fig. S18). As shown in Fig. 5a, MDC800AM,
MDC800A and MDC800 were able to adsorb more electrolyte (con
taining FMN) than CF, owing to their hollow structures. (The capacity of
CF for FMN localization might be derived from the interspace between
carbon fibers, which also enabled the electrolyte retention.) Further,
MDC800AM and MDC800A exhibited better electrolyte uptake (FMN
localization) than MDC800, which could be attributed to the improve
ment of hydrophilicity. The ES retention efficiency test revealed that
compared with CF, MDC800AM, MDC800A and MDC800 all could
effectively reduce FMN diffusion from the electrode region into the bulk
solution during six days (approximately one MFC operation cycle),
which indicated that the capability of localizing FMN mainly stemmed
from hollow microtubes comprising the electrodes (Fig. 5f; details in
Supporting Information).
The electrochemical properties of different electrodes were exam
ined in the anolyte containing exogenous FMN (Fig. 6a). As depicted in
the cyclic voltammetry (CV) profiles, the MDC800, MDC800A and
MDC800AM all exhibited larger capacitive current than CF, due to the
enlarged surface area, as well as more negative redox peaks of FMN
(centered at ca. 0.1576 V vs. the reversible hydrogen electrode (RHE))
than CF (centered at 0.1826 V vs. RHE), suggesting the more favorable
thermodynamic driving force for FMN (the redox potential of FMN/
FMNH2 is 0.193 V vs. RHE) to transport electrons to these electrodes.
Moreover, the peak separation of MDC800, MDC800A and MDC800AM
decreased from 55 mV to 32 mV, indicating the progressively enhanced
interfacial electron transfer (Table S4, Supporting Information). The
redox peak current of MDC800AM was more than three times higher
than that of CF, implying the former possessed more active surface area

for the FMN redox reaction. To further investigate the bio
electrocatalytic activity of different electrodes, the CVs and electro
chemical impedance spectroscopy (EIS) were performed using
S. putrefaciens CN32 adhered electrodes. The CV curves revealed that the
MDC800AM delivered a higher catalytic current with a more negative
onset potential than other electrodes (Fig. 6b). The Nyquist plots showed
that the MDC800AM presented the smallest semicircle diameter and
consequently the lowest charge transfer resistance Rct of 713.6 Ω
compared with MDC800A (833.1 Ω), MDC800 (998.4 Ω) and CF (1255
Ω) (Fig. 6c). For comparison, MDC800I was synthesized using Fe (III)
salt (FeCl3, see details in the supporting information). The SEM image of
MDC800I before acid leaching showed that the carbonized PANI layer
was nearly completely etched by Fe (III) during the high-temperature
heating (Fig. S19a). After acid leaching, there existed only some
debris of carbonized PANI layer but lots of small pits on the surface of
MDC800I (Fig. S19b). It seemed plausible because Fe (III) salt was
known as an oxidizing agent and widely used as the etchant to produce
activated carbons. The XRD pattern of MDC800I showed that the peak
position of (002) shifted to a lower angle compared with MDC800A and
MDC800AM, indicating the increase of the interlayer distance (d002) of C
(002) plane (Fig. S19c and Table S2) and consequently a decreasing
graphitization degree, probably due to the decomposition of the
aromatic-rich PANI layer. The CV profile of MDC800I anode in M9
electrolyte with 10 μM FMN showed that the value of the redox peak of
FMN was 0.1686 V vs RHE, which fell between that of CF (centered at
0.1826 V vs RHE) and MDC800/MDC800A/MDC800AM (centered at ca.
0.1576 V vs. RHE), suggesting the moderate thermodynamic driving
force for FMN to transport electrons to the electrode (Fig. S20a and
Table S4). The wide redox peak separation of MDC800I was more
remarkable than all the other electrodes, which could be the result of
large capacitance, due to the enlarged surface area probably stemming
from the large number of pits on the surface created by Fe (III) salt at
high temperature (Fig. S19b). The turnover CV revealed that the
MDC800I bioanode delivered a catalytic current higher than MDC800
but lower than MDC800A (Fig. S20b). The Nyquist plot of MDC800I
presented a charge transfer resistance Rct of 873.9 Ω compared with
6
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Fig. 7. SEM images of bacteria cells grown on a) CF and b) MDC800AM with c) a cross section view.

MDC800AM (713.6 Ω), MDC800A (833.1 Ω) and MDC800 (998.4 Ω)
(Fig. S20c).
The performance of batch-fed dual-chamber MFCs with different
materials as anode inoculated with S. putrefaciens CN32 was then
assessed. The polarization and output power density plots (Fig. 6d)
showed that the MDC800, MDC800A and MDC800AM all displayed
higher open-circuit potentials (ca. 0.74 V) than CF (ca. 0.66V). The
MDC800AM produced a maximum output power density of 1688 mW
m− 2, corresponding to a current density of 4.562 A m− 2 at a cell po
tential of 0.37 V, which was more than fourfold higher than that of CF
(380 mW m− 2) and also much higher than that of MDC800A (1407 mW
m− 2) and MDC800 (720 mW m− 2), respectively. The discharge plots
(Fig. 6e and Fig. S21) showed that the MDC800AM had a long discharge
life (ca. 160 h) in each batch and delivered a stable current density of
1.07 A m− 2, increased by 7%, 18% and 47% compared with MDC800A
(1.00 A m− 2), MDC800 (0.91 A m− 2) and CF (0.73 A m− 2), respectively.
To evaluate the ES retention effect of different electrodes during MFC
operation, the original anolyte was replaced with fresh medium without
FMN in the plateau period of electricity generation. Then the current
densities produced by these electrodes possessing hollow structure only
declined to 99.1% for MDC800AM, 99.3% for MDC800A and 98.8% for
MDC800, respectively, while for CF, the current density decreased
sharply to 51.8% and it took a long time to revert (Fig. 6f). Recent re
ports demonstrated that for the 2D electrode such as carbon cloth, the
current density was rapidly reduced to 20% in the similar tests [6].
Compared with CC, the ability of CF in localizing FMN might result from
the interspace between carbon fibers that could partially enable the
anolyte retention, as mentioned above.
The morphologies of different bioanodes were examined by SEM
immediately after discharge. Bacterial cells could grow on both outer
and inner surfaces of the hollow microtubular structure of these elec
trodes and the cell density on the electrode surface increased after N
doping attributed to the improvement in hydrophilicity (Fig. S22).
Moreover, catalytic graphitization of the electrode surface could further
raise the amount of adhered bacterial cells, probably because the in
crease in electronic conductivity might facilitate microbial electrorespiration and consequently the bacterial cell growth on the electrode
(Fig. 7). In contrast, only few bacterial cells lived on the CF surface (The
sample in Fig. 7a was magnified 10000 times while that in Fig. 7b was
magnified 12000 times by SEM, respectively. Besides, the working dis
tance (WD) of Fig. 7a was 9.3 mm while that of Fig. 7b was 10.1 mm,
respectively. Both factors mentioned above led to the result that the
bacteria cell sizes in Fig. 7a and b looked different.). The amount of total
protein content attached to the MDC800AM was significantly higher
than that to the CF (Fig. S23), further indicating the improved
biocompatibility. Therefore, MDC800AM could promote the adhesion of
bacterial cells and exhibited good biocompatibility.

subsequent Mn-catalyzed graphitization was helpful in doping both
outer and inner surfaces of CMTs with nitrogen atoms and improving its
graphitization degree, which contributed greatly to the hydrophilicity
and electronic conductivity of the electrode. Owing to the hollow
structure and large inner diameter of NCMTs, the MDC800AM was able
to retain the electrolyte facilitating well-localized ES within the elec
trode region as well as increase the surface area for electricigens to
inhabit. Because of the above-mentioned advantages, the MDC800AM
exhibited good biocompatibility, enhanced microbial electrocatalytic
activity and durability compared with its counterpart made up of solid
carbon fibers. Overall, this study not only provides a monolithic elec
trode demonstrating significantly improved activity toward microbial
electrocatalysis, but also opens up an avenue to boost the MFC perfor
mance by localized higher ES concentration within the electrode scaf
fold than that in the bulk solution.
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