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Abstract: In order to investigate the effect of the surface
morphology and resistance of the TiO, semiconductor on
current output, TiO, nanotube array bio-anodes ( TNA) are
synthesized at different electrolyte temperatures, thereby
changing the length and surface roughness of the nanotubes.
When the anodizing temperature is increased from 30 to 75 C,
the length of the nanotubes increases from 1. 459 to 4. 183
pm, which hinders the transfer of extracellular electrons to the
electrodes. On the other hand, the surface roughness of TNA
is significantly improved at higher temperatures, which is
conducive to electron transfer. Therefore, samples processed
at 45 C have the best current output performance. Compared
with the treatment at 30 C under anodization, samples
processed at 45 C can balance the resistance and roughness
and have a higher electron transfer rate; the current output
and the

Therefore,

density of which is increased by 1.5 times,
decolorization rate is increased by 0. 8 times.
proper TNA surface morphology can improve the current
output and the potential of wastewater treatment.
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icrobial bioelectrochemical systems ( BESs) are mi-
Mcrobia] engineering systems which utilize microor-
ganisms as living catalysts to interconvert electrical and
chemical energy'". The representative BES can be used
in microbial fuel cells (MFCs) . The microbial fuel cell is
a newly developed technology for simultaneous power

. 2
generation and wastewater treatment"”’

, and it is a typical
microbial bioelectrochemical system. In MFCs, electro-

active bacteria (EAB) on the electrode catalyzes the oxi-
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dation of organics to electrons via complex extracellular
electron transfer ( EET), which is regarded as the main
limitation of commercial applications”. Efforts have
been made to improve EET by identifying bacteria that
generate more power, designing cells that better transmit
power, and promoting biofilm accumulation on modified
electrodes'”’. Compared with carbon materials (e. g.,
graphite), metal electrodes have a higher conductivity
and greater mechanical strength. However, apart from
noble metals, most metals corrode easily and have poor
biocompatibility"™ .

Titanium (Ti) is corrosion-resistant and biocompatible
and, thus, is widely used in biosensors, medicine deliv-
ery and implants. However, in order to decrease costs
and improve the surface binding of cells, different titania
nanostructures have been synthesized, including nano-
tubes, nano-wires, nano-rods, and nano-nets'*”’. Elec-
trochemical anodization can be used to alter the highly or-
dered surface morphology of titania nanotube arrays
(TNAs) by controlling parameters such as the electro-
lytes, voltage, and process time'™. A wide range of
lengths (1 to 200 wm) and pore diameters (20 to 150
nm) have been produced for different applications' .
Moreover, the application of different TNAs on photoca-
talysis and wastewater treatment in MFCs has been widely
studied in recent decades'"™"".

Few studies have detailed bacterial cell-TNA interac-
tions. Feng et al. ! first investigated the current output of
TNA anodes. Compared with bare Ti plates, a 190-fold
higher current density of (12.7 + 0.7) A/m’ was ob-
served in TNA , which improved the accumulation of
EAB on the nanotube structure. Furthermore, Anitha et
al. " quantified the influence of nanotube diameter on
the growth of biofilms. A 20-nm diameter corresponding
to a 90% increase in the surface area (compared with 140
nm) resulted in better adhesion of EAB. A study of the
crystallinity of TNA electrodes examined heating treat-
ments in hydrogen, methane, and nitrogen atmos-
pheres'"”. Higher crystallinity in a reducing hydrogen at-
mosphere markedly improved biofilm formation on the
anode. However, titanium dioxide has a huge band gap
of 3.2 eV, which results in the poor conductivity of
nanotubes merely comprised of titania. In fact, multime-
ter detection revealed that the TNAs in this study exhibi-
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ted a resistance of 3 x 10* (). Although the mechanism of
the conduction of a bioanode is not clear, some research
showed that a thin oxide layer at the bottom of nanotube
pores and voids allows EET to occur. Therefore, the
thicker TNA can increase resistance and affect the flow of
the EET process. To the best of our knowledge, few re-
ports have discussed the influence of tube length and sur-
face morphology.

This study evaluates the power generation of TNA elec-
trodes with different tube lengths and roughness. The
length and roughness of the TNA are manipulated by elec-
trochemical anodization at different temperatures. More-
over, the reduction kinetics of an azo dye is established to
evaluate the EET capacity of the TNA anodes. Finally, a
possible mechanism is considered by discussing the corre-
lation among power generation, pipe diameter, and mi-
crobial community.

1 Materials and Methods

1.1 Electrochemical anodization for the synthesis of

TNAs

TNAs of different lengths were synthesized according
to previously reported methods. Briefly, a Ti plate with
an area of 4 ¢cm’ was first cleaned in acetone, ethanol,
and deionized water for 15 min, respectively. After dr-
ying, electrochemical anodization was performed for 5 h
by loading a voltage of 30 V between the Ti plate and a
graphite counter electrode. The electrolytes (1. 092 g
NaF, 160 mL ethylene glycol, and 40 mL distilled wa-
ter) were heated to 30 C (Al), 45 C (A2), 55 C
(A3), 65 T (A4), or75 T (AS) during synthesis. Af-
ter anodization, the samples were washed by deionized
water and dried with nitrogen. Then, the electrode was
annealed in air at 450 C for 2 h in a muffle furnace
(SXL; Shanghai Jinghong, Shanghai, China).

1.2 MFC construction and operation

A double-chamber reactor (175 mL) divided by a cat-
ion-exchange membrane ( CMI7000; Membrane Interna-
tional, Glen Rock, NJ, USA) was used. The anode
chamber was inoculated with 15 mL of effluent from the
cathode of a continuous-flow denitrification MFC. The
anolyte comprised of 0.1 g/L active brilliant red X-3B
(ABRX3), 0.5 g/L NaAC, 0.025 g/L NH,Cl, 1.66 g/
L NaH,PO, - 2H,0, 5.16 g/L Na,HPO, - 12H,0O, and
trace elements''”. Before batch experiments, the anolyte
was pre-deoxygenated via nitrogen bubbling for 30 min.
The anolyte was stirred magnetically and replenished ev-
ery 3 d when the current dropped. A 100 () external resis-
tor was loaded between two electrodes during the whole
experiment process.

1.3 Characterization of TNA electrodes

A field emission scanning electron microscope

(FESEM) operating at 10 kV ( Nova NanoSEM 450;
FEI, Hillsboro, OR, USA) was used to characterize the
morphology of the top and tube sides of the TNAs.

1.4 Analysis

The current in the MFC was recorded every 30 s''.

Cyclic voltammetry (CV) was conducted in the presence
of NaAC in the anolyte under the turnover condition and
in absence of organics under no turnover condition at dif-
ferent scan rates. Ag/AgCl electrode was the reference
eletrode. Electrochemical impedance spectroscopy ( EIS)
was used (100 kHz to 0.01 Hz) to measure the resistance
of the material''"!.

The electrontransfer number is calculated by a simple
model as follows:

J.
J: llml(() (1)
1 +exp(nF(E° - E)/RT)

where J and J,
(mA), respectively, in the presence of organic material
in the anolyte, which is referred to as the turnover condi-
tion. E’is the half-peak potential of the current profile; n
is the electrons; F is the Faradic constant; and F =
96 485 C/mol. R is the ideal gas constant, R =8.314 ]/
(mol - K), and T is the temperature, K.

To quantify the rate of ABRX3 degradation, a first-or-

are the current and limited current output

der kinetics model is applied as follows:

de _

= ke (2)

where ¢ is the concentration of ABRX3 in water at time f,
mg/L; and k is the first-order kinetic constant. Each sample
was collected with a syringe and filtered through a 0.45-pum
filter before analysis. The absorbance variation at the catho-
lyte was measured using UV-Vis spectrophotometry
(UV9100; Labtech International Ltd, East Sussex, UK)
from 200 to 700 nm. The microbial community structures of
Al to AS were examined using 16s rRNA pyrosequencing.

2 Results and Discussion

As shown in Fig. 1, the lengths of the TNAs Al to AS
are 1.459, 2.322, 3.043, 3.430, and 4. 183 pm, re-
spectively. The growth of TNAs increased significantly
with the anodization temperature. The etching effect of
F~ on titanium dioxide was enhanced at higher tempera-
tures, increasing the lengths of the nanotubes. According
to previous research, electrochemical corrosion and the
growth of TNAs proceed simultaneously in organic sol-
vents, such as ethylene glycol and methanol'”. The
nanotubes can reach hundreds of micrometers in length.
However, as a high volume ratio of water was used in
this experiment,
TNAs in aqueous solution was very fast, resulting in
shorter nanotubes ( <4.5 pm). Apart from altering the

the chemical dissolution rate of the
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Scanning electron microscopy images of the titania

nanotube arrays. (a) Al; (b) A2; (c) A3; (d) Ad; (e) AS

length, little effect on the surface pore size of the TNAs
was observed!'”. Bulges grew along the pipe. Previous
studies have shown that the distance between the bulges
on the tube wall was the same, indicating that the forma-
tion of the bulges on the tube wall was related to the cur-
rent oscillation''” .

Fig.2(a) shows the current output of the anodes. The
maximum current densities observed in A2 (0. 625 mA/
cm’), A5 (0.5 mA/cm’), A4 (0.45 mA/cm’), A3
(0.4 mA/cm’®), and Al (0.25 mA/cm’) were recorded
after 20 d of acclimation. Although there were similar cy-
cles of current increase and decrease between the replen-
ishment of the anolyte, the start-up of Al was much slo-
wer (12 d) than that of the others. This delayed current
increase reflected the lower accumulation of EAB on the
surface of Al , whereas electrodes made at higher anod-
ization temperatures accumulated more EAB and genera-
ted more current. The kinetics of EET were evaluated by
CV spectroscopy in Fig. 2(b). By Eq. (1), the apparent
electron transfer was calculated. In this study, the values
of A2 and Al were 0. 213 and 0. 107, respectively. An
S-shaped CV curve usually represents the rate of oxidation
of organic matter in cells by EAB"®'. More electrons in
A2 resulted in better electrode performance''”. Due to the
band gap of titanium dioxide being 3.2 eV, a huge surface
resistance of approximately 10 (Q - m)~' was ob-
served'”. According to Fig. 1, Al TNA (1.459 pm) was
shorter than A2 TNA (2.322 pm); thus, Al exhibited a
lower resistance. However, the current generated by Al
was still 1.5 times lower than that generated by A2. In
comparison, although the tube length of A5 was 4 times as
long as Al, AS still generated more current. Accordingly,
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Fig.2 Current output characteristics. (a) Time profile of the cur-
rent outputs; (b) Results of turnover cyclic voltammetry spectroscopy
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the surface morphology of TNAs was studied to under-
stand the reason for these differences.

Fig.3 shows the surface morphology of the TNAs. The
pore size of the nanotubes did not change and was approxi-
mately 200 nm. The three-dimensional reconstruction of
the SEM images shows that the surface roughness is im-
proved greatly by changing the anodization temperature.
Greater surface roughness is more suitable for microbial
attachment, which can significantly increase the accumu-
lation of EAB and the electricity generated'” ™.

The electrochemical characteristics of the TNAs are fur-
ther evaluated (see Fig.4). As the extracellular electron
transfer (EET) by EAB is mainly realized by the outer
membrane heme proteins/protein flavin complex, the sur-

face proteins involved in electron transfer can be studied
semi-quantitatively using non-turnover CV spectroscopy.
As shown in Fig.4(a), redox pairs are observed between
-0.44 and -0.35 V (vs. Ag/AgCl), which typically
appears in a mixed culture with Geobacter biofilms"".
Surprisingly, a negative shift in the oxidation peaks from
Al (-0.41 V) to AS ( -0.48 V) was observed as the
roughness increased. The semi-quinone complex formed
by binding flavin and the outer membrane cytochrome re-

22-23 . .
231 - This free radical

sulted in more negative values
changes the process of the 2-electron transfer into a sin-
gle-electron transfer, which significantly accelerates ex-
tracellular electron transfer and increases current. In this

experiment, the rougher interface locked more secreted

(e)
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Fig.3 SEM images of the top surface of the TNAs and a schematic of bacteria attaching to a TNA by EET. (a)Al;(b)A2:(c)A3;

(d) A4; (e)AS; (f) A schematic of bacteria attaching to a TNA by EET
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Fig.4 Electrochemical analysis of the anode. (a) Results of non-
turnover CV spectroscopy; (b) Results of electrochemical impedance
spectroscopy of different anodes

flavin as a result of stirring, which contributed to a 70%

(22241 " EIS was used to determine

increase in the current
the resistance of the anodes. As shown in Fig.4(b), the
small arc in the Nyquist plot of A2 indicates its lower
interface impedance. The diffusion and electron transfer
resistances of A2 are 3,451 and 17.05 (), respectively,
which are much lower than those of Al (8.26 x 10* and
118.6 ), respectively). The lower resistance of A2 elec-
trons contributes to the EET at the interface. Although the
lower roughness of A2 hampers the enrichment of micro-
organisms compared with A3 to A5, the nanotubes in A2
are significantly shorter with a lower resistance, which
might have contributed to the current output in this exper-
iment. Notably, the highest current output of A2 might
be caused by better balance between nanotube length and
interface roughness.

Fig. 5(a) shows the ABRX3 decolorization during the
batch periods. The highest removal ratio of 80% is ob-
tained with A2 electrode, whereas the removal ratio of
Al is only approximately 59% . The removal constants
are obtained by fitting the first-order kinetic model to the
data (see Fig. 5(b)). The removal rate constant of A2
(=0.009 71 h™") is 1. 8 times that of Al ( —0.005 46
h™'). Although the application of azo dyes in MFCs has
been studied in recent decades, researchers confirmed
only recently that the outer membrane heme proteins of
EAB reduce the azo bond'” ™. As the azo dye methyl
orange cannot penetrate the outer membrane of Geobact-
er, decolorization was achieved solely by the direct elec-
tron supply from the proteins OmcC, OmcE, and OmcB
located on the outer membrane'™' . In this experiment,
the higher current output from the A2 anode implied bet-
ter accumulation of EAB at the interface where the azo

bond was reduced. The first-order kinetic constants are
analyzed using the peak current (see Fig. 4(a)). The
linear correlation (R* =0.955) between the peak current
and removal rate constants confirmed that EAB played a
role in azo dye removal. In general, A2 has better po-
tential as

the electrode, which can be used for

wastewater treatment.
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Fig.5 Active brilliant red X-3B ( ABRX3) degradation with
different anodes. (a) ABRX3 decolorization over 72 h; (b) First-order

kinetic constants fitted to represent decolorization at each anode; (c)
Correlation between kinetics contents and peak current

Fig. 6(a) shows the microbial community structure of
each TNA at the genus level. All anodes selectively accu-
mulate the anode respiration bacteria Geobacter. The rela-
tive abundance of Geobacter in Al to A5 are 0. 655,
0.724, 0.725, 0.604 and 0. 803, which is different and
can significantly affect the current output'”. The
spearman correlation analysis of the microorganisms, cur-
rent, and roughness showed that higher current and
roughness corresponded to a greater
Geobacter (see Fig.6(b)). Therefore, the rough surface
is conducive to the enrichment of electricity-producing
microorganisms. It is noted that the relative abundance of
A2 is slightly lower than that of A5, whereas its current
output is higher than that of AS5. These contrasting results
indicate that the effect of surface roughness can be offset
by a smaller resistance with shorter tubes.

abundance of

3 Conclusions

1) TNA semi-conductor MFC anodes were prepared
via anodization at temperatures ranging from 30 to 75
€. The surface morphology of TNA and the perform-
ance of the bioelectrochemical system are influenced by
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Fig.6 Analysis of anode microbial community and correlation
analysis of environmental factors of different anodes. (a) Micro-
bial community structure of each anode classified at the genus level; (b)
Spearman correlations between the microbial community, current and
roughness

the anodization temperatures.

2) A four-fold increase in nanotube length was accom-
panied by increased roughness on the top interfaces of the
TNAs. The stable current output and the azo dye decolor-
ization rate of A2 were 2.5 and 1. 8 times that of Al, re-
spectively.

3) These features arose from the lower resistance of the
relatively shorter tubes and the better attachment of EAB
to the rough electrode surface.
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