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SOLAR-DRIVEN MICROBIAL PHOTOELECTROCHEMICAL SYSTEM
FOR ENERGY CONVERSION
Hanyu Wang
ABSTRACT

Ever growing demand for energy and clean water for the continuous economic
growth and suitable inhabitation on earth are major global problems, especially with
the drastic increase of human population. Over the years, distinct strategies have been
applied to address these two needs separately: the municipal wastewater is collected
by local wastewater plants for purification and subsequent reuse as reclaimed water,
while the energy source is mainly based on fossil fuels as coal, natural gas, and crude
oil. Apparently, these two strategies are decoupled. Additionally, the use of natural
gas / petroleum generates a lot of greenhouse gas and toxic chemicals, which poses a
serious threat to the environment, and also leads to additional cost to treat the
pollution. Therefore, it’s highly desirable to employ energy-efficient processes for
wastewater treatment, and simultaneously recover the energy contained as organic
matters in wastewater. This can be achieved by microbial fuel cell (MFC) technology,
which is an electrochemical device that uses electrogenic bacteria as biocatalysts to
decompose organic matter while simultaneously generating bioelectricity. Besides
electricity, the bio-electrons generated in the microbial electrogenesis process at the
anode can also be used to produce chemical fuels, such as hydrogen gas. However,
microbial electrohydrogenesis process does not occur spontaneously due to the

thermodynamic barrier for the conversion from protons to hydrogen gas, and

xiii



therefore an electrical bias has to be supplied to supplement the energy required for
the proton reduction. The requirement of external bias adds to the complexity and
cost for hydrogen production, making microbial electrohydrogenesis less attractive as
a cost-effective energy solution. Alternatively, the energy required to overcome the
barrier can be provided by a renewable energy source such as solar light, which is a
promising approach that could fundamentally address this issue. In this thesis, I will
give a detailed discussion on the development of a self-sustained and highly efficient
solar-driven microbial device that could simultaneously address the increasing
demand of clean water and energy. I have demonstrated a hybrid device by
interfacing a photoelectrochemical cell (PEC) device and an MFC device (denoted as
PEC-MFC), which can generate hydrogen gas at zero external bias using
biodegradable organic matter and solar light as the only energy sources. In addition to
introducing the self-sustained microbial photoelectrochemical system (MPS), the
efficiencies of MFC and PEC devices can be enhanced by chemical modification on
anode materials of both MFC device and PEC device, separately. Moreover, based on
the success of the hybrid PEC-MFC device, I have further studied the investigation of
interplay between light, a hematite nanowire-arrayed photoelectrode, and Shewanella
oneidensis MR-1 bacteria in a single solar-assisted MPS device. In the end, I will give
a final summary and outlook on the solar-assisted MFC device for recovering energy

from wastewater and simultaneously removing organic wastes.
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Chapter 1

Introduction of Solar-Assisted Microbial Photoelectrochemical System and
Chemical Modified Titanium Oxide Nanostructure for Photoelectrochemical

Water Splitting



1.1 Background

Clean water crisis and steadily increased energy demanding are becoming one
of the most urgent issues in today’s society. Microbial Fuel cell (MFC) converts the
energy stored in chemical bonds from organic compounds in wastewater to electrical
energy through the catalytic reactions by microorganisms. This technology has
generated considerable interests among academic researchers in recent years. The
discovery that microbial metabolism in MFC could provide energy in the form of an
electrical current and the wastewater treatment has led to a dramatic raise in the
number of publications in the field of MFC research. In 2009, Time Magazine
highlighted MFC technology as one of the top 50 most important inventions.' These
systems are very adaptable and hold much promise to provide energy in a sustainable
fashion even major improvements are still required for widespread applications.

In addition to bioelectricity, the electrons generated by the microorganisms
can also be used to produce various chemical fuels, depending on the electron
acceptors used in the catholyte. If protons serve as the electron acceptor, hydrogen
gas will be generated at the cathode. This type of MFC device is called microbial
electrolysis cell (MEC).> Although MEC technology represents an environmental
friendly approach for hydrogen generation, major improvements are required since
additional energy input is needed to overcome the thermodynamic energy barrier of
converting protons to hydrogen gas. Nevertheless, the requirement of external bias
adds to the complexity and cost for the MEC systems, making them less attractive in

terms of cost-effectiveness.



To address this issue, researchers have proposed to use a renewable energy
source to substitute the electrical energy input, such as solar light. Coupling of the
renewable solar energy with the metabolic reaction of microorganisms for
bioelectricity or hydrogen production leads to a new type of MFC device. This new
type of solar-assisted MFC opens up new perspectives to simultaneously address the
need of wastewater treatment and the increasing demand for clean energy.

Among different solar energy conversion devices, photoelectrochemical
(PEC) cell is capable of converting the sun’s rays into electrical or chemical energy in
a direct manner. PEC utilizes the sustainable solar energy to covert water to a clean,
renewable and carbon-free burning fuel, hydrogen gas. In PEC compartment, an
electrical bias generated from solar light supplements the energy requirement to
concur the thermodynamic barrier of microbial electrohydrogenesis process in MFC.
Development of advanced anode materials in MFC is an effective approach to lower
the energy barrier towards bioelectricity or hydrogen production. Meanwhile,
chemical modification of photoanode in PEC promises desirable energy to assist the
metabolic reaction of microorganisms in MFC. Thus, integrating an MFC device and
a PEC device with improved anode materials is a new solution for electricity and
hydrogen generation, using wastewater and solar light as the only energy sources.

This microbial photoelectrochemical system can open up many opportunities
for microbial fuel cell technology because it combines respective advantages of
microbial systems and semiconductor. In this part, I will give an overview of the

basic mechanism of microbial fuel cell and photoelectrochemical water splitting, the



semiconductor material selection criteria, with an emphasis of the recent
accomplishments in chemically modified nanostructure semiconductors for PEC and

the solar-assisted MFC technology.”

1.2 The Basic Mechanism of Microbial Fuel Cell

Figure 1.1a shows the schematic diagram of a typical dual-chamber MFC
device.®® The MFC chambers can be constructed by a number of materials, such as
glass, polycarbonate, as well as plexiglass.” '° The essential physical components of
the MFC are the anode electrode, cathode electrode, and anion exchange membrane
that allows specific ions to diffuse from one chamber to the other. The anode
electrode materials must be conductive, biocompatible, and chemically stable in the
bacterial culture. Carbon-based materials such as carbon cloth, carbon paper,
graphite, graphite felt and graphite brush are commonly used as anode electrode for
MFC."""* The cathode electrodes are typically carbon-based materials as well. For
air-cathode, platinum (Pt) or Pt black-catalyst materials are commonly used to
suppress the overpotential for oxygen reduction.'” '® Anode chamber is filled with
organic substrates that can be degraded by electrogenic microorganisms. The

microorganisms that have been reported for use in MFCs include pure bacterial

17-20 21-23

strains, e.g. Geobacter, and Shewanella species; or the mixed culture, e.g.

natural microbial community domestic wastewater, sediment from marine and lake,

24-26

as well as brewery wastewater. The cathode chamber is filled with solution

containing an electron acceptor. The anode and the cathode are connected via an



external load to complete the circuit. As shown in Figure 1.1a, when the MFC is in
operation, protons migrate from the anode to the cathode chamber through proton
exchange membrane (PEM). Meanwhile, the microbially generated electrons flow
through the external circuit from the anode to the cathode, where they are
subsequently used to reduce electron acceptor, such as ferricyanide ([Fe(CN)s]>) or
permanganate (MnQOy), in the cathode chamber. While these chemical solutions serve
as excellent catholytes for MFC devices, they are not sustainable and may cause
environmental issues.””” ** Alternatively, oxygen is a better electron acceptor for
MEFCs, due to its abundance sustainability and environmental cleanliness.” Figure
1.1b shows the digital image of a real dual-chamber MFC device with an air cathode
(blue cap bottle) and a bacteria-colonizing anode (yellow cap bottle). Air was
continuously bubbled into the catholyte (water). The anode was inoculated with
anaerobic digester sludge from a sewage treatment plant (black solution in the
beaker). The microbes in anode oxidized the organic wastes and converted the black
wastewater solution into an almost clear solution. Tablel summarizes a few recently
developed MFC devices using different electrogenic microorganisms and system

design.



External circuit

Cathode Anode

Figure 1.1 (a) Schematic illustration and (b) digital picture of a
conventional microbial fuel cell device with an air cathode.
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The utilization of MFC as an alternative energy source was limited by its relative low
power output for most practical applications. Therefore, significant efforts have been
made in improving the current densities and power densities of MFCs, including
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modification of the architecture of MFC device, optimization of the microbial

36 37-40

activities,” *° increasing of the effective surface area of both anode and

41, 42
cathode,”

as well as the incorporation of various oxygen reduction reaction
catalysts on cathode electrodes, such as Ni,* * Co*™ * and Au.'"* The rapid
development of nanostructured electrodes also opens up new opportunities of
enhancing the performance of MFCs. For instance, 3D porous materials with
extremely large surface area are emerging as a new class of electrode materials for
MFCs.” *>% A 3D porous conductive scaffold not only considerably increases the
effective surface area for microbial colonization, but also allows efficient electron
transfer and mass transport of both nutrients and metabolites. A high power density
microbial fuel cell with flexible 3D graphene-nickel foam as anode will be discussed
in the thesis.
1.3 The Principle of Photoelectrochemical Water Splitting

Water cannot be directly decomposed by light, because it is transparent to
visible light.” In photoelectrochemical water splitting cell, specialized
semiconductors use solar energy to directly dissociate water into the form of
hydrogen gas and oxygen gas. This PEC water splitting process is a long-term

technology pathway with no greenhouse gas emission, which is known to be an

endothermic process:
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Although the minimum required band gap for successful water splitting at pH
=0 1is 1.23 eV, which is equal to the driving voltage from the irradiance energy with a
wavelength 1008 nm, water splitting is only observable when the wavelength is
shorter than 380 nm due to the slow kinetics. However, if light can be effectively
used in the electrochemical system it should be possible to achieve water splitting
under visible light. Figure 1.2 shows the schematic diagram of a PEC cell. In a typical
PEC cell, an n-type semiconductor works as photoanode, and a Pt electrode acts as a
counter electrode. The n-type semiconductor photoanode is immersed into a water-
based electrolyte, where sunlight energizes the water-splitting process. When photon
falls on the semiconductor, the photo-excited electron-hole pairs can be created at the
junction of two different materials. Two redox systems involve in the cell: one
reacting with the holes at the surface of the photoanode to generate oxygen and the
other reacting with the electrons through the counter-electrode to get hydrogen at the
cathode. The overall reaction is the cleavage of water by sunlight.* Semiconductors
used in PEC water splitting need to fulfill the band requirements mentioned
previously and typically to optimize their performance resulting in they are either
doped or have co-catalysts. Most semiconductors with suitable band structures to split
water absorb mostly UV light; in order to absorb visible light, it is necessary to
narrow the band gap. Titanium dioxide (TiO,) is a typical n-type semiconductor with
the proper band structure in PEC system. However, due to the relatively positive

conduction band (CB) of TiO, (CB at -0.2 eV vs. NHE pH=0), the driving force for



H, production is so little that TiO, is usually used with a co-catalyst such as platinum

(Pt) to increase the rate of H, generation.
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Electrolyte
n-type semiconductor Pt counter electrode

photoelectrode

Figure 1.2 Principle of operation of photoelectrochemical cells based
on n-type semiconductors. A cell that generates a chemical fuel,
hydrogen, through the photo-cleavage of water.

1.4 Selection Criteria for Semiconductors for Photoelectrochemical Water
Splitting

To achieve high solar-to-hydrogen (STH) efficiency of PEC water splitting,
there are some very important properties for semiconductors used in PEC cell. First of
all, those semiconductor materials should have suitable band edge position as the
conduction band (CB) and valence band (VB) of semiconductors should straddle the
electrochemical potentials of E°(H/H,) (0 V vs. NHE) and E°(O»/H,0) (1.23 V vs.
NHE). Specifically, Ecg should be above E°(H'/H,) and Eyg should be below
E°(02/H,0) to drive the photo-excited electrons and holes to split water into hydrogen

gas and oxygen gas without external bias applied.”> *° Secondly, solar light
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absorption, especially in visible range by semiconductors, should be sufficient.
Thirdly, semiconductors should have high chemical stability in electrolyte under
either dark or light illumination. Besides, efficient charge transport across the
semiconductor is required to avoid recombination of photo-excited electrons and
holes, as well as compete with photocorrosion. Last, the semiconductors should have
low overpotential for reduction/oxidation reaction. Comparing to the theoretical band
gap of semiconductor required for PEC water splitting (1.23 eV), the actual used
energy in PEC is relatively more than thermodynamically expected to drive a
reaction, resulting in extra/missing energy is lost as heat. This potential difference is
overpotential and it varies in each case. This energy loss contributes to photo-excited
electrons and holes recombination, polarization within PEC cell and the resistance
between electrode and contact.””’
1.5 Advances of Using Titanium Oxide as Photoanode and Its Chemical
Modification

In 1972, Honda and Fujishima proposed the first artificial photosynthesis of
H, via photoelectrochemical water splitting, using a TiO, photoanode in a PEC cell.”®
Inspired by the pioneer study, lots of efforts have been dedicated to develop PEC with

970 T date,

TiO, and a number of other semiconductor materials for water splitting.
metal oxides are the most commonly-used materials for PEC water splitting,
including TiO,, FezOg,7l'76 BiVO4,77'82 ZnO%" and WOg,gl'97 metal nitrides and
phosphides such as TazNs,”* %" GaP'"* ' and GaN,'** % metal oxynitrides such as

TaON,'* 17 a5 well as both n type and p type silicon.'®""
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Among these semiconductors, TiO, is the most widely investigated as a
photoanode for PEC water splitting, due to its abundance, low cost, strong optical
absorption, favorable band edge alignments with water redox potentials, especially its
excellent stability over a wide range of pH and applied potential than others.>
However, the slightly large band gap and fast electron-hole recombination limits its
extensively spread. Hence, large number of researches has been carried out to
improve the visible light absorption of large band gap. For example, elemental doping
and/or sensitization with small band gap semiconductors, such as CdS and CdSe.**®
These approaches could narrow band gap and improve the STH efficiency of titanium
dioxide photoanode via modifying its optical absorption coefficient and wavelength.
Recently, our group proposed that hydrogen treatment on TiO, semiconductor could
fundamentally improve the PEC performance for water oxidation. The enhancement
of photoactivity was ascribed to the increased oxygen vacancies during the hydrogen
treatment process, resulting in the increased donor density of titanium dioxide
photoanode. In this thesis, different methods of introducing oxygen vacancies were
further investigated, and these new approaches were all shown improved
photoactivity, comparable to reported TiO, with hydrogen treatment.

1.6 Recent Accomplishments of Solar-Driven Microbial Fuel Cell Technology

In 2009, Chae et al. demonstrated a dye-sensitized solar cell (DSSC)-powered
microbial electrolysis cell for hydrogen production.” The DSSC harvests renewable

solar energy and provides the required energy for bioelectrochemical hydrogen

production. Figure 1.3a illustrates the mechanism of electron transfer in the DSSC-
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powered MEC hybrid device. This hybrid device operated in a manner analogous to
the photosystem II in natural photosynthesis. Under light illumination, the photo-
excited electrons in the surface-absorbed dye molecules transfer to the conduction
band of TiO, nanoparticles, and then to the cathode of MEC via the external circuit,
where the hydrogen evolution reaction happens (Figure 1.3a). At the same time, the
bio-electrons generated in the anode of the MEC diffuse into the DSSC through the
external circuit, where I’ is reduced to I". The dye molecules can be regenerated upon
receiving electrons from iodide ions, results in oxidizing iodide ions back to triiodide
ions. Hydrogen gas evolution was observed under light illumination. This work
demonstrated that solar energy can be coupled into MFC device and provide a critical
driving force for the bioelectrochemical reaction. In 2010, Qian et al. reported a
microbial photoelectrochemical cell (denoted as MPC) that interfacing the inorganic
photocathode and bio-anode, and allow them to work synergistically to combine the
energy from solar light and organic substrate.* Figure 1.3b shows the energy diagram
of the solar MPC device. This work demonstrated for the first time of interfacing an
inorganic photocathode with a bacterial colonizing bioanode. The semiconductor
band edge positions relative to the redox potential of bacterial cells are favorable for
the microbial electrons transport to the valence band of semiconductor. Under light
illumination, photoexcited holes can recombine with the bio-electrons generated at

the anode, while the photoexcited electrons reduce proton to produce hydrogen gas.
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Figure 1.3 (a) Schematic diagram of electron transfer in the solar-
powered MEC. Reprinted with permission from Ref (3). Copyright
(2009) American Chemical Society. (b) Corresponding energy
diagram illustrates the carrier generation and charge transfer at the
virtual interface between microbial and semiconductor systems. CB,
VB, and Er are respective initials for conduction band, valence band,
and Fermi level. Solid and empty red dots represent photogenerated
electrons and holes. Black dots represent electrons generated from
bacterial cells. Reprinted with permission from Ref (4). Copyright
(2010) American Chemical Society.

Despite the MPS system provides a solution on the need of wastewater

treatment and the increasing demand for clean energy, some challenges in practical

use still exist. I will give a detailed discuss on the current challenges and future

opportunities in the end of this thesis.
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Chapter 2

A Self-Biased Solar-Microbial Device for Sustainable Hydrogen Generation
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Abstract

Here we demonstrate the feasibility of continuous, self-sustained hydrogen
gas production based solely on solar light and biomass (wastewater) recycling, by
coupling solar water splitting and microbial electrohydrogenesis in a
photoelectrochemical cell-microbial fuel cell (PEC-MFC) hybrid device. The PEC
device is composed of a TiO, nanowire-arrayed photoanode and a Pt cathode. The
MFC is an air-cathode dual-chamber device, inoculated with either Shewanella
oneidensis MR-1 (batch-fed on artificial growth medium) or natural microbial
communities (batch-fed on local municipal wastewater). Under light illumination, the
TiO, photoanode provided a photovoltage of ~0.7 V that shifted the potential of MFC
bioanode to overcome the potential barrier for microbial electrohydrogenesis. As a
result, under light illumination (AM 1.5G, 100 mW/cm?) without external bias, and
using wastewater as the energy source, we observed pronounced current generation as
well as continuous production of hydrogen gas. The successful demonstration of
such a self-biased, sustainable microbial device for hydrogen generation could
provide a new solution that can simultaneously address the need of wastewater
treatment and the increasing demand for clean energy.
2.1 Introduction

With the drastically increase of human population, there is an ever-growing
demand for energy and clean water for the continuous economic growth and suitable
inhabitation on earth. Millions tons of wastewater is produced from industrial and

agricultural operations each year, and about 25 billion US dollars are spent annually
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for wastewater treatment in the United States alone." It is highly desirable to employ
energy-efficient processes for wastewater treatment, and simultaneously recover the
energy contained as organic matters in wastewater. This can be achieved by microbial
fuel cell (MFC) technology. MFCs are bio-electrochemical devices where
electrogenic bacteria are used to oxidize the organic matter, transfer the electrons to
an electrode and generate electrical energy.”” In addition to bioelectricity, the
electrons produced by the microorganisms can also be used to produce various
chemical fuels, depending on the electron acceptors used in the catholyte.” 7 When
protons serve as terminal electron acceptors, hydrogen gas will be produced at the
cathode. While microbial electrohydrogenesis process has been experimentally
demonstrated using a wide range of microorganisms with various organic nutrients,
thermodynamics constraints limit microbial electrogensiss and hydrogen production
occur simultaneously without the addition of an external bias.® To overcome the
thermodynamic constrains and to compensate for the energy loss during the operation
(e.g., due to electrical resistance of the device), an external bias of 0.2 to 1.0 V are
usually supplied to sustain the current/hydrogen generation.” Nevertheless, the
requirement of external bias adds to the complexity and cost for hydrogen production,
making it less attractive as a cost-effective energy solution. Considerable efforts have
been made to minimize the energy loss through the optimization of MFC reactors,'”

11 12-15
electrodes,

as well as the type of metal catalysts on the cathode.'®'” It has also
been reported that microbial electrohydrogenesis can be driven by a solar cell or

another MFC.""* Recently, we also reported a solar-driven microbial
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photoelectrochemical cell that produces bioelectricity at zero external potential by
integrating an electricigen-colonizing anode with a Cu,O nanowire-arrayed cathode.*’
Lu et al. also demonstrated a light fuel cell device with rutile TiO, as cathode.”
These microbial photoelectrochemical cells can open up many opportunities for
microbial fuel cell technology because they combine respective advantages of
semiconductor and microbial systems. Here we further extended this general concept
to a hybrid device by interfacing a PEC device and an MFC device (denoted as PEC-
MFC), which can generate hydrogen gas at zero external bias using biodegradable
organic matter and solar light as the only energy sources.
2.2 Experimental Section
2.2.1 Materials

Fluorine-doped tin oxide (FTO, TEC 8) glass substrates were purchased from
Hartford Glass Company Inc. Titanium n-butoxide (99%), HCI (36.5%-38% by
weight) and potassium ferricyanide (99.9%) from Fisher Scientific Company. Carbon
cloth (CC6 Plain) and 40% Pt decorated carbon cloth were purchased from Fuel cell
Earth LLC, Stoneham, MA. Wastewater containing the active sludge was supplied by
the Livermore Water Reclamation Plant (Livermore, CA).
2.2.2 Synthesis of TiO,; Nanowire Arrays

The synthesis of rutile TiO, nanowire arrays was based on a hydrothermal
method reported previously.” 15 mL concentrated hydrochloric acid was mixed with
15 mL deionized water under stirring, follow by the addition of 0.475 mL titanium n-

butoxide. This precursor solution was poured into a 40 mL autoclave with a Teflon
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liner. A FTO glass substrate was cleaned and transferred into the autoclave with
conducting side facing down. The autoclave was heated at 150 °C in the electric oven
for 5 h and then cooled down to room temperature. The substrate was then washed
with deionized water, and air-dried. The substrate was covered with a white film of
TiO, nanowire arrays. The nanowires were first calcined at 550 °C for 3 h in the air,
and then further annealed in a hydrogen atmosphere (in a home-built tube furnace
filled with ultra-pure hydrogen gas at a flow rate of 50 sccm) at 350 °C for 3 h.
2.2.3 Material Characterization

X-ray diffraction (XRD) spectra were obtained at room temperature on a
Rigaku Americas Miniflex Plus powder diffractometer from a 20 angle of 20 to 70
degree with a step size of 0.04 degree at a rate of 1 degree/min. Scanning electron
microscopy (SEM) images were collected by a field-emission SEM (Hitachi S-4800
10).
2.2.4 Photoelectrochemical (PEC) Measurements

Linear sweep voltammograms were measured in a two-electrode configuration
with a platinum wire as counter electrode, and TiO, nanowire samples as working
electrode, at a scan rate of 20 mV/s. 0.5 M Na,SO, aqueous solution (pH 7.0) was
used as electrolyte. TiO, photoanodes were fabricated by soldering a copper wire
onto the bare edge of FTO glass substrate, and then sealing the FTO glass substrate
and metal contact region with insulating epoxy resin. The exposed effective area for
the TiO, working electrode is 0.15-0.2 cm®. A 150 W Xe lamp (Newport 6255)

coupled with an AM 1.5 global filter (Newport 81094) was used as the light source.
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The intensity of the incident light was measured with a digital power-meter and was
controlled at 100 mW/cm®. All PEC measurements were carried out with front side
illumination. The gas produced on the Pt counter electrode was collected by a 1 or 3
mL gas-tight syringe, and measured using a gas chromatograph (Agilent 3000)
equipped with a thermal conductivity detector (100 °C, 150 mA), and Hayesep
column (2.0 m, N 1/1600 80/100 mesh, set at 80°C) with argon as carrier gas (30
mL/min).
2.2.5 Shewanella oneidensis MR-1 Bacterial Culture and MFC Operation:
Shewanella oneidensis MR-1 (ATCC 700550) was cultured in tryptic soy
broth (BD Biosciences, San Jose, CA) under aerobic conditions at room temperature
for 24 h at 30 °C in an incubator shaker with shaking at 150 rpm. The culture was
then transferred to the anode chamber of a dual-chamber MFC (chamber volume is ~
25 mL). In the dual-chamber MFC, 25 mL fresh catholyte solution, 50 mM
ferricyanide in 100 mM phosphate buffer (K;HPO4 18.2 g/L, KH,PO4 2.56 g/L,
K;3Fe(CN)g 15.6 g/L, pH 7.4), was injected to the cathode chamber using a syringe.
An external resistor connects the anode and the cathode to complete the circuit, and
the current generated in the MFC was monitored as a function of time. When the
current dropped to the baseline level, fresh TSB medium was slowly injected into the
anode chamber via a sterile syringe. For the MFC device with air cathode, water was
used as the catholyte, and oxygen dissolved in water was used as electron acceptor,

with air continuously bubbled into the water.
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The current (/) generated in MFC was calculated according to Ohm's law, /=
VIR, where V was the voltage and R was the external resistor. The power was then
calculated as P = V' x I. The Coulombic efficiency (CE) of the MFC was calculated as
the ratio of the transferred coulomb in the circuit to the total coulomb that was
theoretically available from SCOD, e.g. CE = Cp/Cr x 100%. Cp was calculated by
integrating the current over time [/dt in the current-time plot, while Cr was calculated
as Cr = F x b x v x ACOD/M, where F was the Faraday’s constant (96,500 C/mol), b
was the number of moles of electrons produced per mol of oxygen (b = 4), v is the
liquid volume of anolyte, ACOD is the COD removal after the treatment, and M is the
molecular weight of oxygen (M = 32).

MFC with Wastewater as Anolyte: Anaerobic and aerobic sludge were
obtained from the Livermore Water Reclamation Plant (Livermore, CA). A mixture
of anaerobic and aerobic sludge at a 1:1 ratio was used to inoculate the MFC until the
electrochemically active bacteria were enriched, leading to continuous current
production. For SCOD analysis, the liquid samples were first filtered through a 0.22
um pore diameter syringe filter, then processed according to standard methods.**

2.3 Results and Discussion

The configuration of PEC-MFC device is illustrated in Figure 2.1a. The
device is composed of a single-chamber PEC and an air-cathode dual-chamber MFC.
The MFC has an anode and a cathode chamber that was separated by a cation
exchange membrane (CEM). Plain and Pt-loaded carbon cloth was used as anode and

cathode electrodes in the MFC, respectively. The MFC was inoculated with either
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Shewanella oneidensis MR-1 or endogenous microorganisms from the municipal
wastewater. PEC consists of an n-type TiO, nanowire-arrayed photoanode and a Pt
counter electrode, filled with 0.5 M Na,SO4 aqueous solution as electrolyte. The
MEFC bioanode was connected to the PEC Pt electrode, while the MFC cathode was
connected to the PEC TiO, photoanode. Upon light illumination, photoexcited
electron-hole pairs are created at the TiO, photoanode and subsequently separated by
the electric field at the anode/electrolyte interface. The holes stay at the surfaces of
TiO, nanowires and oxidize water into oxygen. The electrons flow through the
external circuit to the MFC cathode, where they reduce the dissolved oxygen in the
MEFC catholyte to water. Meanwhile, the electrogenic bacteria in the MFC oxidize the
organic matter and produce bio-electrons, which are then transferred to the Pt counter
of the PEC and reduce protons to hydrogen gas. Figure 2.1b shows the simplified
energy diagram of the PEC-MFC device and the electron transfer pathway. Note the
photovoltage generated by the TiO, photoanode shift the electrochemical potentials of
MFC electrodes to a more negative value, so that the electrons generated at MFC
bioanode can reduce protons in the PEC chamber. Distinct from a conventional PEC
that uses photo-excited electrons to produce hydrogen, the hydrogen production in the
PEC-MFC device is sustained by the microbe-producing electrons. Our design aims
to incorporate solar energy to boost the reduction capability of bioanode, so that

microbial electrohydrogenesis can be realized at zero external bias.
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Figure 2.1 (a) Schematic configuration of a PEC-MFC device. (b)
Corresponding energy diagram illustrates the carrier generation and
transfer in this hybrid device. CB and VB are respective initials for
conduction band and valence band. Solid and empty dots represent
electrons and holes, respectively. Black and red dots highlight the
electrons generated from TiO, photoanode and bacteria, respectively.
Dashed lines represent the H'/H,, H0/O, and O,/H,O potentials vs.
NHE at pH 7.0.

We assembled and tested the PEC and MFC devices separately before
integrating them into the hybrid device. For PEC device, we used TiO, nanowires as
the photoanode material, because it is a preferred electrode material for PEC water
oxidation,”?’ due to its favorable band-edge positions, excellent chemical stability

and low cost. In addition, its one-dimensional structure provides extremely large
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surface area for PEC water oxidation. Dense and vertically aligned TiO, nanowire
arrays were grown on fluorine-doped tin oxide (FTO) coated glass substrate by
hydrothermal synthesis.>® X-ray diffraction (XRD) data collected from TiO, nanowire
film can be indexed to the characteristic peaks of tetragonal rutile TiO, (JCPDS, No.
88-1175) (Figure 2.2a). Scanning electron microscopy (SEM) images collected from
the growth substrate revealed a high-density growth of TiO, nanowire arrays (Figure
2.2b). The nanowires have an average diameter of 100-200 nm and an average length
of 2-3 um. PEC performance of the TiO, nanowire films were measured in a 0.5 M
Na,SO4 aqueous solution (pH 7.0) in a two-electrode configuration using
electrochemical station coupled with a solar simulator, with a Pt wire as the counter
electrode. As shown in Figure 2.2c, the TiO, nanowire photoanode showed
pronounced photo-response under 1-sun illumination (AM 1.5, 100 mW/cm?). At
zero external bias (0 V vs. Pt), the PEC device yielded a photocurrent density of 0.013
mA/cm’, and no gas generation was observed at either electrode due to such low gas

evolution efficiency.
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Figure 2.2 (a) XRD spectra collected for the TiO, nanowire film
grown on the FTO substrate and blank FTO substrate control without
the nanowire. The two diffraction peaks centered at 20 angles of 36.5°
and 63.2° (highlighted by dashed lines) are indexed to be tetragonal
rutile TiO, (JCPDS, No. 88-1175). (b) SEM image of TiO, nanowire
arrays grown on a FTO substrate. (c) Linear sweep voltammogram
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collected for TiO, nanowire-arrayed photoanode in a 0.5 M Na,SO4
aqueous solution in the dark and under illumination (150 W xenon
lamp coupled with AM 1.5G filter, 100 mW/cm?), at a scan rate of 20
mV/s. Inset: Magnified linear sweep voltammogram around zero bias.

For proof of concept, we fabricated several types of MFCs which were then
assembled into the PEC-MFC device. We started with a 30-mL ferricyanide-cathode
dual-chamber MFC, which was inoculated with pure strain of Shewanella oneidensis
MR-1 (ATCC 700550) grown in trypticase soy broth (TSB, BD Biosciences, San
Jose, CA). Buffered ferricyanide was supplied as catholyte. This MFC generated an
open circuit voltage between 0.60 - 0.75 V. To monitor current generation, the MFCs
were connected to a 1 K ohm external load and operated in a batch mode (Figure 2.3
and Experimental Method). In each feeding cycle, a current of 0.1-0.6 mA was
generated, which lasted for c.a. 20 h before decreasing to the baseline (Figure 2.3).
Replenishment of fresh TSB medium led to a drastic current restoration, and

bioelectricity generation sustained for another 20 h.
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Figure 2.3 Current vs. time plot collected for a representative dual-
chamber MFC, with Shewanella oneidensis MR-1 in TSB medium as
anolyte and buffered ferricyanide as catholyte, operated in a batch-fed
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mode, showing sustainable current generation in response to substrate
addition at 20 h.

Polarization and power characterization revealed these MFCs worked in the
ohmic region and generated a peak power of 50 uW at a current of 0.3 mA (Figure
2.4a). SEM images of the bioanode after a few days operation revealed MR-1 cells

grew on the carbon cloth electrode (Figure 2.4b).
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Figure 2.4 (a) Polarization (red symbol) and power (blue symbol)
curves collected from a typical ferricyanide-cathode MFC device
inoculated with MR-1. (b) SEM image of a carbon cloth electrode
colonized by MR-1. Scale bar is 5 pm.

To validate the concept of a PEC-MFC device, we interfaced the MFC with

the PEC device by connecting the MFC bioanode to the PEC Pt cathode and the MFC
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cathode to the PEC TiO, photoanode (light projected area of 1.5 ~ 2.0 cm?),
respectively (Figure 2.1a). Figure 2.5a shows the linear sweep voltammograms
collected from a representative PEC-MFC device in the dark and under 1-sun
illumination. Significantly, the PEC-MFC device exhibited a remarkable current
density of ~1.25 mA/cm® at zero bias (0 V vs. Pt), which is substantially larger than
the value of 0.013 mA/cm® obtained for the PEC alone at the same potential. Figure
2.5b shows the amperometric /-¢ curves recorded for the PEC and PEC-MFC devices
at 0 V vs. Pt with light on/off cycles. The current spikes occurred when the light was
turned on and then a steady state current was obtained after several seconds of
settling. This transient effect during power excitation could be due to the inefficient
charge separation and transfer at the interface between TiO, electrode and the
electrolyte at zero bias.’' Significantly, the PEC-MFC device showed reproducible
photocurrent generation in response to light illumination. There was no obvious
current drop within 600 s. These results suggest that the PEC-boosted microbial
electrohydrogenesis was feasible and efficient. By coupling the MFC and PEC
devices in series, illuminated TiO, photoanode provided a photovoltage that shifted
the potential of the MFC bioanode to a more negative value, and therefore, microbial
electrohydrogenesis can occur at zero external bias (bio-electrons reduce protons to
hydrogen gas). In other words, the MFC device served as a battery, which provided
extra voltage for PEC hydrogen generation and shifted the entire current-voltage (I-V)
curve to a more negative potential. The potential shift was measured to be around 0.7

V by comparing the onset potentials observed in /-7 curves collected from the PEC
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and PEC-MFC devices. The solar-to-hydrogen (STH) conversion efficiency (7) of the
PEC-MFC device can be calculated using the equation

n=1(123-V)/J,,,

where 1.23 V is the theoretical potential for water splitting, V" is the potential
between the photoanode and Pt cathode, 7 is the photocurrent density at the measured
potential, and Jyg is the irradiance intensity of 100 mW/cm® (AM 1.5G). This hybrid
device exhibits an STH conversion efficiency of 1.54% at 0 V vs. Pt. Considering the
fact that the theoretical STH efficiency of rutile TiO, is 2.3% under I-sun
illumination given a band gap energy of 3.0 eV, we believe that the integration of
PEC and MFC devices has enabled a high photoconversion efficiency of the TiO,
electrode. More importantly, gas bubbles were observed continuously evolving on
both Pt electrode and TiO, photoanode under light illumination (Figure 4c, inset),
indicative of hydrogen and oxygen generation. The gas bubbles were collected from
the PEC device by a syringe and analyzed by gas chromatography, confirming the
presence of H, (Figure 2.6). We were not able to quantify the H,/O; ratio due to the
limitation of instrument. Figures 2.5¢ and 2.5d show the plots of gas volume
produced (mixture of H, and O;) and current (0 V vs. Pt) as a function of time,
respectively. Within the initial 5 hours, the gas volume increased rapidly with the
increase of PEC-MFC device current; the gas production slowed down when the
current started to decline at later time points, due to the decreased activity of
microorganisms as a result of depletion of nutrient in anolyte. After 45 hours, the

current decreased to baseline and the gas production ceased. Based on these results,
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we unambiguously demonstrated hydrogen generation from a self-biased, PEC-MFC

device.
a b
20 T
] PEC-MFC ©q (jenton ——PEC-MFC  0Vvs. Pt
16 ——PEC
« ] o 16 [ off
E ] *g .
o -
E 121 E 12] -
08
g 8 08]
5 ] 5
E 0.4 e
3 3 04]
00 ]
! 00! -
06 04 02 00 02 04 06 08 0 100 200 300 400 500 600
c Potential (V) vs. Pt d Time (second)
5 08
4
5
t -
2 3 z
3 =
> [0)
14 : : ¥ ‘
] Pj(  electrode
04 i"r 5 |
. 1

‘I T T T l T T T T 0 ‘I T T T : T T T T
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (hour) Time (hour)

Figure 2.5 (a) Linear sweep voltammograms collected from a PEC
device (blue line) and a PEC-MFC device (red line), at a scan rate of
20 mV/s in the dark (black lines) and under white light illumination
(AM 1.5G, 100 mW/cm?). The MFC device consists of a MR-1
colonized bioanode inoculated in TSB growth medium (anolyte) and a
carbon cloth-cathode with ferricyanide solution as catholyte. The PEC
consists of a TiO, nanowire-arrayed photoanode and Pt wire as counter
electrode in Na,SOs electrolyte. (b) The amperometric /-¢ curves
recorded for the PEC-MFC device (red line) and the PEC device (blue
line) at 0 V vs. Pt, with light on-off cycles. (c) Plot of gas production
of the PEC-MFC device as a function of time, at 0 V vs. Ptin 0.5 M
Na,S0; electrolyte. Inset: digital image showing gas bubbles evolving
from the Pt electrode during operation. (d) The corresponding current-
time profile obtained for the PEC-MFC device during gas collection.
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Figure 2.6 GC profiles collected from a blank air sample and the gas
collected on the Pt electrode. Note that the N, and O, background
signals are always present in the GC system and the injection of H, gas

sample did not change the N,/O, ratio.

For practical applications, the sustainability of self-biased PEC-MFC devices

is equally important to their electrochemical performance. While ferricyanide solution

is an excellent catholyte for MFC devices, it is not renewable in practice and its

production and use may cause environmental issues. Alternatively, oxygen can be

used as an electron acceptor, which has been demonstrated in a variety of air-cathode

MFCs.*> ** Using an air-cathode MFC eliminates the need of chemicals (e.g.,

ferricyanide), and therefore can increase sustainability, reduce cost, and minimize

environmental impact of MFCs. To fabricate air-cathode MFCs, we employed Pt

nanoparticle-decorated carbon cloth (Electrode 40% of Pt on Carbon Cloth, 0.5

mg/cmz, Fuel Cell Earth, LLC, Stoneham, MA) as cathode to increase the efficiency

of oxygen reduction (Figure 2.7).
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Figure 2.7 Schematic diagram (a) and photograph (b) of an air-
cathode MFC device using MR-1 cells. The carbon cloth was used as
the anode (the area of the carbon cloth anode was about 70 cm?), and
carbon cloth with 40% Pt (0.5 mg/cm?) was used as the cathode.

The MFC was inoculated with MR-1 cells and fed with TSB medium. Linear
sweep voltammograms were collected for air-cathode PEC-MFC device in the dark
and under 1 sun illumination (Figure 2.8a). In comparison to the PEC-MFC device
with ferricyanide solution as catholyte, the air-cathode device exhibited slightly lower
current density at the same potential. Although oxygen reduction should be more
thermodynamically favorable (reduction potential 0.8 V vs. NHE at pH 7.0) than the
reduction of ferricyanide (0.4 V vs. NHE at pH 7.0), the low concentration of
dissolved oxygen and low oxygen mass transfer in water limit the rate of oxygen
reduction, and thereby, the current density. The current generation was recorded as a
function of time for an air-cathode PEC-MFC device operated in a batch-fed mode at
0 V wvs. Pt under light illumination. Figure 2.8b shows the continuous current
generation from the PEC-MFC device in two consecutive feeding cycles (under light

illumination), which lasted for more than 80 h. The current decreased gradually due
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to the depletion of nutrient in the MFC, and the replenishment of fresh TSB medium
led to current restoration. These results indicate that the overall current generation is
determined by the MFC performance, which varies depending on the microbial
activities of bio-anode. Importantly, the sustainability measurements indicate that the
PEC-MFC device has the potential to be operated on a long-time scale with

continuous supply of organic substrates and light illumination.
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Figure 2.8 (a) Linear sweep voltammograms collected from a PEC-
MFC device with air-cathode and with S. oneidensis MR-1 in TSB
medium, at a scan rate of 20 mV/s in the dark and under white light
illumination of 100 mW/cm®. Insets: schematic diagram of the PEC-
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MFC device and the corresponding amperometric /-¢ curve recorded
for the PEC-MFC device at 0 V vs. Pt with light on-off cycles. (b) The
current density vs. time plot collected for the MFC-PEC device,
operated in a batch-fed mode at 0 V vs. Pt under the light illumination
of 100 mW/cm”.

Based on the success of the proof-of-concept device, we took a further step to
replace the MFC anolyte of S. oneidensis MR-1 artificial growth medium with
municipal wastewater collected from the Livermore Water Reclamation Plant
(Livermore, California, USA) that contains mixed microbial populations of anaerobic
and aerobic sludge. A mixture of anaerobic and aerobic sludge at 1:1 volume ratio
was used to inoculate the air-cathode MFC. Linear sweep voltammograms were
collected from the air-cathode PEC-MFC device fed on with wastewater in the dark
and under light illumination of 100 mW/cm® (Figure 2.9a). Significantly, the device
also showed pronounced current at 0 V vs. Pt, indicative of efficient supply of
bioelectrons from the wastewater MFC (Figure 2.9b). By using wastewater as
anolyte, the PEC-MFC showed reduced current in comparison to the device with MR-
1 in TSB anolyte, at the same potential, which could be attributed to the relatively
large electrolyte resistance (low conductivity) of the wastewater.’* More importantly,
we observed continuous evolution of H, bubbles from the Pt electrode at 0 V vs. Pt
under light illumination. Figures 2.6c and 2.6d show the plot of gas production and
current of a PEC-MFC device as a function of time. In each feeding cycle, the device
started with a high initial gas generation rate, and then decreased with the decease of
current, as a result of depletion of nutrient in the wastewater of the MFC device. The

replenishment of wastewater led to a complete restoration of current generation and
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gas production. These results proved that the PEC-MFC hybrid device is sustainable
with the continuous supply of sunlight and wastewater. Moreover, the municipal
wastewater has a measured soluble chemical oxygen demand (SCOD) of 500-600
mg/L. After the device operating for ~48 hours, the SCOD value decreased to ~200
mg/L. This yielded a Coulombic efficiency of 64%, which is comparable to
previously reported wastewater MFCs with Coulombic efficiency ranging from 40 to
90%.> Taken together, we demonstrate the non-biased and sustainable microbial
electrohydrogenesis process by coupling MFC and PEC devices, which only requires
the supply of solar light and wastewater as energy sources, and can not only generate

electricity and hydrogen gas, but also treat wastewater at the same time.
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Figure 2.9 (a) Linear sweep voltammogram collected for PEC-MFC
device with air-cathode and wastewater as anolyte, at a scan rate of 20
mV/s in the dark and under white light illumination of 100 mW/cm®.
Insets: schematic diagram of the PEC-MFC device. (b) Amperometric
I-t curve recorded for the PEC-MFC device at 0 V vs. Pt with light on-
off cycles. (¢) and (d) Plot of gas production and current generation of
the PEC-MFC device operated at 0 V vs. Pt as a function of time.

2.4 Conclusion

In summary, we have developed a self-biased, sustainable PEC-MFC hybrid
device for electricity and hydrogen generation, using wastewater and solar light as the
only energy sources. By integrating an MFC device with a PEC device, the PEC
device provides photovoltage that enables microbial electrohydrogensis to occur
without the need of an additional electrical bias. The results from this study provide
new insights into the development of efficient energy solutions by integrating solar
and microbial technology, and may revolutionize the conventional wastewater

treatment methodologies currently applied nationwide.
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Chapter 3

High Power Density Microbial Fuel Cell with Flexible 3D Graphene-Nickel

Foam as Anode
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Abstract

The structure and electrical conductivity of anode play a significant role in the
power generation of microbial fuel cells (MFCs). In this study, we developed a three-
dimensional (3D) reduced graphene oxide-nickel (denoted as rGO-Ni) foam as an
anode for MFC through controlled deposition of rGO sheets onto the nickel foam
substrate. The loading amount of rGO sheets and electrode surface area can be
controlled by the number of rGO loading cycles. 3D rGO-Ni foam anode provides not
only a large accessible surface area for microbial colonization and electron mediators,
but also a uniform macro-porous scaffold for effective mass diffusion of the culture
medium. Significantly, at a steady state of the power generation, the MFC device with
flexible rGO-Ni electrodes produced an optimal volumetric power density of 661
W/m® calculated based on the volume of anode material, or 27 W/m® based on the
volume of anode chamber. These values are substantially higher than that of plain
nickel foam, and other conventional carbon based electrodes (e.g., carbon cloth,
carbon felt, and carbon paper) measured in the same conditions. To our knowledge,
this is the highest volumetric power density reported for mL-scale MFC device with
pure strain of Shewanella oneidensis MR-1. We also demonstrated that the MFC
device can be operated effectively in batch-mode at least for a week. These new 3D
rGO-Ni electrodes show great promise for improving the power generation of MFC

devices.
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3.1 Introduction

Microbial fuel cells (MFCs) employ electrogenic bacteria to recover chemical
energy stored in biodegradable organic materials to electrical energy via bio-
oxidation process, which holds great potentials to simultaneously address the needs
for energy regeneration and organic waste treatment.'” However, the relatively low
power output of MFCs restricts their practical application. A number of methods have
been used in improving MFC power output, including optimization of microbial
activities,” 7 and MFC device conﬁguration,g'll activation of cathode electrode by
incorporating various catalysts such as Au,'”'* Pd," '® and Ni,'” '® as well as

. 19-23
enhancement of effective surface area of both anode

and cathode. The rapid
advancement of nanostructured electrodes opens up new opportunities in the
development of high performance MFCs.

Carbon-based materials such as carbon cloth, carbon paper, carbon felt and
graphite brush are most commonly used anode materials for MFCs.** These
commercially available electrode materials are chemical inert, highly conductive and
inexpensive. However, these microstructures have relatively small surface area for
bacterial colonization, and thus, limit the power density of MFC device. Previous
studies have demonstrated that the power density of MFC can be enhanced by
modifying the electrodes with nanostructures to increase the accessible surface area
for bacterial colonization. For example, carbon electrodes modified with Au and Pd

nanoparticles shown improved power densities.”> Roh et al. reported that the power

density of carbon paper was improved by decorating it with multi-walled carbon
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nanotube /polyarcylonitrile composite.”® To further improve the performance of
anode, 3D structures with potentially larger surface area are emerging as new
electrode materials for MFCs. For instance, Higgins ef al. reported the preparation of
3D chitosan-carbon nanotube scaffolds, with a pore size distribution between 10 pm
and 120 pm, as MFC anode.”” Xie et al. reported the fabrication of single-walled
carbon nanotubes, graphene-coated textile,” and sponge® ** bio-electrodes for
MFCs. Recently, Yong et al. developed a 3D conducting graphene-polyaniline
scaffold as MFC anode."” These MFC devices with 3D electrodes shown significantly
enhanced power output and suggests the potential of 3D conducting scaffold for MFC
electrodes.

Here, we report the fabrication of a flexible and high performance MFC anode
by employing nickel foam as a 3D conducting scaffold and coated with reduced
graphene oxide (rGO) sheets to increase its accessible surface area for bacteria
colonization and electron mediators. Significantly, the rGO-nickel foam (denoted as
rGO-Ni) anode produced a remarkable volumetric power density of 661 W/m® (27
W/m’) at a stable state of power generation, calculated based on the volume of anode
material (based on the anode chamber volume). These values are substantially higher
than that of plain nickel foam, and conventional carbon based electrodes (e.g., carbon

cloth, carbon felt and carbon paper) electrodes measured in the same conditions.
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3.2 Experimental Section
3.2.1 Preparation of Graphene Oxide (GO)

GO was prepared from graphite powder using Hummer’s method. Graphite
powder (0.5 g) was mixed with 23 mL concentrated H,SO4 and 10 mL concentrated
HNO3 in a container that was cooled in an ice bath. KMnOy (3 g) was slowly added
to the mixture. After the addition of KMnQy,, the solution was heated at 35 °C for 3 h,
and then diluted with 40 mL of deionized water. After 12 hours, the solution was
further diluted by adding an additional 200 mL of deionized water, followed by slow
addition of 3.0 mL of H,O, (30% v/v). The solution with black graphite suspension
was gradually converted into a bright yellow graphite oxide solution. The precipitate
of graphite oxide was isolated by centrifugation at 1500 rpm for 30 min, and washed
with deionized water, and then re-suspended in 500 mL deionized water. The
concentration of the graphite oxide solution is ~1 mg/mL. The aqueous graphite oxide
solution was vigorously sonicated for 2-4 h to exfoliate stacked graphite oxide sheets
into monolayer or multi-layered GO sheets.

3.2.2 Deposition of rGO Sheets onto Nickel Foam

A nickel foam substrate was transferred into an autoclave (with Teflon liner)
filled with 25 mL aqueous GO solution. The autoclave was heated at 120 °C for 5 hrs
and allowed it to cool down at room temperature. The yellowish nickel foam substrate
turned into black color (covered with rGO sheets). The substrate was then washed

with deionized water, and then air-dried. To improve the electrical conductivity of

55



rGO sheets, the rGO-Ni substrate was annealed at 400 °C in hydrogen atmosphere in
a home-built quartz tube furnace for 30 minutes.
3.2.3 Fabrication of MFC Anode

rGO-Ni composite anodes were fabricated by attaching a Ti wire (the
diameter of Ti wire is 0.25 mm) onto the Ni foam substrate by silver conductive
epoxy (Ted Pella, Inc., Redding, CA). Carbon felt (GF-S6, Electrolytica, Inc.,
Ambherst, NY), carbon paper (SGL Group, Germany), and carbon cloth (CC6 Plain,
Fuel Cell Earth LLC, Stoneham, MA) electrodes were fabricated by directly attaching
a Ti wire onto the carbon-based substrates. The projected areas of all anodes are in
the range of 7-10 cm®. The thickness of rGO-Ni electrodes is 1 mm. The thickness of
carbon felt electrodes is 6 mm. The thickness of carbon paper and carbon cloth
electrodes is 0.5 mm.
3.2.4 Shewanella oneidensis MR-1 Bacterial Culture and MFC Operation

Shewanella oneidensis MR-1 (ATCC 700550) was cultured in trypticase soy
broth (TSB) (BD Biosciences, San Jose, CA) under acrobic conditions at room
temperature for 24 h at 30°C in an incubator shaker with shaking at 150 rpm. The
culture was then transferred to the anode chamber of a dual-chamber MFC (chamber
volume is ~25 mL). 25 mL solution of 50 mM ferricyanide in 100 mM phosphate
buffer (K;HPO,4 18.2 g/L, KH,PO4 2.56 g/L, KsFe(CN)g 15.6 g/L, pH 7.4) was used
as catholyte. The voltage of MFC device across an external resistor (1000 Q) was
monitored using a precision multimeter/data acquisition system (2700, Keithley, OH).

When the current dropped to the baseline level, fresh TSB medium was slowly
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injected into the anode chamber via a sterile syringe. The current (/) generated in
MFC was calculated according to Ohm's law, / = V/R, where V was the voltage and R
was the external resistor. The power was then calculated as P = V' x I. The power
densities were calculated based on the volume of the electrodes or the volume of
anode chamber (~25 mL).

3.2.5 Methylene Blue Absorption Measurement

The initial concentration of the MB aqueous solution was 2 mg/L. The plain
nickel foam and rGO-X-Ni composite foams were immersed separately in MB
aqueous solution. The solutions were stirred in the dark for 24 hrs to allow reaching
absorption-desorption equilibrium. Then, the substrates were removed from the MB
solutions. Absorption spectra were collected for the original and these MB solutions
using an ATI Unicam UV4 spectrometer by using a 1-cm quartz cuvette with a
resolution of 2 nm.

3.2.6 Electrochemical Impedance Spectroscopy (ELS)

The electrochemical characterization was carried out on CHI 660D
electrochemical station using impedance-potential technique under whole cell
conditions. EIS measurements were conducted in a two-electrode mode by recording
the impedance spectrum of the anode as working electrode, with the cathode acting as
a counter electrode and reference electrode. The impedance spectra were collected at
the open-circuit potential by applying a sine wave (5 mV) at a frequency range from
1000 kHz to 10 mHz. The data was analyzed using ZView by fitting the EIS spectra

with an equivalent circuit.
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3.2.7 Material Characterization

SEM images were collected by a field-emission SEM (Hitachi S-4800 II).
XPS analysis was carried out on a RBD upgraded PHI-5000C ESCA system (Perkin-
Elmer) using Mg-monochromatic X-ray at a power of 25 W with an X-ray-beam
diameter of 10 mm, and a pass energy of 29.35 eV. The pressure of analyzer chamber
was maintained below 5x10® Pa during the measurement. The binding energy was
calibrated using the C 1s photoelectron peak at 284.6 eV as reference.
3.3 Results and Discussion

rGO-Ni anodes were prepared by refluxing a nickel foam substrate (45-103,
Lyrun New Material) in an aqueous graphene oxide (GO) solution at 120 °C in an
autoclave (Figure 3.1a), followed by annealing in hydrogen atmosphere at 400 °C
(Experimental Section). The conversion of GO into rGO by hydrothermal method has
been reported elsewhere.” Scanning electron microscopy (SEM) image showed that
the nickel foam is a continuous 3D scaffold with pore size in a range between 100 and
500 pm (Figure 3.1b). The large pore size allows bacteria colonization in the inner
structure of the 3D electrode and efficient mass transfer of nutrient. The specific
surface area of the nickel foam was estimated to be ~3000 m” per cubic meter based
on its weight and size of the framework. More importantly, it offers a continuous 3D
highly conductive surface for rGO coating. We aimed to increase the accessible
surface area for bacteria colonization and electron mediator through controlled
loading rGO sheets on the nickel foam. After refluxing the nickel foam in GO

solutions for 5 hrs, its color changed from yellowish silver to black. As shown in
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Figure 3.1c, the entire nickel foam scaffold was covered with rGO sheets. rGO-Ni
foams were further reduced in a hydrogen atmosphere at 400 °C in a home-built
quartz tube furnace to increase their electrical conductivities. Previously studies has
demonstrated that bio-electrons generated from bacteria can be effectively transferred
to GO and rGO.>"** Therefore, the conductive rGO coating is expected to serve as a
good electron transfer layer that could facilitate bacterial colonization and power

. 33,34
generation.™

Furthermore, the rGO-Ni foam preserves the excellent mechanical
properties of the nickel skeleton. It is flexible and can be bent and folded into various
shapes (Figure 3.1d), which enables it to fit in different MFC devices. Importantly,
we did not observe fragmentation of rGO sheets when it was bent repeatedly,
suggesting the affinity between rGO and nickel skeleton is strong and the composite
structure is stable. Moreover, we have demonstrated the feasibility to scale up the
fabrication of rGO-Ni electrode for large-scale MFC devices. Figure 3.1e shows a 25

cm x 20 cm rGO-Ni foam. The electrode size can be further increased, and practically

it is only limited by the size of container for refluxing process.
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Figure 3.1 (a) A schematic diagram illustrates the preparation of rGO-
Ni anode. (b,c) SEM images and digital pictures (insets) of plain
nickel foam and rGO-Ni foam. Scale bars are 200 um. (d) Digital
picture of a curved rGO-Ni foam. Inset: rGO-Ni foam rolled up into a
cylindrical shape. (e) Digital picture of a 25 cm % 20 cm rGO-Ni foam.

The capability of developing a highly conductive electrode with large
effective surface area is essential to the success of developing a high-performance
bioanode. To characterize the chemical nature of rGO coating, core level C 1s X-ray
photoelectron spectroscopy (XPS) spectra were collected for rGO-Ni structures

before and after hydrogen reduction. As shown in Figure 3.2 rGO sheets before
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hydrogenation showed a broad peak centered at 284.8 eV with a shoulder at higher
binding energy, which suggests the existence of more than one chemical state of
carbon.”” The broad peak was deconvoluted into four peaks. The main peak at 284.7
eV can be attributed to the graphite-like sp> hybridized carbon, indicating most
carbon atoms are arranged in honeycomb lattice.’® The synthetic peak centered at
285.5 eV is consistent with the sp> hybridization of C-C or C-H bonds.”” Small peaks
located at the high-energy tail (286.2 eV and 288.9 eV) can be ascribed to the carbon
signal in carbon-oxygen compounds such as C-O bond or carboxylate carbon (O-
C=0), respectively.”® Importantly, the intensity of the signals associated with C-O
and O-C=0O bonds dropped substantially upon hydrogenation, suggesting these

surface oxygen containing groups have been reduced.
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Figure 3.2 (a) XPS C 1s spectrum of rGO-Ni foam before hydrogen
reduction. The black curve is the experimental result. The red dashed
curve is the summation of four synthetic peaks centered at 284.7 eV
(green curve), 285.5 eV (blue curve), 286.2 eV (pink curve), and 288.9
eV (yellow curve). (b) Normalized C 1s XPS spectra collected for

rGO-Ni foam before and after hydrogen reduction.

Moreover, the electrode surface area is expected to be related to the loading
amount of rGO sheets, which can be controlled by number of loading cycles. Nickel
foam reflux in GO solution at 120 °C for 5 hrs is counted as one loading cycle. Figure
3.3 shows the SEM images collected for a plain nickel foam and rGO-X-Ni (X = the

number of loading cycles) electrodes prepared with different number of loading
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cycles. Before loading of rGO sheets, the nickel foam has a smooth surface (Figure
3.3a). After refluxing in GO solution, the nickel foam was covered with rGO sheets.
The thickness and roughness of rGO coating increased with the number of loading

cycles.

Figure 3.3 SEM images of (a) plain nickel foam, and (b-h) rGO-X-Ni
(X = the number of loading cycles) foams. Scale bars are 200 um.

Furthermore, the amount of rGO loading increases with the number of loading
cycles as expected (Figure 3.4a). It is noteworthy that the deposition of rGO sheets
did not significantly change the pore size, and thus, it seems not likely to affect the
mass diffusion of bacterial culture medium. However, we observed that rGO-Ni
electrodes became fragile after repeating the loading process for 6 times or above
(Figure 3.4b). This could be due to the chemical dissolution of nickel in acidic GO

aqueous solution (pH ~5).
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Figure 3.4 (a) The amount of rGO loading plots as a function of the
number of loading cycles. (b) Digital picture shows the structurally
collapsed rGO-8-Ni foam. rGO-Ni electrodes became fragile after
repeating the loading process for 6 times or above due to the chemical
dissolution of nickel in acidic GO aqueous solution (pH ~5).

To test our hypothesis that the effective electrode surface area can be
increased by increasing the number of rGO loading cycles, we investigated the
surface area for rGO-X-Ni structures. Since nickel substrate slowly dissolved in GO
solution during the refluxing process, the quantitative determination of specific

surface area for rGO-X-Ni electrodes by Brunauer-Emmett-Teller method is
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impossible. Alternatively, we estimated the surface area of rGO-X-Ni electrodes by
dye absorption experiment. Methylene blue (MB) is a dye that has been widely used
for determining surface area of solid absorber.” The absorption measurements were
started with a 2 mg/L MB aqueous solution. The plain nickel foam and rGO-X-Ni
electrodes were immersed in the MB aqueous solution for 24 h. The solutions were
stirred in the dark to establish an adsorption/desorption equilibrium for MB on the
electrode surface. UV-vis absorption spectra collected for these solutions revealed
characteristic absorption peaks of MB (Figure 3.5). More importantly, the absorption
intensity (665 nm) decreases almost linearly with the increased number of loading
cycles (Figure 3.5, inset). These results clearly support our hypothesis that the

electrode surface area can be increased and controlled by the number of loading

cycles.
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Figure 3.5 UV-vis absorption spectra collected for the original MB
solution (2 mg/L in water) and the MB solutions after reacting with
rGO-X-Ni foams for 24 hrs. Inset: The absorption peak intensity (665
nm, highlighted by dashed line) of rGO-X-Ni foams plot as a function
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of number of rGO loading cycles. A line of best-fit by eye was drawn
through the data points.

We investigated the interplay between the performance of rGO-X-Ni anode
and the number of rGO loading cycles. rGO-X-Ni anodes were tested in a
conventional, dual-chamber MFC device. The configuration of MFC device is
illustrated in Figure 3.6a. The dual-chamber MFC devices were built with glass tubes
jointed by a cation exchange membrane (CEM) (CMI 7000S, Membranes
International Inc., Ringwood, NJ, USA). Each chamber had a liquid volume of ~25
mL. In anode chamber, pure strain of Shewanella oneidensis MR-1 (ATCC 700550)
was inoculated in trypticase soy broth (TSB, BD Biosciences, San Jose, CA), which
was supplied as growth medium. The cathode chamber was filled with ferricyanide
phosphate buffer solution (K;HPO4 18.2 g/L, KH,PO4 2.56 g/L, KsFe(CN)e 15.6 g/L,
pH 7.4). The rGO-X-Ni foams with projected areas between 7 and 10 cm’, and
thickness of 0.1 cm were used as anodes. Carbon cloth substrates (the area of carbon
cloth was about 70 cm?, CC6 Plain, Fuel cell Earth LLC, Stoneham, MA) were used
as cathode. An external resistor was connected to the anode and the cathode to
complete the circuit, and the voltage generated in the MFC was monitored as a
function of time. All rGO-X-Ni electrodes were measured using the same MFC
device to eliminate the possible discrepancy due to device assembly. The MFCs were
operated in batch mode at room temperature (~25 °C). SEM images collected for the
bioanode after a few days operation revealed the colonization of MR-1 cells on the

rGO sheets and formed a biofilm (Figure 3.6b). The magnified SEM image showed
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that the rod-shaped bacteria have a typical diameter of 0.4-0.9 pm and length of 2-3

um, which are consistent with previously reported values for MR-1.

Cathode
? MR-1/TSB [Fe(CN),*/ PBS T

Resistor

a

Figure 3.6 (a) A schematic diagram illustrating the configuration of
dual-chamber MFC device with MR-1 colonized bioanode and carbon
cloth cathode. The anode and cathode chamber was separated by a
CEM. MR-1/TSB solution was used as anolyte and ferricyanide/PBS
solution was used as catholyte. (b) SEM image of an rGO-Ni anode
colonized by rod-shaped S. omeidensis MR-1. Scale bar is 20 um.
Inset: Magnified SEM image of a MR-1 bacterium. Scale bar is 1 pm.

The properties of rGO-X-Ni electrodes were investigated through constructing
polarization and power curves by varying external resistors between 1 MQ and 50 Q.
These results were compared to the device using plain nickel foam, and conventional

anode materials, including carbon felt (GF-S6, Electrolytica, Inc., Amherst, NY),
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carbon paper (SGL Group, Germany) and carbon cloth (CC6 Plain, Fuel Cell Earth
LLC, Stoneham, MA) (Figure 3.7, Supporting Information). Volumetric power
densities were calculated based on the volume of anode electrode when the device

established a steady state.
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Figure 3.7 Polarization (red symbol) and power (blue symbol) curves
collected for MFC device operated with different anode materials. (a)
Carbon felt. (b) Carbon paper. (c) Carbon cloth. (d) Plain nickel foam

and (e-j) rGO-X-Ni composite structures prepared under different

number of rGO loading cycles (X =2, 3,4, 6, 7, 8).

Figure 3.8a compares the maximum volumetric power densities of MFC
devices with different type of anodes. The maximum volumetric power densities of
plain nickel foam, carbon felt, carbon paper, and carbon cloth anodes were measured
to be 35 W/m’, 23 W/m’, 12 W/m® and 42 W/m’, respectively. Significantly, MFC
devices employing rGO-X-Ni composite electrodes as anodes showed substantially
higher power densities than the values obtained for these conventional electrodes
(Figure 3.8a). With the number of rGO loading cycles increased from 2 cycles to 5
cycles, the maximum power densities of MFC devices were gradually increased from
73 W/m® to 661 W/m’. Figure 3.8b shows the polarization curve of rGO-5-Ni device.
It exhibits an open circuit voltage (OCV) of 0.62 V, comparable to the values
reported for other MFC devices with MR-1 colonized as anode.”® The short-circuit
current (2.7 mA) of this device is substantially higher than the values obtained for
other anode electrodes we studied. Significantly, the rGO-5-Ni achieved a remarkable
volumetric power density of 661 W/m’, which is almost two times higher than the
value of a recently reported MFC device with 3D graphene-sponge anode.”
Moreover, this value is almost 29-fold higher than that of carbon felt, which is a
conventional anode material with porous 3D structure. The superior performance of

the rGO-5-Ni anode is believed to be due to the increased effective surface area for

bacteria and electron mediators, as well as the porous Ni foam scaffold that is highly
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conductive and allows efficient mass transport of bacterial culture medium. The
maximum power densities of devices decrease with further increase of the number of
loading cycles. One of the possible reasons is the chemical dissolution of nickel
results in the structural collapse of nickel skeleton after prolong treatment in acidic
GO solution during the repeated rGO loading processes. Moreover, rGO sheets tend
to form aggregates as the increase of rGO loading cycles (Figure 3.3), which could
cause the decrease of accessible surface area for bacteria colonization. Notably that
the MB absorption measurement indicates the surface area increased continuously
with the number of rGO loading cycles, the interior surface in the rGO aggregates

may not be accessible for bacteria colonization.
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Figure 3.8 (a) Maximum volumetric power densities collected for

MFC devices with rGO-X-Ni electrodes as anodes. Maximum

volumetric power densities of MFC devices with plain nickel foam,

carbon paper (CP), carbon felt (CF), and carbon cloth (CC) electrodes

as anodes are also added for comparison. The error bars show the

deviation of maximum power densities for at least three devices. (b)

Polarization and power curves collected for a MFC device with rGO-

5-Ni anode.

Moreover, we also calculate the gravimetric power density of the electrode
materials. Since the nickel foam is a 3D structure with large open space, the
gravimetric density of nickel foam (~0.32 g/cm’) used this study is indeed

comparable to that of carbon cloth (~0.27 g/cm’), which is another advantage of using

3D electrode structure for MFC application. In Figure 3.9, we compare the maximum
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gravimetric power density of different electrode materials. Again the gravimetric
power densities of nickel foam electrodes are substantially higher than the other
carbon materials, and the rGO-5-Ni electrode achieved the highest gravimetric power
density. Importantly, these results also indicate that the gravimetric power density of
MFC device could be further improved by replacing the nickel framework with other

3D conductive network with lower gravimetric density.
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Figure 3.9 Maximum gravimetric power densities calculated for MFC
devices with rGO-X-Ni electrodes as anodes. Maximum gravimetric
power densities of MFC devices with plain nickel foam, carbon paper
(CP), carbon felt (CF), and carbon cloth (CC) electrodes as anodes are

also added for comparison. The error bars show the deviation of
maximum power densities for at least three devices.

To prove the hypothesis that the 3D conductive scaffold benefits the charge
and mass transport, the electrochemical impedance spectroscopy (EIS) spectra were
also collected and analyzed for conventional carbon cloth anode and rGO-5-Ni anode
(Figure 3.10). By fitting the data of the Nyquist plots with an equivalent circuit, we
derived the solution resistance (R;), charge transfer resistance (Rp) and diffusion

resistance (R;) (Figure 3.10b and Table 3.1). As shown in Table 3.1, the rGO-5-Ni
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electrode exhibits considerably smaller resistances than the values obtained on carbon
cloth electrode, especially the diffusion resistance. The rGO-5-Ni anode shows a
diffusion resistance of 207 €2, which is an order of magnitude less than that of carbon
cloth electrode (2211 Q). Since both rGO-5-Ni and carbon cloth anode were
measured in the same electrochemical cell and electrolyte, the substantial reduction of
resistances can possibly be attributed to the 3D conductive structure that allows
efficient electron/mass transport. This study suggests the potential advantage of 3D
conductive porous scaffold as electrode for MFC devices.

Table 3.1 The fitting parameters of EIS data for the MFCs with rGO-
5-Ni and carbon cloth electrode.

rGO-5-Ni (Q) Carbon cloth (Q)
R (solution resistance) 21.9 35.6
R, (charge transfer resistance) 66 113
R, (diffusion resistance) 207 2211
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Figure 3.10 (a) Nyquist curves of the EIS tests for traditional carbon
cloth electrode and rGO-5-Ni electrode. (b) Equivalent circuit for EIS
data fitting.

In previous studies, the volumetric power densities were also calculated based
on the volume of anode chamber.** To compare the performance of rGO-X-Ni
electrodes with these previous results, we fabricated a roll-up rGO-5-Ni electrode
(Figure 3.1d, inset) that can fit in the 25 mL anode chamber, and measured power and

polarization curves for the MFC device (Figure 3.11).
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Figure 3.11 Polarization (red) and power (blue) curves collected for

MFC with rGO-5-Ni anode. The volumetric power densities were
calculated based on the volume of anode chamber (~25 mL).

Moreover, for comparison, power and polarization curves were also collected
for MFC devices when the anode chamber was filled with carbon felt or carbon cloth
electrodes. Significantly, the maximum volumetric power density of the rGO-5-Ni
device was calculated to be 27 W/m®, which is substantially larger than the values
obtained for carbon felt (1.03 W/m®) and carbon cloth (1.62 W/m®) anodes (Figure
3.12) measured with the same MFC device. The power density of 27 W/m’ is two
orders of magnitude larger than the values reported for other milliliter scale H-shaped
MFC devices using graphite sticks as electrodes, and MR-1/lactate-Fe(IIl) citrate
medium (0.25 W/m®) as electrolytes.*"** It is 135-fold higher than that of mL-MFC
device with using carbon cloth as anode and MR-1/TSB as anolyte (0.2 W/m?).* And
it is also almost 6 times higher than that obtained for mL-MFC device with crumpled

graphene particles modified carbon cloth anodes (4.8 W/m’) and wastewater as
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anolyte.”” To our knowledge, this is the highest volumetric power density obtained for
mL-MFC device using pure strain of MR-1.
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Figure 3.12 Polarization (red symbol) and power (blue symbol) curves
collected for MFC with carbon felt anode and carbon cloth anode. The

volumetric power densities were calculated based on the volume of
anode chamber (~25 mL).

To evaluate the stability of rGO-5-Ni anode, the MFC device was operated in
a batch mode. Figure 3.13 shows the continuous current generation from the MFC
device in four consecutive feeding cycles, which lasted for almost a week. In each

feeding cycle, a current of 0.1 - 0.5 mA was generated, which lasted for ca. 40 hrs



before decreasing to the baseline due to the depletion of nutrient in the MFC device.
The slow decay of current suggests effective removal of most of the organic matter in
electrolyte. Replenishment of fresh TSB medium into the anode chamber led to a
drastic current restoration, and bioelectricity generation sustained for another 40 hrs.
After the device operated for ~40 hours, the device yielded a coulombic efficiency of
19 %, indicating the device efficiently converting organic matter to electricity.** The
results proved that the MFC device with rGO-5-Ni anode can be operated for at least

a week, which is important for practical application.
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Figure 3.13 The current vs. time plot collected for a MFC device with
rGO-5-Ni anode, operated in a batch-fed mode with an external
resistor of 1000 Q.

3.4 Conclusion

In summary, we have successfully developed a 3D electrode by coating rGO
sheets onto Ni foam for MFC device. The deposition of rGO sheets on highly
conductive Ni foam considerably increased the effective surface area for microbial

colonization. The 3D porous nickel scaffold allows efficient electron transfer and
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mass transport of bacterial culture medium. MFC devices with rGO-Ni electrodes
showed substantially higher power density output compared to the device with plain
nickel foam and other conventional carbon-based electrodes. In particular, MFC
device with rGO-5-Ni electrode achieved a remarkable volumetric power density of
661 W/m’ (based on the volume of anode) or 28 W/m’ (based on the volume of anode
chamber), which are the highest values ever obtained for mL-MFCs with pure strain
of S. oneidensis MR-1. More importantly, 3D electrode is believed to be a general
strategy to improve the power output of MFC devices. The maximum power output
reported in this study was still limited by the electron producing capability of pure
strain MR-1, and it is relatively low compared to that of other optimized MFC

devices with mixed bacteria culture inoculated in wastewater.*> %

However, we
believe similar enhancement in power output should be expected for those MFC
devices with mixed bacteria culture by using the 3D Ni/rGO anode electrode

developed in this study. The demonstration of this new 3D electrode could further

push the performance of MFC devices and strongly impact the microbial technology.
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Chapter 4

Photoelectrochemical Investigation of Oxygen Deficient TiO, Nanowire Arrays

and CdS Quantum Dot Sensitization
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Abstract

Oxygen-deficient TiO, nanowires show substantially increased donor density
due to an increase in oxygen vacancies introduced intentionally by thermal treatment
in ammonia, vacuum, or hydrogen. By coupling oxygen-deficient TiO, nanowires
with CdS quantum dots, they show significant enhancement in photoactivities was
observed in the entire wavelength region from 350 to 550 nm. These new
nanocomposites hold great promise for solar hydrogen generation.
4.1 Introduction

Titanium dioxide (TiO,) nanostructures have been extensively studied as
photoanodes for water oxidation,'” due to their high chemical stability, low cost,
abundance as well as the favorable band-edge alignment with water redox potentials.
However, the relatively large bandgap (3.0 eV for rutile and 3.2 eV for anatase TiO,)
and low electrical conductivity limit its wide spread. Recently, we demonstrated that
hydrogen-treated TiO, nanomaterials (denoted as H:Ti0O;) fundamentally improve the
photoelectrochemical (PEC) performance for water oxidation.® The improvement of
photoactivity was attributed to the increased donor density of TiO, nanowires, as a
result of increased oxygen vacancies (Oyae, shallow donor for TiO,) upon hydrogen
treatment. The introduction of Oy, in a controlled manner is critical for improving the
photoactivity of TiO, materials.

In this work, we further explore the generation of Oy, by annealing TiO,
nanowires under vacuum (oxygen deficient environment) or in ammonia atmosphere

(via nitrogen doping). Oxygen deficient TiO, nanowires prepared by these new
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methods also showed pronounced photoactivities, comparable to the reported
hydrogen-treated TiO,. The capability of introducing Oy, without involving
hydrogen or other impurities provides a unique platform to study effect of Oy, on
photoelectrochemical properties of TiO,. Furthermore, we couple the oxygen-
deficient TiO, nanowires with CdS quantum dots (QDs) (denoted as CdS-H:TiO,) for
enhancing visible light absorption. We found that thermal treatment is critical for
improving the crystallinity of CdS QDs, and thereby the electron separation and
transfer at the interface of CdS/TiO,. CdS-H:TiO, samples show substantially
enhanced incident-photon-to-electron conversion efficiency (IPCE) in the UV and
visible region.
4.2 Experimental Section
4.2.1 Synthesis

1. Rutile TiO; nanowires. The synthesis of rutile TiO, nanowire arrays was
based on a reported hydrothermal method with slight modification.” 15 mL
concentrated hydrochloric acid (36.5-38% by weight) was mixed with 15 mL
deionized water under stirring, follow by the addition of 0.475 mL titanium n-
butoxide. This precursor solution was poured into a 40 mL autoclave with a Teflon
liner. A fluorine-doped tin oxide (FTO) glass substrate was cleaned and transferred
into the autoclave with conducting side facing down. The autoclave was then heated
at 150 °C for 5 h. After cool down to room temperature, the substrate was covered

with a white film of TiO, nanowire arrays. The substrate was washed with deionized
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water, and then air dried. To obtain crystalline TiO,, the substrate was calcined at 550
°C for 3 h in the air.

2. CdS QD sensitized TiO; nanowires. CdS quantum dots were deposited on
TiO, nanowire arrays by a chemical bath deposition method.® 5 mL of 40 mM
Cd(acetate), dihydrate aqueous solution, 5 mL of 40 mM thiourea aqueous solution
and 10 mL deionized water were mixed in a 25 mL vial. Then 0.1 mL of concentrated
ammonium hydroxide was added into the solution mixture. TiO, sample was
submerged in the solution at 55 °C for 20 min.
4.2.2 Photoelectrochemical Measurements

Linear sweep voltammograms were measured in a three-electrode
electrochemical cell with an Ag/AgCl reference electrode and a platinum wire as
counter electrode, and TiO, nanowire samples as working electrode, at a scan rate of
20 mV/s. 0.5 M Na,SO4 aqueous solution (pH = 7) was used as electrolyte. For CdS
QDs sensitized TiO, nanowires (CdS-TiO,, CdS-H:TiO,, H:CdS-Ti0,), linear sweep
voltammograms measurements were made in a two-electrode electrochemical cell
with a platinum wire as counter electrode and nanowire sample as working electrode
at a scan rate of 20 mV/s. The electrolyte used was a mixture of 0.25 M Na,S and
0.35 M Na,SO; aqueous solution (pH = 11.5). All the TiO, photoanodes were
fabricated by attaching a copper wire onto the bare edge of FTO glass substrate via
soldering a small piece of indium metal, and then sealing the FTO glass substrate and
metal contact region with insulating epoxy resin. The exposed effective area for the

TiO, working electrode is around 0.15-0.2 cm®. A 150 W Xe lamp (Newport 6255)
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coupled with an AM 1.5 global filter (Newport 81094) was used as the light source.
The intensity of the incident light was measured with a digital power-meter and was
controlled at 100 mW/cm?®. Incident-photon-to-current-conversion-efficiencies (IPCE)
measurements were collected by a CHI 660D electrochemical station with a
simulated solar light source (Newport 69920, 1000 W xenon lamp), coupled with an
infrared water filter (Oriel 6127) and aligned with a monochrometor (Oriel
Cornerstone 130 1/8 m). All PEC measurements were carried out with front side
illumination. Electrochemical impedance was measured on CHI 660D using
Impedance-potential technique at a frequency of 10000 Hz in 0.5 M Na,SO4 solution
under dark. Mott-Schottky plots were generated from capacitances of TiO; in a
potential range of -0.2 V to 0.5 V vs. RHE.
4.2.3 Material Characterization

X-ray diffraction (XRD) spectra were measured at room temperature on a
Rigaku Americas Miniflex Plus powder diffractometer from a 20 angle of 20 to 70
degree with a step size of 0.04 degree at a rate of 1 degree/min. Scanning electron
microscopy (SEM) images were collected by a field-emission SEM (Hitachi S-4800
II). X-ray Photoelectron Spectroscopy (XPS) analysis was carried out on a RBD
upgraded PHI-5000C ESCA system (Perkin-Elmer) using Mg-monochromatic X-ray
at a power of 25 W with an X-ray-beam diameter of 10 mm, and a pass energy of
29.35 eV. The pressure of analyzer chamber was maintained below 5x10-8 Pa during
the measurement. The binding energy was calibrated using the C 1s photoelectron

peak at 284.6 eV as the reference.
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4.3 Results and Discussion

Rutile TiO, nanowire arrays were prepared on a fluorine-doped tin oxide
(FTO) glass substrate based on a previously reported method’ (Experimental
Section). Scanning electron microscopy (SEM) image reveals that FTO substrate is
covered with dense and vertically aligned nanowire arrays (Figure 4.l1a). The
diameters of nanowire are in a range of 100-200 nm with a typical length of 2-3 pum.
XRD patterns (Figure 4.1b) collected from the film can be indexed as rutile TiO,

(JCPDS, No. 88-1175).
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Figure 4.1 (a) SEM image of TiO,. (b) XRD spectra collected from
pristine TiO;, N-doped TiO, (N:TiO,), hydrogen-treated TiO;
(H:Ti0O,), and CdS QD sensitized TiO, (CdS-TiO;) nanowires. XRD
peak positions of FTO substrate are provided as reference (black
lines). The two diffraction peaks centered at 20 angles of 36.5° and
63.2° (marked by v), are identified in the XRD spectra of all TiO,
samples, which can be indexed as tetragonal rutile TiO, (JCPDS, No.
88-1175). Two diffraction peaks centered at 20 angles of 26.4° and 44°
(marked by &), are indexed as hexagonal CdS (JCPDS, No. 41-1049).
The diffraction peaks of CdS are missing for CdS-TiO, nanowire
sample possibly due to the poor crystallinity of CdS QDs on TiO;
nanowires before thermal annealing.

We managed to create Oy, through two different approaches of doping TiO;
with aliovalent impurites and anneal TiO, in oxygen deficient environment.
Theoretical studies have suggested that N doping could facilitate the formation of
Oyac in TiO; lattice, and the created Oy, mid-gap states locates below the conduction
band by 0.7-1.18 eV.” '’ The introduction of N into TiO, nanowires (denoted as
N:TiO;) was carried out in a home-built quartz tube furnace by annealing TiO;
samples in ammonia at 510 °C for different lengths of time. The same method has
previously been used for the preparation of N-doped ZnO'' and TiO,'* nanowires. To
confirm the successful incorporation of N and the chemical states of N in TiO,, we
collected X-ray photoelectron spectroscopy (XPS) for N:TiO, nanowires (Figure
4.2a). The N 1s XPS spectrum exhibits a broad peak centered at 399.3 eV with full-
width-half-maximum (FWHM) ~4 eV, indicating more than one chemical states of N.
This broad peak can be deconvoluted into three peaks. The synthetic peak centered at
397.2 eV is consistent with the typical binding energy reported for N in oxynitride

(O-Ti-N) bonding."* The peaks centered at 400 eV and 399 eV can be ascribed to
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12213 The data confirm that N was

adsorbed N, or amines (NHx) respectively.
incorporated substitutionally at O sites in TiO,.

Linear sweep voltammograms were collected for TiO, and N:TiO, samples in
a three-electrode PEC cell (Experimental section). Both TiO; and N:TiO; nanowires
showed increased photocurrent densities with ammonia annealing time from 0 to 50
min. The N:TiO, nanowire annealed for 50 min achieves an optimal photocurrent
density of ~1.9 mA/cm® at 1.23 V vs. RHE (Figure 4.2b). The photocurrent
enhancement can be due to two factors. First, the ammonia treatment creates Oy, In
TiO, either through aliovalent substitution of N impurities or reduction by Hj
generated in ammonia dissociation, as previously demonstrated in hydrogen-treated
TiO,.'"'* Second, N-doping creates mid-gap density of states that narrows the band
gap of TiO, and increase visible light absorption.”” Nevertheless, the extended
annealing in ammonia (100 min) leads to a decrease of photocurrent density from

~1.9 mA/cm? to ~0.9 mA/cm?. It is attributed to the increased resistance of FTO

substrate from 20 to 195 Q after ammonia treatment.
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Figure 4.2 (a) XPS N Is spectrum of N:TiO, nanowires. The black
curve is the experimental result. The red curve is the summation of the
synthetic peaks centered at 397.2 eV (pink curve), 399 eV (green
curve) and 400 eV (blue curve). (b) Linear sweeps voltammograms
collected from pristine TiO; and N:TiO, samples annealed at 510 °C
for 0, 36, 50, 65 and 100 min, respectively.

To investigate the effect of N-doping, we compared the PEC performance of
optimized N:TiO, (50 min) with H:TiO, samples. H:TiO, nanowire samples were
prepared by annealing pristine TiO, nanowires in hydrogen atmosphere at 320 °C for

3 h. Figure 4.3a shows that H:TiO, sample yield a photocurrent density of approx.
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1.86 mA/cm” at 1.23 V vs. RHE, which indeed is comparable with the value obtained
for the optimized N:TiO, sample (annealed in ammonia for 50 min). Furthermore, we
investigated the effect of ammonia treatment on H:TiO, nanowires. Surprisingly,
there is no enhancement in photocurrent densities by further annealing of H:TiO,
nanowire sample in ammonia. In contrast, the photocurrent of H:TiO, samples
decreases slowly with the increase of ammonia annealing time (Figure 4.3b). The data
indicate that the introduction of N-doping in H:TiO, does not improve the

photocurrent.
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Figure 4.3 (a) Comparison of linear sweep voltammograms of
optimized N:TiO, (annealed in ammonia for 50 min) and H:TiO,
nanowires. (b) Linear sweep voltammogramms of H:TiO, nanowires
annealed in ammonia atmosphere for 0, 15 and 50 min, respectively.
All linear sweeps were measured at a scan rate of 20 mV/s under 100
mW/cm® white light illumination.

We further performed electrochemical impedance measurements on pristine
TiO,, H:TiO,, and N:TiO, nanowire samples at a frequency of 10 kHz in the dark to
determine the capacitance of TiO,. Carrier density can be quantified from the slope of
Mott-Schottky analysis by using the equation'®

Ng = (2/egeeo)[d(1/CH/dV]!

where ey is the electron charge, ¢ the dielectric constant, & permittivity of
vacuum, V' the electrode applied potential, and Ny the donor density. As shown in
Figure 4.4a, all the TiO, samples exhibit positive slopes as expected for n-type
semiconductor.'” Apparently, N:TiO, sample exhibit a similar slope of Mott-Schottky
plot with H:TiO, sample, and they are substantially smaller than that of pristine TiO,
(Figure 4.4a, inset). With an ¢ value of 170 for TiO,,'® electron densities of TiOs,
N:TiO, and H:TiO, samples were calculated to be 1.4 x 10" cm™, 1.7 x 10”* cm™ and
1.4 x 10** cm™, respectively. Clearly, ammonia and hydrogen treatment led to an
increased donor density of TiO,, which could be attributed to the improved
photocurrent densities in N:TiO, and H:TiO,. N-doping in TiO, is known to be a
shallow acceptor that creates impurity states at 0.04 eV above TiO, valence band."
Theoretically, nitrogen doped TiO, should exhibit p-type property and decrease donor
density (increase acceptor density). The enhanced donor density of nitrogen doping is

due to the created oxygen vacancies acting as shallow donor, during nitrogen doping.
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The incorporation of nitrogen dopant state and oxygen vacancies states may narrow
the optical bandgap of TiO,. To investigate the effect of N-doping on bandgap
modulation, we compared the IPCE spectra of pristine TiO,, N:TiO, and H:TiO,
nanowires measured at 1.2 V vs. RHE using a 1000 W Xe lamp coupled with a
monochromator. IPCE can be expressed by the following equation
IPCE = (12401) / (Miight)

where, I is the measured photocurrent density, as well as Jjgn 1s the measured
irradiance at a specific wavelength, and is A the wavelength of incident light.
Compared to pristine TiO, nanowires, H:TiO, and N:TiO, show significantly
enhanced photoactivity in UV region with IPCE higher than 90 % at 350 nm, as a
result of improved donor densities (Figure 4.4b). IPCE values decrease gradually
from approx. 98% at 350 nm to approx. 1% at 420 nm, which is consistent with
bandgap energy of rutile TiO; (3.0 eV). N:TiO, and H:TiO, samples showed limited
photoactivity in the wavelength range from 600 to 650 nm, as the IPCE values
increase slightly from almost zero to ~0.2 %. Similar visible light photoactivity has
previously been observed in H-treated TiO,, which was attributed to the transition
between oxygen vacancy states to the conduction band of TiO,. However, the IPCE
values obtained for the visible region are significantly smaller than that in the UV

region.
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Figure 4.4 (a) Mott-Schottky plots generated at a frequency of 10 kHz
in the dark for H:TiO; (red curve) and N:TiO, nanowires (purple
curve). Inset: Comparison of Mott-Schottky plots of pristine TiO,
(black curve) with H:TiO, (red curve) and N:TiO, (purple curve)
nanowires. (b) IPCE spectra of pristine TiO,, N:TiO, and H:TiO;
nanowires, measured at a potential of 1.2 V vs. RHE.

Furthermore, we managed to create Oy, in TiO, under vacuum (oxygen
deficient environment), to investigate effect of Oy,. on the photoactivity of TiO,. This
approach can eliminate the potential effects of N-doping and hydrogen incorporation.
19,20

It has been reported that Oy, can be generated in TiO, by annealing in vacuum.

We annealed the as-prepared TiO, nanowires at ~ 13 mtorr (denoted as V:TiO,) in a
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home-built tube furnace at 550 °C for 3 hours. As shown in Figure 4.5a inset, the
photocurrent density of V:TiO, nanowire is at least two times enhanced compared to
the pristine TiO, that annealed in air and atmospheric pressure, at the same
temperature and time. Amperometric /-t curves (Figure 4.5b and c) collected from
N:TiO; and V:TiO, samples showed that the photocurrents slightly dropped by ~15%
in the first half hour and then became stable for at least for 2 h. This results support
that the N:TiO, and V:TiO, nanowire photoanodes are stable for water oxidation.
IPCE spectra of TiO; and V:TiO, measured at an applied voltage of 1.2 V vs. RHE
show similar profiles, with IPCE values increased gradually from 350 nm to 370 nm,
then decreased gradually from 370 nm to 420 nm (Figure 4.5a). Significantly, the
IPCE values of V:TiO, sample are uniformly higher than that of pristine TiO,
nanowires in the entire wavelengths from 350 to 420 nm.

As expected, V:TiO, sample obtains a substantially smaller slope of Mott-
Schottky plot compared to pristine TiO,, with a carrier density of 1.7 x 10* c¢m™
(Figure 4.6, inset). The results support the hypothesis that annealing under vacuum at
high temperature could facilitate the creation of Oy, and thereby increase the donor
density. Nevertheless, the carrier density and IPCE values of V:TiO; are still lower
than that of N:TiO, and H:TiO, samples (Figure 4.6). It indicates that the vacuum

treatment may be not as efficient as ammonia and hydrogen treatment in creating Oy,

and/or the incorporated hydrogen impurities also serve as electron donor in TiO,.
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99



rate of 20 mV/s under 100 mW/cm® white light illumination. The
photocurrent-time profiles of (b) N:TiO, and (c) V:TiO, nanowire
samples, measured at a potential of 1.23 V vs. RHE under 100
mW/cm® white light illumination.
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Figure 4.6 Mott-Schottky plots collected at a frequency of 10 kHz in
the dark for V:TiO;, (red curve), H:TiO;, (green curve) and N:TiO,
(purple curve) nanowire samples. Inset: Mott-Schottky plots of V:TiO,
(red curve) and pristine TiO; (blue curve) nanowire samples.

XPS spectra collected from pristine TiO, nanowire and TiO, nanowire
samples annealed in H,, ammonia and under vacuum show identical Ti 2p XPS
spectra with Ti 2ps;, and 2p;» peaks centered at 458.8 eV and 464.4 eV respectively
(Figure 4.7).*' The two peaks are consistent with the typical binding energies reported
for TiO,, indicating that these treatments do not change significantly the bonding

environment of Ti atoms in TiO,.
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Figure 4.7 Ti 2p XPS spectra of pristine TiO,, H:TiO,, N:TiO; and
V:TiO; nanowires.

The overlapped O 1s spectra of these samples are displayed in Figure 4.8a. All
samples exhibit an asymmetric broad O 1s peak, which suggests more than one
chemical states of O are present. Among these samples, the O 1s peak of H:TiO,
sample significantly shifted to higher binding energy with a full-width-half-
maximum of ~4 eV. This board peak can be deconvoluted into three peaks centered at
530.3, 532.0 and 533.4 eV, respectively (Figure 4.8b). 530.3 eV is a characteristic
binding energy reported for O,- in TiO,. 532.0 eV peak can be attributed to be
binding energy of Ti-OH, which has been reported to be centered at ~1.5-1.8 eV
higher binding energy than the value for O,-. Finally, the 533.4 eV peak can be
assigned to adsorbed H,0,”*"** due to residual water moisture in the tube furnace.
As expected, H:TiO, and N:TiO, nanowire samples have higher intensity of 532.0 eV
peak (-OH group on surface) compared to pristine TiO,, , which explains the peak
shift to higher binding energy (Figure 4.8c). Surprisingly, the Ols XPS fitting curves

of V:TiO, sample (Figure 4.8d) indicates the presence of OH group even though the
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532.0 eV peak is smaller than that observed in H:TiO, and N:TiO, samples. It is
believed that Oy, form and exist as active sites during thermal annealing, and water
molecules that reside in the vicinity of these Oy, dissociate to hydrogen atoms and
hydroxyl groups, which has been reported in a previous study on thermal annealed
TiO, under ultrahigh vacuum.” The O 2p energy levels for Ti-OH-Ti and Ti-OH
were reported to be located at 2.6 and 0.7 eV below the valence band edge of rutile

24, 25

Ti0,, respectively. Therefore, the presence of these impurity states should not

lead to band gap narrowing of TiO,.
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Figure 4.8 (a) Normalized O 1s XPS spectra of the pristine TiO,,
H:TiO,, N:TiO, and V:TiO, nanowires. O Is XPS spectra of (b)
H:TiO; nanowires, (c) N:TiO, nanowires, and (d) V:TiO, nanowires.
(b-d) The broad peaks are deconvoluted into three peaks. The black
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curve is the experimental result. The red curve is the summation of the
synthetic peaks centered at 530.3 (blue curve), 532.0 (green curve) and
533.4 eV (purple curve).

Even though creation of Oy, in TiO, nanowires substantially increases their
photoactivities in UV region, absorption of visible light is still very weak. To improve
the PEC performance in the visible, we couple CdS QDs as sensitizers for H:TiO; to
enhance visible light absorption. The conduction band edge potentials of TiO, and
CdS have been reported to be located at -0.5 V*® and -0.9 V*’ vs. normal hydrogen
electrode, respectively. This band alignment allows efficient injection of photo-
generated electrons from CdS to TiO,. We assembled CdS QDs onto TiO, nanowire
sample by chemical bath deposition as reported elsewhere.® As shown in Figure 4.9a,
CdS QDs are uniformly deposited on TiO, nanowire surface. Energy dispersive X-ray
spectroscopy spectrum confirms the deposited nanoparticles have Cd and S signals

(Figure 4.9b).
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Figure 4.9 (a) SEM images of CdS QD sensitized TiO, nanowire
arrays prepared on a FTO substrate. (b) EDX spectrum of CdS QD
sensitized TiO, nanowire arrays.

Linear sweep voltammograms of CdS QD-sensitized TiO, (denoted as CdS-
TiO,) and H-doped TiO, (denoted as CdS-H:TiO;) films were measured in a two-
electrode electrochemical cell with a platinum wire as counter electrode and nanowire
sample as working electrode (Figure 4.10). Note that 0.25 M of Na,S and 0.35 M of
Na,SOs aqueous solution (pH=11.5) was used as electrolyte and hole scavenger. CdS

QD-sensitized TiO, samples show dramatic increase in photocurrent density due to
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the improved visible light absorption. Importantly, the photocurrent density of CdS-
H:TiO; is slightly higher than that of CdS-TiO;, and the result are reproducible for all
the samples we studied. The enhancement is attributed to the improved charge
transport in H:TiO, nanowire with higher donor density. IPCE collected from these
four samples at 0.5 V vs. RHE show that all CdS QD sensitized TiO, samples have
notable increased IPCE over the visible light region (> 400 nm), compared to TiO,.
The absorption region of CdS QD sensitized TiO, samples are extended to about 550
nm that is agreed with the bandgap of CdS (~2.3 eV).*® More importantly, CdS-
H:TiO, exhibits enhanced IPCE over the entire UV and visible region compared to
CdS-TiO,, which supports the formation of Oy, in H: Ti0O, facilitate the transportation
of photoexcited charge carriers from CdS QDs. In comparison to H:TiO,, the IPCE
values of CdS-H:TiO; in UV region (< 400 nm) are surprisingly decreased. A
possible reason is that a significant portion of UV light was absorbed by CdS QDs on
H:TiO; nanowires (front side illumination), and severe electron-hole recombination
occurs at the interfaces between CdS QDs and CdS/TiO; due to the poor crystallinity
of CdS prepared by low-temperature chemical bath deposition method. The poor
crystallinity of CdS is supported by the absence of CdS diffraction peak in XRD
spectrum of CdS-TiO; sample (Figure 4.1b). To address this limitation, we performed
the hydrogen annealing and QD sensitization in an opposite order. We anticipate that
the crystallinity of CdS and the interfacial charge transfer between CdS and TiO, will
be improved by annealing CdS QDs at elevated temperature. Thermal annealing is a

renowned method to increase crystallinity and reduce structural defects in bulk
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materials, which has been widely applied to enhance the performance thin film solar
cells.”” Indeed, we observed the XRD diffraction peaks for CdS after annealing
(Figure 4.1b), suggesting the crystallinity of CdS QD improved. Significantly, CdS
QD sensitized TiO; sample annealed in H, at 320 °C for 3 h (denoted as H:CdS-TiO,)
resulted in a dramatic increase of photocurrent. This sample yields a photocurrent
density of 7.2 mA/cm® at 0.5 V vs. RHE, which is almost two times higher than that
of CdS-H:TiO, at the same bias. Apparently, the IPCE values of H:CdS-TiO, sample
are uniformly higher than the values obtained from a recently reported thermally-
treated CdS sensitized mesoporous TiO; film over the entire UV-visible region,

measured in the same electrolyte at the same bias.*

106



[V

14

— TiO,

124| — HTiO>

10 CdS-TiO2
—— CdS-HTiO2

84| — H:CdS-TiO,

Photocurrent Density (mA/cm?)
D

4- s S
04
05 00 05 1.0
Potential (V) vs. RHE
b
1001 —=—Ti0,
901 —e—HTO
80 CdS-Tio,
70+ —v— CdS-H.TIO,
. 60 —— H:CdS-TiO,
0\0 4
i 50
c 407
30
20
10
04

350 400 450 500 550 600 650
Wavelength (nm)
Figure 4.10 (a) Linear sweep voltammograms of the pristine TiO»,
H:TiO,, CdS-TiO,, CdS-H:TiO, and H:CdS-TiO, nanowires,
measured at a scan rate of 20 mV/s under 100 mW/cm® white light

illumination. (b) Corresponding IPCE spectra collected at a potential
of 0.5 V vs. RHE.

A similar enhancement in photocurrent and IPCE was also observed in
annealed CdS-TiO, nanowires under vacuum and in argon (Figure 4.11). The data
suggest that the enhancement achieved by switching the order of QD sensitization and
thermal annealing is due to the improved crystallinity of CdS QD and possibly better

connection between QDs and TiO, nanowires.
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Figure 4.11 Linear sweep voltammograms of the pristine CdS-TiOs,

V:CdS-TiO,, Ar:CdS-TiO,, and H:CdS-TiO;, nanowires, measured at a
scan rate of 20 mV/s under 100 mW/cm® white light illumination.

4.4 Conclusion

In summary, we demonstrated that the PEC performance of TiO, nanowires as
photoanodes for PEC hydrogen generation can be improved through thermal
treatment in ammonia or under vacuum. The enhancement is attributed to the
improved donor density mediated by the formation of Oy,., Which can be controlled
by tuning the annealing conditions and methods. Furthermore, we investigated the
CdS QD sensitized TiO, nanowire structures to improve visible light absorption and
found that by simply switching the order of sensitization and thermal annealing
processes, the CdS QD sensitized TiO, samples resulted in a drastic increase of
photocurrent density and IPCE. The photocurrent increase is attributed to improved
CdS QD crystallinity and possibly the interaction between CdS QDs as well as the

interface of CdS and TiO,. This work presents a simple and general strategy to
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improve the photoactivity of TiO, nanowires and CdS QD sensitized TiO, nanowire

composites, which could be extended to other metal oxide based photoelectrodes.
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Chapter 5

Photoenhanced Electrochemical Interaction between Shewanella and a Hematite

Nanowire Photoanode
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Abstract

Here we report the investigation of interplay between light, a hematite
nanowire-arrayed electrode and Shewanella oneidensis MR-1 in a solar-assisted
microbial photoelectrochemical system (solar MPS). Whole cell electrochemistry and
microbial fuel cell (MFC) characterization of Shewanella oneidensis strain MR-1
showed these cells cultured under (semi)anaerobic conditions expressed substantial c-
type cytochrome outer membrane proteins, exhibited well-defined redox peaks and
generated bioelectricity in a MFC device. Cyclic voltammogram studies of
hydrothermally-prepared hematite nanowire electrodes revealed active electron
transfer at the hematite/cell interface. Notably, under a positive bias and light
illumination, the hematite clectrode immersed in a live cell culture was able to
produce 150% more photocurrent than that in the abiotic control of medium or dead
culture, suggesting a photo-enhanced electrochemical interaction between hematite
and Shewanella. The enhanced photocurrent was attributed to the additional redox
species associated with MR-1 cells that are more thermodynamically favorable to be
oxidized than water. Long-term operation of the hematite solar MPS with light on/off
cycles showed stable current generation up to two weeks. Fluorescent optical
microscope and scanning electron microscope imaging revealed that the top of the
hematite nanowire arrays were covered by a biofilm, and iron determination
colorimetric assay revealed 11% iron loss after a 10-day operation. To our
knowledge, this is the first report on interfacing a photoanode directly with

electricigens in a microbial fuel cell system. Such a system could open up new
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possibilities in solar-microbial device that can harvest solar energy and recycle
biomass simultaneously to treat wastewater, produce electricity and chemical fuels in
a self-sustained manner.
5.1 Introduction

Over the past few decades, enormous research efforts have been focused on
the conversion of energy from renewable sources into electricity and chemical fuels
that are readily usable by human beings. Microbial fuel cells (MFCs) represent a
promising technology to directly convert biomass into electricity, hydrogen gas (H)
or liquid fuels within one step.'” Recently, MFC technology has received increasing
attention due to its potential to be integrated with existing wastewater treatment
facilities to recover the chemical energy in the wastewater and convert it into gas- or
liquid-phase fuels.®® Yet, one issue limiting the practical application of MFC as
power generator is their relatively low power density compared to other energy
conversion devices. Typical liter-scale MFC reactors generate electrical power
densities on the order of mW to W/m>.”"! In order to generate alternative fuels (e.g.
H,) instead of electricity, an additional electrical energy must be added to overcome
the thermodynamic barrier, which would reduce the cost-effectiveness of the
method.’
5.2 Experimental Section
5.2.1 Materials

Fluorine-doped tin oxide (SnO,:F) glass substrates were purchased from

Wuhan Geao Company. Ferric chloride (FeCl;-6H,O, 99%) was purchased from
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Acros Organics. HCl (36.5%-38% by weight), sodium chloride (NaCl, >99.5%),
MOPS (>99.5%, cell culture tested), HEPES sodium salt (98%, cell culture reagent
grade) and sodium nitrate (NaNOs, 99.4%) were purchased from Fisher Scientific
Company. Sodium DL-lactate solution (syrup, 60 % w/w, cell culture reagent grade),
sodium fumarate (>99%), hydroxylamine hydrochloride (>99.999%) and Ferrozine
(3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4,4-disulfonic acid sodium salt) were
purchased from Sigma Aldrich. SYTO® 16 Green fluorescent nucleic acid stain (1
mM in DMSO) was purchased from Life Technologies.
5.2.2 Synthesis of Hematite (a-Fe;03) Nanostructures

The hematite nanowire arrays were prepared by previously reported
hydrothermal method."> "> 20 ml aqueous solution containing 0.15 M of ferric
chloride and 1 M sodium nitrate at pH 1.5 (adjusted by HCI) was added into a 30 mL
stainless steel autoclave with a Teflon liner. A cleaned FTO glass substrate was put
into the autoclave, and then heated at 95 °C for 4 hrs. The autoclave was cooled down
at room temperature. The substrate was covered with a uniform layer of iron
oxyhydroxide nanowire (B-FeOOH) film (yellow color). The B-FeOOH coated
substrate was washed with deionized water, and then air dried. To obtain crystalline
hematite, the B-FeOOH nanowire arrays were calcined in a horizontal quartz-tube
furnace. The tube furnace was first vacuumed to a pressure of 15 Torr, and then filled
with ultrahigh purity N, at 550 °C for 2 hr (99.998%, Praxair) at 740 Torr pressure
with a N, flow rate of 50 sccm. Herein, the initial oxygen content is estimated to be

0.43% (02/(0; + Ny), volume%)."* The color of the film changed from yellow to red.
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For those to be used in control experiment in Fig 5.6, the B-FeOOH nanowire arrays
was first calcined in air at 550 °C for 2 hr, then subsequently was annealed at 800 °C
for additional 20 min. The B-FeOOH nanowires were converted into hematite
nanowires.
5.2.3 Photoelectrochemical (PEC) Measurements

Linear sweep voltammograms were measured in a three-electrode
configuration with a platinum wire as counter electrode, Ag/AgCl (in 1 M KCI) as
reference electrode, and hematite nanowire-arrayed substrate as working electrode, at
a scan rate of 10 mV/s. Hematite photoanode was fabricated by soldering a Ti wire
onto the bare edge of FTO glass substrate, and then sealing the FTO glass substrate
and metal contact region with insulating epoxy resin. The exposed effective area for
the hematite working electrode is 1.0-1.5 cm®. All -/ measurements were recorded
by an electrochemical workstation (Model CHI 660D, CH Instruments, Inc., Austin,
TX); A 150 W Xe lamp (Newport 6255) coupled with an AM 1.5 global filter
(Newport 81094) was used as the light source. The intensity of the incident light was
measured with a digital power-meter and was controlled at 100 mW/cm®.
Amperometric /-t curves were collected with the same setup as linear sweep
voltammograms, and recorded by an electrochemical workstation (Model CHI
1040B, CH instruments, Inc., Austin, TX) with a light intensity of ca. 45 mW/cm?.
Cyclic voltammogram studies of the whole cell suspension were carried out under an
anaerobic condition where the chamber was pre-purged and continuously purged with

nitrogen gas during the measurement.
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5.2.4 Bacterial Strain and Culture Conditions

All glassware, solutions and media were autoclaved for sterilization prior to
use. Shewanella oneidensis strain MR-1 (ATCC 700550) was purchased from
American Type Culture Collection (ATCC, Manassas, VA), and cell cultures were
started from replicate frozen stocks. For conventional (an)aerobic culture, cells were
incubated in Shewanella basal medium with sodium lactate (15 mM) as the electron
donor."” Sodium fumarate (40 mM) was added as the electron acceptors for anaerobic
culture. Cells were grown at 30°C and with shaking at 220 rpm for 12-24 h (aerobic)
or 24-48 h (anaerobic). For semi-anaerobic culture, cells were cultured in trypticase
soy broth (TSB, B.D. Biosciences, Inc., San Jose, CA) at either room temperature or
30°C for 12-24 h with shaking at 100 rpm. For MFC and MPS studies, the cell culture
was transferred into the anode chamber of either device. For electrochemical studies,
the cell culture was first centrifuged to obtain a cell pallet, which was subsequently
re-suspended in 10 mM MOPS (pH=7) and 8.5 mM NaCl solution."'®
5.2.5 Bacterial Fixation and Imaging

For fluorescent imaging, the bacteria-colonizing electrode was rinsed gently
with PBS buffer, and then immersed with 1 uM SYTO stain in PSB buffer solution
for 30 min. The sample was rinsed with PBS and mili-Q water again to remove extra
dyes, dried at room temperature and imaged with a fluorescent optical microscope
(Olympus BX51). For SEM imaging, the photoelectrode was treated using standard
glutaraldehyde and osmium tetroxide fixatives before electron microscopic studies.'’

In short, the photoanode was first rinsed with mili-Q water to remove non-adherent
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cells, then fixed in 2% glutaraldehyde solution overnight at 4 °C, rinsed with water
again, and finally stained with 1% osmium tetroxide solution for 2 hrs. After a final
rinsing with water, the samples were dehydrated by serial, 10 min transfers through
50, 70, 90 and 100% ethanol. As-fixed samples were investigated under a field-
emission SEM (Hitachi S-4800 II).

5.2.6 Colorimetric Iron Determination Assay

The iron retention was determined by a modified Ferrozine method.'® First,
working curve was obtained by using a series of standard FeSO, aqueous solutions
from 0.1 to 5 mM. 0.5 mL of each FeSO, standard solution was added to 0.5 mL
hydroxylamine/l M HCI solution (saturated hydroxylamine hydrochloride in 1 M
HCI aqueous solution), vortex for 10 s and incubated at room temperature for 1 h.
Subsequently, a 20 pL of this solution was added to 200 puL of ferrozine (0.05 %) in
50 mM HEPES buffer at pH 7.0, followed by adding 1 mL of mili-Q water. The
absorbance at 563 nm was measured and correlated with the known Fe(Il)
concentration to plot a working curve.

To determine the possible iron dissolution from the photoanode during the
long-term culture, all the hematite substrates used were cut into halves, for
quantifying the iron mole on the substrate before and after the long-term solar MPS
operation. Two different hematite substrates (annealed at 550°C or at 800°C) were
tested either without a bias or with an applied bias of 0.8 V vs. Ag/AgCl. For each
condition, the experiment was run in triplicate. The substrate was incubated with 2 ml

hydroxylamine/ HCI solution until the iron on the substrate was dissolved and
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reduced completed, which was then treated as described above and compared with the
working curve to determine the iron mole on the substrate.
5.3 Results and Discussion

In order to increase MFCs’ power output without increasing operational cost,
researchers have attempted to couple solar energy harness with MFC technologies to

enable efficient utilization of multiple energy sources.'”™?’

To date, several types of
solar-assisted MFC device prototypes have been reported. For example,
photosynthetic strains used as MFC inocula for bioelectricity generation by

harvesting sunlight, ** %%’

a microbial electrolysis cell powered by a solar cell to
produce H,," a semiconductor photocathode employed to drive a microbial anode in
a microbial photoelectrochemical cell.? More recently, a photoelectrochemical cell
and MFC hybrid device has been demonstrated for producing H, using wastewater
and sunlight as the only energy inputs.> However, to our best knowledge, no research
attempts have yet been reported of a single solar MFC device that employs a
photoanode to interface microbial systems. Indeed, as made of n-type
semiconductors, a photoanode may present a few technical challenges to be used in a
MFC, including high electrical resistance and poor chemical stability compared to
conventional carbon-based anodes. However, we believe it is possible to interface a
photoanode with electricigens within a single functional device for synergistic energy
conversion, by selecting carefully the semiconductor/microbe system to enable

efficient electrical communication between the two distinct systems in a predictable

way. Figure 5.1 shows the device configuration and the corresponding band diagram
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of our proposed photoanode-based solar microbial photoelectrochemical system
(MPS). Such a solar MPS is configured as a three-electrode electrochemical device
consisting of an n-type semiconductor photoanode, a Pt cathode and a reference
electrode. Cell culture of electrogenic bacteria fills the chamber as the electrolyte.
Figure 5.1a highlights the hybrid bio/semiconductor interface. While the photoanode
absorbs light to generate electron-hole pairs, the bacterial cells convert organic matter
into electricity via bio-catalysis. The harvested electrons are then delivered to the
cathode via an external circuit for cathodic reduction. For practical applications such
as H, production, an external bias may be needed to overcome the cathodic reaction
barrier. As a proof-of-concept, we constructed such a device employing a hematite
nanowire-arrayed electrode and Shewanella oneidensis MR-1, as the photoanode and
the microbial system, respectively. Among a wide variety of semiconductors,
hematite (a-Fe,O3) is chosen due to its favorable band gap for solar light absorption,
chemical stability under neutral pH and oxidative environments, wide availability,
low-cost, and more importantly, biocompatibility with most bacterial communities.
Shewanella system is chosen because it represents a model electrogenic microbial
system for efficient bioelectricity generation, a facultative strain that can thrive under
various oxygen concentration conditions, a dissimilatory metal-reducing bacterium
that can live with iron (III) species or even make use them as electron acceptors under
anaerobic conditions. An energy diagram (Figure 5.1b) illustrates the band-edge
positions of hematite with three dominant reducing species in a Shewanella culture.

At the neutral pH, the band-edge positions of hematite straddles a range of 2.2 eV
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from -0.1 eV (the edge of conduction band, CB) to 2.1 eV (the edge of valence band,
VB) vs. normal hydrogen electrode (NHE), and the water oxidation potential is 0.8 V
vs. NHE.*® Shewanella culture provides a reductive atmosphere with a redox potential
window between ca. -0.3 to 0 V vs. NHE.>* It is reported that Shewanella transfers
metabolically-generated electrons to external electron acceptors either through direct
contact with outer-membrane c-type cytochromes or via the mediation of self-
secreted electron shuttles (e.g., riboflavin), whose redox potentials lies ca. -0.21 V vs.
NHE.” In the dark, the device is in an “off” state as the CB edge was not able to
receive electrons effectively from any of the above-mentioned reducing species in the
electrolyte due to the large overpotential present at the solid/liquid interface, leading
to a high anodic resistivity. Under light illumination, the hematite electrode generates
photo-excited electron-hole pairs which are subsequently separated by the interfacial
electric field at the electrode/electrolyte interface. As shown in Figure 5.1b, the
photo-generated holes in the VB accept electrons from cytochrome, electron shuttles
or water, while the photo-generated electrons flow through an external circuit to for
cathodic reduction at the cathode. Given the continuous supply of sunlight and

organic matter, the system is expected to run in a self-sustained manner.
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Figure 5.1 Schematic (a) and corresponding energy diagram (b) of the
hybrid interface of the hematite photoanode in a solar MPS. The CB,
VB and Er represent for conduction band, valence band and Fermi
level, respectively. Solid and empty circles represent electrons and
holes, respectively.

To test the overall performance of the proposed solar MPS, we characterized
and optimized separately the electrical/electrochemical properties of the microbial
and semiconductor systems. MR-1 cells were purchased from ATCC and cultured

under three distinct conditions: strictly aerobic, strictly anaerobic, and semi-anaerobic
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(for detailed culture conditions see Experimental Section). The aerobic and anaerobic
cultures were performed in a lactate-based minimal media, using O, and fumarate as
electron acceptors, respectively. The semi-anaerobic condition was effectively
achieved by using trypticase soy broth (TSB) medium with a moderate shaking speed,
where a high cell density is achieved and the oxygen diffusion rate into the medium
was far slower than that of the oxygen consumption, leading to an oxygen-deficient
atmosphere.’' Figure 5.2a compares the cell palates harvested by centrifugation from
these three culture methods. In contrast to the aerobically cultured cells, the
(semi)anaerobic cultures appeared bright orange in color, due to the suppressed
protein expression of the key c-type cytochrome proteins involved in the Mitr
pathway.*> >

The extracellular electron transfer capability of the MR-1 cells was further
examined using electrochemical methods. Figure 5.2b shows the whole-cell cyclic
voltammogram (CV) recorded from a glassy carbon electrode (GCE) immersed in a
cell suspension in an anaerobic buffer. In comparison to an abiotic control or an
aerobic culture, the CV data of strictly or semi-anaerobically culture cells show a pair
of well-defined redox peaks in the potential range between -0.9 and 0.5 V vs.
Ag/AgCl. After linear background subtraction, a cathodic peak position (E™) = -329
mV vs. Ag/AgCl and an anodic peak position (E™) = -25 mV vs. Ag/AgCl can be
identified, which a midpoint potential (E°) = -177 mV vs. Ag/AgCl can be calculated
according to E’ = (E™ + EP)/2 (Figure 5.2b, inset). These values were consistent with

the redox potentials of the c-type cytochrome of MR-1 cells in either whole-cell
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suspension or protein film voltammetry of MtrC and OmcA films.'" **

Therefore,
these experiments showed that under anaerobic conditions, MR-1 cells expressed c-

type cytochromes that are essential to the extracellular electron transfer, and could

electrochemically interact with an external electrode.
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Figure 5.2 MR-1 cell culture and electrochemical characterization. (a)

Pictures of cell pallets harvested from aerobic culture (left), anaerobic
culture (middle) and semi-anaerobic culture (right). (b) Cyclic
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voltammogram data collected using a glassy carbon electrode in an
abiotic control of TSB medium (black dashed), aerobic culture (blue
solid) and anaerobic culture (red solid), at a scan rate of 50 mV/s.
Inset: the same CV data of the anaerobic culture after background
subtraction. (c) Current vs. time plot of a ferricyanide-cathode MFC
device using MR-1 culture as inocula.

The MR-1 cells were also used to inoculate a MFC to test their substrate-to-
electricity conversion capability in a longer run. Figure 5.2c shows the electricity
generation by MR-1 cells in a ferricyanide-cathode MFC configuration. Details about
the MFC structures and operation conditions can be found in Figure 5.3. Prior to the
introduction of the cell culture, the MFC was measured in the sterile growth medium
of TSB. Although TSB contain a variety of chemical nutrient with low reduction
potentials, the reduction kinetics of these chemicals at the carbon cloth electrode was
slow without microbial catalysis, therefore generating a negligible current baseline of
less than 20 pA. Following the cell inoculation, the MFC generated an instantaneous
current of 450 pA then maintained to a stable output of ca. 380 pA in the next 20 hrs.
The output power density was calculated to be 4.8 pW/cm®. The MFC results show
that the cells are able to use organic nutrient to generate electricity and produce

sustainable energy on a long-time scale.
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Figure 5.3 (a) Scheme and device picture of the solar microbial
photoelectrochemical system (solar MPS), configured as a three-
electrode photoelectrochemical cell. (b) Scheme of the microbial fuel
cell (MFC) device. CEM represents cation exchange membrane.

Hematite nanowires were used as photoanode material in the solar MPS.
Dense and vertically aligned hematite nanowire arrays were grown on a fluorine-
doped tin oxide (FTO)-coated glass substrate using hydrothermal method as
previously reported (Experimental Method)."” '* Scanning electron microscopy
(SEM) images collected from the growth substrate revealed a high-density growth of
hematite nanowires (Figure 5.4a, inset). The nanowires have an average diameter of
120 nm and an average length of 700 nm. The photoelectrochemical measurements of
hematite photoanode were first performed in a three-electrode electrochemical cell.

Linear sweep voltammogram (LSV) were performed in TSB electrolyte, using a
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hematite nanowire-arrayed photoelectrode as the working electrode, a platinum wire
as the counter electrode, and a reference electrode of Ag/AgCl (1M KCl) at the scan
rates of 10 mV (Figure 5.4a). Under one-sun illumination (AM 1.5G, 100 mW/cm?),
the hematite photoanode showed a turn-on voltage around 0.05 V, while a
pronounced photocurrent density of 0.1 mA/cm” was obtained at 0.7 V vs. Ag/AgCl.
Subsequently, CV studies of a hematite nanowire electrode were carried out. As a
negative control, a CV scan was first carried out in TSB within a potential window
ranging from -0.8 to 0.5 V vs. Ag/AgCl in the dark (Figure 5.4b, dashed black curve).
In this potential range, there is a cathodic peak at -260 mV vs. Ag/AgCl. Similar
voltammetric profiles have been observed for electrodes coated by hematite
nanoparticles or nanorods, and it was attributed to the formation of a thin layer of
Fe(Ill) (hydro)oxide intermediate adsorbed on the hematite surface according to the
following reactions:

4 Fe;03 +4 OH ™ =4 Fe;03 (OH) a5 (1)

Fe(OH); + 3 H  + ¢ =Fe*" + 3 H,0 ()

Reaction (1) represents a slow elemental step that occur more easily in basic
solution.!” It suggests that a hematite electrode could be reduced at a potential more
negative than ca. -0.2 V vs. Ag/AgCl, especially in a basic solution. On the other
hand, CV scan of the same hematite electrode immersed in the live cell culture
yielded distinctive redox peaks (Figure 5.4b, solid red curve). A pronounced sharp
cathodic and a flatter anodic peak was observed at -290 and -140 mV vs. Ag/AgCl,

respectively, yielding an E’ of -215 mV vs. Ag/AgCl. After linear background
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subtraction, it can be clearly seen that both the position and amplitude of the redox
peaks differ largely from those of the abiotic control while consistent with the c-type
cytochromes, suggesting that active electron transfer between the cells and the
hematite anode (Figure 5.4b, inset).'”** On the basis of these results, our hematite

nanowire arrays are demonstrated to interact electrochemically with live Shewanella.
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Figure 5.4 (a) Linear scan voltammogram of a hematite nanowire-
arrayed electrode in TSB electrolyte at a scan rate of 10 mV/s, in the
dark (dashed) and under a one-sun illumination (solid). Inset: a SEM
image of the hematite nanowires on the FTO substrate. Scale bar is 1
pum. (b) Cyclic voltammogram data recorded in the dark from a
hematite NW electrode, using either a sterile TSB medium (black
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dashed) or a MR-1 culture in TSB (red solid). Scan rates are 50 mV/s.
Inset: the same CV data of the cell culture after background
subtraction.

The effect of light illumination on the hematite/bacteria electrochemical
interaction was further investigated. We focused on a potential window between -0.2
and 1.0 V vs. Ag/AgCl, in which the hematite is electrochemically stable. LSV in this
potential range was first carried out in an abiotic control of TSB medium. As shown
in Figure 5.5a, while the dark scan led to a small current density of 20 pA/cm?, the
light curve started to turn on around 0.25 V and reached 0.1 mA/cm® at 0.8V vs.
Ag/AgCl (black curves). In comparison, photoelectrochemical studies carried out on
the same photoanode immersed in a MR-1 cell culture showed current onset at a
much lower potential (OV vs. Ag/AgCl) and significantly increased current density
across the entire investigated potential range. For example, the live cell MPS
achieved a photocurrent density of 0.25 mA/cm® at 0.8 V vs. Ag/AgCl, which is
150% more than that from the abiotic control at the same voltage (Figure 5.5a,
highlighted by the dashed line). We attribute the extra gain of the photocurrent to the
contribution from the microbial system, including the electron transfer from the cell
membranes and the oxidation of soluble electron shuttles (Figure 5.1). To prove this
hypothesis, the live cell culture was taken out, autoclaved to kill the cells and
deactivate most electron shuttles, and then injected back into the device to measure
again the PEC performance. In this case, the photocurrent generation was decreased
to a similar level with the abiotic control. These measurements confirmed that a

rationally-designed photoanode was able to harvest bioelectrons from the
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microorganisms in addition to solar energy, and therefore boost the overall energy

recovery from multiple renewable energy sources.
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Figure 5.5 Photo-enhanced electrochemical interactions between a
hematite electrode and the MR-1 cells. (a) Linear scan voltammogram
data recorded from a hematite NW electrode, soaked in TSB medium
(black), live MR-1 cell culture (red) and autoclaved MR-1 cell culture
(cyan). Scan rates are 10 mV/s. A dotted line indicates the value of
photocurrents at 0.8V vs. Ag/AgCl. (b) Amperometric /-t curves
recorded from a hematite electrode (red) and a GCE (black) immersed
in live MR-1 culture, at 0.8V vs. Ag/AgCl, with light on/off cycles at
light intensity of 40 mW/cm®. Inset: Magnified view of the spectrum
highlighted in the dashed box. (c) Long-term /- measurements from a
hematite electrode (red) and a GCE (black) for ca. 300 h at 0.8V wvs.
Ag/AgCl, with light on/off cycles at light intensity of 40 mW/cm®.
Inset: Magnified view of the spectrum highlighted in the dashed box.

Amperometric /- measurements were performed on the solar MPS to evaluate
the long-term chemical stability of hematite photoanode and the overall device
lifetime. Figure 5.5b shows the /-# curve recorded simultaneously from a hematite
photoanode and a glassy carbon electrode (GCE), both sharing an Ag/AgCl reference
and Pt counter electrode in a single-chamber device. A positive bias of 0.8 V (vs.
Ag/AgCl) as applied to anodes and the light illumination was controlled with a
3.5/0.5 hr light/dark cycle. In the first 20 hrs following cell inoculation, the dark and
photo current showed stable respective baselines of 3 and 15 pA/cm?, while the GCE
did not show any light responses, as expected. In the next 20 hrs, a steady increase in
the photocurrent up to was observed up to 30 pA/cm’, while the dark current of the
hematite and GCE still maintained at a low level below 5 pA/cm®. Within one light
on/off cycle (Figure 5.5b, inset), the photocurrent generation was stable for a couple
of hours without any indication of decay. We also characterized the device
performance in 300 hrs, as shown in Figure 5.5c. The device was biased at 0.8 V vs.

Ag/AgCl, at 40 mW/cm” solar illumination, 5.5/0.5 hr light on/off cycle. With regular
gIAg
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supplement of new medium and inocula, this device produced electricity for more
than 250 hrs, before it eventually decayed to baseline, possibly due to the gradual
deactivation of the strain and/or microbial corrosion of hematite electrodes.

The hematite based solar MEC devices were dissembled after operation for
post analysis of bacterial growth and electrode integrity. Fluorescent optical images
taken from the bacteria-thriving electrode after SYTO-staining showed that the
surface of hematite electrode was covered by a uniform layer of bacterial cells
(Figure 5.6a). SEM image of the electrode surface revealed that these cells had a rod-
shaped morphology and were partially embedded in extracellular protein matrix-like
structures, consistent with a MR-1 biofilm (Figure 5.6b). We did not observe other
cell shapes indicative of contamination. Due to the tiny gap between individual wires
(< 500 nm) that is smaller than the average cell dimensions (~2 um), the MR-1 cells
were not able to penetrate the semi-film of nanowire arrays, but rather grew on the
top. We did not observe significant morphology change of the nanowires before and

after cell inoculation.
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Figure 5.6 (a) A fluorescent optical image of the MR-1 cell biofilm
(stained with SYTO®16) on the hematite electrodes after a 10-day
operation. Scale bar is 10 um. (b) A SEM image taken from a bacteria-
colonizing hematite electrode. Inset: a magnified view of the
cell/nanowire interface. Scale bars are 1 um. (c¢) Data of iron retention
percentage of 550°C and 800°C-annealed hematite electrodes operated
at either non-bias or 0.8V vs. Ag/AgCl in solar MPS for 10 days.

Last, we quantified the possible degradation of hematite anodes during the
long-term culture, and investigated the impact of annealing conditions on the material
stability. Briefly, the iron moles on the FTO electrodes were quantitatively measured
before and after microbial incubation, using a standard ferrozine-based colorimetric
assay (see Experimental Section).'® We defined the ratio of the remaining iron mass
(after cell culture) relative to the total iron mass (before cell culture) as the iron
retention percentage, as a parameter to reflect the stability of the hematite
nanomaterials under long-term cell culture conditions. Hematite nanowires annealed
at two different temperatures, namely 550 and 800 °C, both deposited on FTO
electrodes, were assembled in individual devices and operated with continuous light
illumination, either with or without a + 0.8V vs. Ag/AgCl. For each condition, the
experiment was run in triplicate. Figure 5.6c compared the results of iron retention
after a 10-day-long culture at room temperature. The non-biased 550 °C-annealed
hematite (used in this work) showed an apparent dissolution rate of 0.025 pmol/day,
as a result of bacterial reduction. In comparison, a 0.8 V-biased 550 °C-annealed
hematite electrode showed much reduced iron loss of 0.015 pmol/day. We believe
this is because without a bias, Shewanella can use solid iron (III) species as external

electron acceptors, leading to a slow reductive dissolution of hematite. However, with
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a positive bias, the extra electrons generated in the photoanode are efficiently swept
from the hematite surface to the cathode, protecting the photoanode against microbial
degradation. We also tested 800°C-annealed hematite nanowire photoanode, which,
according to our previous results, exhibited enhanced crystallinity and chemical
stability.'* As the 800 °C-annealed hematite electrodes operated under a bias of 0.8 V
in the solar MPS showed a minimal iron loss of 2.97 &+ 0.74% in 10 days, we believe
that a high-temperature annealing step helps promote the chemical stability of
hematite against the reduction by MR-1 cells, and suggests a promising electrode
material candidate for long-term device operation.
5.4 Conclusion

We investigated the photo-enhanced electrochemical interaction between a
hematite electrode and electrogenic bacterial strain Shewanella species in a single
MPS device, as evidenced by drastically increased photocurrent generation in the
presence of live cells. Cyclic voltammogram of whole cell suspension of
(semi)anaerobically cultured MR-1 cells exhibited distinct redox peaks consistent
with the protein film voltammetry of OmcA and MtrC. Using a hematite nanowire-
arrayed FTO substrate as the anode and the MR-1 cell culture as the electrolyte, linear
sweep scan showed 150% more photocurrent generation at +0.8 V vs. Ag/AgCl than
those of abiotic control of medium or dead culture. Long-term /-# measurement of the
device with light on/off cycles exhibited stable bio/photocurrent generation up to two
weeks. This work opens up possibilities in a new category of photo-anode based solar

microbial energy conversion system, which could harvest energy from sunlight and
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multiple renewable energy sources for producing electricity or chemical fuels in a
single device. To achieve this goal, future studies should focus on the development of
semiconductor photoanode materials that can enable non-biased, self-sustained
operation, the use of wastewater or other recyclable biomass as the bioenergy source,
and the reductive cathodic synthesis of liquid fuels of other valuable products using

the generated electricity.
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Chapter 6

Summary and Outlook
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Solar-assisted MFC devices hold great promise for recovering energy from
wastewater and simultaneously remove the organic wastes. However, there still are
several major challenges in the realization of practically useful solar-assisted MFC
devices, including energy conversion efficiency, fabrication and operation cost, and
the device scalability.

Cost effectiveness is the most important factor for evaluating the practicality
of solar-assisted MFCs. Use the PEC-MFC device as an example, the ion exchange
membrane, Pt-decorated carbon cloth electrode and Pt electrode are costly. To lower
the cost, the device architecture should be further simplified. For example, the
demonstration of the MPC device with a photo cathode directly interfacing with
bioanode offers important insights in simplifying the device structure. On the same
scientific basis, a photoanode could also integrate with a bio-cathode to replace the
expensive Pt electrodes. In addition to reduce the material cost, it is equally important
to increase the energy conversion efficiency. The previous studies showed that
conversion efficiency of solar-assisted MFC device is determined by the interaction
between the bio- electrode and photoelectrode, in which the charges generated on
both sides need to be matched. Therefore, the relatively slow generation rate of bio-
electrons limits the overall efficiency for hydrogen production. To address this issue,
a possible direction is the fabrication of electrical conductive three-dimensional (3D)
anode electrode with large surface area.'” For example, I have developed a 3D
flexible, low-cost and conductive reduced graphene oxide-nickel (denoted as rGO-Ni)

foam as an anode for MFC by controlled loading rGO sheets on the Ni foam
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substrate.' In comparison to conventional electrodes, the 3D rGO-Ni electrode
provide not only a larger accessible surface area for microbial colonization and
electron mediators, but also a uniform macro-porous scaffold for effective mass
diffusion of the culture medium. This 3D rGO-Ni foam MFC device achieved an
optimal volumetric power density of 661 W/m’, inoculated with pure strain S.
oneidensis MR-1.

Another challenge is to scale up the solar-MFC technology from the lab scale
to industrial scale. Recent advances in the development of new types of electrodes,
investigations of the impact of membranes, MFC configurations, and separators are
positive indicators that commercialization of the solar-assisted MFC technology is
feasible.*® To bring the solar-MFC technology to practical applications, it is critical
to build the device with low cost and stable materials. All photoelectrodes have to be
made by earth abundant and low cost semiconductor materials. To improve the
efficiency of utilizing solar energy, the photoelectrodes should have a favorable band-
gap. The preparation of these electrodes must be scalable. Moreover, it is critical that
the photoelectrodes are chemically stable in the solution with a variety of organic
compounds, pH value, and temperature. To date, impressive progress has been
accomplished in the development of high performance large scale MFC and MEC
devices.” For example, a pilot-scale 1000 L continuous flow MEC device was
constructed and tested for current generation of 7.4 A/m’ and chemical oxygen

demand (COD) removal of 62 + 20% with winery wastewater at NAPA, California.®
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These initial successes of large-scale MFC systems have created a solid foundation

for the development of large-scale solar MFC systems.
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