IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Preparation of Vertically Oriented TiO, Nanosheets Modified Carbon
Paper Electrode and Its Enhancement to the Performance of MFCs

Tao Yin,' Zhenya Lin," Lin Su,” Chunwei Yuan,” and Degang Fu™

S

"State Key Laboratory of Bioelectronics, Southeast University, Nanjing 210096, People’s Republic of China
*Suzhou Key Laboratory of Environment and Biosafety, Suzhou 215123, People’s Republic of China

SJiangsu Key Laboratory for Biomaterials and Devices, Southeast University, Nanjing 210096, People’s Republic of China

© Supporting Information

ABSTRACT: A unique vertically oriented TiO, nanosheets (TiO,-NSs)
layer was synthesized in situ on the surface of a carbon paper (CP) electrode
via hydrothermal synthesis upon addition of a suitable amount of activated
carbon powders in a reactor. Field emission scanning electron microscopy
images showed that the nanosheets were about 2 ym in length, 200—600
nm in width and 15 nm in thickness. X-ray diffraction and Raman patterns
verified TiO,-NSs crystallized in the anatase phase. The electrochemical
activities of CP and TiO,-NSs/CP electrode have been investigated by cyclic
voltammetry and electrochemical impedance spectroscopy. The maximum
power output density of a mixed consortia inoculated microbial fuel cell was
increased by 63% upon using TiO,-NSs/CP as a bioanode compared with
that using bare CP as a bioanode. The performance improvement could be
ascribed to unique 3D open porous interface made of vertically oriented
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TiO,-NSs, which provides good biocompatibility, favorable mass transport
process, large surface areas for adhension of bacteria and direct pathways for electron movement to the electrode.
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Bl INTRODUCTION

In a microbial fuel cell (MFC), microbial metabolism can
directly convert chemical energy in organic compounds to
electricity by the way of extracellular electron transfer (EET),
which can proceed through direct physical contact of bacterial
cells with the anode via outer membrane c-type cytochromes
(OMCs), pilus or indirectly by soluble electron mediators, such
as self-secreted flavins.'™ To improve the performance of
MECs, several strategies have been applied to enhance the
bacterial EET. One promising technology is genetic the
engineering approach as illustrated by some excellent research,
e.g, enhancing membrane permeability of Escherichia coli via
expressing a porin protein OprF with the gene from P.
aeruginosa PAOL?} overexpressing quorum sensing system in
Pseudomonas aeruginosa,® displaying O,-reducing enzymes on
the surface of Saccharomyces cerevisiae.” Another effective
strategy is designing and fabricating a high performance
electrode, as the electrode provides surface active sites for
microbial adhesion and interfacial electron transfer. At present,
anodes of MFCs are often made of carbon based materials, such
as graphite fiber brush, carbon paper, reticulated vitreous
carbon, carbon nanofibers, etc.,’ mainly due to their good
biocompatibility, electrical conductivity and chemical stability
as well as low cost,®” and various chemical and physical
approaches for anode modification have been employed to
favor the formation of biofilm and the direct electron exchange
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between bacteria and the anode.”'® Nanomaterials including
conductive polymer, graphene, carbon nanotubes (CNTs) and
semiconductors are often used to construct a rough surface
with high anodic “bioaccessible” surface area and conductivity.”
Metal oxide semiconductors with plenty of tailored
nanostructures have been extensively investigated for the
development of electrochemical biosensors,"" electronic
devices'* and energy transducers,'> and also have been used
to modify anodes in MFCs.** For example, iron oxides are well-
known semiconductor materials that can act as terminal
electron acceptors for dissimilatory metal-reducing bacterium,
such as Shewanella oneidensis commonly found in near-surface
earth environments," and also can promote a long-distance
EET processes in the bacterial networks'® as well as improve
the performance of a bioanode.'” It is interesting to note that
some metal oxides (rutile, goethite) can not only enhance the
EET in MFCs but also stimulate the growth of chemo-
autotrophic and heterotrophic bacteria using solar energy.'®
TiO, is one of the most attractive metal oxides used in many
areas concerning solar cells,” photocatalysis,20 sensors,”!
supercapacitor,” etc. TiO, has very good chemical stability
and biocompatibility, and also is abundant and environment-
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Figure 1. FESEM images of the bare CP electrode (a), TiO,-NSs/CP electrode (b, c) and its cross section (d). TiO,-NSs/CP electrode obtained

under optimal conditions.

friendly.”> These advantages are very attractive for practical
MEFC electrodes. Qiao et al. reported that mesoporous TiO,
with a flake-cross-linked structure composited with 30 wt %
polyaniline (PANTI) as the MFC anode gave the best bio- and
electrocatalytic performance.”* It is postulated that the
mesoporous TiO, provides high specific surface area and
good biocompatibility, which is suitable for the growth of E. coli
as well as the mass transfer. Wen et al. obtained a modified
carbon cloth anode for MFCs by deposition of the nanohybrids
of anatase TiO, nanoparticles-decorated CNTs (CNTs@
Ti0,).** This modification significantly improved the power
density compared with the modification by pure TiO,
nanoparticles or CNTs alone. TiO, nanoparticle modified
electrode exhibited a slightly smaller output current I, than
that of CNTs modified electrode (3.25 vs 3.64 A cm™2), one of
the reasons may be large resistance of TiO, nanoparticle film
due to the electron transport obstruction at grain boundaries.
However, the electron transport in semiconductor nanomateri-
al/nanostructures could be improved after different kinds of
optimization.”*™>* For instance, the charge transfer was
enhanced in the film of TiO, hierarchical microspheres
(HMSs) assembled by nanospindles than in the film composed
of nanoparticles due to improved interparticle connection.”” In
fact, one-dimensional TiO, nanostructures with a relatively
small amount of grain boundaries which are able to provide fast
electron transport have been extensively used in ghotoanodes
for efficient dye sensitized solar cells (DSSCs).*> We expect
that an oriented TiO, nanostructure on an anode of a MFC
may promote EET of exoelectrogens.

Herein, we reported the fabrication of vertically oriented
TiO, nanosheets (NSs) on the surface of carbon paper (CP)
electrode. The modified electrode, denoted as TiO,-NSs/CP,
was used as the anode of the MFC inoculated with sludge from
the wastewater treatment plant. The morphology, structure,
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electrochemical activity of the electrode and the power output
of the MFC were investigated. It was found that the maximum
power density of the MFC equipped with TiO,-NSs/CP anode
has been distinctly improved. The results highlighted the
potential of suitably tailored nanostructures made of metal
oxide semiconductors for optimizing the performance of an
anode as well as MFCs. To the best of our knowledge, this is a
first case reported that oriented TiO, nanostructure was applied
in the anode of MFCs to facilitate EET of bacteria without
compositing other conductive materials.

B EXPERIMENTAL SECTION

Materials and Reagents. Carbon paper was purchased from
ShangHai HESEN Electrical Appliance Co. Ltd. Activated carbon
(AC) powder was purchased from Nanjing Chemical Reagent Co.,
Ltd. Proton exchange membrane (PEM, Nafion 117) was from
DuPont (Wilmington, DE). Tetrabutyl titanate was purchased from
ChengDu KeLong Chemical Co., Ltd. All reagents were of analytical
grade and the solvent was ultrapure water. Before use, CP was
ultrasonically cleaned for 60 min with acetone, ethanol and distilled
water respectively, then dried in an oven at 80 °C.

Preparation of TiO, Nanosheets Modified CP Electrode
(TiO,-NSs/CP). TiO, sol was synthesized in a laboratory following a
previous report.>" The clean CP was immersed into the TiO, sol for
10 min and dried at 80 °C. After that, it was calcined for 30 min in a
tubular furnace at 350 °C to forming a TiO, seed layer on the CPs’
surface. The Teflon-lined stainless steel autoclave (50 mL in volume)
filled with 40 mL of aqueous solution of 10 M NaOH and 0.2 g of AC
powders was placed in an oven at 180 °C for 24 h. After the CP cooled
down to room temperature, the modified CP was rinsed with ultrapure
water to remove AC, followed by soaking with 0.1 M hydrochloric acid
for 1 h, then washed to neutral with deionized water and dried at 80
°C. Sequentially, the sample was calcined at 550 °C for 1 h in a N,
atmosphere.

MFC Setup and Operation. A dual-chamber MFC (each chamber
with a volume of 330 mL and sealed with rubber stoppers) was
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Figure 2. FESEM images of modified CP electrodes obtained under 0 mg (a), S0 mg (b), 150 mg(c) and 250 mg (d) of AC powders in a

hydrothermal reactor.

constructed with two bottles separated by PEM with a projected area
of 9.6 cm?. Ti0,-NSs/CP (2 X 2.5 cm) and bare CP (3 X 3 cm) were
used as the anode and cathode, respectively, with an electrode spacing
of 8 cm.

The anode compartment was initially inoculated with a mixture of
anaerobic sludge obtained from Wastewater Treatment Plant of
Nanjing City and the cultivation medium (1:3, V/V). The cultivation
medium (pH = 7) contained (per liter): 4.4 g of KH,PO,, 3.4 g of
K,HPO,-3H,0, 1.6 g of CH;COONGQ, 1.5 g of NH,C], 0.1 g of MgCl,-
6H,0, 0.1 g of CaCl,-2H,0, 0.1 g of KCl and 10 mL of trace mineral
metals solution.>* The anolyte contained 300 mL cultivation medium,
whereas the 300 mL catholyte contained 50 mM potassium
ferricyanide (K;[Fe(CN)¢]) and 100 mM PBS (phosphate buffer
solution). At the start-up stage, the anode and cathode connected to a
1 kQ resistor using copper wire and nonconductive epoxy resin was
utilized for isolating exposed metal surfaces from solutions. After the
output voltage was stable for two consecutive cycles, the cell was ready
for measuring polarization and power output curves. The measure-
ment was done by varying the external resistor over a range from 30 to
50 Q and then monitored the MFC steady-state voltage. All the
experiments were operated at 30 = 0.5 °C in anaerobic conditions.

The control experiment was performed in same conditions except
using bare CP (2 X 2.5 cm) as the anode.

Characterization and Measurement. The surface morphology
was observed by a field emission scanning electron microscopy
(FESEM) with a Zeiss Ultra Plus (Zeiss, Germany) instrument. The
crystalline structure was characterized by X-ray diffraction (XRD)
recorded by an XD-3A (Shimadzu Corporation, Japan) instrument
using graphite monochromatic copper radiation (Cu Ka) at 40 kV and
30 mA over the 26 range of 10—80°. Raman spectra were measured
under the 785 nm excitation wavelength using an inVia Raman
Microscope (Renishaw Corporation, United Kingdom).

Electrochemical measurements were carried out by CHI760d
electrochemical workstation (CH Instruments Inc,, China) with the
three-electrode system, but electrochemical impedance spectroscopy
(EIS) measurements were conducted using an IM6ex electrochemical
workstation (Zahner, Germany) with the voltage amplitude of S mV
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over the frequency range from 100 kHz to 0.01 Hz. The cyclic
voltammogram (CV) and EIS measurements in an electrolyte solution
consisting of S0 mM K;[Fe(CN)4] and 100 mM PBS were performed
using a single-chamber electrochemical reactor described elsewhere.'
CP or TiO,-NSs/CP placed on the bottom of the reactor was used as
the working electrode, with Pt wire and a saturated calomel electrode
(SCE) as the counter and reference electrodes, respectively. When
electrochemical measurements were performed in the MFCs, the
anode and cathode acted as the working electrode and counter
electrode, respectively, with SCE inserted into the anolyte as a
reference electrode. All the potentials were recorded with respect to
SCE.

B RESULTS AND DISCUSSION

Synthesis and Morphology of TiO,-NSs Grown on CP
Electrode. The morphologies of CPs and TiO,-NSs/CPs were
first characterized by FESEM and shown in Figure 1. CP was an
intertexture consisting of carbon fibers with diameters of 6—8
um, which formed a very rough surface (Figure la). After
hydrothermal reaction, the CP surface was uniformly covered
with a dense layer (Figure 1b) and its original topography
maintained. A magnified FESEM image in Figure 1c shows that
the dense layer was composed of vertically oriented nanosheets
(NSs) with intervals on the top less than about 1 gm, which
formed vertically penetrating pores through the layer. It is
expected that such a 3D open porous structure is favorable for
biofilm growth as well as permeability of electrolyte, organic
substrates and electron mediators.”* The lateral view of the
cover layer indicates that the rectangular NSs were about 2 ym
in length and 200—600 nm in width (Figure 1d) whereas the
thickness of the NSs was about 15 nm (Figure S2, Supporting
Information). From the intuitionistic observation, these NSs
grew upward from surface of CP could construct direct
pathways for delivering electrons from exoelectrogens in
biofilm to CP substrate.
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Figure 3. XRD pattern (a) and Raman spectra (b) of the TiO,-NSs layer grown on the CP under optimal preparation conditions.
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Figure 4. CV of TiO,-NSs/CP and bare CP electrode in PBS containing 50 mM potassium ferricyanide at scan rate of 10 mV/s (a), and the linear
fitting of redox peak current with square root of scanning rate for both electrodes (b).

To grow the NSs layer on the CP surface, a seed layer of
anatase TiO, was first coated on CP by dipping the CP into a
sol solution of colloidal TiO, and then drying. During
hydrothermal treating, the deposited TiO, nanoparticles
reacted with concentrated NaOH to form new crystals on CP
surface through dissolution—nucleation—growth process at
elevated temperature and pressure according to previous
reports.®> The product of hydrothermal reaction is closely
related to its reaction parameters. Under current conditions, it
was found that AC powders facilitated the formation of the NSs
layer on the CP surface. Figure 2 shows the influence of AC
powders on the morphology of the TiO, layer. Without
addition of AC powders in the hydrothermal reaction solution,
it always formed long and disordered nanowires on the CP
surface (Figure 2a), although the nanowires uniformly covered
the substrate (Figure S1, Supporting Information). In the
presence of AC powders, NSs were formed gradually with the
increasing amount of AC powders (Figure 2b,c). When
addition of AC powders was over 150 mg, almost all the
growing TiO, was in the shape of a nanosheet or nanobelt
(Figure 2c,d). However, the best addition was 200 mg, which
resulted in the formation of up-standing nanosheets (Figure 1c)
instead of disorderly tilted nanosheets (Figure 2d). In the
following experiment, all the samples were obtained under the
addition of 200 mg of AC powders.

However, how AC powders play their role in the
hydrothermal process is not well understood, and the detailed
mechanism needs to be investigated in the future. It is well-
known that diffusion field of reactive species around substrates
affects recrystallization during the hydrothermal process. For
example, when the precursor solution was stirred in the
presence of a glass substrate, the rutile needles were deposited
instead of the nanosheets.** Therefore, we speculate that one
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possible effect of AC powders may be controlling the
concentration of species with the time in reaction solution
through adsorption—desorption interaction.

Phase Identity of TiO,-NSs. Upon addition of 200 mg of
AC powders in an autoclave, a well oriented TiO,-NSs layer
could be observed throughout the substrate. It is worth
mentioning that no part of the layer was shedding off from
substrate when the modified CP was immersed in water or
cultivation medium for as long as 2 months. This shows good
contact between the CP and TiO,-NSs, which is desired for
MEFC applications. To examine the crystal structure of the over
layer, XRD and Raman spectra were obtained, as in Figure 3. In
XRD spectra, apart from the peaks arising from CP substrate,
other peaks at 260 of 25.4, 37.8, 48.2, 62.8 and 75° can be
indexed to pure anatase phase of TiO, (JCPDS card no. 21-
1272) corresponding to diffractions from the (101), (004),
(200), (204) and (215) planes, respectively. The diffraction
peak from the (105) plane was overlapped with the diffraction
from CP substrate at 26 of about 54—55°.

Raman scattering is very sensitive to crystallinity and
microstructures of materials.”> The polymorphs of TiO,-NSs/
CP was further characterized by Raman spectroscopy. Two
peaks at ~1308 and 1597 cm™" were the D and G bands of
carbon paper substrate due to disordered and graphitic phase,
which also appeared in bare CP. The bands around 145 (E,),
398 (Blg), 514 (Alg/Blg), 641 cm™ (Eg) and a weak shoulder
near 196 cm™ (E,) matched well with vibrational modes of
typical anatase and no peaks due to other TiO, phase were
observed.’® This clearly indicated that an anatase phase was
formed in the nanosheets.

In short, XRD and Raman characterizations of TiO,-NSs/CP
consistently indicate formation of anatase TiO, crystals on the
CP substrate, which occurred upon annealing the samples after
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Figure S. Nyquist plots of TiO,-NSs/CP (a) and bare CP (b) electrodes with insets illustrating the spectra in middle to high frequency range, and an
equivalent circuit for fitting Nyquist plots (c). The points in (a) and (b) represent experimental data while the line is fitting result, the y* values of
the fitting for TiO,-NSs/CP and bare CP were 4.1 X 10™* and 9.7 X 107, respectively. The EIS was measured at an electrode potential of 0 V in PBS

solution containing 50 mM potassium ferricyanide.

hydrothermal treating and washing with acid and water. This is
similar to the report by Cortés-Jacome,®” in which the anatase
was produced during the transformation of titania nanotubes by
in situ annealing at 550 °C in a nitrogen atmosphere.
Although the oriented TiO, nanosheets/flakesr were
fabricated on substrates such as FTO/glass,34’38’39 or a Ti
plate,* relatively fewer examples of ordered TiO, nanosheets
on C substrates were reported.*"** Here the upstanding TiO,
nanosheets formed on a carbon based electrode.
Electrochemical Investigation of TiO,-NSs/CP Elec-
trode. To verify the interfacial electron transfer properties of
the TiO,-NSs/CP electrode, electrochemical experiment was
conducted and compared with that of the CP electrode using
K;[Fe(CN)4] as a prober, which is often used in electro-
chemical systems to demonstrate the properties of relevant
electrodes.” CV in Figure 4a exhibited quasi-reversible
characterization generally accompanying in electrochemical
process of redox couple Fe(CN)s*~/Fe(CN)g*, ie., approx-
imate ratio of 1 for I/, independent of scan rates v. In
addition, the average value of redox peak potentials was 0.17
and 0.20 V on CP and TiO,-NSs/CP electrodes respectively,
which was close to the formal potential of Fe(CN)s*~/
Fe(CN)¢*". The good linear relationship between peak current
density I, or I and square root of the scanning rate, V2 was
established in both electrodes (Figure 4b), which implied the
electrochemical reaction was subject to a diffusion-controlled
process. From Figure 4a, a bigger peak current was observed on
the TiO,-NSs/CP electrode. It is well-known that electrode
reactions as heterogeneous processes can be markedly affected
by the microstructure, roughness and function groups present
on the electrode surface. Vertically oriented TiO,-NSs
obviously enlarged the surface area of the modified electrode
upon formation of a 3D open porous interface, and this point
can be verified by the larger tilt of the straight line represented
for the TiO,-NSs/CP electrode in Figure 4b. Normally, a larger
surface area will lead to a larger electrochemically active surface
area,** and then a larger current density, which is reflected in
Figure 4a. However, quantitatively comparing the electro-
chemically active surface area of two electrodes from lines in
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Figure 4b according to the Randles—Sevcik equation would be
improper due to the intrinsic differences of surface structure
between CP and TiO,-NSs/CP.

Besides the change of electrochemically active surface area,
the surface modification may also modify interfacial mass
transport kinetics and/or electron transfer kinetics of redox
active species. To further explore the effects of the TiO,-NSs
layer on the electrode reactions, EIS analysis was carried out.
The real part (Z,.) and imaginary part (Z;,) of the impedance
are shown in Figure Sa,b. The Nyquist plot of TiO,-NSs/CP
exhibited a small and incomplete semicircle in high frequency
region and a large arc in the low frequency region. A similar
feature was also observed in the Nyquist plot of the CP
electrode but with much larger diameters for the arc. An
equivalent circuit in Figure Sc was used to fit measured data
using ZView 3.0 software, where R, is the charge-transfer
resistance and W is Warburg impedance corresponding to the
diffusion resistance in working electrode, while a constant phase
element (CPE) describes the diffusion double layer capacitance
of a rough surface. R, represents the charge-transfer resistance
at the counter electrode/electrolyte interface and parallels with
a capacitor C to account for the small semicircle in the high
frequency region. The other resistance was represented by a
series resistance R.. A comparison of the fitting results of the
Ti0,-NSs/CP electrode with the corresponding values of the
bare CP electrode shows that R, (266.4 vs 2965 ) and
diffusion resistance W-R (139 vs 2025 Q) are both remarkably
reduced, indicating a faster electron-transfer rate and facilitating
mass transport process on the TiO,-NSs/CP electrode. In
addition, CPE-T, the capacitance of the diffusion layer, was
significantly increased (2.98 X 107 vs 3.52 X 107* F/s'*) and
the CPE-P, a parameter less than 1, estimating the
inhomogeneity of an electrode surface, was decreased (0.81
vs 0.91), corresponding to enlarged surface area and roughness
for TiO,-NSs/CP electrode. The EIS results show that the
TiO,-NSs layer was beneficial to the interfacial electron transfer
due to superior electron and mass transfer kinetics, which was
in line with the CV results (Figure 4).
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Performance of a Mixed Consortia Inoculated MFCs
Using TiO,-NSs/CP as Anode. Electrochemical investigation
of the TiO,-NSs/CP electrode suggests that the as prepared
electrode has a larger electrochemical area as well as enhanced
mass transport. We therefore expect that the modified electrode
could produce enhanced current generation when used in
MEFCs, which would be highly desired considering the excellent
biocompatibility and chemical stability of the TiO, layer. We
examined the performance of mixed consortia inoculated MFCs
using TiO,-NSs/CP as the anode without compositing other
conducting materials such as PANI or CNTs. Figure 6 shows
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Figure 6. Power output and polarization curves of the MFCs equipped
using different anodes.

power output and polarization curves of the MFCs using
different anodes. As TiO,-NSs/CP was used as the anode, a
significant performance improvement was observed. The

maximum output power density for the MFC equipped

TiO,-NSs/CP anode was 690 mW/m?®, corresponding to a
63% increase relative to that of 423 mW/m?® for the MFC
equipped bare CP anode. The total internal resistance R, of
the MFCs was estimated from the external resistance used to
measure the point of maximum power density, to be 100 and
200 Q, respectively, for the as-built MFC and control MEC,
which were close to the values (109 and 213 ) obtained by
linear fitting of voltage drops in the ohmic region of
polarization curves (Figure S6, Supporting Information).*
Obviously, different performance of the MFCs arose from the
different anode and biofilm on it.

EET in the Interface of TiO,-NSs/CP Electrode. To best
understand the performance of the MFCs, CV experiments
were performed on the MFC using the anode as the working
electrode and the cathode as the counter electrode to ascertain
the biofilm-associated electron transfer process. As shown in
Figure 7, more than one electrochemical processes occurred in
the anode. One of the redox reactions possessed a midpoint
potential E of about 0.20 V, which was close to cathodic
potential (0.26 V). The oxidative peak current due to this
reaction was dramatically dropped when the anolyte was
replaced with fresh medium, indicating this peak possibly arose
from the redox active metabolic intermediate secreted by
biofilm. However, this redox process should make hardly any
contribution to the power generation because of its relatively
positive oxidative potential. Another redox reaction possessed a
midpoint potential E_, from —0.2 to —0.23 V, which was in the
range of formal potentials of various OMCs'®* found in
exoelectrogens. It is known that the attached OMCs can
mediate direct electron transfer from the cell surface to solid
oxides or graphite electrode responsible for electricity
generation in MFCs and also play the important roles in
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Figure 7. CV of the different anode biofilms (a), and EIS spectra of TiO,-NSs/CP anode (b) as well as bare CP anode (c). The points in panels b
and c represent experimental data whereas the line is the fitting result. The y* values of the fitting for TiO,-NSs/CP and bare CP were 4.6 X 10~
and 2.2 X 1073, respectively. CV and EIS were measured in the MFCs with anode as working electrode. EIS was measured at —0.25 V.
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Figure 8. Schematic illustration of the formation of up growing TiO,-NSs layer on CP electrode and bacterial EET on it.

microbial activities in anaerobic subsurface environments.
Reasonably, the redox processes with E, values from —0.2 to
—0.23 V could be attributed to interfacial electron transfer
between OMC:s of bacteria and the electrode and account for
the current generation. However, indirect electron transfer
mechanisms, namely via electron mediators, could not be
excluded from CV experiments. Because some electron
mediators secreted by bacteria, such as quinone and
phenazine-like compounds*”** have midpoint potentials near
this region. So, the larger CV current density of the TiO,-NSs/
CP anode biofilm in Figure 7a was coincident with the
enhanced power output, shown in Figure 6. Further insights
into the anode electron transfer by these biofilms were gained
through EIS measurement performed on the MFCs (Figure 7b-
c). The fitting results showed that both the diffusion resistances
W-R (3636 Q) and electron transfer resistances R, (13.3 Q) on
the TiO,-NSs/CP anode were decreased relative to the
corresponding values of 4041 and 43.6 Q on the bare CP
electrode, again demonstrating the enhanced EET activity of
biofilm due to the TiO,-NSs layer.

According to the above discussion, a layer of vertically
oriented TiO,-NSs brings several advantages beneficial to the
interfacial redox process, and promotes bacterial EET, as
schematically illustrated in Figure 8. Briefly, the TiO,-NSs on
the CP surface formed a 3D open porous structure, which was a
favorable electrode surface for MFCs. Previous research efforts
have shown that a rough interface with porous structure in
micro/submicrosizes is advantageous because this will enable
extensive biofilm formation and eflicient transport of nutrients
and wastes.*” Vertically oriented TiO,-NSs provide not only a
large “bioaccessible” surface area but also excellent biocompat-
ibility for microbe growth, as seen from the dense biofilm on
the modified electrode (Figure S7, Supporting Information).
Furthermore, the vertically penetrating pores through the layer
promote the mass transport, as evidenced by reduced diffusion
resistance. A strengthened diffusion process is helpful to
bacteria growth and indirect electron transfer via electron
mediators produced by a biocatalyst. Previous studies have also
demonstrated that it is easy to achieve direct electron transfer
between TiO, and redox enzymes/ proteins,21 and nano-
structured TiO, such as nanoneedles,’® nanorods® and
nanofiliforms® were utilized to enhance direct electrochemistry
of an enzymatic electrode and hence the performance of
biosensors/biocatalysts. TiO,-NSs on a modified CP electrode
provided a large contact area between the TiO, and the biofilm.
The surface group on TiO, such as hydroxyl group can
reinforce the adhesion of bacteria, and the microstructure of
TiO, was also helpful for direct electron transfer from redox
proteins to TiO,.>® Together with another brilliant feature of
up-standing nanosheets, ie, facilitating the movement of
delivered electrons from OMCs to electrode just as previous
observation on the transport of photoexited electrons along
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oriented TiO, nanostructures,®® faster electron transfer on
TiO,-NSs/CP should be obtained, which was illustrated from
the results of CV and EIS measurement. All these properties of
modified electrode are anticipated to yield significant improve-
ment of the MFC performance and account for the observed
difference in Figure 6.

H CONCLUSION

The surface of a CP electrode was successfully modified by a
layer of vertically oriented TiO, nanosheets. The bioelectricity
generation on such a modified CP electrode without any
additional conductive materials was superior to that of a bare
CP electrode. The unique surface structure of TiO,-NSs/CP
electrode plays a critical role in enhancing power output of
MEFCs. Vertically oriented TiO,-NSs on a CP surface formed
vertically penetrating pores that offer a large contact area to
OMCs for direct electron transfer, high biocompatibility,
facilitating molecular diffusion and favorable electron transport
pathways. These results demonstrated the strategy of a properly
tailored TiO, nanostructure on electrode surface to promote
EET of exoelectrogens that could be applicable to other
semiconductor materials, and provide a new pathway for
performance improvement of bioanode and relevant MFCs.
Due to the common usage of carbon based electrode, the
results from current study may also find potential applications
in other electrochemistry technologies such as electric catalysis
and electroanalysis.

B ASSOCIATED CONTENT
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FESEM images of modified CP surfaces obtained under
different amount of added AC powders, XRD of CP, cyclic
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the electrodes in cultivation medium solution, linear fitting of
voltage drops in the ohmic region of polarization curve, FESEM
images of microbes grown on electrode surface, and MFC
operation in long-term. This material is available free of charge
via the Internet at http://pubs.acs.org.
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